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We present the nal nine-year maps and basic results from thgVilkinson
Microwave Anisotropy Probe(WMAP ) mission. The full nine-year analysis of
the time-ordered data provides updated characterizationsnd calibrations of the
experiment. We also provide new nine-year full sky tempenate maps that were
processed to reduce the asymmetry of the e ective beams. Tpserature and
polarization sky maps are examined to separate cosmic mia@ve background
(CMB) anisotropy from foreground emission, and both typesfasignals are ana-
lyzed in detail. We provide new point source catalogs as wels new di use and
point source foreground masks. An updated template-remdvarocess is used for
cosmological analysis; new foreground ts are performedn@ new foreground-
reduced CMB maps are presented. We now implement an optim@l * weighting
to compute the temperature angular power spectrum.

The WMAP mission has resulted in a highly constrained CDM cosmologal
model with precise and accurate parameters in agreement it host of other
cosmological measurements.

When WMAP data are combined with ner scale CMB, baryon acoustic os-
cillation, and Hubble constant measurements, we nd that By Bang nucleosyn-
thesis is well supported and there is no compelling evident® a non-standard
number of neutrino speciesNe =3:84 0:40). The model t also implies that
the age of the universe isg = 13:772 0:059 Gyr, and the t Hubble constant
iSHp=69:32 0:80 km s ! Mpc ! Ination is also supported: the uctuations
are adiabatic, with Gaussian random phases; the detectiori @ deviation of the
scalar spectral index from unity reported earlier by’WMAP now has high statisti-
cal signi cance (hs = 0:9608 0:0080); and the universe is close to at/Euclidean
(= 000279555

Overall, the WMAP mission has resulted in a reduction of the cosmological
parameter volume by a factor of 68,000 for the standard sixapameter CDM
model, based on CMB data alone. For a model including tensorthe allowed
seven-parameter volume has been reduced by a factor 117,00€her cosmologi-
cal observations are in accord with the CMB predictions, anthe combined data
reduces the cosmological parameter volume even further. Wino signi cant
anomalies and an adequate goodness-of-t, the in ationaryat CDM model
and its precise and accurate parameters rooted WMAP data stands as the
standard model of cosmology.

Subject headingscosmic microwave background, cosmology: observationsylga
universe, dark matter, space vehicles, space vehicles:tinments, instrumenta-
tion: detectors, telescopes
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1. Introduction

Since its discovery in 1965, the cosmic microwave backgraufCMB) has played a
central role in cosmology. The discovery of the CMBL(_F_’enZLMISQd h_%_fl;) con rmed
a major prediction of the big bang theory and was di cult to reconcile with the steady
state theory. The precision measurement of the CMB spectrufody NASA's Cosmic Back-
ground Explorer (COBE) mission tMalh.eLeLa.llU.Q.QbLlQM) con rmed the predicted KB
blackbody spectrum, which results from thermal equilibrim between matter and radiation
in the hot, dense early universe. TheéCOBE detection of CMB anisotropy
11992;| Bennett et al Ll&dﬂ_KmquAIu&biJMmmuﬂb established the amplltude
of the primordial scalar uctuations and supported the casdor the gravitational evolution
of structure in the universe from primordial uctuations. While COBE mapped the full
sky anisotropy on angular scales 7 , greater than the horizon size at decouplingf MAP
mapped the full sky CMB anisotropy on both superhorizon andubhorizon angular scales.
WMAP provided independent replication and con rmation of the CBE maps on angular
scales> 7 as well as the determination of precision cosmological panaters from ts to the
well-established physics of the observed sub-horizon astia oscillations.

This paper together with its companion paper on cosmologicparameter determination
' ) mark the nine-year and nal o cial data release of theWilkinson
Microwave Anisotropy Probe (WMAP ) mission. WMAP was designed to make full sky
maps of the CMB in ve frequency bands straddling the specttaegion where the CMB-to-
foreground ratio is near its maximum.

The overall WMAP mission design was described b;LB_enn.eLt_eﬂa]L_(Z_QbBC). Thetical
design was described by Pa aw._(ZQ_bSC) with the feeds ame- ight beam patterns
described by Barnes et al. 2). The radiometer design aolkaracterization was presented

by Uarosik et al. (2003a)

The WMAP Science Team previously issued four major data releasescleavith an
accompanying set of publications. The rst-year results iduded a presentation of the
full sky maps and basic resultsL(.B_ean.eLt_eLalLZQth) on-oit radiometer characteristics

), beam proles and window funcUonsL@.&eLaJ |_20_0_da) Galactic
emission contamination in the far-sidelobes of the beams dBes et a|.|_2£)_d3), a description
of data processing and systematic measurement errdﬁ.(.l:ljlaﬂLel_a.lllZQ_(Bla), an assessment
of foreground emissionL(.B_enn.ett_et_ilLZQ_Qba), tests of CMB dBssianity !
M), the angular power spectrumL(.I:Iinsh.aMLet_bl_Z)_de), ghtemperature-polarization

correlation (lKquJ_et_al”ZOD.k), cosmological parameterE()_etg.eLet_a] _ZldS), parameter es-

timation methodology|Verde et al. (2003), implications foin ation (Reiris et al.|2003), and
an interpretation of the temperature-temperature and temprature-polarization cross-power
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spectrum peaks l(Ea.gLeLihLMbb).

The three-yearWMAP results included full use of the polarization data and impnee-
ments to temperature data analysis. The beam pro le analysj data processing changes,
radiometer characterization, and systematic error limitswere presented irﬁmﬁl.

). An analysis of the temperature data carried througto the angular power spec-

trum was described mehmdel.kZOb?), and the correspading polarization analysis
was presentm%le\_bll (20|O7). An analysis of the poleation of the foregrounds was
presented b . (2007). The cosmological implicains of the three-year results
were summarized b)LS.p_er.g.eI_eL IL(MO?).

The ve-year WMAP results included updates on data processing, sky maps, arfuet
basic results (Hinshaw et dI.Lm_(bg), and updates on the beamaps and window func-
tions dI:LLLLe.t_a.lJ |ZDD9). The ve-year results also includedimprovements to character-
izing the Galactic foreground emissionL(_G_o.Ld_eLililLZQbQ) dnthe point source catalog
MlL'LghI_eLa.LJ d?_O_OQ). The angular power spectraL(.N.olta_eLa{IhOD;b), likelihoods and pa-
rameter estimates (Dunkley et a|||_201]59), a discussion of tlewsmological interpretation of
these data (Komatsu et a]LZQ_d9), and a Bayesian estimatiori the CMB polarization maps

(ID_uanI.aLeLal]mD_b) completed the ve-year results.

The seven-yeaWMAP results comprised sky maps, systematic errors, and basisués
lZQlll), observations of planets and celedtzalibration sources l(AALeLLa.n.d_et_ai

), Galactic foreground emissiorL(Q_o.I.d_eI_HL_Zdlli, ani%r Eower spectra and cosmo-

logical parameters based only okVMAP data ), cosmological interpre-
tations based on a wider set of cosmological dalh_(.KQ.ma.ts.u_aﬂ |Z)_'Li), and a discussion of
the goodness of t of the CDM model and potential anomalieslB_eun.en_et_a.I“ZOlll).

All of the WMAP data releases have been accompanied by an up-to-date Exltory
Supplement, including this nal nine-year reIeaseL(_G_Leamet_a.IJ .Z)_'IJZ). All WMAP data
are public along with a large number of associated data prodis; they are made available
by the Legacy Archive for Microwave Background Data Analysi (LAMBDA) EI

EachWMAP release improved cosmological constraints through thregaes of advances:
(1) the addition of WMAP data from extended observations; (2) improvements in the atysis
of all of the WMAP data included in the release, including more optimal analisapproaches
and the use of additional seasons of data to arrive at impraodeexperiment models (e.g.,
by trending); and (3) improvements in nonWMAP cosmological measurements that are
combined into the WMAP team's combined likelihood analysis.

Lhttp://lambda.gsfc.nasa.gov/
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This paper is organized as follows. The data processing clgas from previous analyses
are described in Sectiofil2. Beam patterns and window functis are discussed in Sectidd 3.
Temperature and polarization sky maps are presented in Sewt @. In Section[® updated
masks and an updated point source catalog are presented indéwn to several di erent
approaches to di use foreground evaluation, which are coraped. Angular power spectra
are given in Sectioril6. An analysis of the model goodnesstaind a discussion of anomalies
are in Section¥. Cosmological implications are then preded in Section[8. Conclusions
are given in SectioriB. The accompanying pade(_Hins.haMLeﬂ hIQJJZ) presents an in-depth
analysis of cosmological parameter solutions from variogembinations of data and models
and o ers cosmological conclusions.
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2. Data Processing: Overview and Updates

In this section we summarize changes in ti@MAP data processing since the previous
(seven-year) data release.

2.1. Time-Ordered Data
2.1.1. Data Archive De nition

The full nine-year WMAP archive of nominal survey data covers 00:00:00 UT 2001
August 10 (day number 222) to 00:00:00 UT 2010 August 10 (daymber 222). Individual
year demarcations begin at 00:00:00 UT on day number 222 of@ay and end at 23:59:59 UT
on day 221 of the following year. In addition to processing iprovements, theWMAP nine-
year release includes new data accumulated during missiogmays 8 and 9. Flight operations
during those nal two years included ve scheduled statiorkeeping maneuvers, a lunar
shadow passage, and special commanding procedures invokatthin the last mission year
to accommodate a compromised battery and transmitter. Ovail, WMAP achieved a total
mission observing e ciency of roughly 98.4%. The bulk of da excluded from science
analysis use are dominated by time intervals that do not exhit su cient thermal stability.

2.1.2. Battery-Driven Thermal E ects

The WMAP solar arrays were exposed to constant sunlight so the battewas trickle
charged for almost a decade. This activated an internal bagty design imperfection and
caused battery voltage uctuations in the nal months of the mission tQ_LeaSQ.n_eLdILZQiZ).
The resulting thermal variations were beyond what had beenxperienced earlier in the
mission. A detailed analysis of time-ordered data with skyignal subtracted showed no de-
tectable dependence on thermal variations associated wibattery events, and thus preser-
vation of data was preferred to excision. Out of an abundancaef caution, time sequences
that contained some of the more egregious temperature exsioms were agged as suspect
and omitted from use in the nine-year data processing evendugh there was no specic
evidence of adverse e ects.
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2.1.3. Pointing

For each observation, sky pointings of individuaWMAP feed horns are computed using
boresight vectors in spacecraft body coordinates coupledtivthe spacecraft attitude solution
provided by on-board star trackers. After the rst mission year, it was discovered that the
apparent attitude computed by the trackers includes smallreors induced by thermal exure
of the tracker mounting structure, as described H;L\la.r_oﬂk[_@l.l (Imoj). The amplitude of the
exure is time-dependent and driven by spacecraft temperate gradients. The spacecraft
temperature responds both to solar heating and internal paw dissipation, and is monitored
by thermistors mounted at di erent locations on the spaceaft (b_r_e.a.s.o.n_eLa.I.Lmﬂz).

Telemetered spacecraft quaternions from the star trackeese corrected for this thermal
e ect at the very beginning of ground processing, when the wascience archive is created.
Originally, we adopted a simple linear model, assuming a xkangular rate of elevation
change in units of arcsec per unit temperature change. As thaission progressed and
additional data was used to improve the accumulated thermadro le history, the model has
evolved to include angular corrections both in elevation fte dominant term) and azimuth.
The nine-year quaternion correction model updates the rate cients in both azimuth and
elevation, and uses readings from two separate thermistots characterize the spacecraft
temperature gradients. A more detailed description is praged by |5_r_eas.o.n_e.t_dl.l(2QiZ).
The residual pointing error after applying of the correctia algorithm is computed using
observations of Jupiter and Saturn. The upper limit of the esmated error is 1¢

Beam boresight vectors have been updated based on the fulheiyear archive. The
largest di erence between the seven-year and nine-year diof-sight vectors is € Both the
calibrated and uncalibratedWMAP archive data products include documentation of these
line-of-sight vectors.

2.1.4. Calibration

Calibration of time-ordered data (TOD) from eachWMAP radiometer channel requires
the derivation of time-dependent gains (responsivity, in nits of counts mK 1) and base-
lines (in units of counts) that are used to convert raw di eratial data into temperature
units. Algorithmic details and underlying concepts are setforth in Hinshaw et all dZO.O_JV)
Jarosik et all {20_’]_|1) outline the calibration process as csisting of two general steps. The
rst step determines baselines and preliminary gains on arolrly or daily basis via an iter-
ative process that combines a sky-map estimation with a chhation solution that updates
with each iteration. Baselines and gains are computed by ihg sky-subtracted TOD to the




{8{

dipole anisotropy induced by the motion of theVMAP spacecraft with respect to the CMB
rest frame. The second calibration step determines absodugain and ts a parameterized
gain model to the dipole gains derived in the rst step.

The form of the parameterized gain model is based on a phydiaanderstanding of
radiometer performance, and uses telemetered measures raftrument temperatures and
the radio frequency (RF) biases. The model provides a smoottharacterization of the
responsivity with time and allows higher time resolution tlan provided by the dipole-t
gains. For the nine-year analysis, we augment the gain modat adding a time-dependent
linear trend term, m t+ c, to the parameterized form presented ib_\la.Lo_sjk_ethL(ZdWHere

t is an elapsed mission time in days, anah, ¢ are additional t parameters. Physically, the
linear trend can be thought of as a radiometer aging term. Witout the addition of this term,
model ts to the nine-year dipole gain measurements exhil@td small systematic deviations
from zero-mean residuals for nine of the 40/MAP channels. The four Kal channels were
most a ected; the inclusion of the gain model aging term preants an induced total gain
error of about 0.1% in this band. Of the 4O0WMAP radiometer channels, W323 alone has
shown poor convergence in the iterative procedure that detaines dipole-t gains. Upon
investigation we found that this problem is peculiar to the terative algorithm and not the
data itself. The W323 calibration has not been substantiall a ected in previous releases,
but for the nine-year analysis the diverging mode was idergédd and we disallowed it in the
gain model t.

We continue to conservatively estimate an absolute calibtian uncertainty of 0.2% (1-
sigma), based on end-to-end gain recovery simulations. Tlwerall change in calibration
for the nine-year processing relative to the seven-year eake is -0.031,+0.048,-0.005,+0.041
and +0.025 % for K-, Ka-, Q-, V- and W-bands respectively; a mitive change indicates
that features in the nine-year maps are slightly larger thathose in the equivalent seven-year
maps (i.e., a slight decrease in nine-year absolute gain quaned to seven-year).

2.1.5. Transmission Imbalance Factors

The transmission e ciencies of sky signals through the A-die and B-side optical systems
into eachWMAP radiometer di er slightly from one another. This deviationfrom ideal be-
havior is characterized in map-making and data analysis tbugh the use of time-independent
transmission imbalance factors. The method by which thesadtors are determined from the
WMAP data was described bLlaLosjk_eLililLCZQbY). The determinath improves with ad-
ditional data. These factors have been updated for the ningear analysis and are presented
in Table . The nine-year values compare well against the ptieusly published seven-year
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values Lla.Losjk_eLa]Lzoil) within the quoted uncertaintie

2.2. Map-Making
2.2.1. Standard Map-Making

The standard WMAP map-making procedure is unchanged from the previous releas
and the resulting maps are used for the core cosmological &s@s. Progress has been made
on the algorithm for estimating the noise properties of the aps. The Stokes | noise levels
( o) are now more self-consistent between maps at angular regan r9 and rl(ﬂ than they
had been previously. Another di erence from previous anades is that this procedure now
determines the noise in the polarized maps from the Stokes QU year-to-year di erences
while including a spurious (\S") map term, and a mean monopel is subtracted from each
S map, as is done separately for Stokes | in the temperature manalysis. A detailed
discussion is in Sectioi411.

Data are masked in the map-making process when one feed otsserbright foregrounds
(e.g., in the Galactic plane) while the corresponding di eencing feed observes a far fainter
sky. This masking prevents the contamination of faint pixed. PreviousWMAP data analysis
e orts used a single processing mask, based on the K-band teenature maps, to de ne which
pixel-pairs to mask for all of the frequency bands. In the cuent processing we have changed
to masking based on the brightness in each individual band.

2.2.2. Beam Pattern Determination

The standard maps are used to subtract the background from piter observations to
create beam maps, as has been done in previous processing. cdfeect three seasons of
Jupiter maps in the latter part of the mission for the proximty of Uranus and Neptune to
Jupiter. Two-dimensional pro les from the newly updated bam map data are now also used
as inputs for the new beam-symmetrized map-making procedyrdescribed below.

2The map resolution levels refer to the HEALPix pixelization scheme |(Q;makj_e1_a|.|_ﬂ£j5) where r4, r5,
r9, and r10 refer to Ngqe Values of 16, 32, 512, and 1024, respectively.
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Table 1. Nine-year Fractional Transmission Imbalance

Radiometer Xim Uncertainty Radiometer Xim Uncertainty
K11 -0.00067 0.00017 K12 0.00536 0.00014
Kall 0.00353 0.00014 Kal2 0.00154 0.00008
Q11 -0.00013 0.00046 Q12 0.00414 0.00025
Q21 0.00756 0.00052 Q22 0.00986 0.00115
V11 0.00053 0.00020 V12 0.00250 0.00057
V21 0.00352 0.00033 V22 0.00245 0.00098
W11 0.01134 0.00199 w12 0.00173 0.00036
w21 0.01017 0.00216 W22 0.01142 0.00121
W31 -0.00122 0.00062 w32 0.00463 0.00041
w41 0.02311 0.00380 w42 0.02054 0.00202

Note. | The fractional transmission imbalance, Xi,, and its uncertainty is determined
from the nine-year observational data. The fractional traemission imbalance is de ned as
Xim =( A 8)=( A+ B), Where 5, and g are the input transmission coe cients for the
A- and B-side optics k_,la.msik_el_a|l|_20_0_$b). For an ideal di eential radiometer, X, = 0.
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2.2.3. Beam-Symmetrized Map-Making

In addition to the standard map-making, a new map-making preedure, described in
Section[Z:2, e ectively deconvolves the beam sidelobes tooduce maps with the true sky
signal convolved by symmetrized beams. As a result of thisweprocedure, the previously
reported map power asymmetry, which we speculated was duettee asymmetric beams and
not cosmology kBﬂanﬁn_eLa'LZOil) has indeed been mitigaten the new beam-symmetrized
maps.

In this paper we use the beam-symmetrized maps for di use fground analysis (Sec-
tion 5.3), but not for estimating the angular power spectrumand cosmological parameters.
This is because the deconvolution process introduces cdatens in the pixel noise on the
beam scale and it is impractical to track these correlatioret the full pixel resolution. Di use
foreground analyses, on the other hand, used maps smoothedat 1 scale. Appendix B of
Hinshaw et al. tZO_Q|7) demonstrated that the cosmological per spectrum,C,, is insensitive
to beam asymmetry atWMAP 's sensitivity level. (It is the 4-point bipolar power speatum,
not the 2-point angular power spectrum, that is sensitive tdheam asymmetry.) Use of the
beam symmetrized maps for higt-angular power spectrum estimation would invoke the
need for high resolution noise covariance matrices, alongftwfar greater computational and
storage demands than are now feasible. Given that dense r9sscovariance matrices are
computationally undesirable and the cosmological power sptrum is insensitive to beam
asymmetry, we do not use beam-symmetrized maps for cosmaglog
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3. Beam Maps and Window Functions

The WMAP full beams are considered as a combination of main beams amgdetobes.
These are treated separately in the data processing. The sidbe beam patterns were de-
termined from early mission observations of the moon togeth with pre- ight ground-based
measurements, as described in_Barnes ef a]L_(2b03). Potahtcontamination from side-
lobe pickup was computed and removed from the calibrated tieaordered data prior to
map-making tHinshaMLeLaJ.LZ).dQ). In this section, we addreghe main-beam response;
treatment of the sidelobes remains unchanged from the sevgear release.

WMAP beams are measured using observations of the planet Jupiteat occur during
the normal course of full-sky observing. Two Jupiter obseiwg seasons of 50 days each
occur every 395 400 days. In the nine-yeatWMAP mission, a total of 17 seasons of Jupiter
data were obtained. Time intervals for the four observing ssons occurring during the last
two mission years are presented in Tabld 2; those for seasdns13 are presented in Table 1

of (Weiland et all (2011).

The beams enter into CMB data analysis primarily through thelO beam transfer func-
tions, b, which give the beam response in spherical harmonic space éach di erencing
assembly (DA). Beam response on the sphere is measured in ardmate system xed to
the WMAP spacecraft k_Eia.m.es_el_dlLZO_b3), and a computation of sevesdeps is required
to generatebh. The nine-year beam analysis follows the process describgetviously by

Hill et al| (|ZOD§) andlJarosik et al. kZO.’IJl).

For a given DA, Jupiter is observed with only one feed at a timeso initially the A and B
side beams are mapped separately. After correction for theasc sky background, the data
are coadded in a planar grid surrounding each of the 20 A- anddide boresights. A physical
optics codE is used to compute beam models, which are optimized by minimization using
a modi ed conjugate gradient algorithm. Two minor re nemens were added to this process
for the nine-year analysis: rst, a more rigorous treatmenbf the removal of the Galactic
signal was adopted by including the common-mode loss imbata term; in practice this
is a small e ect since strong Galactic signals are masked fnouse in the beam archive.
Second, computation of the interpolated beam model utilizean increase in secondary mirror
samplings from 200 200 to 235 235; this produced a smoother far- eld tail for the W2
and W3 DAs.

Standard processing nominally rejects from analysis thogeipiter observations whose
sky positions lie within a 7 radius of other planets. TabledR shows the seasonal range of

SDADRA: Y. Rahmat-Sahmi, W. Imbriale, & V. Galindo-Israel 19 95, YRS Assocates, rahmat@ee.ucla.edu
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projected sky separations between Jupiter and planets thdie within the exclusion radius
for the last three observing seasons. Based on projected yinity to Uranus or Neptune,
application of nominal exclusion criteria would have exoesl these three Jupiter seasons
from use. To preserve the ability to characterize the beam sponse during the latter part
of the mission, we chose instead to correct the last three seas of Jupiter data for excess
contributions from Uranus and Neptune. Excess responseifnidhese planets is computed and
removed from each Jupiter observation assuming that the nesnse to Uranus and Neptune
may be modeled using a symmetrized beam template with peaksponse inferred from
Weiland et all dZO_'LJL) . An estimate of the magnitude of the coection is provided in the
last column of Table[2, provided as a percentage contributian excess of the uncontaminated
integrated Jupiter beam response for each season. Obselwas which occur when Jupiter's
sky coordinates lie within the con nes of a spatial \Galaxy nask" are also excluded from
use in the analysisl(lALe'LLa.n.d_e.LdlLZQil). During observingeason 14, the Galactic latitude
of Jupiter is 18, close enough to the Galactic plane that some observationseaejected
based on the masking criterion. Masking is frequency deped: roughly 30% of season 14
K-band observations are excluded, decreasing to 17% for KE8% for Q and less than 0.1%
for V- and W-bands.

For each DA, the Jupiter data for sides A and B are combined whitthe best- t models
in a \hybrid" beam map, which is used to construct the symmeired radial beam pro le,
b( ). A Legendre transform givedy. The beam hybridization procedure is described in detail
by||:|jJJ_e1_a.L|(IZQ_Qd). Essentially, the process edits the Juger TOD by replacing faint, noisy
Jupiter samples with noise-free predicted values taken frothe 2-dimensional beam model.
This process is controlled by one parameter for each DA, thdreshold gain, Biyyesn: all
observed beam samples with gain lower thaBsn are replaced with their counterpart
model values. This test is applied to the model samples, rahthan the observed ones, in
order to avoid bias from observational noiseBy,esh IS Optimized statistically for each DA
using a Monte Carlo method, whereby uncertainty belongingotthe beam model is traded
against the noise in the observed data points. The gure of miéto be minimized is the
uncertainty of the resultant solid angle in the hybridized leam. For this purpose, the error
in the model is assumed to be a 100% uncertainty in the overaitaling of the low-sensitivity
\tails," which is the only portion of a beam model that is usedin the hybrid. For the nine-
year data, Byresn IS Set 1 dB lower than for the seven-year data; values are 2,3,6 and 9
dBi for K- through W-bands, respectively.

lI:LLLLeI.a.L](hQ.Oﬂ) give the procedure for transforming the hyrid beam pro les into beam
transfer functions. This computation also yields main beansolid angles and estimates of
the temperature of the Jupiter disk. Beam-related quantitts are summarized in Tabl&l3.
The last three columns list quantities that are valid for a pat source with spectral index
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= 01 (ux F [/ ), typical of sources in theWMAP point source catalog. They
were determined as described lnﬁmlk.eﬂal..(ZﬁbM), extepsmall correction for bandpass
drift was included in the calculation of e ective frequencyfor K-, Ka-, Q-, and V-bands as
described in AppendixA.

The nine-year and seven-yean are consistent with each other, although thdy for W4
is about 06% higher in the nine-year analysis than in the seven-year algsis forl > 100, a
shift that is at the edge of the error band.

The error bands forly are computed using Monte Carlo simulations of the beam map
hybridization; details of the simulations follow the desdption provided in ||:|ill_eLa.LJ(i7_md).
As Jupiter observations have accumulated over thé/MAP mission lifetime, the contribution
of the model tails to the hybrid beam has become less importarThe nine-year hybrid beams
are data dominated: for each of the ten beams, less thar28% of the integrated hybrid beam
response is attributable to the model tails.
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Table 2. WMAP Jupiter Observing Seasons (2008-2010)

Seasor? Begin End Nearby Planet ®  Projected Separation ¢ % exces$'

14 2008 Aug 21 2008 Oct 06

15 2009 May 17 2009 Jul 03 Neptune 04 -24 0.4-0.2
16 2009 Sep 26 2009 Nov 10 Neptune 3.8-6.8 0.08 - 0.0
17 2010 Jun 24 2010 Aug 10 Uranus 05 -31 09-04

2An observing season is de ned as a contiguous time interval d uring which an object is in the
WMAP viewing swath. Observing seasons 1-13 are listed in m(

b Jupiter sky coordinates are in proximity to those of the plan et listed.
¢Seasonal range of projected separations between Jupiter's position and that of the other planet.

dEstimated excess integrated beam response, in %, that would have been contributed to the
Jupiter beam by contaminating planet, if no correction had b een applied. Provided as a range; the
rst number is for K-band, the last is for W-band; other frequ  encies are between these two values.
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Table 3. WMAP Nine-year Main Beam Parameters

S

gyra ( gyr): Sb %i: 1¢ Gmd . e . f g

DA (sr) (%) (%) (dBi)  (GHz) (sr) ( KJy 1)
For 10 Maps
K1 2:469 10 * 0.5 0.1 47.07 22.69 2522 10 4 250.6
Kal 1:442 10 * 0.4 0.0 4940 3294 1465 10 4 204.9
Q1 8815 10 5 0.5 -0.2 51.54 40.72 8934 10 ° 219.7
Q2 91113 10 5 0.5 -0.1 51.40 4051 9234 10 ° 214.8
V1l 4:164 10 ° 0.4 -0.1 54.80 60.09 4226 10 ° 213.3
V2  4:236 10 ° 0.4 0.1 54.72 60.96 4283 10 ° 204.5
W1 2:038 10 ° 0.4 -0.2 57.90 92.87 2040 10 ° 185.0
W2 2:204 10 ° 0.4 0.2 5756 93.43 2203 10 S 169.2
W3 2:135 10 ° 0.5 -0.2 57.70 9244 2135 10 ° 178.4
w4  1:994 10 ° 0.5 -0.6 57.99 93.22 1997 10 ° 187.6
For 5 Maps

K 2:469 10 4 0.5 0.1 47.07 22.69 2522 10 4 250.6
Ka 1:442 10 4 0.4 0.0 4940 3294 1465 10 4 204.9
Q 8964 10 ° 0.5 -0.2 51.47 40.62 9084 10 ° 217.2
V  4:200 10 ° 0.4 0.0 54.76 60.52 4255 10 © 208.9
W 2:093 10 ° 0.5 -0.2 57.78 92.99 2094 10 ° 180.0

aSolid angle in azimuthally symmetrized beam.
bRelative error in S,
CRelative change in S between nine-year and seven-year analyses.

dForward gain = maximum of gain relative to isotropic, de ned as 4= S. Values of G in Table
2 of Hill et al. (2009) were taken from the physical optics mod el, rather than computed from the
solid angle in the table, and therefore are slightly dieren t.

€The e ective center frequency for a point source with ux spe  ctralindex = 0:1. The estimated
uncertainty, due to uncertainties in the pre- ight passban d response measurements, is 0.1% for all
DAs.

fThe e ective beam solid angle for a point source with ux spec tral index = 0:1. The un-
certainties are estimated as 0.5, 0.4, 0.5, 0.4, and 0.5% for K-, Ka-, Q-, V-, and W-band DAs,
respectively. These include contributions from uncertain ty in the beam solid angles, ( Sy, )= S
(column 3), and uncertainty in the correction of pre- ight f orward gain measurements for scattering
described in m(

9Conversion factor to obtain ux density from the peak ~ WMAP antenna temperature, for a point
source with ux spectral index = 0:1. Uncertainties in these factors are estimated as 0.6, 0.4, 0.5,
0.5 and 0.7% for K-, Ka-, Q-, V- and W-band DAs respectively. T  hese include contributions from
uncertainty in the beam solid angles, ( gyr )= S (column 3), uncertainty in the pre- ight passband
response measurements, and uncertainty in the correction o f pre- ight forward gain measurements
for scattering described in .]MIZ
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4. Map-making
4.1. Standard Map Processing
4.1.1. Individual Band Processing Masks

The algorithm used to reconstruct sky maps from di erentialdata masks selected obser-
vations to minimize artifacts associated with regions of gh foreground intensity.

). Observations for which one of the telescope beamsnsairegion of high foreground
intensity gradients while the other is in a low gradient regin are only applied to the pixel in
the high foreground region as the map solutions are generdteThis “asymmetric' masking
suppresses map reconstruction artifacts in the low foregmod emission regions used for CMB
analysis. These artifacts arise from small variations in # power sampled by the telescope
beams for di erent observations that fall within the same ma pixel. The variations result
from a combination of the nite pixel size and beam elliptidy that both couple to spatial
intensity gradients. A processing mask is used to delineatke regions of high foreground
intensity gradients. Previous data releases used a commoropessing mask for all frequency
bands based on the K-band temperature maps, even though tharéground intensities vary
greatly by band. The current release uses dierent masks farach frequency band and
therefore utilizes the data more e ciently.

Masks for each frequency band are generated using an aldamit that estimates the
magnitude of processing artifacts in each r4 pixel given th&/ MAP scan pattern, a candi-
date processing mask and the seven-year map of the sky tenadare in that band. The
magnitude of artifacts, , in a resolution r4 pixel, ps, is modeled as proportional to the
mean magnitude of the temperature gradients within all the eference pixels used in the
observations contributing to the original pixel,

2 3
X X
(pain) ' ——— 4 Wi (pe (i))jr T(ps(i))j + W (pa (D))jr T(Pa(i)i®; (1)
Niot (Pa; ) Pa (i)= Pa o Pe=Pe X
Niot (Pa; N) = Wh(pg (i) + Wh(pa(i)): (2)
pa ()= pa ps (i)= pa

Herepa (i) and pg (i) are the r4 pixel indices for the A and B side beams for TOD obsation

i, Wy represents a candidate processing mask withpixels masked, and the sums are over
observations for which the A-side beam and B-side beam poitat pixel p;. The proportion-
ality constant was evaluated as the amplitude of the response for each telgse beam as
it was rotated about its axis while viewing a uniform temperture gradient, yielding values
from 0.032 to 0.087 for the di erent beams. The magnitude of the temperaturgradient in
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each r4 pixel is approximated as the standard deviation of €hr9 pixels comprising each r4
pixel

ir T(pai *y [var(ps 2 pa) (P (3)
SZNobs(pQ)
2(pa) = P2 x : (4)
1
P92 p4

where the last term in Equation [3) removes the bias introdwed by the radiometer noise,
o Is the noise for one observation antl ,s(ps) is the number of observations in r9 pixeps.
The constant ' 1:1 deg * for r4 pixels.

Figure[d shows a map of(p4; 0) for the Kal DA with no pixels masked in the candidate
processing mask (n=0). The highest value areas in this map rcespond to regions that
are 140 from the Galactic center corresponding to the spacing betem the WMAP A-
side and B-side telescope beams. Processing masks for essfuéncy band are generated
iteratively starting from an empty mask, n = 0. The r4 pixel added to the candidate mask
w, at each step is that which produces the greatest reduction e mean value of (ps; n)
for the current value of n. The value of is then recalculated with the updated candidate
mask, w,+1, and the process repeated. Figuigd 2 displays how the maximwand mean value
of (p4;n) vary as pixels are added to the mask. The mean and maximum vals decrease
rapidly as n increases and asymptotes to an approximately constant vauor largen . The
value maximum values in the asymptotic region is calculateds

") = max (pein); ©)
ma - “max(n); 180 n 360 (6)

These steps are executed for each DA and masks for the Kal-, §-, and W-band DAs are
selected by choosing the smallest value aoffor which ™®(n) < 1:15 23&. This criterion
was selected by requiring that < 5 K for Ka-, Q-, V- and W-bands and that the resulting
Q-band mask have approximately the same number of excludedax@ls as the mask used
in earlier data releases. The mask created in this manner fthe Kal DA is the nal
processing mask. Masks for frequency bands with multiple BAare formed by merging the
individual DA masks such that if a pixel was masked in eitherfahe DA masks it is masked
in the combined mask. The K-band processing mask requiresegmal treatment due to the
brightness of the foregrounds. Applying the criterion aba yields a very large sky mask
that leaves many pixels with few or no observations causingmvergence problems in the
conjugate gradient map solution. The adopted K-band proce#g mask is the largesiv,

formed with K-band inputs for which the sky map solution conerges for all years except year
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L
0.0 mK 0.1

Fig. 1.] The estimated level of artifacts ( ) that would have occurred in the Ka-band map if
no processing mask had been used. Band-dependent processiasks were used and tailored
to minimize these artifacts when converting from time-orded to sky map data. This map
is in Galactic coordinates and the high intensity regions &e from observations when one
of the beams is near the Galactic center and the processing skas not used. (See Figure
[[4 to compare with the analysis sky cuts.) Since bright artifcts originate primarily from
beam crossings of bright Galactic plane regions, the natucé the unmasked artifact pattern
is similar for all DAs. Although the patterns are similar forall bands, the highest amplitude
artifacts occur in K- and Ka- bands because these have the ghitest foregrounds. To prevent
signi cant artifacts, processing masks are constructed f@ach band by growing the number
of pixels in the mask until is su ciently reduced. The estimated mean residual level of
artifacts (') is given in Table[@. We required < 5 K for all but K-band. Construction of
the K-band mask is more complex (see text) yet still achieves< 8 K.
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2. Year 2 is particularly problematic due to the location of dpiter. Achieving convergence
requires selection of thew,7,o mask and reduction of the Jupiter exclusion radius to 3.
Even with these special considerations the size of the preseng mask is still substantially
larger than used in previous data releases and should resintreduced artifacts. Table[2
summarizes the mask sizes and planet exclusion radii for thene-year maps.

4.1.2. Summary of Standard Map-making

The time-ordered-data (TOD), d, for a di erential radiometer sensitive only to a Stokes
| signal may be written as
d= Mt + n: (7)

HereM is a sparseN; N, matrix that contains information about the scan pattern and
transforms the input sky signal array,t, into a sequence of di erential observationsgd. The
number of time-ordered observations is given b, the number of pixels in arrayt is N,
and n is an N; element array representing the radiometer noise. For theatdard map
processing each row dfl contains two non-zero elements representing the weights/gm to
the input map pixels nearest the A and B-side telescope line$-sight (LOS). The rst step
in generating a sky map is evaluation of the \iteration zero'map,

to= M N 'd; (8)

where M [, is the transpose of a masked version of the observation magriand N ! is the
inverse of the radiometer noise covariance matrix,

N t=mnTi % (9)

Table 4. Map Generation Masking Parameters

masked pixels - Planet Exclusion Radii (in )
Band (of 3072 total) ( K) Mars Jupiter Saturn Uranus Neptune

K(yr 6 2) 312 712 20 3.0 2.0 2.0 2.0

K (yr = 2) 270 759 2.0 2.5 2.0 2.0 2.0
Ka 212 446 15 2.5 1.5 15 15
Q 201 431 15 2.5 1.5 1.5 1.5
v 125 3.78 15 2.2 1.5 1.5 1.5
W 98 366 15 2.0 1.5 1.5 1.5
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Fig. 2.| Plots of the maximum and mean magnitude of the estimaed map artifacts ()
for Ka-band versus the number of pixels masked by the procesy mask. The vertical line
indicates the adopted mask which is the smallest mask for vahi max( ) < 1:15 1% as
described in the text.
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with the angle brackets representing an average. The masgirontained inM ! = prevents
contamination of regions of the map with low foreground ensgon that can occur when one
of the telescope beams is in a region of high foreground enuas (See Sectioi.ZT11.) The
reconstructed sky mapt, is then calculated by solving

t=(M.,N M) *to: (10)

The form of matrix M described above ignores the e ects of the nitdVMAP beam sizes
since each observation is modeled using only the value of timput sky signal nearest the
LOS direction. The actual radiometric data is an average ofe input sky signal spatially
weighted by the beam response. Each row bf should therefore contain additional non-zero
elements describing the signal contribution from the o -as beam response. If the beam
response was the same for the A and B side beams and azimuthaymmetric about the
LOS, the observation matrix including the o -axis signal catributions, M s, could be written
in the form

Ms= MC; (11)

where C is an N, N, element matrix that performs a convolution by the symmetric
beam pattern. Substituting M ¢ for M in Equation (@) shows that in this limit the sky
map reconstructed using Equation[{d0) is the input map conyeed by the symmetric beam
pattern, t. = Ct.

Following the approach discussed above, we present the niyear temperature (Stokes 1)
full sky maps in Figure[3. The corresponding Stokes Q and SexkU full sky maps are shown
in Figures[@ and[®, respectively. Figur&l6 shows the nine-yeaolarized intensity maps of
P = (Q?%+ U?)%5 with superposed polarization angle line segments where thiginal-to-noise
ratio exceeds unity.

4.1.3. Noise Characterization of the High Resolution Maps

The noise in the r9 and r10 maps is described assuming the radlieter noise distribution
is stationary, has a white spectrum and is normally distribted. With these assumptions it
can be shown that the noise component of a Stokes | sky mdp, is given by m
2011)

th=(M"™™M)?! MTn; (12)
where M is the mapping matrix as described inx .2 andn is a vector of normally
distributed random numbers that characterizes the radionter noise,

mi=0; mnTi= 2; (13)
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41GHz o ““Q band

33 GHz e band

V band 94 GHz ““W band

HES ]
-200 T(uK) +200

61 GHz

Fig. 3.| Nine-year temperature sky maps in Galactic coordimates shown in a Mollweide
projection. Maps have been slightly smoothed with a @. Gaussian beam.
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33 GHz Ka band 41GHz Q band

61 GHz V band 94 GHz W band

-200 T(uK) +200

Fig. 4.| Nine-year Stokes Q polarization sky maps in Galactc coordinates shown in a
Mollweide projection. Maps have been smoothed to an e ecevGaussian beam of ®. The

smooth large angular scale features visible in W-band, an@ ta lesser extent in V-band,
are the result of a pair of modes that are poorly constrainedhimap-making, yet properly
de-weighted in the analysis.
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33 GHz Ka band 41GHz Q band

61 GHz V band 94 GHz W band

-200 T(uK) +200

Fig. 5.|] Nine-year Stokes U polarization sky maps in Galactc coordinates shown in a
Mollweide projection. Maps have been smoothed to an e ecevGaussian beam of ®. The

smooth large angular scale features visible in W-band, an@ ta lesser extent in V-band,
are the result of a pair of modes that are poorly constrainedhimap-making, yet properly
de-weighted in the analysis.
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3

T(uK)

intensity ( P) sky maps in Galactic coordinates shown in a

Fig. 6.| Nine-year polarized
Mollweide projection;P = ( Q? + U?)%®

whereQ and U are Stokes parameters. Maps have

been smoothed to an e ective Gaussian beam of. Plotted line segments show polarization

angles for HEALPix nside = 16 pixels where the signal-to-noise exceeds 1.
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where the brackets indicate an ensemble average angldescribes the noise amplitude. The
pixel-pixel noise correlation matrix is then

ket

2
0

=(M™M) % (14)

Ideally the value of g is obtained by evaluating
Npx = htp Mtai; (15)

where Npix is the number of map pixels, but such a calculation is intraetble with high
resolution maps. In practice only the diagonal elements ofddation ([I3) are evaluated.
Since

l=M™™m (16)

the diagonal elements of ! are simply the number of observatiodﬂsof each pixel, Ngps.
Each data sample from aWMAP di erential radiometer is a measure of the temperature
di erence between the sky locations at the A and B side telegspe boresights. Reconstructing
a map from di erential data involves two di erent pixels for each observation, a pixel that
is being updated and a reference pixel. The noise in each pixeerefore has contributions
both from the noise in the radiometric data for each sample a@nnoise in the value of the
reference pixel. If o represents the radiometer noise fob an individual samplehé noise
contribution from the reference pixel is approximately o= Ngps(p), Where Ngps(p) is the
number of observations used to calculate the value of the esénce pixel,p. As the map
resolution increases the mean value df,,s decreases, making the reference pixel noise more
signi cant relative to the radiometer noise. The omission fothe o -diagonal terms in the
evaluation of Equation [I5) ignores the contribution to thenoise from the reference beam
pixels in the evaluation of . This e ect is evident when the ¢ values for r9 and r10 versions
of the Stokes | sky maps are compared. The, values from the r10 maps have values from
0.3% (W-band) to 1.5% (K-band) higher than those obtained fon the corresponding r9 sky
maps. The low sampling rate of the K-band radiometer results lower Ny values and
hence the largest e ect.

A more accurate determination of o can be made by equating the diagonal elements of
Equation ([I4) since these quantities are directly measurbbfrom the sky maps. The diagonal
elements of may be calculated relatively simply given two well justi edassumptions: 1)
The sky map noise is uncorrelated between pixels; and 2) Theference pixels associated with

4The small correction terms arising from transmission imbahnce in the radiometers, 1 Xim , are omitted
from this equation for simplicity, but appear in the next, mo di ed equation.
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each main pixel are distinct. With these assumptions diagah elements of are estimated
as
2 33
X . 1+ Xim)? X 1 Xim)?
vy - 4 W(pB(l)) ( |m) ( Im)

ipa(i)=y 1+ 1=Nons(ps (1)) ' ipe (i)= yW(pA(I)) 1+ 1=Nops(Pa(i))

, (17)

wherei is a sample index of the TOD and the sums are over observatioftg which the A-
side and B-side beams observe pixgl The processing mask is represented by, which has
value zero in masked pixels and unity elsewhere. The 1x;, factors are corrections arising
from the transmission imbalance factors andNy,s represents the number of observations
contained in the reference beam pixel of the sky map. TheN,,s terms in the denominators
increase the value of ., to account for the additional noise arising from the referae beam
pixels. In the limit where Ny is very large for all observations the value of ., is simply
1=Ngps(y) = 1= y;; The values of  obtained from r9 and r10 Stokes | maps, evaluated
using diagonal elements of Equatiori{14), agree to 0:05% with the worst discrepancy being
0:1%. This is a signi cant improvement relative to the former nethod.

The Ngps €elds of the nine-year r9 and r10 sky maps now contain the rgmiocals of the
diagonal element of the matrix as it is now considered a more accurate measure of thixgl
noise. This change allows the map noise in each pixel to stk calculated aN = = Ngps
providing that the values of ( published with the nine-year analysis are used. Because the

o values computed from r10 maps dier by less than:0% from those computed from r9
maps, the r9 values are adopted for alWMAP nine-year analysis.

These methods have been extended and applied to the Stokes 1 & maps and the
spurious response map S. This change improved the agreemesitween the ¢ values for the
temperatures and polarization maps to 0:5% from 1:1% in earlier data releases. Table
gives the nine-year (o values by DA for temperature (Stokes I) and polarization (Stkes
Q, Stokes U), and spurious response S.

4.2. Beam Symmetrized Map Processing

The WMAP telescope beams display varying degrees of asymmetry abalg line-
of-sight direction, with the amount of asymmetry related tothe position of the feed horn
relative to the center of the focal planeL(.Ea.g.e_eL 3aJhe largest asymmetries appear
in the lower frequency channels since their feed horns arathest from the center of the
focal plane. WMAP observes each map pixel a large number of times at variousraathal
orientations (rotations about the line-of-sight directiay). The degree to which the beam
asymmetry is manifest in the nal sky maps depends on both thimtrinsic beam asymmetry
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and the distribution of azimuthal beam orientations used tambserve each pixel. A uniform
set of nely spaced azimuth angles will result in a symmetrie ective beam, while any
deviations from a uniform distribution will couple some of he beam asymmetry into the sky
map.

The WMAP scan pattern causes pixels near the ecliptic poles to to bengaled relatively
uniformly over a wide range of azimuthal angles, while pix@inear the ecliptic plane are only
sampled over a  22.5 degree range. This results in the e ective beam shape vangi with
sky position; regions near the ecliptic poles have more symtric e ective beam shapes than
those near the ecliptic plane. Each pixel is observed rougtthe same number of times with
the A-side and B-side beams, further symmetrizing the e ette beam shape since the axis
of asymmetry for the A and B side beams project to di erent skydirections.

The WMAP window functions are calculated from symmetrized beam prtes generated
by azimuthally averaging beam maps obtained from observatis of Jupiter. All WMAP
data releases have window function uncertainties incorpated into the WMAP likelihood
code. As described in Appendices A and B b_f_lzljnshamLeﬂa]L_(ZbO these are dominated
by uncertainties in the shape of the symmetrized beam pro le

The e ects of asymmetric beams|(Pa L._2003a; Hinshaw @i |Z)_Oj7) were con-

rmed in numerical simulations by . kZOdQ). Moreecently it was found with high
statistical signi cance that the hot and cold spots near theecliptic plane have a preferred
ellipticity, while the angle-averaged small-scale powempsctrum near the ecliptic plane is
equal to the angle-averaged power spectrum near the ecliptole (Groeneboom & Eriksen
|2QO.§;LHa.nso.n_et_dlL2QiO)|_Ha.nso.n_etJaL(2(b10) ahd_Bennett it (|20_’Li) suggested that
this was likely due largely to the spatially varying e ective beam shape and in this paper we
con rm that hypothesis.

Figure[d displays the supernova remnant Tau A as it appears e year-1 K-band sky
map. Tau A is compact relative to the K-band beam size ( 0.82 FWHM) and relatively
isolated, so it approximates a point source for the purposd mapping the e ective beam
shape. The beam asymmetry is clearly seen seen in both the skgp and in the residual
map after removal of the best t symmetrized beam pro le. Thesymmetrized beam pro le
was t to the map with 6 free parameters, 3 characterizing a kseline (x-slope, y-slope and
o set), and three specifying the beam (x-position, y-posion, and amplitude).

The WMAP nine-year data release includes a new set of Stokes | mapstthave been
processed to reduce the asymmetry of the e ective beam. Thegeessing deconvolves only
the asymmetric portion of the beam from the data resulting ira sky map containing the
true sky signal convolved with the symmetrized beam pro le.
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Fig. 7.] K-band images of supernova remnant Tau A (3C 144), at[J2000.0] position
(05"34m31%; 22 019 from the rst year of WMAP observations. The left panels display the
total intensity and right the residuals after removal of a bet t circularly symmetric beam
pro le. The maps generated with the new partial deconvolutn processing (bottom) display
signi cantly reduced beam asymmetry compared with those gerated with the standard
processing (top). In other words, the apparent asymmetry iffau A seen in the top left is a
result of the asymmetric K-band beam and is not intrinsic to &u A. The degree of a source's
apparent asymmetry is dependent on its sky position and th&/MAP frequency at which
it is observed: the e ect is most pronounced for bright K-bad sources at low ecliptic lati-
tudes (Section 4.2). As such, we display the K-band obseriams of Tau A to demonstrate
the e ectiveness of the deconvolution in a worst case of beaasymmetry in the normally
processed maps.
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A more accurate representation of the signal component 8MAP 's TOD utilizes an
observation matrix, M s, parameterizing the total beam response, written as the suwf a
component axisymmetric about the beam LOSM s, and a non-axisymmetric component,
M n»

d
M ns

M pst; (18)
Ms+ My (19)

Using Equation[I1 the observation matrix may be expressed as
Mps=(M+ M,C HC: (20)

Given this form of the TOD it is possible to solve for the inputsky map convolved by the
axisymmetric beam response;., by evaluating

te=Ct =[M N M +M,C Y] *to: (21)

The beam symmetrized maps contain the input sky signal conved with the symmetrized
beam pro le independent of sky position. Figurd&l7 displays emap of the Taurus A region
from a map processed in this manner. The improvement in the & symmetry is evident in
both the raw image and the residuals after removing the best symmetrized beam pro le.
These maps signi cantly improve the symmetry of the e ectie beam, but also have a larger
window function uncertainty caused by the limited resolutbn and signal-to-noise ratio of
the beam maps and numerical approximations needed to makeeth computation practical.
Therefore, beam symmetrized maps are generated only for Bs | and are not intended for
the precise tting of cosmological parameters, but shouldrpve useful in foreground tting,
studying regions of compact emissions, and certain testsrain-Gaussianity. It should also be
noted that deconvolving the asymmetric beam shape from theaps necessarily introduces
additional pixel-pixel noise correlations above those ctained in the standard maps. No
year-to-year correlations are introduced, so power speatcalculated from year-to-year cross
spectra remain unbiased, but the uncertainty of the spectraannot be accurately calculated
based on the number of observationd\(,,s) of each map pixel alone.

4.2.1. Processing Details

The beam symmetrized maps are generated by solving Equati@il) iteratively using a
stabilized bi-conjugate gradient method._(_Ba.LLeLt_eLaiLJ_Q_Jr). In this procedure the product

MIN XM +M,C 1 t (22)
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is evaluated repeatedly and the solutiofr,; updated after each iteration,i, driving the value
of this expression toty. The product (Z2) is evaluated by looping through the TOD; eeh
observation corresponds to multiplying one row oM + M ,C ! by the current iteration
of the solution, t.;. The rst term in each multiplication, Mt.;, is the weighted sum of
the map pixels values nearest the LOS directions of the two &ms, corresponding to the
di erential sky signal smoothed by the axisymmetric beam rgponse. Each row of the matrix
M contains two non-zero elements with values (1 %;,) and ( 1+ Xin), the weight factors
for the A and B side beams. (TheXi, term (jXim] 1) accounts for a small imbalance in
radiometer response to beam lling signals from the A and B des.)

The second term in the product of Equation2)M ,C !t.;, corresponds to the di er-
ential signal from the non-axisymmetric beam response fohe current LOS and azimuthal
beam orientations. The nonzero elements in each row bf,, are the pixel weights of the
non-axisymmetric beam response of the two beams, also weeghby the ( 1+ X;y,) factors.
To keep the computation time tractable only contributions vithin a radius rg (30 mrad for
K-, Ka-band, 26 mrad for Q-, V-, and W-band) of the LOS of each &dam are used. The
circular regions contributing to the signal for the A and B bams do not overlap, so their
contributions may be calculated separately then summed.

The matrix C ! performs a deconvolution by the symmetrized beam pattern. t lis
therefore rotationally symmetric and the productM ,C ! may be evaluated once for each
beam, forming convolution kernelsk , and Kg. The contribution of M ,C !t; for each
beam is then evaluated by mapping these kernels to the corpesding pixels oft,; for the
LOS and azimuthal orientation for each observation and sumimg their products.

Figure [ illustrates the steps used in forming the kernel fahe Q1 A-side beam. First
(in panel a) a map of the non-axisymmetric beam responsé/] ,, is formed on a Cartesian
grid by subtracting the best t symmetrized beam pro le from the total beam pro le in
Equation ([3@). Next the productM ,C 1, is evaluated by performing a Wiener deconvolution
of M ,. A Wiener deconvolution is used to minimize the impact of nee on the deconvolved
map. (In performing the Wiener weighting the signal compome of the result was assumed to
be proportional to the input, M ,,, while the noise was assumed to be white and its magnitude
obtained from portions of the beam map far from the LOS dire@in.) Even using the Wiener
weighting, some noise remains in the deconvolved maps atatélely large radii from the LOS
direction. A cosine apodization function is therefore intsduced to smoothly taper the value
of the kernel to zero at radial distance g from the beam LOS. This procedure eliminates
artifacts in the maps that would be caused by a sharp cuto of e kernel noise at the
radius rg. The delity of the kernel is demonstrated in FiguresCBe andI8that show the
kernel re-convolved with the symmetrized beam. After re-cwolution the majority of the
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non-axisymmetric beam response is recovered without thetioduction of excessive noise.

Ideally the kernel weights representing the non-axisymmet beam response sum to
zero for each observation. This is only approximately truenipractice since the HEALPix
pixelization used for the solutiort,.; and the Cartesian grid of the kernel are incommensurate,
resulting in slightly di erent combinations of weights beng used for di erent LOS directions
and azimuthal beam orientations. This results in small vaations of the total weight for
observation of di erent points on the sky.

The mean value of a map generated by ideal di erential data isnconstrained. The
non-idealities in the radiometers parameterized by the trasmission imbalance factorsxn ,
weakly constrain the mean value of the maps, but occasionalinaps solutions with relative
large mean values are generated. The spatially varying tdtaveights described above can
couple to these mean values resulting in small spurious mapatures. This problem is
remedied by subtracting the sum of the kernel weights usedrfeach observation from the
value in M corresponding to the weight of the LOS pixel, resulting in aniform weight for
each observation. This choice insures that the total weighdf the A and B side observations
are (1+xim) and ( 1+Xx;y) respectively, guaranteeing that the beam symmetrized mamgree
with the normal maps at angular scales larger than the chartaristic size of the convolution
kernels.

Figure[™ displays the ratio of the TT power spectra of the bearaymmetrized maps to
those of the normally processed maps and ratios as predicﬁedenshaMLet_a.ll {209]7). The
spectra from the di erent map processings agree exactly atw | as expected and agree with
the predictions within 2% in regions of adequate signal-tneise ratios.
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Fig. 8.| Plots illustrating the formation of the kernel used to generate the symmetrized
beam maps for the Q1 DA. The x and y axes are in units of degreesntered on the beam
LOS. The z-axis represents weight and panels (a), (e) and (f)se the same scale. (a)
The residual (non-axisymmetric) component of the beam obitaed by subtracting the best

t axisymmetric beam from the total beam map. (b) The residua beam after Wiener

deconvolution. (c) The cosine apodization function. (d) Tk convolution kernel used to
generate the symmetrized beam maps consisting of the cosimeighted Wiener deconvolved
residual map. (e) The convolution kernel reconvolved withhte axisymmetric beam. (f) The

di erence between the residual beam map (a) and the map malgnkernel convolved with

the axisymmetric beam (e).



{35

0.15 ———T——— m . .
—Q | 5
0.10F v i 3
r—— W ! ]
2 o005k Predictions ; 3
‘ON [ | ]
= :
EIT 0.00 fr—— === ;—————————- —
e —0.05F : ]
- C ! 1
9;—0.10:— | .
|I: C :
-0.15F E 3
[ I
Q0L . v ... :I ey T
0 200 400 600 800 1000

Multipole moment 1

Fig. 9.| Veri cation of e ects of asymmetric beams on the power spectrum. Given beam
measurements, the formalism in Appendix B d.f_l:linshaMLet_bth_O_‘i’) analytically quanti es
the beam asymmetry e ect on the power spectrum. This is ploéd as a fractional deviation
between an ideally deconvolved power spectrunCfec®") and the power spectrum of a
normally processed map@,"”) with no correction for beam asymmetries. These \predictios"
of fractional deviations are plotted per DA in the light colaed solid lines. The Q-band e ects
become signicant atl 400, but Q-band is not used in theWMAP cosmological power
spectrum. V-band e ects become signicant att 1000, however, V-band is deweighted
compared to W-band at highl because of its larger beam size. W-band e ects from the
asymmetric beams can be seen to be1%. While/Hinshaw et al. kZO.d?) provides an analytic
prediction, we have explicitly deconvolved the maps in pixepace, allowing for a direct inter-
comparison of the analytic with the numerical approach. Thelark red, green and blue solid
lines are the fractional deviations in power spectra for QV/- and W-bands from the directly
deconvolved maps. A comparison between the light and darkloced lines per frequency
band shows close agreement up to a multipole moment where wgect the spectra derived
from the beam-symmetrized maps to break down because the giation does not account for
correlations introduced by the deconvolution. The Q-bande&liations occur after the window
function has dropped below 2.5% and the V-band deviations log&v 1.5%. The vertical
dashed lines indicate where window functions are at 1% of thenaximum value. The close
agreement between the predictions and explicit deconvolah veri es our understanding of
asymmetric beam e ects and allows us to conclude that the spieum from the normally
processed (i.e. not deconvolved) maps diers from the idégldeconvolved spectrum by
< 1%. Thus the nal WMAP power spectrum is based on the normally-processed V- and
W- band maps.
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Table 5. Noise per Observation in Nine-Year Maps

DA o(l)  o(Q;V) o(Q; U)
Uncleaned Template Cleaned
(mK)  (mK) (mK)

K1 1.429 1.435 NA

Kal 1.466 1.472 2.166
Q1 2.245 2.254 2.710
Q2 2131 2.140 2.572
vl 3.314 3.324 3.534
V2  2.949 2.958 3.144
W1 5.899 5.912 6.157
W2 6.562 6.577 6.850
W3 6.941 6.958 7.246

W4  6.773 6.795 7.076
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5. Foreground Fits
5.1. Overview

In this section we examine the nature of the Galactic and exagalactic foreground
emission. These foregrounds are important to understand ss to achieve an appropriate
separation of CMB anisotropy from foreground emission, tdweidate the underlying astro-
physical emission processes, and to transfer the preci®IAP calibration to astronomical
emission sources that can be used by other observers for lwation purposes.

The separation of CMB anisotropy from foregrounds dependsitically upon their dif-
ferent spectra. This is illustrated in Figure[ID where a modidree three-color display of
WMAP data clearly di erentiates the (pink) di use and point source foreground emission
from the (gray) CMB anisotropy. Likewise, WMAP maps in di erent frequency bands can be
convolved to a common angular resolution and subtracted t@ifm a CMB-free, foreground
emission-only map. Three such di erence maps, in turn, canebcombined into a three-color
display that highlights the spectral di erences of the forgrounds across the sky. An example
of this is shown in Figure[TIll. Figurd—l2 provides an orienta@in of the microwave emission
sources on the sky.

This section is divided into two major subsections: point soce analyses are presented
rst in 32Z] followed by di use foregrounds in[233. The pointsource subsection begins with
a discussion oMWWMAP observations of the planets Jupiter and Saturn (Section 21). For
Saturn we separate the emission into a disk and ring compornerin Section [E22Z2 we de-
scribe two techniques to identify other point sources and wgovide point source catalogs in
Appendices B and_C. We then go on to discuss our analysis of tHeuse foregrounds. In
Section[®.3.P we describe the approach taken to mask and cleh use foregrounds for the
purpose of carrying out the cosmological analysis of the CMBuch as the angular power
spectra. In Section[2313 we present the new nine-year imeat linear combination (ILC)
map. Since ILC error characterization is dependent on a knéedge of the foregrounds,
a deeper ILC discussion is deferred until after a foregrouraharacterization analysis. To
identify the nature of the foregrounds we describe three deérent tting techniques: the
maximum entropy method (MEM) in Section[5:34; Monte Carlo Mirkov Chains (MCMC)
in Section[®3F; and 2 tting in Section We conclude this section with a syrthesis
based on these analysis e orts. Sectidn 5.:3¥.1 includes iatercomparison of results from
the three tting techniques and a comparison of foregroundanponent maps averaged over
the three ts with the corresponding template maps used in f@ground cleaning. Finally,
Sections[5:3712 and5.371.3 discuss ILC errors. Estimatas® presented of residual fore-
ground bias in the ILC map and ILC error due to CMB-foregrounctovariance. AppendiXA
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describes small variations iInWMAP bandpasses that occurred over the nine-year mission,
which are taken into account in our foreground analyses. Thehave no signi cant e ect on
the CMB or cosmology analysis.

5.2. Point Sources
5.2.1. Planets and Celestial Analysis

A detailed analysis ofWMAP seven-year observations of planets and selected celestial

calibrators is given byhALe'Lla.n.d_et_a]. I(ZO_’I]l), including intrcomparisons with relevant results
in the literature. Here we concentrate on updated nine-yedAMAP results for some of these

sources.

5.2.1.1. Jupiter  Mean nine-year Jupiter temperatures are derived from the= 0 com-
ponent of the unnormalized beam transfer functionB,. The symmetrized beam response to
Jupiter, Tpk beam, May be directly derived fromB,. As described irﬂALe'LIa.n.d_et_dl.[(ZOil),
all Jupiter observations have been corrected to a ducial $d angle Ser =2:481 10 Bsr.
Mean Jupiter temperaturesT;,, are thus computed using the relatioM;y, = Tok  beam= Ser
These temperatures are presented in Tabl@ 6. Quoted unceriges are a quadrature sum of
estimated beam solid angle errors from Tabl@ 3 and the uncamty in the absolute calibra-
tion. The mean Jupiter temperatures derived from the ve-yar, seven-year and nine-year

data releases are consistent with each other within the qued uncertainties.

The stability of Jupiter emission over the nine-year basele is evaluated by computing
seasonal temperatures per DA and comparing them to their reryear means. We compute
T=T as the mean deviation of all DAs from their nine-year mean vaés, and include
a 1 standard deviation as a measure of coherency. These resute listed in Table[T.

From the seven-year analysiiAALelLa.n.d_eLblL(Zdll) placeah aipper limit on variability of
0:2 0:4%. Although consistent with this value, the Jupiter obserations from the last two
seasons introduce the statistically weak (PTE = 14%) posdiily of a decreasing trend in
temperature with time. Given our measurement uncertaintie, a constant temperature is a
very good t to the data and that is what we use in our analysis.

Out of caution, we examined the hypothesis that there might & instrumental or cali-
bration issues contributing to slightly lower Jupiter temperatures computed for the last few
seasons of data. To determine if there might be a systematialibration error within the
last two years of the mission, yearly ux values for celestissources Cas A, Cyg A, and Tau
A were computed and compared against seven-year trends; nadence for any calibration



Fig. 10.| False color image representing the spectral infomation from multiple WMAP
bands. Q-band is red, V-band is green, and W-band is blue. Ihis representation, a CMB

thermodynamic spectrum appears as grey.

Fig. 11.| False color image derived from a combination ofWMAP band di erences chosen
to highlight di ering spectral components. Red (W-V) highlights regions where thermal
emission from dust is highest. Blue (Q-W) is dominated by feefree emission. Green ((K-
Ka)-1.7(Q-W)) illustrates contributions from synchrotron and spinning dust.
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inconsistency was found. Since Jupiter is not a steep-spegh source, bandpass center fre-
guency variations are also not an important factor; we expean e ect of less than 0:05%
over the 9 years in the K- through V-bands. In terms of Jupiteitself, there is no clear
temperature trend with Sun-Jupiter distance or suUBA/MAP latitude.

5.2.1.2. Saturn As seen by theWMAP satellite, the spatially unresolved microwave
brightness of Saturn varies with orbital phase as the projésd area of the ring system and
oblate planetary spheroid changes aspe&LJALe'LLa.nd_etl dl.mﬂ.) developed an empirical, ge-
ometrically motivated model to predict Saturn's apparent bightness atWMAP frequencies,

based on the rst seven years (14 seasons) of observationfieTavailable range of observable
ring opening angles during this seven year interval falls ithe range 28 < B < 6.

' ) found that parameter covariance and pential systematics in their
model t permitted a determination of Saturn's disk temperaure to within roughly 3-4 K,
but noted that the inclusion of lower inclination observatons in the t should decrease the
uncertainty in the derived model parametersWMAP observations from the last two mission
years include four new Saturn observing seasons, numberédtiirough 18. Since the Saturn
ring system presented an \edge-on" con guration in early 20D, these four new seasons span
the cross-over from viewing the rings from below (negativ@) to viewing them from above
(positive B) as seen in Tabld18. These new observations at |d8vprovide the opportunity
to better constrain the predictive model forWMAP frequencies.

We apply the analysis methods dUALella.n.d_et_ililL(ZQlll) to theime-year compendium
of Saturn observations to derive mean apparent temperatwseof the Saturn system per DA
per observing season, presented in Tallle 8. The analysis ¢tensummarized as a three-step
process. First, a time-ordered archive of Saturn observatis is created, and sky signals
arising from the Galaxy and CMB are removed, either through se of sky subtraction or
masking. Second, the individual observations from this bkground subtracted archive are
binned to form mean radial Saturn response pro les for eacleason and DA. Finally, the
WMAP beam radial pro le per DA (as determined from Jupiter obserations) is t to the
Saturn radial response for that DA and an apparent temperate is derived. Temperature
entries for the rst 14 seasons listed in Tabl€l8 may be dirdgt compared against those in
Table 9 of \Weiland et al. tZO.’LIl). There are small di erencesf@rder 0.5 to 1 between
some of entries in common between the seven-year analysisl éime nine-year analysis pre-
sented here. Di erences of this nature are expected and cae braced to small variations in
calibration, beam characterization and data masking betvem the seven-year and nine-year
processing.

The temperatures in Table[B may be t with an empirical model hat predicts Saturn's
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Table 6. Nine-Year Mean Jupiter Temperatures

§J a b TC (T)d
(GHz) (mm) (K) (K)

per DA
K1 22.82 13.1 136.1 0.75
Kal 33.07 9.1 147.1  0.68
Q1 40.88 7.3 1539 0.78
Q2 40.67 7.4 154.7 0.76
V1 60.37 5.0 1649 0.71
V2 61.24 4.9 165.9 0.68
w1 93.25 3.2 1725 0.84
w2 93.73 3.2 1734 0.85
w3 92.72 3.2 1731 0.87
w4 93.57 3.2 172.3 0.86

per band
K 22.82 13.1 136.1 0.75
Ka 33.07 9.1 1471 0.68
Q 40.78 7.3 154.3 0.59
\Y% 60.81 4.9 165.4 0.54
W 93.32 3.2 172.8 0.52

anine-year values; see Appendix K]

b RJ

=C=¢
CBrightness temperature calculated for
a solid angle o =2:481 10 ®srata
ducial distance of 5.2 AU. Temperature is
with respect to blank sky: absolute bright-
ness temperature is obtained by adding
2.2, 2.0, 1.9, 15 and 1.1 K in bands K,
Ka, Q, V and W respectively (Pm
). Jupiter temperatures are uncor-
rected for a small synchrotron emission
component (see W(M)

dComputed from errors in g (Table B]
summed in quadrature with absolute cali-
bration error of 0 :2%.
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Table 7. Jupiter Temperature Changes by Season

Seasoh Start End T=T (%)
MearP Scatter®
1 2001 Oct 08 2001 Nov 22 0.33 0.26
3 2002 Nov 10 2002 Dec 24 -0.01 0.33
4 2003 Mar 15 2003 Apr29 -0.14 0.51
5 2003 Dec 11 2004 Jan 23  0.17 0.22
6 2004 Apr 15 2004 May 30 0.12 0.23
7 2005Jan 09 2005Feb21 0.13 0.35
8 2005 May 16 2005 Jul 01 0.07 0.37
9 2006 Feb 07 2006 Mar24 032 0.33
10 2006 Jun 16 2006 Aug 02 0.18 0.47
11 2007 Mar 10 2007 Apr24 053 0.34
12 2007 Jul 19 2007 Sep 03 -0.04 0.44
13 2008 Apr 11 2008 May 27 -0.05 0.34
14 2008 Aug 21 2008 Oct 06 -0.11  0.30
15 2009 May 17 2009 Jul 03 -0.46 0.61
16 2009 Sep 26 2009 Nov 10 -0.39 0.34
17 2010 Jun 24 2010 Aug 10 -0.47 0.27

aSeason 2 omitted from analysis because Jupiter is
aligned with the Galactic plane.

bMean of the percentage temperature change among
the DAs for each season, relative to the nine-year mean.

€1 scatter in the percentage temperature change
among the DAs for each season.
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unresolved microwave brightnes3 as a function of ring opening angle and frequency. We
adopt the same model formulation as in the seven-year anailyof \Weiland et al. tZQ;Lll),
which employs a simple geometrical summation of emissiorofin the unobscured planetary
disk, emission from the ring system and emission from thosentions of the disk obscured
by the rings:

X/ . . X7
T(;B)= Task( JAw+ € “TBIAGT+ Ting()  Ari (23)

i=1 i=1

At a given frequency , a single temperature is assumed for the planetary disKgisk( ). The
model allows for seven radially concentric ring divisionsAll rings are characterized by the
same temperatureT g ( ), but each of the seven ring sectors has its own ring-normaptical
depth o, with 1 i 7. Each o, is assumed to be both constant within its ring and
frequency independent.Ay4, Aogi @and A;; are the projected areas of the unobscured disk,
the portion of the disk that is obscured by ringi, and i ring, respectively. These areas are
normalized to the total (obscured+unobscured) disk area. bdel t parameters are the ve
Saturn uniform disk temperatures and ve mean ring temperatres (one for eachWMAP
frequency). The geometrical ring boundaries and relativeatios o= o.max are constrained
as per Table 10 obALe'LIa.nd_eLdl.L(ZQil), whereymax IS the ring-normal optical depth for
the most optically thick ring (ring 3, i.e. the outer B ring). For the nine-year t, the value
of omax Was also allowed to be a t parameter, although in practice & inclusion makes very
little di erence in the t results.

The nine-year model t returns a reduced 2 of 1:04 for 150 degrees of freedom;
the model t and residuals perWMAP frequency are shown in FiguréZ13. On average, the
rms of the residuals is 1% per frequency; the value for Q-band is somewhat higher.3%)
and that for V-band is lowest (07%). Model parameters and their formal errors ; are pre-
sented in Table[®. By construction, theTysx and Ty model parameters are anti-correlated.
The covariance between these parameters allows the podgipiof systematic errors not ac-
counted for in the tting formalism. Although the mean disk temperature is reasonably well
constrained by the newWMAP observations from seasons 15-18, hemispheric temperature
gradients or local hot spots would negate the assumed symmebf the empirical model, and
would a ect the derived mean ring temperatures. The nine-ya& baseline unfortunately does
not extend far enough toward positiveB to assess the limits of the symmetry assumption.
Additionally, the model's assumed ring optical depth pro & may not be accurate. As with
the seven-year analysis, we use a model variant to estimatgstematic di erences between
models which return similar values of 2. Our worst case estimate allows for di erences of
0.9 K'in Tgisk and 0.7 K in Ting; We add these to the formal tting errors in Table[® to pro-
duce the tabulated adopted error, agopred- The Taisk and Ting parameters are plotted along
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with their adopted errors in Figure[I#. Within the conservaive adopted errors, the nine-year
derived disk and ring temperatures are in agreement with tts@ from the seven-year t; the
nine-year adopted errors foi gk are roughly half those quoted for the seven-year t.

5.2.2. Point Source Catalogs

As for the seven-year analysis, two separate methods haveeheised for the identi cation
of point sources froMWVMAP maps and two separate point source tables have been produced
Both methods are largely unchanged from the seven-year aysik {Q_QI.d_et_a.ﬂ.[ZQlll). Since
the use of beam-symmetrized maps would result in only minohanges to the recovered
source uxes and since there is benet to continuity with preious WMAP point source
analyses, we have generated the source catalogs from mapet tre not deconvolved. The
rst method searches for point sources in each of the vV&VMAP wavelength bands. The
nine-year signal-to-noise ratio map in each band is Itereth harmonic space by =(kPC™ +
Crose), where by is the transfer function of the WMAP beam responseC™ is the CMB
angular power spectrum, andC"*® is the noise power[(legma.&.&.d.e&lmei1:a.®§th.].9|98
lR.ef.Lng.eLet_aJ |_20_d0) The ltering suppresses CMB and Gattc foreground uctuations
relative to point sources. For each peak in the Itered mapshat is > 5 in any band,
the un ltered temperature map in each band is t with the sum d a planar base level
and a beam template formed by convolving an azimuthally symetrized beam pro le with
a skymap pixel. (This method was previously used d;uALella.n.d_e.Ll (|H).’Li) for selected
celestial calibration sources and is more accurate than tii&aussian tting that was used for
the seven-year and earlier point source analyses.) The pe@knperature from each beam
template tis converted to a source ux density using the comersion factor given in Table[3.
The ux density uncertainty is calculated from the 1 uncertainty in the peak temperature,
and does not include any additional uncertainty due to Eddigton bias. Uncertainty due to
beam asymmetry e ects has been found to be negligible, aboBtl% or less, by comparing
results from beam template ts to the normally processed K-énd map with those to the
beam-symmetrized K-band map for Tau A, Cas A, and Cyg A. Flux ensity values are
entered into the catalog for bands where they exceed and where the source width from an
initial Gaussian t is within a factor of two of the beam width. A point source catalog mask
is used to exclude sources in the Galactic plane and Mageilacloud regions. This mask has
changed from the seven-year analysis in accordance with ojgas in the KQ85 temperature
analysis mask. A map pixel is outside of the nine-year poinarce catalog mask if it is
either outside of the di use component of the nine-year KQ8fmperature analysis mask or
outside of the seven-year point source catalog mask. The neatalog mask admits 83% of
the sky.
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Fig. 12.| Microwave emission near the Galactic plane is traed by a K-band minus W-band
di erence map, which eliminates CMB anisotropy. A log scalés used for the color region
and blue circles represent the positions of the brightest pt sources, as seen bWMAP .

Table 8. Derived Saturn Temperatures Per Observing SeasoerFDA

Season? wRJD ° B¢ Tp (K) @
K Ka Q1 Q2 V1 V2 wi w2 W3 w4

1 217250 -26 133 :5 1:5 141:0 1:2 145:6 1:4 149:2 1:4 156:9 1:2 156:7 1:1 164:2 1:1 164:4 1:4 166:2 1:4 165:9 1:3
2 2302.56 -26 133 :6 1:6 142:6 1:3 145:7 1:4 147:9 1:3 154:9 1:2 156:4 1:1 161:4 1:2 165:5 1:4 164:3 1:4 163:8 1:3
3 2551.27 -26 130 :9 1:6 141:6 1:2 149:2 1:3 149:9 1:3 158:1 1:2 157:4 1:1 165:9 1:2 166:9 1:4 164:0 1:4 164:3 1:3
5 292895 -25 131 :2 1:5 138:4 1:2 144:1 1:3 146:1 1:3 153:4 1:2 153:4 1:1 161:2 1:2 162:0 1:4 160:5 1:4 159:8 1:3
7 3305.67 -22 125 :8 1:5 135:3 1:2 140:2 1:3 140:1 1:3 147:2 1:1 147:9 1:1 154:0 1:1 154:2 1:4 154:2 1:4 153:2 1:2
8 3437.14 -24 129 :9 1:6 137:8 1:3 141:0 1:5 141:7 1:4 147:9 1:3 150:2 1:1 155:0 1:2 159:3 1:5 159:8 1:5 156:9 1:3
9 3685.29 -17 121 :4 1:5 130:6 1:2 134:8 1:3 134:1 1:3 140:9 1:2 141:3 1:1 146:2 1:1 146:9 1:4 147:1 1:4 146:3 1:3
10 3794.29 -20 125 :1  2:0 131:3 1:6 134:5 3:5 132:8 4:1 143:4 1:6 142:2 1:4 150:0 1:5 150:0 2:1 148:7 2:2 150:7 1:7
11 4061.48 -12 122 :9 1:5 129:9 1:2 131:5 1:3 137:3 1:3 139:8 1:2 140:4 1:1 141:9 1:1 144:6 1:4 143:1 1:4 143:2 1:2
12 4189.02 -15 121 :5 2:0 132:1 1:7 131:4 1:4 135:5 1:4 140:4 1:5 140:8 1:4 143:1 1:5 143:7 1:3 143:1 1:3 142:4 1:7
13 4436.82 -7 128 :1  1:6 131:5 1:2 135:3 1:4 137:8 1:3 140:3 1:2 139:9 1:1 143:0 1:2 146:2 1:4 141:3 1:4 144:8 1:3
14 4570.98 -10 122 :8 1:6 129:7 1:3 132:3 1:3 133:0 1:3 139:9 1:2 141:1 1:1 140:0 1:2 141:4 1:4 141:4 1:4 140:1 1:4
15 4814.77 -1 130 :6 1:6 137:2 1:3 139:1 1:4 139:4 1:4 144:5 1:2 147:2 1:1 146:6 1:2 149:4 1:5 146:8 1:5 146:5 1:3
16 494958 -4 127 :4 1:6 131:5 1:2 138:0 1:3 139:9 1:3 142:6 1:2 142:4 1:1 144:8 1:2 143:7 1:5 144:9 1:5 146:1 1:3
17 519193 5 125 :9 1:7 132:6 1:3 136:9 1:4 136:9 1:4 141:4 1:2 141:6 1:1 143:5 1:2 145:0 1:5 146:0 1:5 144:2 1:3
18 5326.82 2 128 :8 1:7 134:7 1:3 138:5 1:4 137:6 1:4 143:9 1:2 145:7 1:1 145:2 1:2 146:5 1:5 144:6 1:5 148:0 1:4
aSeasons 4 and 6 omitted from analysis because Saturn is align ed with the Galactic plane.
bAp;;\roximate mean time of observations in each season: wRJD = J ulian Day 2450000.
¢ Approximate mean ring opening angle for each season, degree s.
dBrighlness temperature calculated for a solid angle ref = 5:096 10 9 srat a ducial distance of 9.5 AU. A correction for planetary

disk oblateness has not been applied, as that is accounted fo r in modeling. Temperature is with respect to blank sky: abso lute brightness

temperature is obtained by adding 2.2, 2.0, 1.9, 1.5 and 1.1 K in bands K, Ka, Q, V and W respectively (Page e
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function of the ring opening angle.
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Table 9. Nine-Year Saturn Model Fit Parameter$

Freq Disk Rings

Band Tdisk t adopted Tring t adopted
Kl K] K] K] [K] [K]

132.2 0.8 1.7 8.0 0.8 15
137.8 0.6 15 10.6 0.7 1.4
1416 0.5 1.4 119 0.6 1.3
146.6 0.4 13 145 0.5 1.2
147.3 0.3 1.2 18.9 0.3 1.0

S<O0Ogp X

aA frequency independent maximum ring-normal
optical depth, omax IS also a t parameter. Its t
value is 2.1, with a statistical error ; = 0:3; the
seven-year model used a xed value of@

Frequency (GHz) Frequency (GHz)
100 40 25 100 40 25
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Fig. 14.| Saturn model parameters derived from the nine-yea analysis. Left: Disk tem-
peratures for 5SWMAP frequencies. Right: Ring system temperatures. Adopted ems for

the nine-year analysis have been reduced compared to thoséNeiland et all (iZQlJL); errors
for Tgisk are smaller by a factor of 2.
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The second method of point source identi cation is the CMBfEe method originally
applied to one-year and three-year V- and W-band maps HLQhﬁuMighﬂ( ) and
to ve-year V- and W-band maps byhA[LighLet_a.Ll dZQ.(ﬁ)). The mehod used here is that
applied to ve-year Q-, V-, and W-band maps b)LC_h_en_&ANLigHt tZ)_(ﬁ)) and to seven-year
Q-, V-, and W-band maps byLG.o.Ld.eLa'. l(m]|1). The V- and W-bandnaps are smoothed
to Q-band resolution. An internal linear combination (ILC) map (see Sectioi 3.3 ) is
then formed from the three maps using weights such that CMB atuations are removed,
at-spectrum point sources are retained with uxes normalzed to Q-band, and the variance
of the ILC map is minimized. The ILC map is Itered to reduce nése and suppress large
angular scale structure. Peaks in the Itered map that aree 5 and outside of the nine-year
point source catalog mask are identi ed as point sources, drsource positions are obtained
by tting the beam pro le plus a baseline to the ltered map for each source. For the nine-
year analysis, the position of the brightest pixel is adopteinstead of the t position in rare
instances where they di er by> 0:1 . Source uxes are estimated by integrating the Q, V,
and W temperature maps within 125 of each source position, with a weighting function to
enhance the contrast of the point source relative to backguad uctuations, and applying
a correction for Eddington bias due to noise (sometimes aadl \deboosting").

We identify possible 5 GHz counterparts to theVMAP sources found by both methods

by cross-correlating with the GB6 I|_]_9ﬂ)6), PMNb[i th et_al._ib.%..J 119.9.5J
Mll:'LghLel_a.L] 1994, .19%),|_Kuhr_e1_a.l| ), and.l:l.eal.emt.li(hﬂ_og) catalogs. A 5 GHz

source is identi ed as a counterpart if it lies within 12 of the WMAP source position (the
mean WMAP source position uncertainty is 4. When two or more 5 GHz sources are
within 11° the brightest is assumed to be the counterpart and a multigl identi cation ag

is entered in the catalog.

The nine-year ve-band point source catalog is presented iAppendix [Bl and the nine-
year QVW point source catalog is presented in AppendXIC. There-band catalog contains
501 sources, the QVW catalog contains 502 sources, and theteatalogs have 387 sources
in common. As noted byLG_o.I.d_et_ah. kﬂ)jl), di erences in the swce populations detected
by the two search methods are largely caused by Eddington kian the ve-band source
detections due to CMB uctuations and noise. At low ux levels, the ve-band method
tends to detect point sources located on positive CMB uctugons and to overestimate their
uxes, and it tends to miss sources located in negative CMB ctuations. Other point
source detection methods have been applied WMAP data and have identi ed sources not

found by our methods (e.g.LSmdﬂlﬂLeLblL(ZdldJ;Ldnw);[Ramos_el_al. kZO_]|1), and

references therein).
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5.3. Diuse Foregrounds
5.3.1. Introduction to di use foreground analysis

In this section we evaluate the diuse foreground emissionath for the purpose of
separation from the CMB anisotropy and for characterizing lte nature of the foreground
components. As a prelude to our cosmological analyses we nicgaremove external foreground
template map data from theWMAP maps and we mask remaining regions estimated to be
signi cantly contaminated. We discuss this temperature ad polarization cleaning, and the
masks, below. To elucidate the characteristics and naturef ¢the di use foregrounds we
implement four techniques: internal linear combination (LC) technique; Maximum Entropy
Method (MEM); Markov Chain Monte Carlo (MCMC) ts; and 2 ts.

Our analysis of the di use foregrounds generally uses the evbands ofWMAP data in
conjunction with other data sets. WMAP was designed to observe in the spectral region
where the ratio of the CMB to the foregrounds is at its maximum This minimizes the
amplitude of contamination and needed corrections or masig, which is good for cosmology.
To achieve an improved signal-to-noise ratio of the foregnads themselves, it is sometimes
useful to use external data where the foreground emissionweak.

Foreground analyses are done using §moothed beam-symmetrized nine-year tempera-
ture maps in the ve WMAP bands. As in our previous foreground studies, the zero lev
each map is set such that a t to the ILC-subtracted map of thedrm T(jb) = T, cscjly + c,
over the range 90 <b < 15, yieldsc = 0. This assumes a plane-parallel slab model
for the Galactic emission. Formal 1 uncertainties in the map zero levels (calculated as
the quadrature sum of (1) the uncertainty in the t intercept ¢ and (2) the dierence in
intercepts from southern and northern Galactic hemispherds) are 7.2, 5.9, 3.6, 1.8, and
0.76 K in thermodynamic units for K-, Ka-, Q-, V-, and W-bands resgectively. The South
Galactic pole brightnessT, from the tting is 77:9 1:5,301 0:6,177 04,86 0:2, and
94 0:3 K in thermodynamic units for K-, Ka-, Q-, V-, and W-bands resgectively. The
Stokes Q and U maps have well-de ned zero levels and no montgoorrections are applied
to them.

PreviousWMAP team analyses have used the Finkbeiner (2d)03) Hnap corrected for
extinction as a template for free-free emissiorll_(.B_enn.eLtﬂi] |20Q3.la). The Finkbeiner map
is a composite of the Virginia Tech Spectral line SurveJL(.Dﬂs_o.n_eLa.ll.LL‘lQb), the Southern
H-alpha Sky Survey Atlas kQ_a.u.sla.d_el_dlLZD_(bl), and the Wisosin H alpha Mapper survey

). The extinction correction assumes thlaH emission and extinction
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are uniformly mixed along each line of sight,
I (H extinction correced = I (H ) =(1 e ): (24)

Here is the dust optical depth at the wavelength of H and was calculated from the

E(B V) map of|.S.QI1Le_g.eLet_a{I.|_(l9ﬂa8) as

=222E(B V), (25)

which assumes an extinction law folRy = 3:1, characteristic of the diuse interstellar
medium.

Recent studies of selected dust clouds at 28 jbj < 40 have shown that scattered H
can make a signi cant contribution to the observed H brightness for some lines of sight
ILehtinen et all|2010] Wit et all lZQ;Lb). Here we apply an approximate
correctlon to our previous H template for the contribution of scattered H , based on cor-
relations between H and 100 m emission found byUALiJ.t_eLa.ll tZO_'Lb) for four selected
clouds and byLB.La.ndL&_D.Laim{é tZO_'LlZ) for Sloan Digital Sky Swey blank sky regions at
intermediate to high Galactic latitudes. Brandt and Drainenoted that | (100 m) varies in
proportion to the product of the dust column density and the adiation eld that heats the
dust. If the spatial variation of the illuminating H radiation eld in the Galaxy is similar
to that of the radiation responsible for dust heating,l (100 m) may be a good tracer of
scattered H . The scattering correction we adopt is

I(H )scattering corrected — I(H )extinction corrected 0:111 (100 m); (26)

wherel (H ) is in Rayleighs,| (100 m) is the|.S_QhJ.eg.eI_e1_dI [(1998) 100m map in MJy sr 1,
and the 1 (100 m) coe cient is a mean of the values of @129 0:015 R/(MJy sr ') found
by it et al.|(2010) and 0:090 0:017 R/(MJy sr 1) found by [Brandt & Drainel (2012).
These correlation slopes were measured for regions witk 1, but we apply Equation (Z6)
over the entire sky. This assumes that the Equation[{24) exiction correction is valid
for the scattered componenti(e., the scattered H emissivity and the dust extinction are
uniformly mixed along each line of sight) and it neglects e@s of multiple scattering that
may be important for lines of sight with high optical depth. The H template is made by
applying the corrections for extinction and scattering to ersion 1.1 of the Finkbeiner H
map, smoothing from 8 FWHM to 1 FWHM, and setting a small number of negative pixels
to zero. The resulting H -based microwave template is shown in Figufell5 as the \Fréeee
Template".

Uncertainties in both the extinction correction and the scHering correction are large
for high , but we nd that results of our analyses using the template & not sensitive
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to these uncertainties. For the foreground cleaning of theetnperature maps, the mask
used in template tting is chosen to minimize the combined eects of template error and
foreground-CMB covariance (Sectioi’5.3.2). For the MEM feground tting, the free-free
prior is formed from the H template, but for high lines of sight the observed brightness
in the WMAP bands is great enough that the MEM results are not strongly aected by the
free-free prior.

Prior to the nine-year analysis, the Haslam map used in the M@C tting and as a prior
in the MEM tting was the Fourier- Itered version available from LAMBDA. This version
mitigates scan striping in the Haslam map, but also removesany strong point sources.
Removal of the point sources a ected the quality of some fogeound ts for pixels in the
Galactic plane. For this reason, the un Itered Haslam map (8o available on LAMBDA) is
now used for these applications and its projection to K-bang shown in Figure[Ib.
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Synchrotron Template Free-Free Template

(based on Haslam 408 MHz) (based on SHASSA, VTSS, & WHAM Ha)
] [ e |
10 Ta(uK) @ Kband 10000 10 Ta(uK) @ Kband 10000
Spinning Dust Template Thermal Dust Template

(based on IRAS, COBE/DIRBE) (based on IRAS, COBE/DIRBE, COBE/FIRAS)
HE =00 ] HES 0 ]
10 T,uK) @ Kband 10000 3 T,(uK) @ Wband 3000

Fig. 15.] Foreground evaluation is generally based on a combation of the data from the
ve WMAP bands and external observations where the CMB contaminatiois negligible.
The external observations used for foreground tting and teplate removal are shown. These
provide approximate probes of the synchrotron, free-frespinning dust, and thermal dust
emission.
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5.3.2. Template Cleaning and Masks

All-sky templates of Galactic foregrounds or combination®f foregrounds which are
\CMB-free" are tin a least-squares sense to th&VMAP sky maps to construct a foreground
model at each frequency. The foreground model is subtractédm the WMAP sky maps to
produce reduced foreground, or \cleaned" maps, which areadsin turn for power spectrum
analysis. The cleaning is applied to sky maps from the standhmap-making procedure, not
to beam-symmetrized sky maps. Cleaning of temperature andlarization maps is treated
independently.

5.3.2.1. Temperature cleaning A limited set of all-sky foreground templates is avail-
able for use in modeling potential contributions from synafotron, free-free and dust emission.
After testing a number of di erent template combinations, we continue to adopt a foreground
model map,M (;p), of the form

M(;p)= ca()Tk(P) Tka(P)]+ 2 )ln (P) + sMaust(P); (27)

wherep indicates the pixel, the frequency dependence is entirelgr@tained in the coe cients
G, and the spatial templates are theWMAP K-Ka temperature di erence map in thermo-
dynamic mK (Tx  Tka), an H map (I ) in units of Rayleighs, and dust model 8 from

' ' ) evaluated at 94 GHz in units of mK argnna temperature M g,st).
The K-Ka template is formed using standard (not beam symmettzed) maps. The values of
the coe cients c are such that the model mapM ( ; p) is in thermodynamic mK.

However, although the form of the model is the same as that usén previous WMAP
analyses, there are modi cations in the details of its appiation. As described in Sec-
tion B3, the nine-year extinction corrected H template incorporates a scattering correc-
tion, a re nement not present in the seven-year analysis. A0, in recognition of the possible
contribution of spinning dust to the Galactic emission andhe uncertain synchrotron behav-
ior with frequency, spectral and coe cient positivity condraints are no longer imposed in the
template tting. This allows maximum freedom in the t, but m akes physical interpretation
of model coe cients more di cult.

There has also been a change in the portion of sky used in cortipg the foreground
model t. Derived model coe cients are dependent on the fratton of the sky which is t. a
full sky t minimizes the covariance of the templates with the CMB signature in the WMAP
data, but maximizes potential template cleaning residual¢bias) by including sky regions
where the templates are more uncertain (generally close tha Galactic plane). For example,
the extinction correction applied to the H map is only approximate and this template is
an imperfect tracer of free-free emission in optically thicregions. In general, as more sky
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is excluded from the t, CMB-template covariance increaseswhile template cleaning bias
decreases. The \optimal” sky cut for template tting may be determined by examining these
two competing errors as a function of sky cut, and choosing éhmask for which the sum of
the two errors is a minimum. For this purpose, several simuiad ve-band Galaxy models of
di ering complexity were constructed. Each model is addedata CMB realization, and then
cleaned using the algorithm in Equation[(27) and a chosen skyt. This is performed for 100
CMB realizations per sky cut; the mean bias is the template eaning error and the variance
is the CMB covariance. We have used the \KpX" series of Galaict masks, described by
Bennett et all dﬁ)Dﬁl:) as a graduated set of sky cuts. The masg in the \KpX" series
is based on K-band intensity: higher values of X indicate a satler portion of bright sky
is cut. For each simulation, the sum of both errors were plogd as a function of sky cut
and a rough minimum chosen. Prior to the nine-year analysisye had used the Kp2 mask
for template tting. However, the simulations indicated a nore conservative choice would
employ a smaller sky cut. The Kp8 mask was adopted for the ningar cleaning.

Template cleaning coe cients derived using the updated proedure are shown in Ta-
ble [I0 for the Q,V and W DAs. As noted previously, the ability 6the t to trade freely
among the three templates makes physical interpretation @¢ult. Monte Carlo simulations
have shown that the negative coe cientsc; derived for W-band result from template co-
variance with the CMB. The change of template cleaning metltbfrom the seven-year to
the nine-year analysis has little e ect on power spectrum aysis. There is a slight change
in the evaluated low4 power spectrum. For 2 | 16, using the MASTER method with
the KQ85y9 mask, the absolute value of the change Il + 1)=(2 )C, due to the change in
template cleaning is typically 4% of cosmic variance per

5.3.2.2. Polarization cleaning The polarization cleaning method is unchanged from
the seven-year analysis. The nine-year Stokes Q and U maps degraded to low resolution
(Nsige=16) and the data for pixels outside of the Q-band processingask are t to a linear
combination of low resolution templates. The t has the form

[Q( );U( )= a( )[Q;Ulk + a( )[Q; Ulaust: (28)

The template used for synchrotron is the nine-yeaWMAP K-band polarization, [Q; U]k.
The template for dust, [Q; U]gust, is constructed from thEI_Eiﬂkb.ein.eLeLah.l(_L?ﬂQ) dust model
8 evaluated at 94 GHz together with a polarization directiormap derived from starlight
measurements and a geometric suppression map to accounttfog magnetic eld geometry,
as described iﬂ.Ea.g.e.eI.hlL(ZQb?). The coe cients of the t tahe nine-year data are listed
in Table [T and plotted against frequency in FigurEZ16.
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Table 10. Template Cleaning Temperature Coe cients

DA? Clb ¢ ( KR l)b C3b

Q1 0.284 0.890 0.231
Q2 0.284 0.898 0.226
Vi  0.0630 0.554 0.686
V2  0.0567 0.541 0.716

w1l -0.0179 0.351 1.609
w2 -0.0182 0.349 1.617
W3 -0.0146 0.342 1.587
w4 -0.0153 0.345 1.594

aWMAP has two di erencing assem-
blies (DAs) for the Q- and V-bands, and
four for the W-band; the high signal-to-
noise total intensity allows each DA to
be t independently.

bThe ¢ coe cients produce model
maps in thermodynamic mK.

Table 11. Template cleaning polarization coe cients

Band  a&®  o(k; )°  a*  4(; w)®

Ka 0.3204 -3.13 0.0145 1.41
Q 0.1682 -3.13 0.0182 1.50
\Y, 0.0594 -2.97 0.0364 1.41
W  0.0398 -2.43 0.0758

aThe & coe cients are dimensionless and pro-
duce model maps in thermodynamic mK.

bThe spectral indices refer to antenna tempera-
ture.
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Full-resolution (Nsjge = 512) foreground-reduced Stokes Q and U maps were produced
using the coe cients in Table [I1 with full-resolution versons of the K-band and dust po-
larization templates smoothed to 1 FWHM. In making the full resolution dust template,
the starlight polarization map used to determine polarizaon direction was upgraded to full
resolution using nearest neighbor sampling. Smoothing dig templates to 1 FWHM po-
tentially leaves artifacts in the foreground-reduced mapdue to small-scale power or beam
asymmetries, but previous analyses have found no sign of sieee ects LG_o.I.d_eI_a.I.LZQﬂl).
Data sets for all templates are available on the LAMBDA webge.

The spectrum of K-band polarization template coe cients attens signi cantly with
increasing frequency, which is unexpected for synchrotramission. This attening can be
understood if, due to shortcomings of the dust polarizatiotemplate, some fraction of the
dust polarization is traced by the K-band template. We illugrate this using a simple model.
The polarization maps are modeled as a sum of synchrotron atitermal dust components,

[QC ); V()] =1Q( );U( Nsyncn +[Q( ); U( aust: (29)

Assuming the synchrotron polarization has a power law speam and is traced exactly in
all bands by the K-band polarization template, the synchraibn component is

QU Ygpen = 21— 7 10Ul (30)
a( «) K

where the antenna temperature to thermodynamic temperater conversion factorsy are
needed because the polarization maps and K-band templateeain thermodynamic units.
Assuming the dust polarization has a power law spectrum ang traced by a combination
of the dust polarization template and the K-band polarizaton template, with the relative
contributions of the two templates independent of frequelyc the dust component is

Q0 U N = 2 ™ (11 Ul + £21Q UL (31)
a( w) w

where f, and f, are constants. Inserting Equations[{30) and[{31) in Equatio (£9) and
comparing with Equation (Z8) gives expressions for the terntgie t coe cients,

g( ) synch g( ) dust

a( )= — + f — 32
O 500 9w w 42
and
g( ) dust
a =f — : 33
()= 11 ) w (33)
Fitting these expressions to thea;( ) and ay( ) values in Table[I1 gives gynch = 3113,

qust = 1:44,f, = 0:076, andf, = 0:024. The ts are shown by the curves in Figure
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Fig. 16.| Polarization template coe cients, scaled to prod uce model maps in antenna
temperature, as a function of frequency. The curves show tipeedictions of a simple model
with synchrotron and thermal dust polarization in which abait 2/3 of the dust polarization
is traced by the dust template and about 1/3 is traced by the Kband template.
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[Id. They match the template coe cients very well with no needfor an additional emission
mechanism such as spinning dust or magnetic dust polarizati. In this simple model, the
K-band template component contributes about 1/3 of the rms dst polarization and the dust
template component contributes about 2/3.

This suggests that there is room for improvement in the dust glarization template.
Some alternate dust templates were tested in tting the polazation maps, but none of them
gave signi cant improvement in 2. These include a template based on K-band polarization
directions instead of directions from starlight measurenmgs, a template based on a geometric
suppression map calculated from the ratio of observed K-bdrpolarized intensity to K-
band synchrotron total intensity from the seven-year MCMC Kifted spinning dust model

(b_o.l.d_el_a.l] |2Q;IJ.), and two templates fronﬁﬂ_'D_ea_eLil.L(ZQh%ased on di erent Galactic

magnetic eld models.

5.3.2.3. Masks Sky masks for CMB temperature analysis are generated as ddsed by
Gold et all dZO_'IJ.). The process begins with K- and Q-band magsnoothed to 1 deg resolu-
tion, from which an estimate of the CMB is subtracted to leavenaps that e ectively consist
of foreground emission alone. The CMB is estimated using theternal linear combination
(ILC) method (I:I.Lns.haMLel_a.ll lZQ_QV). Both the K and the Q maps a masked at a ux
contour that leaves either 75% or 85% of the sky unmasked. Tikeand Q-band sky masks
for each cut level are combined so that any pixel excluded bytleer cut is excluded by the
combination. The resulting combinations, dominated by diuse Galactic emission, are called
KQ75 and KQ85, labeled by the admitted sky fraction f(sxy) of the input masks.

These masks are intended primarily to be applied to the foregund-cleaned versions of
the sky maps for power spectrum and non-Gaussian analysishdy are made more e ective
for this purpose by extending them to include regions wherdéé¢ cleaning algorithm is subject
to possible systematic error. A 2 analysis is done using di erences QV and VW between
cleaned band maps at a reduced HEALPIx resolution dgjge = 32 (b_o.r_skj_el_a.l] |2QQ$), or
\res 5" in WMAP terminology. Regions of four or more contiguous pixels with? higher
than 4 times that of the polar caps are used to de ne the mask ®asions, after 3deg
smoothing and cleanup steps to remove small \islands" caukséy noise.

A point source mask is added to each of the di use sky masks. &tpoint source mask
from the seven-year analysis is updated to include newly agetted WMAP point sources and
the 100 GHz sources in the Planck early release compact saucatalog. An exclusion radius
of 1.2 is used for sources stronger than 5 Jy in any band and an exatus radius of Q6 is
used for weaker sources.



M Seven-year Nine-year M Both

Fig. 17.] Comparison of nine-year masks to seven-year masksAt the top KQ75y7 and
KQ75y9 are compared, and at the bottom KQ85y7 and KQ85y9. Gea regions are masked
in both the nine-year and seven-year masks, yellow regiongaewly masked in the nine-year
masks, and red regions are masked in the seven-year masks oitlonger in the nine-year
masks.
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The nine-year versions of the nal KQ85 and KQ75 sky masks, ibad KQ85y9 and
KQ75y9, respectively, are compared to the seven-year venss in Figure[I¥. Changes in
the foreground cleaning residuals have altered the morplogly of the mask in the vicinity
of the Gum Nebula, the Large Magellanic Cloud, and the Galaict center, with the largest
relative changes occurring in the KQ85 mask. For KQ75. is decreased from 7.6% to
68:8%, a di erence of 18% of the sky, and for KQ85f s, is decreased from 78% to 748%,
a di erence of 37% of the sky.

The sky mask for CMB polarization analysis is generated ugircuts in K-band polarized
olarized dust emission, togetherith masking of point sources,

intensity and a model of

as described b

1L (2007) and Gold et!

D09). Thene-year polarization mask

is the same as the seven-year version except that three adlolital point sources were added
using a 1 degree exclusion radius - Hydra A, HB89 1055+018,aBL Lac.
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5.3.3. Internal Linear Combination (ILC)

The internal linear combination (ILC) method seeks to prodae a map of the CMB
anisotropy from a linear combination of the veWMAP frequency bands. A rst application
of the method is described bi(_B_ean.eILeI_fltl L(ZQ_Qba) The algthm was revised slightly by
Hinshaw et al. t20Q|7) we refer to this version of the algohim as the \classic ILC", it
has remained unchanged throughout subsequed/MAP data releases. As described in
Hinshaw et al. tZO.QI?), the algorithm divides the sky into 12agions { a larger high latitude
region and 11 smaller regions spread across the galacticrga Use of the smaller regions
along the plane allows for spatially varying foreground coptexity. For each of these smaller
regions, ve band-weights are computed by minimizing the taperature variance in the
region, under the constraint that common-mode CMB signal igna ected. Weights for the
larger high latitude region are computed in a similar manneibut using pixels from locations
near the outer-Galactic plane. Exact de nitions of these rgions are provided on LAMBDA.

We compute the nine-year classic ILC using the coadded degotved band maps which
have been smoothed to a FWHM of 1 The weights applied to the 5 frequency maps for each
of the 12 sky regions are shown in Tab[e1l2. Values for the witig) change slightly compared
to previous WMAP releases as pixel noise, calibration and beam pro les havedn re ned.

To the eye, the ILC presents a reasonably foreground-freeage of the CMB anisotropy.
The beauty of the algorithm is that it is relatively indepencent of assumptions about fore-
grounds. However, assessing the underlying uncertainty the resultant anisotropy map is
a di cult problem which heavily relies on knowledge of the Gé#actic foregrounds. In subse-
guent sections, we will discuss e orts to improve the classiLC, as well as characterize the
level to which foreground residuals remain.

5.3.4. Maximum Entropy Method (MEM)

A MEM-based approach originally developed H;LB_ennﬂtLeLb(mQ&ﬁ) and Hinshaw et 3.

) is used to model the Galactic foreground emission sgrem in the WMAP bands on
a pixel-by-pixel basis. Spatial templates of di erent emision components from external data
are used as priors, and the model is designed to revert to thegrs in regions of low signal-
to-noise ratio. Thus the analysis is of most interest for sepating and characterizing the
di erent emission components in high signal-to-noise regns. The model foreground maps
that are produced have complicated noise properties so thaye not useful for foreground
removal in cosmological analyses.

The nine-year MEM analysis di ers from previous analyseis_(ﬁln.eﬂ_et_aﬂlZOD.SbLHinshaMLeLEll.
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Table 12. ILC Coe cients per Regiorf

Region K-band Ka-band Q-band V-band W-band

0 0.1555 -0.7572 -0.2689 2.2845 -0.4138
1 0.0375 -0.5137 0.0223 2.0378 -0.5839
2 0.0325 -0.3585 -0.3103 1.8521 -0.2157
3 -0.0910 0.1741 -0.6267 1.5870 -0.0433
4 -0.0762  0.0907 -0.4273 0.9707 0.4421
5 0.1998 -0.7758 -0.4295 2.4684 -0.4629
6 -0.0880 0.1712 -0.5306 1.0097 0.4378
7 0.1578 -0.8074 -0.0923 2.1966 -0.4547
8 0.1992 -0.1736 -1.8081 3.7271 -0.9446
9 -0.0813 -0.1579 -0.0551 1.2108 0.0836

10 0.1717 -0.8713 -0.1700 2.8314 -0.9618
11 0.2353 -0.8325 -0.6333 2.8603 -0.6298

aThe ILC temperature (in thermodynamic units) at pixel
pofregionnisT,(p)= >, niT'(p), where are the coe -
cients above and the sum is oveWMAP 's frequency bands.
In addition (and as has been done before), the region smooth-

ing from Hinshaw et al, t20d7) has been applied and an ILC

bias has been subtracted.
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|20.O_17;|_GQ.I.d_e.t_a|.|_ZO_d9|._20_|11) in that spinning dust emission treated as a separate emis-

sion component. Previously, synchrotron emission and spiimg dust emission were treated
together as a single component and an iterative method waseaasto solve for the spectrum
of this component for each pixel.

The analysis is done using 1smoothed beam-symmetrized nine-year sky maps in the
ve WMAP bands, with the ILC map subtracted from each map and conversi to antenna
temperature applied. The zero level of each map is set suchatha csgly t, for HEALPix
Nsige = 512 pixels atb < 15 and outside of the KQ85 mask, yields a value of zero for the
intercept. The maps are degraded to HEALPiXNsjge = 128 pixelization, and a model is t
for each pixelp by minimizing the function

Tc(p)
ePc(p)

Here T, and P, are the model brightness and template prior brightness foofeground com-
ponentc (eis the base of natural logarithms). The form of the second ter ensures positivity
of the solution T, for each component, which alleviates degeneracy betweerm ttomponents.
The parameter controls the relative weight of the data and the priors in thet. As in
previous analyses, we base(p) on the foreground signal strength: (p) = 0:6 [Tk (p)] *°,
where Tk (p) is the K-band ILC-subtracted map in mK antenna temperature

X
H= 2+ () Tp)In (34)

The MEM foreground model is a sum of synchrotron, free-frespinning dust, and ther-
mal dust components. The adopted spectra for synchrotronrefe-free, and thermal dust
emission are xed power laws with = 3:0; 2:15, and +1.8, respectively. The adopted
synchrotron spectral index is consistent with measurementof K- to Ka-band spectral in-
dex from WMAP polarization data, for which free-free and spinning dust etributions are
expected to be negligible. For spinning dust emission, we @ut a spectral shape predicted
by the model ofl Ali-Hamoud et all ) and_SiIsb.e&eLblh@_’li). The top panel of Fig-
ure[I8 compares predictions of this model for di erent intestellar environments. We adopt
the spectral shape for their nominal cold neutral medium calitions. The bottom panel
shows that the predicted shape does not vary much for di erérconditions if a multiplica-
tive frequency shift is allowed for. The MEM model includes &equency scale factor for the
spinning dust spectrum for pixels where the spinning dust or is brighter than 0.1 mK.
This is constrained such that the peak frequency is in the rge from 10 to 30 GHz. For
other pixels, the peak frequency is xed at 14.4 GHz, a typidavalue found for the Galactic
plane region.

The adopted priors are shown in Figur&5. The synchrotron jar is based on the 408
MHz map of [Haslam et al. l(_’L9_dZ). We use the original version this map; our previous
MEM analyses used a Itered version in which striping and poi sources are suppressed. We
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add a zero level o set of 3.9 K, as suggested bﬂan.a.n_et_la'ZQ_O_ﬁ) based on absolute mea-
surements of sky brightness at 600 and 820 MHz. We subtractel?.725 K CMB monopole
and an extragalactic contribution of 12.96 K, from the analgis of ARCADE 2 and other data
by Fixsen et al. tZQ:Lll). The 408 MHz map is then scaled to forrhé prior in K-band using a
spectral index of -2.9. (The ARCADE 2 extragalactic backgnand is used instead of a source
count based value such as 2.6 K fr0||n_G_enLasj_eL|al_(2b08) basa it gives a prior that is
more consistent with the cscb normalized K-band map at high latitudes.) The free-free
prior is the scattering-corrected, extinction-correctedd template described if5.311, scaled
to free-free brightness temperature in K-band using 11.K R 1 (IB_enn.ett_e[_al]mD_S.h) The
spinning dust prior is the temperature-corrected dust mapfckS_chI.eg.eI_eLdl. |(_]_9§8), scaled
to spinning dust brightness temperature in K-band using 9.5K MJy ! sr. This is the
slope of the correlation between the dust map and a map of sping dust brightness from
ts to Haslam et al/ (|19_8i) 408 MHz, Duncan et al. 5) 2.4 GH and ILC-subtracted
WMAP data in the Galactic plane. The thermal dust prior is the predtion of model 8 of
Finkbeiner et all d.’l.&?_b) at 94 GHz. All of the prior maps have &en smoothed to 1FWHM.

The adopted model provides good ts to the data without iterdive adjustment of the
synchrotron component spectrum as used in previous analgse For pixels atjbj < 5,
absolute residuals are typically less than 0.01, 0.34, 1.2,1, and 0.7 % in K-, Ka-, Q-,
V-, and W-bands, respectively. Maps of the foreground compents and peak frequency of
spinning dust from the MEM analysis are shown in FigurEZ19.

5.3.5. Markov Chain Monte Carlo Fitting

We again perform a pixel-based Markov chain Monte Carlo (MCR) tting technique to
the ve bands of WMAP data. Our method is similar to that of Eriksen et al. k&d7), ot we
focus more on Galactic foregrounds rather than CMB. The t reults of the prior releases have
been reproduced, with the \base" model, which uses three pewlaw foregrounds, producing
virtually the same reduced 2 per pixel. We have again also included the 408 MHz map of
Haslam et al. t:l_%ll) with a zero-point determined using thease csgly method as for the
WMAP data.

There are two main changes from the previous release. Thetis that the MCMC t
now uses the spinning dust spectrum for grains in a \cold netatl medium" as computed
by Silsbee et al. l(m]|1), with an optional frequency shift pameter described below. This
change was made so that the MCMC t uses the same spinning duspectrum as the rest
of the nine-year analysis. The second signi cant change ikdt the spinning-dust model is
now run with the synchrotron spectral index as a free paramet. This was done to improve
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Fig. 18.] The top panel shows spinning dust emissivity specta predicted by the model of
|Ah;|:|&maud_et_al.](mﬂﬂ) and|Silshee et 4l. |_(20_il) for theaminal physical conditions that
they adopted for di erent ISM environments - cold neutral meium (CNM), warm neutral
medium (WNM), warm ionized medium (WIM), molecular cloud (MC), photodissociation
region (PDR), re ection nebula (RN), and dark cloud (DC). The spectra were calculated
using version 2.01 of the code SpDust provided by the authorfor the case where dust
grains are allowed to rotate around non-principal axes. Thgpectra are in units of brightness
temperature per H column density. The bottom panel shows theame spectra normalized
to a peak of unity and scaled to a common peak frequency (that the CNM spectrum, 17.8
GHz). The predicted spectral shapes for the di erent envinements are similar. We adopted
the CNM case for the shape of the spinning dust spectrum in otoreground tting. We used
this as an externally provided spectral template in our ts,usually with our own arbitrary
amplitude and frequency scaling. The tresults in no way imfy that the underlying physical
mechanisms or the line-of-site conditions have been estahkd.
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Fig. 19.| Parameter maps from the MEM model t. The top four ma ps are shown on
logarithmic scales and the others are on linear scales.
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the quality of the t, also discussed below.

The MCMC t is performed on one-degree smoothed maps downglad to HEALPix
Nsige = 64. A MCMC chain is run for each pixel, where the basic modeski

s() f d
T()=Ts — + T — +a( )Temp+ Tg — (35)
K K W

for the antenna temperature. The subscripts; f; d stand for synchrotron, free-free, and dust
emission, ¢ and  are the e ective frequencies for K- and W-bands (23 and 935 GHz),
and a( ) accounts for the slight frequency dependence of a725 K blackbody using the
thermodynamic to antenna temperature conversion factor®find in[Bennett et all {Z)_O.Sla).
The t always includes polarization data as well, where the mdel is

s() d
QA )=Q — +Qu —  +a )Qemb (36)
K W

s() d
U()= U _K + Uy — + a( )Ucmb (37)

for Stokes Q and U parameters. Thus there are a total of 15 p&x of data for each pixel
(T, Q, and U for ve bands).

As for the previous two releases, the noise for each pixelMqe = 64 is computed from
maps ofNgps at Ngige = 512. To account for the smoothing process, the noise is theescaled
by a factor calculated from simulated noise maps for each éngency band. The MCMC t
treats pixels as independent, and does not use pixel-pixedvariance, which leads to small
correlations in 2 between neighboring pixels. This has negligible e ect onsalts as long as
goodness-of- t is averaged over large enough regions.

K-band is used as a template for the polarization angle of sgirotron and dust emission,
soUs and Uy are not independent parameters, identical to the previousnalyses. All models
also x the free-free spectral index to = 2:16, the same as in the seven-year release.

Results from the models discussed below are listed in Talfl&.1 The \base" model
uses three power-law foregrounds, where the synchrotronesgral index ¢( ) is taken to be
independent of frequency but may vary spatially, and the dusspectral index 4 is allowed
to vary spatially. We assume the same spectral indices for lagized synchrotron and dust
emission as for total intensity emission. This model has atal of 10 free parameters per

plxel TS! Tf ’ Tds Tcmb, Sy ds QS! Qd’ Qcmb, and UCI"I"Ib'

For models with a spinning dust component, another term is atkd to Equation3%

Tsd( ): Tsd( K)Ssd( ); (38)
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Where Sgy( ) parameterizes the shape of the spinning dust spectrum, arsl interpolated
from values for the \cold neutral medium" spectrum given b}LE&b_ee_eLa.|. kZQl|1). An op-
tional shift parameter can be used to rescale the frequencgmendence before interpolation.
This shift parameter applies to the full sky and does not varyper pixel. After shifting and
interpolation, the spectrum Sgq( ) is normalized to unity at K-band, leaving Tsq( ) as the
only spinning dust parameter for each pixel. Independent & were performed to determine
the best-t shift parameter, which for the averaged sky wasdund to be Q84. Inside the

Kp12 mask (within a few degrees of the galactic plane) the gerred shift parameter may
be somewhat lower ((¥7), but the evidence is not strong.

The spinning dust component is assumed to have negligible lanzation, as theoret-

ical expectations for the polarization fraction are low copared to synchrotron radiation
(ILaza.r.la.n_&_DLa.Ln.dlZD_O_b) and polarization data thus far sho no evidence that such a com-

ponent is necessary (Section 5.3. |Z._Lo.p_ez£_a.ta.t1a.ll.o_et|4]m_'l.i) |Dickinson et al. |(20_'I]1)
lRubJﬁ.o_Ma.Ltn_et_al.J(hOld)) This model then has 11 free grameters per pixel: the 10
parameters of the base model, plus the spinning dust amplde.

MCMC ts for the nine-year release were performed with the adition of the 408 MHz
data compiled byLI:Iasla.m_eLdI.[(_'LQ_Ell). The error on the zero pu for this data was esti-
mated in that work to be 3 K, with an overall calibration error of 10%. As the MCMC
method treats all input maps equally, for consistency we éstate and subtract a nominal
zero point o set of 7.4 K, as determined by the same cfig method we use for theVNMAP
sky maps. For comparison,_Lawson et all (1987) used a coman with 404 MHz data to
nd a uniform (presumably extragalactic) component with a lsightness of 59 K.

We nd that to best t the 408 MHz data, the spinning dust spectrum needs to have
its peak frequency adjusted downward by approximately 15%similar to the case in the

Table 13. Reduced 2 per pixel of MCMC ts

Dataset Model Galactic plane  outside Galactic plane  full-&y average
WMAP ve-band (a) base 2.38 1.17 1.29
(b) sd096 1.00 1.06 1.05
WMAP & 408 MHz (c) base 2.46 1.13 1.25
(d) sd096 6.27 1.42 1.88
(e) sd070 1.76 1.33 1.37
(f) bsfree sd084 1.24 1.03 1.05

(9) bsfree Strong sd084 1.05 1.01 1.01
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previous release. We also nd that a much better t is achieva in the plane by varying the
synchrotron spectral index, which for that region allows a? = 1:24 versus 2 = 1:76 with
xed index, for 8.5 e ective degrees of freedom. The mean spiing dust fraction inside the
KQ85 mask is somewhat lower than in the seven-year t, at 10%f@2 GHz ux compared
to 18% in the seven-year t.

We also nd that the tis improved by taking into account some mild steepening of the
synchrotron spectrum from 408 MHz toVMAP 's frequency rangeLS_Lr_o.ng_el_z II_(ZQlll) have
compared mid-latitude synchrotron measurements and estates from 22 MHz to 94 GHz
with predictions of cosmic ray propagation models based onsmic ray and gamma ray data.
We adopted their best t pure di usion model (\galdef_ID 54 z04LMPD_g0_1.3 withsecS")
to compute an e ective synchrotron spectral index between08 MHz and 23 GHz WMAP
K-band), as well as the index from 23 GHz to 94 GHz over which mge it remains nearly
constant. We calculate the di erence in these two indices tbe 0:12. Our model g (hereafter
MCMCg, and listed on the last line of TableI3) then uses thisiérence, so that while the
model parameter g is used as the synchrotron index for theVMAP bands, the value s+0:12
is used to extrapolate the synchrotron component down to 404Hz for comparison to the
map of Haslam et al. The parameters from this t are shown in Fjure[ZD.

5.3.6. Six Band Minimal Prior Chi-Squared Fitting

In this section we attempt to nd a best t foreground model that is consistent with
both the WMAP data and Haslam. This is intended to be a faster t than was doawith the
MCMC method in Section[23b, and so it allows us to experimewith models more rapidly.
Because this method simply nds the maximum likelihood poinof the foreground model, it
does not provide errors bars as the MCMC method does. Also, w&eoid priors in the form
of foreground component sky maps, which were used in the MEMting in Section E:33.
The priors we use in this section are mostly in the form of theofeground spectral shapes
(relative antenna temperature as a function of frequencypstead of in the form of sky maps.
This is a complementary form of analysis to the MEM tting.

5.3.6.1. Data and noise  Our data consists of maps smoothed to a common resolution
of 1 FWHM, which we pixelize at r6. We use 6 maps: 408 MHz and the V&/MAP bands.
We use the original Haslam map (408 MHz) as in Sectign 5.8.4tlvthe same o sets, except
in this case we do not use the ARCADE extragalactic backgrodn Instead of subtracting
12.96 K, we subtract 2.6 K |(Ia.tta.r_i_et_a.IH2QQ|8), so the Haslammap used in this section is
10.36 K brighter in antenna temperature in all pixels. The rra noise in each pixel of the
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Fig. 20.| Parameter maps from the MCMCg model t. The top four maps are shown on
logarithmic scales and the others are on linear scales. Acate determination of the CMB
close to the Galactic plane is inhibited by CMB-foreground avariance.
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408 MHz map is taken to be 10% of the antenna temperature, adtién quadrature with a

0.6 K uncertainty in zero point (Haslam et al| 1982; Tartari eal. 2008).

We consider three noise components for tiMAP bands in this foreground tting:
the 0.2% overall gain uncertainty, the o= Ngps instrument noise, and the uncertainty in the
di use foreground monopole corrected with the cg@j o sets, discussed previously. Because
our tting is done on a per-pixel basis, we approximate theserrors as uncorrelated between
pixels, and we add them in quadrature.

The instrument noise can be treated carefully to account fahe smoothing to 1 FWHM.
Typically it is inaccuracies in the foreground model that case 2 to be large and not the
details of the noise. However, a detailed treatment of the i@ smoothed to 1in r6 pixels is
given in Appendix[@. Again, because we t on a per-pixel basisve ignore the correlations
in noise between nearby pixels.

5.3.6.2. Foreground Models We start with a simple foreground model consisting of
several simple power laws, and progressively add complgxit the model to improve the t.
The foreground model we use involves temperature only; weddnot try to t polarization.
The sequence of foreground models we use is listed in Tablé 4Ad details are discussed
below.

The synchrotron spectrum is either taken to be a pure powendain antenna temperature,
Ta /=, or derived from assuming the spectral index curve fr0||n_S.1|ng_eLa.l| dZO_'LJL),
Figure 6, upper right corner. This is the curve for a low-engy electron injection index of
1.3 and is the same spectrum as used in the MCMC tting. To thispectral index curve
we optionally add an oset in gy, 05 sync  0:5 independent of frequency. We
numerically integrate this spectral index curve to obtain gnchrotron antenna temperature.

The free-free spectrum is the slightly curved model given @ @1) and rearranged

for antenna temperature b)LB_ean.e.tl_eI_ai. l(Z_O_Qia). This is

1+0:2218In(T.=8000K) 0:1479 In(=41GHz)
( =41GHzP(T.=8000K)==2 '

TAMA ()1 (39)

For simplicity we use an electron temperature of 8000 K. We pect variations in electron
temperature, but these do not strongly a ect the shape of thespectrum.

The dust spectrum is given by a pure power law, typically witha xed spectral index
of dust — 1:8.

Finally, we add a spinning dust component. This is an antenngemperature spectrum
from the |S.'Lst_e.e_e1_dl.[(2Qil) model prediction for cold neal medium (CNM) conditions,
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Table 14. 2 Minimal Prior Fits of Foreground Models

Model synchrotron? anc?  © dust SDY SDpeal T Zjpixel9 fpag"

1 power 0 yes 1.8 no - 4 6.07 36.9%
2 power vary  yes 1.8 no - 5 2.54 11.0%
3 power vary yes 1.6{2.0 no - 6 2.35 9.5%
4 power vary  yes 1.8 yes 15.1 6 1.52 4.4%
5 power vary  yes 1.8 yes 125{17.8 7 0.63 0.55%
6 Strong 0 yes 1.8 yes 15.1 5 5.37 29.4%
7 Strong 0 yes 1.8 yes 125{17.8 6 4.15 19.8%
8 Strong vary  yes 1.8 yes 15.1 6 1.16 2.1%
9 Strong vary  yes 1.8 yes 12.5{17.8 7 0.59 0.46%

aWhether the synchrotron is treated as a pure power law or modked according to a model

from [Strong et all (2011).

bFor both power law and Strong et al. synchrotron models, we gher set the spatial
variation in spectral index sync 10 zero or allow it to vary:  0:5 sy 0:5. In the
case of a power law, sync is @ perturbation added t0 gync =  3:0.

°The free-free spectrum is given b@r@l); we use an eleon temperature of 8000
Kelvin.

dWhether a spinning dust spectrum in the shape of the cold neutal medium is used.

®Range of available peak frequencies for the spinning dust sgtrum, in GHz. This is
either xed at 85% of the peak frequency 17.8 GHz for the cold eutral medium (which is
15.1 GHz), or allowed to be a range from 70% to 100% of the CNM @k frequency (which
is 12.5 GHz to 17.8 GHz).

"Degrees of freedom in the model. Most degrees of freedom arenstrained: foreground
amplitudes must all be positive, for example. The highly corstrained CMB amplitude is
included as a degree of freedom.

9The mean 2 per pixel, averaged over the whole sky (for temperature onlynot polar-
ization), where 2 values greater than 10 are set to exactly 10 so that a few extraely
bad pixels don't throw o the whole t. This 2 value includes deviations of the model
from Haslam and WMAP bands, but not deviations from the ILC prior. Since there are 6
measurements in each pixel (and an ILC prior) and 4 7 degrees of freedom in the
model, we would expect ?/pixel 6 for a good t if we had unconstrained variables.

hThe fraction of the pixels where 2> 10. This is an estimate of the sky fraction where
the tis bad. Again, the 2 used here includes the di erence of the model from the six
bands, but does not include deviations from the ILC prior.
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with an optional frequency scale factor. If the spectrum islptted as antenna temperature as
a function of log frequency, the frequency scale factor simgshifts the spectrum left or right.
However, instead of quoting the frequency scale factor, westead quote the peak frequency,
when the spectrum is measured in antenna temperature as a @ion of frequency. The
peak frequency of the CNM spectrum is 17.8 GHz.

All of these foregrounds are assumed to have a positive sdaetor associated with them.
Synchrotron, free-free, and spinning dust are normalizea tK-band antenna temperature,
and dust is normalized to W-band antenna temperature.

The CMB is modeled as a blackbody with constant thermodynamitemperature. To
make the CMB t look statistically isotropic, we add a prior that the CMB must be within
5 K rms of the nine-year ILC. Without this prior, the data do not constrain the CMB very
tightly in the galactic plane, and we nd the CMB preferring values lower than -250 K.

To approximate the nite width of the WMAP bandpasses, we calculate these spectra
at three frequencies per band and determine th& MAP response from a weighted average,
as described in AppenditE.

5.3.6.3. Fitting Code Fitting the foregrounds is a least squares problem. Howevexe
modify the simple linear least squares problem in two ways:ewonstrain the coe cients, and
we allow nonlinear foreground spectra. Constraining the ecients is essential, because we
know the foregrounds are always positive. Unconstrainedalgt squares tting will frequently
give a very negative and therefore unphysical foreground. e&ndly, we allow nonlinear
foregrounds, in the sense that the total foreground is notraply a linear combination of xed
foreground spectra. We allow the spectra to vary, for examplby allowing the synchrotron
spectral index to be a t parameter, or by allowing the peak fequency of spinning dust to
be a t parameter.

There are several codes which can be used to solve this prahléNe have not made a
thorough search of all available software, and we only codsred code in IDL since that is
the language in which much of our other software is written. W have found two codes to
be useful: a bound variable least squares routine and a Leteng-Marquardt solver.

We found a Bound Variable Least Squares (BVLS) routi&to be very fast, but it is
restricted to linear foreground models and so it cannot savfor varying spectral indices or
spinning dust frequency scale parameters. Because of th@nstraint we do not use it to
report results in this paper. However, this code does havedhadvantage that parameters

Spvls.pro, available from |http://www-astro.physics.ox.ac.uk/ mxc/idl/
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can be constrained to be positive, so it can provide physitalreasonable ts.

For the results reported in this section (in Tabld_I4) we usene mp tfun.pro routineﬁ,
which uses the Levenberg-Marquardt algorithm and was wrigh by Craig Marquardt, for
the constrained nonlinear least squares tting. This is soewhat slower than the BVLS code
because it cannot use the assumption that the? function is precisely quadratic in all of the
t coe cients. The ability to calculate foreground spectra quickly is an important factor in
the speed of these calculations. We discuss a useful rapidtheel of calculating the integral
over the WMAP bandpasses in AppendikE.

5.3.6.4. Results The results of this simple foreground tting are shown in thelast
columns of Table[I#. Additionally, maps from the Model 9 t ae shown in Figure[ZIL.
A set of three xed power laws in Model 1 does not t the data wel Allowing spatial varia-
tion of the synchrotron power-law spectral index in Model 2ubstantially improves this, but
11% of the sky is still t very poorly. Allowing spatial variation of the dust spectral index
in Model 3 does not substantially improve the number of wellt pixels, so we x the dust
spectral index to = 1:8. Adding a spinning dust component with peak frequency of 1b
GHz (which is 0.85 times the CNM peak frequency of 17.8 GHz) ée improve the t, and
allowing that peak frequency to vary between 12.5 GHz and B7GHz helps even more. See
Models 4 and 5.

Because it is probable that the synchrotron is not a pure powd¢aw and because we use
the Haslam data at 408 MHz, which is much lower in frequency &m the WMAP data, we
test a curved synchrotron model fror’rLS.Lm.ng_eLilil.L(lell). Mve do not allow the spectral
index to vary, we again get bad ts in Models 6 and 7. However, @arying spectral index
combined with a spinning dust component produces resultsdhare fractionally better than
a pure power law with the same spinning dust components, asncae seen by comparing
models 5 and 9, and comparing models 4 and 8.

None of these ts is perfect. Even in Model 9, there remain avepixels that are not t
well. These are primarily in Ophiuchus, the galactic planeand the Gum nebula.

5.3.7. Diuse Foreground Results

5.3.7.1. Cross-Comparison of Foreground Fits Maps of parameters from the MEM,
MCMCg, and six-band 2 Model 9 ts are shown in FiguredIP[Z20, anf21. A summary of

Savailable from hhttp://cow.physics.wisc.edu/ craigm/idl/idl.html


http://cow.physics.wisc.edu/~craigm/idl/idl.html

{75{

Model 9 Free-Free

Model 9 Synchrotron

] -
10 TA(uK) @ Kband 10000 10 T,(uK) @ Kband 10000
Model 9 Spinning Dust Model 9 Thermal Dust

[ [
10 T,uK) @ Kband 10000 3  T,(uK) @ Wband 3000

Model 9 Spinning Dust Peak Freq. Model 9 f Synchrotron

5 >
. - 50 R 'y

12.0 v (GHz) 17.5 -3.6 2.6

Fig. 21.| Parameter maps from the Model 9 t. The top four maps are shown on logarithmic
scales and the others are on linear scales.
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the parameter treatment for each of these three models is pided in Table [15.

Results from these three models are a sampling of the possilplarameter space which
can be used to produce a total foreground model in ea?hMAP band. Each of these models
possesses strengths and weaknesses, which can be used tet @se another. Included in
these considerations are the treatment of the CMB componerthe use of spatial priors, and
the use of spectral constraints.

Treatment of the CMB. Both the MEM and Model 9 make use of the ILC as the CMB
estimator: the MEM subtracts the ILC from the WMAP data before tting, and Model
9 uses the ILC as a strong prior. As discussed in Sectibn 5.3,7the ILC is an imperfect
estimate of the true CMB, containing a residual foregroundibs signal. MCMCg, on the
other hand, treats the CMB as a free parameter in its t soluton. While this is a strength
for MCMCg at high latitudes, CMB-foreground covariance istsongest in the Galactic plane,
and MCMCg does not separate the CMB and foregrounds well theer Use of the ILC provides
a better constraint in that case.

Use of spatial priors. The MEM uses spatial templates to constrain its tting solution
at high latitudes where signal-to-noise is lower than in th&alactic plane. This produces a
less noisy parameter solution at high latitudes when comped to the MCMCg and Model
9 2 t. This is valuable to the extent that one trusts those priors, both in terms of zero
levels and spatial structure.

Use of spectral constraints. The synchrotron spectral index ¢ is a pivotal parameter
in model tting, since its behavior in uences the model alle@ation between synchrotron,
free-free and spinning dust. The MEM assumes a constant valof ¢ = 3 at WMAP
frequencies. Model 9 and MCMCg allow each pixel to t for thigparameter independently,
within the constraints of aLSlLQn.g_et_a.I. kZQ;L|1) spectral degndence. Positional gradients,
including a latitudinal gradient, are probably closer to plysical reality than a constant
value d.KquLet_a.IJ 120_0_17). However, with this degree of freeth comes the possibility for
degeneracies with the free-free and spinning dust parameteIn Figure 23 we show results
from a foreground degeneracy analysis for a representatpeel in the six-band Model 9 t.
There are signi cant degeneracies between parameter pattsat include either synchrotron
amplitude or 5. (A similar result was presented byLG_o.I.d_et_dl.L(Z)_d)Q) for theve-year
MCMC analysis, although that lacked a spinning dust compoms). We believe degeneracies
are a factor in the appearance of the MCMCg and Model 95 maps, which show a strong
latitudinal gradient and a dust-like morphology in some reigns, e.g., extending south of
the plane over 150< | < 190 and in the North Celestial Pole HI loop that extends north

of the plane over 120 < | < 150 (Meyerdierks et al.[1991). All three models share a

common spectral shape for the spinning dust spectrum. Thisape is allowed to shift peak
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Table 15. Summary of Foreground Decomposition Model Assutigns

Parameter MEM MCMCg 2 Model 9
sync® 3:0, xed Strong, ] j< 05 Strong,j j< 05
dust +1:8, xed free +1:8, xed
2:15, xed 2:16, xed 2:09{ 217, xed®
ggakc 10{30, constrained 1495, xed 12:5{17:8, constrained
CMB ILC subtracted free ILC prior
polarization data t no yes no
external foreground spatial priors Haslam, SFD, FDS, H ¢ no no

aSynchrotron is assumed to be a power law with a xed spectralmdex, sync, Or a variable power law based
on alStrong et al. (2011) model, with a best t value of added to the spectral index.

bThe free-free spectrum for the 2 Model 9 t is given by m(m) with a xed electron temper ature
Te = 8000 K. The spectral index, = 214 at K-band and 2:17 at W-band. It increases to 2:09 at 408
MHz.

€A spinning dust cold neutral medium spectral shape is used i an allowed range of a peak frequency
shift, speci ed in GHz.

d\Haslam": the 408 MHz survey of Haslam et all L’I_C)_&IZ); \SFD": the temperature-corrected dust map of
ISchlegel et al. (1998); \FDS": thermal dust model 8 from|Einkbeiner et all (1999); \H ": H all-sky mosaic

from [Einkbeiner ( ).
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frequencies for MEM and Model 9, while MCMCg adopts a xed pédafrequency. Although

the use of a common shape seems well motivated (see Figurk, 2Bgre is no guarantee
that it is correct for all pixels. This is an additional soure of uncertainty in the ts, as

observational deviations from this shape will be distribigd primarily among free-free and
synchrotron components. We note an apparent power de cit ithe Model 9 free-free map,
present to a lesser extent in the MCMCg result, which is dudtke in signature. Finally, we

note that all models assume a xed ¢ , and only MCMCg allows for a free 4,5t. These are
less uncertain values, but errors in xed values can ripplenio other components.

It is nevertheless possible to nd relative agreement amonf)ese models, especially at
higher latitudes. The high latitude foreground spectral cmponents in the WMAP bands
are shown in Figurd22P and all of the tting techniques supparthis spectral decomposition
of the foregrounds.

The actual foregrounds, especially at low Galactic latitueds, are clearly more complex
than our parameterizations allow, since variations in physal conditions exist along any line
of sight. There are some sky locations that were not well t ean with all of the degrees
of freedom allowed by the 2 tting, such as in Ophiuchus. Given the complexity of the
foreground emission mechanisms sampled by tMeMAP bands, separating the CMB from
the total observed foreground is a more straightforward andeliable process than the de-
composition of that total foreground into physical componats. Although we have found
imperfections in the dust and free-free templates we use flmreground cleaning, those im-
perfections are primarily con ned to regions which are maskl from use in the cosmological
analysis, and the use of foreground cleaned maps in the powpectrum analysis is robust.

A remaining item of interest is the microwave \haze". The rg claim of a haze
(|E'u1kb_ein.e.|| 1) suggested an excess of free-free emmsgiompared to the expectation
from H , and was dubbed a \free-free haze". No longer believed to bred-free emission, its
exact shape and attribution has evolved in the literature. i general the haze is described
as an excess extended diuse emission near the Galactic @nt This excess appeared as
a residual from the decomposition ofWMAP K, Ka and Q maps using external templates
dELnkb_eineJhOD_h;LD_Qb.l.QL&_ELakbﬂnerZQ_dS). The templatemost often used for this pur-
pose are the Haslam 408 MHz map, a de-extincted form of the Kireinel {ZQ_QB) H all-sky

mosaic and thel_Einkb_ein.eLet_dl.[(_'Iﬂ_SbQ) thermal dust models.

While the excess compared to external templates is clear,glattribution to a physical
mechanism associated with Galactic emission is not. One énesting possibility characterizes
the haze as a separate hard spectrum synchrotron componessaciated with the Gamma-

ray bubbles [Planck Collaboration 1X|2012] Dobler et &Il 2a). |Planck Collaboration 1X

) uses a Gibbs sampler to t a foreground model outside@alactic mask that assumes
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Fig. 22.| Spectra of CMB and foreground anisotropy. The foreground anisotropy results
are averages over the three foreground models (MCMCg, MEMn& Model 9). The upper
curve for each foreground component shows results for ps@utside of the KQ85 mask, and
the lower curve shows results outside of the KQ75 mask. Theetient foreground models are
in good agreement for the total foreground anisotropy. Reks for the individual foreground
components depend on model assumptions discussed in thettexd typically di er among
the three models by 5% to 25%.
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separate hard and soft power-law spectra. The cut-sky mapstiwthese spectra are further
decomposed, using external templates, into emission conmeots with a distinct residual
identied as a 2:55 synchrotron haze. It is also possible to nd reasonable mels
which adequately describe the data without the invocation foa haze component, as in e.g.
Dickinson et all {ZO_Qb) In these cases, the haze excess isaabed and distributed amongst
other low frequency Galactic components. For example, a tigal K-band haze intensity at
roughly 20 latitude near the Galactic center is 100 K (Elan_ckmlla.b_o.tali.o.n_lﬂ |2Qli),
whereas K-band residuals in those locations for the MEM, MC®Yg, and Model 9 models
are roughly zero with a 1 deviation of a few K. Existence of the haze as a separate spatial
component is model dependent. It depends on foreground spatassumptions, which a ect
the emission allocation between the CMB and the decompositi of the Galactic foregrounds
into physical components. Because the haze is easily absainto other model components if
not explicitly accounted for, and a number of remaining ungeainties exist in the morphology
and behavior of low-frequency emissions in general (e.girspng dust), we feel this is a topic
which remains open. Additional observations would be beneial, especially at frequencies
below K-band.

Although the thermal dust and free-free parameter amplituds di er between the models
presented here in details, there are clear common-mode darities when they are compared
against their externally derived equivalents (which we havused in Sectiol’b312 for template
cleaning). Figure[Z# illustrates these common-mode feaas by taking the mean parameter
amplitudes from three models presented in this paper (MCMGAEM and chi-square tting
Model 9), and di erencing them against their template countrparts. On the left in Figure
is the mean thermal dust amplitude at W-band minus the 94 GHestimate derived from
IRAS and COBE data by[Einkb_e'Ln.er_et_aj. tl&9|9). We have chosénp di erence against their
model 8, but a similar result is obtained for their other twoeomponent dust model, model 7.
In the Galactic plane, all of the threeWMAP models show more emission in the outer plane
and less in the inner plane than that predicted from the FDS nmaels. A more quantitative
representation of the planar di erences is shown in Figule® Correlations between MEM,
MCMCg and Model 9 have roughly unity slopes, whereas corrélans against FDS model 8
indicate FDS is brighter by up to  20% in high intensity regions in the inner Galaxy.

The right-hand image in Figure[Z# shows the di erence betwaea mean K-band free-
free emission estimate from the same three models in this mapand that from scattering-
corrected de-extincted H using a conversion factor of 14 KR 1. Scatter between models
in the plane generally disallows a de nitive free-free mappg there. However, di erences
between the free-free emission predicted from Hand the free-free model estimates in this
paper consistently indicate that the H prediction is higher by roughly 20-30% in the Gum
and Orion regions. Free-free di erences for the Gum away fmothe plane, where the optical
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Fig. 23.| Results from foreground degeneracy analysis foris-band Model 9 tting. The
contour plots illustrate the degeneracy between model pareeters for a representative single
pixel foreground spectrum. Each panel shows the change iR as the selected pair of pa-
rameters are varied from their best- t values while marginbzing over the other parameters.

Contours are shown for

2 values of 0.2, 1, 3, and 10, except values of 0.5, 3, and 10 are

used for gync Vs. synchrotron amplitude. There are signi cant degeneraes between param-
eter pairs that include either synchrotron amplitude or syohrotron spectral index, except
for those that include thermal dust amplitude.
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depth is< 1, can be explained by a low electron temperature for this riem dDLQKmSQn_eLa.Il
|ZD_O.13;|JALO_e.Lma.nn_eLEJILZD_(bO). Di erences for other regionseamost likely due to errors in
the extinction correction, since the assumption of unifortg mixed dust and gas may not be
valid. Although W-band Galactic emission is primarily eitrer from thermal dust or free-free,
linear combinations of the FDS dust model and H predicted free-free have consistently been
unable to describe theWMAP data in the plane; these apparent errors in both templates
are consistent with those tting errors.

5.3.7.2. ILC Errors Here we consider two types of error in the ILC: error due to CMB
foreground covariance, and error due to an incorrect estit@of the bias. See for example
Hinshaw et al. tZOQl?) These are errors which leave residuareground signatures in the
ILC estimate of the CMB.H

The bias correction is directly related to the foreground mael. To determine the ILC
bias, we take maps of our foreground-only estimate (witho@MB) in each of the ve WMAP
bands and construct an ILC directly. The speci c attribution of the foregrounds to individual
components (synchrotron, free-free, etc.) is not needed this step; we only require maps
of the total foreground in each band. If the foregrounds arausiently complex (if they are
not a linear combination of 4 or fewer spectra in each regignthen there will be residuals
in this foreground-only ILC, and this is the ILC bias. The ILC bias consists of foregrounds
that cannot be removed by any set of ILC weights. With enough idersity in foreground
spectral components, we can nd a linear combination of foggound spectra that mimics the
CMB, and we cannot remove the CMB signature from the ILC by castruction, because the
ILC weights must sum to 1. To deal with the ILC bias, we constrat a foreground model,
compute the ILC bias, and subtract it directly from the ILC. Inaccuracies in the foreground
model will translate to an incorrect subtraction of the ILC hbas.

An estimate of the ILC bias was computed bLI:IinshaMLeLblL(zd) from simulations
and three-year data. We revisit the bias computation usinghte Galactic emission estimates
in the ve WMAP bands from Model 9, MEM and MCMCg. If these models perfectly
describe the total Galactic emission aWWMAP frequencies, then a bias map can easily be
constructed by applying the ight ILC weights (given in Table[I2) to these foreground maps.
Such an application is shown in Figur€26. For comparison, gtire[Z6 also shows the bias
correction from the three-year analysis, which is non-zemnithin the Kp2 mask and zero

’The ILC also has the three types of errors in the band maps menbned in Section®3.6.0.: gain calibration
error, instrument noise, and csghj foreground monopole errors. These can be propagated throhgto the
ILC using the ILC regions and the weights given in Table[T2.
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everywhere outside the mask.

Close to the Galactic plane, the bias computed from the MCMCagodel is larger than
that for the other two models. Removal of this bias from the ucorrected WMAP data
ILC shows a clear negative residual in the plane fglj < 120, indicating over-correction. In
addition, ILC regional weights computed for the MCMCg modeare su ciently di erent from
ight data values to render the model \goodness" suspect neghe plane within the Kp2 cut.
This is in part due to poorly constrained apportionment beteen CMB and Galactic signals
in the plane. In particular there is an inverse correlation btween CMB and dust spectral
index, resulting in higher fractional residuals in portios of the plane for the MCMCg t to
V-band. V-band typically has the highest ILC weight, so thes residuals lead to a higher
bias for this model. Within the Kp2 cut, both Model 9 and the MBM bias maps show
similar behavior to the three-year bias map, although detks vary. Both models also return
foreground ILC regional weights similar to data values, wit the MEM showing the closest
correspondence. Bias levels within the Kp2 cut are estimatédrom these two models as near
20 K or less. These levels are either of similar magnitude or stiea compared to those
computed for the CMB-foreground covariance in the same lotaen (see below).

Estimating the foreground bias at higher latitudes is more ictult than for the Galactic
plane regions. Since classic ILC weights are primarily deteined using sky pixels within the
Kp2 cut (even for the high latitude region 0), correspondemrcbetween derived model and
data weights is only a useful diagnostic for pixels within ta Kp2 mask. In addition, both
the MEM and Model 9 results are ILC dependent: MEM subtractshe ILC from the data as
a prelude to foreground tting, and the six-band 2 Model 9 t relies on the ILC as a strong
prior. Since the classic ILC algorithm applies no bias corrgon outside the Kp2 cut, it is
possible for any existing high-latitude ILC foreground bisa to either remove or add power
to the high latitude sky which is being t to a Galaxy model. Shce Galactic signals are
generally weaker here than in the plane, the fractional erras potentially higher. Here the
MCMC method provides the most objective model for estimatig high latitude bias, since
the CMB contribution is determined independently as part othe tting process. We have
used an amalgam of the three model bias maps to construct a yerude estimate of ILC bias
outside of the Kp2 cut, giving the most weight to the MCMCgqg reslt. All three bias maps
show a common characteristic dust-like excess in the outeafaxy near the edges of the Kp2
cut. Two of the three bias maps show a low-level inner Galaxyectit with a synchrotron-like
signature. Noise in the bias maps makes a clear determinatiof the morphology di cult;
we have used templates to represent the spatial structureubthe ne structural detail of
the templates should not be taken as truth. Our rough estimat of the high latitude ILC
bias is shown at the bottom right of Figure[Z6. High-latitudelLC bias is estimated at 10

K or less.
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The CMB-foreground covariance was discussed lin Hinshaw d @Dj). Because the
ILC weights are constructed by minimizing the variance in aeagion, the weights adjust to
allow foreground uctuations to cancel CMB uctuations as much as possible. This is more
of a problem for small regions. Because the total foregrounevel is well measured in the
plane (even if we allow complete uncertainty in the CMB for arerror term of 70 K,
the foregrounds are bright enough to make this term small), @vcan estimate how much the
foregrounds could correlate with a random CMB sky with a give power spectrum. This
estimate will not change substantially with di erent foregound models (di erent estimates
of how much of the WMAP data is CMB and how much is foreground) because it only
requires knowledge of the total foreground level, which iselV constrained by the data. We
can experimentally determine the CMB-foreground covariare by generating many CMB
simulations, adding a foreground model to each CMB simulatn, making a bias-subtracted
ILC, and forming an error map by subtracting the true CMB fromthe ILC in each simulation.
This gives us an ensemble of error maps, which span a 48 dinienal space. Since the CMB
simulation is perfectly subtracted by any set of weights thizadd to 1, our error maps contain
no CMB from the simulation. They only contain errors from reglual foregrounds. Since
there are 60 weights (going into the 12 regions of the ILC) ant? constraints where sets of
weights must add to 1, there are 48 degrees of freedom in theCllerror. As with the ILC
bias, the results do depend on foreground model, but not ndaras strongly, as mentioned
above.

We construct the 48 maps showing the ILC foreground-CMB coxiance modes at res 6
as follows. We take the foreground Model 9 from Section 5.136d prograde it directly to r9
(with no extra smoothing), where the ILC regions are de ned.Then we form ILCs by the
usual method, except that we do not smooth between regions @sscribed in Equation (18)
of IHinshaw et al. tZQ_Q|7) because we next degrade back to r6,igthhas a similar e ect. We
do this for 1000 CMB realizations, and form a 491521000 matrix of the maps, of which we
take a singular value decomposition to determine the most conon modes, taking care to
normalize properly. There are only 48 singular values thatra not e ectively zero; we use the
1000 simulations to better sample these 48 modes and bettestermine their eigenvalues.

These modes provide the eigenvalues with nonzero eigeneestof the foreground-CMB
covariance error matrix. We compute the square root of the adgonal elements of this matrix
to provide a visual estimate (that ignores correlations) athis error. The nine-year ILC map
and this error map are shown in Figur&37.

We demonstrate the use of this error description by propagag the foreground-CMB
error to the quadrupole-octupole alignment, which we desbe in Section[ZH.
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5.3.7.3. ILC Considerations The primary di culty with any method of extracting the
CMB from the data is determining how much of the temperaturen each pixel is foreground
and how much is CMB. The data only constrain the sum of these twy and we must make
other assumptions in order to separate them.

The ILC speci cally assumes that the CMB has a blackbody sp&em while the fore-
grounds do not. In addition, the ILC assumes that while the feegrounds may change
amplitude across a region, an individual foreground does inchange its spectral shape (pro-
portional to antenna temperature as a function of frequengy so that a set of ILC weights
can null a given foreground everywhere in a region. Along Wwitthis, the ILC assumes that
there are four or fewer foreground spectral shapes, sinceghére were more, we would not
be able to remove them all with only the ve bands ofWMAP data. If there were ve
foreground spectra, some linear combination of them wouldebable to mimic a blackbody
spectrum, which the ILC has been designed to keep.

Figure [Z8 is one way to visualize the foreground complexityf the WMAP data. It
shows in color the regions that are approximate power lawsna it shows in grayscale regions
that are not well t by a single power law. The ILC methodologycan handle more than
a single power law foreground (it can remove up to four of theimso this is not directly a
map of where the ILC will work well. However, this gure doessow the varying nature of
foreground spectra across the sky.

Choosing the ILC region size is a trade-o between foregrodrcomplexity and foreground-
CMB covariance. By choosing small regions, we give the foregnds less chance to vary their
shape over a region (such as by changing a synchrotron spatindex). But small regions
are more susceptible to foreground-CMB covariance, as dissed inl Hinshaw et al. 7),
which suppresses the variance of the ILC to the extent that # foregrounds and CMB
correlate.

We could, for example, take minimum variance to be our gurefamerit for an ILC map
and allow arbitrary gerrymandering of the regions on a pixdby-pixel basis. This could be
done with a simulated annealing algorithm adjusting some sl number of regions (e.g., 4)
within a galactic mask. However, this would result in an ILC wth variance inside the mask
well below the expected CMB variance, because the regiongiopze the foreground-CMB
covariance to arti cially suppress the ILC uctuations. More knowledge than just the ILC
variance is needed for intelligent region selection.

The foreground-CMB covariance can be estimated moderatekell, since it only depends
on an approximate foreground model and knowledge of the CMBower spectrum. We
estimate this error in SectioT’ 53712 and propagate it to #nquadrupole-octupole alignment
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in Section[ZZ3. Other errors, such as those due to foregrownchanging spectral shape over a
region or more than 4 foreground spectra in a region (theseuse the ILC bias), are harder
to estimate because they require an accurate separation oM8 from foregrounds in the
rst place. The demands on this foreground model accuracy gend on the amplitude of
the foregrounds. For a pixel dominated by CMB, a slight foregund correction need not
be extraordinarily accurate in a fractional sense. Yet forraextremely bright foreground
location on the plane (say, a bright H Il region), the foregrond model must have supreme
fractional accuracy to distinguish meaningfully a tiny CMBcontribution from the dominating
foregrounds.

A more accurate ILC would require either a better bias subtretion or better region
selection designed to minimize the needed bias correctidogth of these require a highly ac-
curate foreground model. A foreground model that separatesit di erent components (such
as synchrotron, free-free, etc.) is not needed, only a modbht gives the total foreground
in each band. The ILC bias can be directly calculated by mak@an ILC of this foreground-
only data set, and regions could be selected to minimize théb correction needed in each
region. However, if we already have an accurate separatiohtbe CMB from foregrounds,
then the ILC method is no longer necessary, since we alreadgvie a map of the CMB.
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Fig. 24.] ( Left): Thermal dust amplitude at W-band averaged over the MCMCgMEM
and Model 9 ts minus the thermal dust model 8 from_Finkbeineret all d:l_9_9.b). Right):

Free-free amplitude at K-band averaged over the same threeonels, minus the free-free
template estimated from H observations.
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Fig. 25.| The ratio of W-band predicted thermal dust emission (Einkbeiner et all (1999)
model 8) to the mean over three models (MCMCg, MEM, Model 9) asfunction of longitude
for jj < 5. Error bars are derived from the rms scatter of the three modkeabout the mean.
A line is a plotted at 1.0 to guide the eye. Modeled emission ®hs systematic variations
from the FDS prediction by up to 20%.
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Fig. 26.| Estimates of foreground bias error remaining in the ILC map, on a scale of
15 K. Top left: Bias map from the three-year analysis of Hinshaw et al. (200 The
map is zeroed outside the Kp2 cutTop right and middle Bias estimates resulting from the
application of the nine-year ILC coe cients to the Galaxy madels from MEM, Model 9 and
MCMCg analysis. The bias map from the MCMCg analysis is ovesgmated in the plane
(see text). Bottom left: ILC error from foreground-CMB covariance. Within the Kp2 ait,
this error and the foreground bias are of comparable magnide. Bottom right: An estimate
of the potential magnitude of ILC foreground bias outside ta Kp2 cut, based on the various
model results, with heavy weight given to the MCMCg model. Bis errors of 10K or less

are indicated.
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Fig. 27.| The top map is the nine-year ILC. The bottom sky map displays the part of the
ILC error in each pixel due to foreground-CMB covariance, usy the Model 9 foreground
estimate from Section 5.3.6. This shows the square root ofettdiagonal of the covariance
matrix, on a linear color scale. Therefore it shows the staadd deviation of expected error
uctuations, marginalizing over correlations between pigls. The color scale range was chosen
because the r6 ILC map has a CMB standard deviation of 66K. Thus, full scale on this
map has equal variance with the CMB, and at the halfway point o this color scale the
foreground-CMB error variance is down to a quarter of the CMBrariance.
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Fig. 28.] The dominant power law in a pixel, combined with inf ormation about whether
the data in that pixel look like a pure power law, over theWMAP bands. This image was
generated by individually specifying the hue, saturationand value (HSV) for each pixel.
The hue, shown in the color scale, describes which power laasb ts the data. It is labeled
with values of , where the power law in antenna temperature i$5( ) / . The saturation
describes how well the data t a power law, so that desaturate(white, gray, black) pixels are
not well t by any power law. Speci cally, let ny be a 5-vector of theWNMAP thermodynamic
temperatures, rescaled to be a unit vector, and lat, be a 5-vector of the best t power
law in antenna temperature, converted to thermodynamic andhen also rescaled to be a
unit vector. Then the saturation isna n,, which is just the cosine of the angle between
these two vectors. The scale is from 0.995 (unsaturated) toOL(completely saturated), so
if the two 5-vectors are more than 5.73 degrees apart, the pixis unsaturated. The value
in the HSV color space is the magnitude of the data 5-vectorpst is the square root of the
sum of the squares of th&VMAP thermodynamic temperatures, on a scale of 0 to 2 mK.
Therefore blacker pixels have less emission in all bandgyhiier pixels have more emission.
The nine-year ILC was subtracted from theVMAP data, before computing the above image.
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6. Nine-Year Angular Power Spectra

In this section we present the nine-yeatWVMAP intensity and polarization angular
power spectra. We describe changes in methodology from earlanalyses, and discuss the
new results.

The nine-year temperature-temperature (TT) power spectnin computation uses the
full set of V-band and W-band cross-power-spectra. For 2 | 32 the TT power spec-
trum relies on the Gibbs sampled pixel likelihood, as was thease with the ve-year and
seven-year data releases. New for this nine-year analydise 32 < | 1200 TT power
spectrum is calculated using unbiased and optim& ! estimation. Earlier releases provided
power spectra computed using the Monte Carlo Apodised Spleal Transform EstimatoR
(MASTER) method, an unbiased but non-optimal quadratic estnator (Hivon et al. 2002).
As was the case for the seven-ye8YMAP analysis, the polarization power spectra continue
to be computed using MASTER.

Forthe 2 | 32 Gibbs sampling, we use a slightly di erent ILC map than we ave
in the past. We use a bias-corrected one-region ILC map. Thamse weights are used for
the whole sky; these weights are chosen to minimize the vam@ of the ILC outside of the
combination of the rst-year Kp8 mask and the seven-year pot source mask. The data used
for this low-resolution analysis are the deconvolved oneegree-smoothed nine-year maps for
K- through W-bands. The coaddition over nine years was donesing a slightly older version
of Nops that was available at the time we did the calculation; this ha a small e ect on the
nal nine-year temperature maps.

The bias correction for this ILC requires a foreground modelWe determine the fore-
ground model by tting four one-degree smoothed templatesnal a monopole term to the
one-degree smoothed W-band data. We do the t outside the cdmmation of a Kp22 mask
and seven-year source mask, to avoid requiring that the teriges be highly accurate in the
brightest portion of the galactic plane. The four templatesare as follows. We use the FDS
model 8, evaluated at 94 GHz, as described in Section 5.3;2alde-extincted H map with
scattering correction applied, described in detail in Seicn 5.3.1; a dust model emission
\delta correction” map, computed as FDS model 8 multiplied ¥ (Tgust h Tausti)=hTqusti,
where Tqust IS the dust temperature map from SFD and the average dust vahly,s:i was
calculated outside the Kp2 mask; and a map of discrete HIl rean emission (primarily along
the plane), evaluated at 2.7 GHz and 1 degree beam width usidgta from the Paladini et al.
(2003) catalog of 1442 Galactic HIl regions. This last map wascaled to 93 GHz assuming an
optically thin free-free spectrum for each source. After moval of these foregrounds from the
W-band map, we consider the remainder to be a pure CMB map. Tdtain our foreground
model of the galaxy, we subtract this CMB estimate from eachdmd of the ight data. Our
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foreground model therefore has information about how muctemperature comes from the
CMB and how much from foregrounds, but it does not break the feground temperature
into physical components, since this is not necessary to iesate ILC bias.

The ILC bias can then be calculated as the error in an ILC map,varaged over many
CMB realizations but using the same foreground model. It cabe directly computed by
making an ILC of the foreground-only data, without adding ina CMB simulation. We
subtract this ILC bias from the one-region ILC described abe.

We do use CMB simulations to determine the foreground-CMB gariance error modes.
Using a power spectrum from a set of seven-year simulationge generate 100 CMB realiza-
tions, add our foreground model, and generate a one-regidoC as above. There are four
error modes, since we generate the ILC from ve weights witthe single constraint that they
must sum to 1. We determine these modes from the covariance tnva of errors. We nd
that one mode is negligible outside of the KQ85y9 mask that igsed for Gibbs sampling,
so we only marginalize over the three most important CMB-faground covariance modes in
the Gibbs sampler.

We smooth the ILC map to 5 FWHM (Full Width at Half Maximum) before any
masking; this is the map over which we Gibbs sample,. Since theC is already smoothed
to 1 FWHM, this requires an additional smoothing by 24 4.9. We then degrade the
map to r5, and add 2 K rms noise per pixel to the r5 ILC, as was done in the ve-yearral
seven-year data releases. The Gibbs sampler uses a mask dasedegrading the KQ85y9
mask to r5, and leaving unmasked only those r5 pixels for whic 50% of the r9 pixels are
unmasked. The KQ85y9 mask allows through 2353196 out of 3¥28 pixels, or 74.8% of the
sky. After degrading to r5 by the above method, the mask letshtough 9496 out of 12288
pixels, or 77.3% of the sky. According to our newly estimatetl C errors, the pixels near
the edge of this mask may uctuate randomly up to about 11 K, so residual foregrounds
are a small fraction of the CMB variance when the masked ILC igsed.

6.1. High | TT summary

The optimal (i.e. minimum variance) power spectrum estimair has been known for
many years (Tegmark 1997; Bond et al. 1998) but has appeared bhe computationally in-
tractable for a large ¢ 10° pixel) experiment such asVMAP . As a result, standard practice
is to use estimators that do not achieve optimal statisticakrrors, in exchange for reduced
computational cost. For the nine-yeatWMAP data, we replace the MASTER power spec-
trum estimator by the optimal unbiased quadratic estimator This optimal estimator has
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now been implemented in a computationally a ordable way. Weeport the rst WMAP
power spectrum with optimal error bars on the TT spectrum aarss the entire observed
range of scales Z | < 1200.

The basic building block is a fast algorithm (Smith et al. 200) for multiplying a tem-
perature map (thought of as a lengthN i vector x) by the Nyix-by-Nyix inverse covariance
matrix C . Here, the covariance matrixC = S+ N consists of signal and instrumental noise
contributions, and incorporates the Galactic mask, the insument beam size, and marginal-
ization over the monopole and dipole. The multigrid algoritm from Smith et al. (2007)
allows a single multiplication operation of the formx ! C x to be performed forWMAP
in 10 core-minutes, although it is impossible to compute (or em store) the matrix C !
in dense form. This means that all computations involvingC * must be formulated so that
they are based on a (reasonably small) number of multiplicans of the formx! C Ix.

In practice, we need to modify the optimal estimator®, by removing auto-correlations,
which are highly sensitive to the instrumental noise modelFor an all-sky experiment such
as WMAP the noise must be known to< 0:1% to avoid a statistically signi cant additive
bias to ®. This level is impractical to achieve, but sensitivity to tre noise model can be
mitigated by constructing a modi ed estimator, @I , that only includes terms calculated
from cross-spectra.

The unnormalized estimator written out for a single map is
1
B[d] = éoch: A ATC U (40)

whereA is the a,, -to-map operator that includes beam convolution, and | projects out all
modes not at a given multipolel. The optimal power spectrum estimator®, is constructed
from

O =F, Bd N, ; (41)
where N, is the noise bias and the Fisher matrix o is given by
Fie= STr ATC 'A (ATC A o (42)

We also construct a cross-correlation-only power spectruestimator @, with zero noise bias,
by only keeping cross-correlations between maps with indepdent noise. More speci cally,
we divide the data into mapsd , where = (c;y) indexes a combination of a di erencing
assemblyc = V1;V2;W1;W2; W3; W4 and a specic single year oWMAP data, y. The
unnormalized estimator® de ned in (40) can then be written as a double sum over pairs
(; ); we simply keep the terms with 6 to de ne an unnormalized cross-correlation
estimatorl'E"| . (In implementation, it is more computationally e cient to subtract the terms
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with = .) We then de ne the cross-correlation estimato®, by & =(F,,) 'B,, where
F, o is an appropriately modi ed Fisher matrix.

The WMAP C ! TT pipeline provides a power spectrum estimate and an estirta
for the covariance matrix Cov(Ci; Co). To account for the slight non-Gaussianity of the
likelihood at | > 32, our likelihood remains the combination of a Gaussian amuset log-
normal distribution in C", as discussed in Verde et al. (2003). Discussion of the logrmal
distribution for cosmological likelihoods is also in Bondteal. (2000) and Sievers et al. (2003).
We use a noise estimate to provide the o set in our o set log-ormal distribution, N . This
is the error in the power spectrum due to instrument noise, ithe form of I(1 + 1) C,;=(2 ).
Additional variables to describe the likelihood include

& I(1+1) &, Cth I(1+1)C"

> | > (43)
B In(@+N) " In(C"+N)) (44)
Q||0 (Clth + N |)Q||0(C|toh + N |O); (45)

whereQ o is the inverse covariance matrix of the power spectrum estate d? provided by the
optimal estimator. Finally, we write the WMAP likelihood as a combination of a Gaussian
and o set log-normal distribution.

1 X
INL causs = 5 " QG &)+ const: (46)
110
1 X th th
InL \n = 5 (z" B)Quo(zp o) (47)
110
2
INL wvap = 3 INL gayss + 3 InL N (48)

6.2. The C ! Pipeline

We rst applied the new C 1! pipeline to the seven-yeaWMAP data after its publica-
tion. We performed end-to-end tests to arrive at the rstWMAP power spectrum that is
optimal for all values ofl. We then compared the new power spectrum with the pseudd-
MASTER spectrum from the WMAP seven-year release. We did not propagate the optimal
power spectrum to cosmological parameter constraints foné¢ seven-year data. Based on the
seven-year power spectrum comparisons, we decided to inmpéat the C ' power spectrum
for what are now the nine-yeaWWMAP results.

The WMAP seven-year dataC ! evaluation used foreground-cleaned maps from the
six V- and W-band di erencing assemblies, further subdividd by individual year datay =
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1,2;:::7, for a total of 42 cross-correlations. We masked regionstogh Galactic foreground
emission and bright point sources by using the KQ85 mask (Gbkt al. 2011). We report
a power spectrum tolnhax = 1200, but we ran the pipeline tol,,,x = 1500 to avoid edge
artifacts near the maximum multipole of the reported power gectrum.

Unless otherwise speci ed, all results are based on the paovepectrum estimator@, ,
which only contains cross-correlations. After estimatinghe power spectrum, we subtract an
estimate of the bias due to unresolved point sources, assuagpia single population of radio
sources with frequency dependenaeg.( )/ %% in antenna temperature, or equivalently

h 2 exp(h =kTCMB) 1 ? 2:09

KTcve exp(h =kTcme)

in thermodynamic temperature units, whereh is Planck's constant, k is the Boltzmann
constant, andTgyg is the CMB monopole temperature.

a( )/ (49)

6.2.1. C ! Pipeline Tests

In our power spectrum pipeline, we precompute three quant#s: a transfer matrix Fo
that represents the mean response of the unnormalized estitor at multipole | to CMB
power at multipole I'; the bias of the power spectrum estimator due to unresolvepoint
sources; and the noise bias, for the auto-correlation estibor @| (but not for the cross-
correlation estimator@I ). In Figure 29, we present end-to-end Monte Carlo tests of #se
precomputations using three simulated ensembles: CMB-grdimulations, point source sim-
ulations, and noise-only simulations. In all cases the ratiof the recovered power spectrum
(averaged over many Monte Carlo realizations) to the expestl power spectrum is consistent
with unity.

Our pipeline uses interpolation inl to estimate transfer matrices, noise bias, and point
source bias. We did an end-to-end test of the interpolationcauracy as follows. We reran
the pipeline with half the interpolation step size, treatedthe di erence between the two
estimates as a power spectrum bias, and then we did a Fisher tnhaforecast to determine
whether the resulting bias was statistically signi cant. h all three cases, we found that the
resulting bias is< 0:02 , i.e. much too small to be important.

We estimate the power spectrum covariance matrix Co@ ;@Io) using Monte Carlo
simulations. A direct Monte Carlo estimation of a 1200-by-200 covariance matrix would
require a prohibitive number of simulations, but this can besped up using computational
tricks: (1) the covariance COV@U @w) of the auto-estimator is equal to the inverse Fisher
matrix F,o!, so we only need Monte Carlos for the estimator di erence  &); (2) we
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Fig. 29.| End-to-end Monte Carlo pipeline tests. The gray lines are individuall's and the
black lines are boxcar smoothed with | = 50. In all four cases, the ratio of the Monte
Carlo estimated power spectrum and the predicted value is msistent with unity. Top
left. Ratio h@l isig=C between mean estimated power spectrum of CMB-only simulatis
and the ducial input spectrum. Top right. Same as top left panel, but using the auto-
correlation estimator @| instead of the no-auto estimator@I . Bottom left. Ratio between
mean estimated power spectrum of noise-only simulationsdthe predicted noise bias, using
the auto-estimator®,. Bottom right. Ratio between mean estimated power spectrum of point
source simulations and predicted bias.
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only estimate variances and assume that o -diagonal covaices are given by appropriately
rescaling Fisher matrix elements; and (3) we smooth the vamce estimates irl. These tricks
allow the covariance matrix to be accurately estimated frora small number of simulations.
As an end-to-end convergence test, we compared covariancatmees Cos6, Cs1> constructed
using 256 and 512 Monte Carlo simulations respectively. Weund that all matrix entries
were nearly identical in that all Karhunen-Lceve eigenvales of the matrix pair (Czs6; Cs12)
are between 0.999 and 1.001.

6.2.2. C ! Versus MASTER Comparison

In Figure 6.2.2, we show the binned power spectrum estimatis the seven-yeatlWMAP
data obtained using the optimal pipeline, described aboveyith the sub-optimal MASTER
results used in the seven-yeaWWMAP release (Larson et al. 2011) shown for comparison.
The agreement is excellent; the two estimators agree to bettthan 1 in every I-bin, as
expected when comparing an optimal and near-optimal analgsof the same data.

To compare the two estimators more closely, in the left panelf Figure 31 we show the
di erence between the optimal and sub-optimal estimatorshefore and after smoothing if.
No systematic trends are seen, as expected if the di erensepure statistical scatter. There is
a small region neatt = 50 where the optimal estimator uctuates to a lower value ofC, than
the sub-optimal estimator. This uctuation slightly shift s the best- t value of the spectral
index ng, as discussed by Hinshaw et al. (2012). This appears to be thest important
di erence between the two estimators for purposes of cosmogical parameter estimation,
aside from the e ective sensitivity improvement discussetielow.

The right panel of Figure 31 shows the ratio between the powespectrum variance
Var(C,) obtained using the optimal and sub-optimal estimators. Th optimal estimator
improves the variance by 7{17% depending on the value bf This level of improvement is
roughly comparable to the improvement in going from severegr to nine-year data (which
varies from no improvement at lowl to a factor of =7 = 1:28 in C, at high I).

6.3. WMAP Power Spectra

The nine-year TT angular power spectrum is shown in Figure 3Z'he cosmic variance
curve on the power spectrum has been adjusted to more acclelgtre ect cosmic variance.
In the past, the value offg, that we used to expand the error bars was generated by the
MASTER code, and it was roughly the geometric area of the obsed sky, which was not
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Fig. 30.| Binned WMAP 7 power spectrum estimates using the optimal pipeline fromhis
paper (left/black error bars), with the estimates from the WMAP 7 release (Larson et al.
2011) shown for comparison (right/grey error bars).
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optimal. With the C ! method of estimating the power spectrum, such as was used imet
Gibbs sampler, one can reconstruct the lowmultipoles on the full sky more accurately than
one might naively expect. Doing so makeky,, close to unity at very lowl. In Figure 32,
we use the value of 4, generated by the hightC * code, which is applicable at all lowet.

The shaded region represents the lerror bar from cosmic variance, which is the region
where 68% of binned power spectra that are randomly samplewi the theory curve would
appear. We form the error bars around the 68% with highest pbability density per unit
C,. These are determined by sampling £0power spectra from the theory spectrum and
binning them. At each multipole |, the value of the power spectrum is sampled from a

2 distribution (which has a mean of ) with = (21 + 1)1‘52ky;| degrees of freedom. The
spectrum is then scaled byi(l + 1) C,=(2 ) to give it the correct mean. Sampling from
the 2 distribution rapidly is done by choosing random numbers intte interval [C; 1] and
then using an interpolated cumulative density function to étermine the value of 2. After
binning the power spectra, we determine the location of therer bars for each bin by nding
the pair of samples that enclose 68% of the other samples irethin and are closest together.

After determining the bin error bars, we consider how to plothe cosmic variance error
bar for a binned angular power spectrum. Due to the abrupt chege in binning, from a bin
size of 1 atl = 2;3 to a bin size of 2 for the bin containing = 3 and | = 4, the cosmic
variance error bar drops signi cantly.

Despite using a binning scheme, we opt to plot the theory powspectrum as a curve at
eachl, instead of a binned quantity. Recall that for the random digibution of |(1+1) C,=(2 )
values, the mean of the theory spectrum values in a bin is thegan of the binned cosmic
variance samples. Binning the mean of the distribution at e | gives the mean of bin. (This
is not true for the median or the mode.) Likewise, we want to pguan unbinned error bar
on the curve with the height of the upper error bar as the heidlof the upper error bar on
the binned value. In this way, the average height of the cosmiariance curve over the bin
is the correct upper error bar for that bin. We then use a splim interpolation of the upper
and lower error bars between each bin center. This makes thbave statement fractionally
less true, but prevents abrupt changes in the height of the smic variance curve at the bin
edges. The measurements are cosmic variance limited fer 457 and have a signal-to-noise
ratio above unity for | < 946.

The change of the template cleaning method from the sevenayeo the nine-year analy-
sis results in a slight change in the lowpower spectrum. For2 | 16, using the MASTER
method with the KQ85y9 mask, the absolute value of the changa I(l + 1)=(2 )C, due to
the template cleaning is typically 4% of cosmic variance pér
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Fig. 32.| The nine-year WMAP TT angular power spectrum. TheWMAP data are in
black, with error bars, the best t model is the red curve, andhe smoothed binned cosmic
variance curve is the shaded region. The rst three acoustigeaks are well-determined.
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Figure 33 shows the temperature cross-power spectrum witheé E-mode polarization
(TE) spectrum. This angular cross-power spectrum is compedl using the MASTER likeli-
hood code, with the lowest 2 | 7 bin determined using the more accurate pixel likelihood
code. This was conditioned on the maximum likelihood powepsctrum, and varied the value
(1+1) ClTE:g ) = Boz. The value By is independent ofl. To maintain the requirement
that CE CEEC/T for a given bin valueB,;, we adjust theCFF spectrum upward from
the best t theory only as much as needed, on ahby | basis. As we varyB,, the error
bar is based on the minimum 2 value, and where 2 =1 in either direction. This gives an
asymmetric error bar. Note that this would be a 1 error bar for a Gaussian distribution,
but it does not necessarily contain 68% of the likelihood duleoth to conditioning on the
higher| TT, TE and EE power spectra, as well as to the non-Gaussian sba of the power
spectrum meaning that 2 =1 does not correspond exactly to a 68% con dence interval.

Figure 34 shows the temperature cross-power spectrum withé B-mode polarization
(TB) spectrum. This angular cross-power spectrum is compet using the MASTER like-
lihood code. The TB angular power spectrum is expected to beerp and the data are
consistent with this expectation. The 2 | 7 EE power spectrum is shown in Figure 35.
The 2 | 7 BB power spectrum is shown in Figure 36.

For running chains, we update the Sunyaev Zel'dovich speain template to the spec-
trum given by Battaglia et al. (2012). Their thermal SZ speatum is multiplied by 3.61 to
scale from 150 GHz to V-band (61 GHz). To convert from 150 to 84GHz for ACT, we
multiply by 1.05. The kinetic SZ spectrum does not need to beescaled. The sum of kinetic
and thermal spectra is used as the SZ template, for the frequey corresponding to each
experiment; it is this sum that is multiplied by the SZ amplitude which is varied in the
Markov chains.
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Fig. 33.| The TE spectrum. The WMAP data points and error bars are in black. The red
theory curve is t to the full WMAP data, including the TT angular power spectrum data.
Note that the vertical axis on these spectra isl(*+ 1) C;=(2 ) instead of |(l + 1) C,;=(2 ); this
vertical scale di ers from that of the TT spectrum plot by a factor of |. The lowestl TE bin
where 2 | 7 has been adjusted using a pixel likelihood code.
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Fig. 34.| The TB spectrum. The TB spectrum uses the MASTER lik elihood code. Note
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Fig. 35.| Individual likelihood functions of the low | EE polarized power are shown for
| =2 through 7. When tting at a particular |, we setC, at all other values ofl to the value
in the best t WMAP poyver spectrum. In addition, at thel in question we setC'E = 0
to maintain that CE C/TCEE. The black diamonds denote the best tWMAP EE

power spectrum. These likelihood functions include samplariance.
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Fig. 36.] Low ell BB spectra. Other C; values are xed to the best t WMAP power
spectrum.
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7. Power Spectrum Goodness of Fit and Map Anomalies
7.1. Goodness of Fit

The likelihood code we release comes with a test code that suon theWMAP nine-year
best t CDM power spectrum (with no extra priors). This spli ts up the likelihood into
several parts. We rst look at each part and then combine theasults for an overall estimate
of goodness of t. The hight TT spectrum in the | range 33{1200 has 1168 degrees of
freedom, and a 2 value of 1200. This gives a reduced? value of 1.027, and the probability
to exceed this is 25.1%, which indicates a good t to the dataThe high- TE spectrum in
the | range 24{800 has 777 degrees of freedom andZvalue of 815.4 for the same model.
The probability to exceed this 2 value is 16.5%, which again indicates a good t. The low-
polarized pixel-based likelihood contains 585 unmaskedsr8 pixels each with a Q and U
Stokes parameter, for 1170 degrees of freedom. Thevalue for this part of the likelihood
is 1321. The probability to exceed this 2 value is 0.13%, which is unusually low.

We have not yet mentioned the low TT and TE spectra. Recall that the low| polarized
pixel likelihood decorrelates the temperature and polargion maps of the sky using the ILC
and TT and TE spectra, as described in Appendix D of Page et a2007). After doing this,
one obtains a 2 for the pixelized QU likelihood that incorporates informaion about TE,
which is why we do not have a separate TE? value forl 23. Thel 32 TT likelihood
is computed by a Blackwell-Rao estimator, based on Gibbs sates. This code does not
naturally generate a value comparable to a? quantity. However, it does provide a likelihood
function which can be applied to any lom TT spectrum, and in the process of doing the
sampling one obtains many spectra (not smooth, typically) hich have been sampled from
this likelihood function. One can look at the distribution d likelihoods resulting from these
spectra and determine whether our best t spectrum createsnaunusually low likelihood. We
do this and nd that our best t power spectrum generates an aceptable likelihood value.

Adding the three 2 values mentioned above gives 3115 degrees of freedom witlotalt
2 value of 3336.4. The probability to exceed this? value is 0.3%, which is still unusually
low. This is driven completely by the lowl polarized likelihood.

We investigated the origin of the excess? in the low-l polarization data. To see if
there is any evidence for systematic e ects in di erence map we computed 2 from six
combinations of di erence maps involving Ka-, Q-, and V-bads: Ka Q, Ka V, Ka QV,
Q V,Q KaVv, and V KaQ, where QV, KaV and KaQ are the corresponding weighted-
averages of maps in two di erent frequency bands. We nd thahone of these combinations
show an anomalous 2. The average and standard deviation of ? is 1180 47 for 1170
degrees of freedom. The largest value of is 1236 from Ka QV, and the probability to
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exceed (PTE) is 8.8%. We then computed the optical depth,, from Ka QV, nding
that it is consistent with zero (the maximum likelihood valie lies in < 0:002, well below
the 68% CL statistical uncertainty of = 0:014). Therefore, we conclude that the low-
polarization data pass the null test, and any residual systeatic error we do not detect in
di erence maps has a negligible impact on our estimation of. This null test also shows
that the residual polarized synchrotron emission in Ka, if @y, has a negligible impact on .

To get an idea of how much additional noise we would need to inde in the noise
covariance matrix of the co-added KaQV map to explain the 2, we add an uncorrelated
noise variance to each r3 pixelNsige =8), Nj ! Nj + % . We nd 3=0:27 K brings
the reduced ? to unity. The instrumental noise per r3 pixel of the co-addedKaQV map
ranges from 0.43 to 1.57 K, with the average and standard deviation of 86 0:17 K.
Therefore, an additional noise variance, %, required to explain the excess? is an order of
magnitude smaller than a typical instrumental noise variace per r3 pixel of the co-added
KaQV map.

Next, we computed the tensor-to-scalar ratior, from the low4 B-mode polarization
data only. We found that r was consistent with zero, with the 95% CL upper bound of
r < 2:0. The maximum likelihood value occurs at = 0:40, which is already ruled out by
the limit from the CMB temperature power spectrum,r < 0:17 (95% CL); thus, it cannot
be due to in ationary B-modes. Forr = 0:4, the low4 B-mode power spectrum amplitude
is less than the scalar E-mode amplitude by a factor of six, drthus it is a small signal (and
is consistent with zero).

We next examined residual foregrounds. By enlarging the eel of the polarization
P06 mask by 1, 2, and 3 pixels, we found that the PTE increasedofn 0.1% to 0.9%, 5%,
and 12%, respectively. While this may suggest the presenceresidual foregrounds in the
polarization data, this may also be partly due to the reductn of degrees of freedom (the
degrees of freedom decrease from 1170 to 850, 582, and 34pedively), as fewer degrees
of freedom are more forgiving for larger values of the redute 2. Indeed, changes in the
values of the reduced 2 are modest: it drops from 1.13 to 1.12, 1.10, and 1.09, respesly.

Therefore, we conclude that the excess’ likely to be at least partially due to residual
foregrounds, which we do not include in the noise covariano®atrix. These foregrounds may
not mostly be from the regions near the mask edges. Howevengte ect on our estimation
of is negligible compared with the statistical uncertainty.
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7.2. Power Spectra Goodness of Fit with Even-Odd multipoles

The analysis of the even excess e ect seen in the seven-yedrpbwer spectrum (Bennett et al.
2011) has been repeated using the nine-year data. The evereass statistic compares the
meanC, at even values of with the mean C, at odd values ofl within a de ned | domain.
More formally, we de ne

hq?bs C rhieven hCl()bS C |th|0dd
hghi ’
whereG = I(l + 1) C,=2 , the superscript \obs" refers to the observed power spectm and

the superscript \th" refers to a ducial theoretical power gectrum used for normalization.
In this paper, as before, we birg by | =50.

E:

The seven-year analysis used a set of more than 11000 Montel€&£MB simulations
to probe the signi cance of the even excess. This large setsveomputationally inexpensive
because the TT power spectra were estimated using the Montea® Apodised Spherical
Transform EstimatoR (MASTER; Hivon et al. 2002). However, m the nine-year analysis,
the TT power spectra are computed using a new estimator weigd using theC ! matrix,
and the Monte Carlo realizations are much slower. Consequbnwe now use a smaller set
of 512 simulations of the full nine-yeaC !-weighted power spectrum

Figure 37 showsg as a function ofl within bins of | = 50. Results from the nine-
year analysis are shown in black, and those from the severayanalysis are shown in blue
(see Bennett et al. 2011, Figure 9). The overall trend of theesults with | is similar in the
nine-year analysis to what it was in the seven-year analysiexcept that the rise in g over
the domain 50 | < 350 is no longer monotonic. Also, in the nine-year analysisyo of
the three negative values of, which denote excess power aidd values ofl, have higher
absolute value than in the seven-year analysis.

Bennett et al. (2011) examined a combined bin for 250 | < 350 as an example of a
posteriori analysis. The value ofg in this bin was 00446, as compared to a Monte Carlo
scatter of = 0:0155, for a 29 level of signi cance. The equivalent values for the nine-ge
analysis using theC ! power spectrum estimator ardg = 0:0381, with a Monte Carlo scatter
of =0:0144, for a reduction in the level of signi cance to:B .

The de-biasedF test described by Bennett et al. (2011) has also been repeditéor
the nine-year analysis. This test chooses the maximum valud the bin-by-bin statistical
signi cance = (E) from the | bins being considered, rather than focusing on only one bin,
so that the a posteriori character of the test is weakened @eBennett et al. 2011, Figure
11). We use bins of width | =50 for 50 | < 600. The nine-year test gives similar results
to the seven-year test, but at a reduced signi cance. In theesen-year test, the de-biasef,



{111

0.2

0.1

Even Excess

o
w
[T
[1

III 9-year Monte Carlo mean & scatter

I}I 7-year Monte Carlo mean & scatter

Significance (units of o)
o
SLLLLLL LLLLLLLLL LLLLLLLLY] LELLLLLLL LELLLLLLL] WL

Fig. 37.| Top: Even excess E in the observed power spectrum, in bins of | = 50, compared
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test gave a probability to exceed (PTE) of 511% for the observed spectrum as compared to
the Monte Carlo distribution, whereas in the nine-year testthe PTE is 14:3%, equivalent
toa L1 result. Similarly, bins with a high value of the odd excessE |) were less frequent
than expected in the seven-year power spectrum, with a PTE 88:9% in the de-biased test.
This e ect is also weaker in the nine-year power spectrum, wth gives a PTE of 902%,
equivalent to a 13 result.

The even-odd e ect in the observed power spectrum does not@gar to be an artifact of
the power spectrum estimator, since it is seen both with the ISTER method (seven years)
and with the C ! method (nine years). However, in the nine-year analysis, ¢hsuper cial
test for 250 | < 350 yields a result with reduced signi cance as compared tone years,
and the de-biasing strategy further reduces the signi camcof both the even power excess
and the odd power de citto 1 . The conclusion of Bennett et al. (2011) that the even-odd
e ect is probably a statistical uke stands, and indeed is stengthened, after the nine-year
tests.

7.3. Quadrupole Amplitude

Since the rst-year WMAP data release there has been speculation about the low value
of the | = 2 quadrupole moment. As concluded in the Bennett et al. (2d) seven-year
results paper, while the quadrupole amplitude is below the @an expected amplitude for
the model, it is not surprisingly or disturbingly low. Figure 38 illustrates the likelihood of
the true value of I(1 +1)C'"=(2 ) =6CJ"=(2 ) for | = 2, based on our measured sky. A
Blackwell-Rao estimator run on Gibbs samples and marginakd over all other values o€ "
results in the maximum likelihood quadrupole amplitude shen by the pink line. The 1
and 2 regions are shown as blue and green horizontal bands. The toé¢sCDM theory
spectrum computed onWMAP nine-year data only is shown in red. We conclude from
this that the theoretically expected quadrupole amplitudgbased on a CDM t to the full
angular power spectrum is well between land 2 , hardly an unlikely event.

Looked at the other way, we can ask the relative probability foobserving the particular
guadrupole value given the mean expected value based agama CDM t to the full
angular power spectrum. This is shown in Figure 39. Again, ercan see that the distribution
is far from Gaussian and that the peak of the likelihood funadn is well displaced from its
mean, such that the single most likely value for the expecteguadrupole is close to half of
the mean value. The observed quadrupole value is a relativeopability of 40%, more than
1 but less than 2 away from expectations. The quadrupole value thus cannot ksaid to
be anomalously low; it is well within the expected statistial variance.
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Fig. 39.] The cosmic variance probability distribution for the quadrupole, given the theory
power spectrum. This assumes we knolgl + 1)C'T=(2 ) = 6C; =2 ) = 1109 K? (red
line) and plots the distribution of quadrupole power valuesve could measure for random
Hubble volumes. Note that €] "=(2 ) is the mean of the distribution; due to the skewness
of the 2 distribution, the peak of the distribution is substantially lower. One and two-sigma
regions are shown. The quadrupole cosmic variance distriilmn has =21+ 1 =5 degrees
of freedom. Assumind s, 0:99, we plot a 2 distribution based on = (21 + l)fszky 4:9
degrees of freedom. The peak of the distribution is then lowthan the mean by a factor of
(  2)=, putting it at 656 K?2.
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7.4. Alignment of the Quadrupole and Octupole

The quadrupole and octupole, expected to have independentcarandom orientations,
were aligned to< 0.5 in the seven-year ILC map (Bennett et al. 2011). In the nineear
ILC map, we nd that the orientations of the quadrupole and otupole dier by 3. Most
of this change is due to the fact that the nine-year ILC map haveen improved by the
use of the asymmetric beam deconvolution described in Secti4.2. Other minor changes
are due to small improvements of the gain model and window fations from two years of
additional data, as well as the updated foreground mask (wth slightly changes the csc
ts and hence the monopole o set in each ILC region). A nine-gar ILC made without the
beam deconvolution has a quadrupole-octupole misalignnmtiesf 1, con rming that the
improvement of the use of deconvolution is the dominant soce of the change from seven to
nine years of data.

We now address the signi cance of 3 octupole-quadrupole alignment in the nine-
year map by examining its sensitivity to the separation of t& CMB from the foregrounds.
To do this, we use the error description of the CMB-foregrowh covariance, discussed in
Section 5.3.7.2. The CMB-foreground covariance in the ILG idescribed in terms of 48 error
modes (computed at r6), which provide the eigenvectors withonzero eigenvalues of the
49152 49152 pixel space covariance matrix. We rst change basesiin pixel space into the
12-dimensional space spanned by the quadrupole and octupatodes (5 for the quadrupole,
7 for the octupole). This results in a 12 12 covariance matrix for the error in the quadrupole
and octupolea,,, coe cients. For convenience, we use real-valued harmoniesd so we have
a real-valued covariance matrix. Then, we generate many Gsaian random realizations of
perturbations to the quadrupole and octupole (i.e. realizions of CMB quadrupole and
octupole errors) based on this covariance matrix. We add tee to the quadrupole and
octupole from the nine-year ILC, and check the alignment foeach, using the same method
as described in Bennett et al. (2011).

Among these realizations, we nd the median quadrupole-ogpole misalignment to be
6 . The probability of a 6 alignment is 0.55%. This means that the signi cance of the
octupole-quadrupole alignment i< 3 , i.e. it is not signi cant. Occasional perturbations to
the ILC realign the quadrupole and octupole perfectly, andleout 5% of the perturbations
misalign them by more than 20. Note also that this encompasses only one of the types
of error in the ILC. Including an estimate of the ILC bias erro will further degrade the
signi cance of any observed alignment.

We conclude that our ability to remove foregrounds is the limting factor in the mea-
surement of the cosmological quadrupole-octupole alignme The already low statistical
signi cance (< 3 ) of the estimated alignment must be further degraded by the gsterior
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selection made to examine this particular quantity. Givenhat there is no evidence of experi-
mental systematic e ects, and that the foreground-CMB sepation contributes substantially
to the alignment uncertainty, the estimated alignment appars to be a low-signi cance chance
occurrence.
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8. Cosmological Results and Implications

We have seen that theWMAP power spectrum is well t by only six parameters.
The quadrupole amplitude is not anomalously low, and the quiupole-octupole alignment
cannot be considered anomalous as it is within the range alled by cosmic variance and
foreground subtraction uncertainties.

The bipolar power spectrum of the nal nine-year maps shows karge signal similar
to the one we reported in the seven-year results. This signakhibits a strong ecliptic
latitude dependence, in both the seven and nine-year data. h& bipolar power spectrum
of the new beam-symmetrized (deconvolved) maps shows thdtig signal has largely gone
away, but there now appears a higt-signal with the opposite sign. This is expected since
the deconvolution process correlates pixel noise in a wayathwe do not correct for in
the estimation process. Our primary motivation was to checkhat the latitude-dependent
signal at lowd was due to beam asymmetry, and we believe that is now well ellished.
There is little motivation to correct the side-e ects at high-l, since doing so would be non-
trivial, and there was no hint of an anomaly there to begin wi. In summary, our new
analysis demonstrates that the latitude dependent signahithe bipolar power spectrum seen
in both the seven and nine-year non-deconvolved maps was lraad caused byWMAP 's
beam asymmetry. Further, since beam asymmetry has neglitgbe ect on the angular power
spectrum, C;, we adopt the simpler non-deconvolved maps for power spagimn estimation
and cosmological parameter studies.

The power spectrum contains all of the cosmological inforrtian in the map if, and only
if, the uctuations are Gaussian with random phases acrosti¢ non-masked portion of the
map. In this section we show that this is indeed the case withithe estimated measurement
and analysis uncertainties. We then summarize the cosmoiogl parameter discussion of
Hinshaw et al. (2012) with cosmological parameters deriveasing only WMAP data and
derived when combined using external data as well.

8.1. Non-Gaussianity

The simplest model of in ation, namely single- eld slow-rdl in ation with canonical
kinetic term and a nearly at potential V( ), predicts that the initial adiabatic curvature
(k) has only tiny deviations from Gaussianity (Acquaviva et al 2003; Maldacena 2003).
However, alternate models of the early universe predict sal possible types of deviations
from Gaussian statistics, making the search for non-Gauasity in the CMB a powerful,
multifaceted probe of the early universe.
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8.1.1. floc f& andfgrh

We will limit our search for non-Gaussianity to the 3-point tinction or bispectrum, and
parameterize it by:

X
N, ko ksl = fll\jofBIOC(kl;kZ;kQS) + f,ﬁ?_ Beq(kl;kz;k3) + f[?jrfh Borth (K1; Kz2; K3) (2 )3 3 Ki
(50)
wheref ¢, f, f3" are free parameters to be estimated, and the local, equilaat and
orthogonal template bispectra are de ned by:

Bloc(kl; k2; k3)

o (P ()P (k) +2 perm) 51

Beq(Ki; ka; Ks) 6P (k)P (k2)*°P (ka)™ 3P (ki)P (k)

|
gl W

2P (k1)%°P (k2)Z2P (k3)>2 +5 perm. (52)

gl w

Borth (K1; K2, Ks) 18P (k1)P (k2)?°P (k3)'™® 9P (ki)P (ko)

8P (k1)?P (k2)Z3P (k3)*™ +5 perm. (53)

The f£9¢;f ] ;f 3 g basis for the three-point function is large enough to encoraps a range

of interesting models. Local-type non-Gaussianity is gene to some multi- eld in ation
models, for example curvaton models (Linde & Mukhanov 199Lyth et al. 2003) and vari-

able reheating models (Dvali et al. 2004; Zaldarriaga 2004)nd also to some alternatives to

in ation, such as \new" ekpyrosis (Creminelli & Senatore 207; Buchbinder et al. 2007) and
cyclic (Lehners & Steinhardt 2008a,b) models. Also, thers a theorem (Creminelli & Zaldarriaga
2004) that implies that no single- eld model of in ation cangenerate detectablé ¢ . Equilateral-
type and orthogonal-type non-Gaussianity can be generat@usingle- eld models, and gener-
ically appear when there are non-negligible interaction tms in the in ationary Lagrangian.

We constrain thefy, parameters using the optimal (i.e. minimum variance unbias)
bispectrum estimator implemented in Smith et al. (2009), wieh builds on previous work
(Komatsu et al. 2005; Creminelli et al. 2006; Smith & Zaldaraga 2011). The estimator
optimally combines channels with di erent noise maps and lzens by Itering the data with
the inverse signal+noise covarianc€ ! = (S+ N) 1, and includes a one-point term (in
addition to a three-point term) which reduces the variance Unless otherwise speci ed, we
use the V-band and W-band di erencing assemblies froM/MAP (six maps total), remove
regions of high Galactic foreground and point source emigsi using the nine-year KQ75
mask, and marginalize three foreground templates corresmbng to synchrotron, free-free,
and dust emission. With foreground marginalization enabtk the samefy_ estimates are
obtained on raw and template-cleaned maps.
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Our \bottom line" constraints on non-Gaussianity are as fdbws:

fioc =37:2 199 ( 3<f ¢ < 77 at 95% CL)
fel =51 136 ( 221<f 9 < 323 at 95% CL)
Qi = 245 100 (445<f g < 45 at 95% CL) (54)

The f ¢ constraint includes a correction for the ISW-lensing conitoution to the bispectrum,
which arises from the large-scale correlation between theviB temperature and the CMB
lensing potential. We nd that the ISW-lensing bispectrum bases thef ¢ estimator by
f19¢ = 2:6; this bias has been subtracted from the estimate in Equatio(54). The ISW-
lensing bias was computed using the Fisher matrix approxirtian, but this has been shown
to be an excellent approximation to the exact result (Hansoet al. 2009; Lewis et al. 2011).

The constraint on eachf . parameter in Equation (54) assumes that the other twéy,
parameters are zero. For a joint analysis of all three pararnegs, we need the bispectrum

Fisher matrix: 1
2525 106 2:39

F=@ 1.06 054 020 A 10“ (55)
2:39 020 100

where the ordering of the rows and columns i§5¢;f ! ;f3". The statistical error on

eachfy, parameter in Equation (54), with the other twofy,. parameters xed to zero, is
(Fi) 2, and the correlation between two estimators in Equation (54s equal to the rescaled
o -diagonal matrix element Fj =(F; Fj; )*.2 An example of a two-parameter joint analysis
is shown in Figure 42 below.

8.1.2. f3" Diagnostic Tests and Interpretation

The most striking result in Equation (54) is the estimate forf $", which is non-zero at
2.45 . The (two-sided) probability of obtaining a value with this statistical signi cance in a
Gaussian ducial cosmology is 1.4%. This is not signi cantrugh by itself to consider it a
detection, but even further caution is required. When intgoreting this probability, it must

8This estimator covariance is appropriate for our convention that each f . estimator is de ned to be the
optimal estimator assuming that the other two fy_ parameters are zero. There is an alternate de nition
in which each fy estimator is de ned with the other two fy_ parameters marginalized; in this case the
estimator covariance matrix would be the inverse Fisher matix (F 1)j . The two de nitions are linear
combinations of each other, and therefore give identical rsults in a joint analysis, provided that the o -
diagonal correlations are properly incorporated.
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be kept in mind that we look for multiple deviations from the anilla CDM model °, so it
is statistically unsurprising that one such deviation is at this signi cance level. The rest of
this section will be devoted to consistency checks and infeetation of the f 3" result.

One possible source of systematic error is contamination bgsidual foregrounds. Since
we marginalize over synchrotron, free-free and dust temées in our bispectrum estimator,
any foreground contribution that is a linear combination ofthese spatial templates does
not contribute to f M. However, since the templates are not perfect, there will esidual
contributions at some level. A simple procedure that givesie rough order of magnitude is to
disable template marginalization in the estimator, and coipute the foreground contribution
to f 3™ in an ensemble of simulatedaw maps without any foreground cleaning. We simulate
raw maps using random CMB and noise realizations, and a xedudt realization given by
model 8 of Finkbeiner et al. (1999). We do not include synchiton and free-free foregrounds
since dust dominates in W-band and is a signi cant fraction othe V-band foreground. In
each simulation, we compute the dierence (f3") between thef " estimate obtained
from the raw map, and thef J" estimate that would be obtalned from the CMB+noise
contribution alone. We nd that the mean value of ( f3") is 1.1 and the RMS scatter is
5.2. This presumably overestimates the dust contributionisce we are not attempting to
remove foregrounds at all. Since the shift (f 3{") seen in these simple simulations is much
smaller than the statistical error (f "), we conclude that residual foregrounds are unlikely
to be a signi cant contaminant.

As a rst test for instrumental systematic e ects, we check ér consistency between
di erent angular scales by splitting the f $'" estimator in I-bands. Our procedure is as
follows: we write thef 3" estimator as a sum over triangles, restrict the sum to triarigs
whose maximum multlpole maxly; 12;13) is in a given bin (min; Imax), @nd then appropriately
normalize so that the band-restricted sum is an unbiased @siator of f 3. This prescription
for binning the f 3 estimator has the property that if we combinef 2 O”h estimates in all bins
up to some multlpolelmax, the result agrees with simply rerunning the‘ ath estimator with
maximum multipole Ia. It also has the property that f 3" estimates |n di erent |-bands
are nearly uncorrelated.

In Flgure 40, we show thef 3" estimate inI-bands, with the cumulative best- t value
foih = 245 shown for comparlson Each bin is consistent with the cutative best- t value
at 2 , and the overall 2 of the t to a constant f 3" value is good (2 = 8:8 with seven

9A partial list includes the three fy_ parameters, the spatial curvature g, tensor-to-scalar ratio r,
running of the spectral index (dns=dlogk), dark energy equation of statew, isocurvature amplitudes o; 1,
and neutrino massm .
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Fig. 40.| A test for scale-dependent systematics:f 3" estimates inl-bands, with cumulative
best-t value f3" = 245 shown by the dotted horizontal line. Each error bar is laed
with the statistical signi cance of the deviation from the wmulative best- t value (not the
deviation from zero). No evidence for scale-dependent systatics is seen.
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degrees of freedom). We therefore conclude that there is naidence for scale-dependent
systematic contamination.

As a second test for systematics, we can ask whether estimat#f J" in di erent parts
of the sky are consistent. The bispectrum estimator is natafly written as an integral over
position on the sky, so a convenient way to visualize the ptisin dependence is to simply
plot the integrand as a skymap (Figure 41). This skymap is innits of \f " per steradian"
and has the property that its integral over the whole sky is pcisely equal to the estimated
foih = 245, If we restrict the integral to a subregion of the sky, the value of the integral
will roughly equal the value that would be obtained if we rean the estimator using masking
to isolate the subregion (appropriately rescaled by the aga of ). Visual inspection of the
skymap is a convenient way to look for an unexpected feature.g., a large contribution near
the Galactic plane would suggest foreground contaminatipnalthough it might be di cult
to assess the statistical signi cance of aa posteriori feature if found. Our interpretation
of Figure 41 is that no visually striking features are seenhé skymap looks qualitatively
similar to skymaps obtained from Gaussian simulations.

As a more quantitative test for consistency between di ereénparts of the sky, we es-
timated f 3™ in the portions of the following regions that lie outside thekQ75 mask: the
northern Galactic hemisphere, the southern Galactic henpkere, within 30 of the ecliptic
plane, and the ecliptic poles ¥ 30 from the ecliptic plane). We nd that for any pair
of these regions, the estimated 3" values are consistent at 2, relative to an ensemble
of Monte Carlo simulations. Thef 3" estimates in these four subregions are139 139,

361 142, 132 144,and 336 138, respectively.

As a nal test for systematics, we can compar¢l" estimates from di erent channels,
or combinations of channels. In the rst two columns of Tablel6, we show the result of
applying the f ™" estimator for several combinations of channels. To assesbether the
f " estimates from a given pair of rows are statistically consent, we subtract the two
estimates, and compare the result to the same quantity (thei @rence of two f 3" estimates)
evaluated in an ensemble of Monte Carlo simulations. This waf assessing consistency fairly
incorporates the correlation betwee Ji" estimates that arises because the CMB realization
(and the noise realizations, if the two rows have channels @ommon) is shared. The matrix
in the rightmost columns of Table 16 shows the result of dointhis consistency test for all
pairs of rows in the table.

This \two-way" null test can be generalized to anN-way null test that tests mutual
consistency betweerf J" estimates obtained in allN rows of the table. We represent the
fomh estimates as a lengtiN vector f;, and compute theN-by-N covariance matrix C;
using Monte Carlo simulations with shared CMB and noise rei@htions. We then compute



Fig. 41.| A visual test for sky location dependent systematics: skymap showing the contri-
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bution of di erent parts of the sky to the f " estimator, in units of \f 3" per steradian".
We do not detect any signi cant localized features in this mg.

channels f o Discrepancy in \sigmas"

VW VvV W Vi V2 w1 w2 W3 w4

All VW channels 2455 996 { 22 15 15 21 07 14 11 22
All V-band channels | 1259 1127 | 2.2 { 23 01 07 04 03 01 11
All W-band channels| 3202 1121| 15 2.3 { 21 25 17 22 20 32
V1 only 1193 129115 01 21 { 03 05 03 01 10

V2 only 913 1242 |21 0.7 25 0.3 { 08 00 02 038

W1 only 1721 140107 04 17 05 0.8 { 07 05 14

W2 only 881 1522 |14 03 22 03 00 0.7 { 02 07

W3 only 1120 154211 01 20 01 02 05 0.2 { 0.9

W4 only 57 1477 (|22 11 32 10 08 14 07 09 {

Table 16: A test for consistency between channels. The rswb columns showf 3" estimates

obtained from di erent subsets ofWMAP channels. The matrix on the right shows the level

of discrepancy between each pair of channel subsets, in Ysigs" after comparing to an
ensemble of Monte Carlo simulations.
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an overall best-t f 2™ value F which minimizes 2 = (f; F)C; Y(f; F). Ifthe N estimates
are mutually consistent, then the value of 2 at the minimum will be distributed as a 2
random variable with (N 1) degrees of freedom.

We nd that the channel-channel null tests are marginal. TheN-way null test gives
2 = 16:3 with 8 degrees of freedom, corresponding to one-sided pablity p = 0:038. The
most discrepant pair of rows in Table 16 is (W,W4), which di & by 3.2 relative to Monte
Carlo simulations. This statistical signi cance should nbbe taken at face value since there
are 36 matrix entries in Table 16, and we have chosen the mostanalous one. However, if
we construct the same matrix for each member of an ensemblesohulations, we nd that
the probability that at least one pair of rows is discrepant § > 3:2 is 2.6%. Finally, we
observe that the discrepancy between V-band and W-band chaegls, which is in some sense
the most natural split, is 2.3 , corresponding to probabilityp = 0:021.

We conclude that there is some tension in the channel-charnrmaull tests, with p-value
around a few percent depending on which test is chosen. Singe have also considered
null tests that pass cleanly (i.e. the tests based on scale pdence and sky location),
our interpretation is that one failure at the few-percent lgel does not indicate systematic
contamination, although the discrepancy between V-band anW-band is of some concern.
We therefore cautiously proceed to discuss the physical itigations of the non-Gaussianity
constraints.

We opt to work in the context of single- eld in ation, and use the e ective eld theory
developed in Cheung et al. (2008a,b). The EFT provides a mastLagrangian which is gen-
eral enough to describe almost all single- eld models of iation. See also Gruzinov (2005);
Chen et al. (2007). The action consists of a standard kinetierm, plus small interaction
terms whose coe cients parameterize allowed non-Gaussian

" #
s gPg MEH o (@) o0 & (o) A

+
¢ - S : @ @

(56)
Non-Gaussianity is parameterized by a dimensionless sousygkeedcs, and a dimensionless pa-
rameter A that represents the ratio between the coe cients the operairs of *>and (@ )2
We treat ¢ and A as free parameters, but speci ¢ models will make predictisn For ex-
ample, in DBI in ation (Alishahiha et al. 2004), ¢ is a free parameter (but related to the
tensor-to-scalar ratio) andA = 1.

The coe cients in the action (56) can be related to the parameers f ([ , f 3" by calcu-
lating the bispectra generated by the cubic operators® and (@ )2, and projecting them
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onto the basis of template bispectra (Senatore et al. 2010)he result is:

fod = ! Cg( 0:276 + 0:0785A)
c
orth _ 1 Cg . .
fotn = (0:0157 0:0163A) (57)

c2

S

where the numerical coe cients are speci ¢ to the nine-yeaWMAP results and have been
computed using the exact Fisher matrix, including CMB tranger functions andWMAP noise
properties. For generic values oA, f gl is larger thanf 3" (by an order of magnitude) and
equilateral non-Gaussianity is generated. However, therg an order-unity window of values
(roughly 3:1< A < 4:2) wheref 3" is larger thanf , and orthogonal non-Gaussianity is
generated.

Since single- eld models that producd 3" are also expected to producéy; at some
level, it is natural to analyze joint constraints in the twoparameter spacéf ;| ; f 3" g. To set
up a joint analysis, we de ne notation as follows. Lef; = (fy; ;f3") be a two-component
vector containing model parameters, lef; = (51; 245) be the values of the associated
estimators (i.e. the last two rows of Equation (54)), and lef;; be the associated 2 2 Fisher
matrix (i.e. the lower right corner of Equation (55). Then fa given model parameterd;, we
de ne a 2 statistic,

X X X
2= fiFij fj 2 Fiifif/i\ + ﬁFii Fij 1Fjj flj\ (58)
ij i ij

We threshold this 2 to obtain con dence regions in the {5 ; f J") plane. These con dence
regions are shown in the left panel of Figure 42. We note thahé point (f (! ;") =0 is
just outside the 2 contour, which means that it is just barely a> 2 event whenf ! is
included in the parameter space. More precisely, the releta 2 is 7.16 with two degrees
of freedom; the probability of getting a 2 this large in a Gaussian cosmology is 2.8%.

In the right panel of Figure 42, we change variables to show rrdence regions in the
parameter space ; A). These con dence regions were obtained under the assungotithat
the single- eld bispectra are well-approximated by the edlateral and orthogonal template
shapes. However, we have checked that nearly identical calence regions are obtained if the
exact tree-level bispectra for the operators® and (@ )? are used throughout the analysis.
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Fig. 42.| WMAP nine-year constraints on non-Gaussianity in single- eldn ation. Upper
panel. 68%, 95%, and 99.7% con dence regions in thg ; f " plane, de ned by threshold

2 values 2.28, 5.99, 11.62, as appropriate for & random variable with two degrees of
freedom. € ;f3™") = (0;0) is consistent with the data to within 99% CL.Lower panel.
Con dence regions on the dimensionless sound speg@nd interaction coe cient A (de ned
in Equation (56)), obtained from the top panel via the chang®f variables in Equation (57).
The upper bound onf J{ gives a lower bound ores, which is consistent withcs = 1.
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8.2. Cosmological parameters

Hinshaw et al. (2012) examine various versions of cosmolaglimodels t to select com-
binations of cosmological data. These combinations are afloted in WMAP data, which
strongly limits possible cosmological models. There is, wever, a narrow ridge of geometric
degeneracy that applies to CMB measurements. This is seenkigure 8.2. Assuming a at
geometry breaks the degeneracy and forces a precise valugtie Hubble constant. Alterna-
tively, non-CMB cosmological measurements generally alboeak the CMB degeneracy and
also result in a precise value for the Hubble constant. The dathat these Hubble constant
values are consistent within their uncertainties is equivant to concluding that the universe
is at within the measurement errors.

Table 8.2 gives the cosmological values for a six parameteat CDM model and a
list of derived parameters that follow from it. Also tabulated are results from an additional
seventh parameter added to the model. For example, if the nuoar of relativistic degrees of
freedom is allowed to vary beyond the standard three neutras, if tensor modes are allowed,
or if the universe is allowed to deviate from a at geometry. n addition, we summarize
select constraints on non- CDM models, such as deviating @m a cosmological constant by
allowing for a dark energy equation of state parametex 6 1.

In the last column of Table 8.2 we provide values for the sameagameters described
above but now arrived at by combiningMAP data with data from ner scale CMB mea-
surements from ACT and SPT (extended CMB, or \eCMB"), baryonacoustic oscillation
(BAO) data, and data from the direct measurements of the Hulle constant Ho). If we
assume that all of these data sets are well-described by theublished uncertainties, then
these parameters provide a precise and accurate descriptiof our universe.

In an e ort to provide a quantitative estimate of the overall impact of nine years of
WMAP data on cosmological parameters, we compare the n®WMAP nine-year likelihood
with pre-WMAP CMB data. A paper entitled \Last Stand Before WMAP " (Wang et al.
2003) provides a likelihood using only CMB data, just prioréa WMAP 's initial 2003 results.
We nd that the six parameter cosmological volume determiné by WMAP data alone
is a factor of 68,000 times smaller than the allowed volume foee WMAP . To compute
this factor, we take the cosmological volume to be proporti@l to the square root of the
determinant of the covariance matrix of the parameters. Sae the optical depth to last
scattering was ill-constrained befor&VMAP , we assign to it a constraint of < 0:3. We
ensure that the parameter distributions are well-sampledybthe WMAP nine-year and pre-
WMAP parameter chains by running over a half million points in albf the relevant chains
and verifying convergence, so the chains sample the likeliddds well. We use six parameters
in our volume-determining covariance matrix and those sanmsx parameters are sampled in
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Fig. 43.] Constraints on curvature. Flat universes fall on the , + =1 line. Allowed

regions are shown fotWMAP , CMB, and CMB combined with BAO and H, data, all with
a hard prior of Hg < 100kms*Mpc *. WMAP data is represented by 290,000 Markov
chain points, colored by their value oH,. The WMAP data follow a geometric degeneracy
ridge represented by the slightly curved line, a parabola Wi equation = 0:0620 2
0:825 |, + 0:947. The most likely point in the WMAP -only chain has = 0:721 and
m = 0:279, which is at to three signi cant gures, even though this constraint was not
enforced. TheWMAP data alone require > 0:58 at 68% CL and > 0:22 at 95% CL.
The contours show constraints when adding highCMB data (blue) and BAO and Hy data
(black). These constraints are consistent with those frodlVMAP alone, with the tightest
constraint being oy = 1:0027%353% (Hinshaw et al. 2012).
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Markov chains. With at priors on each, the six parameters ag: ,h?, h?2, , 10° 3,

ns, and . (Technically, we also includeAs; in both the pre-WMAP and WMAP chains
and the covariance matrix. Asz is a largely unconstrained by both data sets and is instead
constrained by the hard prior of 0 Asz 2, so it has negligible e ect on the parameter
volume and is only included so we can marginalize over it.) @xall, we conclude that
99.9985% of the allowed pr& MAP six-parameter CDM models have been ruled out by
WMAP data alone. Only 0.0015% remain.

In addition to the simplest CDM model, we consider a CDM mod el with tensors, by
adding the tensor-to-scalar ratio,r. For this seven-parameter model, the reduction of the
cosmological volume is a factor of 117,000.

Of course, whenWMAP data are combined with a rich array of other signi cant cos-
mological data the stress-test for CDM has been extraordiary. It is notable that only
six parameters are required to achieve a su cient t to all cemological data and that the
underlying CDM has not broken. Quite the contrary, a set of precise and accurate param-
eters now form a standard model of cosmology within the framerk of the big bang theory
(an expanding and cooling universe) and in ation (an undeyling tilted power spectrum of
primordial Gaussian-random adiabatic uctuations).
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Table 17. Cosmological Parameter Summary

Parameter Symbol WMAP 2 WMAP +eCMB+BAO+ Ho2 P
6-parameter CDM t parameters °©

Physical baryon density ph? 0:02264 0:00050 002223 0:00033
Physical cold dark matter density ch? 0:1138 0:0045 0:1153 0:0019

Dark energy density (w = 1) 0:721 0:025 0:7135%:3%52
Curvature perturbations ( ko =0:002 Mpc 1)d 10° 2 2:41  0:10 2:464 0:072

Scalar spectral index Ns 0:972 0:013 0:9608 0:0080
Reionization optical depth 0:089 0:014 0081 0:012

Amplitude of SZ power spectrum template Asz
6-parameter CDM t: derived parameters e
Age of the universe (Gyr) to
Hubble parameter, Ho = 100h km/s/Mpc Ho
Density uctuations @ 8 h 1 Mpc 8
Velocity uctuations @ 8 h 1 Mpc g %5
Velocity uctuations @ 8 h ! Mpc g %6
Baryon density/critical density b
Cold dark matter density/critical density c
Matter density/critical density ( ct p) m
Physical matter density m h?
Current baryon density (cm  3)f Ny

Current photon density (cm  3)9 n
Baryon/photon ratio

Redshift of matter-radiation equality Zeq
Angular diameter distance to zeq (Mpc) da (Zeq)
Horizon scale at zeq (h/Mpc) Keq
Angular horizon scale at zeq leq
Epoch of photon decoupling z
Age at photon decoupling (yr) t
Angular diameter distance to z (Mpc) " da(z)
Epoch of baryon decoupling Z4
Co-moving sound horizon, photons (Mpc) rs(z)
Co-moving sound horizon, baryons (Mpc) rs(zq)
Acoustic scale, = rs(z )=da (z ) (degrees)
Acoustic scale, | = = |
Shift parameter R
Conformal time to recombination rec
Redshift of reionization Zreion
Time of reionization (Myr) treion
7-parameter CDM t parameters !
Relativistic degrees of freedom | Ne
Running scalar spectral index ¥ dns=dIn k

Tensor to scalar ratio ( ko = 0:002Mpc 1)! r

< 2:0 (95% CL) < 1:0 (95% CL)

13:74  0:11 13772 0:059
70.0 22 69:32 0:80
0:821 0:023 0:82070,:913
0:434 0:029 0:439 0:012
0:382  0:029 0:387 0:012
0:0463 0:0024 (:04628 0:00093
. . . 0 :0088
0:233  0:023 0:2402"% 0060
0:279  0:025 0:2865%:0558
0:1364 0:0044 0:1376  0:0020
(2:542 0:056) 10 7 (2:497 0:037) 10 7
410:72  0:26 41072 0:26
(6:19 0:14) 10 10 (6:079 0:090) 10 10
326505 3293 47
14194 117 141735
0:00996  0:00032 001004 0:00014
1397 35 1407 14
1090:97*%:52 1091:64 0:47
4115 1731
376371 37493574
14029 119 140077
10207 11 101992 0:80
145:8 12 14565 0:58
152:3 1.3 15228 0:69
0:5953 0:0013 059578 0:00076
30235 0:65 3021393
1:728 0:016 17329 0:0058
2839 24 2832 1.0
106 11 101 1.0
63 66
453", 482",
> 1.7 (95% CL) 3:84 0:40
0:019 0:025 0:023 0:011

< 0:38 (95% CL) < 0:13 (95% CL)



{131 {

Table 17|Continued

Parameter Symbol WMAP @ WMAP +eCMB+BAO+ Hg2P
Tensor spectral index ! nt > 0:048 (95% CL) >  0:016 (95% CL)
Curvature (1 ot )™ K 0:037"%:9%3 0:0027+0,:99%
Fractional Helium abundance, by mass Yhe < 0:42 (95% CL) 0:299 0:027
Massive neutrino density " P h2 < 0:014 (95% CL) < 0:0047 (95% CL)
Neutrino mass limit (eV) " m < 1:3 (95% CL) < 0:44 (95% CL)

Limits on parameters beyond CDM

Dark energy (const.) equation of state © W L71<w<  0:34 (95% CL) 1:073'%:9%9
Uncorrelated isocurvature modes 0 < 0:15 (95% CL) < 0:047 (95% CL)
Anticorrelated isocurvature modes 1 < 0:012 (95% CL) < 0:0039 (95% CL)
aUnless otherwise stated, the values given are the mean of the parameter in the Markov chain, and the 1- region

determined by removing the lowest and the highest 15.87% pro bability tails of the Markov chain to leave the central 68%
region.

bThe WMAP +eCMB+BAO+ Hg data set (Hinshaw et al. 2012) includes the following. The H data consists of a
Gaussian prior on the present-day value of the Hubble consta nt, Hp =73.8 2.4kms ! Mpc !(Riess et al. 2011). The
BAO priors...

®The 6 parameters in this section are the parameters varied in the chain. A seventh parameter, Asz, is also varied
but is constrained to be between 0 and 2. The WMAP data do not strongly constrain Asz, which is why the 95% CL
interval simply returns the prior. The eCMB data set does con strain the SZ e ect, and prefers lower amplitudes of the
SZ template. We call this a 6-parameter t because only 6 para meters are needed to t the data well; the Asz parameter
is used only to marginalize over the SZ e ect and therefore in clude it in the error bars. All parameters varied in the
Markov chains have at priors, and in this chain only the Asz parameter requires hard constraints limiting how much it
can uctuate.

dk =0:002Mpc ! I 30

€These additional parameters are determined by the paramete rs being varied in the Markov chain. Because these are
not the parameters directly being sampled, we are not necess arily assuming at priors on these parameters.

fBaryon density is given in units of proton masses per cubic ce ntimeter.

9Tcvws =2:72548 0:00057 K, from Fixsen (2009). This parameter n is not varied in the Markov chains; the error
bar is determined directly from the error in CMB temperature

h Comoving angular diameter distance.

iThe parameters reported in this section place limits on devi ations from the simple 6-parameter CDM model. A com-
plete listing of all parameter values and uncertainties for  each of the extended models studied is available on LAMBDA.

IAllows N¢ number of relativistic species, with the prior 0 <N < 10.
kK Allows running in scalar spectral index but no tensor modes.

' Allows tensor modes but no running in scalar spectral index. We constrain the tensor to scalar ratio at k =
0:002 Mpc ! to be r> 0, and the tensor spectral index is related to the tensor to sc alar ratio by n¢ = r=8.

M Allows non-zero curvature, ¢ 6 0.
" Allows a massive neutrino component, > 0.

%Allows w 6 1, but constrains it to be 25 w 0 and assumesw is constant with redshift and k =0.
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9. Conclusion

1) We have updated the raw data archive to include the full nia years ofWMAP data.
We have updated the pointing, calibration, and transmissio imbalance factor solutions.

2) We have updated our beam maps and window functions based e full nine years
of WMAP data. We have made full sky maps of the ve-band data in tempeature and
polarization, and we characterize the noise.

3) In addition to the standard map-making, we have implememd a new beam-symmetrized
set of maps designed to reduce the e ects of the asymmetricdms. These maps reduce the
latitude dependence of the power spectrum and thus we con rhat the power asymmetry
was largely due to the asymmetric beams, as expected. Thisshao e ect on the overall
power spectrum and cosmological parameters, but is importato the notion of statistical
isotropy, which is now more rigorously supported. The beamsymmetrized maps are not
used for most cosmological analyses due to the complexity tbe resulting noise, but they
are used in foreground analysis.

4) We solve for new calibrations of Jupiter and Saturn, and weénprove our model
that separates the Saturn spheroid and ring components. Theal two years of WMAP
observations include Saturn data with the rings nearly edgen.

5) We provide new point source catalogs, using previous meitls. One is based on
Itering all ve© WMAP bands, and the other is based on removing the CMB from the Q-,
V-, and W-band maps and then searching for peaks.

6) a) Our analysis of the di use foregrounds generally usefi¢ ve bands of WMAP
data in conjunction with other data sets. WMAP was designed to observe in the spectral
region where the ratio of the CMB to foreground anisotropy ist its maximum while not
allowing strong spectral lines to fall within anyWMAP bandpass. Itis clear that the choice of
WMAP frequencies succeeded in reaching these goals. The ve WidgacedWMAP bands
and especially the low-frequency K-band radiometer have & invaluable in characterizing
foregrounds.

b) For most cosmological analyses we apply a Galactic cut amidake a small correction
for remaining emission using templates, but the ILC methodsi helpful and e ective in
separating the full sky CMB from foregrounds. This separatn can be done more accurately
than the separation of foreground emission components framach other, for which there are
degeneracies. We present a new ILC map. For the rst time we woalso provide an error
estimate for this map that includes bias and foreground-CMBovariance.

c) To elucidate the characteristics and nature of the di usdoreground components, we
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implement the Maximum Entropy Method (MEM), Markov Chain Monte Carlo (MCMC)
ts,and ? ts. These are implemented with di ering assumptions and piors. Each of these
methods has strengths and weaknesses, but the combinatiooydes insight. Methods with
less reliance on external templates make for noisier ts witgreater degeneracy between
emission components. Methods with greater reliance on extal templates help to reduce
noise and break degeneracies, but introduce errors, becaube templates are not of the
same quality as theWMAP data.

d) We decompose the foreground emission into synchrotrorreé-free, spinning dust,
and thermal dust components. The peak of the spinning dust eptrum lies below the K-
band frequency (the lowest frequencyWMAP radiometer) and is generally a sub-dominant
emission component. The theoretically predicted Cold Nerdl Medium (CNM) peak is at
17.8 GHz, but we solve for a peak frequency scale factor 00:85 that places the tted peak
frequency near 15 GHz. The physical parameters that de ne ¢@CNM are certainly only ap-
proximate, and their variation across the Galaxy is almostartainly responsible for complex
spectral shape variations beyond just an amplitude and fregncy shift. (Throughout this
paper we use the term \spinning dust" without regard to the acuracy of the implied under-
lying physical model, but simply as the origin of a spectraléamplate form to t, where we
allow both frequency and intensity adjustments. The actuaphysical emission mechanism(s)
of this component may not yet be fully understood.)

e) Free-free emission is generally strong in th& MAP bands and the dominant fore-
ground at high latitude in Q- and V-bands, but free-free emgon is not as well traced by
H emission maps as one might have hoped or expected. This iseraven when the H
emission is corrected for re ection and optical depth e ed.

f) We nd a systematic Galactic plane discrepancy at the 20%elel between the thermal
dust template map based on a model t tolRAS and COBE data and extrapolated to the
WMAP bands, compared with ourWMAP thermal dust ts with an inner plane/outer
plane error morphology. At high Galactic latitude the thermal dust template appears to be
reasonable. The dust spectral index appears to be 1:8 (for antenna temperature).

g) We nd strong evidence that the synchrotron emission spé&al index varies across the
sky and is generally atter in the plane and steepens with Gattic latitude. In addition, the
synchrotron spectral index appears to steepen with frequeyn Within the WMAP bands the
spectra of free-free, synchrotron, and spinning dust (whigyenerally peaks at about 15 GHz
and steepens at K- and Ka-bands) are far from orthogonal. Yethere is no spinning dust
emission in the Haslam 408 MHz map, so that radio map is helpfior removing degeneracies.
The foreground contributions at K-band are roughly 50% syinrotron, 35% free-free, and
15% for a spinning dust like component. Free-free emissioonrdinates in Q- and V-bands,
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and thermal dust emission dominates in W-band.

h) The original claim of discovery of a \haze" of free-free emting gas with diminished

H (Finkbeiner 2004) has been ruled out. Evidence of a distingynchrotron haze feature
depends on model choices in tting, and ndVMAP model requires a haze component to
provide a good t to the data. WMAP MCMCg and Model 9 foreground ts show a general
hardening ( attening) of the synchrotron spectral index fom the Galactic poles to the plane,
without a distinct haze feature. K-band t residuals in the haze region are 10% of the
brightness identi ed by the Planck Collaboration IX (2012)as a 2:55 synchrotron
haze. However, a real haze could have been inappropriatelysarbed into other components
of the WMAP decomposition, which has degeneracies. Likewise, the Rilarhaze could
result from modeling assumptions, which are di erent from lte assumptions of each of the
three WMAP models. Based on currently available data, we conclude th#te existence of
a distinct localized haze depends on the tting and analysisiethods used. Additional data,
particularly at frequencies below K-band, would help constin model degeneracies.

1) We de ne a Galactic cut for tting and removing template-traced emission for the
high latitude sky and then a small additional cut for safety. The remaining high latitude
sky is used for power spectrum calculation and parameter @emination. This portion of
the template-corrected sky is strongly dominated by CMB asitropy.

7) We implemented a new unbiased and optimal estimation of éhTT power spectrum
that uses C ! weighting, as opposed to the unbiased MASTER quadratic estator. We
also present the TE, EE, TB, and BB power spectra. A six paranter at CDM model is
t to these power spectra.

8) We examined the goodness-of- t of the CDM model to the powr spectrum data.
The 2 of the highd TT power spectrum is dominated by an even-versus oddt e ect, as
seen in the seven year analysis. This is notable since the eseyear power spectrum was
determined by MASTER and the nine-year byC !. Therefore the even-odd e ect cannot
be an artifact of the computation method. We continue to beéive that the e ect is not
signi cant as we have made posterior choices to select andaexine the e ect (such as a
particular range of multipole moments) and there exists norown theory to produce it,
especially since even sharp features kaspace do not remain sharp im-space.

9) The quadrupole amplitude is below of the median expectain of the best t power
spectrum by < 2 , so it is not anomalously low. No new theory could be signi adly
preferred (i.e., by more than 2) based on the quadrupole value alone. The quadrupole-
octupole alignment remains approximately the same in the né-year as seven-year data, but
a new estimate of the uncertainties based on the underlying€ map indicates that we can-
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not reliably remove foregrounds to the level needed to denmstrate a signi cant alignment.
Having addressed the quadrupole value, the quadrupole-apble alignment, and the gen-
eral goodness-of-t, we nd no convincing evidence of CMB amalies beyond the normal
statistical ranges that should be anticipated to occur in aich dataset.

10) An analysis of the CMB maps nd no compelling evidence fodeviations from
Gaussianity. We nd f5¢ = 37:2 199, with 3 < f )9 < 77 at 95% CL. We also nd
fol =51 136, with 221 < f ' < 323 at 95% CL, andfg™ = 245 100, with

445< f QM < 45 at 95% CL. We do not nd any of these quantities di er signi cantly
from zero. It should be noted that three quantities are compgead, increasing the chance of
an otherwise less likely outcome.

11) Cosmological models are t to the power spectrum (Hinskaet al. 2012). A six
parameter at CDM model continues to t all of the WMAP data well. These parameters
also appear to be consistent with a wide range of other cosrogical data as well. The
six parameter cosmological volume determined BWMAP data alone is a factor of 68,000
times smaller that the CMB constraints beforeWMAP as assessed by the \Last Stand
Before WMAP " paper of Wang et al. (2003). (Since the optical depth to sc#tring was
not constrained at all in that assessment, we assigned to it eonstraint of < 0:3 in
carrying out the volume calculation.) Adding a seventh panaeter suggests a reduction of
the cosmological volume by even more, a factor of 117,000.

12) WhenWMAP data are combined with a rich array of other signi cant cosmiogical
data the stress-test for CDM is extraordinary. It is notable that only six parameters are
required to achieve a su cient t to all cosmological data ard that the underlying CDM
has not broken. Quite the contrary, a set of precise and acaie parameters now form a
standard model of cosmology within the framework of the bigamg theory (an expanding and
cooling universe) and in ation (an underlying tilted powerspectrum of primordial Gaussian-
random adiabatic uctuations). General relativity combined with the Friedmann-Lema'tre-
Robertson-Walker metric leads to the Friedmann equation, ich provides the background
cosmology. In ation can provide the initial conditions, ircluding the generation of primordial
perturbations via uctuations of the in aton and gravitati onal elds. In ation predicts that
the universe is nearly at. We nd , = 0:0031%5535 andj «j < 0:0094 at 95% con dence,
within 0.95% of at/Euclidean. If restricted to ¢ > 0 (a negative curvature open universe)
as suggested by the creation of our universe from the landpea then < 0:0062 at 95%
CL. A small deviation from atness is expected and is worthy bfuture searches. In ation
is also strongly supported by the observed features that thactuations are adiabatic, with
Gaussian random phases. The detection of a deviation of theagar spectral index from unity
reported earlier byWMAP now has high statistical signi cance fig = 0:9608 0:0080). The
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CMB has been central to posing the horizon, atness, and staoture problems for which
in ation and general relativity provide solutions.

13) Within the horizon, acoustic waves modify the primordiaperturbations in a man-
ner that depends on the values of the cosmological parameter The sub-horizon CMB
measurements drive the determination of the cosmologicahmmeters and the degeneracies
are broken with the addition of other cosmological observiains, such as measurements of
the Hubble constant and the baryon acoustic oscillations asfunction of redshift determined
from large galaxy surveys. Using this fact, we nd that Big Bag nucleosynthesis is well
supported and there is no compelling evidence for a non-stiard number of neutrino species
(Ne =3:84 0:40).

14) The requirement for both cold dark matter, which gravitées but does not inter-

act with photons, and a substantial mass-energy componenbrsistent with a cosmological
constant, which causes an accelerated expansion of the wmse as characterized by Type
la supernovae measurements, is unavoidable because of thecgion of the available data
and the multiple methods of measurement. The CMB uctuatios require dark matter and
dark energy. The inability to predict a value for vacuum eneagy was a pre-existing physics
problem, but particle physics has no problem positing mas& particles that do not interact
with photons as candidates for the CDM. If the massive parties do not decay or annihilate,
their identity makes little di erence to cosmology. It may well turn out that the dominant
mass-energy component of our universe is a cosmologicalstant arising from vacuum en-
ergy, and that the vacuum energy is fundamentally not a specally predictable quantity.
It will be exciting to see how current theories develop, andspecially fascinating how well
these theories can be tested with data. The CMB is a unique rerant of the early universe
which has been our primary cosmological observable. It camies to be imperative to learn
all that we can from it.
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A. Band Center Frequencies

Figure 44 shows small year-to-year variations of Galacticlgne brightness measured
from yearly maps in K-, Ka-, Q-, and V-bands. Each yearly map &as correlated against the
nine-year map for pixels atjlg < 10. A linear slope and o set was t to each correlation,
and the slope values are shown in Figure 44. Results for W-lthare not shown because the
scatter in the yearly slopes is large and no signi cant varteon was detected. Analysis of
DA maps has shown that the measured variation is consistert Q1 and Q2, and in V1 and
V2.

The K Q band brightness variations were previously presented ftnte seven-year data
in Jarosik et al. (2011), where they were described as vaiians in the WMAP calibration.
Further analysis has shown that the CMB signal in yearly mapdoes not show such variation.
Yearly variations of the CMB dipole amplitude in year 1-7 map are less than 0:025% for
many DAs. We have also found that the Galactic plane brightrss variations depend on spec-
tral index, with greater variation for regions of steeper sgctral index, so we conclude that
they are caused by variations in the e ective center frequanes of theWMAP bandpasses
over the mission. As the observatory's thermal control sustes age, a gradual warming of the
WMAP instrument's physical temperature occurs (Greason et al.022). Given the instru-
ment ampli er xed voltage bias scheme, an increase in tempature (or device aging) can
induce corresponding changes in the drain current and gaiand an associated perturbation
in the e ective bandpass.

We determine the fractional variation in center frequencydr each band as follows.
Assuming the sky signal in a given pixep can be characterized by a power law spectrum
with thermodynamic temperature spectral index ,, the measured sky brightness for a given
yeari is

P

TP=To® — (A1)
where To(p) is the sky brightness at a ducial frequency o and ; is the e ective frequency
for year i. We assumeTy(p) is constant in time. For small frequency drifts, =g
(i 0)=0 1, itis useful to work with the linearized form,

Ti(p=To(P[1+ p( i=0): (A2)

If we choose o h i, where the mean is over yeaiis then To(p) = hT;(p)i and the fractional
variation in frequency is
i _ TP _
h i hT; (p)i P
For each band and each year, we calculate the pixel averaggehT;i for Galactic plane pixels
in selected spectral index ranges as thig(p) vs hT;(p)i correlation slope. Spectral index was

(A3)
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calculated using the neighboringVMAP band or bands, e.g., (K-Ka) was used for K-band
and the mean of (K-Ka) and (Ka-Q) was used for Ka-band. Each spectral index bin for
a given band gives a result for the variation of ;=h ;i over the mission. These results were
found to be consistent with each other, and an average (exding bins with high scatter)
was adopted for the variations shown for each band in Figuret4

No correction for bandpass drift is applied in our map-maki. Since the WMAP
observations are made simultaneously in the di erent bandshe map-making always forms
band maps that have a common epoch, and each band map can betesl as having a single
e ective band center frequency valid for that epoch. Our prgously published band center
frequencies (see Table 4 of Jarosik et al. (2011) for pointisoes and Table 11 of Jarosik et al.
(2003a) for di use emission) are based on pre- ight measureents, so presumably are valid
for year 1 of the ight data. For nine-year data, a correctionbased on Figure 44 should
be applied. The correction is a reduction of the pre- ight ceter frequency by 0.13, 0.12,
0.11, and 0.06% for K-, Ka-, Q-, and V-band, respectively. Tit correction is included in the
center frequencies for point sources listed in Table 3.
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Fig. 44.] Top - Measurements of the year-to-year fractional brightness variation of the

Galactic plane in WMAP skymaps, obtained by correlating Galactic plane signal inagh

single year map with Galactic plane signal in the nine-year ap. There is a small depen-
dence of these variations on spectral index, which shows ththey are caused by variations
in e ective WMAP band center frequencies over the mission. Bottom - The yeto-year

fractional variation of WMAP band center frequency derived from Galactic plane brightiss

variations measured for selected spectral index bins.
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B. WMAP Nine-Year Five-band Point Source Catalog
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Table 18. WMAP Nine-Year Five-band Point Source Catalog

RA [hms] Dec [dm] ID K [Jy] Ka [Jy] Q [Jy] V [Jy] W [Jy] 5 GHz ID

00 04 08 47 43 06 002 07 004 05 005 05 0:08 0:1 03 PMN J0004-4736
00 06 06 06 23 060 22 004 16 005 18 0:.07 19 01 1:3 02 0:3 01 PMN J0006-0623
00 10 33 1101 08 003 1.0 005 1.2 0:06 16 01 11 02 05 02 GB6 J0010+1058
00 12 46 39 53 202 13 003 11 004 L1 005 09 0:.09 0:3 02 PMN J0013-3954
00 25 24 26 03 09 003 08 005 06 0:06 0:4 0.3 PMN J0025-26022
00 26 06 35 10 07 003 09 005 09 005 08 009 09 02 0:2 02 PMN J0026-3512
00 29 33 05 54 11 003 12 005 L2 0:06 09 01 1.4 02 01 02 GB6 J0029+0554B 2
00 38 15 2501 08 003 08 005 07 006 08 01 0:1 02 PMN J0038-2459
00 38 33 02 08 07 003 02 005 07 0:06 0:2 04 PMN J0038-0207
00 43 12 52 09 14 003 07 004 08 005 05 0:09 1.2 02 GB6 J0043+5203
00 46 14 84 18 08 003 10 004 08 005 07 008 07 01 0.0 0:2 PMN J0044-84222
00 47 21 25 14 062 11 003 10 005 L2 005 09 01 1:3 02 0:0 01 PMN J0047-2517
00 48 05 73 12 1.9 005 14 008 13 01 0:6 0.3 PMN J0047-7308
00 49 07 72 27 19 003 16 004 13 005 09 008 13 02 05 01

00 49 13 42 19 1:3 0:.05 06 0:06 31 1

00 49 47 57 39 179 15 003 15 004 14 005 15 008 12 01 0.0 01 PMN J0050-5738
00 50 50 06 49 14 003 13 005 11 0:06 14 01 1.0 0:2 01 01 PMN J0051-0650
00 50 55 42 23 13 003 15 004 13 005 09 008 10 02 0.0 01 PMN J0051-4226
00 50 57 09 27 077 10 003 1.0 005 13 0:06 11 01 11 02 0:2 02 PMN J0050-0928
00 57 40 01 27 0 003 1.0 005 10 006 09 01 06 02 0:1 02 PMN J0057-0123
00 57 50 30 20 06 004 07 005 04 006 08 01 0:1 03 GB6 J0057+3021
00 58 01 54 49 1:4 005 08 006 03 0:08 2.6 06

00 59 41 56 56 08 003 09 004 10 004 08 008 06 01 0:2 02 PMN J0058-5659
01 00 27 72 11 36 004 26 006 20 005 13 008 08 02 1:0 0:08 PMN J0059-7210
01 06 43 40 34 171 26 003 26 005 24 006 21 01 1.6 01 0:2 0:07 PMN J0106-4034
01 08 27 13 19 079 16 003 12 005 07 006 07 01 0:9 0:2 GB6 J0108+1319
01 08 45 01 35 081 20 004 21 006 19 0.06 14 01 11 02 0:2 01 GB6 J0108+01352
0116 18 11 36 10 003 08 005 09 0:.06 1.3 01 08 02 0:0 02 PMN J0116-1136
01 19 02 73 26 15 005 10 005 06 005 06 009 09 02 0:9 0:2

01 21 44 1151 19 004 14 005 14 0:06 06 01 1.2 02 05 01 GB6 J0121+1149
012212 04 22 10 004 09 005 210 006 08 01 14 02 0:0 02 GB6 J0121+0422
012521 00 10 086 10 003 1.2 005 13 006 09 01 0:3 0:2 PMN J0125-00052
01 25 22 52 52 05 004 05 005 04 004 04 008 12 01 04 02

013241 16 53 097 19 004 21 005 18 0:06 1.8 01 23 02 0:0 0:09 PMN J0132-1654
01 33 04 52 01 168 Q7 003 10 004 08 004 03 008 04 01 01 0:2 PMN J0133-5159
013328 36 27 06 002 04 004 03 0:05 1.0 05 PMN J0134-36292
0134 20 38 44 03 002 04 004 04 005 05 0:08 0:4 03 PMN J0134-3843
01 37 01 47 52 080 41 004 41 006 39 0:07 36 01 1:8 0:2 0:1  0:05 GB6 J0136+4751
01 37 22 3315 09 004 04 006 03 0:.07 1.9 06 GB6 J0137+3309
01 37 38 24 29 12 003 14 005 13 005 14 0.09 01 01 PMN J0137-2430
0152 30 22 10 08 004 08 006 10 0:06 1.2 01 0:4 02 GB6 J0152+2206
01 57 44 46 01 07 003 09 004 11 004 08 0:09 06 02 PMN J0157-4600
02 04 46 15 14 092 12 004 12 006 13 0.06 1.2 01 1.0 02 0.0 02 GB6 J0204+1514
02 05 01 3212 085 21 0:04 18 006 17 0.07 1.2 01 05 01 GB6 J0205+3212

02 05 21 17 05 05 003 02 005 07 005 07 01 08 02 05 03 PMN J0204-1701
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Table 18|Continued

RA [hms] Dec [dm] ID K [Jy] Ka [Jy] Q [Jy] V [Jy] W [Jy] 5 GHz ID

02 10 52 51 00 158 27 0:.03 25 005 26 005 25 01 19 01 0:1 0:06 PMN J0210-5101
02 12 01 61 43 06 0:03 0.5 0:05 06 005 03 008 08 01 0.0 0:2

02 18 09 01 40 096 19 0:04 18 005 15 006 11 01 0:3 0:1 GB6J0217+0144
02 20 48 35 57 14 0:03 1.4 0:05 1.4 0:07 1.2 01 1:8 0:2 0:0 01 GB6 J0221+3556
02 22 49 34 39 137 11 0:02 1.2 0:03 08 0:04 06 0:08 0:2 01 PMN J0222-3441
02 23 13 43 03 084 20 0:04 13 005 13 006 13 01 11 02 0:6 0:1 GB6 J0223+42592
02 31 13 47 44 08 0:03 0:8 0:04 1:0 004 1.3 008 20 02 05 0:1 PMN J0231-4746
02 31 39 13 20 13 0:04 16 006 1.3 006 12 01 0:1 0:2 GB6 J0231+1323
02 37 58 28 48 093 36 0:04 33 007 31 009 23 01 0:4 0:08 GB6 J0237+2848
02 38 47 16 36 15 0:04 1.7 0:.07 1.7 0:06 21 01 1.7 02 0:2 01 GB6 J0238+1637
02 40 02 23 09 06 0:03 02 004 02 005 04 0:09 0:8 0:4  PMN J0240-2309
02 41 18 08 21 10 0:03 0:8 0:05 0:6 0:06 0:6 03 PMN J0241-0815
02 45 09 44 56 04 0:03 05 0:04 07 004 05 008 10 02 06 02 PMN J0245-4459
02 53 32 54 41 155 25 0:03 2.7 0:05 25 0:05 22 01 1.7 01 0:1 0:07 PMN J0253-5441
02 59 31 00 18 12 0:04 1.4 0:05 1:4 0:06 1.3 01 0:2 02 PMN J0259-0020
03 03 39 62 12 162 16 0:.03 17 005 16 005 16 008 17 01 0:0 0:09 PMN J0303-6211
03 03 47 47 17 Q7 0:03 09 005 08 006 06 01 0:1 0:2 GB6 J0303+4716
03 08 31 04 05 102 15 0:04 1.4 0:06 1:4 0:06 1.3 01 1:4 02 01 01 GB6 J0308+0406
03 09 21 10 27 10 0:04 15 006 14 006 14 01 0:4 0:2 GB6 J0309+1029
03 09 59 61 02 160 12 0:03 14 0:04 1:0 0:04 09 0:08 0:2 01 PMN J0309-6058
03 12 12 76 47 174 12 0:03 14 0:04 1.4 004 16 008 11 01 0:2 01 PMN J0311-7651
03 12 55 01 33 Q7 0:04 05 006 06 006 08 01 09 02 0.0 03 GB6 J0312+0132
03 19 46 41 31 094 135 004 109 006 95 0:.07 76 01 56 0:2 0:6 0:02 GB6 J0319+4130
03 22 19 37 11 138 186 34 129 16 108 1.8 85 23 0:8 0:3 1Jy 0320-37°
03 25 27 22 24 05 0:04 06 006 08 007 07 01 05 0:3 GB6 J0325+22232
03 29 48 23 54 123 13 0:03 1:3 0:04 1:3 005 15 008 07 01 0:0 01 PMN J0329-2357
03 34 15 40 07 146 17 0.03 17 004 1.8 005 19 008 13 01 0:1 0:.09 PMN J0334-4008
03 36 55 12 56 12 0:03 1.1 0:05 1:0 0:05 1.3 01 0:0 0:2 PMN J0336-1302
03 37 19 36 12 04 0:03 09 0:04 06 004 06 0:08 0.6 03 PMN J0336-3615
03 39 24 01 43 106 25 0:05 24 006 22 007 19 01 23 02 0:2 0:09 PMN J0339-0146
03 40 26 21 20 11 0:03 1:3 0:04 1:0 005 1.2 009 10 02 0.0 01 PMN J0340-2119
03 48 25 16 04 06 0:03 04 005 07 006 07 0:09 02 03 PMN J0348-1610
03 48 55 27 47 129 15 0:03 1.2 0:04 1.1 004 11 007 08 01 04 01 PMN J0348-2749
03 50 06 26 12 09 0:05 1.1 0:04 1:0 004 1.2 008 08 01 01 0:2

03 58 49 10 26 Q7 0:.04 04 0:.06 0:6 0:1 0:5 05 GB6 J0358+1026
04 03 01 25 56 12 0:03 1.1 0:05 0:8 0:06 06 01 0:6 0:2 GB6 J0403+2600
04 03 59 36 05 136 28 0:.03 31 005 32 005 29 009 23 01 0:1 0:.06 PMN J0403-3605
04 05 38 13 04 114 21 0:.04 18 005 15 005 12 01 08 02 0:6 0:1  PMN J0405-1308
04 06 41 12 43 20 0:04 0.6 0:07 0.5 0:06 05 01 1.0 0:2 1:2 02

04 07 07 38 25 141 12 0.03 10 005 1.1 004 210 0:08 0:2 0:1  PMN J0406-3826
04 08 32 75 06 09 0:03 06 0:04 0:4 0:04 1:3 03 PMN J0408-7507
04 11 07 76 54 082 09 0:03 0:8 0:04 07 005 06 0:08 05 02 1Jy 0403+76
04 16 35 20 51 12 0:.03 14 005 12 005 L1 0:09 0:0 01 PMN J0416-2056
04 23 17 01 20 110 77 0:04 79 0:.07 76 0:08 6:8 01 58 0:2 0:1 0:03 PMN J0423-0120
04 23 35 02 17 13  0:03 14 005 10 007 10 01 0:2 0:2 GB6 J0422+0219
04 24 50 00 35 109 09 0:04 12 005 14 007 16 01 12 02 06 0:2 GB6 J0424+0036
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Table 18|Continued

RA [hms] Dec [dm] ID K [Jy] Ka [Jy] Q [Jy] V [Jy] W [Jy] 5 GHz ID

04 25 26 37 57 140 16 004 09 005 08 005 12 0:.09 0:7 02 PMN J0424-3756
04 28 39 37 57 18 004 19 006 19 005 16 0.08 1.3 01 0:1 0:09 PMN J0428-37562
04 33 13 05 20 108 28 004 26 007 24 008 20 01 1.5 02 0:3 0:09 GB6 J0433+0521
04 38 31 12 48 05 003 08 005 1.0 0:06 11 01 0:6 0:2 0.7 02 PMN J0438-1251
04 40 14 43 33 147 21 004 20 005 18 005 16 0:09 1.2 01 0:3 01 PMN J0440-4332
04 42 52 00 18 10 003 08 005 07 0:.06 1.0 01 1.6 0:2 01 02 PMN J0442-0017
04 49 05 80 59 175 16 003 19 005 18 005 18 0:08 1.3 01 0:0 0:08 PMN J0450-8100
04 53 19 28 07 131 18 003 20 005 19 005 16 0:08 1.5 01 0:0 0:09 PMN J0453-2807
04 55 56 46 17 151 42 004 40 006 39 006 33 01 26 01 0:2 0:05 PMN J0455-4616
04 56 58 23 22 128 26 003 25 004 23 006 20 0:08 26 01 0:1 0:06 PMN J0457-2324
04 57 10 21 45 08 003 08 004 06 0:05 1.0 02 0.0 02

0501 14 22 59 1:1 005 09 0:08 09 01 0:3 04

05 01 19 0159 07 003 10 005 08 0:06 11 01 1.0 0:2 0:3 02 PMN J0501-0159
05 06 16 06 24 4 003 11 005 12 007 06 01 05 02

05 06 56 61 07 154 23 003 20 004 17 004 07 007 1.7 01 0:4 0:.08 PMN J0506-61092
05 13 49 21 55 127 13 003 1.3 004 11 005 210 0:08 0:2 01 PMN J0513-2159
0517 11 62 19 08 0:.03 0:8 0:03 03 0:06 06 01 0:1 02 PMN J0515-6220
05 19 43 45 46 150 77 003 59 005 51 006 40 01 23 01 0:7 0:03 PMN J0519-45462
05 23 02 36 27 139 48 003 44 005 41 006 39 01 38 02 0:2 0:04 PMN J0522-3628
05 25 03 23 37 09 002 10 004 08 005 08 0:07 08 01 0:1 02 PMN J0525-23382
05 25 54 48 28 09 003 14 004 12 005 1.5 0:08 11 01 04 01 PMN J0526-48302
05 27 09 03 38 14 003 15 005 15 0:.06 1.2 01 0:8 02 0.0 01 GB6 J0527+0331
05 27 34 12 41 122 16 004 16 005 14 005 13 0.0 1.3 02 0:2 01 PMN J0527-1241
05 28 35 19 16 0:7 02 0.5 0:08 1.6 4

05 33 22 18 46 04 004 06 005 06 006 09 01 09 02 0:7 03 GB6 J0533+1836
05 33 35 48 24 08 003 05 005 08 0:06 09 0:2 0:1 0:2 GB6 J0533+4822
05 34 35 61 07 08 002 08 003 07 003 07 0:06 07 01 01 01 PMN J0534-6106
05 36 02 19 59 05 01 1.0 0:2 1.8 2

05 36 16 66 09 04 002 07 003 05 003 04 0:05 0:4 0.3 PMN J0535-6601
05 38 51 44 05 148 63 003 66 005 69 006 67 01 6:1 02 0:1 0:.03 PMN J0538-4405
05 39 49 28 42 03 003 06 004 06 004 08 0:08 1.0 03 PMN J0539-2839
05 40 46 54 15 152 11 002 1.3 004 212 005 16 0.07 11 01 02 01 PMN J0540-5418
05 42 30 49 51 095 17 004 14 005 11 0:.06 1.2 01 0:6 0:2 GB6 J0542+4951
05 43 27 73 29 04 002 07 003 06 004 05 0:06 05 01 04 02 PMN J0541-7332
05 46 30 67 18 0:3 003 06 004 06 005 09 0:08 08 02

05 46 45 64 12 156 Q06 002 03 003 04 003 0:9 0:08 00 0:2 PMN J0546-6415
05 50 30 57 31 153 14 003 13 004 13 004 12 007 08 0:1 0:2 01 PMN J0550-5732
05 51 54 37 43 13 003 14 005 13 0:06 06 01 1.0 0:2 01 02 GB6 J0551+37512
05 52 39 66 36 0:1 002 04 004 06 0:06 2.1 06

05 55 48 39 45 100 34 004 24 006 19 007 1.0 01 1.4 02 09 01 GB6 J0555+3948
06 06 36 71 47 10 003 11 004 1.0 004 08 0:07 1.4 01 01 01

06 07 03 67 23 091 15 003 12 004 07 005 06 0:08 09 0:2 GB6J0607+67202
06 08 49 22 20 13 002 1.2 004 12 005 07 0:.08 08 0:1 0:2 01 PMN J0608-2220
06 09 38 15 41 126 37 004 31 006 28 007 22 0:.09 11 02 0:5 0:07 PMN J0609-1542
06 09 50 60 54 03 002 03 004 04 003 08 0:06 08 0:1 0:8 02 PMN J0610-6058
06 15 33 78 42 03 003 04 004 02 004 05 0:08 0:4 04 PMN J0618-7842
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Table 18|Continued

RA [hms] Dec [dm] ID K [Jy] Ka [Jy] Q [Jy] V [Jy] W [Jy] 5 GHz ID

06 21 28 2513 03 003 02 004 02 0:04 1:1 08 PMN J0621-2504
06 23 14 64 36 0 002 1.0 003 10 003 210 004 11 o0:08 0:0 0:08 PMN J0623-6436
06 27 06 05 53 15 004 07 005 04 0:06 2.0 03 PMN J0627-0553
06 29 31 19 57 130 15 003 1.4 004 13 005 06 0:08 0:3 01 PMN J0629-1959
06 30 39 09 33 15 003 10 005 09 006 07 01 1.2 02 06 01

06 34 37 23 36 07 002 06 004 05 005 05 0:07 05 03 PMN J0634-2335
06 35 51 75 17 167 46 003 43 004 39 004 31 0:08 26 01 0:3 0:04 PMN J0635-7516
06 36 35 20 32 134 13 003 15 004 09 005 211 0:08 0.0 01 PMN J0636-20412
06 39 32 73 27 087 07 003 05 004 07 004 09 0:08 0:1 02 GB6 J0639+7324
06 46 30 44 50 099 29 004 23 006 21 0:.06 1.5 01 20 02 0:5 0:.08 GB6 J0646+4451
06 48 23 17 45 06 004 06 005 07 0:09 09 0:2 0:3 04 PMN J0648-1744
06 50 20 16 35 31 003 29 005 25 007 16 0:09 22 02 0:4 0.07 PMN J0650-16372
06 51 56 64 51 01 002 04 003 04 003 06 0:06 1.4 04

06 59 49 17 07 14 003 14 005 13 0:06 11 01 01 02 GB6 J0700+1709
07 20 06 62 21 05 002 08 004 1.0 004 08 0:07 09 01 0.6 0:2 PMN J0719-6218
07 21 52 7121 20 003 22 005 22 005 22 0:.09 26 0:2 0:2 0:.07 GB6 J0721+7120
07 25 54 00 52 07 003 11 005 16 0:.07 19 01 1.4 02 09 01 PMN J0725-0054
07 26 48 67 43 06 002 04 004 05 005 07 0.08 0:1 0:3 GB6J0728+6748
07 30 19 1141 53 004 51 006 48 0:.07 39 01 24 02 0:3 0:04 PMN J0730-1141
07 34 09 50 20 11 003 13 005 14 0.06 11 01 2.0 032 0:3 01 GB6 J0733+50222
07 38 07 17 43 113 13 004 08 005 09 006 09 01 0:5 0:2 GB6J0738+1742
07 39 16 01 36 124 16 003 15 005 1.8 0:07 1.7 01 1:3 02 01 01 GB6 J0739+0136
07 41 22 3111 107 13 004 11 006 08 007 08 01 0:5 0:2 GB6J0741+3112
07 43 45 67 27 161 14 003 09 004 07 004 06 007 1.2 01 05 01 PMN J0743-67262
07 45 28 10 15 118 11 004 12 005 09 006 06 01 0:1 0:2 GB6J0745+1011
07 46 04 00 45 09 003 08 005 08 006 07 01 0:2 02 PMN J0745-0044
07 48 08 16 47 13 003 1.7 005 14 005 07 0:.09 0.2 01 PMN J0748-16392
07 48 39 23 55 Q9 004 10 006 09 0:07 1.0 01 0:1 02 GB6 J0748+2400
07 50 53 12 30 117 37 004 35 006 34 008 29 01 2.6 02 0:2 0:.07 GB6 J0750+1231
07 53 45 53 54 11 003 14 005 10 0:07 07 01 01 02 GB6 J0753+53532
07 57 04 09 57 120 11 003 10 005 1.3 0:06 1.2 01 1.5 02 02 01 GB6 J0757+0956
08 05 47 61 33 g8 003 07 005 08 006 06 0:.09 07 0:2 0:2 02

08 08 19 07 50 133 16 003 1.7 005 16 0:.06 1.7 01 1.5 02 0.0 01 PMN J0808-0751
08 11 37 01 44 08 003 05 005 05 006 06 01 0:5 0:3 GB6J0811+0146
08 13 16 48 18 11 003 L1 005 212 007 05 01 0:0 0:2 GB6J0813+4813
08 16 24 24 25 145 Q08 003 1.2 004 12 005 08 0:08 05 01 04 02 PMN J0816-2421
08 18 25 42 22 12 004 16 005 213 0.07 12 01 1.6 02 02 01 GB6 J0818+4222
08 23 18 22 24 12 004 14 006 213 0:08 1.3 01 1.0 0:2 01 02 GB6 J0823+2223
08 24 50 39 14 10 004 11 006 09 007 07 01 0:1 0:2 GB6J0824+39162
08 25 48 03 11 125 19 004 20 006 1.8 0:07 19 01 1.2 02 0:0 0:1 GB6 J0825+0309
08 26 09 22 32 09 003 07 004 07 005 09 0:09 0:1 02 PMN J0826-2230
08 30 54 24 10 112 10 004 14 006 11 0:07 1.7 01 1.9 02 05 01 GB6 J0830+2410
08 34 17 55 32 10 003 08 005 07 0:06 1.0 01 1.5 02 01 02 GB6 J0834+5534
08 36 47 20 14 144 26 004 23 006 19 005 11 0:09 1.2 02 0:6 0:09 PMN J0836-2017
08 37 57 58 23 15 003 15 005 13 0:.06 1.0 01 0:3 0:1  GB6 J0837+5825
08 40 41 1312 121 18 0:.04 17 006 15 0:07 1.2 01 0:3 0:1  GB6 J0840+1312
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Table 18|Continued

RA [hms] Dec [dm] ID K [Jy] Ka [Jy] Q [Jy] V [Jy] W [Jy] 5 GHz ID

08 41 27 70 54 089 21 003 21 005 20 005 1.8 008 L1 01 0:2 0:08 GB6 J0841+7053
08 47 50 07 04 09 003 09 005 1.2 0:06 1.0 01 11 02 0:3 0:2 PMN J0847-0703
08 51 17 59 21 05 003 08 005 L1 005 07 008 10 01 0.7 02 PMN J0851-5924
08 54 47 20 06 115 45 005 50 008 50 008 48 01 40 02 0:1 0:.05 GB6 J0854+2006
09 02 16 14 14 13 003 15 005 16 0:06 14 01 1.6 02 02 01 PMN J0902-1415
09 03 16 46 48 11 004 09 006 07 006 06 01 09 02 0:4 02 GB6 J0903+4650
09 04 12 31 08 06 002 07 004 09 005 07 008 09 02 0:4 02 PMN J0904-3110
09 04 20 57 33 07 003 112 004 11 005 1.0 008 11 02 04 01 PMN J0904-5735
09 07 53 20 21 12 003 1.0 005 05 0:.06 1.0 01 1.0 02 0:4 02 PMN J0907-2026
09 09 18 0118 132 18 004 15 006 1.4 0:07 11 01 0.5 02 GB6 J0909+0121
09 09 50 42 54 09 004 10 006 09 006 07 01 0:1 02 GB6 J0909+4253
09 14 40 02 49 15 004 17 006 16 0.07 1 01 21 02 01 01 GB6 J0914+0245
09 18 14 12 03 143 21 004 09 005 06 0:.06 2.3 03 PMN J0918-1205
09 20 43 44 41 16 004 14 006 15 0:05 1.7 01 1.2 02 0.0 01 GB6 J0920+4441
09 21 06 62 14 11 003 10 004 09 005 08 0:09 0:2 02 GB6 J0921+6215
09 21 39 26 19 14 004 1:3 005 L2 0:.06 12 01 08 02 0:3 01 PMN J0921-2618
09 23 14 40 04 1 003 11 004 12 004 09 008 07 01 01 01 PMN J0922-39592
09 24 06 28 16 10 004 09 006 11 006 08 01 1.0 02 0:0 0:2 GB6 J0923+2815
09 27 05 39 01 105 81 004 69 007 63 007 52 01 36 02 0:4 0:03 GB6 J0927+3902
09 29 14 50 16 06 003 07 005 06 005 08 009 11 02 0:3 02 GB6 J0929+5013
09 48 55 40 38 104 14 003 17 005 1.7 0:06 19 01 1.6 02 0:3 01 GB6 J0948+4039
09 55 45 69 36 088 15 004 15 005 11 004 11 009 112 02 0:3 01 GB6 J0955+6940
09 56 39 25 14 08 003 10 005 09 006 08 01 0:1 02 GB6 J0956+2515
09 57 22 55 26 10 003 08 005 09 005 06 0:09 0:3 02 GB6 J0957+5522
09 58 10 47 22 098 13 003 14 005 1.6 005 1.2 0:09 0:2 01 GB6 J0958+4725
09 59 07 65 31 11 003 L1 004 09 004 08 008 08 01 0:3 01 GB6 J0958+6534
10 05 56 34 57 06 003 06 005 04 007 0:3 05 GB6 J1006+34532
10 14 15 23 03 119 11 003 09 005 09 0:06 1.0 01 0:3 0:2 GB6 J1014+2301
101511 45 11 13 003 1.0 004 09 0:04 0:7 02 PMN J1014-4508
10 17 40 3551 Q7 003 09 005 08 006 09 01 0:2 02 GB6 J1018+3550
10 18 48 3131 1 003 1.0 004 07 006 05 0.09 0:6 02 PMN J1018-3123
10 22 16 40 02 11 003 12 005 13 006 05 01 0:2 02 GB6 J1022+4004
10 32 49 41 17 103 12 003 09 005 08 005 08 01 14 02 0:3 01 GB6 J1033+4115
10 33 42 60 50 09 003 10 004 09 004 06 007 08 01 0:1 02 GB6 J1033+60512
10 35 24 20 06 08 003 04 005 02 006 04 01 1.4 05 PMN J1035-20112
10 36 31 37 38 09 003 08 004 04 0:05 0.5 03 PMN J1036-3744
10 37 21 29 34 18 004 17 005 15 0:06 1:3 01 1.7 02 0:2 01 PMN J1037-2934
10 38 33 05 10 142 13 003 09 005 1.2 006 09 01 0:4 02 GB6 J1038+0512
10 41 28 06 11 09 003 1.2 005 1.0 006 08 01 0:1 02 GB6 J1041+0610
10 41 46 47 34 163 11 0:03 0:7 0:04 1.6 02 0:2 02 PMN J1041-4740
10 42 59 24 04 Q7 0.03 07 005 09 0:06 1.8 0:2 0:6 02 GB6 J1043+2408
10 47 03 71 42 083 11 003 09 005 06 0.04 0:8 0.3 GB6 J1048+7143
10 47 59 19 10 13 003 1.0 005 05 0:06 11 03 PMN J1048-1909
10 56 22 8112 12 003 L1 004 09 005 08 009 08 02 0:3 0:2

10 58 27 01 34 149 53 004 50 006 48 007 47 01 31 02 0:2 0:04 GB6 J1058+0133
1059 12 80 03 176 25 003 27 005 27 005 26 01 1.9 01 0:1 0:.06 PMN J1058-8003
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11 02 01 72 27 12 0:03 1.2 0:05 1.2 0:.04 06 0:09 0:2 0:2 GB6 J1101+72252
11 02 08 44 02 06 0:02 0:8 0:03 0:6 0:05 09 0:08 0:4 02 PMN J1102-4404
11 07 15 44 46 166 17 0:03 1.7 0:04 1.6 0:05 1.4 0:08 08 01 0:2 0:09 PMN J1107-4449
11 18 07 46 33 12 0:02 0:8 0:03 0:8 0:05 0:8 0:08 08 0:2 06 01 PMN J1118-4634
11 18 32 12 32 12 0:03 1.1 0:05 1:1  0:06 05 01 1:1 02 0:3 02 PMN J1118-12322
11 18 48 12 38 10 0:03 0:8 0:05 09 0:06 08 01 0:3 0:2 GB6 J1118+1234
11 27 05 18 58 159 14 0:03 1.4 0:05 1.6 0:06 14 01 1.9 0:2 01 01 PMN J1127-1857
1130 11 14 51 157 21 0:04 1.7 0:05 2.0 0:07 1.2 01 23 02 0:2 01 PMN J1130-1449
11 30 49 38 14 101 10 0:03 1.0 0:05 1.0 005 08 009 13 0:2 00 01 GB6 J1130+38152
11 37 30 74 14 09 0:03 0.7 0:04 0:3 0:05 0:4 0:09 0:8 03 PMN J1136-7415
11 45 10 69 58 a8 0:03 09 0:04 09 005 1.0 008 10 01 02 01 PMN J1145-6953
11 46 07 48 43 08 0:02 1.0 0:04 0:7 0:05 1.0 0:09 1.2 02 02 01 PMN J1145-48362
11 46 54 40 00 11 0:03 1:3 0:04 1:3 0:05 09 0:09 0:2 02 GB6 J1146+39582
11 47 06 38 11 169 22 0:04 2:3 0:06 2.2 0:07 20 01 1.6 02 0:1 0:09 PMN J1147-3812
11 50 27 79 27 15 0:03 1.1 0:04 0:6 0:05 0:8 0:09 1.0 0:2 PMN J1150-7918
11 50 45 00 26 a7 0:03 04 0:05 0.6 0:06 0:4 04 PMN J1150-0024
11 52 33 08 45 09 0:03 09 0:05 1.2 0:06 06 01 0:2 02 PMN J1152-0841
11 53 12 49 32 090 22 0:03 21 0:05 21 0:06 1.7 0:08 1:3 01 0:2 0:08 GB6 J1153+49312
11 54 15 3514 09 0:03 09 0:05 09 0:06 08 01 0:0 0:2 PMN J1154-3504
11 55 42 81 03 078 09 0:03 0.7 0:04 0:7 0:05 09 0:09 1:3 02 01 02 1Jy 1150+81

11 57 44 16 36 10 0:03 1.1 0:05 1:1  0:06 1.0 01 1:1 02 0.0 0:2 GB6 J1157+1639
11 59 35 29 14 111 22 0:04 2:2 0:06 221 0:07 1.6 0:1 0:8 0:2 0:2 01 GB6 J1159+2914
12 03 30 48 08 Q9 0:02 0.7 0:04 0:6 0:05 0:2 0:08 07 02 05 02 GB6 J1203+48032
12 05 51 26 39 11 0:.04 1.0 0:05 1.0 0:06 09 01 1:3 02 0:0 0:2 PMN J1205-2634
12 06 57 52 18 00 0:04 15 0:04 1:1 005 08 0:08 1:0 03 PMN J1205-52174
12 08 20 24 00 172 11 0:03 1.1 0:06 0.5 0:06 08 01 05 03

12 09 04 52 23 1.7 0:04 0:7 0:05 05 0:08 26 05

12 11 39 52 35 42 0:03 25 0:04 1.9 0:06 1.2  0:08 1:3 0:08 PMN J1212-52452
12 15 58 17 29 173 16 0:03 1:3 0:05 1:3 0:06 09 01 0:8 0:2 05 01 PMN J1215-1731
12 18 58 48 31 Q9 0:02 11 0:03 09 004 1.0 008 05 01 01 01 GB6 J1219+4830
1219 21 05 49 164 30 0:04 2:3 0:06 21 0:06 1.3 01 1:3 0:2 0:7 0:09 GB6 J1219+0549A 2
12 22 12 04 13 06 0:03 0:6 0:05 0:7 0:06 07 01 0:2 03 GB6 J1222+0413
12 24 28 83 08 178 10 0:03 1.2 0:04 1:1  0:05 1.1 0:08 0:2 02 PMN J1224-8312
12 24 40 21 24 06 0:03 0.5 0:05 0.5 0:06 06 01 0:2 03 GB6 J1224+2122
12 29 06 02 03 170 242 0:04 221 006 209 007 186 01 152 0:2 0:3 0:.01 GB6 J1229+0202
12 30 51 12 23 165 214 0:04 166 006 142 007 106 01 80 0:2 0:7 0:01 GB6 J1230+1223
12 39 31 07 27 12 0:03 11 0:05 09 0:06 1.3 01 0:2 0:2 GB6 J1239+0730
12 39 44 10 25 09 0:03 0:8 0:05 0:8 0:06 1.0 01 1:3 02 01 02 PMN J1239-1023
12 46 52 25 46 177 13 0:03 1.1 0:06 1.5 0:06 1.8 01 0:8 0:2 0:2 01 PMN J1246-2547
12 48 54 46 00 06 0:03 05 0:05 07 005 05 009 09 0:2 02 02 PMN J1248-4559
12 55 11 71 32 05 0:03 0:2 0:04 0:2 0:04 0:3 0:08 0:8 05 PMN J1254-7138
12 56 12 05 47 181 177 0:04 184 007 184 007 174 01 146 02 0:0 0:01 PMN J1256-0547
12 58 09 31 59 180 14 0:03 1.2 0:05 1.3 0:06 06 01 11 02 0:3 0:1 PMN J1257-3154
12 58 27 32 26 06 0:03 0.6 0:04 0:4 0:05 05 01 0:3 03 GB6 J1257+32292
12 58 50 22 22 10 0:04 09 0:05 0:7 0:06 1.0 01 0:3 0:2 PMN J1258-2219

12 59 17 5141 04 0:03 0.6 0:04 0.6 0:04 05 0:08 1.2 01 06 02 GB6 J1259+51412
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13 02 33 57 46 Q7 003 08 004 05 004 06 008 11 02 0:0 0:2 GB6 J1302+5748
13 05 18 10 31 08 004 07 005 05 0:06 11 01 1.2 02 0:2 02 PMN J1305-1033
13 05 55 49 30 12 003 1.0 005 10 005 L1 009 10 02 0.2 01 PMN J1305-4928
13 10 40 32 22 052 26 003 25 005 24 006 15 009 13 02 0:3 0:08 GB6 J1310+3220
13 16 08 33 38 182 19 004 19 005 22 006 21 01 1.6 02 0:1 0:09 PMN J1316-3339
13 18 06 42 05 0:4 006 06 01 11 1

13 24 29 10 49 07 003 10 005 08 0:06 1.2 01 1.5 02 0:6 0:2 PMN J1324-1049
13 27 20 22 10 08 003 11 005 08 005 06 01 1.5 02 0:3 02 GB6 J1327+22102
13 28 40 32 03 13 003 07 005 05 005 05 0:09 1.5 03

13 30 52 25 02 11 003 12 005 13 005 1.0 01 0:2 02 GB6 J1330+25092
1331 19 30 31 026 23 003 17 005 13 005 07 0:09 1.0 01 GB6 J1331+3030
13 32 49 0159 16 003 18 005 16 0:.06 1.5 01 1.5 02 0.0 01 GB6 J1332+0200
1333 14 27 24 08 003 1.0 005 1.0 0:05 1.0 01 0:4 02 GB6 J1333+27252
13 36 51 33 58 185 21 004 17 005 13 006 09 01 08 02 0:7 01 PMN J1336-3358
13 37 40 12 57 188 61 004 64 006 66 007 63 01 52 02 0:0 0:.03 PMN J1337-1257
13 43 27 66 00 05 003 02 004 03 0:04 1.6 07 GB6 J1344+6606 2
13 47 45 12 18 10 003 12 005 12 0:.06 1.0 01 0:2 02 GB6 J1347+1217
13 52 22 3122 08 003 04 004 06 005 07 009 09 02 0:1 02 GB6 J1352+3126
13 54 49 10 42 197 12 003 08 005 05 006 07 01 0:9 03 PMN J1354-1041
13 56 41 76 44 Q7 003 06 005 06 004 09 009 06 02 01 02 ¢

13 56 55 19 18 004 17 004 16 005 15 005 1.5 01 1.0 02 0:2 01 GB6 J1357+1919
1357 11 15 33 05 0:.03 0:8 0:2 0:4 04 PMN J1357-1527
14 09 00 07 49 203 Q8 003 07 005 08 0:06 05 02 0:1 03 1Jy 1406-076
14 11 07 52 16 10 003 04 004 04 005 1.9 04 GB6 J1411+5212
14 1551 13 23 11 003 12 005 09 006 07 01 08 02 0:3 02 GB6 J1415+1320
14 17 54 46 11 08 0:.03 08 004 08 0:04 0:1 02 GB6 J1417+4606
14 19 30 54 26 Q7 003 06 004 07 004 08 0:08 0:1 02 GB6 J1419+54232
14 19 40 38 22 042 11 002 13 004 14 004 10 007 10 01 02 01 GB6 J1419+3822
14 20 10 27 03 09 003 13 004 211 005 210 009 11 02 0:3 01 GB6 J1419+27062
14 27 29 33 03 193 Q9 003 14 005 17 0:.06 19 01 09 01 PMN J1427-3306
14 27 53 42 06 191 30 004 27 006 25 007 23 01 1:8 02 0:3 0:07 PMN J1427-4206
14 37 15 63 35 Q7 003 03 004 03 004 07 0:08 0:3 03 GB6 J1436+63362
14 38 21 22 06 13 003 11 005 12 0:06 14 01 0.0 01 PMN J1438-22042
14 42 54 51 57 09 003 11 004 210 004 10 0:08 0:2 02 GB6 J1443+5201
14 46 28 16 22 1 003 1.0 005 L1 0:06 1.0 01 09 02 0.0 02 PMN J1445-1628
14 54 18 37 49 13 003 12 005 L1 0:06 1.0 01 0:2 02 PMN J1454-3747
14 57 13 35 37 06 003 07 005 L1 0:06 1.3 01 1.4 02 0.7 02 PMN J1457-3538
14 58 16 71 40 071 12 003 07 005 05 004 06 008 09 01 0:7 02 GB6 J1459+7140
15 03 02 41 56 27 004 23 006 20 0:06 16 01 1.5 02 0:5 0:09 PMN J1503-4154
15 04 27 10 30 006 19 004 20 005 17 0:.06 1.2 01 1.5 02 0:2 01 GB6 J1504+1029
15 06 54 16 41 1 004 06 006 07 007 08 01 11 02 0:4 0.2 PMN J1507-1652 2
15 07 05 42 32 04 003 03 004 07 004 07 0:08 0:8 03 GB6 J1506+4239
15 10 37 05 46 09 004 10 005 09 006 09 01 1.0 02 0.0 02 PMN J1510-0543
15 12 45 09 05 207 21 004 20 005 20 006 21 01 1.7 02 0:1 0:09 1Jy 1510-08

15 13 58 10 14 1 004 09 006 07 0:06 07 01 1.1 02 0:3 02 PMN J1513-1012
15 16 42 00 15 002 17 004 21 005 20 0:06 20 01 1.5 02 01 01 GB6 J1516+0015
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15 16 59 19 25 06 003 05 004 07 005 L0 0:.09 0:4 02 GB6 J1516+1932
15 17 43 24 21 205 22 004 22 006 21 007 20 01 1.5 02 0:1 0:09 PMN J1517-2422
15 34 54 01 26 08 003 06 005 08 006 07 01 0:2 0:2 GB6J1534+0131
15 40 58 14 46 Q9 003 07 005 06 005 07 0.09 0:5 0:2 GB6 J1540+1447
15 49 32 02 36 005 26 004 27 006 25 0.07 19 01 22 02 0:1 0:.08 GB6 J1549+0237
1549 35 50 35 08 003 05 004 06 0:04 0:7 0:3 GB6 J1549+5038
15 50 37 05 26 007 28 004 26 006 22 007 19 01 1.6 02 0:4 0:.08 GB6 J1550+0527
16 02 08 33 28 11 003 09 004 11 004 07 0:08 1.4 01 0:1 0:1 GB6 J1602+3326
16 04 30 57 18 Q9 003 11 004 1.2 004 08 0:07 09 01 02 01 GB6 J1604+5714 2
16 08 55 10 27 009 17 004 16 005 18 005 19 01 1.7 02 01 01 GB6 J1608+1029
16 13 41 34 12 023 37 003 32 005 29 005 23 0:09 1.8 01 0:4 0:.06 GB6 J1613+3412
16 17 57 77 16 183 23 003 21 005 19 005 16 0:08 1.0 01 0:4 0:.08 PMN J1617-7717
16 23 41 68 15 08 002 09 003 06 0:05 0:2 02 PMN J1624-6809
16 32 56 82 27 076 15 003 1.7 004 215 006 19 0.08 07 01 0:1 0:09 d

16 35 16 38 07 033 38 003 42 005 42 005 38 01 34 02 0:0 0:04 GB6 J1635+3808
16 37 30 47 13 12 003 12 004 13 004 12 0:08 01 01 GB6 J1637+4717
16 38 15 57 22 056 17 003 1.7 004 216 005 16 0.07 15 01 0:1 0:08 GB6 J1638+5720
16 42 26 68 54 069 22 003 21 004 20 004 1.9 0:08 20 01 0:1 0:.06 GB6 J1642+68562
16 42 53 39 48 035 72 003 67 005 62 005 54 01 46 02 0:3 0:03 GB6 J1642+3948
16 42 57 77 14 07 003 07 004 06 004 08 0:08 1.2 01 02 02 PMN J1644-7715
16 48 14 41 09 Q7 003 08 004 11 004 09 0.08 09 01 05 02 GB6 J1648+4104 2
16 51 05 04 56 010 15 004 07 005 04 0:06 07 01 1.5 03 GB6 J1651+0459
16 54 12 39 41 036 13 003 12 004 11 004 05 0:08 06 01 0:3 0:1 GB6J1653+39452
16 57 18 57 07 03 002 03 004 05 004 08 0:07 07 01 1.0 03 GB6 J1657+5705
16 58 04 47 49 13 003 15 004 09 0:.04 0:3 02

16 58 05 07 42 013 18 004 19 006 1.8 007 16 0:09 0:1 0:1 GB6J1658+0741
16 58 50 05 16 09 003 06 005 06 005 06 01 0:6 0:3 GB6 J1658+0515
16 59 50 68 26 02 002 04 003 05 003 08 0.06 1.3 01 1.2 02 GB6 J1700+6830
17 01 31 39 57 Q7 003 08 004 10 005 09 0.08 1.5 02 04 01 GB6 J1701+3954
17 03 34 62 13 198 18 003 20 004 19 006 19 0:09 07 0:2 0:0 0:09 PMN J1703-6212
17 07 39 01 47 08 003 07 005 10 006 06 01 0:1 02 GB6 J1707+0148
17 16 16 68 42 06 002 07 003 04 003 06 0:.06 0:2 0:2 GB6J1716+6836
17 20 09 00 50 12 005 07 006 09 007 07 01 0:7 02 0:6 0:2 GB6 J1720+0049
17 24 05 65 00 196 24 003 20 005 16 005 16 0:09 1.0 01 0:5 0:09 PMN J1723-6500
17 27 18 45 30 043 11 003 10 004 09 005 09 0:08 11 01 0:1 0:1 GB6 J1727+4530
17 28 19 04 28 02 003 04 005 05 005 07 01 1.4 05 GB6 J1728+0426
17 34 17 38 57 038 12 003 14 004 12 005 1.2 0:08 0:1 01 GB6 J1734+3857
17 35 52 36 16 08 003 06 004 07 005 04 01 0:3 0:3 GB6J1735+3616
17 36 12 79 34 186 12 003 15 004 15 004 09 0:08 0:2 01 PMN J1733-7935
17 37 03 06 26 08 003 11 005 08 005 08 01 09 02 02 02 GB6 J1737+06202
17 37 23 56 45 14 003 11 005 L1 0:06 04 02

17 38 14 50 20 09 003 04 004 04 005 05 0.08 09 03

17 40 11 47 39 g8 003 07 004 08 004 09 0:.08 09 01 01 02 GB6 J1739+4738
17 40 37 52 13 048 13 002 12 004 12 004 1.2 0:07 1.0 01 0:1 0:1 GB6J1740+5211
17 47 42 70 03 068 06 002 07 003 07 003 08 005 09 0:08 02 01 GB6 J1748+7005
17 51 36 09 37 46 0:.04 48 006 48 007 45 01 37 02 0:0 0:04 GB6 J1751+0938
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17 53 30 28 48 022 20 0:.03 1.9 0:.05 1.8 0:05 1.7 0:.08 14 01 0:2 0:.08 GB6 J1753+2847
17 53 42 44 01 05 0:03 0.6 0:04 0:9 0:05 06 01 0.7 03 GB6 J1753+44102
17 59 01 66 33 064 07 0:.01 05 0:.01 06 003 05 005 05 0:08 0:4 01 GB6J1758+66382
17 59 55 38 53 10 0:03 0.6 0:04 0.6 005 05 0.08 0:9 0:2 GB6J1800+3848%2
18 00 34 78 27 072 21 0:.03 21 0:05 1.9 0:05 1.8 0:.09 1.3 01 0:2 0:.08 1Jy 1803+78

18 01 36 44 03 14 0:03 1.6 0:05 1.6 0:05 1.6 0:08 09 01 01 01 GB6 J1801+4404
18 03 03 65 07 199 12 0.03 1.2 004 1.4 005 07 0:08 09 02 0.0 01 PMN J1803-6507
18 06 44 69 49 067 14 0:02 1.3 0:.03 1.1 004 09 005 1.0 0:08 0:4 0:.08 GB6 J1806+6949
18 08 34 57 01 05 0:02 06 0:04 1.0 0:04 11 007 1.0 02 GB6 J1808+57092
18 09 01 45 45 Q6 0:03 0.6 0:04 05 004 04 0.08 0:1 0:3 GB6 J1808+4542
18 11 55 06 48 a8 0:03 0:7 0:05 0:8 0:05 05 01 0:2 0:2 GB6J1812+0651
18 12 33 55 51 Q2 0:02 02 0:04 04 004 07 0.08 06 01 1.2 03

18 19 51 5521 07 0:.03 0:2 0:05 0.5 0:05 0:8 04 PMN J1819-5521
18 20 04 63 42 200 16 0:.03 1.4 0:.04 1.5 0:05 1.6 0:09 1.5 02 0:1 01 PMN J1819-6345
18 24 08 56 49 053 15 0:03 1.2 004 1.3 0:04 1.0 0.07 09 01 0:4 0:1 GB6 J1824+5650
18 25 19 67 38 0:1 003 04 004 09 0:08 20 05

18 29 42 48 45 046 30 0:.03 29 0:05 2:6 0:05 21 0:09 1.7 01 0:3 0:06 GB6 J1829+4844
18 32 49 68 42 04 003 07 005 06 0:09 10 04 GB6 J1832+6848
18 34 33 58 56 13 0:03 1.3 0:.04 1.2 005 07 0:.09 1.0 0:2 0:2 01 PMN J1834-5856
18 35 07 32 46 Q9 0:03 0.8 0:04 0.6 005 04 0.08 07 02 0:4 0:2 GB6J1835+3241
18 37 29 7105 192 21 0:03 2.0 0:05 1.7 0:05 1.4 0.06 0:4 0:.08 PMN J1837-7108
18 38 17 67 22 0:7 0:04 09 004 08 006 06 0:09 01 03 GB6 J1838+6722
18 40 36 79 47 073 15 0:03 1.0 0:.04 0.6 0:04 1:3 02 1Jy 1845+79

18 42 48 68 09 066 13 0:02 1.4 0:.04 1.4 0:03 15 005 09 0:.09 01 0:.07 GB6 J1842+68092
18 48 27 3220 05 0:03 02 0:.04 0:2 0:05 09 0:2 02 03 GB6 J1848+3219
18 49 32 67 05 065 19 0:02 21 0:04 21 0:03 21 0:07 0:2 0:06 GB6 J1849+67052
18 50 41 28 23 028 16 0:03 1.3 0:.04 1.3 0:.04 08 0:08 0:5 0:1  GB6 J1850+2825
18 52 37 40 27 Q5 0:03 0.7 0:04 0.7 0:05 0:7 03 GB6 J1852+4019
19 01 46 36 59 16 0:04 1.6 0.05 1.3 0:06 1.9 01 46 02 0:5 0:.08

19 02 49 3154 034 15 0:03 1.4 0:.04 1.0 0:04 05 0:2 GB6 J1902+3159
19 11 07 20 07 24 0:.04 2.6 0:06 2.7 0:07 26 01 25 02 0:1 0:.07 PMN J1911-2006
19 15 12 80 04 10 0:03 06 0:04 0.5 0:05 1.0 03 PMN J1912-8010
19 23 30 21 05 008 23 0:04 2.3 0:05 2.6 007 25 01 2.0 032 0:1 0:09 PMN J1923-2104
19 24 28 3321 Q6 0:03 07 0:04 0.8 004 08 0.08 09 0:2 0:3 02 GB6 J1924+3329
19 24 52 29 14 145 0:04 137 007 129 0:.07 117 01 95 02 0:2 0:02 PMN J1924-2914
19 27 40 61 19 059 09 0:.02 0:8 0:04 07 004 09 0.07 0:1 0:2 GB6J1927+6117
19 27 43 73 57 070 38 0:.03 37 0:04 33 0:05 30 0:08 1.6 01 0:2 0:04 GB6 J1927+7357
19 37 05 39 58 10 0:03 1.0 0:.05 1.0 0:06 1.2 01 0.0 02 PMN J1937-3957
19 38 37 04 51 Q9 0:03 0:7 0:05 0.6 0:06 0:8 0:3 GB6J1938+0448%2
19 38 54 63 41 09 0:.03 07 0:04 0:7 0:05 07 01 0:4 02 PMN J1939-63422
19 39 17 15 25 11 0:03 1.2 0:.05 1.3 0:06 08 01 0:1 02 PMN J1939-1525
19 40 43 69 19 10 0:02 1.0 0:.04 0.7 0:04 04 02

19 41 52 76 01 02 0:03 05 0:04 0.6 0:04 1.0 0:08 1.2 01 1.2 02 PMN J1942-75552
19 51 25 67 49 08 0:02 1.2 004 1.0 0:04 1.0 0.07 0:4 01 GB6 J1951+6743
19 52 18 02 34 Q7 0:03 0:7 0:05 0.5 0:06 07 01 0:1 0:3 GB6 J1952+0230
19 55 40 51 39 051 12 0:03 1.0 0:.04 09 004 06 0:.08 0:6 0:2 GB6 J1955+5131
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19 58 02 38 44 003 31 004 32 006 29 007 25 01 18 02 0:2 0:07 PMN J1957-3845
20 00 58 17 49 011 21 004 20 005 22 0:06 23 01 21 02 0:1 0:08 PMN J2000-1748
20 05 12 64 25 05 002 08 004 06 004 03 007 08 01 0:3 02 GB6 J2006+6424 2
20 05 51 77 53 Q7 002 07 004 07 004 1.2 007 08 01 05 01 1Jy 2007+77

20 07 45 66 15 08 002 07 004 06 004 02 0:08 0:6 0:2 GB6 J2007+6607
20 09 24 48 49 1 003 09 005 06 005 05 01 0:9 0:3 PMN J2009-4849
20 09 54 72 32 Q6 002 07 004 09 004 08 007 08 01 0:3 0:2 GB6 J2009+7229
2011 22 15 48 014 19 004 12 005 10 006 09 01 1:.0 0:2 PMN J2011-1546
20 16 14 65 56 08 0:02 1.0 004 09 004 210 0:07 0:2 0:2 GB6 J2015+6554 2
20 22 29 61 36 063 15 003 15 005 14 004 09 008 06 01 0:3 01 GB6 J2022+6137
20 23 49 54 27 04 003 1.0 004 L1 004 09 008 07 01 07 02 GB6 J2023+5427
20 24 25 17 11 031 12 003 1.3 005 12 0:05 1.3 01 09 0:2 01 01 GB6 J2024+1718
20 25 44 07 36 07 004 1.0 006 1.2 0:06 1.3 01 0:6 02 PMN J2025-0735
20 34 46 68 46 194 Q7 003 08 004 10 004 L1 006 10 01 04 01 PMN J2035-6846
20 35 10 10 54 05 003 08 005 06 0:06 1:2 02 06 0:2 GB6 J2035+1055
20 56 12 47 16 208 29 004 31 006 29 007 27 01 26 02 0:1 0:06 PMN J2056-4714
20 56 36 3122 27 0:.03 0:6 0:09 1.5 03

21 01 31 03 44 13 003 11 005 07 0:06 11 01 1:1 02 0:4 02 GB6 J2101+0341
21 02 56 78 31 06 003 04 004 07 005 0:4 03 PMN J2105-78252
21 07 27 25 22 09 003 09 005 06 0:06 06 01 0:4 03 PMN J2107-2526
21 09 34 41 11 001 15 003 14 005 211 006 1.2 01 1:8 0:2 0:2 01 PMN J2109-4110
21 09 42 35 37 049 06 003 07 004 06 004 07 007 0:1 0:2 GB6 J2109+35322
21 21 00 80 44 01 003 03 004 05 005 07 01 1.6 0:6

21 23 42 05 36 027 19 004 14 005 L1 006 09 01 06 02 0:9 0:1 GB6 J2123+0535
21 24 18 2513 08 003 06 005 06 006 03 01 1.3 02 0.0 0:2

21 31 33 12 06 017 27 004 25 007 25 007 23 01 1.6 0:2 0:2 0:08 PMN J2131-1207
21 34 07 01 53 020 23 004 21 006 1.7 006 18 01 19 02 0:3 0:09 PMN J2134-0153
21 36 37 00 41 025 49 004 37 007 30 007 1:8 01 1.5 02 0:9 0:07 GB6 J2136+0041
21 39 17 14 25 041 25 004 24 006 20 0:07 14 01 1:3 0:2 04 01 GB6 J2139+1423
21 43 25 17 43 044 12 003 16 005 09 005 12 01 09 02 0:0 0:1 GB6J2143+17432
21 47 29 75 40 10 003 08 004 09 005 05 0:08 04 02 PMN J2147-75362
21 47 52 77 59 184 18 003 17 004 14 005 08 0:08 05 01 PMN J2146-7755
21 48 05 06 57 037 73 004 69 006 67 007 62 01 50 0:2 0:2 0:03 GB6 J2148+0657
21 51 50 30 27 2 003 11 005 1.3 0:06 14 01 1.5 0:2 0:2 01 PMN J2151-3028
21 57 06 69 42 190 39 003 31 005 28 005 22 0:08 0:6 0:06 PMN J2157-6941
21 58 05 15 02 018 19 004 18 007 218 0:06 1.3 01 0:2 01 PMN J2158-1501
22 02 51 42 17 058 38 003 40 005 39 005 35 01 0:0 0:05 GB6 J2202+4216
22 03 20 31 46 054 28 0:03 24 005 22 006 L7 009 14 02 0:4 0:08 GB6 J2203+3145
22 03 23 17 23 045 14 003 16 005 15 0:05 1.2 01 01 01 GB6 J2203+1725
22 06 12 18 38 016 20 004 16 005 14 006 10 01 0:6 0:1 PMN J2206-1835
22 07 07 53 48 10 003 08 004 07 005 03 009 0:6 0:2 PMN J2207-5346
22 11 42 23 53 050 11 003 16 005 1.7 005 15 009 1.2 02 04 01 GB6 J2212+2355
22 12 43 25 27 08 003 08 005 05 006 11 01 01 0:2 PMN J2213-25292
22 18 50 03 35 030 20 004 13 005 214 006 1.3 01 0:6 01 PMN J2218-0335
22 25 36 2119 11 003 13 005 13 006 09 009 12 02 01 01 GB6 J2225+2118
22 25 46 04 55 029 64 004 58 006 52 007 44 01 33 02 0:4 0:04 PMN J2225-0457



{152 {

Table 18|Continued

RA [hms]  Dec [dm] ID K [Jy] Ka [Jy] Q [y] V [y] W [Jy] 5GHz ID

22 29 42 08 33 024 22 004 26 006 26 007 31 01 25 02 0:2 0:08 PMN J2229-0832
22 29 49 20 50 09 003 08 005 08 0:06 10 01 10 02 0:1 02 PMN J2229-2049
22 3102 39 38 09 003 12 005 08 005 11 01 0:7 02 01 02 PMN J2230-3942
223237 11 44 047 38 004 42 006 43 007 44 01 49 02 0:2 0:05 GB6 J2232+1143
22 3509 48 34 206 20 0:03 20 0:05 19 006 L7 009 L7 02 0:1 0:08 PMN J2235-4835
22 36 21 28 25 057 11 003 15 0:.05 14 006 15 01 0:4 01 GB6 J2236+2828
22 39 30 57 01 201 15 003 16 004 15 005 13 008 15 01 0:0 0:09 PMN J2239-5701
22 42 34 64 08 05 003 08 0:04 06 004 07 007 13 01 05 0:2

22 4313 25 48 07 003 09 005 07 0:06 10 01 10 02 0:3 02 PMN J2243-2544
22 45 31 56 15 03 002 02 004 14 2 PMN J2246-5607
22 46 14 12 07 021 21 004 13 005 12 0:06 13 01 12 02 0:8 01 PMN J2246-1206
22 47 35 3701 03 003 04 005 08 005 09 o01 0:8 02 11 03 PMN J2247-3657
22 53 49 13 39 06 005 01 008 02 006 05 01 17 02 0:7 02 GB6 J2254+13412
22 53 59 16 08 055 98 004 106 006 111 007 123 01 122 02 02 002 GB6 J2253+1608
22 55 43 42 01 10 002 06 004 07 005 03 0:09 0:9 02 GB6 J2255+4202
22 56 32 20 12 019 09 003 08 005 09 006 05 01 0:2 02 PMN J2256-2011
22 58 05 27 56 012 46 004 47 006 44 007 39 o01 32 02 0:1 0:05 PMN J2258-2758
23 02 46 68 09 07 003 04 004 03 004 14 05 PMN J2303-68072
231133 34 28 Q7 003 06 005 07 006 06 0:09 0:2 03 GB6 J2311+3425
231504 3136 1 003 10 005 09 006 07 01 0:4 02 PMN J2314-3138
23 15 56 50 19 204 14 003 13 004 11 005 06 0:08 0:4 01 PMN J2315-5018
232134 27 33 06 003 04 005 05 006 07 01 0:2 03 GB6 J2322+2732
232225 44 48 12 002 13 0:04 10 005 06 008 07 02 02 01 GB6 J2322+44452
232251 51 06 10 003 08 004 07 004 09 008 0:3 02 GB6 J2322+5057 2
2327 37 09 38 10 003 08 005 08 0:06 13 01 0:1 02 GB6 J2327+09402
23 29 06 47 32 16 003 10 0:.04 L1 005 08 009 12 01 05 01 PMN J2329-4730
23 30 40 10 57 10 003 L2 005 12 0:06 11 01 0:2 02 GB6 J2330+1100
233121 16 00 032 Q08 003 06 005 04 0:06 10 01 0:1 02 PMN J2331-1556
23 33 44 23 39 1 003 10 005 10 0:06 11 01 0.0 02 PMN J2333-2343%
233411 07 35 11 003 13 005 12 0:06 15 01 0:3 02 GB6 J2334+0736
233501 0128 06 003 06 005 08 006 06 01 10 02 0:3 02 PMN J2335-0131
233527 52 44 195 14 003 10 003 07 004 05 008 1.0 02 PMN J2336-52362
234534 16 00 17 004 13 005 15 0:06 18 01 0:1 01 PMN J2345-1555
23 46 51 09 30 13 003 13 005 08 0:06 0:4 02 GB6 J2346+09302
23 48 01 49 33 07 002 09 004 L1 005 L0 0:09 05 02

2348 12 16 30 039 19 004 19 005 21 007 22 01 12 02 0:1  0:09 PMN J2348-1631
23 54 22 45 50 074 12 003 10 0:04 12 005 L0 009 09 02 02 01 GB6 J2354+4553
2355 34 8153 1 003 07 004 07 005 08 0:08 0:5 0:2  NVSS J2356+8152
23 56 01 49 53 075 11 002 11 004 09 005 03 0:08 0:2 02 GB6 J2355+4950
23 57 50 53 14 189 17 003 14 005 13 004 14 007 12 01 0:3 0:09 PMN J2357-5311
23 58 07 10 15 15 003 18 0:.05 16 0:06 11 01 14 02 01 01 PMN J2358-1020
23 58 49 60 50 187 20 003 16 0:04 15 004 15 008 0:4 0:09 PMN J2358-6054

aIndicates the source has multiple possible identi cations
b Source J0322-3711 (Fornax A) is extended, and the uxes list ed were obtained by aperture photometry.

¢Source J1356+7644 is outside of the declination range of the GB6 and PMN catalogs. It was identi ed as QSO NVSSJ135755+76 4320 by
Trushkin (2006, private communication).
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dSource J1632+8227 is outside of the declination range of the GB6 and PMN catalogs. It was identi ed as NGC 6251 by Trushkin (2003).
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C. WMAP Nine-Year CMB-free QVW Point Source Catalog
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Table 19. WMAP Nine-Year CMB-free QVW Point Source Catalog
RA[hms] Dec[dm] ID Q[Jy] V [Jy] W [Jy] 5 GHz ID
00 04 29 47 35 04 01 05 02 03 03 PMN J0004-4736
00 06 14 0625 060 20 02 17 02 07 04 PMN J0006-0623
00 10 29 10 59 D 02 12 02 08 03 GB6J0010+1058
00 13 23 40 55 ® 02 05 02 09 03 GB6J0013+4051
00 19 41 25 58 ® 02 03 02 04 03 GB6J0019+2602
00 26 07 3512 13 02 06 02 06 03  PMN J0026-3512
00 29 44 05 54 B 02 04 02 09 03 GB6J0029+0554B 2
00 38 13 02 05 06 02 04 02 07 03 PMN J0038-0207
00 38 20 24 59 06 02 10 02 08 03 PMN J0038-2459
00 42 40 52 09 ® 02 02 02 05 03 GB6J0043+5203
00 47 29 2516 062 M 02 07 02 08 03 PMNJ0047-2517
00 47 44 73 10 10 02 09 02 05 03  PMN J0047-7308
00 48 59 3155 ® 02 05 02 05 03 GB6J0048+3157
00 49 08 5736 179 10 02 09 02 05 03 PMNJ0050-5738 2
00 50 57 0933 077 ® 02 07 02 06 03 PMNJ0050-0928
00 51 15 06 48 09 02 11 02 08 03 PMN J0051-0650
00 51 40 70 48 g 02 00 02 02 03
00 57 43 30 25 @ 02 05 02 02 03 GB6J0057+3021
00 58 50 00 04 02 03 02 01 03 1Jy 0056-00
00 59 15 56 56 Q7 02 06 02 05 03 PMN J0058-5659
01 00 31 72 09 10 02 08 02 03 03  PMN J0059-7210
01 06 48 4033 171 2 01 19 02 12 03  PMN J0106-4034
01 08 24 0134 081 :5 02 11 02 08 03 GB6J0108+0135 ?
01 08 39 1320 079 @ 02 06 02 01 03 GB6J0108+1319
0111 45 22 53 ® 02 00 02 02 03 GB6J0112+2244
0112 10 35 21 @ 02 04 02 03 03 GB6J0112+3522
01 13 00 49 47 G 02 05 02 02 03 GB6J0113+4948
01 16 22 11 36 11 02 09 02 04 03 PMNJ0116-1136
01 18 54 2137 05 02 04 02 03 03 PMNJ0118-2141
01 22 00 11 53 #¥ 02 05 02 03 03 GB6J0121+1149
01 25 29 0009 08 ® 02 07 02 02 03 PMNJ0125-0005 2
01 27 44 49 04 ® 03 04 03 03 03 GB6J0128+4901 2
01 32 46 1657 097 15 02 14 02 09 03 PMN J0132-1654
01 34 09 38 41 06 02 06 02 07 03 PMN J0134-3843
01 36 59 4753 080 2 02 31 02 19 03 GB6J0136+4751
0137 33 24 30 15 02 13 02 12 03  PMN J0137-2430
01 37 48 33 07 ® 02 01 02 03 03 GB6J0137+3309
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

01 41 30 09 28 05 02 06 02 02 03 PMNJ0141-0928
01 49 06 53 50 @ 02 01 02 05 03

01 52 37 22 06 1 02 10 02 05 03 GB6J0152+2206
01 55 07 47 37 @ 02 03 02 02 03 GB6J0154+4743
02 04 57 1516 092 D 02 08 02 04 03 GB6J0204+1514
02 04 59 17 03 09 02 07 02 03 03 PMN J0204-1701
02 05 13 3209 085 6 02 09 02 09 03 GB6J0205+3212
02 10 46 5101 158 25 01 24 02 17 03 PMN J0210-5101
02 18 02 0138 096 @ 02 07 02 01 03 GB6J0217+0144
02 21 18 35 49 02 05 02 04 03 GB6J0221+3556
02 22 46 3443 137 6 01 06 02 01 03 PMN J0222-3441
02 23 19 4259 084 2 02 04 02 05 03 GB6J0223+4259
02 29 19 78 37 03 01 01 02 02 03 PMN J0229-7847
02 31 37 13 29 02 07 02 03 03 GB6J0231+1323
02 37 48 2848 093 B 02 24 02 20 03 GB6J0237+2848
02 38 40 16 34 5 02 16 02 14 03 GB6J0238+1637
02 41 06 08 15 06 02 05 02 01 03 PMN J0241-0815
02 42 33 11 05 02 07 02 09 03 GB6J0242+1101
02 53 22 5441 155 19 01 19 02 14 03 PMN J0253-5441
02 59 25 00 16 07 02 04 02 01 03 PMN J0259-0020
03 03 45 47 17 ¥ 02 04 02 06 03 GB6J0303+4716
03 03 51 6210 162 13 02 13 02 06 03 PMN J0303-6211
03 04 52 33 50 G 02 03 02 02 03 GB6J0304+3348
03 08 33 0406 102 © 02 09 02 07 03 GB6J0308+0406
03 09 14 10 25 D 02 10 02 03 03 GB6J0309+1029
03 09 33 6055 160 O 02 05 02 04 03 PMN JO309-6058
03 12 45 41 22 07 05 05 04 04 GB6J0313+4120
03 14 05 7655 174 8 01 05 02 07 03 PMN J0311-7651
03 19 48 4131 094 § 02 70 02 51 03 GB6J0319+4130
03 22 08 3712 138 2 01 12 02 03 03 PMN J0321-3711
03 25 33 22 23 ® 02 07 02 05 04 GB6J0325+2223
03 29 55 2354 123 ® 01 09 02 06 03 PMN J0329-2357
03 34 20 4008 146 16 02 16 02 11 03 PMN J0334-4008
03 36 48 13 06 05 02 03 02 00 03 PMN J0336-1302
033921 0145 106 19 02 17 02 18 03 PMN J0339-0146
03 40 23 21 22 08 02 10 02 06 03 PMN J0340-2119
03 48 27 16 09 07 02 06 02 09 03 PMN J0348-1610
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

03 48 53 2754 129 06 01 07 02 04 03 PMN J0348-2749
0351 15 11 57 04 02 02 02 03 03 PMNJO0351-1153
03 59 07 10 23 ® 02 03 02 00 04 GB6J0358+1026
04 02 51 01 43 02 02 04 02 08 04

04 02 56 26 03 B 02 06 02 02 04 GB6J0403+2600
04 03 49 3602 136 27 02 25 02 20 03 PMN J0403-3605
04 03 59 09 13 a 02 01 02 03 03 GB6J0404+0909
04 05 33 1301 114 13 02 11 02 07 03 PMN J0405-1308
04 06 49 3827 141 8 02 07 02 06 03 PMN J0406-3826
04 07 11 07 43 02 01 02 03 03 GB6J0407+0742
04 07 54 12 16 07 02 07 02 04 03 PMN J0407-1211
04 11 01 11 27 3 02 02 02 06 03

04 11 12 7656 082 6 02 06 02 05 03 1Jy 0403+76
04 11 53 11 19 @ 02 02 02 02 03

04 16 19 20 51 06 02 04 02 08 03 PMN J0416-2056
04 23 10 0118 110 02 59 02 44 03 PMN J0423-0120
04 23 10 02 22 @ 02 04 02 03 03 GB6J0422+0219
04 24 34 0037 109 5 06 09 04 12 04 GB6J0424+0036
04 24 42 3756 140 13 01 11 02 07 03 PMN J0424-3756
04 29 00 37 59 13 01 13 02 08 03 PMN J0428-3756 2
04 33 17 0522 108 2 02 21 02 17 04 GB6J0433+0521
04 40 25 4330 147 13 02 09 02 08 03 PMN J0440-4332
04 42 32 00 14 09 02 08 02 06 03 PMN J0442-0017
04 50 50 8104 175 14 01 12 02 09 03 PMN J0450-8100
04 53 26 2803 131 1 01 14 02 10 03 PMN J0453-2807
04 55 21 4616 151 31 02 26 02 18 03 PMN J0455-4616
04 57 00 2324 128 2 01 19 02 17 03 PMN J0457-2324
04 57 30 06 40 G 02 06 02 04 03 GB6J0457+0645 2
05 01 22 02 02 10 02 05 02 06 03 PMN J0501-0159
05 03 13 02 05 02 02 02 03 04 GB6J0503+0202
05 04 28 07 32 04 02 01 02 01 03

05 06 24 06 40 04 02 02 02 03 03 PMN J0506-0645
05 06 52 6105 154 14 01 09 02 07 03 PMN J0506-6109 2
05 09 54 10 18 B 02 00 02 00 03 GB6J0509+1012
05 10 44 31 36 04 01 00 02 02 03 PMNJ0510-3142
05 13 49 2200 127 6 02 05 02 09 03 PMN J0513-2159
05 16 36 62 05 07 02 05 02 02 03 PMN J0516-6207
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

05 19 36 4544 150 43 02 33 02 23 03 PMN J0519-4546
05 23 00 3631 139 B 02 32 02 29 03 PMN J0522-3628
05 27 09 1233 122 11 02 06 02 05 03 PMN J0527-1241
05 33 26 48 21 ® 02 08 02 08 03 GB6J0533+4822
05 35 38 66 10 04 06 01 03 02 03 PMN J0535-6601
05 36 20 3355 03 01 03 02 02 03 PMN J0536-3401
05 38 42 4407 148 6@ 02 58 02 49 03 PMN J0538-4405
05 40 01 28 42 07 01 04 02 05 03 PMN J0539-2839
05 40 13 5415 152 6 01 06 02 04 03 PMN J0540-5418
05 42 02 4957 095 © 02 03 02 01 03 GB6J0542+4951
05 42 03 73 36 04 01 03 02 00 02 PMN J0541-7332
05 42 13 47 34 @ 02 03 02 05 04 GB6J0541+4729
05 49 40 5735 153 M 01 07 02 04 03 PMN J0550-5732
05 52 02 37 51 ¥ 02 05 02 04 03 GB6J0552+3754
05 55 32 39040 100 B 02 06 02 04 03 GB6J0555+3948
06 06 09 40 31 ¥ 02 03 02 02 03 GB6J0605+4030
06 08 11 60 33 04 01 03 02 01 02 PMN J0607-6031
06 08 42 6714 091 B8 01 02 02 05 03 GB6J0607+6720
06 09 02 22 16 06 01 06 02 04 03 PMN J0608-2220
06 09 44 1543 126 27 02 21 02 08 03 PMN J0609-1542
06 20 16 2511 04 01 02 02 00 03 PMN J0620-2515
06 23 03 64 36 06 01 06 02 07 02 PMN J0623-6436
06 25 40 82 01 @ 01 00 02 00 03  1Jy0615+82
06 27 06 05 52 03 02 02 02 03 03 PMN J0627-0553
06 27 27 35 36 03 01 02 02 06 03 PMN J0627-3529
06 29 35 2001 130 10 02 07 02 08 03 PMN J0629-1959
06 34 27 2331 04 02 04 02 02 03 PMN J0634-2335
06 34 48 7514 167 3 01 25 02 16 02 PMN J0635-7516
06 36 27 2036 134 6 02 06 02 04 03 PMN J0636-2041
06 39 16 7323 087 @ 01 04 02 06 03 GB6J0639+7324
06 44 31 2311 02 02 02 02 02 03

06 44 32 24 40 02 01 00 02 03 03

06 46 20 4448 099 8 02 13 02 10 03 GB6J0646+4451
06 47 16 20 28 02 02 02 02 02 03

06 48 10 30 40 04 01 02 02 01 03 PMN J0648-3044
06 48 23 17 50 05 02 04 02 06 03 PMN J0648-1744
06 50 20 16 33 17 02 16 02 11 03 PMN J0650-1637
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

06 50 30 60 02 G 02 02 02 06 03 GB6J0650+6001
06 54 14 37 05 @ 02 04 02 05 03 GB6J0653+3705
06 58 06 61 24 03 01 02 02 02 03

06 59 52 17 12 D 02 05 02 04 03 GB6J0O700+1709
07 02 06 26 40 @ 02 00 02 06 04 GB6J0702+2644
07 10 44 47 34 ¥ 02 07 02 04 03 GB6J0710+4732
07 15 57 68 31 03 01 00 02 02 02 PMNJ0715-6829
07 17 39 45 39 ® 02 06 02 04 04 GB6JI0717+4538
07 19 40 3311 ® 02 02 02 03 03 GB6J0719+3307
072111 04 03 B 02 04 02 00 03 GB6J0721+0406
07 22 08 7121 D 01 19 02 21 03 GB6J0721+7120
07 25 06 14 24 ® 02 05 02 03 03 GB6J0725+1425
07 25 46 00 48 14 02 12 02 08 03 PMN J0725-0054
07 28 17 67 49 G 02 03 02 02 03 GB6J0728+6748
07 30 06 11 38 39 02 30 02 17 03 PMNJ0730-1141
07 34 08 50 22 @ 02 10 02 10 04 GB6J0733+5022
07 34 53 77 12 03 01 01 02 01 03 PMNJO734-7711
07 38 17 1745 113 8 02 07 02 01 03 GB6J0738+1742
07 39 26 0137 124 8 02 17 02 10 03 GB6J0739+0136
07 40 12 29 00 @ 02 02 02 02 04 GB6J0740+2852
07 41 41 3115 107 @ 02 03 02 03 03 GB6J0741+3112
07 43 01 6728 161 04 02 05 02 06 03 PMN J0743-6726
07 45 28 10 00 @ 02 00 02 04 03 GB6J0745+1011
07 46 07 00 42 05 02 06 02 07 03 PMN J0745-0044
07 48 28 23 59 D 02 06 02 06 04 GB6J0748+2400
07 48 41 16 42 03 02 01 02 05 03 PMN J0748-1639
07 50 18 48 12 02 03 02 01 03 GB6J0750+4814
07 50 50 1232 117 2 02 25 02 20 03 GB6J0750+1231
07 53 08 53 49 @ 02 03 02 05 03 GB6J0753+5353
07 56 20 73 47 02 01 01 02 02 03 PMNJ0757-7353
07 57 01 0953 120 4 02 12 02 10 03 GB6J0757+0956
08 07 42 49 51 @ 02 01 02 02 03 GB6J0808+4950
08 08 17 0750 133 1 02 15 02 09 03 PMN J0808-0751
08 11 18 01 46 ¥ 02 04 02 06 04 GB6J0811+0146
08 16 56 2420 145 6 02 04 02 02 03 PMN J0816-2421
08 23 40 22 29 ¥ 02 04 02 01 04 GB6J0823+2223
08 24 45 55 43 B 02 02 02 00 03 GB6J0824+5552
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Table 19|Continued

RA[hms] Dec[dm] ID Q[y] V[l W [Jy] 5 GHz ID

08 25 09 39 14 ® 02 07 02 02 03 GB6J0824+3916 2
08 25 37 0307 125 2 02 13 02 07 04 GB6 J0825+0309
08 26 03 22 28 05 02 07 02 00 03 PMN J0826-2230
08 30 43 2409 112 2 02 12 02 15 04 GB6J0830+2410

2
08 31 56 04 35 o 02 06 02 07 03 GB6J0831+0429
08 36 26 2017 144 17 02 11 02 09 03 PMN J0836-2017
08 37 54 58 21 g 01 06 02 01 03 GB6J0837+5825

®

B

9

08 39 29 0103 02 03 02 055 04 GB6J0839+0104
08 40 54 1313 121 02 08 02 07 03 GB6J0840+1312
08 41 16 7054 089 @ 01 17 02 08 03 GB6J0841+7053
08 47 27 07 03 05 02 07 02 01 03 PMNJ0847-0703
08 49 44 3535 04 01 02 02 0:1 0:3 PMN J0849-3541
08 55 00 20 07 115 8 02 42 02 32 04 GB6J0854+2006
08 58 34 19 49 03 02 03 02 0:2 0:3 PMN J0858-1950
08 59 38 22 45 03 02 01 02 1.0 03

09 02 49 46 54 B 02 05 02 05 03 GB6J0903+4650
09 06 12 57 40 05 02 05 02 02 03 PMNJ0906-5740
09 07 10 2021 06 02 05 02 0:1 0:3 PMN J0906-2019
09 09 12 0123 132 » 02 14 02 10 03 GB6J0909+0121
09 09 34 42 52 D 02 05 02 09 03 GB6J0909+4253
09 14 27 02 49 ® 02 05 02 11 04 GB6J0914+0245
09 17 52 12 08 143 @ 02 04 02 02 03 PMNJ0918-1205
09 20 53 44 39 r 02 14 02 09 03 GB6J0920+4441
09 21 46 62 17 B 02 05 02 07 03 GB6J0921+6215
09 21 48 26 21 10 02 08 02 06 03 PMNJ0921-2618
09 22 41 39 59 a7 01 05 02 05 03 PMN J0922-3959
09 24 16 28 18 b 02 06 02 06 03 GB6J0923+2815
09 27 07 39 00 105 3 02 49 02 31 03 GB6J0927+3902
09 28 12 20 36 03 02 05 02 08 03 PMNJ0927-2034
09 30 13 38 15 02 02 02 02 01 03

09 48 59 40 40 104 1 02 1 02 09 03 GB6J0948+4039
095521 6941 088 @ 01 08 02 05 03 GB6J0955+6940
09 56 41 2516 @ 02 05 02 08 03 GB6J0956+2515
09 57 24 55 25 ® 01 06 02 03 03 GB6J0957+5522 2
09 58 31 65 31 B 01 06 02 04 03 GB6J0958+6534
09 58 37 4728 098 © 01 05 02 03 03 GB6J0958+4725 @
10 14 48 22 59 119 6 02 04 02 04 03 GB6J1014+2301
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID
10 14 51 45 10 04 01 02 02 04 03 PMN J1014-4508
10 32 43 60 35 3 01 00 02 00 02 GB6J1031+6036
10 33 03 4118 103 8 02 05 02 06 03 GB6J1033+4115
10 35 05 20 13 07 02 04 02 04 03 PMNJ1035-2011 @
10 37 00 37 43 05 02 02 02 04 03 PMN J1036-3744
10 37 10 29 37 14 02 12 02 14 03 PMN J1037-2934
10 38 59 0509 142 © 02 07 02 06 03 GB6J1038+0512 2
10 41 11 06 16 P 02 05 02 04 03 GB6J1041+0610 2
10 41 30 4742 163 6 01 03 02 01 03 PMN J1041-4740
10 43 17 24 08 ® 02 05 02 08 03 GB6J1043+2408
10 48 12 19 07 08 02 06 02 01 03 PMN J1048-1909
10 48 30 7144 083 © 01 06 02 07 03 GB6J1048+7143
10 57 21 81 11 @ 02 05 02 08 03
10 57 51 8002 176 21 01 22 02 14 03 PMN J1058-8003
10 58 26 0135 149 @ 02 42 02 31 03 GB6J1058+0133
11 02 24 72 25 G 02 06 02 00 03 GB6J1101+7225
11 06 55 4451 166 10 02 09 02 07 03 PMN J1107-4449
11 18 07 46 35 05 02 04 02 02 03 PMNJ1118-4634
1118 12 12 34 06 02 06 02 08 03 PMNJ1118-1232
11 18 52 12 37 F 02 06 02 05 03 GB6J1118+1234
11 25 33 26 12 B 02 04 02 04 03 GB6JI1125+2610
11 27 18 1854 159 13 02 12 02 09 03 PMN J1127-1857
11 30 18 1452 157 19 02 14 02 11 03 PMN J1130-1449
11 31 09 3818 101 @ 02 06 02 05 03 GB6J1130+3815
11 45 21 48 34 05 02 06 02 06 03 PMNJ1145-4836
11 45 58 69 55 07 02 05 02 06 03 PMN J1145-6953
11 47 05 39 57 02 05 02 08 03 GB6J1146+3958
11 47 07 3808 169 16 02 17 02 08 03 PMN J1147-3812
11 50 04 24 16 B 02 04 02 02 03 GB6J1150+2417
11 50 30 00 23 07 02 02 02 01 03 PMN J1150-0024
11 52 13 08 42 08 02 06 02 08 03 PMNJ1152-0841
11 52 25 8055 078 @ 02 04 02 05 03 1Jy 1150+81
11 53 13 4930 090 5 02 15 02 10 03 GB6J1153+4931
11 54 21 35 10 04 02 06 02 03 03 PMNJ1154-3504
11 59 37 2015 111 8 01 17 02 09 03 GB6J1159+2914
12 03 02 05 29 03 02 01 02 03 03 PMNJ1202-0528 @
12 03 55 48 06 G 02 02 02 07 03 GB6J1203+4803
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

12 08 54 2410 172 6 02 02 02 02 03 PMN J1209-2406

12 11 50 52 38 09 02 05 02 03 03 PMNJ1212-5245 @
12 16 02 1735 173 o 02 06 02 07 03 PMNJ1215-1731
1219 29 0548 164 6 02 L1 02 09 03 GB6J1219+0549A 2
12 22 18 04 14 D 05 07 03 09 03 GB6J1222+0413

12 22 48 80 37 02 03 02 03 03

12 25 14 2121 B 02 05 02 01 03 GB6J1224+2122

12 29 03 0204 170 13 02 170 02 131 03 GB6 J1229+0202

12 30 47 1223 165 13 02 96 02 70 03 GB6J1230+1223

12 46 47 2545 177 13 02 14 02 10 03  PMN J1246-2547

12 48 14 46 00 08 02 06 02 09 03 PMN J1248-4559

12 54 36 11 40 @ 02 00 02 01 03 GB6J1254+1141

12 56 11 0546 181 16 02 161 02 121 03 PMN J1256-0547

12 56 58 7131 02 01 01 02 06 03

12 58 02 32 31 02 02 02 01 03 GB6J1257+3229 @
12 58 19 3153 180 06 02 05 02 07 03 PMN J1257-3154

12 59 44 51 40 ¥ 01 05 02 06 03 GB6J1259+5141

13 05 02 49 34 05 02 04 02 01 03 PMN J1305-4928

13 10 33 3223 052 @ O1 17 02 09 03 GB6J1310+3220

13 16 09 3337 182 16 02 17 02 07 03  PMNJ1316-3339
1319 02 12 25 03 02 00 02 03 03 PMNJ1319-1217

13 26 55 22 08 ¥ 02 05 02 08 03 GB6J1327+2210

13 29 22 3157 040 B8 02 02 02 02 03 GB6J1329+3154

13 31 16 3026 026 4 02 07 02 05 03 GB6J1331+3030
1332 10 05 03 04 02 04 02 03 03 PMN J1332-0509

13 33 05 02 01 02 05 02 08 03 GB6J1332+0200

13 35 51 08 23 05 02 03 02 02 03 PMN J1336-0830

13 36 32 3359 185 0 02 06 02 06 03 PMN J1336-3358

13 37 29 1300 188 ® 02 53 02 40 03  PMN J1337-1257

13 43 28 66 05 @ 01 02 02 03 03 GB6J1344+6606 @
13 49 22 53 34 @ 01 00 02 01 03 GB6J1349+5341

13 52 08 3125 01 03 02 05 03 GB6J1352+3126

13 54 41 1043 197 o7 02 06 02 01 03 PMN J1354-1041

13 57 08 1918 004 @ 02 14 02 07 03 GB6J1357+1919

13 58 35 76 45 ® 01 06 02 04 03

13 59 16 01 52 @ 02 04 02 02 03 GB6J1359+0159

14 08 56 0751 203 0 02 04 02 06 03 1Jy 1406-076
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

14 09 21 27 00 05 02 00 02 02 03 PMN J1409-2657
14 11 32 52 13 @ 02 02 02 02 03 GB6J1411+5212
14 16 00 13 15 02 04 02 02 03 GB6J1415+1320
14 19 41 54 27 @ 01 10 02 08 03 GB6J1419+5423 2
14 20 15 3819 042 @ 01 05 02 05 02 GB6J1419+3822
14 27 21 3306 193 1 02 11 02 06 03 PMN J1427-3306 2
14 27 44 4207 191 0 02 21 02 11 03 PMN J1427-4206
14 36 35 2325 @ 01 02 02 05 03 GB6J1436+2320 2
14 37 58 22 06 05 02 07 02 03 03 PMN J1438-2204
14 39 35 49 57 @ 02 03 02 02 03 GB6J1439+4958
14 42 55 51 59 ® 01 08 02 05 03 GB6J1443+5201
14 46 42 17 25 B 02 04 02 08 03 GB6J1446+1721
14 54 21 37 50 09 02 06 02 10 04 PMN J1454-3747
14 57 11 35 37 09 02 06 02 14 03 PMN J1457-3538
14 58 23 7142 071 @ 01 05 02 06 03 GB6J1459+7140
15 03 12 41 54 11 02 08 02 07 03 PMNJ1503-4154 2
15 04 30 1028 006 :# 02 10 02 10 03 GB6J1504+1029
15 07 02 42 42 01 05 02 06 03 GB6J1506+4239
1507 11 16 53 10 02 06 02 05 03 PMN J1507-1652
15 10 43 05 46 10 02 04 02 05 03 PMN J1510-0543
15 12 41 0901 207 21 02 16 02 16 03 1Jy 1510-08

15 13 41 10 13 08 02 09 03 08 03 PMNJ1513-1012
15 16 43 0013 002 2 02 15 02 09 03 GB6J1516+0015
15 16 56 19 30 02 05 02 06 03 GB6J1516+1932
15 17 46 2425 205 17 02 17 02 13 0:3 PMN J1517-2422
15 33 50 22 45 02 02 02 02 02 03 PMNJ1534-2244
15 34 53 01 26 ¥ 02 06 02 02 03 GB6J1534+0131
15 40 51 14 47 ¥ 01 05 02 02 03 GB6J1540+1447
15 49 12 50 34 01 04 02 02 03 GB6J1549+5038
15 49 32 0236 005 2 02 19 02 18 03 GB6J1549+0237
15 50 32 0527 007 :8 02 18 02 12 03 GB6J1550+0527
15 55 07 79 12 05 02 01 02 01 03 PMN J1556-7914
16 02 05 3325 G 02 04 02 06 03 GB6J1602+3326
16 03 58 57 18 G 01 06 02 04 03 GB6J1604+5714 2
16 08 43 1030 009 :3 01 12 02 06 03 GB6J1608+1029
16 13 41 3412 023 B 01 22 02 14 03 GB6J1613+3412
16 18 37 7720 183 15 02 12 02 08 03 PMN J1617-7717
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RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

16 26 16 41 30 @ 01 04 02 02 03 GB6J1625+4134
16 32 43 8231 076 2 01 10 02 07 03

16 35 19 3808 033 3 04 32 04 26 03 GB6J1635+3808
16 37 38 47 15 D 02 08 02 07 03 GB6J1637+4717
16 38 19 5719 056 4 01 13 02 11 03 GB6J1638+5720
16 42 28 6853 069 @ 01 18 02 13 02 GB6J1642+6856
16 42 57 39048 035 B 03 50 03 39 03 GB6J1642+3948
16 45 42 77 16 05 02 05 02 04 03 PMN J1644-7715
16 48 10 64 35 04 01 05 02 04 03 PMN J1647-6437
16 48 14 41 02 05 05 04 02 03 GB6J1648+4104
16 51 11 0458 010 0 02 05 02 01 03 GB6J1651+0459
16 53 51 39 49 ® 04 06 04 02 03 GB6J1653+3945
16 58 08 0742 013 4 02 13 02 10 03 GB6J1658+0741
16 58 10 47 31 B 02 02 02 01 03 GB6J1658+4737
16 58 11 47 52 3 02 00 02 00 03

17 00 25 68 27 G 02 06 02 08 03 GB6J1700+6830
17 02 56 6216 198 13 01 11 02 07 03 PMN J1703-6212
17 15 53 68 38 G 01 03 02 04 02 GB6J1716+6836
17 19 07 17 44 B 02 04 02 04 03 GB6J1719+1745
17 21 55 61 49 04 02 02 02 02 03 PMNJ1721-6154
17 23 07 6459 196 13 01 10 02 09 03 PMN J1723-6500
17 24 04 40 00 G 02 04 02 03 03 GB6JL724+4004
17 27 10 4530 043 U 01 09 02 07 03 GB6J1727+4530
17 28 25 04 28 D 02 10 02 06 03 GB6J1728+0426
17 28 37 12 15 B 02 01 02 05 03 GB6J1728+1215
17 34 28 3857 038 :1 02 10 02 08 03 GB6J1734+3857
17 35 14 7933 186 B 01 06 02 04 03 PMN J1733-7935
17 36 04 36 19 G 01 02 02 03 03 GB6J1735+3616
17 37 00 06 22 ® 02 06 02 03 03 GB6J1737+0620
17 37 54 56 34 05 02 03 02 06 03 PMNJ1737-5633
17 40 11 47 40 01 05 02 08 03 GB6J1739+4738
17 40 30 5210 048 :1 01 09 02 06 03 GB6J1740+5211
17 49 00 7003 068 @ 02 06 02 07 02 GB6J1748+7005
17 51 32 09 39 # 02 43 02 34 03 GB6J1751+0938
17 53 23 44 08 @ 02 06 02 05 03 GB6J1753+4410
17 53 50 2850 022 6 O1 15 02 07 03 GB6J1753+2847
17 56 41 15 36 G 01 02 02 03 03 GB6J1756+1535



{165 {

Table 19|Continued

RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID

17 58 22 6637 064 6 01 05 02 06 02 GB6J1758+6638 2
18 00 19 38 48 01 03 02 02 03 GB6J1800+3848 2
18 00 42 7827 072 6 01 16 02 12 03 1Jy 1803+78

18 01 25 4404 % 02 12 02 07 03 GB6J1801+4404
18 03 22 6509 199 0 02 05 02 08 03 PMN J1803-6507
18 06 47 6948 067 2 01 11 02 07 02 GB6J1806+6949
18 08 35 45 43 02 05 02 02 03 GB6J1808+4542
18 12 10 06 49 02 06 02 05 03 GB6J1812+0651
18 20 03 6348 200 0 02 10 02 07 03 PMN J1819-6345
18 20 08 55 18 06 02 03 02 03 03 PMNJ1819-5521
18 22 41 15 56 @ 02 03 02 01 03 GB6J1822+1600
18 22 58 68 54 B 02 02 02 00 03 GB6J1823+6857 2
18 23 59 5651 053 2 01 10 02 07 03 GB6J1824+5650
18 29 40 4844 046 3 01 17 02 12 03 GB6J1829+4844
18 33 02 28 36 @ 01 01 02 01 03 GB6J1832+2833
18 34 33 58 56 08 01 05 02 04 03 PMN J1834-5856
18 35 05 32 37 01 04 02 01 03 GB6J1835+3241
18 37 37 7108 192 11 01 10 02 08 03 PMN J1837-7108
18 41 35 6809 066 © 02 05 02 06 03 GB6J1842+6809
18 42 13 7945 073 6 02 06 02 02 03 1Jy 1845+79

18 48 21 32 20 01 04 02 09 03 GB6J1848+3219
18 49 24 6704 065 @ 02 19 02 15 03 GB6J1849+6705 2
18 50 04 2825 028 @ 01 04 02 02 03 GB6J1850+2825
18 53 41 33 03 B 02 03 02 01 03 GB6J1853+3301 @
18 55 03 7354 ® 02 04 02 01 03 GB6J1854+7351
19 03 13 3157 034 @ 01 04 02 02 03 GB6J1902+3159 2
1911 11 20 07 24 02 23 02 20 03 PMNJ1911-2006
19 12 37 37 45 @ 02 01 02 01 03 GB6J1912+3740 2
19 13 27 80 07 05 02 03 02 00 03 PMNJ1912-8010

19 17 49 19 30 03 03 00 03 01 04 PMNJ1917-1921
191751 55 20 @ 01 01 02 01 03 GB6J1918+5520
19 23 30 2105 008 23 02 23 02 15 03 PMNJ1923-2104
19 24 50 29 14 117 02 110 02 777 03 PMNJ1924-2914
19 27 18 6118 059 © 01 07 02 05 03 GB6J1927+6117
19 27 43 7402 070 3 01 22 02 L2 03 GB6J1927+7357
19 28 22 3243 @ 01 01 02 0:0 0:3 GB6J1927+3236

19 36 54 39 54 11 02 09 02 11 03 PMN J1937-3957
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19 38 15 04 52 B 02 02 02 02 03 GB6J1938+0448
19 39 34 15 26 05 02 05 02 06 03 PMNJ1939-1525
19 41 08 45 59 01 02 02 02 03 03 GB6J1940+4605
19 45 26 55 28 04 02 01 02 04 03 PMN J1945-5520
19 55 50 5133 051 8 01 07 02 06 03 GB6J1955+5131
19 58 03 3845 003 2 02 22 02 13 03 PMN J1957-3845
20 00 54 1746 011 17 02 17 02 12 03 PMN J2000-1748
20 02 52 14 58 @ 02 02 02 02 03 GB6J2002+1501
20 04 14 77 46 ® 01 06 02 04 03 1Jy 2007+77
20 06 49 64 22 B 01 05 02 02 02 GB6J2006+6424
20 07 01 66 10 @ 01 04 02 0Ol 03 GB6J2007+6607
20 08 59 48 51 07 02 06 02 01 03 PMN J2009-4849
20 10 18 72 33 ® 01 06 02 08 03 GB6J2009+7229
20 11 15 1545 014 16 02 10 02 08 03 PMN J2011-1546
20 22 20 6140 063 D 01 06 02 01 03 GB6J2022+6137
20 22 46 76 09 @ 02 02 02 01 03

20 23 26 54 30 @ 02 05 02 05 03 GB6J2023+5427
20 25 41 07 32 09 02 10 02 06 03 PMN J2025-0735
20 31 49 12 15 02 05 02 05 03 GB6J2031+1219
20 35 28 6842 194 06 01 05 02 06 03 PMN J2035-6846
20 56 10 4714 208 21 02 21 02 15 03 PMN J2056-4714
20 56 40 32 06 06 02 05 02 06 03 PMN J2056-3207
21 01 25 03 40 @ 02 07 02 06 04 GB6J2101+0341
21 05 41 78 23 05 02 06 02 04 03 PMNJ2105-7825
21 07 05 25 25 05 02 05 02 01 03 PMNJ2107-2526
21 09 22 3532 049 8 02 05 02 03 03 GB6J2109+3532
21 09 24 4108 001 11 02 08 02 07 03 PMNJ2109-4110
21 14 56 80 53 05 01 04 02 02 03 PMNJ2116-8053
21 19 39 80 56 03 01 02 02 04 03 PMNJ2116-8053
2120 10 32 19 00 02 02 02 02 03

2122 42 38 02 @ 01 00 02 00 03 GB6J2122+3754
21 23 43 0534 027 2 02 09 02 05 03 GB6J2123+0535
2129 13 15 39 04 02 02 02 04 03 PMNJ2129-1538
2131 37 1207 017 20 02 16 02 06 03 PMN J2131-1207
213334 38 02 a 01 01 02 01 03 GB6J2133+3812
21 34 07 0154 020 17 02 15 02 13 03 PMN J2134-0153
21 36 40 0041 025 2 02 19 02 10 03 GB6J2136+0041



Table 19|Continued

{167 {

RA[hms] Dec[dm] ID  Q[Jy] V [Jy] W [Jy] 5 GHz ID
213735 36 59 3 01 00 02 02 03

2139 05 1424 041 2 01 10 02 08 03 GB6J2139+1423
21 43 12 1744 044 B 02 05 02 03 03 GB6J2143+1743
2147 15 09 30 ¥ 03 06 02 07 03 GB6J2147+0929
2147 31 7802 184 6 02 06 02 01 03 PMN J2146-7755
21 48 05 0657 037 @& 02 57 02 42 03 GB6J2148+0657
21 48 47 75 37 04 01 02 02 00 03 PMNJ2147-7536
21 51 53 30 27 12 02 13 02 08 03 PMN J2151-3028
21 55 03 22 59 @ 02 01 02 01 03 GB6J2155+2250
2157 08 6040 190 2 01 17 02 12 03 PMN J2157-6941
21 58 10 1502 018 15 02 13 02 09 03 PMN J2158-1501
22 03 13 3146 054 2 01 17 02 08 03 GB6J2203+3145
22 03 23 1726 045 3 02 12 02 09 03 GB6J2203+1725
22 06 08 1838 016 @ 02 09 02 06 03 PMN J2206-1835
22 07 52 53 43 08 02 05 02 03 03 PMN J2207-5346
2211 55 2356 050 © 02 09 02 09 03 GB6J2212+2355
22 18 57 0334 030 1 04 11 03 04 04 PMN J2218-0335
22 25 29 2118 D 02 08 02 10 03 GB6J2225+2118
22 25 44 0457 029 48 02 43 02 32 03 PMN J2225-0457
2229 41 0826 024 2 02 21 02 08 03 PMN J2229-0832
22 29 46 20 48 07 02 05 02 10 03 PMN J2229-2049
2230 22 13 26 05 02 03 02 01 03 PMN J2230-1325
223203 1142 047 :Z 02 26 02 19 03 GB6J2232+1143
223521 4838 206 16 02 14 02 15 03 PMN J2235-4835
22 36 22 2831 057 1 02 08 02 08 03 GB6J2236+2828
2239 30 5706 201 O7 02 07 02 07 03 PMN J2239-5701
22 46 24 1208 021 18 02 13 02 06 03 PMN J2246-1206
22 53 56 1608 055 1@ 02 114 02 106 0:3 GB6 J2253+1608
22 55 05 42 02 G 01 03 02 05 03 GB6J2255+4202
22 56 54 2012 019 6 02 04 02 03 03 PMN J2256-2011
22 57 58 2757 012 % 02 34 02 26 03 PMN J2258-2758
23 01 40 37 32 G 02 05 02 02 03 GB6J2301+3726
23 03 00 18 38 05 02 04 02 04 03 PMN J2303-1841
23 03 45 68 05 07 01 04 02 03 03 PMN J2303-6807
2311 00 34 23 F 02 04 02 04 03 GB6J2311+3425
2312 12 45 34 3 01 01 02 09 03 GB6J2311+4543
2313 23 72 47 3 01 04 02 00 03 GB6J2312+7241
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2315 14 3137 05 02 05 02 0:0 03 PMN J2314-3138
23 15 42 5014 204 ® 01 05 02 0:1 0:3 PMN J2315-5018
23 22 05 51 00 01 05 02 01 03 GB6 J2322+5057
23 22 06 27 26 g 02 03 02 06 03 GB6 J2322+2732
23 23 35 0321 6 02 07 02 02 03 PMN J2323-0317

23 27 33 09 40 ? 02 08 02 08 03 GB6 J2327+0940
232919 47 26 13 02 07 02 08 03 PMN J2329-4730
23 30 32 11 02 02 07 02 03 03 GB6 J2330+1100
23 31 38 1555 032 ™ 02 05 02 05 03 PMN J2331-1556
23 33 39 2341 9 02 06 02 04 03 PMN J2333-2343
233541 5248 195 ® 01 02 02 01 03 PMN J2334-5251
23 46 55 09 30 02 04 02 03 03 GB6 J2346+0930
23 48 02 1631 039 18 02 L7 02 10 03 PMN J2348-1631
2354 18 4554 074 @8 02 08 02 09 03 GB6 J2354+4553
235523 4946 075 @ 02 01 02 06 03 GB6 J2355+4950
23 57 18 68 19 04 01 00 02 0:1 0:3 PMN J2356-6820
23 57 30 81 53 01 07 02 06 03 NVSSJ2356+8152

23 57 49 45 57 02 02 02 02 02 03 PMN J2358-4555
23 57 52 5309 189 16 01 12 02 10 O3 PMN J2357-5311
23 58 56 6056 187 10 01 06 02 01 O3 PMN J2358-6054
23 59 43 39 18 ® 02 03 02 0:1 0:3 GB6 J2358+3922

8|ndicates the source has multiple possible identi cations
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D. Smoothed Noise

We use maps that have been smoothed to a common resolution &eBveral WMAP
analyses. This appendix discusses how much the smoothinguees the random instrument
noise. This smoothing also correlates the noise between gisx Here, we only calculate the
diagonal elements of the noise covariance matrix in pixel &ge; the correlations are beyond
the scope of this appendix. Also, the noise calculated herkosild be added in quadrature
to the 0.2% WMAP calibration error.

For discussing beam smoothing, we use the same notation asuitipn (4) of Hill et al.
(2009). V4
1

B= gh=2 b( )P (cos ) dcos: (D1)
1

In this case, we use the beam to describe the additional smbwtg that we apply to the map
to bring the total smoothing up to 1 degree FWHM.

The pixel temperature vaIue,Tr;’O”"O', in a convolved map is a weighted sum of the nearby
pixel values, X
Teomel = w T (D2)

|
where w;,, gives the weight that each original pixel with indexi gives to convolved pixel
p. The weights w;;, de ne the beam used for smoothing. From this formula and a nee
estimate in the original pixels, we propagate errors direlgt assuming uncorrelated noise in
the original pixels. X
2 Trt):onvol — W|2p Z(Ti); (D3)

|

where 2(TF‘;O”VO') is the noise variance in the convolved pixgd and ?(T;) is the noise variance
in the original pixel i.

The noise in each convolved pixel can be rapidly computed bynsothing a map of
unsmoothed noise variance values3=Ng,s;. However, the smoothing must be done using
the squared weights, which requires determining the Legemdtransform of the beam once
it has been squared in real spacé( )2.

Z 1
=2 ?( )P,(cos ) dcos: (D4)
1

The values for the required beam smoothing, 8, can be computed numerically by calculat-
ing b( ) on a one-dimensional nely spaced grid in, squaring it, and computing the above
integral as a sum.
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The above description of smoothed noise assumes it will bepogted in a map with a
pixel size much smaller than the beam size. In the oppositeseg where the nal pixel size
is much larger than the beam size, the noise can be averagedvddgnoring the beam, since
the e ect of the beam will be small. However, there is an intenediate case where the pixel
size and beam size are comparable, such as with r6 maps of lrdegsmoothed data. In
this case, a more careful treatment of the pixel window funiin could be useful. Instead
of approximating the pixel window function as an azimuthall symmetric beam, we take a
more brute-force approach, outlined below.

We have r9 maps ofNgpsi. Suppose we want to know the noise properties of the
corresponding temperature map smoothed to 1 degree FWHM attien degraded to r6. To
determine this, we calculate the real-space smoothing fuien needed to bring the beam
smoothing up to 1 degree; we call thig( ). This will be a 1 degree FWHM beanty' divided
by the WMAP instrument beamb for that DA. We approximate b( ) numerically by nding
the Legendre transform of the needed smoothingp, = h'=h, on a one-dimensional list of
angles . Then, for each r6 pixel, we nd all r9 pixels within 2 degreesf the r6 pixel center.
We determine the weightsw;,, wherei is an index over r9 pixels within 2 degrees of the r6
pixel center, andp is an index over r9 pixels inside the r6 pixel. As before, we v&

Wip = 0 ip) (D5)

where i, is the_angle between the centers of pixelsand p, and the weights have been
rescaled so that ; w;, = 1. The radius of two degrees was chosen so that noise outsife
that circle would be negligibly averaged into the r6 pixel, igen our beam smoothing size.

Since the noise for the r9 pixels of the smoothed map is aveeaginto an r6 pixel, we
must account for this in our error propagation. We assume aitveighting for the degrade
from r9 to r6, in the following description. There are 64 r9 piels in an r6 pixel. The
temperatures (pixels with indexp) are averaged into an r6 pixel (with indexq) as

degraded X X
Tq egraded — a | Wi;pTi: (D6)
p i
The formula for propagation of errors is
X @7 2
2 Tdegraded — ~=q 2 T): D7
which then becomes |
1X
2 Tdegraded — - . 0 : D
(T ) 6a P Nobs; (D8)
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Alternatively, we can quote an e ectiveN g, value for a r6 pixel as
1 X X - 1
— W : D9
Ngbs;q [ 64 p " Nobsi 9

Since this is the number more commonly reported in our datads, we use this.

There appear to be artifacts in theseNg,., maps. This is most readily visible when
a simple binned version oNgysq Which ignores the e ects of smoothing is divided out. In
this case, the above noise propagation predicts what appeano be suppressed noise levels
(greater Nops) near the edges of the base tiles in the polar cap regions ofettHEALPix
pixelization.

These results can be veri ed by creating white noise realitians at r9, smoothing them,
binning them to r6, and then checking the variance of the nagsin each pixel. When this
comparison is done, some of these artifacts remain in thesmglations as well, so it appears
the pixelization (slightly varying pixel shapes) is causig a real e ect in the smoothed noise.
The uctuations that appear to be due to the HEALPIx pixelization are on order of 10% in
Nobsq in all bands.

The median values ofN s over the whole sky for the two approaches (white noise sims
vs. the above propagation of errors) di er by about 5% at K-bad (where the additional
smoothing is smallest), and roughly 1% in other bands. The abe propagation of errors
appears to underestimate the noise slightly (overestimatd psq)-
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E. Bandpass Integration

In this section we rst discuss the full integration over thebandpass based on data from
Jarosik et al. (2003a), and then we discuss a useful approxtion to that integration based
on three frequencies in each band. This is the approximatiamsed for foreground tting in
Section 5.3.6.

The full integration of di erent foreground spectra over the WMAP bandpasses can
be done as follows, based on the description of the radiomesten Jarosik et al. (2003a).
After computing rayg( i) from Equation (46) of that paper using the discretized bangass
measurements, we combine the measurements as if we were gl@n unweighted average of
the maps in thermodynamic temperature, as follows. First, & normalize the bandpass for
each radiometer so that X

lavg( i) =1 (E1)

|

We note the small shift in bandpass that we describe in AppendA. Then, we interpo-
late the foreground spectrum onto the speci ¢ frequencies which the WMAP bands were
measured, j, average the frequency over the spectrum, and convert fromtanna to thermo-
dynamic temperature. The measured foreground thermodynaotemperature response to a
foreground spectrumf ( ) given in antenna temperature, averaged over all the radiosters
in one WMAP band, is

N
1 radmeters X ravg;j( i)

Tohanalf ()] = T—— —5 () (E2)

N radiometers j=1 i Wq i)

wherewY ) is as de ned in Jarosik et al. (2003a): it is the derivative bthe single-polarization
Planck spectrum with respect to temperature, divided bkg to make it unitless. It depends
on both CMB temperature and frequency, but the derivative idaken with respect to CMB

temperature.
w( ) o X h_
e 1 kg T
1 dw( ) X%
AR S R V:
Note that this assumes an unweighted average of the maps. Iewere to do an optimal
weighted average, the total bandpass would have some smalagal dependence with pixel,

as the number of observations varies between DAs.

(E3)

(E4)

In practice, it is the complexity and shape of the foregrourglthat limits the foreground
tting. The detailed bandpass discussion above is more ac@ie, but fast approximations are
useful. Jarosik et al. (2003a) provides a useful approximah given by Equation (50) of his
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paper for spectra that are power laws in antenna temperaturé his allows one to determine
the e ective frequency of the bandpass and therefore rapidtalculate the measured antenna
temperature from the power law. However, power laws are alygconcave upward on a plot
of antenna temperature as a function of frequency with bothxas linear. Since we also want
to ta spinning dust spectrum which is concave downward, wenvent another approximation.

Instead of doing the full integration discussed above for ela band, this approximation
only requires a weighted average of the antenna temperatueg three frequencies. The
thermodynamic temperature measured byWWMAP in a speci ¢ band is approximated as

TX

T= T Wi Ta( i) (E5)

where Ta( i) is the antenna temperature foreground spectrum measured frequencies i,
and T= T, is the conversion from antenna to thermodynamic temperatet The frequen-
cies and weights used are in Table 20. The weights are choserttgat any spectrum that is
a second order polynomial in antenna temperature will havesi integral evaluated exactly
(to the accuracy with which the bandpasses were measured).hdse weights are therefore
including information about the full shape of the bandpassWe do not expect to have spec-
tra that are second order polynomials; most of the antenna teperature spectra are either
power laws (rarely with powers of precisely 0, 1, or 2) or sgat tting functions, but they
can typically be approximated well as a smooth quadratic ovehe width of the WMAP
bandpasses. The tting frequencies are somewhat arbitraryrhey were chosen by taking a
canonical center frequency for each band and two frequergiabout 9% higher and lower.
Then they were adjusted by hand so that the weights were rouhequal and so the frequen-
cies were multiples of 0.1 GHz. Further adjustment could beodie, but the current numbers
appear to work well. Because of this arbitrariness of the fgeencies in Table 20, they should
not be taken to be a meaningful representation of the center avidth of the bandpass.

The error in this approximation is typically less than the WMAP calibration error of
0.2%, for smooth spectra such as power laws. In Q band, for Idrequency scale factors,
the error in the spinning dust spectrum can be on order of 1%.dwever, it is not clear that
we know the shape of the spinning dust spectrum to that accurg This is intended to be a
rapid and reasonably accurate way of integrating over th&/MAP bands. If more accurate
methods are needed, such as for very steep spectra or for $f@ewith emission lines, then
a full integration over the bandpass should be done.
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Table 20. Interpolation daté for T =( T= Ta) i3=1 Wi Ta( i)

Band 1b 2b

3 Wy W, W3 T= Ta°
K 20.6 22.8 249 0.332906 0.374325 0.292768 1.013438
Ka 30.4 33.0 35.6 0.322425 0.387532 0.290043 1.028413
Q 37.8 40.7 43.8 0.353635 0.342752 0.303613 1.043500
V 55.7 60.7 66.2 0.337805 0.370797 0.291399 1.098986
W 87.0 93,5 100.8 0.337633 0.367513 0.294854 1.247521

aAs stated in the text, the frequencies shown here have an atiairiness
that prevents them from being a meaningful representationfahe center
frequency or width of the WMAP bandpasses. The weightsy; account
for this arbitrariness; they make the overall approximatia accurate. The
weights and conversion factors are given to a precision of@li 6 sig-
ni cant gures. Our approximation is not that accurate; we provide this

precision to allow people to more easily reproduce our resuénd to make
round-o error negligible.

bFrequencies are given in GHz.

“This is the antenna to thermodynamic conversion for an unwghted
average of radiometers, which should be used for this appnomation.
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