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“We are now at the stage where not only the 
statistical uncertainty but also the systematic 
uncertainty (including both instrumental and 
astrophysical ones) must be controlled with 

unprecedented precision.”



What we actually measure: the TOD
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From data to fundamental physics
TOD

map-making

multifreq. 
maps

comp. sep.

component 
maps

PS estimation

CMB angular  
power spectra

inference

cosmological 
parameters

sky signal

scanning 
strategy

instrumental 
specifics

They will inevitably affect the data! 
We need to take care of them at the 
hardware and/or software level.
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• Antenna 
Separate signal into two orthogonal linear polarizations.

Building blocks of a CMB instrument
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• Warm electronics 
Further amplify the signal and digitally demodulate it.
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3.84056, 3.81492, 3.94025…
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4.32346, 4.35816, 4.24859…
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di(t) = ∫ Ri(t − t′￼)[∫ Hi(t′￼− t′￼′￼)[∫ bi(ν) Bi(ν, t′￼′￼) ⋆ (S(ν) + D(t′￼′￼) + M) dν + ni(t′￼′￼) + . . . ] dt′￼′￼+ n′￼i(t′￼) + . . . ] dt′￼+ ∑
j

Cijdj + . . .

• Optics 

• Antenna 

• Band-pass filters 

• Detectors (TES) 

• SQUID array amplifier 

• Warm electronics

Modeling the TOD
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Things can go wrong in many places! We need robust mitigation strategies.

di(t) = ∫ Ri(t − t′￼)[∫ Hi(t′￼− t′￼′￼)[∫ bi(ν) Bi(ν, t′￼′￼) ⋆ (S(ν) + D(t′￼′￼) + M) dν + ni(t′￼′￼) + . . . ] dt′￼′￼+ n′￼i(t′￼) + . . . ] dt′￼+ ∑
j

Cijdj + . . .



A simple example: pair-differencing syst

11

d0 = (I + Q) × g0

d90 = (I − Q) × g90

̂I =
d0 + d90

2

̂Q =
d0 − d90

2
=

(g0 − g90)I + (g0 + g90)Q
2

When pair-differencing, any uncontrolled mismatch (bandpasses, beams, gain, …) 
in the detector pair will result in intensity-to-polarization leakage.

̂Q =
d0 − d90

2
=

(g0 − g90)I + (g0 + g90)Q
2

d90 = (I − Q) × g90

d0 = (I + Q) × g0



Mitigating systematics at the hardware level
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A rotating half-wave plate (HWP) 
as first optical element can help 

control systematic effects! 



A rotating HWP modulates the polarized 
signal at 4 times its rotation frequency! 

If the rotation frequency is high enough: 

• We effectively “escape” 1/f noise, 

• A single detector can solve polarization.

HWPs: pros…
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HWPs: and cons
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Test of the rotational m
echanism
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U

Trade-off studies are needed! 
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15Monelli++ (2023)

The effect of the HWP can be encoded in a 
Mueller matrix (acting on Stokes vectors)
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The effect of the HWP can be encoded in a 
Mueller matrix (acting on Stokes vectors)

HWP non-idealities: multifrequency
By integrating over the frequency bands 
and performing component separation, 

the miscalibration is reabsorbed!

Crucial to study the interplay of 
systematic effects and data analysis!
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HWP rotation speed

• Instrumentalists:  “The slower the better!” 

• Theorists:                “The faster the better!”

For 0.8 Hz,  the 2f peak is far from the science band.  
Still, monopole and dipole leak to polarization! 
For 0.8 Hz,  the 2f peak is far from the science band.  
Still, monopole and dipole leak to polarization! 

Ongoing work: 
 Quantify I-P leakage for realistic HWP 
 Derive requirements 
 Implement notch filtering and fitting to mitigate 
 Generalize study (additive effects, NLs, 1/f, …)



Time-dependent HWP rotation frequency
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Taisei Iwagaki Shoken Myozen

Implement the wobbling in litebird_sim. 
Propagate the effect to the observed maps. 
Check the impact on the observed power spectrum: 

• Loss in polarization efficiency, 
• Small miscalibration of the polarization angle. 

Implement the wobbling in litebird_sim. 
Propagate the effect to the observed maps. 
Check the impact on the observed power spectrum: 

• Loss in polarization efficiency, 
• Small miscalibration of the polarization angle. 

Check the impact after component separation.



di(t) = ∫ Ri(t′￼− t′￼′￼)[∫ Hi(t′￼− t′￼′￼)[∫ bi(ν) Bi(ν, t′￼′￼) ⋆ (S(ν) + D(t′￼′￼) + M) dν + ni(t′￼′￼) + . . . ] dt′￼′￼+ n′￼i(t′￼) + . . . ] dt′￼+ ∑
j

Cijdj + . . .

Ongoing work: upstream polarization w/ HWP
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• The HWP can be modeled in the beam. 

• Current beam convolution codes assume the 
HWP to be the first element of the optical chain. 

• However, the HWP is “sandwiched” between 
optical elements.

Upstream optical elements, (forebaffle, V-grooves) introduce 
spurious polarization, which is modulated by the HWP and 

therefore detected. We need new tools to simulate this effect!



Mitigating  noise at the software level1/f
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 P( f ) ∝ 1 + ( fknee

f )
α

 Nℓ ∝ 1 + ( ℓknee

ℓ )
α

m̂ = ( ̂ATN̂−1 ̂A)
−1

̂ATN̂−1d

GLS map-making “weights away” 
the noise, so it doesn’t project 

into the reconstructed maps.

Inverting a realistic noise 
covariance matrix is however 

non trivial!
• Computational challenge (see Avinash’s talk) 

• Making assumptions and working around them



Ongoing work: preprocessing w/ inpainting
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m̂ = ( ̂ATN̂−1 ̂A)
−1

̂ATN̂−1d

Assuming the noise covariance matrix to be 
circulant makes it easy to invert.
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To sum up
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• Instrumental systematic effects represent a huge challenge for the community. 

• We need to take care of them at the hardware or software level. 

• At the hardware level, a rotating HWP can help. 

• Still, this is technologically challenging and induces additional systematics. 

• Crucial to develop realistic simulation tools and mitigation strategies to understand and control them.


