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Beginning of the Universe: cosmic inflation
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key predictions from cosmic inflation

T=27K AT/T ~ 103 AT/T ~ 105

di* = a*(t)[1 + [57}3’ + hyj(x,t)|dz' dx’
* Fluctuations we observe today in CMB and the matter distribution
originate from quantum fluctuations during inflation

Mukhanov & Chibisov (1981)

Guth & Pi (1982)

Hawking (1982)

Starobinsky (1982)

Bardeen, Steinhardt & Turner (1983)




key predictions from cosmic inflation

T=27K AT/T ~ 103 AT/T ~ 10-5

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

* super-horizon fluctuation

- adiabaticity

* gaussianity 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




key predictions from cosmic inflation

T=27K AT/T ~ 10-3 AT/T ~ 10-5

di? = a?(t)[1 + 2¢(x, )] [6s; +d:cida;j

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

h T > T, ’ * Grishchuk (1974)
IJ -, o ‘. * Starobinsky (1979)

T 9 2 o ¢




key predictions from cosmic inflation

T=27K AT/T ~ 10-3 AT/T ~ 10-5

- 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!




key predictions from cosmic inflation

T=27K AT/T ~ 10-3 AT/T ~ 10-5 AE/T ~ 10-6
>
Thomson scattering yl 1 e- for 10° photons

e




key predictions from cosmic inflation

g |
T=27K AT/T ~ 10-3 AT/T ~ 105 AE/T ~ 10-6 AB/T ~ 10-7-8
Thomson scattering in stretched space °°'d. 9 pure E patterns pure B patterns

hot
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N |
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* 2 cold

amplitude of gravitational waves
a tensor-to-scalar ratio r
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Lines i & onentaton
and degree of polarization
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0.151

0.12 -

0.09 1

tensor-to-scalar ratio

r<0.044 (95% c.l.)

0.03 1

0.00

Planck

hlpTT+lowT+lowlEB

B hIpTTTE+lowT+lowlEB
B hIpTTTE+lowT+lowlEB+BK15

hlpTT+lowT+lowlEB+BK15

Tristram et al, Astronomy &
Astrophysics, 2020
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2010

2015

A Measurement of the
Cosmic Microwave
Background B-mode
Polarization Power
Spectrum at Sub-degree
Scales with
POLARBEAR, ApJ 2014

POLARBEAR constraints
on cosmic birefringence
and primordial magnetic
fields, PRD 2015

2020

SIMONS

OBSERVATORY

4y

Measurement of the
Cosmic Microwave
Background Polarization
Lensing Power Spectrum
with the POLARBEAR
Experiment, PRL 2014

A Measurement of the
Cosmic Microwave
Background B-mode
Polarization Power
Spectrum at Subdegree
Scales from Two Years
of polarbear Data, ApJ
2017

A Measurement of the
CMB E-mode Angular
Power Spectrum at
Subdegree Scales from
670 Square Degrees of
POLARBEAR Data, ApJ
2020

Evidence for Gravitational
Lensing of the Cosmic
Microwave Background
Polarization from
Cross-Correlation with
the Cosmic Infrared
Background, PRL 2014

Evidence for the
Cross-correlation
between Cosmic
Microwave Background
Polarization Lensing
from Polarbear and
Cosmic Shear from
Subaru Hyper
Suprime-Cam, ApJ 2019

A Measurement of the
Degree-scale CMB
B-mode Angular Power
Spectrum with
POLARBEAR, ApJ 2020

Internal Delensing of
Cosmic Microwave
Background Polarization
B -Modes with the
POLARBEAR
Experiment, PRL 2020

2025

CMB-S4

Next Generation CMB Experiment

13



improving the sensitivity of CMB experiments: number of detectors

approximate raw experimental sensitivity (uK)

1074
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space-based experiments

stage-1 —» ©(100) detectors
- Stage-2 — @(1, 000) detectors
- stage-3 - ©(10, 000) detectors
- = stage-4 - (500, 000) detectors

SIMONS

OBSERVATORY

4y

Next Generation CMB Experiment

2000

2005

2010

2015
years

2020 2025 2030
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10° I
I I data from Encyclopaedia Inflationaris,
I Martin, Ringeval & Vennin,
Phys. Dark Univ. 5-6 (2014) 75-235

10—1<

10—2.

2 — o upper limit
on tensor-to-scalar ratio r

10—3d

CMB-S4

Next Generaton CMB Exgerment

04

2010 2015 2020 2025 2030 2035 0.2 0.4 0.6 0.8
year of publication Posterior distribution on r

Current and expected upper 95% confidence level limits on tensor-to-scalar ratio r (left panel) as a function of the (forecasted) year of
publication. The right panel shows the posterior distribution on r, averaged over all physical single-field models of inflation as listed in

Martin, Ringeval & Vennin [Phys. Dark Univ. 5-6, 75 (2014)] (where each model is weighted by its Bayesian evidence), using the Planck 15
2013 data and the results of Martin, Ringeval, Trotta & Vennin [JCAP 03, 039 (2014)].
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APC and IJCLab in France, U.Tokyo, IPMU and KEK in Japan



Simons Array

Heavy vehicle access roar;
C3 a4 &g
, SATZ2./ L | Fuel Tank 1
SATI @ | ¥ Fuel Tank 2

Storage Containers ‘ 23 : Gl Fuel Tank 3

T 52

Lab
Office

Assembly area

SAT data analysis led by Europe (APC in France + Oxford) and
Japan (U. Tokyo)

LAT data analysis led by IJCLab, France

SAT hardware development in Japan

SAT calibration developments at APC, France

17





https://docs.google.com/file/d/1iodh7Kf1PKZGYCOS-QOqr0RUo53vK8Pk/preview

Table 1. Summary of Key Science Goals from SO®

Current” SO CMB-S4° | Data Ref.
2023-2032 | 2028-2035
Primordial
perturbations
r (AL = 0.5) 0.03 0.0012 ¢ 0.0005 | SO-SAT + external delensing | *°

n, 0.004 0.002 SO-LAT a8
e TPk = 0.2/Mpc) 3% 0.4% SO-LAT °
yocal 5 1 0.6 SO-LAT+Rubin =

™7 7 "Relativistic species ~

0.002

Noﬂ'

Neutrino mass

me (eV, a(r) = 0.01) 0.1 0.03 0.03 SO-LAT+DESI . T
m, (eV, a(7) = 0.002) 0.015 0.015 or SO-LAT+Rubin _
Accelerated expansion

os(z=1~-2) 7% 1% 1% SO-LAT+Rubin a:
Galaxy evolution

THfeedback 50-100% 2% SO-LAT + DESI b

Pt 50-100% 4% SO-LAT + DESI :
Reionization

Az 1.4 0.3 0.25 SO-LAT

T 0.007 0.0035 0.003

Cluster catalog 4000 33.000 70,000 SO-LAT

AGN catalog 2000 100.000 = 100,000 | SO-LAT

* Projected 1o errors as in?, scaled to account for the improved noise from this proposed infrastructure. Sec. 2 of?
describes our methods to account for noise properties and foreground uncertainties. A 20% end-to-end observation
efficiency is used, matching what has been typically achieved in Chile. We assume the Planck data are included.

" Primarily from® and*?, We anticipate data from existing ground-based data to improve on the ‘current’ limits by
2023. Constraints are expected to lie between the ‘current’ and SO levels.

© Forecast constraints for CMB-S41°, for comparison. CMB-84 forecasts use different Galaxy evolution parameters.
4 The SO projected uncertainty would drop to 0.0007 if we meet our goal noise level and assume a simpler foreground
scenario with spatially homogeneous foreground spectra.
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- South pole telescope (SPTpol) .
BICEP2, BICEP3, Keckarray South pole/Antarctica




Next
generation
CMB

satellite

- COBE (1989) Planck (2009)
32-90GHz 23-94GHz 30-857GHz (pol. 353GHz)

 # det. [6 radiometers| 20 radiometers 22 radiometers

90 K

+ 52 bolometers

20K/100 mK

~0.22°

Multipole moment [
100 500

Angular scale in degrees

20521 05 0.2 0.1 BICEPT Sy —y—
] ACTPol

BKP —e—

SPTpol —e—

QuUaD —v— POLARBEAR —e—

&
_ X
™ =
= 0
c
E (o]
© =
©
$ 2
S 3]
]
3 =
2 T
& [}
S 5
: 2
= —
© (0]
g Q
: :
g 2
&

o

2° 0.5° r
Angular Size 100
Multipole Moment, ell

10 40100200 400 600 B0O 1000 1200 1400 1600
Multipole 1




Lite BI R D is a next generation CMB polarization satellite that "2,,/

is dedicated to probe the inflationary B-mode. The science goal of JP"oc,s
LiteBIRD is to measure the tensor-to-scalar ratio with the sensitivity of Ss
=0.001 for =0, and 56 detection for » = 0.01 for each bump. In this

way, we test the major large-single-field slow-roll inflation models.

* JAXA's L-class mission selected in May 2019 R
* Expected launch in 2020s with JAXA’s H3 rocke ’si" o &
* Observations for 3 years (baseline) around Sun-Earth Lagi |
* Millimeter-wave all sky surveys (34=448 GHz, 15 bands) at-71— 18 arcmln angular . '
resolution for precision measurements of the CMB B- mode: ‘ S




Lite BI R D is a next generation CMB polarization satellite that 4,

is dedica
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is dedica
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LiteBIRD

C__ollaboration meeting at MPA Garching, Munich in
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e Japan is in charge of launch, satellite system, and low-frequency telescope. In

particular, Kavli IPMU is in charge of the polarization modulator and the data analysis.
e France is a lead country in Europe via CNES, and the team in Europe is in charge of

the middle and high frequency telescopes with rich Planck experiences.

Pl Masashi Hazumi, more detailed info/slide is available from SPIE2020.


https://www.spiedigitallibrary.org/conference-proceedings-of-spie/11443/114432F/LiteBIRD-satellite--JAXAs-new-strategic-L-class-mission-for/10.1117/12.2563050.short?webSyncID=023d3412-24a1-c665-5716-438e4b88d68a&sessionGUID=c68142d3-e288-1310-9867-61ac5b564664&_ga=2.209004180.78852024.1617780934-1517719717.1617780934&SSO=1

In order to observe the CMB, we have to
see through anything between us and CMB.

They can be disturbance but we can learn
them with great accuracy. .



Is CMB pol. experiment, incl. LiteBIRD only
after »? Well, yes but no!

E.g. while the design of LiteBIRD is purely driven by the inflationary B-mode signal,
LiteBIRD can deliver a number of rich by-products from its measurement.

® Characterization of B-mode, e.g.
non-Gaussianity

® Reionization history from E-mode and

the neutrino mass

Cosmic birefringence

CMB polarization power spectrum

shape

SZ effect

Anomaly

Cross-correlation science

Galactic magnetic field

Galactic science

Multipole £
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Planck 2018 results. IV.

PO I a ri Ze d fO reg rO U n d e m i SS i O n S Diffuse component separation

e As we live in our Galaxy, we have to observe
the CMB through our polarized galactic
emission.

e The main polarized foreground emissions
are the synchrotron and thermal dust
emissions.

e These emissions do have the difference
spectral emission as compared to the CMB.

T T T r7I LU B B S S B |
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Polarized foreground emissions

e As we live in our Galaxy, we have to observe

RMS brightness temperature (LK)

Planck 2018 results. IV.
Diffuse component separation

the CMB through our polarized galactic . T ‘*"';‘#" "“"*‘”"*""""“’j
emission.
e The main polarized foreground emissions
are the synchrotron and thermal dust - - e
emissions.
e These emissions do have the difference
spectral emission as compared to the CMB. - TR e
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Foreground removal prospect

143 GHz

Planck 143GHz map

10
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10"

RMS brightness temperature (LK)

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

Parametrizing the foreground emissions
Based on the Planck data, the foreground emissions
can be parametrized as

Synchrotron (incl. AME)

Qs, U] (7, v) w *)<Vl)ﬂ(n () (v/0€)
Dust
[Q:iUd](ﬁ,y)_@ﬁ, ( )@ M

V* ,Td

u
=3

N
o

*this i 2. 2
(*this is a temperature map as an 5 o 7 - L
example) Frequency (GHz)

107! = T
residuals+noise from simulation 200 requirement on o(r) = 0.00057 :
modeled stat residuals (o(r)) for T=0.0544 1

—— noise for averaged beta == {o(n) for r=0.0500 1

” " 175 a(r) for T=0.0544 1

modeled stat residuals + noise for averaged beta =1 ol) for T =0.0500 :
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10
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8 parameters to model the
foreground emissions at each
direction of the sky. This
corresponds to

(8 parameters at each sky pixel)
(the sky pixel number) = 6144 pars
withN_ =8

0 T y T T T T T T T
0.0002 0.0003 0.0004 0.0005 0.0006 0.0007 0.0008 0.0009 0.0010

o(r)

30

Result
o(r) = 0.0006 for r; =0

The consistent results from other method too.



Large-scale E-mode

Angular scale
1‘5 0.2° 0.1° 0.05°
% oncs®™
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« The CMB can be polarized by the plasma from
the reionization. r
. agn . . a0 4 2
 Planck is sensitive to the feature originated R — A N PN
from reionization. & -0 . Mo WY
* The sensitivity of Planck is not sufficient I
. . . . g L. )
enough to carry out the cosmic variance limited £ 1 +
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measurement. g o e, "
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Why do we care? 31



> " m, w/ improved T

The determination of T helps break the degeneracy in the lensing B-mode
between the overall amplitude and the smearing by the neutrino mass.

0070 1 \ .
Region to exclude for
2 30 detection of minimum mass
b~ oo
0y m, = 15 meV g <
* =30 detection of minimum _é i
mass for normal hierarchy 5 0055 | /
. . . < /. ,'/
« =50 detection of minimum B g
mass for inverted hierarchy ~ © 0050 |
.-8 /I £
Q ' . C 21 Planck+CMB-S4+ DES|
S ooss | B Planck+CMB-S4+ LSST |
N B + LiteBIRD
+LiteBIRD
0040 x

, 0 2 4o & & 10 1 W
Caveat:

No systematic error included yet. Z m, [meV]
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2010 2015 2025 2030
SR
: L
Next 5 years
e \We expect to have very close collaborations between France and Japan on NQJV!BCM:ES4t
ext Generation xperimen

multiple CMB polarization experiments to probe inflationary B-mode.

The nature of the collaboration will span broadly: instrumental, simulation and
analysis.

The rich CMB data can also enlarge the area of synergy beyond the physics of
early universe, including the cross-correlation with other data, e.g. CMB x CIB,
CMB x Weak lensing, CMB x any other LSS tracer via CMB x Rubin(LSST), x
PFS.

€cant .
Beyond 5 years and more 1avel (if allowe ),

LiteBIRD x CMB-S4 Horizon 2020 MSCA-RISE

CMB-INFLATE, Research
and Innovation Staff
Exchange program to

% benefit LiteBIRD research
efforts: 1.1M Euro total, PI:
G. Patanchon (APC, U.
Paris)
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