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CMB and Neutrino Mass




Cosmic Microwave Background

CMB is the oldest observable light coming from the early
universe at the age of 380,000 yrs.

Planck CMB Temperature Power Spectrum
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Some Notes about CMB Measurements

What we measure:

¥ i P

Decomyposition into spherical harmonics

T(I’l) = Z Z alelm(n)

=0 m=-I1

a,, = dnT(n) (n)

m

Relation b/w angular scale
and multipole, ell

0 ~ 180°/1
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Some Notes about CMB I\/Ieasurements

Reconstructed power spectrum, Cl, is Z lq,
the mean variance of am in each multipole 5 21+ 1 ;
P
Intrinsic error, cosmic variance
: G0 = ¢
(sample variance) int W
sky

Angular scale
1° 0.2°

: High-ell measurement needs:
to be high resolution

S 500 1000 150 angular resolution

Multipole moment, ¢

: Relation b/w angular scale :
§Low-ell measurement needs large : and multipole, ell

angular scale scans H ~ 1 80°/l

w/ low 1/f noise (stable detector)




3-D version example: Matter Power Spectrum
3D map of galaxies by SDSS-III Matter Power Spectrum

CMASS-DR11 NGC

CMASS-DR11 SGC

best fit NGC
— best fit SGC

Monopole

Quadrupole
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Cosmic Microwave Background

CMB is the oldest observable light coming from the early
universe at the age of 380,000 yrs.

Planck CMB Temperature Power Spectrum
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Next Frontier: Polarization!
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Another degree of freedom: Polarization

CMB Temperature fluctuation

Density
perturbations
of the very early
universe

Quadrupole
Anisotropy
| Thomson
> Scattering
. /// l I v SN
PAATERR N/
Linear
Polarization E-mode polarization!
Iiil :OH:SO” scaEEerlf ig (Even parity)

9 Detected in 2001




Another degree of freedom: Polarization

Inflation Primordial Gravitational Wave

B-mode Polarization
~ (Odd parity)
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History of the Universe (Particle Physics ver.)

History of the Universe
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Neutrinos in the Energy Densities of the Universe

Neutrinos are massive!

Significant fraction of
energy density
(R°S8 should have significant
Jperenrieneeh 3 effect on the evolution

Relativistic in photons : of the Universe
the early neutrinos
Universe!

S Becoming non-
cdm | relativistic
r/ matter in the
later time

[Lesgourgues & Pastor, 2012] 12




Neutrino Free Streammg Effect

PSS S AR LA = a:yt,;u AN T A OSH

Non-zero neutrlno mass | = Zero neutrino mass ’\'5 .
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density stlll contrlbutes to the

expansion rate of the Universe. 0.01
k (h/Mpc)

Abazajian et al. (2015)
Neutrino mass effect appears for smaller scale than the free-streaming scale
of neutrinos transitioning into non-gelativistic region.
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Large-scale structure and CMB lensing

eak lensing effect appears as a secondary effect on CN

(image credit: ESA) r|or|m°de Observed CMB has been deflected by
O R gravitational potentials of Large Scale
Structure from z~1100 up to now.

“Lensed” E-mode

......
llllll

= | (Hu, Okamoto 2002)

At sub-degree scale, weak lensing S|gnal can be 'a dominant signal
source for CMB B-mode polarization.



CMB B-mode Power Spectrum by Weak Lensing

CMB Power Specirafl. Lensing signal is the primary

signal at sub-degree scale for
B-modes.

- Measurement by CMB
temperature is already
limited by cosmic variance
up to very high-multipole.

- Potentially, B-mode
measurement can do much
better lensing measurement
by improving SNR.

- To measure lensing, we need a
high angular resolution optics

Polarized, high SNR and high angular resolution experiment is heeded
for a better measurement of neutrino mass by CMB!




CMB polarization experiments

Satellite: PLANCK
Balloon-borne: EBEX, SPIDER
South Pole

 BICEP and Keck Array

« SPTpol —» SPT-3G

Atacama Desert, Chile =y i, S 5
. POLARBEAR — Simons Array |ENSSEREE
« ACTPol = Advanced ACTPol
e e T e
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CMB lensing measurement
by POLARBEAR

T —— -

Photograph by Marion and Dieter,




POLARBEAR Experiment is...

e A ground-based CMB
polarization experiment in
the Atacama desert in Chile

e at 5,200m altitude
e Observing since 2012

~ * Has spectral sensitivity at



POLARBEAR Collaboration
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US

UNIVERSITY

OF SUSSEX And many more in yearS past---




Telescope and Receiver

Pulse Tube Cooler

IR Blocking Filters

CMB photon 3:5mupPrimary mirror

3 Stage He Focal Plane Cold Aperture
Sorption Fridge Stop

A R

|
[T

Focal Plane (cooled to 0.25K) [

Rotating HWP Window

®m Primary 2.5m precision-machined mirror
m 3.5 arcmin (FWHM) resolution

® Desighed to measure both
primordial and lensing B-modes

Huan Tran Telescope
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Focal Plane Detectors

190mm dual-polarization

) s 5 dipole slot antenna RUCrOSHID
- > \/ bandpass
...... | mm /. filter (150GHz)

TN Q!
N g 'g Al/Ti bi-layer
’ TES (Transition-Edg
Sensor) bolometer

o I N
O
-
©
7
7p)
()
B 2 bolometers in a pixel Noise leve|: Bias Power
B 637 pixels in a array 550uKcpmpy/s (Per bolometer)
B 1274 bolometers 23uKcmpy/s (Per array)
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1st+2nd Season Observing Sky Patches

Our patches Y y Q=Ex=-Ev
2y - B, 1 . .,
Planck 857GHz g N | | T,
1 ," r b - ] g " s
j.,"-l' . » "y } Tog e 1
A M e ¥ 5 o LAy
T oo A o S S s
*‘_ M % P e L ST 3
. o -
--_“.\‘. - 8 } '! N ". »
< &t —' ‘V ’,'“‘
:ﬂ?ﬂ' 3 2 -1 o0 1 2 3 Wi - H™ | -.-:'
2 ARA (deg) i Sl . ot

e Small patch observations: o 4 ‘
e 3 sky regions (3°x3°) ~ 25deg? g’ ;,-',_‘ ".,; o

e Filtered map noise level: 2 ' ;»_._ :‘ilf “.-'::
e 5 uK-arcmin (deepest patch) TRl

-3 -2 -1 0 1 2 3
ARA (deq)



CMB lensing measurements w/ POLARBEAR
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Measurement of lensing B-modes with three different methods 24
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e Lensing amplitude (relative to Planck 2015 best-fit model prediction):

e 3.1 0 rejection of no B-mode hypothesis




Current status of CMB B-mode
measurements

(C+1)CPP/(2m) (1K?)

10

107

10°}

T T T T T L T A4
DASI QUIET-W —w— v
CBI BICEP1-3yr —w— \A4
MAXIPOL ABS v v
" BOOMERanG —v— ACTPol —e— R A 4 w
B CAPMAP —v— BK14 —e— = 'vv' i
WMAP-9yr SPTpol —e— —v—
QUaD —w— POLARBEAR —@— ' ¥y vy
QUIET-Q —v— -+ v
v_v_ 2 4
> % T
— W
_'v_
____r;0.0?
1 I 1 1 1 I 1 l‘} 1 I
10 100 1000

Multipole Moment,f
(Figure by Y. Chinone) 26



Another method to measure weak lensing
Observed CMB polarization

(Q+1U)

(n)

(Q+z )(ﬁ+

~: primordial

m Typical lensing deflection angle

m g few arcmin
m Coherent over ~2 deg.
m Deflection mixes E and B-

scale
mode

® Producing B-mode at arcminute-scale
m The deflection also induces correlation
b/w different multipoles, | and |’ .

L)x Y EQEQ®)
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(Hu, Okamoto, 2002)
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Current status of CMB lensing
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POLARBEAR-2: New Generatlon Receiver

NeW Focal Plane Sinuous Antenna
5 A RER < & TES bolometers

i
i

365mm diameter

Zm
e 7,588 bolometers, 6 times more bolometers on a larger

sensitivity focal plane
’ e Di-chroic detector:
- 90+150GHz for the first receiver

e Integration testings in progress 31

Spectral
Info



Simons Array: POLARBEAR-2x3

POLARBEAR-2 receiver POLARBEAR-2 receiver POLARBEAR-2 receiver

: “90/] 5OGHZ .......

i i
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.90/150GHz 3 | ~1220/270GHz &

« Simons Array is a funded upgrade experiment of
POLARBEAR.

e Constructed two new telescopes. Three telescopes

Spectral info in total.
e 4 frequency bands, ~22,000 bolometers in total

Higher sensitivity
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POLARBEAR-2 Integration Testings in the KEK lab

- POLARBEAR-2 receiver system end-to-end integration testing is
underway in the KEK lab in Japan.

- We are in the final stage of validation/characterization of the
integrated system of detectors, readout, receiver optics, DAQ, etc. 53



POLARBEAR-2 receiver system is working

. x ~200
R-P curve (1SQUID chain) B
1.0 — — — — — -
CREN - . 000
97 Sommblinn
© -
Sop : :
o
~07
©10 - - = = -
8 i
0.7 .
Ry — = =
2B
7p] ,
0.7
o’ 1.0 -
0 400 400 400 40 0O 400 'ff‘::g
Bias power (pW) B ¥ |
I 'am.. ”’5.‘,‘,A',...‘.’,
| (Modulated signal w/ LN2

and a wire grid.)
- Successful operation of full-array scale detector and readout,

observing clear responses from modulated optical signals.

1st receiver deployment in Chile in late this year.
34



Simons Array: Prospects for Sensitivity

B-mode Power Spectrum
w/ Expected Foreground Level

10!

— total B-modes
— primordial B-modes
lensing B-modes

 Three year Simons Array observation (w/ foreground subtraction by
PLANCK 353GHz and C-BASS 5GHz)

e Primordial gravitational wave: o (r=0.1)~6x10-3
e Sum of neutrino mass: o(Zmv»)=40meV (combined w/ DESI BAO)
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Current status of Cosmological
Neutrino Mass Constraints

Model 95% CL (eV)
CMB alone
P115[TT+lowP] ACDM+)> m,, < 0.72
P115[TT+lowP] ACDM+) " my+Neg < 0.73
P116[TT+SimLow] ACDM+) m,, < 0.59
CMB + probes of background evolution
P115[TT+lowP] + BAO ACDM+) m,, < 0.21
P115[TT+lowP] + JLA ACDM+> m,, < 0.33
P115[TT+lowP] + BAO ACDM+) my+Neg < 0.27
CMB + probes of background evolution + LSS
P115[TT+lowP+lensing] ACDM+> m, < 0.68
P115[TT+lowP+lensing] + BAO ACDM+> m, < 0.25
P115[TT+lowP] + P(k)pRri2 ACDM+>"m,, < 0.30
P115[TT,TE,EE+lowP] + BAO+ P(k)wz ACDM+> " m,, <0.14
PI15[TT, TE,EE4+lowP] + BAO+ P(k)pry ACDM+> m,, < 0.13
P115[TT+lowP+lensing] 4+ Ly ACDM+> m, < 0.12
P116[TT+SimLow+lensing] + BAO ACDM+> m,, < 0.17
P115[TT+lowP+lensing] + BAO ACDM+> my+Qy < 0.37
P115[TT+lowP+lensing] + BAO ACDM+) my+w < 0.37
P115[TT+lowP+lensing] + BAO ACDM+) " my+Neg < 0.32
P115[TT,TE,EE+lowP+lensing] ACDM+) “my+5-params. < 0.66

Important to combine
multiple cosmological
probes to solve
parameter degeneracies

Combining next
generation CMB and
BAO measurements is
expected to achieve
sub-100meV sensitivity,
which might make some
Interesting implications
for the mass-hierarchy.

Planck team just released the final(?) results two days ago...

Summary table from PDG2018
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Final data release from Planck!
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No B-mode (auto-)power
spectra are shown (yet).
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Current status of Cosmological
Neutrino Mass Constraints

Model 95% CL (eV)
CMB alone
iPlanck2018 (TT+ lowE)  Acoumiym, <054
PII5[ 1 L FIOWFE] ACDM+> “my,+Neg U.73
P116[TT—|—SlmLOW] ACDM+> m,, < 0.59
Planck2018 (TT+TE+EE IowE) <0.26
Planck2018 DAL S 5 E)O"2|13
(TT+TE+EE+lowE+BAQ) | ACPMF2Lmu+Neg :

CMB + probes of background evolution + LSS

Planck2018 N < 60';382
(TT+TE+EE+IowE+BAO+Iensmg) < ; (');4
PLI5[TT, TE.EE+owP] + BAO+ P(K)per ACDM+ZmZ <0.13
P115[TT+lowP+lensing] + Ly« ACDM+> m,, < 0.12

Message from Planck team:

“O95% limit of 2my<0.12eV starts to put

pressure on the inverted mass hierarchy”

Summary table from PDG2018

- Important to combine

multiple cosmological
probes to solve
parameter degeneracies

- Combining next

generation CMB and
BAO measurements is
expected to achieve
sub-100meV sensitivity,
which might make some
Interesting implications
for the mass-hierarchy.
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Summary

« CMB and Neutrino mass

« Because of hon-zero mass and significant abundances in the Universe,
neutrinos should have made characteristic effects in the evolution of the
Universe.

« The observation of CMB have been one of the most important
cosmological tools to measure those signatures.

« (Sum of) neutrino mass sensitivity by CMB weak lensing can be
improved by the next generation CMB polarization experiments and is
expected to reach below 100 meV level.

. Latest results from Planck w/ BAO: 0.12 eV (95% C.L.)
« CMB lensing measurements by POLARBEAR

 B-mode from weak lensing has been measured by several experiments
including POLARBEAR.

« Next generation experiment: POLARBEAR-2 / Simons Array

« Will deploy late this year. Stay tuned.
39



