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* Motivation

®* (Current bounds on Neutrino mass and bound

* Cosmological observable

* Consistency of observable

* Degeneracy of CMB angular power spectrum between Nefr

and w

* Breaking CMB degeneracy with LSS

* CMB degeneracy between w and h

* CMB degeneracy between Nefr and h
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MOTIVATION

* particle physics (oscillation) < Zmv < cosmology

(CMB+BAO+LSS)

* Zmv > 0.06 eV (active) : solar, atmospheric, reactor, and
accelerator neutrino data with Nv = 3 (Battye et al. 13),

not much room to change

 2mv <(.248 eV (active) with Nv = 3 or mv,sterile < (.42
eV with Neff < 3.80 : Planck + WMAP Pol + BAO (Ade

et al. 13), keep decreasing (good news?)
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NEUTRINO MASSES
(CURRENT LIMITS 2-0, ACDM+my)

Larson et al. 10
CMB alone

Hamann et al. 10

CAD L DN (valavine ~eT «r AN Swanson et al. 10
Thomas et al. 10
Viel et al. 10

CMB+BAO-+HO+SNe+Clusters

Komatsu et al. 10
Hannestad et al. 10
Reid et al. 10

Joseetal. 11
Ade et al. 13

xm, (eV)

Ly O+CMB+BAO 1410.7244
<0.14eV Palanque-Delabrouille
et al (Rossi)

0.001 0.01 0.1
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MASSIVE NEUTRINQ  reerrasn

Jeong, Boehm,

(STRUCTURE FORMATION) rott. rossi

free-streaming

" 1-27, 1-271,
Transition : anon-rel dpm ~ at =5 ~ gla) =3

Tv ~ mv - -7 dpm ~ a~ g(a) \ k (h/Mpc)

scalé dependent growth

]

Locatlon & shape depend

Non-relativistic R

maximal effect

J

no effect

P(k)
[((Mpc/h)s]

on md1V1dua1 masses

eilmplitude of (h /M pC)

suppression degends
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COSMOLOGICAL OBSERVATIONS

(PROBE FOR my)

* Indirect probe of HDM fraction CMB

*\ . radiation (at zeq) & matter (at -
7~0) P(k) / BAO

*WDM (Zeq) change
*Degeneracy with other parameters SNe / HO

/ Lyman-a
/ Clusters
Direct probe of free-streaming A

(i.e. scale-dependent g(a,k))

Lensing
(CMB/Gala

Xy)
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ACCURACY of OBSERVATION

(When z, Where k,I, Who Earth, What V,V,S, How Ground, Satellite)
Real Universe Observed Universe
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CMB angular power spectrum

* Measuring Temperature fluctuation anisotropies (at least

1 1 parameters)

Angular scale
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Breaking CMB Degeneracy

by LSS

* Linear matter power spectrum (Still about 20% error)
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Peak Location : keq

Overall amplitude : As, Wm, b
Large Scale Slope : ns

Small scale slope : Wb/ Wc
Bias factor b : unknown



CONSISTENCY OF OBSERVABLE
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CONSISTENCY OF OBSERVABLE
(LSS)

* Matter power spectrum suffers from bias factor b(z,k) :

we don’t understand

* Transfer function embedded in the P(k) compensated by

b(z,k) : baryon trace matter

® Cluster number analysis : over simplified (SL, Ng 10)
os(Qm/0.27)0% = 0.78 + 0.01 e

E
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* Growth function : over simplified . o .
S ] :
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CMB Degeneracy between Neff and w

* Based on arXiv : 1409.1355, 1410.1260 (SL 14)

* Situation : reactor experiments and cosmology claimed the
existence of extra light particles

* Motivations : How much cosmology can tell about this?

* Cosmic microwave background (CMB) : thermal radiation
from big bang. Acoustic waves (coupling btw Y & b under
gravitational potential well created by DM)

* CMB mean Temperature : T=2.725 K
* Fluctuation of CMB T : AT = 10-100 MK

* QGaussian distributed if fluctuation 1s generated from inflation :

average of AT = 0 (variance = power spectrum is not 0)
2014-10-31 4th KIAS Workshop (S. Lee) 12



DECOMPOSE COSMOLOGICAL
PARAMETERS | Ealy DE model

Deviation

Peak location (acoustic scale) : most accurately measured
quantities — depends on geometry and energy densities

_Is 2+, Negg, W, h]
; d;f} |z« , Negt, W, h]

Elz, Neg, w,h] = HED = %\/1 +z)3 @. 1 z)4 4

Height of the 1% peak : matter/radiation density ratio

HS [.’;* . f\reff. W, h]

Degeneracy
btw Neff & W

Height of the 2" peak : baryon/radiation density ratio
Ratio of odd to even peaks : baryon/photon

Time of m-r equality : amplitude of all peaks (fix z.)
2014-10-31 We Negt] = ¢ (1 +0,2271 ((% E'ée)tﬂ‘-q) — Wb 13



DECOMPOSE COSMOLOGICAL
PARAMETERS I

* High-1 peaks (damping scale) : affected by number of

neutrino and helium abundance (can be cross checked
0s[z, Nege, w. h] ~ 7s(ze)[z, Neg, w. h]

Oa(z¢)[z. Net.w, h, Yp]  7a(z:)[z, Negr, w, h, Yp]

R2+ B(1+R)
6(1+ R2)

a(z) = cm? f”‘ (1+ 2)dz
ralzx) = \ Hy J,. orXeng(1—Yp)E[z]

e 1 1—0.007119Yp o d-
\| Ho orXew, (112284 105)(1 - Yp) L., (1+2)72E[]

R?2+ B(14+R)
6(1+ R?)

* Global amplitudes : As

Check sensitivities of cosmological

° Gl Ob al Tllt " s Parameters using MC or Fisher Matrix

2014-10-31 4th KIAS Workshop (S. Lee)

14



D| [#K?'l

‘ﬂD|

DEGENERATED CMB (N, W)

* We need to keep all other cosmological parameters except
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POk [(Mpe/h ]
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LINEAR MATTER POWER
SPECTRUM

* ke=a.He/c (effect will be clearer in massive neutrino case : paper)
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CMB DEGENERACY (w,h)

* Fixed Neff =3.046 & As (direct comparison in MPS less powerful : b)

Nog = 3.046 w=—1.0
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CMB DEGENERACY (Ne,

* Fix w=-1.0 (/ACDM)
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SUMMARY

BBN CMB LSS BAO SNe Ly-o
Epoch (z, t) || (10", 1min) (1089, 379,000 yrs 0.06~057 03~ | 22~4d
Scales (1, k) [<800 | [<2500 k < 0.15h/Mpd] 150 Mpc
massive v O height both height both sensitive
massless v (), height | both Zeg length | insensitive
error  (|systematic in| different | beam modeling | stafistics | K-correction
sources || H-Il regions | mask |uncerfainties data analysis || modeling |Standard Candle
observational location of
accuracy Ist peak
number of || QA ] Ag, g, 7, Hy, Wi, wh Ag,ng 0, Ho Wy W 0,03
parameters || Yp, Nys Wy, Negs, Yp,m, Oy, Negr | Negs Hy, Nej

Flat Universe Prior

Small scales observable is not determined by gravity only
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BREAKING DEGENERACIES 7

®"Does Joint analysis (Complimentary Observable) really break the
degeneracy? (Which parts of cow we looking at?)

B[s there an e to be biased from one to another obse

(data analysis 1s based on model)

A theory probes observations?
An observation probes theories?
Ruiz, Huterer 1410.5832
w=-1 (Geometry),w=-0.8(5)
SL 12 (Bad Conclusion)

LSS shows deviation from LCDM
Current LSS data is not accurate enough to judge DE or MG
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CONCLUSION

* CMB provides strong constraints on cosmological parameters
(compliment with LSS)

* However, many parameters are degenerated.

* Previous works, focus on effect of Neir degeneracy with h on
CMB (hard to break with LSS)

* Dark energy also affects to Nesr and 1t might be too early to say
about the existence of extra neutrino (dark radiation)

* LSS might help to break CMB degeneracy on parameters

* Need to investigate more robust observable to distinguish
models
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