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Université Paris 7 Denis Diderot
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Adnan Ghribi (APC) Séminaire CPPM 14 avril 2014 2 / 21



.
SOMMAIRE

.
INTRODUCTION

. . . .
LES OBSERVABLES

. . . . .
PolarBear

. . . .
QUBIC

. . .
PRISM

. .
Conclusion

INTRODUCTION

[Graphique Nature Magasine]

[Zaldarriaga & Seljak(1997)]

Densité

Onde gravitationnelle

Modes E

Modes B

▶ (Q ± iU) (n) =
∑

a±2,lm±Ym
l (n)

lm

aE
lm = −

alm+a−2lm
2

aB
lm = i

alm−a−2lm
2

▶

{
E (n) =

∑
aE

2,lm±Ym
l (n)

B (n) =
∑

aB
2,lm±Ym

l (n)
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LES OBSERVABLES

▶ CTT
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⟨∣∣aT
lm

∣∣2
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– δ(T)−45dB
TT = 80 µK

– Réionisation / Pics
acoustique /Damping
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⟨
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lm

⟩
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EE = 300 nK
– Anticorrélation avec TT

▶ CBB
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∣∣2
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– δ(T)−80dB
BB = 30 nK

– r ≡ Ptenseur/Pscalaire =
0.008(Einf /1016 GeV)4

FIGURE : Mesures de spectres de puissance angulaires.
(a) TT mesuré par Planck HFI [Planck col. et al.(2013)], (b)
TE [Chiang et al.(2010)], (c) EE [Barkats et al.(2013)], (d) BB
[Bicep2 Col. et al.(2014)]

Planck collaboration: CMB power spectra & likelihood
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60
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Figure 37. The 2013 Planck CMB temperature angular power spectrum. The error bars include cosmic variance, whose magnitude
is indicated by the green shaded area around the best fit model. The low-` values are plotted at 2, 3, 4, 5, 6, 7, 8, 9.5, 11.5, 13.5, 16,
19, 22.5, 27, 34.5, and 44.5.

Table 8. Constraints on the basic six-parameter ⇤CDM model using Planck data. The top section contains constraints on the six
primary parameters included directly in the estimation process, and the bottom section contains constraints on derived parameters.

Planck Planck+WP

Parameter Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.12038 0.1199 ± 0.0027
100✓MC . . . . . . . 1.04122 1.04132 ± 0.00068 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . 3.098 3.103 ± 0.072 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.37 11.1 ± 1.1

H0 . . . . . . . . . . 67.11 67.4 ± 1.4 67.04 67.3 ± 1.2

109As . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.196+0.051
�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14305 0.1426 ± 0.0025
Age/Gyr . . . . . . 13.819 13.813 ± 0.058 13.8242 13.817 ± 0.048
z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.48 1090.43 ± 0.54
100✓⇤ . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04136 1.04147 ± 0.00062
zeq . . . . . . . . . . . 3402 3386 ± 69 3403 3391 ± 60

33

10-3

10-2

10-1

100

101

102

103

 10  100  1000

l(l
+1

)C
lBB

/(2
�)

 (!
K2 )

Multipole Moment, ell

r=0.2

r=0.025

DASI
CBI

MAXIPOL
BOOMERanG

CAPMAP
WMAP-9yr

QUaD
QUIET-Q
QUIET-W

BICEP1-3yr
BICEP2-3yr

POLARBEAR

⇥(
⇥
+
1)
C

B
B

`
/(
2�

)
(µ
K

2
)

�

TE

BB

TT (a)

(b)

(d)

18 BARKATS ET AL.

0.01

0.1

1

10

100

l (
l+

1)
 C
l / 

2π
   

[µ
K2 ]

EE

BICEP1−3yr
QUAD

WMAP−9yr
CAPMAP

CBI
Boomerang
DASI

QUIET−Q
QUIET−W

10
1

10
2

10
3

10
−3

10
−2

10
−1

10
0

10
1

10
2

Multipole l

BB: 95% confidence upper limits

FIG. 13.— BICEP1’s EE and BB power spectra complement existing data from other CMB polarization experiments (Leitch et al. 2005; Montroy et al. 2006;
Sievers et al. 2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al. 2011, 2012; Bennett et al. 2013). For visual clarity, we only display the
experiments where at least one of the EE bandpowers has a center value that is greater than twice the distance between the center value and the lower end of
the 68% confidence interval. Theoretical spectra from a ΛCDM model with r = 0.1 are shown for comparison; the BB curve is the sum of the inflationary and
gravitational lensing components. At degree angular scales, BICEP1’s constraints on BB are the most powerful to date.

set of analysis refinements discussed in §6.1. The change in
mapmaking pipeline, noise model, bandpower window func-
tion calculation, and deprojection each produce small shifts in
bandpowers and error bars as described above. But when we
apply all of these changes together to the original C10 data
set, the resulting r constraint derived using the same offset-
lognormal likelihood approximation as C10 is r < 0.71. In
other words, the net effect of these changes on the r upper
limit is close to zero for this dataset.
The relatively small decrease in the new upper limit is ex-

plained by two factors. First, the offset-lognormal likelihood
approximation used in C10 resulted in a negative bias on the
upper limit for those specific BB bandpowers (we find that the
r constraint derived from offset-lognormal bandpower likeli-
hoods is biased low for some cases and high for others). Ap-
plying the more accurate direct likelihood calculation to the
reanalyzed C10 dataset shifts the upper limit in this case from

r < 0.71 to r < 0.80. Second, upon including the new data
in this analysis the upper limit fluctuates somewhat high com-
pared to the average of simulations. With an r = 0 input model,
simulated datasets run through our final analysis yield upper
limits on r that decrease by a median of 0.27 when including
the additional data of the full three years (Figure 12). The cor-
responding decrease seen in the real data is only 0.10 (from
0.80 to 0.70). Although this decrease is smaller than average
it is not an unlikely result; 17% of the simulations saw even
less of a decrease, and in 7% of the simulations the upper limit
actually increases when adding the additional data.
Interesting constraints can be placed on cosmic birefrin-

gence from the BICEP1 TB and EB spectra, which are pre-
dicted to by zero by the ΛCDM model. This topic will be
explored in detail in Kaufman et al. (2013).
Measurement of CMB B-mode polarization remains

the most promising approach for testing the inflationary
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composantes
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– Séparation spectrale
précise

▶ Atmosphère
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adapté
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– Architecture de
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FIGURE : haut : Transmission de l’atmosphère [Bicep2 Col. et
al.(2014)]. bas : Spectre du CMB et des avant-plans [Bennett et
al.(2013)].
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SYSTÉMATIQUES

▶ T → P

– Taille du lobe primaire
– Niveau des lobes secondaires
– Ellipticité
– Erreurs de pointage
– Erreur sur le canal spectral
– Gain différentiel

▶ E → B

– Pointage
– Polarisation instrumentale

▶ Autres

– bruit 1/f
– Erreurs dans l’estimation du

bruit
– Stabilité thermiques
– Compatibilité

Electromagnétique
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FIG. 5.— Left: BB spectra from T -only input simulations using the measured per channel beam shapes compared to the lensed-⇤CDM+r = 0.2 spectrum. From
top to bottom the curves are i) no deprojection, ii) deprojection of differential pointing only (dp), iii) deprojection of differential pointing and differential gain of
the detector pairs (dp+dg), iv) adding deprojection of differential beam width (dp+dg+bw), and v) differential pointing, differential gain and differential ellipticity
(dp+dg+ellip.). Right: Estimated levels of other systematics as compared to the lensed-⇤CDM+r = 0.2 spectrum. Solid lines indicate expected contamination.
Dashed lines indicate upper limits. All systematics are comparable to or smaller than the extended beam mismatch upper limit.

Having established that the detected B-mode signal is not
an instrumental artifact, we now consider whether it might
be due to a Galactic or extragalactic foreground. At low
or high frequencies Galactic synchrotron and polarized-dust
emission, respectively, are the dominant foregrounds. The in-
tensity of both falls rapidly with increasing Galactic latitude
but dust emission falls faster. The equal amplitude cross-over
frequency therefore rises to & 100 GHz in the cleanest re-
gions (Dunkley et al. 2009, Fig. 10). The BICEP2 field is
centered on Galactic coordinates (l,b) = (316�,-59�) and was
originally selected on the basis of exceptionally low contrast
in the FDS dust maps (Finkbeiner et al. 1999). It must be em-
phasized that these ultra clean regions are very special — at
least an order of magnitude cleaner than the average b > 50�
level.

Foreground modeling involves extrapolating high signal-
to-noise ratio maps taken at lower/higher frequencies to the
CMB observation band, and there are inevitably uncertainties.
Many previous studies have been conducted and projections
made — see for instance Dunkley et al. (2009) and references
therein. We note that such studies generically predict levels
of foreground B-mode contamination in clean high latitude
regions equivalent to r . 0.01 — well below that which we
observe.

9.1. Polarized Dust Projections
The main uncertainty in foreground modeling is currently

the lack of a polarized dust map. (This will be alleviated soon
by the next Planck data release.) In the meantime we have
therefore investigated a number of existing models and have
formulated two new ones. A brief description of each model
is as follows:
FDS: Model 8 (Finkbeiner et al. 1999), assuming a uniform
polarization fraction of 5% and setting Q = U .
BSS: Bi-Symmetric Spiral (BSS) model of the Galactic mag-
netic field (O’Dea et al. 2012)30.
LSA: Logarithmic Spiral Arm (LSA) model of the Galactic
magnetic field (O’Dea et al. 2012)30.
PSM: Planck Sky Model (PSM) (Delabrouille et al. 2013)
version 1.7.8, run as a “Prediction” with 15% dust intrinsic
polarization fraction and Galactic magnetic field pitch angle
of -30�31.
DDM1: “Data Driven Model 1” (DDM1) constructed from
publicly available Planck data products. The Planck dust
model map at 353 GHz is scaled to 150 GHz assuming a con-

30http://www3.imperial.ac.uk/people/c.contaldi/
fgpol

31 http://www.apc.univ-paris7.fr/~delabrou/PSM/
psm.html
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Dashed lines indicate upper limits. All systematics are comparable to or smaller than the extended beam mismatch upper limit.

Having established that the detected B-mode signal is not
an instrumental artifact, we now consider whether it might
be due to a Galactic or extragalactic foreground. At low
or high frequencies Galactic synchrotron and polarized-dust
emission, respectively, are the dominant foregrounds. The in-
tensity of both falls rapidly with increasing Galactic latitude
but dust emission falls faster. The equal amplitude cross-over
frequency therefore rises to & 100 GHz in the cleanest re-
gions (Dunkley et al. 2009, Fig. 10). The BICEP2 field is
centered on Galactic coordinates (l,b) = (316�,-59�) and was
originally selected on the basis of exceptionally low contrast
in the FDS dust maps (Finkbeiner et al. 1999). It must be em-
phasized that these ultra clean regions are very special — at
least an order of magnitude cleaner than the average b > 50�
level.

Foreground modeling involves extrapolating high signal-
to-noise ratio maps taken at lower/higher frequencies to the
CMB observation band, and there are inevitably uncertainties.
Many previous studies have been conducted and projections
made — see for instance Dunkley et al. (2009) and references
therein. We note that such studies generically predict levels
of foreground B-mode contamination in clean high latitude
regions equivalent to r . 0.01 — well below that which we
observe.

9.1. Polarized Dust Projections
The main uncertainty in foreground modeling is currently

the lack of a polarized dust map. (This will be alleviated soon
by the next Planck data release.) In the meantime we have
therefore investigated a number of existing models and have
formulated two new ones. A brief description of each model
is as follows:
FDS: Model 8 (Finkbeiner et al. 1999), assuming a uniform
polarization fraction of 5% and setting Q = U .
BSS: Bi-Symmetric Spiral (BSS) model of the Galactic mag-
netic field (O’Dea et al. 2012)30.
LSA: Logarithmic Spiral Arm (LSA) model of the Galactic
magnetic field (O’Dea et al. 2012)30.
PSM: Planck Sky Model (PSM) (Delabrouille et al. 2013)
version 1.7.8, run as a “Prediction” with 15% dust intrinsic
polarization fraction and Galactic magnetic field pitch angle
of -30�31.
DDM1: “Data Driven Model 1” (DDM1) constructed from
publicly available Planck data products. The Planck dust
model map at 353 GHz is scaled to 150 GHz assuming a con-

30http://www3.imperial.ac.uk/people/c.contaldi/
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tensity of both falls rapidly with increasing Galactic latitude
but dust emission falls faster. The equal amplitude cross-over
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made — see for instance Dunkley et al. (2009) and references
therein. We note that such studies generically predict levels
of foreground B-mode contamination in clean high latitude
regions equivalent to r . 0.01 — well below that which we
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by the next Planck data release.) In the meantime we have
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is as follows:
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polarization fraction of 5% and setting Q = U .
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magnetic field (O’Dea et al. 2012)30.
PSM: Planck Sky Model (PSM) (Delabrouille et al. 2013)
version 1.7.8, run as a “Prediction” with 15% dust intrinsic
polarization fraction and Galactic magnetic field pitch angle
of -30�31.
DDM1: “Data Driven Model 1” (DDM1) constructed from
publicly available Planck data products. The Planck dust
model map at 353 GHz is scaled to 150 GHz assuming a con-

30http://www3.imperial.ac.uk/people/c.contaldi/
fgpol

31 http://www.apc.univ-paris7.fr/~delabrou/PSM/
psm.html
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FIG. 5.— Left: BB spectra from T -only input simulations using the measured per channel beam shapes compared to the lensed-⇤CDM+r = 0.2 spectrum. From
top to bottom the curves are i) no deprojection, ii) deprojection of differential pointing only (dp), iii) deprojection of differential pointing and differential gain of
the detector pairs (dp+dg), iv) adding deprojection of differential beam width (dp+dg+bw), and v) differential pointing, differential gain and differential ellipticity
(dp+dg+ellip.). Right: Estimated levels of other systematics as compared to the lensed-⇤CDM+r = 0.2 spectrum. Solid lines indicate expected contamination.
Dashed lines indicate upper limits. All systematics are comparable to or smaller than the extended beam mismatch upper limit.

Having established that the detected B-mode signal is not
an instrumental artifact, we now consider whether it might
be due to a Galactic or extragalactic foreground. At low
or high frequencies Galactic synchrotron and polarized-dust
emission, respectively, are the dominant foregrounds. The in-
tensity of both falls rapidly with increasing Galactic latitude
but dust emission falls faster. The equal amplitude cross-over
frequency therefore rises to & 100 GHz in the cleanest re-
gions (Dunkley et al. 2009, Fig. 10). The BICEP2 field is
centered on Galactic coordinates (l,b) = (316�,-59�) and was
originally selected on the basis of exceptionally low contrast
in the FDS dust maps (Finkbeiner et al. 1999). It must be em-
phasized that these ultra clean regions are very special — at
least an order of magnitude cleaner than the average b > 50�
level.

Foreground modeling involves extrapolating high signal-
to-noise ratio maps taken at lower/higher frequencies to the
CMB observation band, and there are inevitably uncertainties.
Many previous studies have been conducted and projections
made — see for instance Dunkley et al. (2009) and references
therein. We note that such studies generically predict levels
of foreground B-mode contamination in clean high latitude
regions equivalent to r . 0.01 — well below that which we
observe.

9.1. Polarized Dust Projections
The main uncertainty in foreground modeling is currently

the lack of a polarized dust map. (This will be alleviated soon
by the next Planck data release.) In the meantime we have
therefore investigated a number of existing models and have
formulated two new ones. A brief description of each model
is as follows:
FDS: Model 8 (Finkbeiner et al. 1999), assuming a uniform
polarization fraction of 5% and setting Q = U .
BSS: Bi-Symmetric Spiral (BSS) model of the Galactic mag-
netic field (O’Dea et al. 2012)30.
LSA: Logarithmic Spiral Arm (LSA) model of the Galactic
magnetic field (O’Dea et al. 2012)30.
PSM: Planck Sky Model (PSM) (Delabrouille et al. 2013)
version 1.7.8, run as a “Prediction” with 15% dust intrinsic
polarization fraction and Galactic magnetic field pitch angle
of -30�31.
DDM1: “Data Driven Model 1” (DDM1) constructed from
publicly available Planck data products. The Planck dust
model map at 353 GHz is scaled to 150 GHz assuming a con-

30http://www3.imperial.ac.uk/people/c.contaldi/
fgpol

31 http://www.apc.univ-paris7.fr/~delabrou/PSM/
psm.html

FIGURE : Réduction de différents effets systématiques après
étalonnage [Bicep2 Col. et al.(2014)].
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▶ Objectifs Scientifique

– Modes B primordiaux

▶ r = 0.025 à 2σ en deux ans

– Modes B lentillés
▶ 500 < l < 2100

▶ Spécifications à 150 GHz

– 1274 (TES)
NET = 5 µK

√
s

– Lobe primaire
3, 8 arcmin

– Multiplexage en fréquence
Facteur de multiplexage 8 : 1

Tremblin et al.: Worldwide site comparison

Fig.A.3. PWV statistics (top) and transmission curves (bottom)
for Mauna Kea. The transmission curve for the first decile of
PWV is in grey and the quartiles of PWV are given by red: 25
%, blue: 50 %.

Fig.A.4. PWV statistics (top) and transmission curves (bot-
tom) for Chajnantor Plateau. The transmission curve for the first
decile of PWV is in grey and the quartiles of PWV are given by
red: 25 %, blue: 50 %.

Fig.A.5. PWV statistics (top) and transmission curves (bottom)
for Cerro Macon. The transmission curve for the first decile of
PWV is in grey and the quartiles of PWV are given by red: 25
%, blue: 50 %.

Fig.A.6. PWV statistics (top) and transmission curves (bottom)
for Summit (Greenland). The transmission curve for the first
decile of PWV is in grey and the quartiles of PWV are given
by red: 25 %, blue: 50 %, green: 75 %.
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FIGURE : Pourcentage de transmission en fonction de
l’épaisseur de vapeur d’eau précipitable au plateau du
Chajnantor. La PWV est dessous de 1mm plus de 50% du
temps [Tremblin et al.(2012)].
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Figure 3. A cross-section drawing of the polarbear receiver.

3.2 Cryogenic receiver

There are several overarching design goals for the polarbear receiver:

• Create a cryogenic environment that allows our focal plane to cool to ⇠0.25 Kelvin with a > 20 hour
hold-time.

• Su�ciently cool the receiver and enclosed optical elements such that their in-band emission is lower than
the expected in-band emission of the Chilean atmosphere.

• Cool the superconducting quantum interference devices (SQUIDs) used for the multiplexed readout below
their transition temperature to < 6 Kelvin

All of these are e↵ectively requirements to minimize the noise of the instrument. Bringing the focal plane
below 0.25 Kelvin makes the thermal carrier noise a subdominant term when compared with expected thermal
background loading noise from the Chilean atmosphere. Similarly, to keep the instrument truly background
limited, the dewar itself must contribute a subdominant term to the overall thermal background noise when
compared to the sky. Cooling the SQUIDs is not only necessary for their functionality, but also to achieve
su�cient transimpedance for high gain in the multiplexed readout.

Cooling power for the polarbear receiver is provided by two closed cycle refrigerators. Our base temper-
atures of 50 Kelvin and 4 Kelvin are provided by a pulse tube refrigerator. A commercial PT415 model from
Cryomech, Inc.† is used. The PT415 pulse tube used in the polarbear receiver provides ⇠ 40 Watts of cooling
power at 45 Kelvin on the first stage and ⇠ 1.5 Watts at 4.2 Kelvin on the 2nd stage.

⇤http://www.gdsatcom.com/vertexrsi.php
†http://www.cryomech.com/

0,24±0.005 K

4,5 K 7 K

70 K

6 K

FIGURE : Vue en coupe du cryostat de PolarBear.

Adnan Ghribi (APC) Séminaire CPPM 14 avril 2014 9 / 21



.
SOMMAIRE

.
INTRODUCTION

. . . .
LES OBSERVABLES

. . . . .
PolarBear

. . . .
QUBIC

. . .
PRISM

. .
Conclusion

POLARBEAR INSTRUMENT

▶ Téléscope
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haute précision sur 2, 5 m

(a) (b)

Figure 5. (a) A polarbear device wafer. The left image shows a device wafer installed in its wafer holder below a lenslet
array. The bottom right inset shows an image of a single pixel and the top right inset further magnifies, showing an SEM
image of the bolometer island. (b) A photograph of the fully assembled focal plane, support structure and milliKelvin
wiring. Note that one module that is white in this photograph is using hemi-spherical lenselts that are made from alumina
rather than silicon. We initially used alumina lenslets since they are cheaper and more readily available than silicon and
could be used as prototypes when we were first developing our fabrication techniques for the anti-reflection coatings.

Polarization modulation can also be introduced with optical elements, such as a rotating half wave plate
(HWP). polarbear uses a single-crystal disk of A-plane cut sapphire with an anti-reflection coating of TMM
as a HWP. The HWP is cooled to ⇠80 Kelvin to mitigate its contribution to detector loading. A stepped
rotation mechanism is employed to aid in mitigating systematic errors in conjunction with sky rotation in our
scan strategy. The anti-reflection coated HWP and its rotation mechanism are shown in Figure 4.

3.2.3 Cold reimaging optics

The telescope focus lies just in front of the first reimaging lens of the receiver shown in Figure 2(b). The field,
aperture, and collimating lenses serve to reimage the curved focus of the telescope to a flat, telecentric focal plane
that can be coupled to planar, micro-fabricated detector arrays. Along with the cold aperture stop, the reimaging
optics were designed to give the telescope a 2.3� di↵raction-limited field of view for a 19cm focal plane. The lenses
are machined from ultra-high molecular weight polyethylene (UHMWPE) and cooled to ⇠6 Kelvin to reduce
their in-band emission. Anti-reflection coatings consisting of a single layer of porous polytetrafluoroethylene
(PTFE) are adhered to all lens surfaces using a vacuum hot-press process.

3.3 Focal plane architecture

The focal plane architecture of polarbear consists of antenna-coupled transition edge sensor (TES) detectors.23

Radiation is coupled onto microstrips using polarization sensitive lenlset-coupled slot antennas.24 Silicon lenslets
and a silicon spacer directly above the antennas provide a simulated elliptical lens, defining the beam directivity
and narrowing the Gaussian beam width inherent to the antenna.25,26 On-chip spectral band filtering is achieved
using resonant structures before power is dissipated at a load resistor located on a thermally isolated island. A
TES thermistor sits on this island and converts changes in optical power to modulated current through the
AC biased thermistor. Each pixel in a polarbear module contains detectors for two orthogonal polarizations.
Figure 5(a) shows the ‘readout side’ of a single device wafer with 91 pixels, along with unfolded readout circuitry
boards. Details on the optimization, design and construction of these device wafers can be found elsewhere in
these proceedings.27 The readout circuitry boards fold in to a compact module, lying within the footprint of the
device wafer and allowing for a close-packed focal plane. Seven wafer modules are used in the fully populated
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Figure 5. (a) A polarbear device wafer. The left image shows a device wafer installed in its wafer holder below a lenslet
array. The bottom right inset shows an image of a single pixel and the top right inset further magnifies, showing an SEM
image of the bolometer island. (b) A photograph of the fully assembled focal plane, support structure and milliKelvin
wiring. Note that one module that is white in this photograph is using hemi-spherical lenselts that are made from alumina
rather than silicon. We initially used alumina lenslets since they are cheaper and more readily available than silicon and
could be used as prototypes when we were first developing our fabrication techniques for the anti-reflection coatings.

Polarization modulation can also be introduced with optical elements, such as a rotating half wave plate
(HWP). polarbear uses a single-crystal disk of A-plane cut sapphire with an anti-reflection coating of TMM
as a HWP. The HWP is cooled to ⇠80 Kelvin to mitigate its contribution to detector loading. A stepped
rotation mechanism is employed to aid in mitigating systematic errors in conjunction with sky rotation in our
scan strategy. The anti-reflection coated HWP and its rotation mechanism are shown in Figure 4.

3.2.3 Cold reimaging optics

The telescope focus lies just in front of the first reimaging lens of the receiver shown in Figure 2(b). The field,
aperture, and collimating lenses serve to reimage the curved focus of the telescope to a flat, telecentric focal plane
that can be coupled to planar, micro-fabricated detector arrays. Along with the cold aperture stop, the reimaging
optics were designed to give the telescope a 2.3� di↵raction-limited field of view for a 19cm focal plane. The lenses
are machined from ultra-high molecular weight polyethylene (UHMWPE) and cooled to ⇠6 Kelvin to reduce
their in-band emission. Anti-reflection coatings consisting of a single layer of porous polytetrafluoroethylene
(PTFE) are adhered to all lens surfaces using a vacuum hot-press process.

3.3 Focal plane architecture

The focal plane architecture of polarbear consists of antenna-coupled transition edge sensor (TES) detectors.23

Radiation is coupled onto microstrips using polarization sensitive lenlset-coupled slot antennas.24 Silicon lenslets
and a silicon spacer directly above the antennas provide a simulated elliptical lens, defining the beam directivity
and narrowing the Gaussian beam width inherent to the antenna.25,26 On-chip spectral band filtering is achieved
using resonant structures before power is dissipated at a load resistor located on a thermally isolated island. A
TES thermistor sits on this island and converts changes in optical power to modulated current through the
AC biased thermistor. Each pixel in a polarbear module contains detectors for two orthogonal polarizations.
Figure 5(a) shows the ‘readout side’ of a single device wafer with 91 pixels, along with unfolded readout circuitry
boards. Details on the optimization, design and construction of these device wafers can be found elsewhere in
these proceedings.27 The readout circuitry boards fold in to a compact module, lying within the footprint of the
device wafer and allowing for a close-packed focal plane. Seven wafer modules are used in the fully populated
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Figure 6. (a) Fit gaussian beam parameters (centroid and major/minor axes) for the 1015 active bolometer channels in the
polarbear focal plane from 18 observations of Saturn. (b) The resulting co-added instrument beam from all detectors
in 5 separate observations of Saturn.
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Figure 7. (a) Histogram of the fit full width at half maximum (FWHM) for all detector beams across the array. (b)
Histogram of the beam ellipticities for all detector beams across the array.

Applying a relative gain calibration that is allowed to vary with time using the atmospheric variation ob-
served, we can find the di↵erential timestream needed to measure the Q or U stokes parameters in individual
pixels. Fourier transforming this di↵erential timestream allows us to see how well the unpolarized atmosphere
is suppressed at low frequencies. The 1/f knee of this low frequency noise informs our scan strategy to measure
the large angular scale polarization signals. Figure 8 shows the sum and di↵erence amplitude spectral densities
for an observation of one of our CMB patches. Pixel di↵erencing with this simple calibration method e↵ectively
suppresses the atmospheric fluctuations over a large bandwidth.

4.3 Fractional throughput and noise

Measurements of the product of the integrated bandwidth and fractional throughput, ⌘�⌫ were also made from
the beam maps presented in Section 4.1, as well as from earlier test of the receiver in the lab and from elevation
nods of the telescope. The fractional throughput is a measure of the percentage of the power seen by a detector
from a source at the input of the receiver compared to what would be seen if the detector had perfect e�ciency
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nods of the telescope. The fractional throughput is a measure of the percentage of the power seen by a detector
from a source at the input of the receiver compared to what would be seen if the detector had perfect e�ciency

(a) (b)

(c) (d)

FIGURE : (a) fit d’une gaussienne sur 1015 bolomètres actifs observant Saturne. (b) lobe
sur tous les détecteurs, observation de saturne. (c) histogramme des lobes FWHM des
pixels. (d) histogramme des ellipticités des pixels
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POLARBEAR SYSTÉMATIQUES & ETALONNAGE (1/2)

▶ Etalonnage Dans le ciel

– Tau A (Nébuleuse du Crabe)
▶ Angle de la polarisation

– Sources ponctuelles
▶ lobes

– Atmosphère
▶ Gain relatif

– Température du CMB
▶ Gain absolu

– Spectre EB, TB
▶ Polarisation/test de nul

– Stratégie de scan
▶ Rotation du ciel
▶ Angles d’attaque
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23"

POLARBEAR (TOP ROW) 

IRAM convolved with POLARBEAR beam (BOTTOM ROW) 

Aumont et. al, A&A 514, A79 (2010), Error ~ 0.5 deg. 

TauA"Polariza0on"Angle"Calibra0on"

23"

POLARBEAR (TOP ROW) 

IRAM convolved with POLARBEAR beam (BOTTOM ROW) 

Aumont et. al, A&A 514, A79 (2010), Error ~ 0.5 deg. 
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23"
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IRAM convolved with POLARBEAR beam (BOTTOM ROW) 

Aumont et. al, A&A 514, A79 (2010), Error ~ 0.5 deg. 

PolarBear IRAM/PolarBear

FIGURE : Mesure des paramètres de Stockes Q,
U,P = sqrt(Q2 + U2) avec et sans convolution avec
Aumont et al.(2010) [Kermich et a.(2012)].
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Figure 8. Pixel sum and di↵erence timestream noise spectral densities. A simple time-variable relative calibration is made
using the response to atmospheric variations in each detector. Di↵erencing with this simple calibration method e↵ectively
suppresses the atmospheric fluctuations over a large bandwidth.

to that same source. Table 3 shows the expected e�ciencies of the focal plane, aperture strop, and the lenses and
filters of the receiver. Lab measurements of ⌘�⌫ using beam-filling cold loads are consistent with expectations
of ⌘ = 37% given our measured 37 GHz integrated beamwidths. Measurements of ⌘�⌫ can also be made using
planet maps and elevation nods. Initial results from these measurements remain consistent with ⌘ = 37% at the
receiver window.

Element E�ciency
Focal plane (microwave structures and lenslets) 67%

Aperture stop 87%
Lenses and filters 64%

Cumulative fractional throughput 37%

Table 3. Table of fractional throughput contribution estimates for the polarbear receiver. Measurements are consistent
with a total receiver fractional throughput of 37%.

The design bolometer noise equivalent temperatures (NET) are about 500 µK
p
s, with variation expected

due to bolometer saturation powers and atmospheric conditions. Measurements of the detector NETs can be
made by similarly using beam maps or elevation nods for an absolute detector temperature gain and making a
comparison to the measured noise. Preliminary measurements from both beam maps with planets and elevation
nods show a peak in the NET distribution of 550 µK

p
s.

4.4 Polarized maps of TauA

Maps of Tau A, a supernova remnant at the heart of the Crab nebula have been made from observtions in Chile.
Tau A is polarized by synchrotron emission and can be used by polarbear as an astrophysical calibrator of
detector polarization angles. Regular observations of Tau A will be made at several HWP rotation angles to
both characterize systematic errors and verify the detector polarization angles on the sky.

Figure 9 shows the resulting I, Q, and U Stokes parameter maps of the source coadded from observations
with several HWP orientations. Studies of systematic errors related to the HWP, such as di↵erential reflection,
can be made using the maps at each HWP orientation. Figure 10 shows the resulting polarization P =

p
Q+ U

and polarization angle of the source.

4.5 Preliminary observations

The instrument has been carrying out routine observations since late April of 2012. The telescope runs on a 36
hour cycle, with ⇠20 hours currently being used for observations of CMB patches, 4.5 hours to cycle our mil-

FIGURE : Suppression de l’effet des fluctuations de
l’atmosphère dans le bruit spectral à partir de la
différentiation de plusieurs pixels. [Kermich et a.(2012)]

.
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Figure 8. Pixel sum and di↵erence timestream noise spectral densities. A simple time-variable relative calibration is made
using the response to atmospheric variations in each detector. Di↵erencing with this simple calibration method e↵ectively
suppresses the atmospheric fluctuations over a large bandwidth.

to that same source. Table 3 shows the expected e�ciencies of the focal plane, aperture strop, and the lenses and
filters of the receiver. Lab measurements of ⌘�⌫ using beam-filling cold loads are consistent with expectations
of ⌘ = 37% given our measured 37 GHz integrated beamwidths. Measurements of ⌘�⌫ can also be made using
planet maps and elevation nods. Initial results from these measurements remain consistent with ⌘ = 37% at the
receiver window.
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Cumulative fractional throughput 37%

Table 3. Table of fractional throughput contribution estimates for the polarbear receiver. Measurements are consistent
with a total receiver fractional throughput of 37%.

The design bolometer noise equivalent temperatures (NET) are about 500 µK
p
s, with variation expected

due to bolometer saturation powers and atmospheric conditions. Measurements of the detector NETs can be
made by similarly using beam maps or elevation nods for an absolute detector temperature gain and making a
comparison to the measured noise. Preliminary measurements from both beam maps with planets and elevation
nods show a peak in the NET distribution of 550 µK

p
s.

4.4 Polarized maps of TauA

Maps of Tau A, a supernova remnant at the heart of the Crab nebula have been made from observtions in Chile.
Tau A is polarized by synchrotron emission and can be used by polarbear as an astrophysical calibrator of
detector polarization angles. Regular observations of Tau A will be made at several HWP rotation angles to
both characterize systematic errors and verify the detector polarization angles on the sky.

Figure 9 shows the resulting I, Q, and U Stokes parameter maps of the source coadded from observations
with several HWP orientations. Studies of systematic errors related to the HWP, such as di↵erential reflection,
can be made using the maps at each HWP orientation. Figure 10 shows the resulting polarization P =

p
Q+ U

and polarization angle of the source.

4.5 Preliminary observations

The instrument has been carrying out routine observations since late April of 2012. The telescope runs on a 36
hour cycle, with ⇠20 hours currently being used for observations of CMB patches, 4.5 hours to cycle our mil-

FIGURE : Suppression de l’effet des fluctuations de
l’atmosphère dans le bruit spectral à partir de la
différentiation de plusieurs pixels. [Kermich et a.(2012)]
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to that same source. Table 3 shows the expected e�ciencies of the focal plane, aperture strop, and the lenses and
filters of the receiver. Lab measurements of ⌘�⌫ using beam-filling cold loads are consistent with expectations
of ⌘ = 37% given our measured 37 GHz integrated beamwidths. Measurements of ⌘�⌫ can also be made using
planet maps and elevation nods. Initial results from these measurements remain consistent with ⌘ = 37% at the
receiver window.

Element E�ciency
Focal plane (microwave structures and lenslets) 67%

Aperture stop 87%
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Cumulative fractional throughput 37%

Table 3. Table of fractional throughput contribution estimates for the polarbear receiver. Measurements are consistent
with a total receiver fractional throughput of 37%.

The design bolometer noise equivalent temperatures (NET) are about 500 µK
p
s, with variation expected

due to bolometer saturation powers and atmospheric conditions. Measurements of the detector NETs can be
made by similarly using beam maps or elevation nods for an absolute detector temperature gain and making a
comparison to the measured noise. Preliminary measurements from both beam maps with planets and elevation
nods show a peak in the NET distribution of 550 µK

p
s.

4.4 Polarized maps of TauA

Maps of Tau A, a supernova remnant at the heart of the Crab nebula have been made from observtions in Chile.
Tau A is polarized by synchrotron emission and can be used by polarbear as an astrophysical calibrator of
detector polarization angles. Regular observations of Tau A will be made at several HWP rotation angles to
both characterize systematic errors and verify the detector polarization angles on the sky.

Figure 9 shows the resulting I, Q, and U Stokes parameter maps of the source coadded from observations
with several HWP orientations. Studies of systematic errors related to the HWP, such as di↵erential reflection,
can be made using the maps at each HWP orientation. Figure 10 shows the resulting polarization P =

p
Q+ U

and polarization angle of the source.

4.5 Preliminary observations

The instrument has been carrying out routine observations since late April of 2012. The telescope runs on a 36
hour cycle, with ⇠20 hours currently being used for observations of CMB patches, 4.5 hours to cycle our mil-
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Adnan Ghribi (APC) Séminaire CPPM 14 avril 2014 10 / 21



.
SOMMAIRE

.
INTRODUCTION

. . . .
LES OBSERVABLES

. . . . .
PolarBear

. . . .
QUBIC

. . .
PRISM

. .
Conclusion
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Observa0on"Strategy"

SCP 

•  Constant Elevation Scans   
•  Sky rotation gives crosslinking, varied attack angle 

•  Averages down polarization effects 
•  HWP Rotation once per day 

Az 

El 

24"

nhits map 

10 

7b 6b 

The nhits from the limited el range scan. 

A bi‐product from the limited el range 

is to cover the sky uniformly since the 

sky at the high eleva*on does not rotate. 

(a) (b)

Figure 1. (a) Predicted error bars for the polarbear experiment shown with theoretical E and B-mode polarization
spectra assuming r = 0.025. The blue-dashed curves show the noise levels of polarbear and PLANCK for comparison,
both with �l = 30 binning. (b) Proposed polarbear observation patches shown outlined in blue along with theoretical
galactic dust intensity. Previously observed and proposed patches of observation from several complimentary experiments
are also indicated.

as a probe of large scale structure at z ⇠ 2, these lensing B-modes will enable a rich range of science, including
strong constraints on the neutrino masses and tests of general relativity and dark energy.14

The polarbear experiment was designed to characterize the B-mode polarization of the CMB on both
large and small angular scales. We detail the instrument design that enables this characterization in the next
section. The projected error bars on the E and B-mode polarization spectra are shown in Figure 1(a), along
with the predicted instrument noise and a comparison to the Planck mission. Error bars and the noise curve
for polarbear are calculated using the experiment design parameters summarized in Table 1, assuming no
foreground contamination and sub-dominant systematic error contributions. Noise equivalent temperatures
(NETs) are estimated from the bolometer design parameters and estimates of the receiver loading and Chile
sky temperature. Factors contributing to the overall observing e�ciency estimate include 70% detector yield,
50% e�ciency on our observation patches and 65% instrument operation time.

NETdet 480 µK
p
s

Ndet 1274
fsky 1.6 %

Observing E�ciency 18 %
Observing time 2 years

Temperature map depth 6.3 µK� arcminute
Polarization map depth 8.9 µK� arcminute

Beam FWHM 3.50

Table 1. polarbear instrument specifications

The observation patches chosen for polarbear are shown in Figure 1(b) along with the planned and observed
patches of several other experiments and the estimated galactic dust intensity. The three 15� ⇥ 15� observation
patches were chosen to minimize the level of the galactic dust foreground while maximizing availability. polar-

FIGURE : Haut : Scans à élévation constante avec
avantage de la rotation du ciel (angles d’attaque
différents). Bas : Zones d’observation de PolarBear .
[Kermich et a.(2012)]
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▶ Etalonnage sur le site

– Source infra-rouge
(Stimulator)

▶ Gain relatif, plarisation
relative

– Source en champ lointain
(Diode Gunn)

▶ Polarisation absolue
– Source de polarisation

(Dielectric sheet)
▶ Polarisation absolue

– Spectromètre à transformée de
Fourrier (FTS)

▶ Réponse spectrale
– Lâme demi-onde

▶ Polarisation relative

Calibration Tools 
• Objects on the sky 

– TauA for pol. angle 
– Point sources for beam 
– Atmosphere for relative gain 

• Stimulator (IR source) 
– relative gain, relative pol. angle 

• Gunn (far field)  
– absolute pol. angle 

• Dielectric Sheet Calibrator 
– absolute pol. angle 

•  Fourier Transform Spectrometer (to be installed) 
– spectral response functions 

• CMB temperature 
– absolute gain etc. 
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FIGURE : Mesure des paramètres de Stockes Q,
U,P = sqrt(Q2 + U2) avec et sans convolution avec Aumont

et al.(2010) [Kermich et a.(2012)].
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POLARBEAR DÉPOLOIEMENT & MESURESTelescope/Site Deployment

12

Telescope Assembly

Site deployment was started 
in mid-September 2011.

Installing Focal Plane/Receiver

13

Focal Plane/Receiver 
Assembly

Hoisting Receiver
up on Telescope

Installing Focal Plane/Receiver

13

Focal Plane/Receiver 
Assembly

Hoisting Receiver
up on Telescope

Ready for 
Observation

14

• The design of the bolometer 
saturation power is confirmed to be 
suitable to the Chilean sky.

• The cryogenic performance of 
the receiver is excellent.

• The bolometer readout including 
related software is working well.

•The telescope works well.

HTT at the James Ax Observatory
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POLARBEAR DÉPOLOIEMENT & MESURES

Primary: 74 Pm rms

Measured Mirror Surface Accuracy

7

Primary: 53 Pm rms

Secondary: 37 Pm rms Secondary: 109 Pm rms

COSPAL CF

Primary: 74 Pm rms

Measured Mirror Surface Accuracy

7

Primary: 53 Pm rms

Secondary: 37 Pm rms Secondary: 109 Pm rms

COSPAL CF

(a)

(b)

(c)(d)

FIGURE : (a,b) Compensation des erreurs de pointage par
correction de tilt. (b,c) Correction des aberration par
correction sur la surface des miroirs (Dec. 2011).

8

as was done for Tau A using Equation 9. To calculate
the polarization angle of Cen A, all pixels within 120 of
its center are used. The QUaD experiment measured the
polarization of Cen A at 100 and 150 GHz (Zemcov et al.
2010). Polarbear measured a Cen A polarization angle
of 147.9� ±0.6�(stat.)±1.0�(sys.) with the Tau A-derived
polarization angle. Using the C

EB
` -derived polarization

angle described in Section 4.5 results in a measured Cen
A polarization angle of 149.0� ± 0.6�(stat.) ± 0.9�(sys.).
The Polarbear and QUaD measurements of Cen A
agree within their measurement uncertainties.

4.5. Calibration using the CMB

A single estimate of the power spectra Ĉ

XY
b from

the three patches is created using the band powers and
their covariance matrices, as will be described in Sec-
tion 5. The power spectra are gain-calibrated by fitting
the patch-combined C

TT
` to the wmap-9 ⇤CDM spec-

trum. The patch-combined C

TT
` , C

EE
` , C

TE
` , and C

TB
`

spectra (after instrument polarization angle calibration
is applied) are plotted in Figure 4 (these are the spec-
tra after the calibration of instrument polarization angle
described below). We find that the patch-combined and
individual patch spectra are consistent with the ⇤CDM
model, where the binned uncertainties on each spectra
are from sample variance, noise variance, and beam un-
certainty.

As described in Section 4.4, Tau A is used to calibrate
the relative pixel polarization angles. We use simulations
of instrumental systematic e↵ects in Section 7.1.2 to show
that our uncertainty in relative pixel polarization angle,
and in all other instrumental systematics, does not con-
tribute significantly to the C

BB
` or C

EB
` spectra. This

allows us to use the C

EB
` spectrum as a more precise

calibration of instrument polarization angle to search for
the signature of gravitational lensing in C

BB
` (Keating

et al. 2013). Miscalibration of the instrument polariza-
tion angle biases the measured C

BB
` spectrum and pro-

duces non-zero C

EB
` and C

TB
` spectra. The bias in C

BB
`

and non-zero C

EB
` corresponding to an instrument po-

larization angle error � ⌧ ⇡ are given by

C

0
`
BB ' 4� 2

C

EE
` , (10)

C

0
`
EB ' 2� C

EE
` . (11)

A cosmic rotation of polarization would produce a non-
zero C

EB
` that is degenerate with an instrument polariza-

tion angle miscalibration. Either signal can be removed
by rotating the instrument polarization angle to mini-
mize the best-fit angle as measured by C

EB
` and C

TB
` .

For this analysis, we calibrate the instrument polar-
ization angle using the patch-combined C

EB
` spectrum,

which is more sensitive than C

TB
` (Keating et al. 2013).

We then find consistency between C

TB
` and C

EB
` , and

find that each patch is individually consistent with the
single C

EB
` -defined instrument polarization angle, which

has a statistical uncertainty of 0.20�. Note that this pro-
cess is expected to minimize the measured C

BB
` , as any

miscalibration of polarization angle or cosmic rotation of
polarization increases the power in C

BB
` (Kaufman et al.

2013).
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Fig. 4.— First season Polarbear power spectra used for cali-
bration and cross-checks of the calibration. Black dots show the
measured band powers, with horizontal bars representing the bin
widths, and vertical bars representing the uncertainty due to noise,
sample variance, and beam uncertainty, the diagonal of the band
power covariance matrix. The red curve is the wmap-9 ⇤CDM
theory, and the red crosses are the expected binned band powers.

Figure 5 shows the C

EB
` power spectrum measured

using the Tau A calibration of instrument polarization.
This shows that the instrument polarization angle cali-
brated by C

EB
` is di↵erent from the Tau A-derived po-

larization angle by -1.08�; the statistical uncertainty in
the global C

EB
` -derived instrument polarization angle is

0.20�. Given the uncertainty in the IRAM-measured an-
gle of 0.5�, the Polarbear measurement uncertainty
estimated in Section 4.4 of 0.43�, and the statistical un-
certainty of in the C

EB
` -derived angle, there is slight ten-
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Fig. 12.— Binned CBB
` spectrum measured using data from all three patches (⇠ 30 deg2). A theoretical wmap-9 ⇤CDM high-resolution

CBB
` spectrum with ABB= 1 is shown. The uncertainty shown for the band powers is the diagonal of the band power covariance matrix,

including beam covariance.

TABLE 8
Reported Polarbear band powers and the diagonal

elements of their covariance matrix

Central ` ` (`+ 1)CBB
` /2⇡ [µK2] �{` (`+ 1)CBB

` /2⇡} [µK2]
700 0.093 0.056

1100 0.149 0.117
1500 �0.317 0.236
1900 0.487 0.482

trum; including statistical uncertainty and beam covari-
ance, this PTE is 42%. Table 8 enumerates the band
powers reported here.

We fit the band powers to a ⇤CDM cosmological
model with a single ABB amplitude parameter. We find
ABB = 1.12 ± 0.61(stat)+0.04

�0.10(sys) ± 0.07(multi), where
ABB = 1 is defined by the wmap-9 ⇤CDM spectrum.
To calculate the lower bound on the additive uncertain-
ties on this number, we linearly add, in each band, the
upper bound band powers of all the additive systematic
e↵ects discussed in Section 7, and the uncertainty in the
removal of E to B leakage. We then subtract this possi-
ble bias from the measured band powers, and calculate
ABB . This produces a lower ABB , and sets the lower
bound of the additive uncertainty. We then repeat the

process to measure the upper bound. The multiplicative
uncertainties are the quadrature sum of all the multi-
plicative uncertainties discussed in Section 7.

The measurement rejects the hypothesis of no C

BB
`

from lensing with a confidence of 97.5%. This is calcu-
lated using the bias-subtracted band powers described
above (the most conservative values to use for rejecting
this null hypothesis), and integrating the likelihood of
ABB> 0.

9. SUMMARY & DISCUSSION

We have reported a measurement of the CMB’s B-
mode angular power spectrum, C

BB
` , over the multipole

range 500 < ` < 2100. This measurement is enabled by
the unprecedented combination of high angular resolu-
tion (3.50) and low noise that characterizes the Polar-
bear CMB polarization observations.

To validate the Polarbear measurement of this faint
signal, we performed extensive tests for systematic er-
rors. We evaluated nine null tests and estimated twelve
sources of instrumental contamination using a detailed
instrument model, and found that all the systematic un-
certainties were small compared to the statistical uncer-
tainty in the measurement. To motivate comprehensive
evaluation of the data set and prevent observer bias in

BB

FIGURE : (a,b) Spectres de puissance angulaires TT, EE et
BB du CMB avec 1 an de données et autocalibration
TE/EB.[PolarBear col. et al.(2014)].
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QUBIC PRINCIPE

▶ Interférométrie classique

– Propreté de détection
– mitigation des effets

systématiques
– Nécessité de corrélateurs

▶ Imagerie

– Sensibilité de détection

▶ Interférométrie bolométrique

– Mesure directe des visibilités
sur le ciel

– Moins sensible aux
fluctuations de l’atmosphère

– Sensibilité limitée par le bruit
de photon

Interférométrie

Imagerie
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QUBIC SITE, SPÉCIFICATIONS ET OBJECTIFS

▶ Objectifs Scientifique

– Modes B primordiaux

▶ r = 0.005 à 2σ en 1 an

– Premier pic acoustique
▶ 50 < l < 200

▶ Spécifications à 150 GHz

– 2048 TES
NEPdet = 4.10−17 W/

√
Hz

– 400 cornets
!400 lignes de base

– Multiplexage temporel
Facteur de multiplexage 128 : 1

Tremblin et al.: Worldwide site comparison

vertical profiles of tropospheric humidity at ninety altitude lev-
els (resolution 1 km) are retrieved with a typically 10% accu-
racy (Pougatchev et al. 2008). The amount of precipitable wa-
ter vapour is given by the integral of these vertical profiles. We
averaged on a daily base all measurements whose central posi-
tion falls in a zone of 110 km2 around each site to derive PWV
statistics between 2008 and 2010. This method was validated in
Tremblin et al. (2011) in which we compared IASI satellite data
with ground-based instruments (HAMSTRAD and SUMIT08)
and radio-sounding data over the French-Italian base Concordia
at Dome C in Antarctica. All instruments have a good correla-
tion at low PWV which is precisely the range we are interested
in for submillimetre astronomy.

Fig. 2. Top: PWV content measured at Dome C, Antarctica over
the French Italian base Concordia between 2008 and 2010. The
percentage indicates the fraction of days of the year on which
we were able to extract the data from the satellite measurements.
Bottom: function of repartition of the PWV for each year and for
the whole period.

Fig. 3. Same as Fig. 2 for Cerro Chajnantor in Chile. The satellite
profiles were truncated at the altitude of the mountain summit.
Note the different scale range of PWV compared to Fig. 2.

The use of vertical satellite profiles is slightly trickier for a
mountain site. Since we take all measurements in a zone of 110
km2, we sometimes get profiles that do not contain mountain
altitude but include lower ones. This would bias the retrieved
PWV to high values. To overcome this difficulty, we generally
truncated the profiles at the pressure level of the site of inter-
est. This method was already used by Ricaud et al. (2010) to
compare IASI measurements with the HAMSTRAD radiometer,
over the Pyrenees mountains. They showed a very good corre-
lation for the integrated PWV. We also determined in this way
the PWV content at high altitudes (>11 km) over Palmdale,
USA and Christchurch, New Zealand for the on-going and fu-
ture flights of SOFIA. During a typical flight, SOFIA will range
hundreds of kilometers from its base and the water vapour de-
pends on local weather conditions at the position of the plane.
Since the profiles are averaged on a 110-km2 area and the time
statistics is done for three years, the results given here are repre-
sentative conditions under which SOFIA is operating. Precise in-
situ measurements of the PWV useable for calibration are much
more difficult to obtain (see Guan et al. 2012).

The water vapour profiles are measured as a function of pres-
sure by IASI. Therefore it is important to get the correct pres-
sure level at the altitude of the sites. In-situ measurements were
available for most of the sites to get the local averaged pressure
level. Only for Yangbajing, Cerro Macon, and SOFIA, it was
neccessary to use the pressure level of the US standard atmo-
sphere (1976), computed at the altitude of the site. However, this
method does not provide a precise pressure level just as a mea-
sured one so that the retrieved PWVs are less reliable. By com-
paring both methods for sites were measurements were avail-
able, we estimate an error of around 25 % using the standard
atmosphere.

Figure 2 presents the PWV measurements for the Antarctic
site of Dome C and Fig. 3 the measurements for the Chilean
site of Cerro Chajnantor. The corresponding figures for all other
sites are found in the Appendix and on a dedicated website4.
Since on Antarctic domes (expression for the mountains in
Antarctica), the difference in height is small over 100 km, we
do not need to truncate the profiles, whereas it has to be done
for a mountain site like Cerro Chajnantor. Some ground mea-
surements are available for different sites and can be compared
to our results. Cerro Chajnantor and Chajnantor Plateau were
extensively studied (see Giovanelli et al. 2001) and the PWV
quartiles between 2006 and 2010 can be found in Radford
(2011). The values deduced from opacity measurements at 225
GHz are 0.61 mm (25 %), 1.08 mm (50 %), and 2.01 mm (75
%) for the plateau; and 0.33 mm (25 %), 0.61 mm (50 %), and
1.36 mm (75 %) for Cerro Chajnantor. The quartiles for Cerro
Chajnantor are in a good agreement with our satellite measure-
ments (between 10 and 20 % difference). Note that the studied
periods are not the same and can explain partly the difference.
Furthermore, a scale height of the water vapour profiles on
the Chajnantor area can be deduced from the quartiles of the
plateau and the “Cerro”. With the satellite measurements, we
computed a 1/e scale height he of the order of 1.1 km that is
in a good agreement with measurements from Giovanelli et al.
(2001). The PWV quartiles at the South Pole were computed
at saturation from radio-sounding balloons over a period of 40
years (see Chamberlin 2002). These authors estimated that the
PWV should be at 90 % saturated, thus the saturation level
can be used as a proxy for the real PWV. They found averaged
quartiles of 0.25 mm (25 %), 0.33 mm (50 %), and 0.44 mm

4 http://submm.eu

3

Jours depuis 1er janvier
pw

v 
[m

m
]

FIGURE : Pourcentage de transmission en fonction de
l’épaisseur de vapeur d’eau précipitable au Dome C. La
PWV est dessous de 0.6mm plus de 50% du temps
[Tremblin et al.(2012)].
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QUBIC INSTRUMENT

▶ 400 cornets corrugués

– FWHM = 14o

– Plaques Al empilée

▶ 400 commutateurs
électromécaniques intégrés

▶ Lâme demi-onde achromatique

– Lithographie sur support
diélectrique

▶ Combinateur quasi-optique

– Système Grégorien hors axe
– Focale 300 mm
– Miroirs 0, 5 m

Dielectrically Embedded Mesh HWP: Lerner type G. Pisano et al. in press in PIER M (2012)

∅=20cm

Critical issues to be investigated:

• Slight expected difference in absorption between the waveplate axes

• The potential gradient in temperature across large plates

Summary�Report�from�the�QUBIC�Optics�Group�
 

horn� selection,�but� for�all�400�horns.�APC� results� show� that� the� reduction� in� sensitivity� is� slightly�
underͲestimated,�but�the�values�given�above�are�still�ok.��We�will�also�run�a�second�simulation�with�
all�the�parameters�adjusted�simultaneously�(i.e.�repeating�the�original�simulation�that�showed�a�15%�
drop�but�this�time�rotating�the�mirrors�about�an�axis�through�their�centre.)�
�
These�physical�optics� simulations�were� carried�out� in� the� commercial� software�package�GRASP�as�
well�as�our�inͲhouse�software�MODAL.��A�selection�of�the�predictions�were�compared�and�found�to�
agree.�
�
Change�of�mirror�shape�
To�estimate�the�effect�of�changes�in�mirror�shape�we�took�as�an�example�the�percentage�change�in�
radius�of�curvature�measured�in�the�Planck�mirrors�as�they�were�cooled�from�300�K�to�42�K.�This�was�
found�to�be�0.05%.� �The�radius�of�curvature�of�the�QUBIC�mirrors�was�changed�by�r0.05%�and�the�
beams�from�the�sample�of�23�horns�were�propagated�to�the�focal�plane.��It�appears�that�changes�at�
this�level�are�insignificant.�(Beam�files�are�available�for�analysis.)�
�
Movement�of�the�focal�plane�
The�position�of�the�focal�plane�was�also�varied�by�r1�mm�(in�the�direction�of�the�secondary�mirror).��
The�total�power�captured�on�the�focal�planed�varied�by�up�to�r0.6%�for�the�worst�edge�horn;�several�
times�less�for�most�of�them.��We�will�now�investigate�the�effect�of�tilting�the�focal�plane.��(Beam�files�
will�be�available�for�analysis).�
�
2.�Beam�Footprints�
We�wanted�to�calculate�the�area�of�the�beams�as�they�propagate�through�the�system;�this�is�useful�
for�engineering�drawings�and�also� to�check� the�size�of� the�optics.�See� the�appendix� for�a�note�on�
what�we�mean�by�‘footprint’�and�how�we�determine�it.�
�
Three�900�mm�×�600�mm�image�planes�were�defined,�100,�200�and�300�mm�from�the�focal�plane�and�
parallel�to�it.��They�were�offset�150�mm�from�the�centre�of�the�focal�plane.��The�outer�ring�of�horns�
was�propagated�from�the�input�array�to�the�primary�mirror�and�then�from�the�primary�mirror�to�the�
3�image�planes�(1,2,�and�3�in�the�following�diagram).��They�were�then�reflected�from�the�secondary�
and�then�onto�the�image�planes�(4,5,�and�6�in�the�diagram).��The�footprints�of�this�outer�ring�of�horns�
are�shown�below.��The�plots�on�the�left�show�the�sum�of�the�power�from�each�beam�(like�Fig.�2a�in�
appendix),� the� plot� on� the� right� shows� the� area�where� the� power� of� any� beam� is� >� 1/e2� of� the�
maximum�power�from�that�beam�(called�“1W”)�etc.�(like�Fig.�3c�in�appendix).��
�
�
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FIGURE : De haut en bas : Cornet par empilement de
plaques usinées, HWP achromatique, Simulation du
combineur optique de QUBIC.
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QUBIC INSTRUMENT

▶ Détecteurs

– 2048 TES
– NEP = 10−17 unitfracW

√
Hz

– Tc = 0, 4 K
– Absorbeur Ti − Pd
– Membrane SiNx

– Thermomètre NbxSi1−x

▶ Electronique de lecture

– 2048 SQUIDs @ 4 K
– 16 ASIC SiGe @ 77 K

56 mm

300 µm

Thermomètre

Electrodes

11. CARACTÉRISATION DES BOLOMÈTRES
SUPRACONDUCTEURS NBSI
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Figure 11.9: .

Bruit en NEP W/
p
Hz- APCTES04 - En représentant le bruit en puissance, on

trouve une NEP ⇡ 4 10�17W/
p
Hz avec une constante de temps allant entre 5Hz et

100Hz selon le choix du point de fonctionnement.

174

FIGURE : De haut en bas : Cornet par empilement de
plaques usinées, HWP achromatique, Simulation du
combineur optique de QUBIC [Martino et al.(2013)].
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QUBIC INSTRUMENT

▶ Détecteurs

– 2048 TES
– NEP = 10−17 unitfracW

√
Hz

– Tc = 0, 4 K
– Absorbeur Ti − Pd
– Membrane SiNx

– Thermomètre NbxSi1−x

▶ Electronique de lecture

– 2048 SQUIDs @ 4 K
– 16 ASIC SiGe @ 77 K

FIGURE : Schéma d’électronique de lecture pour QUBIC [Prêle
et al.(2013)].
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QUBIC INSTRUMENT

3

Optical Window
A:A

Pulse Tube Cooler

300K enclosure

60K shield

4K shield

1K shield

Optical Mount

HWP

Primary Horns

Switches Bloc

Secondary Horns

Polarizing Grid

Secondary Mirror

Primary Mirror

TES Array

SQUIDs boxes

Readout PCB

A:A

69”

Fig. 1 Left: cryostat sketch design. Right: optical system, focal plane and readout blocks.
(colour figure online)

at Dome Charlie Concordia Station in Antarctica, a site that has proven to be one
of the best on earth for CMB observations5. Previous campaigns at Dome C have
already allowed the characterization of the atmosphere as well as the improvement
of the logistics4,5.

3 First Module Instrument Subsystems

3.1 Cryogenics

The large size of the horn array, the optical combiner and the focal plane drives
the overall dimensions of the cryostat (see figure 1). The cold volume is of the
order of 1.3 m3, and a large (60 cm in diameter) window is required by the large
optical throughput of the system. All-aluminum construction3 is necessary to limit
the weight of the system and the requirements on the mount. For operation in the
harsh Dome-C environment, where supply of cryogenic liquids is difficult, we
opted for a dry cryostat cooled by a Sumitomo pulse tube refrigerator, adapted
for operation at low temperatures in Dome-C by means of suitable heaters4. The
detector arrays are cooled to 0.3 K by a 3He sorption cooler, while the cold optics
are cooled below 4 K by a 4He sorption cooler.

3.2 Optics

3.2.1 Filters and Half Wave Plate

Metal mesh interference filters reduce the radiative load on the cryogenics and
detectors and, in combination with a section of waveguide between each back-to-
back primary/secondary horn, define the spectral band. A Half Wave Plate (HWP)
will be used at 4 K in order to mitigate systematic effects and decrease the 1/f

FIGURE : Intégration des sous systèmes de l’instrument QUBIC [Crédit C. Chaperon].
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QUBIC AUTOCALIBRATION

▶ Utiliation de la redondance de
lignes de base
[Charlassier et al.(2010)]

▶ Utilisation d’une source
polarisée

▶ Variation du nombre de lignes
de base

▶ Estimation de tous les
systématiques instrumentales
[bigot et al.(2012)]

nh = nombre de cornets
nh = nombre de bolomètres
nh = nombre de pointages

▶ – Visibilités
▶ Vij = Mij.Vβ + nij

– Inconnues
▶ nu = 4 × nh × nq +

2 × np + 8 × nh + 8
– Contraintes après

étalonnage
▶ nc = 6 × nh × (nh −

1)/2 × nq × np + 8

▶ Exemple
nh = 9
nq = 4

np = 10
⇒

{
nu = 262
nc = 8648
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QUBIC AUTOCALIBRATION

▶ Utiliation de la redondance de
lignes de base
[Charlassier et al.(2010)]

▶ Utilisation d’une source
polarisée

▶ Variation du nombre de lignes
de base

▶ Estimation de tous les
systématiques instrumentales
[bigot et al.(2012)]

nh = nombre de cornets
nh = nombre de bolomètres
nh = nombre de pointages

M.-A. Bigot-Sazy et al.: Self-calibration: an e�cient method to control systematic e↵ects in bolometric interferometry

Stokes parameters I

-10 0 10 20 30 40
Real input synthesized image

-10

0

10

20

30

40

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

Stokes parameters Q

-6 -4 -2 0 2
Real input synthesized image

-6

-4

-2

0

2

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

Stokes parameters U

-5 -4 -3 -2 -1 0
Real input synthesized image

-5

-4

-3

-2

-1

0

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

Stokes parameters I

-10 -5 0 5 10 15 20 25
Real input synthesized image

-10

0

10

20

30

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

Stokes parameters Q

-2 -1 0 1 2 3 4
Real input synthesized image

-2

-1

0

1

2

3

4

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

Stokes parameters U

-2 -1 0 1 2 3 4
Real input synthesized image

-2

-1

0

1

2

3

4

R
ec

ov
er

ed
/I

de
al

 s
yn

th
es

iz
ed

 i
m

ag
e

Recovered vs Real

Ideal vs Real

!

Figure 1: Results of the self-calibration simulation for the synthesized images S I
qp S Q

qp and S U
qp for the X focal plane at right and Y

focal plane at left for an instrument with 9 primary horns, 9 bolometers and 10 pointings for a time spent on calibration mode for
each baseline of tb = 1s and 100 realisations. These plots represent scatter plots of ideal vs. real synthesized image in red and of
recovered vs. real in blue. The six plots show the advantage of the self-calibration method.

tb = 1s tb = 100s
parameters ↵ � � � ↵ � � �
↵⌘iq 0.74 0.99 0.75 0.84 0.97 1.55 1.22 1.06
n̂p 0.46 0.37 0.24 0.73 0.75 0.70 1.02 1.09
�!xi 0.58 0.66 0.97 0.82 0.76 1.04 1.28 1.18

g⌘(�!xi) 0.91 1.06 0.83 0.48 1.04 1.52 0.45 0.75
e⌘(�!xi) 0.77 1.18 0.36 0.65 1.01 1.16 0.63 0.99

h⌘ 0.55 0.67 0.12 0.59 0.78 0.85 0.25 0.78
⇠⌘ 0.64 0.58 0.11 0.38 1.11 0.84 0.46 0.80

Table 2: Results of the self-calibration simulation for each recovered parameter given in the first column for an instrument with 9
horns, 9 bolometers and 10 pointings. Following the power law given by Eq.(40), one can calculate the exponent for each variable:
the exponent ↵ for the number of horns, the exponent � for the number of bolometers, the exponent � for the number of pointings
and � the number of baselines per pointing. This work has been done for two di↵erent measuring times per baseline tb = 1s and
tb = 100s and with 40 realisations of the simulation.

tb = 100s. The result is given in Table 3 and shows a very signif-
icant improvement on the level of the residual systematics after
self-calibration, even for 1s.

3.5. Finding limits

Accordingly Eq.(35), in an ideal case, in the absence of system-
atic e↵ects, the powers measured on the X and Y polarized focal
planes after demodulation of the half-wave plate are
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with TO, TC and TS refer to a constant, cosine and sine terms
obtained after the demodulation of the half-wave plate and the
synthesized beam Bq,s(n̂p). The integrations are performed over
the bandwidth of the instrument, over the surface of the bolome-
ter and over the sky direction.

For a real instrument, in the case where the half-wave plate
is located before the horns, leakages form Q to U and from U to
Q appear. Using the self-calibration simulation, one can estimate
the leakage from Q into U and from U into Q by calculating the
standard deviation of the di↵erence between the ideal and cor-
rupted parameters �I
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Figure 1: Results of the self-calibration simulation for the synthesized images S I
qp S Q

qp and S U
qp for the X focal plane at right and Y

focal plane at left for an instrument with 9 primary horns, 9 bolometers and 10 pointings for a time spent on calibration mode for
each baseline of tb = 1s and 100 realisations. These plots represent scatter plots of ideal vs. real synthesized image in red and of
recovered vs. real in blue. The six plots show the advantage of the self-calibration method.
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e⌘(�!xi) 0.77 1.18 0.36 0.65 1.01 1.16 0.63 0.99

h⌘ 0.55 0.67 0.12 0.59 0.78 0.85 0.25 0.78
⇠⌘ 0.64 0.58 0.11 0.38 1.11 0.84 0.46 0.80

Table 2: Results of the self-calibration simulation for each recovered parameter given in the first column for an instrument with 9
horns, 9 bolometers and 10 pointings. Following the power law given by Eq.(40), one can calculate the exponent for each variable:
the exponent ↵ for the number of horns, the exponent � for the number of bolometers, the exponent � for the number of pointings
and � the number of baselines per pointing. This work has been done for two di↵erent measuring times per baseline tb = 1s and
tb = 100s and with 40 realisations of the simulation.
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Figure 1: Results of the self-calibration simulation for the synthesized images S I
qp S Q

qp and S U
qp for the X focal plane at right and Y

focal plane at left for an instrument with 9 primary horns, 9 bolometers and 10 pointings for a time spent on calibration mode for
each baseline of tb = 1s and 100 realisations. These plots represent scatter plots of ideal vs. real synthesized image in red and of
recovered vs. real in blue. The six plots show the advantage of the self-calibration method.

tb = 1s tb = 100s
parameters ↵ � � � ↵ � � �
↵⌘iq 0.74 0.99 0.75 0.84 0.97 1.55 1.22 1.06
n̂p 0.46 0.37 0.24 0.73 0.75 0.70 1.02 1.09
�!xi 0.58 0.66 0.97 0.82 0.76 1.04 1.28 1.18

g⌘(�!xi) 0.91 1.06 0.83 0.48 1.04 1.52 0.45 0.75
e⌘(�!xi) 0.77 1.18 0.36 0.65 1.01 1.16 0.63 0.99

h⌘ 0.55 0.67 0.12 0.59 0.78 0.85 0.25 0.78
⇠⌘ 0.64 0.58 0.11 0.38 1.11 0.84 0.46 0.80

Table 2: Results of the self-calibration simulation for each recovered parameter given in the first column for an instrument with 9
horns, 9 bolometers and 10 pointings. Following the power law given by Eq.(40), one can calculate the exponent for each variable:
the exponent ↵ for the number of horns, the exponent � for the number of bolometers, the exponent � for the number of pointings
and � the number of baselines per pointing. This work has been done for two di↵erent measuring times per baseline tb = 1s and
tb = 100s and with 40 realisations of the simulation.
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with TO, TC and TS refer to a constant, cosine and sine terms
obtained after the demodulation of the half-wave plate and the
synthesized beam Bq,s(n̂p). The integrations are performed over
the bandwidth of the instrument, over the surface of the bolome-
ter and over the sky direction.
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idéale [bigot et al.(2012)].
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(as well as galaxy clusters number counts—see Sec. 3). We illustrate the capabilities of PRISM to
distinguish the minimal-mass inverted hierarchy from a model with three massless neutrinos via its
lensing power spectrum in Fig. 10. Combining the anisotropy and lensing power spectra ofPRISM ,
we forecast a 1� error of 0.04 eV for the summed mass, comparable to the hierarchical target masses.
This constraint can be improved further by combining with near-future BAO measurements, for ex-
ample by a factor of two using BOSS, at which point it becomes possible to distinguish between the
normal and inverted hierarchies (in the hierarchical limits) [84].

The cosmological constraints from lensing withPRISM would be highly complementary to those
from upcoming cosmic shear surveys in the optical, such as Euclid . For example, the systematic
e↵ects are quite di↵erent with non-linearities being much less of an issue for CMB lensing with its
peak sensitivity to large-scale structures around z = 2. Moreover, there are no intrinsic alignments
of galaxy ellipticities to worry about. The combination of the two probes of mass is particularly
promising, since it allows calibration of multiplicative bias e↵ects such as due to PSF corrections in
the optical (e.g. Ref. [212]).

The high S/N reconstruction of the lensing potential by PRISM is illustrated in Fig. 11. The
left panel is a simulated map of the filtered lensing potential (in Fourier space, the image is l�(l)
with �(l) the Fourier transform of the lensing potential, so has the same dimensions as the deflection
field) over a small patch of the sky. The middle and right panels illustrate the fidelity of the lensing
reconstructions expected from the full Planck mission and PRISM , respectively. A similar quality
reconstruction will be obtained withPRISM over nearly the full sky.

Figure 11: Reconstruction of the CMB lensing potential. Right: 10� ⇥ 10� simulated map of the (filtered)

lensing potential for a standard ⇤CDM cosmology matching Planck cosmological parameter constraints. Middle:

simulated reconstruction of the lensing potential on the same field with the sensitivity of the full Planck mission.

Right: simulated reconstruction with thePRISM sensitivity. The same color scale is used for all three maps.

Cross-correlating CMB lensing with other probes of large-scale structure, such as galaxies [199,
95, 196, 20, 163, 80], the Ly↵ forest [213] or CIB clustering [164, 96, 86] (see also Sec. 4), also has
exceptional promise, allowing self-calibration of the tracer’s bias relation at the sub-percent level.
Such cross-correlations with tracers selected as a function of redshift will make possible the three-
dimensional characterization of the lensing potential, and hence the reconstruction of the distribution
of matter inhomogeneities in three dimensions over most of our Hubble volume. A combination of this
with the bulk-velocity constraints obtained from kSZ observations will give an unprecedented view of
cosmic structure formation in the entire observable Universe.
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FIGURE : Simulation de la reconstruction du lentillage
gravitationnel avec Planck et PRISM [PRISM white
paper(2013)].
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Figure 21: The PRISM spacecraft with its two instruments: (1) the polarimetric imager with a 3.5m e↵ective

diameter telescope with the field of view at ⇡30� with respect to the spacecraft spin axis; (2) the absolute

spectrophotometer, with a 1.4� beam aligned with the spin axis. While the general concept is similar to

that illustrated in Fig. 7 of the white paper proposed to ESA [178], here we propose an option where the

spectrophotometer is located between the primary and secondary mirror of the imager, rather than behind the

primary, allowing extra space for the optics of the larger telescope of the imager, as well as for the various

screens necessary to provide an e↵ective first stage of passive cooling for the telescopes and instruments.

and an angular resolution of about 1.4�. These complementary instruments will simultaneously map
the absolute sky intensity and polarization with high sensitivity and with high spectral or spatial
resolution. The data from both instruments can be binned (in frequency) and smoothed to obtain
matching observations with �⌫/⌫ ⇡ 0.25 and 1.4� resolution, allowing on-sky inter-calibration on large
scales (and hence absolute calibration of the PIM). This will also enable correction of the ASP spectra
from foreground contamination using high resolution component maps extracted from PIM data (e.g.,
y-distortion from clusters and galactic emission from regions unresolved in the coarse resolution ASP
maps).

Since the scientific outcome of this mission depends on the complementarity of both instruments
and on the control of systematic errors, a careful optimization of the ASP and the PIM (number and
bandwidth of spectral bands vs. sensitivity) and of the mission (scanning strategy, joint analysis tools)
with comprehensive simulations is an essential future phase of the mission study.

10.1 Instruments

10.1.1 The polarimetric imager

The optical configuration of the polarimetric imager relies on a dual o↵-axis mirror telescope with a
3.5m projected aperture primary mirror (corresponding to a physical size of 3.5⇥ 4.2 m) and a 0.8m
diameter secondary mirror, coupled to a multi-band polarimeter. The broad-band PIM comprises 32

34

FIGURE : Représentation du satellite proposé PRISM
[PRISM white paper(2013)].
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– 4700 détecteurs
– Pas de satellite auxiliaire

•  Three arrays (~1000  TES each) 
•  0.1K bath temperature (0.3K 

previously)  

150 GHz paths 

Silicon Polarimeter Arrays 

Better detectors + optics + 
cryogenics 
=>  ~ 4x increase in sensitivity 

(16x mapping speed) 

Silicon feedhorn array Sub-array with 255 TES 
Polarimeter 

90/150 GHz path 

5mm 

Sinuous multichroïc pixel

⇒ La technologie est prête mais pas en Europe !
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Adnan Ghribi (APC) Séminaire CPPM 14 avril 2014 20 / 21



.
SOMMAIRE

.
INTRODUCTION

. . . .
LES OBSERVABLES

. . . . .
PolarBear

. . . .
QUBIC

. . .
PRISM

. .
Conclusion

CONCLUSION

▶ 1914–1929
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détecteurs et technologies biomimétiques
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