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[Planck 2018 results. VI]

B Planck EE+lowE4+BAO Planck TE+lowE B Planck TT+lowE B Planck TT,TE,EE+IlowE
12
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< \ ( N
( @ @& { 4  _
66 | — T ~— T - T ~
64 | 1
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Il | a8 @ A (e
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0.28 + + + + ot |
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® | a0 & | 8 7
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078 4 | W | __4 I I
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0.022 0.024 0.112 0.120 0.128 1.038 1.042 0.04 0.06 0.08 094 096 098 1.00 295 3.00 3.05 3.10

Qph? Q. h? 1000mc - ng In(10%0 A)

TE polarization spectra highly consistent with TT spectra
EE spectra also consistent but still noisier
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5, ' § A\CDM + extensions

-

e Consistency TT,TE,EE+lowE-+lensing
Parameter 68% limits
The CMB anisotropies in temperature and polarisation Q. 002237 £ 000015 0.7%
(TT, TE, EE), CMB lensing ®0, as well as BAO, BBN, and QI 0.1200 + 0.0012 1.0%
SNIa measurements are all consistent, among themselves 1000e e ;g:zzzio(;gjgm 0.03%
. . . 2 S . + 0. 13%
and across experiments, within ACDM w0 ota 001 -
Mg oo 0.9649 + 0.0042 0.4%

e Robustness
Atoms

These probes allow many different checks of the robustness 4.9% [E’;‘g':gy

for the ACDM model and some of its extensions, including - 68.3%

flatness, sum of neutrinos masses and effective nhumber, gﬂgtitf/r

DM annihilation limits, dark energy equation of state w(z), |

details of the recombination history (Axs.1, To, and also

fundamental constants variation, or any energy input...) N

e Precision
o Neutrinos Dark

Matter

This network of consistency tests is passed with per cent 10%
level precision but for relative tensions (including AL, Ho, Ss)

63%

Photons
15%

Atoms
12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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924 ACDM + extensions

e Consistency TT,TE,EE+lowE-+lensing
Parameter 68% limits
The CMB anisotropies in temperature and polarisation Q. 002237 £ 000015 0.7%
(TT, TE, EE), CMB lensing ®0, as well as BAO, BBN, and QI 0.1200 + 0.0012 1.0%
SNIa measurements are all consistent, among themselves 1000e e ;g:zzzio(;z:“ 0.03%
. . . 2 S . + 0. 13%
and across experiments, within ACDM w0 ota 001 -
Mg oo 0.9649 + 0.0042 0.4%

e Robustness
Atoms

These probes allow many different checks of the robustness 4.9% Egg'r‘gy
for the ACDM model and some of its extensions, including - 68.3%
flathess, sum of neutrinos masses and effective number, ';/'gtitf/r
DM annihilation limits, dark energy equation of state w(z),
details of the recombination history (Axs.1, To, and also
fundamental constants variation, or any energy input...) —

e Precision Veutrinos ,mer

This network of consistency tests is passed with per cent 10%
level precision but for relative tensions (including AL, Ho, Ss)

63%

Photons
15%

what's next ?

12%

13.7 BILLION YEARS AGO
(Universe 380,000 years old)
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8.4 LiteBIRD Science outcomes

* Primordial gravitational waves from inflation
- B-mode power spectrum
- Full success
- Extra success
- Beyond the B-mode power spectrum
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Bs-4 LiteBIRD Science outcomes

* Primordial gravitational waves from inflation
B-mode power spectrum

Full success

Extra success

Beyond the B-mode power spectrum

* Cosmological parameters with E polarisation
- Optical depth and reionization of the Universe
- Elucidating low-¢ anomalies with polarization

 Galactic science
* Cosmic birefringence

* Mapping the hot gas in the Universe

* Anisotropic CMB spectral distortions
e Correlation with other data sets

TMEX2020 LiteBIRD



Ba-4 Primordial Gravitational Waves

Big leap between LISA and LiteBIRD

quantum fluctuations in the very early Universe
(72]
w
g |
merqging [
8 ne 1'\"'(,":‘ ]
(7] stellar bl
n distant gal
o 1St pu
he galaxy and kﬁ
beyond
' AGE OF THE
Wave Period N 1VERSE YEARS HOURS SECONDS  MSEC
Frequency (Hz) 10> 10" 10% 10" B0 10°® 104 1072 1 102
INFLATION precision LISA BIG GEO, LIGO, 'c
PROBE ,

DETECTORS

polarization A,
map of cosmic
microwave
background

timing of BANG OBS VIRGO, TAMA o i
millisecond 3 > :
pulsars ' T S ' *
~ s - it
: (\B‘.« : S N i
b “y - AT 2
T $ waoe Sy

LiteBIRD
Gravitational
waves with
quantum origin

LISA
Gravitational
waves with
classical origin
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History of the Universe

Gravitational Waves
‘ II\\ ’/ I‘\ I‘\
Inflation WIAY A , AW AVA R AVARMVAF AVA WY
Generates AV AV A AV AR AT VYA N N AN
Two Types of vVov oV \/ \/ \_/
Waves . Waves Imprint Characteristic
Density Waves Polarization Signals

N A -

/ M\
\ ll‘f“. I A v AAY A v BA Y

Free Electrons Earliest Time
Scatter Light Visible with Light

Quantum
Fluctuations

B S

-

Radius of the Visible Universe
o)
Nuclear Fusion Begins
Neutral Hydrogen Forms
Modem Universe

0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe

Opportunity to probe the Cosmic Inflation but also to
shed light on GUT-scale physics

Observational test of quantum gravity
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9+-4 Primordial Gravitational Waves

inflation ¢

e dynamics of an homogeneous scalar field in a FRW geometry is given by

0+3Hp+Vy=0 and  H?= % (%qAQ +V(¢)>

e inflation happen when potential dominates over kinetic energy (slow-roll)

V(o)

where did V(®) comes from !

why did the field start in slow=-roll !

why is the potential so flat ?

how do we convert the field energy into particules !

[Daniel Baumann, arXiv:0907.5424]

- ¢

PCcMB Pend reheating
_

Ad
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8:°d Primordial Gravitational Waves

matter

e According to single field, slow-roll inflationary scenario, quantum vacuum
fluctuations excite cosmological scalar and tensor perturbations

k‘ ns—1
Pr(k) = A, (—) scalar
Ko

K\
PT(k) = Ay (k_> tensor

0
e with the definition of the tensor-to-scalar ratio “'r” r — At /AS
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9+-4 Primordial Gravitational Waves

matter

e According to single field, slow-roll inflationary scenario, quantum vacuum
fluctuations excite cosmological scalar and tensor perturbations

k‘ ns—1
Pr (k) = A, ( ) scalar

ko
K\
PT(k) = Ay (k_> tensor
0
e with the definition of the tensor-to-scalar ratio “'r” r — At /AS

which characterises the amplitude of GW and gives direct constraints on
the shape of the potential

1/4
1/4 16 r
- energy scale of inflation ViIH(g) = 10'° GeV (0.01)
Ag ro\1/2 roo\1/2
- inflaton field excursion Mp N ( ] ) = (o,oo1>

2
r= 8M1%1 (7¢)
- derivative of the potential dInP;

V. \2 v
2 (¢ 2 99
ng—1= 1 —3M1(—) +2Mp, —
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Current status of the B-mode measurements

102: — T T T T A A
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8s-4 Primordial Gravitational Waves

Full Success
* o(r) < 10-3 (for r=0, no delensing)

» >50 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

102
|

- \—/> rrue = 0.004
| Starobinsky |
' R+R2 models

- Clean sweep of single-field models
with characteristic field variation scale

of inflaton potential greater than my,
[Linde, JCAP 1702 (2017) no.02, 006]

Tensor-to-scalar ratio (r)
A

103

Mtrue = 0

=
0.945 0.960 0.975
Primordial tilt (ns)
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i : " ¢ Primordial Gravitational Waves

Full Success
* o(r) < 10-3 (for r=0, no delensing)

» >50 observation for each bump (for r=0.01)

Statistical uncertainty
* foreground cleaning residuals
* lensing B-mode power

Margin Statistical e | /f noise

uncertainty
0.00057 0.00057

* Bias from |/f noise

* Polarization efficiency & knowledge
* Disturbance to instrument

* Off-boresight pick up

* Calibration accuracy

TMEX2020 LiteBIRD




8:°4d Reionization

A cosmic variance limited measurement of EE on large angular scales will be an
important, and guaranteed, legacy for LiteBIRD

| | |
5 . T A S . = [
010 |
10.000 0.089 [ ]
- —— 0.066
S 009 0.08 | 7 2
é 1.000 5 Aexp(—27) fixed g - )
- o
S i S
N —
" S 0.06
5 3
2 0.100F . _: S
n . - 2
= LiteBIRD : s 004

0.010 & G(T) =0.002 -
- . 0.02
I Planck Data e || i
0.00] ||| 1 1 1 |||||| n
100 1000 000 = . .
| 0 5 10 15 20
Redshift z

o(t) better than current Planck constraints by a factor 2
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4 Neutrino sector

* Improvement in reionization

optical depth measurement 0.070 ——
Region to exclude for
|mP||es: > 30 detection of minimum mass
- 0.065
5 /
- 6(Zmy) = |5 meV N 0.060 | 5
S 2
. . . 8
- determine n.eutrlno hierarchy 5 0.055
(normal v.s. inverted) <
2 0 050
- measurement of minimum mass «
. O
(Z 30 detection NH, = 50 = = Z1Planck+CMB-S4+DES|
detection for |H) O 0.045 ~Planck+ CMB-54+4LSST |
B - LiteBIRD
+LiteBIRD
0.040 ' ' ' ' ' '
0 20 40 60 80 100 120 140

Y m, [meV]
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4 Galactic science

* With frequency range from 34 to 448 GHz and access to large scales
LiteBIRD will gives constraints on

- Characterisation of the foregrounds SED
- Large scale Galactic magnetic field

- Models of dust polarization grains

Synchrotron Dust

TMEX2020 LiteBIRD



LiteBIRD in a nutshell

CcMB 4 L-Class JAXA Mission
i Selected by JAXA May 2019

Launch 2028

- )

. Anti-Sun axis
<( / ::Precession '«" L2 orbit
'..‘ + (1.51 hours ”“s'.a\
Precession angle o = 45 degrees ; ~1day as T All-sk rv rin I"
Spin angle p = 50 degrees ; anotion) ’ sky Survey during 3 years
Large frequency coverage
sky coverage 1 year |5 bands 34 - 448 GHz
Resolution
LFT 69’ -20.7

MHFT 27.6' - 9.7

Sensitivity
2.8 uK.arcmin

after component separation

(more than 100 times better than
Planck in P)

T
4110 21194
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' the LiteBIRD Mission

Mission Challenges

High Sensitivity
Detectors

Large frequency Statistics Mitigation and

coverage from Space Control F>f
Systematics

Foreground Continuously

Rotating HWP

Observer
bias

Focused on largest All-sky
multipole scales survey
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the LiteBIRD Mission
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LiteBIRD
2<¢<200

I(1+1)C,25/(2r) (uK?)

a powerful duo
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B+°4 CMB from space and ground

Extra Success

« improve o(r) with external observations

e delensing improvement to o(r) can be a factor > 2

Aiming at detection with >5¢ in case of
Starobinsky model
Baseline

+ delensing w/Planck CIB & WISE

102
|

Tensor-to-scalar ratio (r)

10—3

o
0.945 0.960 0.975
Primordial tilt (ny)
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* Galaxy surveys

full-sky map of hot gas
(thermal SZE)

®

3D distribution of the matter
(galaxy survey)

how gas traces the matter in the Universe s A —

* Integrated Sachs-Wolf effect

* Lensing

LiteBIRD E-modes

e -

CMB-S4 high-resolution

improvement on ISWV signal (~20%)

improve our knowledge of the
projected gravitational lensing
produced by the large-scale
structure

TMEX2020
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LiteBIRD Collaboration
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An international collaboration

More than 200 researchers from Japan, Europe & North America
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