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The primordial Universe

 Nature of dark energy
and dark matter

 Inflation (~10-34 s)  Accelerated expansion phase
• Mechanism for the generation of structures:

scalar                                 tensor  

New physics  
𝐸~ 10!" GeV

signatures on the CMB
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Simplest inflation model: 
a single scalar field:

Questions in cosmology: 



CMB polarisation

B-mode power spectra: Measurement of r

Tensor modes 
(GW) only!

• Neutrino mass 
• Dark energy eq. of state
• Nb. of types of relat. particles
• t reionisation

With E-modes:

E-modes
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Degree scale

Very large 
scale



Complexity of the CMB polarisation measurement
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 Presence of complex systematic effects in data : Ex. Planck 10 years of analysis

Ex :      SA – Sb gives Q or U

Cancellation non-
polarized signal

Large dynamics between I and Q, U:               
Any small difference between 

detectors produces a leakage from 
intensity to polarization 

Systematic effects must be 
controlled to an 
unprecedented precision.

 Polarized galactic emissions have an amplitude higher 
than the searched signal 

Stokes parameters Q and U are obtained by linear 
combinations differentiating measurements



The Planck satellite of ESA
 1.5 m off-axis Gregorian telescope, 2 instruments: LFI 

(20K) HFI (0.1K)

 Frequency coverage from 30 to 857 GHz.                      
Angular resolution from 30’ to 5’

 Launched in 2009, last publications 2018!

 Reference maps for the next decade: cosmic variance 
limited temperature map.

HFI focal plane

10 30 100 300 1000

Frequency (GHz)

1
0

-1
1
0

0
1
0

1
1
0

2

R
m

s 
b
ri

g
h
tn

es
s 

te
m

p
er

at
u
re

 (
µ

K
R

J)

CMB

Thermal dust

Free-freeSynchrotron

30 44 70 100 143 217 353 545 857

S
pinning dust

CO 1-0

Sum fg

Polarization sensitive 
bolometers

5





Frequency maps and component separation



CMB map measured by Planck

Full sky temperature 
map

 full sky polarisation maps
 foreground maps used for galactic 

studies and prediction for the 
preparation of future CMB missions

 lensing potential map
…

Many other data products: 
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Remarquable fit
only 6 parameters

Temperature power spectrum – cosmological 
parameters

Neutrino masses: 
DE eq. of state: 
Curvature:
Nb. of relat. species: 
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Temperature power spectrum – primordial 
spectrum

Constraint on primordial 
spectrum

=

Departure from invariant 
spectrum. One important 
prediction from inflation



E-mode polarization
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Constraints on reionisation 
parameter in the Universe 
history

=
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Planck scanning strategy

143 GHz

545 GHz

“dark”

 One circle observed every minute

 Each circle is observed ~ 50 times

 Precession of 7 degrees

 One full survey every 6 month (5 surveys total for HFI and 
8 for LFI)



Systematic effects and data reduction

Model of the raw data:

Data processing: compression

Transfer function 
(A, t, …)

Symmetrized lobe

Gain

Electronic response 4K lines (Ak, wk, …)

Lobes

Data are digitized, averaged over 40 samples, and compressed on board

Systematic effect due 
to:
• mismodeling
• unknown 

parameter
• No correction 

Final objective
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Noise in HFI time ordered data 
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Auto-Spectra: contribution from 
glitches is well removed  

Uncorrelated noise

Correlated noise 
between detectors 
originating from 
thermal fluct. of the 
bolo plate (CR 
loading)

Glitches below the detection threshold common between PSB-a and PSB-b
Provide a limit on the level of remaining glitches in data

Auto and cross power spectra

Lines from the 4K

Not observed at that 
level on the ground

fknee~ 0.15 Hz

No clear explanation, 
probably not due to 
CRs since not 
modulated as glitch 
rate

Fundamental limit 
after removal of 
systematics 
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White noise 
at expected 
level



Main systematic effects in Planck

• Additive effects : Cosmic ray events, unexpected 1/f noise, microphonic noise

• Main effects I to P leakages, different detectors had to be combined to estimate Q and U 
Stokes parameters
• ADC non-linearities
• Band-pass mismatch
• Long time constants

• Other systematics
• Beam + time constants

• Use of redundancies of observations and of the strong dipole signal to calibrate and 
correct the data : Surveys with opposite scanning directions allowed optimization of 
parameters and correction of many systematic effects.
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Use of redundances

• Uncorrected long time constants 
slightly shift the galaxy

• ADC non-linearities creates residual 
dipole seen in the difference

Effect of long time constants is 
corrected after optimization at the 
map-making level by template fitting

Survey difference maps were useful to track and characterize systematic effect
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1 detector                            before                                                      after correction



Summary of systematic effects (HFI)

 ADC is the dominant systematic 
effect

 Its contribution is at the level of 
the noise at low ells after 
intensive corrections
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• Increase the number of detectors (Planck-HFI 
detector are photon noise limited):

• More frequency bands of observation to 
capture foreground complexity:

• Increased scanning redundances: scanning 
angles, polarisation angles:

Large precession angle (37.5 degrees for LiteBIRD)
Use of an HWP for instantaneous separation of I,Q,U
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Towards B-mode measurements from space

~5000 detectors for LiteBIRD
~13000 “   “  for PICO

15 bands for LiteBIRD
21 “ “ for PICO (21 to 800 GHz)



Systematics mitigation by scanning strategy

An#$Sun'direc#on'

Spin'angle'β 

Precession'
angle'α

τspin'

τprec'

Large precession angle:
allows detector cross-linking

LiteBIRD nominal:  a = 37.5o ; b = 57.5o

Rotation and precession 
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• Many effects scale with <cos 2Ψ> and 
<sin 2Ψ>. The use of a HWP and better 
angle redundancies as planned for 
LiteBIRD help.

• Redundances are important to 
• separate instrumental effects from 

the sky signal
• Find unexpected instrumental 

effects
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Cross-linking, redundances and systematics

Effect of band-pass mismatch, Hoang Duc Thuong 2017

Equivalent Planck

Larger precession angle        
(no HWP)
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Advantages of an HWP

• 1/f reduction

• Systematic effect reduction

fknee = 50 mHz



LiteBIRD sensitivity to B-modes

Measurement of the tensor-to-scalar ratio 
with the sensitivity: s(r) < 10-3

Efficient component separation

Constraints 
on inflation
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Uncertainty budget

Combination of:
• noise
• foreground residuals after 

component separation
• systematic effects

We assign a third of the error 
budget for the evaluation of r
to systematics 

23

LB collab, PTEP, 2023



Sources of systematics

Nearly 70 possible sources of systematics 
have been identified

Those either produce:
• I to P leakages

• E to B leakages

• Pure B effect without mixing:
mostly induced galactic foreground 
leakages due to mismatch in 
component separation 

The main identified effect is beam
mismatches
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 Advanced developments are made with two types of 
methods for the preparation of LiteBIRD
• Parametric methods: FGBUSTER. (Leloup, 

Rizzieri, Errard) 

• Blind or semi-blind methods: MC-NILC. Carones
et al. 2023

Other hybrid methods are under development 
(Moment expansion, MICMAC, SMICA, delta-map)
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Component separation and systematic effects

 Many (most) instrumental systematics come from the interplay with component separation. 
E.g.  systematics at high freq. introduce distortion of the dust map and errors in separation

use the statistics of s 

Main difficulty:
spatial variations of 
physical properties



Systematic effect bias evaluation 
Systematics induce a bias on r and additional uncertainty

• evaluate the contribution to B-mode for each effects. 
With or wo correction.

• calculate the additional bias and uncertainty on r 
after likelihood maximization

• evaluate the additional uncertainty, eventually after 
marginalisation
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Example simple likelihood:

Realistic likelihood accounting
for cut sky are now being used 
and developed 



Beam systematics
Diffraction and reflection on the instrument 
generates far side lobes: 

Error in the model of the beam shapes induce 
errors on the component separation which 
translate into a bias on r

Requirements on the precision knowledge for the amplitudes of the beam in each band are derived (FGBuster):
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Leloup et al. 2023, with FGBuster
Carralot et al. 2025, with NILC



HWP Systematics : Instrumental Polarization

• EM propagation simulations through a realistic HWP (H. Imada):

• Mueller matrix coefficients are estimated from the simulations. 
Decomposed in three terms:

M =

MII MQI MUI MVI

MIQ MQQ MUQ MVQ

MIU MQU MUU MVU

MIV MQV MUV MVV
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Credit: H. Imada

The 4f terms are potentially biasing the B-mode 
spectra since they are modulated as the 
polarization signal. IP Imperfections at 4fHWP of 
the order of 5. 10-5

Data simulation + 
Map-making
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Correction methods at the map-making level

• Systematic effect correction methods are being developed and relax the requirements on their amplitude

• Use of observation redundances to distinguish between instrument related params and sky map params

• Correction of the instrumental polarization:

• Model:

• Estimate 𝜆! for each detector as well as the maps m

Mueller/pointing matrix 
without the IP terms 
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Conclusion

• Given the incredible sensitivity of future missions, need to avoid leakage from a 
huge signal background

• The systematic effect studies have an impact on both the instrument design and 
the calibration setting. Crucial studies in the early phase of LiteBIRD preparation.
Main effect: beam near and far side lobes.

• Use of Planck experience for future satellite mission. Planck strategy was adapted 
for CMB intensity measurement.

• LiteBIRD takes advantage of a highly cross-linked scanning strategy as compared 
to Planck, as well as a polarisation modulator (HWP)

• The HWP has its own systematics. Modelling and simulation is an on-going 
activity. Several studies have provided requirements  
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