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Abstract

ARCHEOPS is a balloon borne experiment designed to map the Cosmic Microwave Back-
ground (CMB) anisotropies over a large fraction of the sky (~ 30%) during a single arctic
night flight, with a high angular resolution (~ 10 arcmin), and to study Galactic foregrounds
radiation in the submillimetre domain. The channels at 143 GHz and 217 GHz are more
dedicated to CMB studies, those at 545 GHz and 353 GHz are used for Galactic studies.
The bolometers operating at 353 GHz are mounted in three polarization sensitive pairs.
We briefly present the instrument, the results of the CMB power spectrum estimation, the
constrain on cosmological parameters and report the first measurement of the submillimetre
diffuse Galactic dust emission.

1 Introduction

The power spectrum of the temperature anisotropies of the Cosmic Microwave Background
(CMB) has proved to be a powerful tool for constraining the cosmological parameters. Since
the first detection of CMB anisotropy with COBE/DMR %%, a host of experiments have
measured the spectrum down to sub—degree scales, but measurements at large angular scales
have remained difficult, due to the large sky coverage required to access these modes. This
difficulty was first overcome by ARCHEOPS in year 20022 and contributed to improve the
accuracy on the determination of the major cosmological parameters?.

Whereas CMB temperature anisotropies have now been measured over most of the rele-
vant angular scales (10 arcmin to 90 degreed), CMB polarization is only in its experimental
infancy. Theoretical predictions are rather tight for the polarization effect coming from the
last scattering surface. Upper limits on polarization 27>!> are now superseded by detections
by DASI3° and WMAP 2 of the scalar mode E (for a review, see Carlstrom '2). New
results can be expected from various experiments, on ground or balloon borne, and later
from PLANCK. The detection of tensor mode B, opens a unique window on the primordial
Universe, but remains at an uncertain level and is even more challenging to detect, therefore
requiring an even greater control of the systematics and foregrounds radiation.
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bSee a comparison of different experiments in Benoit et al’ and Bennett et al 2.
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Figure 1: Left: Scheme of the ARCHEOPS gondola. Right: Picture of ARCHEOPS focal plane.

For high frequency CMB measurements the most important foreground is certainly the
emission from Galactic Interstellar Dust (ISD), and few information are available about its
polarization properties from the degree to 10 arcmin scale. Measurements are therefore
highly required both for Galactic studies of the large scale coherence of the magnetic field
and in the field of CMB polarization, but are rather challenging as they require sensitivities
comparable to those of CMB studies.

The aim of this paper is to summarize the results obtained by ARCHEOPS on each
of these matters. We start by a brief description of the instrument in Sect. 2. Section 3
presents the results on the temperature power spectrum, section 4 gives a summary of the
cosmological parameters estimation. Section 5 is dedicated to the results on Galactic dust
polarization.

2 Description of the instrument

A detailed description of the instrument technical and inflight performance is given in Benoit
et al 7. We here focus on essential aspects. The ARCHEOPS telescope is a 1.5 m off-axis
Gregorian telescope 2°. In particular, it satisfies the Mizuguchi-Dragone condition *42% in
which there is negligible cross polarization at the center of the field of view. The detectors
are bolometers cooled down to 100 mK by an open cycle >He-*He dilution cryostat. They
operate at frequency bands centered at 143 GHz (8 bolometers), 217 GHz (6), 353 GHz (6=3
polarized pairs) and 545 GHz. The polarization sensitive pairs of bolometers are described
in Sect. 5.

Observations are carried out by turning the payload at 2 rpm producing circular scans at
a fixed elevation of ~ 41 deg. During a single night, the instrument covers a large fraction of
the sky (~ 30%) as the circular scans drift across the sky due to the rotation of the Earth.
This large sky coverage enables to determine the C; at low multipole values. On the other
side, the resolution of the instrument is 13 arcmin on average which therefore enables the
determination of the Cy up to high multipoles.

3 Determination of the CMB temperature anisotropies

A more complete discussion is proposed in Benoit et al®. For the first results of ARCHEOPS
on the CMB temperature anisotropies power spectrum *, we use data from only a single de-
tector at each of the CMB frequencies, 143 and 217 GHz, with a sensitivity of 90 and
150 pKcnp.s'/? respectively. To avoid the necessity of detailed modelling of Galactic fore-
grounds, we restrict the sky coverage to b > +30 deg., giving a total of ~ 100,000 15 arcmin.
pixels (HEALPIX 2! nside = 256) covering 12.6% of the sky (see Fig. 2). To extract the CMB
power spectrum, we use the MASTER analysis methodology?3. We estimate the CMB power



8000 T

[+ COBE/DMR ]

Ll MAXIMA ]

+g£g}\lERANG 1

_ 60007 | ARCHEOPS # -

5 1 ]

% o ]

< 4000} [ i

< # 1

3 A /

Archeops KS3 CMB ma = r T
i ° 2000 4 {&ﬂ,ﬁﬂ
i + 3T i

g !

0 R L Ll L

/ / / / / 1 10 100 1000
¢

Figure 2: Left : ARCHEOPS CMB map (Galactic coordinates, centered on the Galactic anticenter, Northern

hemisphere) in HEALPIX pixelisation with 15 arcmin. pixels and a 15 arcmin. Gaussian smoothing. The map is

a two—photometers coaddition. The dark blue region is not included in the present analysis because of possible

contamination by dust. The colors in the map range from —500 to 500uKcwms. Right : The ARCHEOPS power
spectrum compared with results of COBE, Boomerang, Dasi, Maxima.

spectrum in 16 bins ranging from ¢ = 15 to ¢ = 350 which can be approximated as inde-
pendent: off-diagonal terms in the covariance matrix are less than ~ 12%. Sample—variance
contributes 50% or more of the total statistical error up to £ ~ 200.

The ARCHEOPS (Y are also computed using two additional independent methods. The
first is based on noise estimation with an iterative multi—grid method, MAPCUMBA 16,
simple map-making and C} estimation using SpICE 4! which corrects for mask effects and
noise ponderation through a correlation function analysis. The second is based on MIRAGE
iterative map-making** followed by multi-component spectral matching!!3%:14. All methods
use a different map—making and C; estimation. Results between the three methods agree
within less than one o.

A comparison of these results with other experiments up to October 2002 (COBE 42,
Boomerang 3°, Dasi 24, Maxima ®2) is shown in Fig. 2. There is good agreement with other
experiments, given calibration uncertainties, and particularly with the power COBE/DMR
measures at low ¢ and the location of the first acoustic peak. Work is in progress to improve
the cross—calibration of the photometers, the accuracy and the £ range of the power spectrum:
the low ¢ range will be improved increasing the effective sky area for CMB (which requires
an efficient control of dust contamination), the high ¢ range will be improved by including
more photometer pixels in the analysis.

4 Estimation of cosmological parameters

A more complete discussion is proposed in Benoit et al. Constraints on various cosmological
parameters have been derived by using the ARCHEOPS data alone and in combination with
other measurements. The ARCHEOPS data give a high signal-to-noise ratio determination
of the parameters of the first acoustic peak and of the power spectrum down to COBE scales
(¢ = 15), because of the large sky coverage that greatly reduces the sample variance.

Cosmological parameter estimation relies upon the knowledge of the likelihood function
L of each band power estimate. Current Monte Carlo methods for the extraction of the
Cy naturally provide the distribution function D of these power estimates. The analytical
approach described in '! allows to construct the needed £ in an analytical form from
D. Using such an approach was proven to be equivalent to performing a full likelihood
analysis on the maps. Furthermore, this leads to unbiased estimates of the cosmological
parameters 431918 unlike other commonly used x? methods.

Using ARCHEOPS and COBE data alone and fitting a constant term and a gaussian2®17,
we find (Fig. 3) for the location of the peak {peax = 22016, for its width FWHM = 192+12,



Boomerang
Mazima

asi
------------ Boomerang+Dasi+Mazima (BDM)
c)

Archeops
= = = = BDM+Archeops

180 200 220 240 260

Figure 3: Gaussian fitting of the first acoustic peak using ARCHEOPS and other CMB experiments (¢ < 390).

Top panel: 68% CL likelihood contours in the first peak position and FWHM ({peax, FW HM) plane; Bot-

tom panel: 68% CL likelihood contours in the first peak position and height (£peak,Tpeak) plane for different

CMB experiments and combinations. The width of the peak is constrained differently by ARCHEOPS and BDM

experiments, so that the intersection lies on relatively large #pear. Hence, the BDM + ARCHEOPS zone is skewed
to the right in the bottom panel.

and for its amplitude 67 = 71.5 £ 2.0 uK.

The measured spectrum is in good agreement with that predicted by simple inflation mod-
els of scale—free adiabatic peturbations. ARCHEOPS on its own also sets a constraint on open
models, Qo; > 0.90 (68% CL). In combination with COBE 42, DASI?, BOOMERANG %3,
MAXIMA 32, VSA 39 CBI®7 experiments, tight constraints are shown on cosmological pa-
rameters like the total density, the spectral index and the baryon content, with values of
Quor = 1137012 0 = 0.967503 and Q,h? = 0.02175:352 respectively, all at 68% CL and
assuming 7 = 0. These results lend support to the inflationary paradigm. The addition
of non—CMB constraints removes degeneracies between different parameters and allows to
achieve a 10% precision on Qph? and Qa and better than 5% precision on o and n.
Flatness of the Universe is confirmed with a high degree of precision: Qo = 1.007):03
(ARCHEOPS + other CMB experiments + HST), comparable to that of WMAP 2.

5 First detection of the submillimetre diffuse Galactic dust emission

A more complete discussion can be found in Benoit et al®. We here complete the introduction
to the instrument given in sect. 2 laying the stress on aspects specific to polarization. The
polarized channels are assembled in three quasi-optical modules which are equivalent to Ortho
Mode Transducers (hereafter OMT %13). The first part of the data processing is common to
the channels at 143 and 217 GHz and consists in the removal of the systematics through the
pipeline. A specific post—processing is then applied to the 353 GHz channels and aims at
removing the remaining low frequency noise without highpass filtering in order not to produce
ringing around the Galactic plane. This is achieved through the interpolation of the Galaxy
estimated from a SFD template *® by slowly varying functions 7 and a wavelet shrinkage
technique ®® to determine the baseline. Since polarization is obtained from differences of
measurements from detectors at various orientations, it is critical that they all be accurately
cross—calibrated, typically at the 2% level. This precision is obtained by inter—comparing the



Q (mKrj) U (mKrj)

L NN S
AR T
o s gl

i AR P
R SN

-2.00e—01 ——— s 1.00e+00 -2.00e—01 2.00e—01 -2.00e—01 ——— e 2.00e—01

(Q/0g)* + (U/ay)

A
=N
/

I

N

(=]
T ITTT
>+
cos

& 1 .
W4 R Eié:j@%
- enaad BN S

Galactic Longitude (degrees)

Figure 4: Top left: Map of Intensity at 353 GHz. Top center: Map of @ Stokes parameter. Top left: Map of U
Stokes parameter. Bottom left: Map of the normalized squared polarized intensity (Q + U?)/(0g + o). Twice
this quantity is statistically distributed like a x* with 2 degrees of freedom. The 68, 95.4, 99.7% CL of the mapped
quantity correspond to 1.1, 3.1, 5.8 respectively. Bottom right: Summary figure of diffuse Galactic polarization.
The intensity (divided by 10) is represented in black and is taken to be the average value for —2 < b < 2 in each
longitude band. The thin solid line is the same value in 2° wide bands. The direction of polarization for every
bin is represented below in gold, and the length of the dash is proportionnal to the degree of polarization p in %.
The horizontal error bars represent the width of the longitude bins, which is 5° except for the edge bins.

large signal coming from Galactic “latitude profiles™ from different bolometers. Absolute
calibration is obtained with respect to FIRAS 317,

Once the data are cleaned, calibrated and cross—calibrated, the projection of the Stokes
parameters is obtained by forming the linear system M = AS + N, where M is the time
ordered vector of the n; X nyo measures, S the (3 nyp;,)-vector Stokes map of the sky, A the
pointing matrix encoding the pointing information and polarizer angles and IN the n; X npy
noise vector. If AV is the noise covariance matrix, the minimum x? solution 2% is:

S=ANTATTATN ML (1)

Solving the linear system (1) is one of the recurrent problems in CMB studies since the
matrices and vectors are usually large. In our case, however, the size of the polarized regions
correspond to temporal frequencies where the noise is essentially white (in—scan induced
noise), and the level of striping in @ and U (cross-scan induced noise) is negligible. We
therefore work at low resolution (27 arcmin) and consider each pixel individually. For each
pixel, we then compute the (3,3)-matrix ATNV ! A and the (3)-vector ATA"~?M. The system
of equations thus involves small mathematical objects and the inversion time is small. The
resulting maps are presented on Fig. 4.

The emission of two cloud complexes appear to be strongly polarized at 353 GHz. One
large complex is in Cassiopeia with an area of 33 deg?®. This area includes the supernova
remnant CasA, although the center is detected in the processing as a point source and
is not projected. These clouds are polarized up to the 15% level. Systematic uncertainties

°A latitude profile is a tabulation of intensity as a function of latitude where the data at all longitudes is
averaged to produce a single intensity value in each 2 degrees latitude bin



prevent us from ascertaining the existence of clouds with more than 20%. The other complex
coincides with the southern part of Gem OB1. Interestingly, the observed part of the Cygnus
complex is not found to be significantly polarized.

In order to study the polarization of the large scale diffuse emission of the dust, we divide
the Galaxy into 5 deg wide bands along Galactic longitude and construct for each band three
latitude profiles consisting of the values of I, Q and U as a function of latitude. These three
profiles are then used to find a unique polarization vector (p,#) characterizing the region
corresponding to the profile. Coherent polarization levels of few percents are significantly
detected up to 5 % at the 3 to 4 o level for several longitude bands, some of which include the
clouds already discussed in the previous section. Even after masking these clouds, a signifi-
cant coherent polarization remains in the same longitude bands. Overall, the orientation is
nearly orthogonal to the Galactic plane, compatible with catalogs of starlight polarization 22
and a Galactic magnetic field following the spiral arms. The very low polarization found on
Cygnus is in qualitative agreement with this prediction as the spiral arm lies along the line
of sight in this longitude range.

A coherence of the orientation of polarization between the diffuse medium and denser
clouds is generally observed, except for the cloud G113.2-2.7. It seems that the global
magnetic field that pervades the Galactic plane also goes deeply into some denser clouds
and is not tangled by turbulence effects. However, the degree of polarization may vary by
as much as a factor two inside the same cloud complex. This probably comes from the local
variability of the direction of the magnetic field.

Various tests of the possible systematics have been performed, among which the prinipal
are different filtering methods of the timelines, different projections of the Stokes parameters,
compatibility between the pairs of bolometers, cross—calibration uncertainties, beam effects.

6 Conclusions

If now the results of WMAP 2 have superseded most of the CMB experiments, we whish
to remind that ARCHEOPS was the first experiment to estimate the CMB temperature
anisotropies power spectrum from the large angular scales of COBE to the entire first acoustic
peak. This was obtained with a limited integration time (half a day) using a technology simi-
lar to that of the Planck HFI experiment. The measured spectrum is in good agreement with
that predicted by simple inflation models of scale—free adiabatic peturbations. The better de-
termination of the first acoustic peak brought by ARCHEOPS improved the accuracy on the
cosmological parameters, among which e.g. Qo = 1.0010 05 (ARCHEOPS + CMB + HST).

ARCHEOPS still provides the first large coverage maps of Galactic submm emission
with 13 arcmin resolution and polarimetric capabilities at 353 GHz to date. We find that
the diffuse emission of the Galactic plane in the observed longitude range is polarized at the
4-5 % level except in the vicinity of the Cygnus region. Its orientation is mostly perpendicular
to the Galactic plane and orthogonal, as expected, to the orientation of starlight polarized
extinction. Several clouds of few square degrees appear to be polarized at more than 10 %.
This suggests a powerful grain alignment mechanism throughout the interstellar medium.
Our findings are also compatible with models where a strong coherent magnetic field is
coplanar to the Galactic plane and follows the spiral arms, as observed on galaxies®.

The significant diffuse polarization that we measure indicates that Galactic dust will
be a major foreground for future experiments that will study CMB polarization at high
frequencies.
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