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PROBES FOR NEUTRINOS IN COSMOLOGY

* Radiation and Matter equality epoch (zeq> z : no matter
perturbation can grow) : LSS (both massive and massless
Vs)

* Amplitude of matter power spectrum : LSS (massive
neutrino)

* Acoustic angular size at the last scattering surface (zis) :
CMB T and P anisotropies

+ Amplitude of primordial gravitational waves : CMB P
anisotropies + GWs
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MASSIVE NEUTRINO IN COSMOLOGY |

* For cold dark matter (CDM), perturbations of sub-horizon
scales (aH << k < kni), dcdm grow uniformly (D(a) no k

dependence)

. dd
@ Eq fOI‘ écdm 5cdm + 5cdm — 47"Ga25p 0 where 0 = dn 5p = 5pcdm + 6pb

“ Growing mode solution for dcdm Jcim o a (inMD) ,or D(a) (with DE)

* Matter power spectrum of CDM

However this is

2 k \ns=1 ¢ Degm(a) 2 b d
9 cdm not an observe

o)

Peam(k,a) = <




MASSIVE NEUTRINO IN COSMOLOGY 1]

* For cold dark matter (CDM) with v, perturbations of
sub-horizon scales smaller than free-streaming scale (k >
kfs), Ocdm is suppressed (P > g)

: . . a .
* Eq for Ocam with massive v, dcam + ~Ocam — 47Ga* (pm — pu)0cam = 0

“ Growing mode solution for dcdm
1-3£, /. 1-3f . _ Q_
Ocdm X @57 (inMD) ,or (aDegm) ~57” (withDE)  Jfv Q.
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MASSIVE NEUTRINO IN CosMOLOGY 111

« Suppression factor, (1-f.)* in the matter power spectrum
(for k > k), give the limit on the sum of masses of v

+ Qverall suppression factor in CDM PS is
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Fig. 13. Ratio of the matter power spectrum including three degenerate massive
neutrinos with density fraction f, to that with three massless neutrinos. The pa-
rameters (wm, Q2a) = (0.147,0.70) are kept fixed, and from top to bottom the curves
correspond to f, = 0.01,0.02,0.03,...,0.10. The individual masses m, range from
0.046 eV to 0.46 eV, and the scale kp, from 2.1 x 1073k Mpc—! to 6.7 x 10~ 2h Mpc—!

as shown on the top of the figure. keq is approximately equal to 1.5 x 10~2h Mpc—1.
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MASSIVE NEUTRINO IN CosMOLOGY IV

Jimenez et.al 10

* Massive neutrino with mass hierarchy

“ Perturbation of massive neutrinos can grow only for
scale bigger than free-streaming scale (k < kgs)

« If we consider two degenerated neutrinos with
normal and inverted hierarchy, then PS

k3P (k; 2) 212

k (ns_l) QI/’i m,/. 0.14
’ 2 2 T2 (k) (2 vi = et = 0.05 (e )
e~ A, vk 2T R) (ko) vi=, 0.658eV (th2)

N2 Qb2 1/2
ree =003 (35) " (T Tz) Mo Dualz) o (1= £,)D ()™

leV 014 1+ =
D,(k,z) = D(k,z) k < ktsm where k > ki ;(2) and p; = \/25 - 24f,, )/4.
Dy (k,z) = (1= fym)D(2) 7P kg <k < kg 5 NH: S=2m+M A= (M m)/z
D,(k,z)= (1= f,s)D()17P2) k> kyy, IH: Y=m+2M A=(m—M)/%
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+ Current constraints s
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MASSLESS NEUTRINO IN COSMOLOGY 1

SL 14

* Acoustic angular scale (for location of first few peaks)

« Diffusion angular scale (for location of higher peaks)

0s|z, Neg, W, h] rs(24)|2, Neg, W, h]

0a(z«)[2, Negr, W, h, Yp]  7ra(2z4)|2, Neg, W, h, Yp]

* Degeneracy between # of massless neutrino and other
parameters (w, h, Yp)



MASSLESS NEUTRINO IN CosMOLOGY 11

* Observationally indistinguishable CMB
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FIG. 1: CMB angular power spectra for different models and their differences from the fiducial model with different
normalization. Top left) CMB angular power spectra for Neg = 2 (dashed), 2.5 (long-dashed), 3.046 (solid), 3.5
(dot-dashed), and 4 (dotted), respectively. Bottom left) The differences of CMB power spectra between Neg = 2
(2.5, 3.5, 4.0) model and the fiducial one depicted by dashed (long-dashed, dot-dashed, dotted) line. Top right)
CMB angular power spectra using the same As(10”). Bottom right) The differences of CMB power spectra between
models with the same notation as the left panel.
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* Degeneracies between Neft , w, and Yp
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FIG. 2: Linear matter power spectra for different models and their differences from the fiducial model with different
normalization. Top left) CMB angular power spectra for Ne.g = 2 (dashed), 2.5 (long-dashed), 3.046 (solid), 3.5
(dot-dashed), and 4 (dotted), respectively. Bottom left) The differences of CMB power spectra between Neg = 2
(2.5, 3.5, 4.0) model and the fiducial one depicted by dashed (long-dashed, dot-dashed, dotted) line. Top right)
CMB angular power spectra using the same As(lOg). Bottom right) The differences of CMB power spectra between

models with the same notation as the left panel.
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* Degeneracies between Neft , w, and Yp
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FIG. 3: CMB angular power spectra for different models and their differences from the fiducial model with different
normalization. Top left) CMB angular power spectra for Neg = 2 (dashed), 2.5 (long-dashed), 3.046 (solid), 3.5
(dot-dashed), and 4 (dotted), respectively. Bottom left) The differences of CMB power spectra between Neg = 2
(2.5, 3.5, 4.0) model and the fiducial one depicted by dashed (long-dashed, dot-dashed, dotted) line. Top right)
CMB angular power spectra using the same Ag(10%). Bottom right) The differences of CMB power spectra between
models with the same notation as the left panel.
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* Degeneracies between Neff , h, and As
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FIG. 4: CMB angular power spectra for different models and their differences from the fiducial model with different

normalization. Top left) CMB angular power spectra for Neg

= 2 (dashed), 2.5 (long-dashed), 3.046 (solid), 3.5

(dot-dashed), and 4 (dotted), respectively. Bottom left) The differences of CMB power spectra between Ng = 2
(2.5, 3.5, 4.0) model and the fiducial one depicted by dashed (long-dashed, dot-dashed, dotted) line.
CMB angular power spectra using the same Ags(10%). Bottom right) The differences of CMB power spectra between

models with the same notation as the left panel.
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+ In CMB Polarization
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REALITY I

* Both massless and massive neutrinos is degenerated by
CMB

* Theoretically, both massless and massive neutrino can
be distinguished by LSS

* However, what we measure is the galaxy (baryon)
matter power spectrum not the DM PS (bias factor)

* k>0.1 h/Mpcis non-linear regime (difficulty in handle
on perturbation)
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“ baryon vs DM perturbation %k, a) = b(k, a)opm(k, o)

What we calculate
l!l!,a’ — b(k,a)2-

What we measure

b(k,a) ~ b(a) ,inlinear regime

Mode coupling in non-linear regime

<5(k1, a)8(ks, a)> £ P(k,a)0p (k1 — ko)



CONCLUSION

* Massive neutrino mainly affects on LSS

* Massless neutrino mainly atfects on CMB

+ However, etfects of neutrino mass and number are

degenerated with other cosmological parameters

« LSS with PS are unknown both in theory and in
observation

+ Better to use the standard ruler or candle methods

(distance instead of amplitude) or bias free observation



