
CMB
Polarization

Measurements



CMB polarization (E)

• CMB photons are last scattered at 
recombination. 

• It’s a Thomson scattering, and any 
quadrupole anisotropy in the incoming 
photons produces a degree of linear 
polarization in the scattered photons.

• Density perturbation produce a small 
degree of linear polarization (E-modes)
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• E-modes are irrotational

• E modes are related to velocities, while T is 
related mainly to density

• We expect a power spectrum of the E-
modes, <EE>, with maxima and mimina in 
quadrature with the anisotropy power 
spectrum <TT>. 





CMB polarization (B)
• CMB photons are last scattered at recombination. 

• It’s a Thomson scattering, and any quadrupole 
anisotropy in the incoming photons produces a 
degree of linear polarization in the scattered 
photons.

• Tensor perturbations (gravitational waves) produce 
a small degree of linear polarization with curl 
properties (B-modes)

• Also, lensing of E-modes does the same at smaller 
scales



If inflation really 
happened…

• It stretched geometry of 
space to nearly Euclidean

• It produced a nearly scale 
invariant spectrum of density 
fluctuations

• It produced a stochastic 
background of gravitational 
waves.
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• If inflation really happened:

✓ It stretched geometry of space to 
nearly Euclidean

✓ It produced a nearly scale invariant 
spectrum of gaussian density 
fluctuations

✓ It produced a stochastic background of 
gravitational waves: Primordial G.W.
The background is so faint that even 
LISA will not be able to measure it.

• Tensor perturbations also produce 
quadrupole anisotropy. They generate 
irrotational (E-modes) and rotational 
(B-modes) components in the CMB 
polarization field. 

• Since B-modes are not produced by scalar 
fluctuations, they represent a signature of 
inflation.

Quadrupole from P.G.W.

E-modes

B-modes



• The amplitude of this effect is very small, but depends
on the Energy scale of inflation. In fact the amplitude
of tensor modes normalized to the scalar ones is:

• and

• There are theoretical arguments to expect that the 
energy scale of inflation is close to the scale of GUT 
i.e. around 1016 GeV.

• The current upper limit on anisotropy at large scales
gives T/S<0.5 (at 2s) 

• A competing effect is lensing of E-modes, which is
important at large multipoles.
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E-modes & B-modes

• From the measurements of the Stokes Parameters Q

and U of the linear polarization field we can recover 

both irrotational and rotational alm by means of 

modified Legendre transforms:
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The signal is extremely weak

• Nobody really knows how to detect this.

–Pathfinder experiments are needed

• Whatever smart, ambitious experiment we 
design to detect the B-modes:

– It needs to be extremely sensitive

– It needs an extremely careful control of 
systematic effects

– It needs careful control of foregrounds

– It will need independent experiments 
with orthogonal systematics.

• There is still a long way to go: …



How to characterize and 
measure Polarization



Stokes Parameters
• If light is not purely monochromatic, 

the amplitudes and phases fluctuate
with time. 

• It can be shown that, in general,

• The = sign is valid for fully polarized
light, while the > sign is valid for 
partially polarized or unpolarized
light. P=degree of polarization:

• The intensity is related to So:

• The orientation of the polarization
ellipse is related to S1 and S2:

• The ellipticity of the polarization
ellipse is related to S3:
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Classical measurement of the Stokes Parameters

• The measurement of the 4 Stokes Parameters needs two 
optical components:

– A retarder (wave plate): it is a phase-shifting element, whose 
effect is to advance the phase of the x component by f/2 and to 
retard the phase of the y component by -f/2 . So the field 
emerging from the retarder is E’x= Ex ei f/2 and E’y= Ey e-i f/2

– A polarizer. The optical field can pass only along one axis, the 
transmission axis. So the total field emerging from the polarizer 
is E”=E’xcosq+E’ysinq, where E’ is the incident field and q is 
the angle of the transmission axis.

• So the beam arriving on the detector is 

E”=Ex e
i f/2 cosq+Eye

-i f/2 sinq

f q

source retarder polarizer

detector



Classical measurement of the Stokes Parameters

• E”=Ex e
i f/2 cosq+Eye

-i f/2 sinq

• The detector measures its intensity, i.e. I= E”E”*

• So we get

• Which can be rewritten using the half-angle formulas: 
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Classical measurement of the Stokes Parameters

• This is the formula derived 
in 1852 by Sir George 
Gabriel Stokes.

• The first three parameters 
can be measured by 
removing the retarder (f=0) 
and measuring the intensity 
with three orientations of 
the polarizer q=0o,45o,90o:

• The fourth parameter can 
be measured by inserting a 
90o retarder (quarter wave 
plate):
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Classical measurement of the Stokes Parameters

• The great advantage of the Stokes Parameters is that they are 
observable. The polarization ellipse is not (too fast).

• Moreover, the Stokes parameters can be used to describe 
unpolarized light: light which is not affected by the rotation of a 
polarized or by the presence of a retarder. Stokes was the first one 
to describe mathematically unpolarized and partially polarized 
light.

• It is evident from Stokes formula that, for unpolarized light, 
S1=S2=S3=0, while So>0. 

• The fully polarized light had 

• The intermediate state is partially polarized light, where
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Polarization-active optical 

components
• When a beam of light interacts with matter its 

polarization state is almost always changed.

• It can be changed by

– changing  the amplitudes

– changing the phases

– changing the directions

of the orthogonal field components.

• Their effect can be described by means of the 

Mueller matrices: M is a 4x4 matrix such that 

the emerging Stokes vector is S’=M S .

Polarizer (Diattenuator)

Rotator

Wave-plate (Retarder)



1) Polarizer or Diattenuator
• It attenuates the orthogonal 

components of an optical beam 
unequally:

• Using the definitions of  S and S’ 

• And inserting the expressions for E’
we get
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2) Retarder
• It introduces a phase shift between 

the orthogonal components of an 
optical beam :

• Using the definitions of  S and S’ 

• And inserting the expressions for E’
we get
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Special cases

• If the retarder is a quarter-
wave plate (f=90o):

• Such a retarder converts a 
+45o linearly polarized beam 
into a right/left circularly 
polarized beam:

• If the retarder is a half-wave 
plate (f=180o): 

• This reverses the ellipticity 
and orientation of the 
incomin polarization state.
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3) Rotator
• Here

• Using the definitions of  S and S’ 

• And inserting the expressions for E’
we get
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Rotated Optical Components
• We have assumed that the optical axis of the components we 

have considered were aligned to the coordinate system.

• If they are not (as often happens), we have to 

1. rotate the incident beam from the original coordinate system to the one 
aligned with the component: S’ = MR (q)Sin

2. Multiply S’ by the Mueller matrix MC of the optical component S”= MC

S’

3. Rotate the output beam back into the original coordinate system: 

Sout= MR (-q) S’’

• So we have:

Sout = MR (-q) MC MR (q) Sin

Where q is the rotation on the optical component C.
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Linear Polarimeter

• A polarimeter is a device able to detect polarized 
light and measure its polarization characteristics.

• The simplest polarimeter we can imagine is a 
linear polarimeter, which can be built with a 
rotating polarizer in front of an intensity detector.

• An intensity detector is represented by a Stokes 
vector D=(1,0,0,0). The power detected by the 
detector from an optical beam with Stokes vector 
S is simply w=DS=So

• If we put a polarizer in front of the detector, the 
polarizer is called analyzer, and the power 
detected will be w(q) =DMP(q)S

q

source polarizer

Intensity detector



Linear Polarimeter

q

source Polarizer (analyzer)

Intensity detector
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This polarimeter is not sensitive to circular polarization (no S3).

It is sensitive to linear polarization (S1 and S2) and to 

unpolarized light (So). 

If the polarizer is ideal:  
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Linear Polarimeter

w
source Rotating analyzer

Intensity detector

• If we are interested to the linear polarized component 
only, we can rotate continuously the polarizer: q=wt  
and look only for the AC signal at frequency 2w.

• This allows to reject the unpolarized component, even if 
it is dominant, and to remove all the noise components 
at frequencies different than 2w (synchronous 
demodulation).
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Linear Polarimeter
w

source Rotating 

analyzer

x

Rw+N

A(Rw+N)

C

R
AC

Ref(2w)

A[Rw(2w)+N(w)]

Demodulated signal

Log P(w)

Log w
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How do we separate S1 and S2

• Neglecting the stochastic effect of noise (we 
integrate enough that N becomes negligible) and 
of the constant term (which we remove with the 
AC decoupling)

• We measure V and we want to estimate S1 and 
S2. We can use two reference signals, out of 
phase by T/8 and synchronously demodulate with 
them:
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How do we separate S1 and S2
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• So the double linear polarimeter is 

insensitive to So and it is easy to 
calibrate.

• Is this a troubleless instrument ? No !

• It is inefficient (factor 1/8 from 
modulation and demodulation)

• It can be microphonic.

• And, as all polarimeters, needs a 
telescope.



Systematics of the linear polarimeter
• The main disadvantage of the linear polarimeter, 

in its naive implementation consisiting in a 
rotating polarizer in front of an intensity detector, 
is the spurious polarization produced by any 
polarization sensitivity of the detector. 

q

source polarizer

Intensity detector
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Systematics of the linear polarimeter
• A possible solution of the problem is the joint 

rotation of both the polarizer and the detector.

• This solves the problem with the polarization 
sensitivity of the detector, but another problem 
remains: if the source is anisotropic, and the 
detector beam is elliptical, a spurious 
polarization is detected even if the source is 
unpolarized. 

q

source polarizer

Intensity 

detector

partial 

polarizer

q



Systematics of the linear polarimeter
• If an unpolarized source is anisotropic or off axis, and the detector 

beam is elliptical, a signal mimiking a polarized source (spurious 
polarization) is detected, even if the source is unpolarized.

• This is called intensity to polarization leakage.  

Circular beam: constant signal from an unpolarized off-axis/anisotropic source

Elliptical beam: modulated signal from an unpolarized off-axis/anisotropic source, mimiking a polarized source



HWP polarimeter
• Imagine a Stokes Polarimeter, including a rotating half wave plate (HWP) followed by a 

steady polarizer and two focal planes (one illuminated by radiation transmitted by the 
polarizer, the other illuminated by radiation reflected by the polarizer) filled with power 
detectors (intrinsically insensitive to polarization). 

• The power reaching each power detector is :
SRHRPDW HVHV −= )()(,, 
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where : 
S is the Stokes parameters vector of the radiation being analyzed, in the reference frame of 
the instrument  i ;
R is the rotation matrix, and  is the rotation angle of the principal axis of the HWP,
H is the Mueller matrix of a vertical HWP, 
PH is the Mueller matrix of a horizontal polarizer while PV is the Mueller matrix of a 
horizontal polarizer. These apply to the reflected and transmitted focal planes, respectively

:
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Polarizer (H or V)

Intensity detector

HWP
Source (partially polarized)



HWP polarimeter
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We compute the Mueller matrix of the rotated HWP first:

So we get:
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The Stokes parameters in the reference frame of the sky Ss are related to the Stokes parameters in the reference 

frame of the instrument Si by a rotation. If the vertical axis of the instrument is rotated by an angle q with respect to 

the meridian, we have:
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HWP polarimeter

So we get the power on the detector as a function of the Stokes vector of the sky 

signal:
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The linearly polarized 
fraction of the sky 
brightness is 
modulated at 4 times 
the rotation frequency 
of the HWP 



CMB Polarimeters



polarimeter

Upper limit



2002

Coherent Polarimeters

First detection of CMB polarization



CAPMAP

QUIET – W band

Coherent polarimetric receivers are very clean 
and performing, but suffer for a scalability 
problem:
- Complexity (mitigated by MMIC)
- Cost
- Power dissipation
The largest current one is STRIP on LSPE.  

But most of current CMB polarimeters are based 
on bolometer/TES arrays (since replicating them 
in large arrays does not change the dissipated 
power) with quasi-optical polarization 
modulators, as described above.

LFI - Planck



BOOMERanG as a polarimeter

Montroy & 2006 Piacentini & 2006 

𝜓
Masi & 2006 

Jones & 2003: PSB



• Planck HFI uses combination of orthogonal detectors to get Q and U (PSBs a la B03), 
while LFI uses coherent detectors. 

• The measurement is challenging - any differential calibration error between pairs of 
detectors causes leakage of total intensity into the polarization maps (such as gain 
calibration error or different spectral transmissions)

• the response of each detector to polarization is difficult to calibrate (due to the lack of 
celestial standard sources)

Planck HFI as a polarimeter



Planck as 
a polarimeter



BICEP
Keck

• Ground based instruments 
(Atmospheric emission is not 
linearly polarized)

• South pole (the best site on 
Earth ?) in the Antarctic winter 
for high transmission and 
stability - Heavily filter the data
to remove large-scale 
fluctuations

• Massive increase in the number
of detectors to boost the survey
speed 

20 detector tiles, each 
with 60 TES bolometers

BICEP-3
(100 GHz)
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The LSPE collaboration
Scientists from institutions in
Italy, UK, USA, Spain, Chile:



• The Large-Scale Polarization Explorer is an experiment to 
measure the polarization of the CMB at large angular scales.

• Science drivers / targets :
– The B-modes from inflation are mainly at large scales (r)

– Polarization signatures from reionization (t) are mainly at large scales

– Rotation of the polarization angles (related to new physics)

– Sensitive polarized dust survey at f close to the CMB ones

– Sensitive polarized synchrotron survey at f close to the CMB ones

• Instrumental approach :

– Frequency coverage: 40 – 250 GHz (5 bands) 

– 2 instruments covering the same northern sky

– STRIP is a ground-based instrument working at 43 and 90 GHz

– SWIPE works from near-space (balloon) at 145, 210, 240 GHz 

3

LSPE in a nutshell



90 GHz (ground)

Atmospheric monitor

210 + 240 GHz (balloon)

Monitor level, slope and possible rotation

with frequency of polarized dust emission.
To date: extrapolated from single frequency (Planck 353 GHz)

STRIP

SWIPE

43 GHz (ground)

Monitor polarized

synchrotron

LSPE : frequency coverage

145 GHz (balloon)

Main CMB channel

?

dust cloud 2
T2, t2, q2

dust cloud 1
T1, t1, q1

?

CMB

LSPE
?



LSPE : Sky Coverage

51

Credit A. Mennella

Credit L. Pagano, 
F. Piacentini



• Survey TeneRIfe Polarimeter

• Target: Polarized Synchrotron

• Two arrays of coherent
polarimeters: 49 @44 GHz 
(QUIET) plus 7 @ 90 GHz. 

• The measured response of the 
corrugated feedhorns confirms 
the expected performance down 
to -55 dB

• 1.5 m telescope (Clover)

• PI M. Bersanelli UNIMI

3

LSPE-STRIP in a nutshell
Tenerife site

Array of platelets feedhornsArray of OMTs

Provides essential information on polarized synchrotron
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SWIPE gondola

SWIPE receiver

• SWIPE is a multiband (145, 210, 220 GHz) array of 
Stokes polarimeters (163). 

• Is flown on a stratospheric balloon, to avoid
atmospheric noise at high f, including polarized
radiation from ice crystals in tropospheric clouds (e.g. 

Takakura et al. 2018). 38% of the sky covered in a 15d flight. 

• SWIPE uses 326 multimoded detectors to improve
the sensitivity wrt to Planck-HFI. The focal planes
collect 8800 radiation modes. The resolution of 
each multimoded beam is 1.4o FWHM.  

• Combined sensitivity: 10 K arcmin per flight

• SWIPE uses a HWP-based polarization modulator 
as the first optically active element, to solve 
several issues important at large scales (beam
asymmetry leakage, bandpass mismatch, 1/f noise
... etc.)

• SWIPE uses a single large polarizer, common to the 
entire focal plane, to define the main axis of the  
polarimeter with high precision (< 0.1°): accurate 
absolute reconstruction of the pol. directions.

• PI P. de Bernardis (Sapienza) 

LSPE-SWIPE in a nutshell
HWP

det

d
e

t



Dewar vacuum

Dewar vacuum -> 3 mbar

Room pressure -> 3 mbar

LSPE/SWIPE: photon background
To fully exploit the low radiative background: thin window

Thick LAB window (removable at float)

Thin flight window

Receiver
window
60 cm diam.
(forebaffle
removed)

145 GHz 210 GHz 240 GHz

Credits:
G. D’Alessandro

Credits:
F. Piacentini



Reduction of the amplitudes of 
HWP-synchronous systematic effects

In a real Stokes polarimeter, the optical devices 
produce polarized emission, which can be in part 
modulated by the rotation of the HWP (e.g. Salatino & 
de Bernardis 2010, Columbro et al. 2019)

• Polarized emission/transmission of the lens, 
stop, field optics: mitigated using the HWP as
the first optical element skywise.

• The HWP can have slightly different efficiencies
for the fast and slow axes. This results in 
polarized emission & transmission of the HWP, 
modulated by the polarizer, i.e. a 2fHWP signal (5 
mK !). Mitigated by filtering the output signal
(bandpass around 4fHWP)

• The polarizer emission can be reflected by the 
HWP and modulated: this results in a small 
4fHWP signal. Mitigated by reducing the 
temperature of the polarizer (here 1.6K, so few
K). Can be removed by a dedicated pipeline 
(e.g. Ritacco & 2017).

• The polarized emission of the HWP can be 
reflected by the polarizer and by the HWP. This
is a small 4fHWP signal. In our case is very small, 
since the polarizer is tilted 45° wrt the HWP. 

T-FPA

R
-F

PA



Reduction of the amplitudes of 
HWP-synchronous systematic effects

• There are other subtle systematic
effects, an additional ones will be 
discovered. 

• One of the main reasons of 
interest for this experiment is that
we have the opportunity to study 
experimentally the performance 
of a Stokes polarimeter with 
cryogenic spinning HWP, a 
configuration which will be used
in several ultresensitive
experiments, including LiteBIRD. 

• Real experimental tests are badly
needed, in addition to 
simulations, to validate a very
difficult meaurement !

T-FPA

R
-F

PA



16/Dec/2019: polar vortex

LSPE/SWIPE : polar night flight

16/Dec/2019: flight forecast: 14 days

• Uses the winter stratospheric polar vortex
• Less stable than the summer vortex used in Antarctica
• Reliable forecast tools needed

Credit: PiacentiniCredit: earth.nullschool.net



• Flight managed by ASI, scheduled for end of 2023
• Longyearbyen – Svalbard or Kiruna Sweden
• Several test flights already carried out

LSPE/SWIPE : night polar flight



SWIPE: solar illumination issues
• With a careful choice of the launch date and launch site the length of the 

illuminated portions of the flight can be minimized

• We do not plan to carry out science measurements during these periods, but
the instrument should be prepared to survive short solar illumination periods. 

F. Piacentini



SWIPE - receiver
• A Stokes (HWP + polarizer + 

power detector) polarimeter, 
panoramic

• Simple implementation

• Two large focal planes (8800 
modes), at 0.3K, in a large 
cryostat, cooling also the 
lens (490mm diam. and a 
460 mm diam. cold stop ) 
and the polarization
modulator (HWP at about
10-15 K). 

• FOV: 20° split by a 500mm 
diam., 45° tilted wire grid
into 2 Focal Planes 300 mm 
diam (f/1.75)

• Most components being
machined, some ready

1.4 m



500 mm

Pisano et al., Proc. SPIE, Vol. 9153, id. 915317 (2014)

SWIPE – HWP• Is a cold (2K), large (50 cm useful
dia.), wide-band meta-materials
HWP, placed immediately behind
the window and thermal filters 
stack. 

• HWP characteristics for the 
ordinary and extraordinary rays are 
well matched:
(To-Te)/To < 0.001, Xpol<0.01, over 
the 100-300 GHz band. 

• Simulations show that continuous
rotation has advantages in terms of 
1/f noise mitigation and angles
coverage.

• A custom superconductive rotator 
has been developed.



~670mm

High Temperature Superconductors

Permanent magnet ring

Pros

• NO stick-slip friction

• NO extra-effort to cool HTSs

• Passive stable levitation

• Low Coefficient of friction

• Continuous rotation (0-10Hz)

T. Matsumura et al.,  IEEE Trans.Appl.Supercond. 26 (2016)

S. Hanany et al., IEEE Trans.Appl.Supercond. 13 (2003) 2128-2133

SWIPE – HWP rotator

Cons

• Variable magnetic field

• Clamp mechanism at 4K



SWIPE – HWP rotator - General layout

Al enclosure

YBCO 
bulk
(stator)

Small 
magnets

Rotor permanent 
magnets rings (in red)

Rotor groove ring for 
clamping

YBCO bulks 
Al support 
(stator)

Al ring (rotor encoder 

and support of the small 
magnets for the EM 
motor)

Free aperture ~ 500 mm;
Support for telescope lens

Signal from the sky Support for 
thermal 
filters

1T field strength in the gap. Total mass 9 kg. 

Rotor iron rings (in brown)



SWIPE – HWP rotator – parts procured

smaller
diameter
Prototype
arXiv:1706.05963v3

Stator with 
YBCO bulks

Rotor with 
permanent
magnets

Groove ring 
for C/R



SWIPE – HWP rotator – clamp/release

Rotor

Clamp /
Release (1/3)

Stator

Frictionless actuator for 
operation @ 2K

Fabio Columbro, Paolo de Bernardis, and Silvia Masi
A clamp and release system for superconducting magnetic bearings
Review of Scientific Instruments 89, 125004 (2018)



Custom brushless 
synchronous motor
& control electronics:
• 8 phases
• 64 equalized coils (stator) 
• 8 magnets (rotor)
• Smooth phased currents to 

minimize EMI & induced
eddy currents

• 64-slits optical encoder
• High accuracy optical fibers

readout (t=50s)Credit: P. de Bernardis



Time (s)

Room-T testbed for motor & control: OK 
Working for :
• Optimization of start
• Optimization of feedback algorithm

(frequency, phase and amplitude)
• Minimization of driving currents
• FPGA board for precision time stamping
• Thermal/vac test



SWIPE: Focal Planes real estate
• The distribution of 

colors in the pixels has
been optimized with a 
simplified scheme for 
foregrounds (dust) 
removal.  

• This distribution
provides sufficient
precision to 
extrapolate the dust
signal from high 
frequency down to 150 
GHz 

• This configuration
totalizes 4400 
radiation modes for 
each focal plane
(transmitted and 
reflected). 

Scan direction



LSPE horns & bolo holders

Focal plane detector flanges

(gold plated Al6061, 40 cm side). 

Large Throughput
multimode detectors: 
8800 modes collected
by 330 sensors



LSPE horns & bolo holders (INFN-RM1)

Focal plane detector flanges

(gold plated Al6061, 40 cm side). 

LSPE horns & bolo holders

Large Throughput
multimode detectors: 
8800 modes collected
by 330 sensors



In May 2019, LiteBIRD 

has been selected for 

JAXA’s strategic 

L-class mission!

2019/6/18 71

Official announcement at 

http://www.isas.jaxa.jp/home/rikou/godo/2019/0602/gbi7uzhxf

xmz/misison_selection_announcement_may2019.pdf



2. LiteBIRD Overview

• JAXA’s L-class mission #2

• Expected launch in 2027 

• Observations for 3 years (baseline) around Sun-Earth Lagrangian point L2

• Millimeter-wave all sky surveys (34–448 GHz, 15 bands) at 70–20 arcmin.

• Mission: r < 0.001 in 2 ≤ l ≤ 200 w/ CMB B-mode observation

2019/6/18 72

JAXA

H3

4.5m

Mass: 2.6t

Power: 3.0kW

Data: 7GB/day

Middle/High-Frequency

Telescope (MHFT) (5K)

Low-Frequency

Telescope (LFT) (5K)

V-Grooves for radiative

cooling (30K/100K/200K)
Service Module 

(SVM)/BUS

High-gain antenna

Focal planes (not seen)

with 100mK base temperature

Active cooling with

JT/ST/ADR (not seen)



2019/6/18 73

Operation

Orbit: 

Sun-Earth L2 Lissajous

91 minutes1 day1 week1 month6 months1 year



LiteBIRD mission instrument
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1. Two telescopes w/ TES arrays

2. Polarization modulator for 

1/f noise & systematics reduction

3. Cryogenic system for 

0.1K base temperature

Three features

Japan USCanadaEurope

Component tree

LFT MHFT

1. Two telescopes w/ TES arrays

Sinuous Antenna 

for broadband 

trichroic pixels

Silicon

lenslet

Silicon platelet

Corrugated horn

OMT

HFT



LiteBIRD mission instrument
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2. Polarization modulator for 

1/f noise & systematics reduction
3. Cryogenic system for 

0.1K base temperature

ffrequency

Unpolarized signal

Polarized signal
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Modulated polarized signal

Unpolarized signal

Polarized signal

Demodulated polarized signal

Rotating a 

birefringent plate

at the most sky side

Superconducting magnetic 

bearing system operational 

in a 4K cryostat. 

We observed the stable 

rotation at cryogenic 

temperature (<10K).



Scientific goal and challenges
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Statistical 
uncertainty 

<0.00057

Systematic 
uncertainty

<0.00057

Margin

0.00057

Statistical uncertainty includes
• foreground cleaning residuals

• lensing B-mode power

• 1/f noise

Systematic uncertainty includes
• Bias from 1/f noise

• Polarization efficiency & knowledge

• Disturbance to instrument

• Off-boresight pick up

• Calibration accuracy

Full Success：
r < 1 x 10−3 (for r=0)

2 ≤ ≤ 200

r : Total uncertainty



Foreground cleaning
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Synchrotron:

Dust:

Methodology

(8 parameters in each sky region) x (12 x Nside
2)

= 6144 parameters w/ Nside = 8
to take spatial variations  into account

Results

• s(r=0) = 0.0006

• Negligibly small bias 

• AME is effectively absorbed by synchrotron curvature

Consistent results from COMMANDER!

“Multipatch technique” (extension of xForecast)*

☺

☺

☺
* Errard and Stompor, Phys.Rev. D99 (2019) no.4, 043529

Multipole, l



Systematics and calibration
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• One of the largest study groups at LiteBIRD

• Systematic approach for systematic uncertainties

– List systematic error items → 14 categories, 70 items listed

– Assign each item s(r)sys < 5.7 x 10-6 as the budget (1% of total budget for systematic error)

– Derive a requirement for each item, define method (incl. calibration methods) and estimate s(r)sys

– Assign special budget allocations for outstanding items

– Sum each contribution on map base to estimate total s(r)sys (some studies even on TOD basis) to 

take positive correlations into account

– Iterate procedure

• Example: studies of systematic errors 

due to HWP imperfection

– Mueller matrix from RCWA simulations of 

electromagnetic wave propagation through 

realistic HWP for different frequencies and 

incident angles

– 4f component from MIQ, MIU ~10-4 in the 

worst case

– Obtain leakage maps and BB power to 

estimate s(r)sys
All known systematics will be adequately mitigated!



Further improvement with external data

(extra success)
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1) Baseline

2) 2) adding delensing w/ Planck 

CIB & WISE

3) adding 2) and extra foreground

cleaning w/ high-resolution 

ground CMB data

Aiming at detection 

with >5s in case of 

Starobinsky model



LiteBIRD science outcomes
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1. Full success

2. Extra success (see previous page)

3. Characterization of B-mode 

(e.g scale-invariance, non-Gaussianity, and parity violation)

4. Large-scale E mode and its implications 

for reionization history and the neutrino mass

5. Birefringence

6. Power spectrum features in polarization

7. SZ effect (thermal and relativistic correction)

8. Anomaly

9. Cross-correlation science

10. Galactic science

System requirements from 1. only

3. – 10. almost guaranteed

if full success is achieved.



LiteBIRD Summary
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• Selected for JAXA’s L-class mission #2

• Expected launch in 2027

• Observations for 3 years around Sun-Earth Lagrangian point L2

• Millimeter-wave all sky surveys (34–448 GHz, 15 bands)

at degree scales

Full Success：
r < 1 x 10−3 (for r=0)

2 ≤ ≤ 200

➢ Detailed foreground cleaning studies 

yield s(r=0) = 0.5 x 10-3

➢ Thorough systematic error studies 

yield total uncertainty 

r < 1.0 x 10-3

CMB B-mode from primordial gravitational waves generated during Inflation would provide

• Direct evidence for Inflation, and knowledge on when it happened

• (Arguably) First evidence for quantum fluctuation of space-time

• Knowledge on the Inflation energy scale



PTEP paper of LiteBIRD
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