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Cosmic Microwave Background (CMB)

More than 20 years of CMB experiments...
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Angular power spectrum

Temperature field of Universe: T (~x , p̂, η) = T (η)(1 + Θ(~x , p̂, η))

Spherical harmonics expansion: Θ(~x , p̂, η) =
∞∑
l=1

l∑
m=−l

Θlm(~x , η)Ylm(p̂)

Angular power spectrum: < ΘlmΘ∗
l′m′ >= δll′δmm′C

TT
l

Θ ≡ δT
T

; η ≡
∫ t

0
dt′
a(t′) ; p̂ → photon direction; Ylm(p̂)→ spherical harmonics

[Planck Collaboration - 2015]
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Polarization

Linear polarization tensor:

Pij ∝
(

Θ + Q U
−U Θ− Q

)
Harmonic expansion:

Q(p̂)± iU(p̂) =
∞∑
l=1

l∑
m=−l

(Elm ± iBlm)±2Ylm(p̂)

Non-vanishing polarization power spectra:

< ElmE
∗
l′m′ > = δll′δmm′C

EE
l

< BlmB
∗
l′m′ > = δll′δmm′C

BB
l

< ΘlmE
∗
l′m′ > = δll′δmm′C

TE
l

Θ ≡ δT
T

; p̂ → photon direction; ±2Ylm(p̂)→ spherical harmonics; Q,U→ Stokes parameters

[Planck Collaboration - 2015]
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Cosmological parameters estimation

Ωi ≡
8πGρi

3H2

Ωk ≡ 1− Ωm − ΩΛ = 0.000± 0.005

(95% C.L. Planck+lensing+BAO) a

a[Planck Collaboration - 2015]
[Hu and Dodelson - 2002]
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Coupling between Dark Matter (DM) and Dark Energy (DE)

JCAP 04 (2016) 14 arXiv:1602.01765
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Coupling between Dark Matter (DM) and Dark Energy (DE)

A choice among many phenomenological interaction models: Q = HξρΛ
1 2

H = ȧ
a ≡

1
a

da
dη ; ξ → dimensionless coupling parameter; ρΛ → DE energy density

Background evolution in the presence of coupling:

ρ̇Λ + 3H(1 + wΛ)ρΛ = 0 −→ ρ̇Λ + 3H(1 + wΛ)ρΛ = −Q

ρ̇DM + 3HρDM = 0 −→ ρ̇DM + 3HρDM = +Q

Q< 0 (ξ < 0) ⇒ Energy flux from DM to DE, i.e. DM decays into DE (MOD1)

Q> 0 (ξ > 0) ⇒ Energy flux from DE to DM, i.e. DE decays into DM (MOD2)

1[Salvatelli et al. - 2013]
2[Costa et al. - 2014]
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Data analysis method

Computing the CMB power spectrum
Modified version of the numerical Boltzmann solver CAMB 3, in which we have
included:

− Background equations in the presence of DE-DM coupling

ρΛ = ρΛ0
a−3(wΛ+1)−ξ

ρDM = ρDM0
a−3 + ρΛ0

a−3
[

ξ
3wΛ+ξ

(
1− a3wΛ−ξ

)]
− Linear perturbations equations in the presence of DE-DM coupling, in the synchronous

gauge (h = 6Φ; δ ≡ δρi
ρi

)

δ̇Λ = −(1 + wΛ)
(
kvΛ + ḣ

2

)
− 3H(1− wΛ)

(
δΛH(3(1 + wΛ) + ξ)

vΛ
k

)
v̇Λ = −2H

(
1 + ξ

1+wΛ

)
vΛ + k

δΛ
1+wΛ

δ̇DM = −
(
kvDM + ḣ

2

)
+ ξH ρΛ

ρDM
(δΛ − δDM )

v̇DM = −HvDM

(
1 + ξ

ρΛ
ρDM

)
Comparing theory with observations
Slightly adjusted version of the Markov Chain Monte Carlo (MCMC) code

CosmoMC 4, in order to include ξ as an additional free parameter.

3http://camb.info/
4http://cosmologist.info/cosmomc/
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Datasets for the analysis

− CMB: combination of the the high-` (2 ≤ ` ≤ 2500) TT spectrum with the low-` (2 ≤ ` ≤ 29)
polarization spectra (“PlanckTT+lowP”) by Planck, plus the high-` (2 ≤ ` ≤ 2500) polarization spectra
(“highP”) and the power spectrum of the lensing potential (“lens”) by Planck [Planck Collaboration - 2015]

− BAO/RSD:Baryon Acoustic Oscillations (BAO) measurements from 6dF Galaxy Survey at z=0.106 [Beutler et

al. - 2011], SDSS DR7 MGS at z=0.15 [Ross et al. - 2015], BOSS DR11 at z=0.32 [BOSS Collaboration - 2014], com-
bined with Redshift Space Distortions (RSD) data from BOSS CMASS DR11 at z=0.57 [Samushia et al. - 2014]

− JLA: SNIa data from the Joint Light-curve Analysis (“JLA”) of more than 740 samples of SNIa from
z=0.02 to z=1.3 [Betoule et al. - 2014], including Hubble Space Telescope (HST) results [Riess et al. - 2011]

Tensions between local and CMB measurements, assuming ΛCDM:

− HST: 68% constraints on H0 from HST
low-redshift measurements [Riess et al. - 2011]:

H0 = 73.8± 2.4 km s−1Mpc−1

H0 = 70.6± 3.3 km s−1Mpc−1 (“GE”) [Efstathiou - 2013]

− WL: 68% constraints on σ8 from CFHTLenS
Weak Lensing (WL) data:

σ8 = 0.774+0.032
−0.041 [Heymans et al. - 2013]

− SZ: 68% constraints on σ8 from Planck
Sunyaev-Zel’dovich (“SZ”) cluster counts:

σ8 = 0.75± 0.03 [Planck Collaboration - 2015]

− 68% constraints from CMB data,
assuming ΛCDM (“PlanckTT+lowP”)

[Planck Collaboration - 2015]:

H0 = 67.3± 1.0 km s−1Mpc−1

σ8 = 0.828± 0.012

UNEXPLAINED DISCREPANCIES AT MORE THAN 2σ!

H0 → current Hubble expansion rate; σ8 → current root mean square linear matter fluctuation in a 8h−1 Mpc sphere
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Priors choice

For the MCMC analysis, we adopted flat priors in the listed intervals:

Parameter Prior
Ωbh

2 [0.005, 0.1]
Ωch2 [0.001, 0.5]
100θ [0.5, 10]
τ [0.01, 0.8]

log(1010As) [2.7, 4]
ns [0.9, 1.1]

MOD1 MOD2
wΛ [-0.999, -0.1] [-2.5, -1.001]
ξ [-1, 0] [0, 0.5]∑
mν 0.06 eV

Nν 3.046

Ωbh
2 → current baryonic abundance

Ωch
2 → current CDM abundance

θ → ratio of the sound horizon to the angular diameter
distance at decoupling

τ → optical depth at reionization

ns → scalar spectral index at k = 0.05 Mpc−1

As → primordial scalar perturbation spectrum amplitude

at k = 0.05 Mpc−1

wΛ → DE equation of state

ξ → coupling parameter∑
mν → total neutrino mass

Nν → effective number of neutrinos
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Effects on the TT power spectrum
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Results

2σ constraints with “PlanckTT+lowP” dataset:

2σ constraints with “ALL” dataset:

Bounds on ξ in MOD1:

Bounds on ξ in MOD2:
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Sterile neutrino as stable DM component

meff
s = (94.1eV) Ωsh

2 → effective sterile neutrino mass

Neff → effective number of neutrinos

2σ constraints with “ALL” dataset:
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GrAtziAs medA
po s’Attentzioni!
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BACKUP SLIDES
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DE phantom behaviour
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Data analysis method

CAMB5 : Code for Anisotropies in the Microwave Background.
Numerically solves the Boltzmann equations in linear perturbation theory and, given a
cosmological model, generates predictions for the observables.

CosmoMC6 : Markov-Chain Monte-Carlo (MCMC) engine for exploring
cosmological parameter space.
It takes as inputs the parameter prior distribution functions P(I) and uses data and
likelihoods P(d|I) to find the best fit model, through Bayesian inference:

P(I|d) =
P(d|I)P(I)

P(d)

I1; P(d |I1) I2; P(d |I2)RANDOM STEP

Draw a random
number x ∈ [0,1]

if P(d |I2) < P(d |I1)

I2 is accepted
if P(d |I2) ≥ P(d |I1)

if x < P(d |I2)
P(d |I1) I2 is discharged

I1 is counted again

if x ≥ P(d |I2)
P(d |I1)

density of sampled points ∝ posterior distribution

I1, I2 → random points in the parameter space (Metropolis-Hastings algorithm)

5
http://camb.info/

6
http://cosmologist.info/cosmomc/
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