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extinction  
// to B

emission 
⊥ to B

- Grains are rotating, elongated
- Grains align partially on B
- Cross sections α grains size,  
  so polarization in extinction and emission
- Trace magnetic field direction projected on the sky  
- Unlike Synchrotron emission, traces B field in star forming regions

Dust Polarization

Stein 1966, Andersson 2012, Draine & Fraisse 2009, Hoang & Lazarian 2008, Martin 1975, 2007 



2013 

The Planck sky

Dust 
emission

Synchrotron
emission

Cosmic
Microwave 
Background

No Polarization information



2013 

Component separation

• Emission in the Planck bands is a linear 
combination of many components
• Getting to the CMB without affecting its 
power spectrum is a challenge
• Dust is a major contamination in CMB 
maps
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CMB

galaxy clusters (SZ)
Thermal Doppler

Galaxies Galactic

Free-free
Synchrotron Dust

Detector noise  
systematics

Planck data Planck CMB data
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Planck and CMB polarized Foreground

B	  Modes	  ?
Dust	  !

Planck intermediate results. XXX.

The Bicep2 episode !

The detection of B 
modes was in fact a 
detection of dust 
polarization
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fraction de polarization 

Dust polarization much higher than expected by most astronomers !

Planck intermediate results. XIX.



 Foreground polarisation

Archeops polarization map @ 353 GHz

Data from Ponthieu et al. 2005

Archeops  
Balloon

- Archeops detected large scale dust 
polarization in emission for the first 
time

- Evidenced large polarization 
fractions (>10%) at high latitudes

J.-Ph. Bernard, AsA, Oct 2nd 2018



All sky polarization with Planck

Reveals the structure of the magnetic field J.-Ph. Bernard, AsA, Oct 2nd 2018
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Example of a filaments where the magnetic field follows matter

Cham-Fil  
30’ resolution

Example of filaments where the magnetic field follows filaments



http://pilot.irap.omp.eu/

• Science Objective: measure linear polarization of 
dust emission in the Far-InfraRed
- Reveal the structure of the magnetic field
- Geometric and magnetic properties of dust grains   
- Understand Polarized foreground  
- Complement Planck observations at λ<850 µm 
with better accuracy and higher angular resolution
• Observations: Galactic plane (|b|<20°), star 
forming regions and diffuse Interstellar medium.
• Characteristics: λ=240 & 550 µm, resolution: 
1.4’-3’. Bolometer array with 2048 detectors
• Weight, Altitude: ~ 1 ton, 40 km
• Status: 
1st flight Sept 2015 from Timmins, Canada.  
2nd flight April 2017 from Alice Springs, Australia.

Pilot Fish

next CMB  
satellite

Participations: IRAP, IAS, CEA, CNES  
Rome Univ., Cardif Univ.

J.-Ph. Bernard, LLR, June 26 2017
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Gondola 
(CNES)

Photometer (IAS, Rome Univ., Cardiff univ.)
Senseur stellaire 
(CNES)

Miroir Primaire 
(IRAP)

Pointed Load 
(IRAP)

HK Electronics 
(IRAP)

Subsystems



09/10/2014 J.-‐Ph.	  Bernard	  –	  RQAV	  PILOT

•	  Masse	  

•	  ConsommaFon	  

•	  TM-‐TC

PILOT	  Concept
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• Equivalent Focal length: 
   1800 mm, F/2.5 
• Image quality diffraction 
limited 
• Distortion : < 5% 
• Polarization rotation : < 5° 
• Tolerance : 
   translation M1 = ±0.3 mm 
   rotation M1 = ±0.06°

Secondary Mirror, 
M2

cryostat

Primary Mirror, 
M1, D~1m
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Detectors

Polarizer
HWP

ICS 
Internal Calibration Source 
(calibrate the response of the 
detectors)

Cooled M2 
(background control)

rotatingH
WP

M2

Flat mirror

ICS

2nd 
lens

45° 
Polarizer

detector
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• Bolometer arrays developed by CEA/LETI 
• Same technology as used on Herschel PACS  
• Multiplexed bolometer arrays with a total of 2048 detectors 
• Detectors cooled down to 0.3 K through closed-cycle He3 fridge 
• NEP ~ 2×10-16 W/Hz1/2  

TRANS bolometer array (CEA)

Fridge (IAS)

First flight : All detectors are at 240 µm



PILOT Scanning Strategy
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PILOT Flights

2 successful flights:

• 21 September 2015 Timmins Ontario (Canada)

• 16 April 2017 Alice Springs (Australia)

FLIGHT1:
• Total flight time: 24 h
• Total time at ceiling: 18.4 h
• Ceiling altitude: 40 Km
• Scientific data: 14.8 h

J.-Ph. Bernard, LLR, June 26 201736

Ontario Quebec

 

night: 5 hr day: 13.4 hr

Total: 24 hr

Flight#1 Timmins, Canada

Sept 21 2016 
Timmins, Ontario, Canada

J.-Ph. Bernard, LLR, June 26 201736

Ontario Quebec

 

night: 5 hr day: 13.4 hr

Total: 24 hr

Flight#1 Timmins, Canada

Sept 21 2016  
Timmins, Ontario, Canada

J.-Ph. Bernard, LLR, June 26 201739

Gondola retrieval
Avoided lakes …

but not forest …
Science 
instrument ok 
but for a few 
repairs

Flight1 data accuracy affected by unexpected stray light due to baffle deterioration

4 G. Foënard et al.

Table 2: Observations made on flight 1

Sources Number of
scenes

Observation Time
[mn]

Map size
[deg x deg]

Scene depth
[Degˆ2/h]

Total depth
[Degˆ2/h]

Taurus 6 117 12 x 8 331 57
Orion 4 145.3 10 x 10 191 47.8
Aquila Rift 2 46 8 x 8 188 94
Cygnus OB7 2 21 7 x 7 333 166.5
L1642 4 44 2 x 2 38 9.5
G93 6 61 2 x 2 38 6.3
L183 4 41 2 x 2 38 9.5
M31 8 84 3 x 3 49 6.1
Polaris 10 160 5 x 5 123 12.3
Cosmo field 3.5 116 16 x 16 562 160
Uranus 3 31 3 x 2 57 19
Saturn 2 12 2 x 2 68 34
SkyDip 2 10

The scanning strategy defined for this first flight was to
scan the sky at constant elevation with several HWP posi-
tions and then to return later to that same source again us-
ing these same HWP positions to allow sufficient rotation
of the sky between the scenes. The sequences of observa-
tions were defined by parameters such as scanning ampli-
tude, number of scans, scanning speed, magnitude of eleva-
tion change steps, half-wave blade position, frequency and
duration of the calibration sequences in order to guarantee a
sufficient signal-to-noise ratio for each source.

Estimates of sensitivities were calculated as described
in Bernard et al. 2016 [8]. Some parameters included in
the sensitivity calculations could not be determined by the
ground calibrations as the absolute value of the instrument’s
transmission, reliable prediction of the background value of
the detectors which itself determines the response values.

3.1.3 Observations

The observations made during the flight in Timmins are sum-
marized in the table 2. We collected 5.5h of observation on
star forming regions, 2.4h on cold cores, 1.4h on galaxies,
and 4.6h of deep field.

3.1.4 External straylight

After inspection of the instrument as a result of the flight,
it appeared that the baffle of the instrument had deterio-
rated during the day part of the flight. This was confirmed
by the viewing of the video recorded during the flight us-
ing a camera placed on the gondola. This degradation was
caused by a defect in the thermal insulation of the baffle
which caused it to overheat. This has produced additional
straylight which impacted about 14% of the scientific data,
mostly those taken when pointing close to the sun. A large
fraction of this signal can be removed as a common mode
through data analysis and map-making

3.2 Second Flight

The second flight was made from the southern hemisphere in
the town of Alice Springs in the northern territories of Aus-
tralia. This launch was also carried out as part of a launch
campaign led by CNES, and enabled the launch of the CLI-
MAT, CARMEN and PILOT experiments. The launch from
the southern hemisphere was the occasion to make observa-
tions on objects of the skies which are observable only from
these latitudes. I will come back to these observations later
in this section.

3.2.1 Improvements for Flight 2

Between the first and second flights, improvements have been
made to the instrument:

– An attempt to repair was performed on the matrices 1
and 3. As a result of this repair, only matrices 1 and
5 were dysfunctional during ground tests. All the other
matrices were operational. However, during the flight,

Fig. 2: Evolution of the baffle from the begining of the day (top left) to
the end of the day (bottom right)
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Perfect landing!

PILOT Flights

J.-Ph. Bernard, LLR, June 26 2017

Instrument was recovered ~836 km East of Alice Springs 
Desertic area.

The 
instrument 
looks ready to 
fly again !

Gondola, back to Alice Springs

landing area

41

Gondola retrieval

PILOT was recovered 836 km east of Alice Spring in a desert area

J.-Ph. Bernard, LLR, June 26 2017

Flight#2: Alice Springs, Australia

Total time at ceiling: 29.0 h

Scientific data: 23.8 h

Total flight time: 33.5 h

Ceiling altitude: 32-40 km

40

April 16 2017 FLIGHT2:  
April 16 2017 

Alice-Springs Australia
• Total flight time: 33.5 h
• Ceiling altitude: 32-40 Km
• Scientific data: 23.8 h

The PILOT team

17
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 PILOT observations

18



Credit CNES/CNRS
Sept 21st 2015, Timmins, CA

PILOT First Flight



Credit CNES/CNRS
At the frontier with space !

PILOT Flight#1 ceiling
End of day



Credit CNES/CNRS
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Flight Plan Editor

A scheduling tool allowing for a 
moving observatory in the 
stratosphere, and observational 
constraints

22

Sources transits

Sources observability

Flight plans elaboration



PILOT en mode auto-pilote
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° Front baffle fixed: no more straylight
° Field stop size increased: (+10%)

° Longer flight (flight#1: 14.8hr, flight#2: 23.8 hr): +60%

° More efficient observing strategy 
  - scans at varying elevation:  
    scan directions allowing de-stripping  
  - region of interest mapping (+20%)

° Operation at lower temperature: +26% 
° Detector arrays repairs: -17%

Total: +100%

24

Improvements between flights

+ data of much better quality allowing to overcome limitations of 
flight#1 …

° More strong sources:  
   better pointing reconstruction
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In-flight performance: optics

• In-flight measured PSF on Jupiter is 2.25’ ±0.15, sims 2.31’±0.07

• In-flight good optical quality and nominal resolution

In-flight Jupiter PSF

Simulations

25
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In-flight performances : instrumental Background

• In-flight background has a similar shape but is a factor ~2 stronger than expected
• The background is polarized at 4-10% level. Origin not understood. 

Unimportant for PILOT observations thanks to fixed HWP and Internal calibration but 
important for some future applications.

• A similar behavior has been observed in many polarization FIR/submm instruments 

In-flight Background 

Ground Background 

26



J.-Ph. Bernard, GA 11 Mai 2017

Array #8

Array #7

In-Flight Noise properties
Flight#1 
(321-325 mK)

Flight#2 
305 mK

detectors were operated close to 300 mK 
high frequency noise is 13% better than in flight #1  
(equivalent to 26% more integration time)

27



Real-Time data check

Galactic Center

Galactic plane
Orion

rho-ophiuchi
Example 

raw maps: 

The signal is already much 
better than for flight#1

J.-Ph. Bernard, GA 11 Mai 2017
28
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In-flight performance: noise 

- Noise stability over the whole flight
- In-flight white noise levels as expected
- Slope: 1/f^0.6

Noise Time-frequency plot over the whole flight (array#6)

Foenard, PhD thesis 2018 
Foenard et al. 2018, Exp Astr, submitted
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J.-Ph. Bernard, GA 11 Mai 2017

Array #8

Array #7

In-Flight Response maps
Measured on atmospheric signal (skydips)

Signal vs elevation
Vol#1 Vol#2

Non-linearity with elevation better detected  
Analysis of sky-dips show Response maps accuracy of 0.7%30
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• Detector response spatial variations: 

Data calibration

- Step-like variations due to 
polarized background & 
atmosphere variations

- Linear model parameters: HWP 
position, elevation, altitude, optics 
and structure temperatures

29 hrs

Array 6
Internal Calibration Source
Model

31

• Temporal detector response variations:  Internal Calibration Source (ICS)

A simple model matches the variations 

with accuracy (2%) over the whole flight

Atmosphere: extended and not 
polarized is used to determine the 
detector response flat-field.

Foenard, PhD thesis 2018 
Foenard et al. 2018, Exp Astr, submitted
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Detector time constants

Time constants derived 
from combination of :

- Glitches measuring 
detectors τ with low SNR

- ICS raising curves 
measuring detector + ICS 
τ with high SNR

average τ = 0.7 sample

Foenard, PhD thesis 2018 
Foenard et al. 2018, Exp Astr, submitted
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pointing
Herschel 250 mic PILOT 240 mic PILOT 240 mic 

shifted
- Estadius offset computed from 
correlation with 250 μm 
Herschel image of individual 
observations

- Variations related to thermal and 
mechanical deformations of the 
instrument

- Modeled using linear regression 
with temperature and elevation

- Uses scanamorphos de-striped 
maps of the PILOT data.
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Residual polarization

Residual polarization on an unpolarized planet mesures the data calibration accuracy
preliminary polarization results Jupiter, not destriped

Residual polarization on an unpolarized planet measures 
the response accuracy  
The residual polarization measured through aperture 
photometry on Jupiter is ΔP/I=3%

2’

PILOT Intensity map 
of Jupiter

The residual polarization measured through aperture photometry on Jupiter is 

ΔP/I ~ 3%

Significant improvement expected, more detailed calibration analysis on-going

34



The End
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April 16 2017
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April 16 2017
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No destriping
atmospheric subtraction

L30

Orion

rho-oph

LMC ridge

Flight#2 preliminary Intensity maps

Galactic Center
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PILOT Spin offs

- IDS (Inflation and Dust Surveyor): CMB Bmodes + dust proposed to NASA 
2018. Contribution to provide Pilot Estadius + ICS.  

- CoPilot: modification of PILOT will allow very accurate measurements of C+ 
(158 mic) total intensity. Dark molecular gas distribution in solar neighborhood, 
nearby galaxies. Submitted to CNES in 2017, 2018. 

- SPICA-pol: Polarized instrument on SPICA. Design and science case strongly 
inspired from PILOT. Accepted in pre-phaseA/0.

SPICA-Pol

coPILOT

39

IDS
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April 16 2017
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Gondola retrieval
Avoided lakes …

but not forest …
Science 
instrument ok 
but for a few 
repairs
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Instrument was recovered ~836 km East of Alice Springs  
Desertic area.

The 
instrument 
looks ready to 
fly again !

Gondola, back to Alice Springs

landing area
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Gondola retrieval
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Orion mapped with 6 scenes at different scan angles
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April 16 2017
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Ground	  Tests
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Detectors/Instrument:	  
-‐	  Detectors	  issues	  
-‐	  Detector	  opFmizaFon	  
-‐	  Noise	  
-‐	  Time	  constants	  
-‐	  Response	  (ICS)	  
OpFcs:	  
-‐	  Background	  
-‐	  Spectral	  Transmission	  
-‐	  PSF/Defocus	  
-‐	  Straylight	  
-‐	  Focal	  Plane	  Geometry	  
-‐	  PS	  PolarizaFon

CNES	  
2014

Orsay	  
2012



Polarized CMB
Spatial power spectrum of CMB fluctuations

Small-scales large-scales
1°

Polarization
E-modes

B-modes
Polarization

Intensity

B-modes have not been detected yet  !!
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Z	  defocus

X	  defocus

Y	  defocus

PSF	  quality/Defocus


