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@ Neutrino mass difference from oscillation experiments:

Am3, = (7.50 +0.20) x 107°eV?,
Am3, = (2.321082) x 107 %eV?.

@ Neutrono mass from cosmology:

¥m, < 0.23eV (best fit : 0.001eV).
(95%; Planck + WMAP —+ highL. + BAO)

Chung-Chi Lee (National Center for TheoretilMatter Power Spectra in Viable f(R) Gravity Oct 11, 2014 4/25



Motivation

@ Free streaming massive neutrinos suppress the Matter Power
Spectrum P(k) (data from SDSS DR7):
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f(R) Gravity

e f(R) gravity:
One of the simplest modified gravity model, which extends
Einstein-Hilbert action to higher order terms.

@ The action of f(R) gravity:
S = 5 [ dovarm) +

where f(R) is an arbitrary function.

@ Under the metric formalism, modified Einstein equation:

f
JfrRRuw — §guv + (Q;WD - Vuvu)fR = "LZTMW

where the subscript R denotes d/dR and T}, is the
energy-momentum tensor.
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Viability Conditions

df(R) d*f(R)
dR ' ~dR?

Passing local gravity constraints.

> 0 for R > Ry, where Ry is the background curvature.

Having a stable late-time de-Sitter point
f(R) — R — 2A in the large curvature regime (R > Ry).

Chung-Chi Lee (National Center for TheoretilMatter Power Spectra in Viable f(R) Gravity Oct 11, 2014 8/25



f(R) Gravity

@ Hu-Sawicki model: (R, is a constant curvature for each model)
(HS))”
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@ Starobinsky model:
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@ Tsujikawa model:
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@ Exponential gravity model:
(B)
) = R g5 (1= e,
@ Appleby-Battye model:
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f(R) Gravity

@ Ry ~ A: the same order of cosmological constant.

@ In high redshift regime (R > Ry), these viable models reduce to:
o Hu-Sawicki, Starobinsky model = f(R) = R — M, (1 - (%))
o Tsujikawa, Appleby-Battye model = f(R) = R — SR, (1 — e~ f/Fen),
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Perturbation in f(R) Gravity

@ The perturbed FRW metric in Newtonian gauge:
ds* = a(1)? [~ (14 20)dr* + (1 — 2®)dx;da’] |

where 7 is the conformal time.

@ The perturbed energy-momentum tensor is given by

Ty = —(p+dp),
' = (14+w)pvi,
TI = (P+06P)di.
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Perturbation in f(R) Gravity

o Inside the subhorizon limit (k? > H?), the perturbation equations

reduce to
k2 i)
—\Il = —47G p(k,a) pA, T v(k,a) .
where
1 4k frRR 1 2k fRR
lh,a) = ) =
’ fr1+ 3k lan” ’ 1445 ipn

and A = %” + 3%(1 + w) is the gauge-invariant matter density
perturbation.
e In ACDM limit (u =~ =1):
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Perturbation in f(R) Gravity

o Evolution of matter density perturbation:
Om + 2H 0y, — 4G pu(k, a) pmdm = 0, where 6., = 0pm/pm.-

e Matter power spectrum P(k) ~ (62,).

@ The growth of P(k) is k-dependent in f(R) gravity, and is scale
independent in ACDM model.
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CAMB and MGCAMB

o CAMB: Synchronous gauge.
MGCAMB!: Newtonian gauge.

@ Newtonian and synchronous gauge are related under the coordinate
transformation &# — x# + d*. Thus,

U =a+Ha,
¢ =n-Ha,

where o = (fz + 67'7) /2k2.

@ The gauge invariant equations:

1A. Hojjati, G.B. Zhao, L. Pogosian and A. Silvestri, JCAP 1108 005,
http://www.sfu.ca/ aha25/MGCAMB.html|
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CAMB and MGCAMB

@ Models:

e Starobinsky model:

f(R) = R— ARs

R\ "
- (1) |-

i) |
e Exponential model:

F(R) =R — BR, (1 - e*R/Rs) .

@ The total mass, ¥m,, is given by

Ymy,
Q, ~ ——.
94h2eV

@ Assumption:

e The ACDM background evolution.
e Only one massive neutrino.
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Numerical Results

e Matter power spectrum P(k) in Starobinsky (left) and Exponential
gravity (right) model:

k [hMpc ™ Kk [hMpe 7Y
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Numerical Results

o Differences of the matter power spectra between f(R) and ACDM
models with Starobinsky (n=2) and exponential models

@ The magnification of P(k) in the Starobinsky model is more greater
than that in the exponential one within the allowed viable model

parameters.
——ACDM
=
o
o
<
a
&
oF
]
=
o
o
<
S
-01
10° 107 10" 10° 10° 107 10" 10°
Kk [hMpc™] Kk [hMpc™]

Chung-Chi Lee (National Center for TheoretilMatter Power Spectra in Viable f(R) Gravity Oct 11, 2014 18 / 25



CAMB and MGCAMB

o Matter density perturbation:
Om + 2H by, — A7 G u(k, a) pmdm = 0,
1 1+4%f‘fm
Where ,u(k‘,a) = EH{;L%
a2 fR
@ In viable model, 1 > fr > 0 and frr > 0.

@ The growth of J,, is enhanced in subhorizon scale, especially in large
k, but the free streaming massive neutrino suppresses P (k).
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Numerical Results

@ CosmoMC program with MGCAMB.
o Dataset:

CMB: Planck (I < 50 and 50 < I < 2500) and WMAP (low-1).
BAO: BOSS (Baryon Oscillation Spectroscopic Survey).

SNla: SNLS (Supernova Legacy Survey).

Matter power spectrum: SDSS DR4 (Sloan Digital Sky Survey) and
WiggleZ Dark Energy Survey.
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Numerical Results

e Ym, and Q.h? with 95% confidence level:
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Numerical Results

@ Ngg, ¥m, and Q.h2 with 95% confidence level:

Neff Emy Qch2
ACDM || 3477082 20351 eV | 0.12570012
Starobinsky || 3.787001 [ 0.533¥0%T eV | 0.12470010
Exponential || 3.47707 1 < 0.386 eV | 0.1247501}
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Conclusion

e The f(R) gravity enhances the matter power spectrum, especially in
small scale, and the massive neutrino suppress the matter power
spectrum in sub-horizon scale.

@ 3 active neutrino case:

o In Starobinsky model, the neutrino mass best-fit locates at
Ym, = 0.248 eV, which is consistent with the result from neutrino
oscillation experiments.

e The Exponential gravity model might not be distinguishable from
ACDM model.

@ Examine N.g case:
e The best-fit in Starobinsky model, N.g = 3.78, leaves more room for a
dark sector.
e The Exponential gravity model is still indistinguishable from ACDM
model.
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Thank you for your attention!!
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