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ACDM cosmology

6 parameters
Late time
1. ®, BAO scale ( or Hubble value today H )
2. Dark matter density today, {2cdm
3. Baryon density, 7
4. Re-ionization depth Tyeion
Early Universe

5. Amplitude of primordial fluctuations A,

DEQVELI 26.8%

Dark Energy

6. Spectral index primordial fluctuations 7¢s
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Large Scale Structure (LSS)

Experiments Wavelength A [h-! Mpc]

100

1. CFHTLens : Gravitational Lensing
2. Planck Lensing : Gravitational Lensing
3. Planck SZ : Sunyaev-Zeldovic effect

4. SPT : Sunyaev-Zeldovic effect
= Coamic Microwave Background
®35D3E galaxies

#Cluster abundance

5. SDSS, BOSS

® Weak lensing
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alyman Alpha Forest

6. Dark Energy Survey (DES)

0.01 0.1 1
¥avenumber k [h/Mpc]
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Hu & Okamoto (2001)

E-polarization B-polarization

Temperature
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Sunyaev-Zeldovich Effect

0.0005B, (Teygp)

1. u— Distortion

Injects some extra photon in distribution

2. y — Distortion

Kinetic SZE Inverse Compton scattering increases the
energy of CMB photons

Thermal SZE

100 200 300 400 500
Frequency (GHz)
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What does LSS measure

Number of clusters in a given volume

This is proportional to 03

)

— [ axierw owary:
Vi |

W (k,R) is called window function

Number of clusters is proportinal to a combination

o ()"
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LSS observations (SZ)

0.200 0.225 0.250 0.275 0.300 0.325 0.350 0.375 0.400

0.3
Likelihood g (—m) = 0.78 = 0.01

Planck SZ (2013)
15th Dec , 2017 WHEPP-XV(2017)



LSS observations (Lensing)

] Tomography: with A
+_; Tomography: GG-only
[ 2D Lensing: GG-only

-+ WMAP7 best-fit

e QO 0.46
CFHTLens (2012) Likelihood o (—m) = 0.774 £ 0.04
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LSS observations

0.200 0.225 0.250 0.275 0300 0.325
Q'm.

Planck SZ (2013)
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arXiv:1708.01530
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Latest DES result
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Tension iIn H

[1 CMB
O cMB+BAO
£ CMB+H,

0.100 0.105 0110 0.115 0120 0125
Q_h?

WMAP-9 years
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Planck -2015

67.8 £ 0.9 km/s/Mpc

BOSS-BAO

70.5 = 1.6 km/s/Mpc
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Measurement of H,

Baryon Accoustic Oscillation Scale ( ®)

Planck TT spectrum

2013

Matter P ower Spectrum
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Massive neutrinos

"LCDM _cldat"u1:2 ——
"test_neutrino_cl.dat" u 1:2
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CMB : TT spectrum

: Zero neutrino
NESS

Green curve:

3 massive neutrinos
With 0.24 eV mass

for each, all other
cosmological parameters
are kept same.
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Massive neutrinos

— Im,=00eV
=== 3im,=3%033¢eV

k (hMpc™)
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arxiv:1111.1436
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Attempts to resolve these tensions

Massive Neutrino Sterile Neutrino

l AllLss
R YMAP+highL with BAO
W NP owith BAD

Richard A. Battye, Tom Charnock, Adam Moss : arXiv:1409.2769
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Attempts to resolve these tensions

week ending

PRL 112, 051303 (2014) PHYSICAL REVIEW LETTERS 7 FEBRUARY 2014

Lo

Evidence for Massive Neutrinos from Cosmic Microwave
Background and Lensing Observations

Richard A. Battye
Jodrell Bank Centre for Astrophysics, School of Physics and Astronomy, University of Manchester,
Manchester M13 9PL, United Kingdom

Adam Moss'
Centre for Astronomy & Particle Theory, University of Nottingharm,
University Park, Nottingham NGV 2RD, United Kingdom

BN Planck+L55-neutrino-NH
B Planck+L5S5-neutrino-visc-NH_

1712.01254
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Attempts to resolve these tensions

LSS-neutrino-NH 72.51 LSS-neutrino-NH

LS5-neutrino-H LSS-neutrino-IH
Planck-newkrino-NH 70.0- - Planck-neutrino-NH
Planck-neutrino-IH .

: Planck-neutrino-lH

67.5
T 65.0-

62.51

60.0-

27.51
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arxiv:1712.01254
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KeV sterile neutrino

* Does not have any effect on CMB
* Only modifies Matter P(k) similarly like

Latest Bound

m > 5.5 KeV

ArXiv:1703.02302

k[h Mpct]

arxiv:1109.6291
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Distinguishing Hierarchy

TT constraint

>
1)
= g m, < 0.715
N
0.001 0.002 0.005 0.010 0.020 0.050 0.100 0.200
mgo in eV
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Neutrinoless double beta decay
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Future

* DES result might improve the constraints.

* Nonlinear description of dark matter perturbations, if improved, can also
constrain the neutrino mass in a better way.

* Inclusion of exotic physics, like
1)dark-matter neutrino interaction,
2) self-interacting dark matter
3) dark radiation
4) f(R) gravity at late time
5) etc. .......

All those physics which can affect CMB and LSS can modify neutrino
mass bound.
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Example

week ending

PRL 110, 121302 (2013) PHYSICAL REVIEW LETTERS 22 MARCH 2013

&

Cosmology Based on f(R) Gravity Admits 1 eV Sterile Neutrinos

Hayato Motohashi,'* Alexei A. Starobinsky,>* and Jun’ichi Yokoyama®*
'Department of Physics, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
*Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
L. D. Landau Institute for Theoretical Physics RAS, Moscow 119334, Russia
*Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU),
The University of Tokyo, Kashiwa, Chiba 277-8568, Japan
(Received 3 April 2012; revised manuscript received 3 February 2013; published 19 March 2013)
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Thank You
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