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What/Why do we learn from the Univer

* Early Universe: extreme and clean
environment
* Inflation
* Relics: Baryogenesis, Dark Matter,
Neutrinos, Unknown Unknown

* Gravity: with other forces
suppressed

* Dark Matter and Dark Energy
* Neutrinos

* Vacuum:
* Axions
e Dark Energy

e Particle acceleration
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CMB: primordial gravitational waves

“Cosmic background is absolutely exciting — I’'ve never
expected it to be as exciting as it is now. | mean, finding
the B modes is just unbelievably important.”

(Rainer Weiss, Segre lecture at UC Berkeley, 2016)



CMB: primordial gravitational waves

* We only observe t=380Kk yr.

| want to
* Really want to know: t«K1 sec. know this ™

* Things happened in between:
* Bad: things get washed out. 3
* Good: physics well understood. Lots of thingsgé
Preserved “signal”? happened...
e Gravitational Waves

* Inflation, gravity quantization

 Sound waves
e “Seed” of structure
* Non-Gaussianity

| can only
see this



s there a source? : inflation

* Inflation
* Rapid expansion of universe

* Quantum fluctuation of metric during inflation
» Off diagonal component (T) = primordial gravitational waves

Unique probe into
gravity € —2> quantum mechanics connection

Ratio to S (on-diagonal): r=T/S
Theoretically interesting parameter space: 0.001<r<0.1



Primordial B-modes? What does it indicate?

- Primordial Gravitational Waves
Density perturbation Tld 72 LY, before hot big bang

Inflationary Paradigm
* Primordial Gravitational Waves from quantum metric fluctuation

* r=T/S: expansion ratio of universe during inflation = energy scale.
* r>0.003: energy scale ~ GUT scale.

* r<0.001: depends on who you ask...

Don’t forget: ncand fy, & %,



CMB: “backlight” shedding on cosmic evolution
A huge HEP laboratory

, S(Om,)~30meV
Axion? T ) ,
. Implication on hierarchy ~ Understanding Vacuum
Sterile v?
Primordial Sum of Dark Energy
(quantum) Thermal relics| Reionization | Neutrino mass EGa}latxy
volution

fluctuation

-
-
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. Reionisation
- Fully ionised

0 Redshift+1

Order ~1 improvement by next-generation instruments = Leap in cosmology and HEP.



N ¢ Extra Relativistic Species

N+ as a function of decoupling temperature

Early universe = extremely of the extra species.

clean thermal bath.

PlanckiZ® 5 2> L E W

Additional relativistic species 0.5 Planck 2
- impact on expansion

. ~ . |
history ~decoupling. ol

0.02
ool Scalar

0.005

107 0.01 1

Decoupling Temperature (GeV)

Reach of Stage 4 CMB experiment Brust et. al. (2013)



N ¢ Extra Relativistic Species

« 2515 standard model & M CouplingZz > TWW 5 Z &,
* Coupling® E 7 JMKTFEIF{E L
e 71272 L

e Lite relicsh’decouple L 7= T, BSM7Z: (BdD) HiF Hstandard model |
pair annihilated % &, N_AdiluteE N TL £ D,

o« EFRIXLHCD Y = v FHBH B DT, robust
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Sum of neutrino masses

s B NV TERSINI“FHER=a2— MV /7 BLICBRREIC
RN TWS
* Through N
* Energy budget: ~0.7 x photons
c FHEANMNSODZ2— ) /ESHTE
« BEM (Im,) ICREZFD
o M FRER & AHMRY
« Za—FU/ICKYKRREBEDIAA AT EINLIMRZH S
« AT —RA DT —X%fE->TORITED AIBE > Astrophysicst K D i s8 Z= #P )

s KABAEXT—ILAIENH D &I HICRREMRETE 5,




2013 CMB Temperature

Planck Collaboration (2014)



2015 CMB Temperature

Angular scale

[:].]_::

Flanck
WMAP9
ACT
SPT

Planck Collaboration

(2015)

) 50 500 1000 1500 2000 2500 3000
Q, =0+£0.005 (w/ BAO) Multipole moment, £
Gaussian

Planck Collaboration (2014)



CMB Polarization power spectrum

Compilation by L. Page

1000 1500 2250 3000 4000 5000
Multlpole ¢




Lensing: B-modes created from E-modes

Deflection P 4¢
: o
by lensing ¢ % " .

ey

(Nearly) Gaussian Non-Gaussian
(Nearly) pure E modes Non-zero B modes




Slte in Northern Ch|Ie (near ALMA)

Keck Array
—> BICEP Array

GroundBIRD ,:_



Timeline

2020 2025

AdVACT, SPT-3G

PAOR]0

_ cussi 2

BICEP Array
LiteBIRD

Simons Observatory

GroundBIRD

o(r) ~ 0.006 0.003 ~

Current Experiments

w/ Significant Japanese
Participation

0.002 ~ 0.001



Science Forecast
(Stolen and modified from A. Fraisse slides @ AAS 2019)

Simons SO

CMB-54 LiteBIRD PICO
Observatory Enhanced

yes (DOE) *JAXAER R B AR A

Funded? = no * (JAXA) no

(Simons Foundation) no (NSF) (NASA) 2%4}%% L: f{tiﬁ'_g

Est. first light 2021417 202797 2027,17
Ang. scales £ > 30 £ > 30 £ <200
o(r) 2x 1073 0.5 x 103 | x 103

0.03
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A CMB Instrument

Example:
POLARBEAR telescope




A CMB Camera to achieve sensitivity

A CMB sensor is similar to this...

Focal Plane

CMBi&HH 2R E 7 Z L

Observing / Under construction:

~50cm, ~10000 detectors
AT ~ 300uK Next gen:

each second ~2m(?), ~100000 detectors




(Some of) Key Technologies

Polarization sensitive TES
(from ABS experiment) TES resistance curve

T T T — T — T

Fabricated at NIST

Hattori et. al. (2013)

Schematic of
a bolometer

Heat Capacity

Weak thermal link,
Gt

Heat Sink (~240 mK)

Abazajian et. al. (2014)

carrier




CMBERERF = BIzER M asFAFE D&t
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Applications:

CMB

Dark Matter
Ov2[3
Quantum Sensing
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News in 2014

Scientific American (Mar. 17, 2014)

Gravity Waves from Big Bang

v of gravity

We are moving forward.

1t was the s¢
March 17an

from the da»

Cosmology «
mind-boggli
describes th

rapid, inflat

"EP2 discover

visions 1n the U.S. anc

world in 2015.

across the
hese may not be the
most scientifically notable events,
but they are the ones that captured
the public imagination.
Deflategate
The ideal gas law rarely makes
headlines, but last January it was
on the lips of journalists every-
where. After the New England
Patriots football team was accused
of intentionally deflating football
in game — which they
won, to go on to a Super Bowl
physicists weighed in.

DAL LI £ 5 VIGHUSU USILLIVL Vi
primordial gravitational waves was
definitively refuted in 2015. In Jan-
uary, a joint analysis from BICEP2
and the European Space Agency’s
Planck collaboration concluded
that the observations of swirling

yatterns in the polariz:

galaxy, instead of inflation in the

erse. For now, the search

early u

Prizewinning Particles
Neutrinos raked in the awards
this past vear. In October. the

=
=
7z}
c
<<
=
2
=
4=
w
=

Stunning views of Pluto

from being a boring, dead world,
scientists found plenty of surprises:
unblemished plains of nitrogen and
methane ice, free from impact cra-
ters; towering mountains of water
ice; and an extended, hazy atmo-

A Special Year in Physics



Foregrounds

353 GHz

Planck Collaboration (2015)



Foregrounds

30 GHz 70 GHz 353 GHz

30 44 70 100 143 217 353

100 300
Frequency (GHz)

Planck Collaboration (2015)



Microwave Frequency

20°

Neutrinos
Inflation

2° 0.2°
Inverse of Angular Scales

Clusters

0.02°



Microwave Frequency

2° 0.2°
Inverse of Angular Scales

0.02°
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Modular detector unit for
Mass production and Quality Control

High-throughput large aperture telescope
(~“6m fgr SO and S4)

Cryogenic Half-Wave Plate for pol. Modulation
Multi frequency measurement for Foreground mitigation
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SO-Nominal Instrumentation Suite

o o
M OBSERVATORY I
. o

Large Aperture Telescope Small Aperture Telescopes R 4
14 m
E SO uses two
types of optical
systems to

provide a large
dynamic range of
angular scales.

6 m crossed Dragone coupled to
13 optics tubes,

SO-Nominal uses 7 tubes, with
dichroic pixels:

* One tube: 30/40 GHz

. . . From slides @ Astro2020
) 'Frsvlér E&JS:SS 23%//125700%122 SO-Nominal deploys three refractors 42 cm

in diameter, rotating half-wave plate. (by A. Lee and S. Staggs)
Dichroic pixels:
30/40 | 90/150 | 220/270 GHz

34




1 Forebaffle

Simons Observatory
Small Aperture Telescopes

3-axis platform

Comoving
Shield

Ground screen

* ~30,000 detectors for
three SATs

* Dilution-refrigerator-
cooled 100-mK focal plane

* Cryogenic half-wave plate

e 1-K cryogenic 3-lens Si
optics and 1-K stop

Three 42 cm aperture refractors
Dichroic pixels sensitive at:
30/40 | 90/150 | 90/150 | 220/270 GHz




| 1 Forebaffle

Simons Observatory

3-axis platform

Three 42 cm a
Dichroic pixels

d B
30/40 | 90/15¢ Z

J/ 19V | < U




Simons Observatory
Small Aperture Telescopes

1071

1072 |

10~

r =0, 50% delensing
r = 0.01, 50% delensing

30

100 300
Multipole ¢
B-mode polarization forecast

Simons Observatory Collaboration, JCAP 1902 (2019) 056

~2uK-arcmin noise

Simons Observatory
small aperture survey

SPIDER

0.0 e—— s 0.10 mK RJ
FDS dust emission

1071t

102}

1073 ¢

Tensor-to-scalar ratio:
o(r) = 0.002-0.003

I SO Baseline; r=0.01 7
.77 SO Goal; r=0.01 ]
SO Baseline; r=0

177 SO Goal; r=0

Planck+BK14+BAO |

0.95 0.96 0.97 0.98 0.99 1.0

Ns
Expected parameter constraint



SO-Enhanced Doubles the Mapping Speed __

i siMONS B

Il © OBSERVATORY |
L]

Large Aperture Telescope

18 m

SO-Enhanced fills all
13 tubes on the LAT.

SO-Enhanced adds 3 SATs to SO-Nominal

From slides @ Astro2020
(by A. Lee and S. Staggs)




SO-Nominal and SO-Enhanced Schedule

SO-Nominal Project SO-Nominal Operations
>
SO-Nominal Pipeline/Analysis
> >
SO-Enhanced Project SO-Enhanced Observations

Funding Secured _ >

SO-Enhanced Pipeline/Analysis

Federal Support

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

From slides @ Astro2020
(by A. Lee and S. Staggs)



CMB 54
Stage-4 CMB Experiment  §% e PR

* O(500,000) detectors, multiple telescopes
e ~“x10 of Simons Observatory

* Science: Inflation, Neutrinos, Dark Radiation, Dark Energy, ...

e Large and Small angular scales.
* 30—-300 GHz

* Putting together the community

, , ,"“
{
—

85/145 GHz

220/270 GHz



CMB-S4 Science Goals

Stage 2 Stage 3 Stage 4 Top level goal for S4

Inflation: o, Detect or rule out the
most natural class of

single field slow rpll
] i inflationary models.

Light Relativistic

Species: o Detect or rule out all
Neff . e . .
light relativistic speicies

with spin.

Neutrino Masses:

Ospmv >30 detection of neutirno
mass, potential to

determine the
neutrino mass hierarchy.

) Improve tests of modified
Dark Energy: gravity and tests for

FOM new dynamical fields.

Timeline 2020 202?

CMB-S4 Science Book: https://arxiv.org/abs/1610.02743



Notional DOE/NSF Project Development Timeline

CY2019 Interim Project Office Coordinate pre-project
development

Q2 FY2019 Critical Decision 0 Based on CDT Report and
Funding Concept

Q2 FY2019 Initial Input to Decadal Survey Reference Design and Initial
Project Plans

Q1 FY2020 DOE Lead Laboratory NSF Lead Institution Project Organization and
Team

Q1 CY2021 Decadal Survey Results

Q2 FY2021 CD1, 3a (CDR Review) CDR, PDR Readiness Coordinated Review Plans
Review

FY2022 CD2 Approved PDR NSB Approves MREFC
Budget Request

FY2023 CD3b Approved FDR NSB Approval

FY2027 CD4 Approved MREFC Project Complete Technically Driven Schedule

From Nils Halverson’s APS meeting talk (2019)




L1teBIRD - JAXA-led CMB polarization satellite

Lite (Light) Satellite for the Studies of B-mode Polarization b T s L
and Inflation from Cosmic Background Radiation Detection O G T st "

CAPMAP SPTpol —e—

WMAP-9yr POLARBEAR —e—
QUaD —w— Simons Array

QUEET-Q —w— LiteBIRD —e—

Primacies
1. 201955 R ITJAXARES I P RI2SHEITERE
2. Full success
— Total uncertainty on r, o(r=0) < 0.001
— Multipole coverage: 2 <¢<200

I.e. both bumps (reionization, recombination) detected
with large ( >5sigma) significance if r > 0.01

Multipole Moment, ell

Main specifications (Phase-A baseline design)

Specification

Superconducting detector arrays
Continuously-rotating half-wave plate
(HWP)
Crossed-Dragone mirrors

* 0.1K cooling system (ST/JT/ADR)

Frequencies (# of bands) 34 — 448 GHz (15 bands)
3 uKarcmin (3 years) with margin

Angular resolution 0.5deg @ 100 GHz



JAXAES BRI P BIFEHEEFIvIay

BIELY BIT LB D 20 [PETEE

20 | 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32
XRISM I

E ARy R R ' — z

1 S8
Martian
Moons

eXploration
(MMX)

EE R Ay chBY

2 S
LiteBIRD &EFE
(20194 5 H)

Slide from M. Hazumi @ JPS meeting, Sep. 2020



LiteBIRDIZEARELG T —ILEFDERDENERBELEZFD

INYTItX:
e Or<1x10-3(forr=0)
« r>001DEEIXEER. B

DEBTDENENESLY ‘\719U:
DEZETHRE

15 58 TF D ER SR AG R #L
¢ 0.005<r<0.05[ZKELERDFVYUR

« LU UTITERBAIEEIR+RZ ETIL
(RRSEVAXT—ETIL)EZTARTES

s —HOAAETIV(B—A2IF15
KT IVINTZUORT—IVERBZ
AN EINEZFEOETILE)ZET
REETES
(A. Linde, JCAP 1702 (2017) no.02, 006

4

& LTRSS BREREICTKY.
o(r=0) = 0.6 X 103D TR EF1FT-

‘ ni%ﬂ]f&%%}ﬁnn%@*ﬁnj-' CJ:U énn
EhOr<1.0x108¢52EERLT

Slide from M. Hazumi @ JPS meeting, Sep. 2020

0.960
Primordial tilt (ng)

45



LiteBIRD YA/ A7 AL

1. WYX | =>CRTLERIE. CREKYEIND

2. IHRMSHIELR HNET—REEDE.
TV ADT—LLLDREFREZTSLICHE

—_—

3. BE—FOHMHETMEFLOVERFORFE. EHIRE.
AT —)UKRFE. N T14DBENLGZED ., FTLWEREYIE)

4. RKAEEE—FDORFRBEE:
— Za—MNI)J/EEMOREBRE. FTHEERME

FHMMERITOERE S 3 _0 (L.
—vIJ-¥I)LREYF% i = Aih AT LERE

A= I EILFEYFIRDRBEIZCLSIRNE ot

FElLRBMARGNILVEADE RS BondEE

PlanckZE CRATWA7/—<)—DREE
RS . 2RIF ADYH AR

e ————
Slide from M. Hazumi @ JPS meeting, Sep. 2020
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« CMBEITE 1X, AT L
HD) fl:%ffiiﬂz%%%f— El

« RIGE K
e Hot big bangBIH o DE=
* Inflation paradigm: metric quantization, GUT X 7 — /L
« RMD10~15F T, ofr) ~0.0011Z F3E
* Light relics (N )
o ETIUVRTFEMED D7 WERULBSMALT DIEFR
« RD10~15F To(N) ~ 0.03

* Neutrino mass
- Hb FEEER &AL, FEXTERE
« XD10~15F T, o(M,)~ 20 meV
« IRITEER B IER > TE 9 |
o [FEETE A first light =B 2E1ICH. MEAENHTL B,

REZICEEEY 5 (FRIIRUTFYEZD




