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Neutrinos in Cosmology
-- neutrino free streaming effect --

Large scales
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Neutrinos in Cosmology
-- neutrino free streaming effect --
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Cosmology with High-redshift Galaxy Survey: Neutrino Mass and Inflation

Masahiro Takada®, Eiichiro Komatsu? and Toshifumi Futamase! PRD '06
L Astronomical Institute, Tohoku University, Sendai 980-8578, Japan and
2Departme'nt of Astronomy, The University of Texas at Austin, Austin, TX 78712

High-z galaxy redshift surveys open up exciting possibilities for precision determinations of neu-
trino masses and inflationary models. The high-z surveys are more useful for cosmology than low-z
ones owing to much weaker non-linearities in matter clustering, redshift-space distortion and galaxy
bias, which allows us to use the galaxy power spectrum down to the smaller spatial scales that are
inaccessible by low-z surveys. We can then utilize the two-dimensional information of the linear
power spectrum in angular and redshift space to measure the scale-dependent suppression of matter
clustering due to neutrino free-streaming as well as the shape of the primordial power spectrum. To
illustrate capabilities of high-z surveys for constraining neutrino masses and the primordial power
spectrum, we compare three future redshift surveys covering 300 square degrees at 0.5 < z < 2,
2 < z<4,and 3.5 < z < 6.5. We find that, combined with the cosmic microwave background data
expected from the Planck satellite, these surveys allow precision determination of the total neutrino
mass w1th the pm _]ected errors c-f o(muy tot) = 0. 059 0.043, and U 025 eV, respectwe]y, thus }rleldmg

i | 11
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Gravitationally Lensed Quasar in Galaxy Cluster SDSS J1004+4112 HST « ACS/WFC
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mEE I (FHE) FS (RAR/F557)
DES (2013-) 4m 2.2 5000 10 5 filters
HSC (2014-) 8.2m 1.5 1400 40 5 filters
DUNE (2019?) 1.2m 0.6 20000 35 6 filters
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SuMIRe(2017?) 8.2m 1.5 1400 2400 0.6<z<1.6
*WFIRST(20227?) 2.4m 0.34 2400 - 1<z<3
*Euclid (2020-) 1.2m 0.54 15000 - 0.5<z<2.0
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P(;(]f) & P. (6)

* BIERITIROI DN REILADEMIET D <9° >~ k°P(k) ~ 1

o fitting fomulae NLp(k,z) = f(LP(k,2))

e.g., Smith et al., ('03),
%3 : Takahashi et al., ApJ, ('12), Bird et al., MNRAS, ('12)

Power of density fluctuation Lensing power spectrum
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MCMC Likelihood Analysis

o FANDFEIM/ NTAY (8 params)
ﬁ: (Qbh2anh27977—a ml/7/n’87A87’ZC)

» explore the likelihoods of WMAPS5 and CFHTLS
data using Markov Chain Monte Calro sampling
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RFED Sensitivity (HSC)

(e.g., Namikawa, Saito, Taruya, JCAP, '10, Takeuchi, KI, Matsubara, PRD, '12)
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CMB lensing
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CMB lensing
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TO SEE IS TO BELIEVE

Image credit: erlyuniverse.or
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CMB lensing power spectrum
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Lensing power spectrum
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neutrino mass”\ Dl R

Planck 2013 results. XVI Planck 2015 results. XllI
Y ~my, < 0.66eV  (CMB only) >'m, < 049eV  Planck TT,TE,EE+lowP,
Z m, < 0.23eV  (+BAO) Z m, < 0.59 eV (95%, Planck TT,TE,EE+lowP-+lensing)

Zm,, < 0.85¢V  (+Lensing)

cantly lower amplitude. At this stage it is unclear what to make The constraint of Eq. (57) is weaker than the constraint of
Eq. (54b) excluding lensing, but there is no good reason to

of this mild tension between neutrino mass constraints from the
4-point function and those from the 2-point, and we caution disregard the Planck lensing information while retaining other

over-interpreting the results. We expect to be able to say more astrophysical data. The CMB lensing signal probes very-nearly
on this issue with the further data, including polarization, that Jinear scales and passes many consistency checks over the mul-
will be made available in future Planck data releases. tipole range used in the Planck lensing likelihood (see Sect. 5.1
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PRL 95, 011302 (2005) PHYSICAL REVIEW LETTERS 1 JULY 2005

Weighing Neutrinos with Galaxy Cluster Surveys

Sheng Wang,'* Zoltdn Haiman,” Wayne Hu," Justin Khoury,” and Morgan May'

'Brookhaven National Laboratory, Upton, New York 11973-5000, USA
*Department of Physics, Columbia University, New York, New York 10027, USA
*Department of Astronomy, Columbia University, New York, New York 10027, USA
*Kavli Institute for Cosmological Physics, Department of Astronomy and Astrophysics, Enrico Fermi Institute, University of Chicago,
Chicago, Illinois 60637, USA

SCenter for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 28 January 2005; published 30 June 2005)

Large future galaxy cluster surveys, combined with cosmic microwave background observations, can
achieve a high sensitivity to the masses of cosmologically important neutrinos. We show that a weak
lensing selected sample of = 100 000 clusters could tighten the current upper bound on the sum of masses
of neutrino species by an order of magnitude, to a level of 0.03 eV. Since this statistical sensitivity is below
the best existing lower limit on the mass of at least one neutrino species, a future detection is likely,
provided that systematic errors can be controlled to a similar level.

DOI: 10.1103/PhysRevLett.95.011302 PACS numbers: 98.80.Es, 14.60.Pg, 98.65.Cw
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SZ effect

 Some of the CMB photons are Compton-scattered by hot
electrons in clusters of galaxies, leading to a distortion of the

Blackbody spectrum
« A good way to detect cluster of galaxies
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» Boltzmann equation f(w)
|sotropic distribution
small energy transfer
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SZ S|gnal from Planck
V — /de _ O'T VnekB

MeC?

* Total thermal energy — unbiased mass-limited selection
* All-sky survey — rarest clusters = cosmology (DE, v -mass)
e Can probe high-z clusters
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Samples for cosmology (2013)

A sample of 187 clusters with S/N>7

— 1227 clusters & candidate Planck 2015 T439EA

* 683 previously known
« 178 new clusters
366 candidates

* Important inputs:
- Mass function
— Scaling relation
- completeness

Fig. 1. The distribution on the sky of the Planck SZ cluster sub-sample used in this paper, with the 35% mask overlaid.
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Probability density
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2 :'Best' data set

005} Gratton, 0705.3100

0.8k

0751

0.65F
0.6
0.551
0.5

045

1 1 | 1 1
0 0.5 1 1.5 2 2.5
z m, feV

SERID HEFDCMBIElower sig8Z I :> Neutrino massbE 7Ly
Lya(small scale data)ldhigher sig8 ESo¥OPIR



23| : "Best” data set
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(X-ray luminosity function)
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10F127

 21cm tomography (K= D S DM EI A EIK)
10— Small scale DG 1725, DEAE XA LA,
- BAAMBICE DA EN, SRIATFIRNHRE
(Mao+, PRD, 08) Zm,, < 0.056 €V PLANCK+SKA2

Z m, < 0.02 eV skA2+Simons Arrayf
\ (Oyama, Kohri,Hazumi, JCAP, 16)
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o IRV DDMIAEHE
- B ZEF.COMOAFHTDENZHETET
?J—V'Snf:fitting/j}ﬁ (eg. Peacock&Dodds '96, Smith+, '03
Takahashi+, '12)
NPk, z) = f("P(k, 2))

» my, ZERBLICIERTENGRICGER

=111
O

25

Iﬁ/kfl:g@] (Saito+ '08, '09, '11)
- Bk FRERETET L (Ichiki& Takada '12, Loverde '14)
- 1P U /N-body?rfé (Brandbyge+ '08, Viel+ '10, ...)
- Hybric =E (Brandbyge&Hannestad '09)
- 1D ')/,ﬁﬂi ﬂ;{ (Hannestad+ '11)
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Bk FRERIZE T L

* History of the Spherical Collapse model
- CDM only (e.g., Tomita, PTP, '69, Gunn&Gott, ApJ, '72)
- CDM + A (e.g., Lahav et al., MNRAS, '91)
- CDM + Quintessence (e.g., Wang&Steinhardt, ApJ, '98)
- CDM + A + Baryon (Naoz & Barkana, MNRAS, '06)

— CDM + coupled guintessence
(e.g., Nunes & Mota, MNRAS, '06)

- Decaying DM+A (Oguri, Takahashi,Kotake,'03)

- CDM + early dark energy
(e.g., Bartelmann et al., A&A, '06, Francis et al., MNRASL, '08)

— CDM + clustering dark energy (Bjaelde&Wong, '11)
- CDM + A + baryon + massive v (Ichiki&Takada, '12, LoVerde, '14)
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Costanz et al., JCAP 14

i DN- body’C%H Chgsmh

Castorina et aI JCAP, '15
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Neutrino simulation DA%
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IBIED=—a—PM)/DERF vuetal, axiv:1609.08968
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