
Josquin Errard 

LPNHE 
4th of November, 2019

LiteBIRD

1

Lite (light) satellite for the studies of

B-mode polarization and 

Inflation from cosmic background

Radiation

Detection




In May 2019, 
LiteBIRD was 
selected for 
JAXA’s strategic  
L-class mission!

2
launch planned in 2027!



selected history/status

2008 - first LiteBIRD proposal; 
Basic concept of a focused mission established;

early 2015 – LiteBIRD US MO proposal submitted and granted  
(July 2015): extended frequency range (HFT) proposed; 

mid-2015 – LiteBIRD selected as one of the two candidate  
projects for JAXA’s Large mission; 
LiteBIRD and SolarSail (more recently known as Okeanos);

fall 2015 – an ‘invitation’ letter to the European CMB  
community by Saku Tsuneta (ISAS);

mid-2017 – LiteBIRD-Europe established; 
first meeting in Cardiff, UK;

mid-2018 – ESA-JAXA CDF study; 
LiteBIRD-Europe collaboration representatives invited;

mid/fall - 2018 – selection for the phase A in Italy and France;

May 2019 – LiteBIRD downselected by JAXA for the  
L3 large mission with a launch in FY 2027.
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Hot Big Bang scenario

Planck

Polarbear

LSST

LiteBIRD
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the night sky at optical wavelengths
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at millimeter wavelengths, we observe 

the isotropic Cosmic Microwave 

Background photosphere — with a black 

body emission at a 2.7K temperature



George F. Smoot and John C. Mather 
Nobel prize 2006 “for their discovery 
of the blackbody form and anisotropy 
of the cosmic microwave background 

radiation".

the Cosmic Microwave Background follows 
a perfect black body spectrum

9



COBE 2 1992COBE, 1992
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WMAP 1, 2003WMAP, 2003
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Planck 2015Planck, 2015
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time
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T = 2.7 K ΔT/T ~ 10-3

+=
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T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation 

• Fluctuations we observe today in CMB and the matter distribution 
originate from quantum fluctuations during inflation 

𝜁
Mukhanov & Chibisov (1981) 
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt & Turner (1983) 

Key Predictions
• Fluctuations we observe today in CMB and the matter 

distribution originate from quantum fluctuations during 
inflation

ζ
scalar
mode

hij
tensor
mode

• There should also be ultra long-wavelength 
gravitational waves generated during inflation

Grishchuk (1974) 
Starobinsky (1979)

Mukhanov&Chibisov (1981)
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt&Turner 
(1983)

We measure distortions in space
• A distance between two points in space

d`2 = a2(t)[1 + 2⇣(x, t)][�ij + hij(x, t)]dx
idxj

X

i

hii = 0

• ζ : “curvature perturbation” (scalar mode)


• Perturbation to the determinant of the spatial metric


• hij : “gravitational waves” (tensor mode)


• Perturbation that does not alter the determinant
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T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation 

observations are already in remarkable agreement with single-field 
slow-roll inflation:

• super-horizon fluctuation

• adiabaticity

• gaussianity

• ns < 1 


e.g. The Best Inflationary Models After 
Planck 

J. Martin, C. Ringeval, R. Trotta, V. 
Vennin, JCAP, 2014

e.g. Exploring Cosmic Origins with 
CORE: Inflation  

F. Finelli, M. Bucher et al., JCAP, 
2017
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but we want gravitational 

waves in addition!



T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation Key Predictions
• Fluctuations we observe today in CMB and the matter 

distribution originate from quantum fluctuations during 
inflation

ζ
scalar
mode

hij
tensor
mode

• There should also be ultra long-wavelength 
gravitational waves generated during inflation

Grishchuk (1974) 
Starobinsky (1979)

Mukhanov&Chibisov (1981)
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt&Turner 
(1983)

• There should also be ultra long-wavelength gravitational waves 
generated during inflation

hij Grishchuk (1974) 
Starobinsky (1979) 

We measure distortions in space
• A distance between two points in space

d`2 = a2(t)[1 + 2⇣(x, t)][�ij + hij(x, t)]dx
idxj

X

i

hii = 0

• ζ : “curvature perturbation” (scalar mode)


• Perturbation to the determinant of the spatial metric


• hij : “gravitational waves” (tensor mode)


• Perturbation that does not alter the determinant
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T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation 

• LIGO/Virgo detected gravitational waves from binary blackholes, 
with the wavelength of thousands of kilometers

• But the primordial GW affecting the CMB has a wavelength of 
billions of light-years!  

how to detect them?

CMB POLARIZATION!
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T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

key predictions from cosmic inflation 

Thomson scattering

e-

𝜸

𝜸

𝜸

𝜸

1 e- for 109 photons

ΔE/T ~ 10-6

+ E
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Key Predictions
• Fluctuations we observe today in CMB and the matter 

distribution originate from quantum fluctuations during 
inflation

ζ
scalar
mode

hij
tensor
mode

• There should also be ultra long-wavelength 
gravitational waves generated during inflation

Grishchuk (1974) 
Starobinsky (1979)

Mukhanov&Chibisov (1981)
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt&Turner 
(1983)

cold

hot
cold

hot

e

cold

hot

cold

hot e

key predictions from cosmic inflation 

Thomson scattering in stretched space

T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

ΔE/T ~ 10-6

E+
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key predictions from cosmic inflation 

ΔB/T ~ 10-7-8

B

Key Predictions
• Fluctuations we observe today in CMB and the matter 

distribution originate from quantum fluctuations during 
inflation

ζ
scalar
mode

hij
tensor
mode

• There should also be ultra long-wavelength 
gravitational waves generated during inflation

Grishchuk (1974) 
Starobinsky (1979)

Mukhanov&Chibisov (1981)
Guth & Pi (1982) 
Hawking (1982) 
Starobinsky (1982) 
Bardeen, Steinhardt&Turner 
(1983)
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Thomson scattering in stretched space

+

T = 2.7 K ΔT/T ~ 10-5ΔT/T ~ 10-3

+ +=

ΔE/T ~ 10-6

E+
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amplitude of gravitational waves  
                     𝛼 tensor-to-scalar ratio r



tensor-to-scalar ratio 
r<0.06 @ 2σ

BICEP2 + Keck Array Planck WMAP

++

The Keck Array and BICEP2 
Collaborations, Phys. Rev. 
Lett. 121, 221301, 2018
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measurements of r 
starts being limited 
by our own galaxy: 

the Milky Way
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prospective GT05  
JE et al (Oct 2019)

CMB B-modes: race to sensitivity



Space and ground: a powerful duo

•best cost-effective way to characterize B-modes

•great synergy with two on-going projects 

Ground 
US-led telescopes 
on ground 
30 ≤ l ≤ ~8000  
e.g. Simons 
Observatory and 
CMB-S4 

LiteBIRD
JAXA-led
focused 
mission
s(r)<0.001
2 ≤ l ≤ 200
focused but still with
many byproducts



• Superb environment !
• No statistical/systematic uncertainty due to atmosphere
• No limitation on the choice of observing bands (except CO lines), 

important for foreground separation
• No ground pickup

 

• Only way to access lowest multipoles w/ δr ~ O(0.001)
• Both B-mode bumps need to be observed for the firm confirmation 

of Cosmic Inflation → we need measurements from space.

• Complementarity with ground-based CMB projects
• Foreground information from space will help foreground cleaning 

for ground CMB data
• High multipole information from ground will help to “delens” space 

CMB data

Why space?

Rule of thumb: 1,000 detectors in space ~ 100,000 detectors on ground

27



orbit: Sun-Earth L2 Lissajous

1 year

LiteBIRD operation



LiteBIRD instruments



LiteBIRD instruments
• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature

Low frequency telescope (LFT)

Sinuous Antenna 
for broadband 
trichroic pixels

Silicon lenslet

• Crossed Dragone

• Aperture diameter:  400 mm

• Angular resolution:  20 -70 

arcmin.

• Freq. coverage: 34 - 161GHz

• Field of view: 20 deg x 10 deg

• F#3.0 & crossed angle of 90 

degree

• All 5K parts are made of 

Aluminum ➔ less than 150 kg

• New mirror design 

(anamorphic aspherical 
surfaces)



LiteBIRD instruments

672 J Low Temp Phys (2014) 176:670–676

Fig. 1 Left design of a single horn coupled multichroic polarimeter with labels on the major components.
Center a photograph of a cross-section of a broad-band ring-loaded corrugated feed horn fabricated by gold
plating a stack of etched silicon platelets. Right a photograph of a prototype 90/150 multichroic detector with
the major components labeled. A description of these components is in the text. For clarity, the path light
follows to reach the bolometer corresponding to Y polarization in the 150 GHz band has been highlighted
(Color figure online)

choke to prevent leakage of fields from the waveguide. The detector chip (see Fig. 1,
right) uses a broad-band orthomode transducer [6] (OMT) to couple the incoming light
from the waveguide onto high impedance coplanar waveguide (CPW) lines. The OMT
separates the incoming light according to linear polarization. The Y-polarized light
is split onto the two vertically oriented OMT probes and propagate through identical
electrical paths that have been highlighted in the figure. Along each path, a broad-band
CPW to micro-strip (MS) transition comprised of 7 alternating sections of CPW and
MS is used to transition the radiation onto MS lines. Next, diplexers comprised of two
separate five pole resonant stub band-pass filters separate the radiation into 75–110
and 125–170 GHz pass-bands. The signals from opposite probes within a single sub-
band are then combined onto a single MS line using the difference output of a hybrid
tee [7]. Signals appearing at the sum output of the hybrid are routed to a termination
resistor and discarded.

These detectors operate over a 2.25:1 ratio bandwidth over which round waveguide
is multimoded. However, the TE11 mode (which has desirable polarization properties)
couples to opposite fins of the OMT with a 180◦ phase shift while the higher order
modes which couple efficiently to the OMT probes have a 0◦ phase shift. This fact
allows the hybrid tee to isolate the TE11 signal at the difference port and reject the
unwanted modes at the sum port. This ensures single moded performance over our
2.25:1 bandwidth. For testing purposes, the prototype pixel (shown in Fig. 1) included
additional bolometers connected to the hybrid tee sum port. The architecture described
above offers excellent control over beam systematics of corrugated feeds, a frequency
independent polarization axis defined by the orientation of the planar OMT, and a
metal skyward aperture to minimize electrostatic buildup that is useful for future
space applications.
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Medium and High frequency 
telescopes (M/HFT)

Silicon platelet
corrugated horn

OMT

MFT

HFT

HFT  
focal 
plane

Two F/2.3 refractive telescopes:

• 89-270 GHz

• 238-448 GHz


Apertures: 

• 30mm

• 20mm


FoV: Φ 20mm

• Transmissive metal-mesh HWP

• Silicon lenses

• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature



LiteBIRD instruments
• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature



LiteBIRD instruments

Superconducting magnetic bearing system 
operational in a 4K cryostat.  
We observed the stable rotation at cryogenic 
temperature (<10K).

• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature



LiteBIRD instruments
• Three telescopes with TES arrays
• Polarization modulator with a 

rotating half-wave plate (HWP) for 
1/f noise & systematics reduction

• Cryogenic system for 0.1K base 
temperature
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LiteBIRD science goals
Full success: 

• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

Rationale
• Large discovery potential for 

0.005 < r < 0.05
• Simplest and well-motivated R+R2 

“Starobinsky” model will be 
tested.

• Clean sweep of single-field models 
with characteristic field variation 
scale of inflaton potential greater 
than Mpl  (A. Linde,  JCAP 1702 
(2017) no.02, 006 
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Statistical 
uncertainty 

<0.00057

Systematic 
uncertainty
<0.00057

Margin
0.00057

Full success: 
• total uncertainty δr < 0.001 (for r=0) 
• > 5σ observation for each bump (for r ≥ 0.01)

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

38

LiteBIRD science goals



LiteBIRD — extra success
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2. Adding delensing w/ Planck 
CIB & WISE 

3. adding 2. and extra 
foreground cleaning w/ high-
resolution ground CMB data

Aiming at detection with 
>5σ in case of 
Starobinsky model

delensing
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LiteBIRD —science outcomes



characterizing primordial BB

41

➔ inflation and quantum 
gravity {r, nT}

➔ parity violation in gravity
➔ primordial magnetic field 
➔ lensing B-mode to very 
low ℓ

LiteBIRD —science outcomes



characterizing primordial BB

42

➔ new source fields for gravitational waves

B. Thorne et al (2017) — 1707.03240 

LiteBIRD —science outcomes



characterizing primordial BB

43

➔ non-Gaussianity — powerful test of whether 
the detected GW comes from the vacuum or 
sources (Agrawal et al —1707.03023) 
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LiteBIRD —science outcomes



characterizing primordial BB
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➔ cosmic birefringence
D. Molinari et al. (2016) — 1605.01667 

LiteBIRD —science outcomes
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LiteBIRD —science outcomes



characterize reionization history

➔ better 𝝉 and sum of neutrino masses 
➔ crucial information for many other surveys
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LiteBIRD —science outcomes

LiteBIRD 2027+

Planck 2018

Planck 2015

WMAP 9-year
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LiteBIRD —science outcomes



elucidating anomalies with polarization 

+ Integrated Sachs Wolfe effect 
complementary to density measurements

48

LiteBIRD —science outcomes
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reionization

inflation 
quantum gravity

cosmic 
birefringence

LiteBIRD —science outcomes
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reionization

inflation 
quantum gravity

cosmic 
birefringence

Exploring Cosmic Origins with 
CORE: Inflation  

F. Finelli, M. Bucher et al., JCAP, 
2017

LiteBIRD —science outcomes
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synchrotron + dust @ 70GHz

synchrotron + dust @ 200GHz

synchrotron + dust @ 400GHz

LiteBIRD —science outcomes
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synchrotron + dust @ 70GHz

synchrotron + dust @ 200GHz

synchrotron + dust @ 400GHz

grains

magnetic field

emission of 
polarized light
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LiteBIRD —science outcomes
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LiteBIRD — foregrounds cleaning
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synchrotron and dust polarized emissions follow the galactic magnetic field

Planck 2015 results. X. Diffuse 
component separation: Foreground maps 
The Planck collaboration, A&A, 2015
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intensity @ 30GHz  
+ B-field from polarization

Planck 2015 results. X. Diffuse 
component separation: Foreground maps 
The Planck collaboration, A&A, 2015

synchrotron and dust polarized emissions follow the galactic magnetic field
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Johannes-Quintett / KV516, Mozart

Synchrotron

Anomalous 
Microwave 
Emission 
(AME)?

CMB
One or 

multiple dust 
components?

(black body)

frequency

so
un

d 
sp

ec
tr

um

analogy interlude

removing galactic foregrounds
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d⌫0 = a0 CMB+ b0 dust + n⌫0

d⌫1 = a1 CMB+ b1 dust + n⌫1

d⌫0b1 � d⌫1b0 = CMB (b1a0 � b0a1) + n⌫0b1 � n⌫1b0

�2
CMB =

�2
⌫0
b21 + �2

⌫1
b20

(b1a0 � b0a1)
2 �CMB / �b1 (↵ d⌫0 + � d⌫1)

• removing one or several 
components increase the noise 
variance in the final “clean” 
component 

• misestimating a spectrum leaks 
components to the “clean” 
component (can be statistical or 
systematic misestimation)

boosted variance statistical/systematic residuals 
in the cleaned signal

analogy interlude

removing galactic foregrounds
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removing galactic foregrounds
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di(p) = Aij sj(p) + ni(p)

d A(β)
s

= +

fr
eq
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nc

ie
s

n

CMB

         dust,            
synchrotron, 
etc.

sky pixel p

1. what are the foregrounds scaling law (fit 
for the spectral indices β)? 

2. get a clean estimate of the CMB

CMB

astrophysical foregrounds are one of 
the biggest challenges (if not the 

biggest one) for the B-modes quest
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LiteBIRD — systematics and calibration
• One of the largest study groups in LiteBIRD
• Systematic approach for systematic uncertainties

• List systematic error items 14 categories, 70 items listed
• Assign each item σ(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 

σ(r)sys

• Assign special budget allocations for outstanding items
• Sum each contribution at the map level to estimate total σ(r)sys (some studies use 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 σ(r)sys
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LiteBIRD Global face-to-face meeting, 
@ Italian Space Agency, Jan. 2019

About 200 researchers from Japan, North America & Europe
Team experiences: CMB exp., X-ray satellites, other large proj. 
(HEP, ALMA etc.)

LiteBIRD Joint Study Group
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LiteBIRD in France

Montage LiteBIRD CNES Review Preparation

Project organisation
LiteBIRD-FRANCE

APC

IAS

LAL

IAP

CEA-SBT

IRAP

LPSC

I. Neel

Paris

Grenoble

Toulouse

IPAG

ENS

CEA-DAp

 

 

 

IN2P3

INSU

INP

 

 

CEA

ENS47 chercheurs 
20 ingénieurs 

(33 External Members)

Marseille

LAM
LESIA



Josquin Errard (APC/CNRS), Foregrounds and Future CMB experiments, CosmoGold 2019

4700 multichroic TES detectors  
50x Planck sensitivity on large angular scales

15 frequency bands 
 40 ≤ ν ≤ 402 GHz

telescopes + 3 instruments  
rotating half-wave plates 
year observation at L23

LiteBIRD is the next-generation CMB satellite selected by JAXA as a Strategic 
Large Mission to be launched in 2027

LFT (40 - 140GHz)

MFT and HFT (100 - 402GHz) 66



BACKUP
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the hot Big Bang 
also predicts the 
good proportions 
of elements in the 
Universe!
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LiteBIRD —science outcomes

• Full success
• Extra success (see previous page)
• Characterization of B-mode and search for sources fields 

(e.g scale-invariance, non-Gaussianity, parity violation)
• Power spectrum features in polarization
• Large-scale E mode and its implications  

for reionization history and the neutrino mass
• Cosmic birefringence
• SZ effect (thermal and relativistic correction)
• Elucidating anomalies
• Galactic science


