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Astrophysics & Cosmology at SISSA
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B-Modes, DE, DM
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B-Modes, DE, DM: Gravitational Waves

Gravitational waves not
supported by sources, diffuse
out rapidly below the Horizon
scale, about 1 degree in the sky
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B-Modes, DE, DM: Gravitational Waves
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B-Modes, DE, DM: Primary Anisotropies

Acoustic oscillations

Primordial power
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B-Modes, DE, DM: Gravitational Lensing




B-Modes, DE, DM: Gravitational Lensing

Forming Structures

Forming Structures
act as Lenses, over a 2

large Redshift
Interval, Peaking
between 1 and 3




B-Modes, DE, DM: Gravitational Lensing

Forming Structures
act as Lenses, over a
large Redshift
Interval, Peaking
between 1 and 3

The CMB Lensing is
a Probe for Dark
Energy, by itself and
in Cross-Correlation
with LSS Probes

Y Cosmic
. Acceleration




B-Modes, DE, DM: Secondary Anisotropies

ISW

Acoustic oscillations

Primordial power

Reionization

Lensing

Gravitational waves




B-Modes, DE, DM: Gravitational Lensing Data
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B-Modes, DE, DM: Where and When
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B-Modes, DE, DM: Dark Energy & Modified Gravity
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B-Modes, DE, DM: Gravitational Lensing Tomography
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B-Modes, DE, DM: Gravitational Lensing Anisotropy Peak
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B-Mode Data



B-Mode Data
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B-Mode Data: Challenges
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B-Mode Data: Challenges
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B-Mode Data: Atacama Cosmology Telescope
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B-Mode Data: PolarBear
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PolarBear Collaboration 2022
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B-Mode Data: PolarBear
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B-Mode Data: PolarBear
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B-Mode Data: PolarBear
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B-Mode Data: South Pole Telescope

South Pole Telescope 2020
ui.adsabs.harvard.edu/link_gateway/2020PhRvD.10112003S/arxiv:1910.05748
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B-Mode Data: South Pole Telescope
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B-Mode Data: BICEP/Keck
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B-Mode Data: BICEP/Keck
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B-Mode Constraints



B-Mode Probe & Cosmological Tensions: Atacama Cosmology Telescope
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B-Mode Constraints: Atacama Cosmology Telescope
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B-Mode Probe Constraints: South Pole Telescope
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B-Mode Constraints: CMB-Lensing and Voids
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B-Mode Constraints: CMB-N-Body Pipeline
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Future B-Mode Probes
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Future B-Mode Probes: Data Challenges
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Future B-Mode Probes: Simons Observatory
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Future B-Mode Probes: Simons Observatory
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Future B-Mode Probes: Simons Observatory
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Future B-Mode Probes: Simons Observatory

1.06

1.04 +

1.00

(2)/08(2)w=-1

& 0.98 |

0.96

0.94 &

1.02 |

0.04 |
N
B
= (! B =
N
=
& =
o mmm SO Baseline + LSST gold; fy, = 0.4
Ea] e EEE SO Goal + LSST gold
0 SO Goal + LSST optimistic
- Ly = 0.1
L 0 2 3 4 5 6
B Baseline (fy, = 0.4) z
0 Goal
0.0 0.5 1.0 15 2.0 2.5 3.0

simonsobservatory.org



https://simonsobservatory.org/

Zre

Future B-Mode Probes: Simons Observatory

10.0

9.5

9.0 |

85

8.0 |

75 |

70

6.5

6.0

0.0

0.5

1.0

1.5
Az,

SO Baseline+Planck
SO Goal+Planck
Edges

SPT+Planck —o= Basling .
Planck g
GP Trough

o

2.0

ncy of Energy Injection [%]
»

Efficiet

Non-thermal Pressure [%)]

20

0.2 0.4 0.6 08 1.0

2.5 3.0

simonsobservatory.org

02 04 06 08 10



https://simonsobservatory.org/

Future B-Mode Probes: LiteBIRD

LiteBIRD: A New Frontier in the
Search of Cosmic Inflation Imprint

8 Three telescopes

~) Cryogenic cooling to 4.8 K

LiteBIRD, Japan Aerospace Exploration / .
Agency’s new satellite will map the Cosmic 4@ dumien @ 15 frequency bands (34-448.GHz)
Microwave Background (CMB) polarization over Syears
the entire sky e Aims to measure CMB B-mode power
spectrum at large angular scales

LFT: low frequency t
MFT: medium frequency

Bus system S 5 .~ .
(orSenics A * Multipole range: 2 to 200

Module, SVM) &Y
/ o)

L L2: second Lagrangian point for Sun-Earth system + Angular scale: 1° to 90°

Scientific outcome: Detection of
primordial gravitational waves

/
Sun shield

Solar panels
107x more sensitive than LISA

(Laser Interferometer Space
Antenna)

2e+1)C /2 [uK?A

») Unprecedented sensitivity of 2.2
pK-arcmin

Primordial . "
r=0.004 &) Typical angular resolution of 0.5° at

-200 =100 0 5100 200 30 80 200 500 1000 2000 100 GHz
Temperature difference from average (uK) Multipole £

Primary objectives of LiteBIRD:

Detect signal from cosmic inflation The state-of-the-art facilities of LiteBIRD can lead us to a better
Rule out competing inflationary models understanding of the early universe and the physics laws governing it

Probing Cosmic Inflation with the LiteBIRD Cosmic Microwave Background Polarization Survey Progress of
Theoretical and
LiteBIRD Collaboration (2022) | Progress of Theoretical and Physics | DOI 10.10 Experimental Physics
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Future B-Mode Probes: LiteBIRD
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Future B-Mode Probes: LiteBIRD

10!

1072

primordial BB r=0.00461, T=0.0544
lensing BB
total BB

_ 1000 simulated statistical foregrounds

residuals + noise after fgs cleaning
foregrounds residuals bias
LiteBIRD error bars

Cosmic variance-limited error bars

3 45 10 20

!

30 40 50

100

ID| v | dv [GHz] | Beam size | No. of NETar Sensitivity

[GHz]| (dv/v) [aremin] |detectors| [uK./5] [pK-arcmin]
LFT | 1| 40 | 12(0.30) 70.5 48 18.50 37.42
LFT | 2| 50 |15 (0.30) 58.5 24 16.54 33.46
LFT | 3| 60 | 14(0.23) 51.1 48 10.54 21.31
LFT | 4| 68 | 16 (0.23) |(41.6, 47.1) | (144, 24) | (9.84, 15.70) | (19.91, 31.77)
comb. 8.34 16.87
LFT | 5| 78 | 18 (0.23) | (36.9, 43.8) | (144, 48) | (7.69, 9.46) | (15.55, 19.13)
comb. 5.97 12.07
LFT [ 6 [ 89 |20(0.23) ((33.0, 41.5) | (144, 24) | (6.07, 14.22) [ (12.28, 28.77)
comb. 5.58 11.30
LFT/ | 7| 100 | 23 (0.23) | 30.2/ 144/ 5.11/ 10.34
MFT 37.8 366 4.19 8.48
comb. 3.24 6.56
LFT/| 8| 119 | 36 (0.30) 26.3/ 144/ 3.8/ 7.69
MFT 33.6 488 2.82 5.70
comb. 2.26 4.58
LFT/| 9| 140 | 42 (0.30) | 23.7/ 144/ 3.58/ 7.25
MFT 30.8 366 3.16 6.38
comb. 2.37 4.79
MFT [10| 166 | 50 (0.30) 28.9 488 2.75 5.57
MFT/|11| 195 | 59 (0.30) 28.0/ 366/ 3.48/ 7.05
HFT 28.6 254 5.19 10.50
comb. 2.89 5.85
HFT |12 235 [ 71 (0.30) 24.7 254 5.34 10.79
HFT (13| 280 | 84 (0.30) 22.5 254 6.82 13.80
HFT |14 337 [101 (0.30) 20.9 254 10.85 21.95
HFT |15 402 | 92 (0.23) 17.9 338 23.45 47.45
Total 4508 2.16

LiteBIRD Collaboration, PTEP 2022

ui.adsabs.harvard.edu/abs/arXiv:2202.02773
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Future B-Mode Probes: LiteBIRD
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Future B-Mode Probes: CMB-Stage IV

CMB-S4
Deep-Wide Survey

Atacama, Chile

{laed  DESI

LSST Survey ~

Observed from Chile

CMB-S4
South Pole Ultra-Deep Survey

1 Large Telescope, and
9 Small Telescopes, 3 per mount

e

o a2 ¥
| N Observed from South Pole




Future B-Mode Probes: CMB-Stage IV
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Future B-Mode Probes: CMB-Stage IV LAT Receivers

Property ULF LF MF HF
Center frequency (GHz) 20 27 39 93 145 225 278
FWHM (arcmin) 10.0 74 5.1 2.2 1.4 1.0 0.9
Fractional bandwidth 0.25 0.22 | 0.46 0.38 0.28 0.27 0.16
NET (uK,/S) per detector 438 383 250 302 356 737 1840
Nietectors per tube 160 320 320 3460 3460 3744 3744
Nyafers per tube 4 4 4 4

Chile (Wide Field Survey — 2 LATs

Neubes per LAT o |l 2 | 12 I 5

Data rate (2 LATSs) 10.8 TB/day

South Pole (Delensing Survey — 1 LAT)

T s [ w1
Data rate (1 LAT) 5.0 TB/day

Total (3 LATs)

Niureitois 160 || 1920 | 1920 [ 124560 | 124560 [| 52416 | 52416
Nyetectors total 357952

Nwaters ' 144 | 56
Nyafers total 228

arxiv.org/abs/1907.04473



Property LF CF High CF Low

Center frequency (GHz) 40 145 95 155 220 270
Primary lens diameter (cm) o5 551 55 55 44 44

FWHM (arcmin) 72.8 25.5 22.7 22.7 13 13

Fractional bandwidth 0.3 0.22 0.24 0.22 0.22 0.22
NET (uKy/5) per detector 224 238 309 331 747 1281
Nge: per optics tube 288 3524 3524 3524 8438 8438
Niubes 2 6

Nivasers 24 72

Nyaters total 204

Naetectors o7

6 || 21144 [ 21144 || 21144 | 21144 || 33752

‘\‘dv!(‘('tors t()tﬂ]

153232

Data rate (18 optics tubes)

1.7 TB/day

arxiv.org/abs/1907.04473




Future B-Mode Probes: CMB-Stage IV

E(£+1)/2xC [uK?]

=
'}d ﬁ_—_h—rs‘

10"} W *‘7 tio, (/ Y

! ’”‘ S 9” /? .

B te’/e e/'Cse B
10° Ne[,(’ hd .
Lensing B modes Neutﬂno MaSS RS
10 [ = - Dal'k Energy
c .

! -

107 X
“
7 , Planck 2015
» Inflationary ACTPol
-3 . .
10-E Gravitational BICEP2/Keck
Waves Polarbear
10* H
pree | 1 1 1 1 1 1 1 1
10 100 250 500 1000 1500 2000 3000 4000 5000)
Multipole number ¢ 4

Angular scale ¢ [degrees]
1 0.5 0.1

0.05

T T
Temperature

CMB-S4'science book

afr)

10”

10°

10

100%

10%

0955 0960 0965 0970 0975 0980 5 09%

~ 4
Delensed S
- No decorrelation A
—— No delensing N~
= = = Raw sensitivity
10° 10° 10°

- RMS lensing residual Delensing/Total effortl

10 10° 10°

Total number of detector years (150 GHz equivalent)

arxiv.org/abs/2208.12619




CMB-Stage IV
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Concluding Remarks

e B-Mode Probes Primary Targets are Cosmological Gravitational Waves and
Gravitazional Lensing
Gravitational Lensing is Sensitive to the Dynamics of Dark Energy and Matter
Gravitational Lensing is Measured Internally, Cross-Correlated with Large
Scale Structure Probe, and Subtracted for Optimizing Measurements of
Cosmological Gravitational Waves

e Substatial Impact Already on Constraints on Dark Energy, Matter,
Cosmological Tensions

e No Evidence for Deviations from Cosmic Concordance, Stable Low H,
Measure

e Huge Program Ahead, Tomographic Analysis Towards a Network of Ground
and Space Based Probes
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B-Mode Data: The Planck Satellite

ROLE Space observatory
LAUNCH DATE 14 May 2009

Ariane 5 EC (dual-launch w/Herschel)

LAUSEU R DEATION Kourou, French Guiana
LAUNCH MASS 1900 kg
ORBIT Lissajous orbit at the second Lagrange point (L2)
PERIOD Annual
- EERIS TR - .-
NOMINAL MISSION 2.5 years - extended to mid-August 2013. Mission ended 23 October 2013. / C I(

\ooking bock 10 the down of time

WWW.COoSmos.esa.int/web/planck



https://www.cosmos.esa.int/web/planck

B-Mode Data: Planck ol b S

The sky as seen by Planck S , g

»
100 GHz 143 GHz et - " ».
5 s % f .l -
3 S SRR Lk
» M-ﬁ-m :», AR e M‘; e
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Planck 2018, I, www.cosmos.esa.int/web/planck
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B-Mode Data: Planck Polarization
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B-Mode Data: Planck Lensing

Planck 2017, VIII, www.cosmos.esa.int/web/planck
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B-Mode Data: Planck Spectra
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B-Mode Data: Planck Cosmology
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B-Mode Data: Planck Particle Physics
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B-Mode Data: Planck Astrophysics

uKgy at 353 GHz

10 11Ky at 30 GHz 300

Planck 2018, I, IV, www.cosmos.esa.int/web/planck
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Dec [deg]

B-Mode Data: Atacama Cosmology Telescope
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ACT Collaboration 2023
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B-Mode Data: Atacama Cosmology Telescope
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