Quest of 5 questions by CMB (from space)

What is the universe made of?
How did it begin?

What is its fate?

What are the laws that govern it?

T. Matsumura, Kavli IPMU

Why do we exist in it?
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Very brief history of the CMB measurements
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Very brief history of CMB measurements (w/ space focus)

Thé d'isc-overy of CMB
by Penzias and Wilson
in 1964.
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Brief history of the universe

Cosmic Microwave Background (CMB) Ejrst star Last scale stsructure

p+e o H+y A
-

Observer

Inflation era

3000K

‘ 380,000 years
z=1000

;Lhe beginning of Today (13.8 b-year, 3K, z=0)
NASA/WMAPE:ieEJcDI':a\:erse FlgU re from NASA/WMAP




CMB to probe before the big bang

Big bang CMB
nuclear synthesis 380,000 year old




CMB to probe before the big bang

Big bang CMB
nuclear synthesis 380,000 year old

Well understood by the CMB data with
Then, what’s the initial condition? the current physics framework.




Toward primordial B modes today == g LiteBIRD
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—> \What’s next?
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Very very brief history of the new CMB space mission

* Around 2009, ESA Planck was successfully launched and started its
observations, and the efforts toward the next generation CMB space mission
have emerged.

* In 2009, a few CMB-pol concept studies came out for Astro2010.
* In 2019, the probe mission concept, PICO, was proposed.

» Post-Planck mission concepts from the European community were proposed,
e.g. SAMPAN, B-Pol, COrE, COrE+, and PRISM.

* The concept of LiteBIRD was first put together in 2008.
* In 2019, JAXA ISAS selected LiteBIRD as the 2nd strategic L-class mission.

» But there were nearly 10 years of preparations, and Hitoshi supported
LiteBIRD a lot, e.g., by proposing LiteBIRD to the Science Council of Japan
master plan and MEXT Roadmap from IPMU. Thank youl!
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LiteBIRD Joint Study Group

Over 400 researchers from ,
and

Team experience in CMB experiments, - E 2
X-ray satellites and other large projects = ‘
(ALMA, HEP experiments, ...)

LiteBIRD Global F2F meeting
Sep 28 - Oct 1, 2023 at Elba
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LiteBIRD overview

* Lite (Light) spacecraft for the study of B-mode polarization and Inflation LLI LiteBIRD collaboration
from cosmic background Radiation Detection PTEP 2023

* JAXA’s L-class mission was selected in May 2019 to be launched by
JAXA’s H3 rocket.
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LiteBIRD overview

LiteBIRD reformation [ghase LI LiteBIRD collaboration
PTEP 2023

o After the ISAS/JAXA mission definition review, LiteBIRD 1s under
rescope studies to consolidate the mission's feasibility with the same
scientific objectives.
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The challenge of B-modes detection

.

* The B -mode signal is expected to h?.VC an low-frequency noise and galactic and extra-galactic
amplitude at least 3 orders of magnitude instrumental systematic effects  foregrounds

below the CMB temperature anisotropies Clusters

white .
) . . L. . . gravitational
« LiteBIRD is targeting a sensitivity level in '"Str':;;zma' lensing

polarization ~30 times better than Planck

* This extremely good statistical uncertainty CMB

b

must go in parallel with exquisite control ~ Poarzation
of:

1. uncertainties B-modes

. . CvMB - 7.8
2. contamination intensity AT/T ~ 10
. anisotropies
3.“Le induced by AT/T ~ fgs
gravitational lensing CMBdipole  CMB E-modes
AT/T ~ 103 AT/T ~ 106

4. Observer biases

Image credit: Josquin Errard
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LiteBIRD main scientific objectives

g

* Definitive search for the from in the CMB polarization

* Making a discovery or ruling out well-motivated Angular scale
. . 90° 1° 0.2° 0.1°
inflationary models

* Insight into the quantum nature of gravity
* The inflationary (i.e. primordial) B-mode power is
proportional to the o
* Current best constraint: » < 0.032 (95% C.L.) o] VA A
(LI Tristram et al. 2022, combining BK18 and Planck PR4) . T

CTT
Y4
103 1 <

® Planck CKEE

® BICEP2/Keck ‘e

* LiteBIRD will improve current sensitivity on » by a | ® LiteBIRD . ®

factor ~50
* L1-requirements (no external data):
e Forr=20,
* For »=0.01, 5-0 detection of the reionization . CBBpim. (1072

(2 <¢<10) and recombination (11 < £ <200) T t k
peaks independently 1074
¢ L2-requirements:
* Ostat < 6X10-4 and ogys < 6X10-4 2 150 500 1000 2000

* Additional security margin of 6margin < 6x10-4 Multipole ¢
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LiteBIRD constraints on inflation

g

: : : : : R ' l

* Huge discovery impact (evidence for inflation, knowledge of R |

its energy scale, and distance traveled by the inflaton...) N _ LiteBIRD |

. EEE  LiteBIRD/Planck I

BK18/Planck =1

* A detection of B modes by LiteBIRD with » > 0.01 would R W oaen<s |

. . . P I - N N LI weo  47<N.<57 2

imply an excursion of the inflation field that exceeds the ooz | 000 WS s

— R?>  42<N.<52 5

Plaan mass 0001 F — Poincaré disks |

’ @ Higes N.=57 |

. I

* Such a detection would N
such as superstring theories 0955 0960 0965 0970 0975 0980 0985 0990 0995 100

ng

* An upper limit from LiteBIRD would disfavour the simplest

|
. . . 0.1F
inflationary models, with M > M, |
003 F LiteBIRD |
* This includes the monomial models, a-attractors with a ool T HepRD Planck !
super-Planckian characteristic scale, including the - Vo2 5
. . B . 9P 47<N.<5T 7
and models that invoke the Higgs 0008 — #wes
field as the inflaton 0001 | o e B
I
3104 |
0

0985 0990 0995 1.00

0955 0960 0965 0970 0975 0.980

ng
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LiteBIRD other science outcomes

g

* The mission specifications are driven by the required sensitivity on r
* Meeting those sensitivity requirements would allow to address other
important scientific topics, such as:

1. Characterize the B-mode power spectrum and search for source
fields (e.g. scale-invariance, non-Gaussianity, parity violation, ...)
2. Power spectrum features in polarization
» Large-scale

. (improve o(7) by a factor of 3)
. (c(Omy) =12 meV)
3. Constraints on
4. (thermal, diffuse, relativistic corrections)

5. Constraints on

6. Elucidating

7.
 Characterizing the foreground SED
» Large-scale Galactic magnetic field
* Models of dust polarization

2024-12-19 Hitoshifest
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Thank you!?



g

 LiteBIRD will provide a cosmic-variance limited measurement of the
power spectrum at large scales (2 < ¢ <200)

 This will lead to improved constraints on:

" 11 Pianck 2018

L4 LiteBIRD

» Cosmic-variance measurement of the to
reionization = o(7) = 0.002 = %3 improvement with respect to

Planck (LL! Planck Int.Res. LVII, 2020)

Thomson Optical Depth =

BB adapted from
Robertson+2015

» Improved constraints on reionization history models: 35% N

0 5 10 15 20

improvement on the uncertainty of A(Zreion) 0or0 —Pednifz

Region to exclude for
> 30 detection of minimum mass

P
o
o
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tion,

» X2 improvement on 6(D my)

8 0.060 g =
. .. kS v = O
* 6(3my) = 12 meV = 5o detection for a minimum value of Y my= ¢ K hal
60 meV (allowed by flavour-oscillation experiments) or larger £ A j e 0
< 0.050 g - = O
. . . . . . © ’ . m
* Potentially allow to distinguish between the inverted neutrino g , e - 5
) ] O 0.045 | Lo e b o [
mass ordering and the normal ordering =i
0.040 0 2I0 40 60 Sb 160 120 140

Ym, [meV]

2024-12-19 Hitoshifest 8 4



could be seeded by parity-violating

processes in Universe

* Could occur if dark matter or dark energy are a pseudo-scalar
field coupled to electromagnetism that changes sign under

inversion of spatial coordinates

* Induces non-zero 78 and EB and also a B-mode signal
* Constraints from the CMB must account jointly for i) a
possible detector angle miscalibration (LU Minami et al., 2019) and

i1) a positive EB signal from Galactic foregrounds (L Diego-

Palazuelos et al., 2022)

* Recent measurements show a tentative detection of a
birefringence angle of (LI Eskilt & Komatsu

2022, from a combination of WMAP and Planck PR4)
 LiteBIRD has the potential to:

« Reduce the error bar on a global 3 leading to a

* Produce a map of 3 to test for

10°

H
2
I

00 + 1)CBB/(2m) [uKZ 5]

—
2
o

107 4

—— BB from EE with 8 =0.35+0.14
----- BB, slow-roll, Starobinsky

BB, slow-roll, r=0.001
—— Lensed scalar BB
LiteBIRD error bars

A

10! 107 103

Multipole £

LLI LiteBIRD collaboration PTEP 2023
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Mapping the hot gas in the Universe

g

The

effect provides a mean to map the

distribution of hot electrons in the Universe

Improved sensitivity and frequency coverage of LiteBIRD
crucially contributes to improve these studies

Combination with Planck adds the benefit of angular resolution

LiteBIRD will

wrt Planck

.|Input y-map (10') ;
. A -

,__Planck y-map (10') "-
,. . 1 A 3 i

(120,-40) -

[LiteBIRD-Planck y-map (10")]

(120,-40)

10.0
y x 10°

This will allow to:
Produce a high-fidelity SZ map over the full-sky essentially

Test theories of structure formation via
from SZ x galaxy surveys correlations

Search form

Study an
correlations of SZ x CMB optical depth

Measure the mean gas 7. via the relativistic SZ

in filaments connecting clusters
process via cross-

Improve constraints on Sg= 63({2m/0.3)%5 by 15%

101! 4

10° 4

10%24(L + 1)) 12n

- Galactic residuals

CIB residuals

 Source residuals
+ CMB residuals
 Noise residuals

PR2 noise residuals
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M, "m
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v
107 ’// / r.’*
- —
F T ,/ = .,I T
10! 102 103
multipole /
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-10.0 -3.3 373 10.0 -10.0 -3.3 373 10.0 -10.0  -3.3 373
y><10‘5 y><106
102
m— nput SZ g
iR LiteBIRD-Planck
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Anisotropic CMB spectral distortions

forecast for SPT-3G+, CCAT-prime, SO and CMB-S4
* LiteBIRD will be sensitive to any =
, beyond the SZ effect & 100

10—3 i
. LiteBIRD will have sensitivity to

(LLI Beringue et al. 2021) the frequency-

dependent CMB anisotropies due to Rayleigh scattering by
HI at the LSS

measure at

= Such a detection would allow to derive improved
constraints on and

. . LiteBIRD can detect an anisotropic p distortion 5(5 1071 ,,,,,,,, -

induced by non-Gaussian fluctuations induced during = Ty 102 103

inflation /

= This would offer a power test of inflation at its onset
—— 95GHz ~ —— 220GHz —— 345 GHz

. . LiteBIRD can look for polarized spectral 150GHz ~ —— 285GHz  —— Primary

distortions produced by resonant conversion of axions into .

photons by the Galactic magnetic field BB il Plipmenl) 2022

2024-12-19 Hitoshifest 1“



Constraints on primordial magnetic fields

g
10~
* Primordial magnetic fields (PMFs) affect the CMB via different e — r=0.00461
. ) 2 * Lensing
effeCtS' . 107 5 = Gravitational ng = —2.9
. with magnetically-induced i — Gravitational ng = 2
perturbations =103 FrrT
* Impact on the of the Universe due to their &
post-recombination dissipation ﬁ\ 100
* Induce a of the CMB polarization &) o5
. induced in the CMB polarization +
anisotropies = 196 ]
LLI Paoletti+ JCAP 2024
 LiteBIRD:
107 — - N
* Isa to PMFs through all these effects, 10! / 102
thanks mainly to its remarkable sensitivity in polarization — .
. Will improving current upper limits Upper limits on PMF amplitude for ng =-2.9
by a factor of ~ 3 Gravitational effect Bivpe < 0.8 nG
* Will be able to Ionization history \V<B2> < 0.7 nG
by joining all these effects together Faraday rotation Bimpe < 3.2 nG
» Will allow a detection of with high significance Non-Gaussianities Bimpe = 1 nG

2024-12-19 Hitoshifest 1“




Elucidating spatial anomalies with polarization

g

* Various so-called anomalies have been found in WMAP and Planck
temperature data that exert a mild tension against the ACDM
cosmological model:

a lack of power on large angular scales

the alignment of the quadrupole and octopole moments

a hemispherical asymmetry in power on the sky

a lack of correlation at large angular scales

parity asymmetry in the power associated with even/odd mode
an anomalous "Cold Spot" on a scale of ~ 10°

anomalously low temperature variance

~100.0 — s 100.0 HK

Credit ESA/Planck Collaboration

* Given their modest statistical significance, these could simply be statistical flukes
* However, they may also be hints of beyond the standard model

* Polarized CMB anisotropies provide independent information on the fluctuations that source the temperature
anisotropy

. on the nature of these spatial anomalies
at close to the cosmic-variance level of sensitivity

2024-12-19 Hitoshifest 1“



 LiteBIRD will provide 15 high-sensitivity polarization full-sky maps from 40 to 402 GHz
* Sensitivity improved by a factor of 5 at 40 GHz and 10 at 402, with respect to Planck
 Gain in spectral resolution

0.14

LiteBIRD 337 GHz

Planck 353 GHz

40°
40°

* Geometry of the Galactic magnetic field
* Interstellar turbulence

* Dust composition

 Qrain alignment

* Cold clumps

* Geometry of synchrotron-bright loops

* SED of the synchrotron emission

* Nature of AME and spectral variations...
* ... and many others!

o
—

36°00'00"
36°0000”
Polarized intensity [MJy sr™!]

32°
32°
o
o
=

28°
2

130° 125°00'00” 120° 130° 125°00'00” 120°
l l
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Summary

LiteBIRD is the selected JAXA/ISAS strategic L-class mission with
international partners.

The team is currently undergoing the reformation design phase, and we
plan to conclude this by late summer.

LiteBIRD may be known as the tensor-to-scalar ratio. It is true, but it is
also essential to stress that broad science outcomes exist.

We didn’t cover this in this talk, but even broader scientific outcomes exist
by combining the data from the CMB ground telescopes, e.g. Simons
Observatory, SPO, and CMB-34.



Very brief history of CMB measurements (w/ space focus)
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Planck (2009)
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=P« CMB Probe mission for

more comprehensive
science outcomes.

» Spectral distortion
(monopole)

Ground telescopes
SO, SPO, CMB-S4 and more
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Thank you!



