
Introdução à Cosmologia Física
História térmica: o modelo do “Big Bang Quente"
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Introdução à Cosmologia Física

Nucleosíntese Primordial

(BBN - Big Bang Nucleosynthesis)


* Equilíbrio termo-estatístico

* Energia e pressão da matéria (fria ou relativística)

* Origem dos elementos mais leves

* Origem dos elementos mais pesados


(Ryder, Cap. 10)
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O próprio Sol emite luz como se fosse

um "corpo negro”
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O equilíbrio termo-estatístico é governado pelos 

estados que as partículas podem ocupar.


Na Mecânica Quântica, quem governa a estatística 

desses estados é o spin das partículas.

Spin inteiro : s = 0, 1, 2, . . . , Bose� Einstein , I(⌫, T ) =
8⇡ h

c3
⌫3

eh⌫/kBT � 1

Spin semi� inteiro : s =
1

2

,
3

2

, . . . , Fermi�Dirac , I(⌫, T ) =
8⇡ h

c3
⌫3

eh⌫/kBT
+ 1

Em vez dessa densidade de energia espectral (“espectro”, SED) muitas vezes é mais 
conveniente escrever a função de distribuição: número de estados/volume no espaço de fase

dN
d

3
x d

3
p

(2⇡)3

=
dn

d3p/(2⇡)3
= g

s

1

eh⌫/kBT ± 1
gs = 2s+ 1

Obs: para fótons (luz), s=1 mas g=2! Por quê?…
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Equil.!

A densidade de número de partículas, densidade de energia e a pressão são 
(em unidades de kB=1 , E e T  têm mesma unidade ⟺  1.1 x 104 K ≃ 1 eV):
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Densidade de energia da matéria relativística (radiação)

Vamos juntar todos os tipos de partículas que são relativísticos num dado instante — 
as partículas cujas massas são muito menores que suas temperaturas de equilíbrio.


Vamos também permitir que algumas dessas partículas estejam fora de equilíbrio com 
as outras partículas, de tal forma que as suas temperaturas sejam diferentes. 

A densidade de energia total nos graus de liberdade relativísticos é, portanto:
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Podemos definir a densidade de energia total da radiação em termos de um número 
efetivo de graus de liberdade relativísticos:
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Inventário dos graus de liberdade

Tipo Estatística g (# de g.l.) massa

fotons BE 2 -

neutrinos FD (3x2) x 2 < 1.2 eV

e+, e- FD (2) x 2 0.511 MeV

p+, p- FD (2) x 2 0.9383 GeV

n FD 2 0.9396 GeV

... ... ... ...

𝜏1/2 = 881 s
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Nucleossíntese Primordial (Big Bang Nucleosynthesis/BBN)

Existe uma pequena diferença entre as massas dos protons e dos neutrons: mn = 939.57 
MeV , mp=938.27 MeV -> B = 1.3 MeV ("energia de ligação", “binding energy”) .

A temperaturas suficientemente altas (T >> 1.3 MeV), as duas partículas estão em 
equilíbrio térmico, o que significa que as suas abundâncias (e densidades) são iguais. 


À medida que o universo expande e a temperatura cai, protons e neutrons podem 
começar a se juntar, formando os primeiros núcleos atômicos:


AZ BA gA

2H 2.22 MeV 3

3H 6.92  MeV 2

3He 7.72 MeV 2

4He 28.3 MeV 1

... ... ...
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Portanto, à medida que a temperatura cai abaixo de ~10 MeV (num instante t ~ 0.1 s 
depois do Big Bang), uma série de eventos começa a acontecer:


1. Os núcleos leves (D, T, 3He, 4He, …) começam a se formar, “comendo” os 
neutrons disponíveis;


2. Os neutrons que não estão nesses núcleos leves começam a decair em 
neutron → proton + eletron + (anti-)neutrino + 𝛾 (energia);


3. Quanto mais fotons (radiação) existir para cada barion, mais fácil é reverter 
essa reação (com p + 𝛾 → n + e+ + 𝜈), convertendo neutrons de volta para 
protons, e quebrando os núcleos leves; mas essa energia da radiação decai…


4. Com cada vez menos neutrons disponíveis, torna-se cada vez mais difícil 
formar novos núcleos de He, D, etc.;


5. Quando o universo atinge uma temperatura de aproximadamente 0.05 MeV ( t ~ 
100 s ~ 3 min) , praticamente todos os neutrons livres foram capturados pelos 
núcleos, ou decaíram em protons ( 𝜏1/2 = 881 s ). A partir desse momento, as 

abundâncias dos núcleos leves permanecem constantes (“Freeze-out”).
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É claro que as coisas são muito mais complicadas do que isso!!! 


[Veja, p. ex., o livro do Mukhanov, ou a revisão G. Steigman, 0712.1100;

Uma boa revisão é também dada por Tytler et al. (2000), veja o link:


http://ned.ipac.caltech.edu/level5/Tytler2/Tytler_contents.html ]

109 K =~ 
0.1 MeV

http://ned.ipac.caltech.edu/level5/Tytler2/Tytler_contents.html
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Uma história um pouco mais completa (notas de aula de G. Steigman, 2014)

Neutron  Abundance  vs.  Temperature

p  +  e� l n  +  Qe «

p  +  e� l n  +  Qe «

Rates normalized  by Wn

(n/p)eq

E Decay

“Freeze – Out” ? Wrong!

(n/p)eq BBN  “Begins”

E Decay

*wk <  H 

n / p § 1/7 

Aqui, n e 
p são as 

densidades em 
números de 

neutros e 
protons

n , p :
densidades em 

números de 
neutros e 
protons



Introdução à Cosmologia Física

A quantidade de fotons também importa!


Evolução do deutério (D)

K10

BBN  Evolution  of  D / H

K10

D burned to 3H, 3He, 4He
n + p       D + J

More  nucleons  � less  D

~ 3 minutes

⌘B =
nB

n�
, ⌘10 = 1010 ⌘B ' 274 ⌦B h2
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Evolução do He

n / p  | 1 / 7   � Y  | 0.25

All / most  neutrons  are  incorporated  in  4HeAlmost  all  neutrons  incorporated  in  4He
n / p  § 1/7   � YP §  0.25

K10

BBN  Evolution  of  YP

YP depends  very  
weakly  on  K10

~ 3 minutes

Yp = fração de massa bariônica primordial em 4He

Se todos os n acabam dentro de núcleos de 4He:

n , p :
densidades em 

números de 
neutros e 
protons

Yp =
m

�
4He

�

m (n+ p)
⇡ 4mN (nHe = nn/2)

mN (nn + np)
=

2 (nn/np)

1 + (nn/np)
=

2/7

1 + 1/7
=

1

4
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Abundâncias previstas pela BBN padrão

SBBN – Predicted  Primordial  Abundances

Mostly  H  & 4He

7Li 7Be

BBN  Abundances  of D, 3He, 7Li
provide  good  baryometers  (ȘB)

⌦Bh
2 = 0.0221± 0.0003 ) ⌘10 = 274 ⌦Bh

2 = 6.05± 0.08
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A origem dos elementos - e da vida
Nos três primeiros minutos praticamente todo o Hidrogênio (H) e 
Hélio (He) do universo foram gerados (+ algum Ly, Be…)

Mas... e o resto (C, N, O, Fe, ...) ??…
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A maior parte dos outros elementos foram gerados nas primeiras estrelas, 

e depois jogados no espaço quando essas estrelas explodiram

Explosão de 
uma estrela 
“supernova”
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Na verdade a situação da origem dos elementos é ainda mais complicada!

Nas estrelas, que retiram energia através da fusão nuclear, os elementos se formam 
em processos nucleares exotérmicos — ou seja, aqueles nos quais há liberação de 
energia após a fusão de dois núcleos mais leves em um núcleo mais pesado.
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Alguns elementos mais pesados que o Fe são gerados nas “bolas de fogo” das 
supernovas, em processos de “captura lenta de neutrons” (s-process):
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Porém, o “processos s” vão “lentamente” gerando elementos como Co, Ni, Cu, Zn, 
e quanto mais pesado, mais difícil é gerar um elemento. 

Como precisamos do elemento A para gerar o elemento A+1, a produção dos 
elementos ultra-pesados (Au, Pb, etc.) fica muito baixa — abaixo do observado!

Para esses elementos, precisamos dos processos “rápidos” , r-process:

Como???
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Qual o “palco" onde estariam acontecendo esses processos r?…

Fusão de estrelas de nêutrons!
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A Radiação Cósmica de Fundo


* Revisão sobre o “desacoplamento" da radiação c/ matéria 
(“recombinação")


* RCF como “fotografia” das condições iniciais do universo

* Física da radiação e matéria durante o desacoplamento


—> Ryder, Cap. 10




Brevíssima história cósmica

energia

380.000 anos

200 s

tempo

1 MeV

0.5 eV

redshift

109

103

0 14Gy

BBN

Desacoplamento
(radiação cósmica

de fundo é 
formada)
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Recombinação: Eq. de Saha
Considere dois estados A (p. ex., estado ionizado) e B (p. ex., estado fundamental) , 
com graus de liberdade gA e gB, e energias EA e EB. Se esses estados estiverem em 
"equilíbrio termodinâmico local", o número de partículas nesses estados é proporcional 
ao fator de Boltzmann:

NA

NB
=

gA
gB

e�(EA�EB)/kBT

Num gás, ao passar do nível fundamental (neutro) a um nível ionizado, o elétron é 
liberado, e portanto os níveis desse elétron (que após a ionização fica livre, no 
“contínuo”) também têm que ser levados em conta.

Como vimos anteriormente, os elétrons têm densidade por unidade de volume de 
espaço de fase de 

dN
e

d

3
x d

3
p

(2⇡)3 ~3

= 2
1

eE/kBT + 1
' 2 e�E/kBT

dne =
dNe

d

3
x

' 2 e�E/kBT ⇥ 4⇡p2dp

h

3
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Recombinação: Eq. de Saha

Lembre-se que o número de estados do estado final é igual ao produto do número de 
estados de cada partícula do estado final, portanto:

np

nH
⇥ dne =

gp
gH

e�(mp�mH)/kBT ⇥ gee
�Ee/kBT 4⇡p2dp

h3

No regime não-relativístico temos que Ee ' me +
p2

2m

) np

nH
ne =

gp ge
gH

4⇡

h3
e�(mp+me�mH)/kBT

Z
dp p2 e�p2/2mekBT

Fazendo x=p2/2me kBT temos:

np

nH
ne =

gp ge

gH

4⇡

h

3
e

�B/kBT ⇥ (2mekBT )
3/2 ⇥ 1

2

Z 1

0
dx x

1/2
e

�x
⇡1/2/2
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Recombinação: Eq. de Saha

Finalmente, podemos re-escrever:

np ne

nH
=

✓
mekBT

2⇡ ~2

◆3/2

e�B/kBT

Como evidentemente o universo é neutro, temos np=ne, e portanto a fração ionizada é 
dada por:

Xe =
ne

np + nH
=

ne

ne + nH
$ nH =

ne

Xe
(1�Xe)

) np ne

nH
=

X2
e (np + nH)

1�Xe
=

✓
mekBT

2⇡ ~2

◆3/2

e�B/kBT
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Recombinação: Eq. de Saha

Lembrando que np+nH = nb , a equação que governa a fração ionizada é:

Como  nb  = 1.6 (1+z)3 m-3,  T = 2.73 (1+z) K ,  B = 13.6 eV,  kB = 8.6x10-5 eV K-1 , 

e ℏ = 6.58x10-16 eV s , temos:

X2
e

1�Xe
=

1

nb

✓
me kBT

2⇡ ~2

◆3/2

e�B/kBT

Chamando o lado direito de y, podemos resolver para a fração ionizada como:

X2
e

1�Xe
= 6.1⇥ 1021(1 + z)�3/2e�5.8⇥105 (1+z)�3

Xe(z) =
y(z)

2

 s
4

y(z)
+ 1� 1

!

y(z)
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Portanto, segundo a Eq. de Saha temos a fração ionizada, em termos do 
fator de escala a=1/(1+z):

4.×10-4 6.×10-4 8.×10-4 10-3
10-4

0.001

0.010

0.100

1

a

X
e
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e fazendo a recombinação segundo a Eq. de Boltzmann colisional, obtemos:CMB Theory from Nucleosynthesis to Recombination 7

Saha
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Fig. 5. Hydrogen recombination in Saha equilibrium vs. the calibrated 2-level calculation of RECFAST. The
features before hydrogen recombination are due to helium recombination.

we can rewrite Eqn. (19) as the Saha equation

nenp

nHnb
=

x2
e

1� xe
=

1
nb

�
meT

2⌅

⇥3/2

e�B/T . (21)

Recombination occurs at a temperature substantially lower than T = B again because of the low
baryon-photon ratio of the universe. We can see this by rewriting the Saha equation in terms of the
photon number density

x2
e

1� xe
= e�B/kT ⌅1/2

25/2⇤b�⇥(3)

⇤
mec2

kT

⌅3/2

. (22)

Because ⇤b� ⇥ 10�9, the Saha equation implies that the medium only becomes substantially neutral
at a temperature of T ⇤ 0.3eV or at a redshift of z⇥ ⇥ 103. At this point, there are not enough
photons in the even in the Wien tail above the binding energy to ionize hydrogen. We plot the Saha
solution in Fig. 5.

Near the epoch of recombination, the recombination rates become insu⇥cient to maintain ionization
equilibrium. There is also a small contribution from helium recombination that must be added. The
current standard for following the non-equilibrium ionization history is RECFAST (Seager et al. 2000)
which employs the traditional two-level atom calculation of Peebles (1968) but alters the hydrogen
case B recombination rate �B to fit the results of a multilevel atom. More specifically, RECFAST
solves a coupled system of equations for the ionization fraction xi in singly ionized hydrogen and
helium (i = H, He)

dxi

d ln a
=

�BCinHp

H
[s(xmax � xi)� xixe] , (23)

where nHp = (1� Yp)nb is the total hydrogen plus proton number density accounting for the helium

Hu 2008

Corrigindo p/ 4He: ne = (1� Y )Xenb = xe ⇥ 1.12⇥ 10�5�bh
2(1 + z)3cm�3



Introdução à Cosmologia Física

E como esses e- livres afetam os fótons da RCF durante e depois da recombinação?

A seção de choque relevante é a do espalhamento Thomson/Compton:

⇤T =
8⇥�2

3m2
e

= 6.65� 10�25 cm2

O caminho livre médio ("mean free path") é dado por:

�mfp
phys =

1
ne⇥T

=
1

Xenb⇥T
� �mfp

c =
1

Xenb⇥T a

A probabilidade normalizada de que um fóton será espalhado por um e- livre, entre 
os instantes ts e ts + dts, e nunca mais depois desse instante, é :

dP =
dts

�(ts)

�
1� dt1

�(t1)

⇥ �
1� dt2

�(t2)

⇥
. . .

�
1� dtN

�(tN )

⇥

Profundidade óptica p/ 
espalh. Thomson

N �⇤ ⇥

⇤ dP = µ⇥(�s)d�s � e�µ(�s) , µ(�) ⇥
� �f

�
d�⇥ Xe(�⇥)nb(�⇥)⇤T

P =
� ⇥

0
dµ e�µ = 1
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Essa probabilidade por unidade de comprimento de que um fóton será espalhado 
em um instante t, mas não depois, é chamada função de visibilidade:

z⇥ � 1089
�

�mh2

0.14

⇥0.0105 �
�bh2

0.024

⇥�0.028

g(�) = µ⇥(�)e�µ(�) = ⇤T Xe(�)nb(�)a(�)� exp
�⇤ �

0
d�⇥ ⇤T Xe(�⇥)nb(�⇥)a(�⇥)

⇥

Hu 2005Máxima probabilidade:
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Espessura da Superfície de Último Espalhamento (SUE) observada hoje:


z~1300

z~1000

• A RCF realmente nos dá uma foto de uma época muito bem determinada, uma casca 
esférica muito fina, de raio RSUE !

�RSUE

RSUE
' 7.⇥ 10�6

D
ist
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a 
p/

 S
U

E 
(e

m
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e 
1/

H
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T=2.726

T=2.725

T=2.724

T=2.725



Uma visão 
causal do nosso 
universo

Condições iniciais
(t~380.000 anos) de 

densidade/temperatura



Simulação Illustris



T~2.7292 K

T~2.7298 K

Radiação de fundo: condições iniciais  
para a rede de estruturas do universo

𝝙T/T ~10-5
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Radiação 
cósmica 
de fundo



WMAP: 2003-2012
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PLANCK

Hu & White



Planck Collaboration: The Planck mission

Fig. 9. The nine Planck frequency maps show the broad frequency response of the individual channels. The color scale (shown below) has been
tailored to show the full dynamic range of the maps.
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PLANCK
canais de
frequência

LFI
Low-Frenquency Instrument 
Radiômetros: 30, 44 & 70 GHz

HFI
High-Frenquency Instrument
Bolômetros: 100, ...  GHz 

Planck Collaboration: The Planck mission

Table 2. Planck performance parameters determined from flight data.

Scanning Beamc Noised
Sensitivity

⌫center
b FWHM Ellipticity

Channel Ndetectors
a [GHz] [arcm] [ µKRJ s1/2] [ µKCMB s1/2]

30 GHz . . . . . . . . 4 28.4 33.16 1.37 145.4 148.5
44 GHz . . . . . . . . 6 44.1 28.09 1.25 164.8 173.2
70 GHz . . . . . . . . 12 70.4 13.08 1.27 133.9 151.9

100 GHz . . . . . . . . 8 100 9.59 1.21 31.52 41.3
143 GHz . . . . . . . . 11 143 7.18 1.04 10.38 17.4
217 GHz . . . . . . . . 12 217 4.87 1.22 7.45 23.8
353 GHz . . . . . . . . 12 353 4.7 1.2 5.52 78.8
545 GHz . . . . . . . . 3 545 4.73 1.18 2.66 0.0259d

857 GHz . . . . . . . . 4 857 4.51 1.38 1.33 0.0259d

a For 30, 44, and 70 GHz, each detector is a linearly polarized radiometer, and there are two orthogonally polarized radiometers behind each horn.
Each radiometer has two diodes, both switched at high frequency between the sky and a blackbody load at ⇠ 4 K (Mennella et al. 2011). For
100 GHz and above, each detector is a bolometer (Planck HFI Core Team 2011a). Most of the bolometers are sensitive to polarization, in which
case there are two orthogonally polarized detectors behind each horn. Some of the detectors are spider-web bolometers (one per horn) sensitive
to the total incident power. Two of the bolometers, one each at 143 and 545 GHz, are not used as they are heavily a↵ected by random telegraphic
noise (Planck HFI Core Team 2011a). A third bolometer, at 857 GHz, is also a↵ected, but some of its data are usable.

b E↵ective (LFI) or Nominal (HFI) center frequency of the N detectors at each frequency.
c Mean scanning beam properties of the N detectors at each frequency. FWHM ⌘ FWHM of circular Gaussian with the same volume. Ellipticity

gives the major axis to minor axis ratio for a best-fit elliptical Gaussian. In the case of HFI, the mean values quoted are the result of averaging the
values of total-power and polarization-sensitive bolometers, weighted by the number of channels and after removal of those a↵ected by random
telegraphic noise. The actual point spread function of an unresolved object on the sky depends not only on the optical properties of the beam,
but also on sampling and time domain filtering in signal processing, and the way the sky is scanned.

d The noise level reached in 1 s integration for the array of N detectors, given the noise and integration time in the released maps, for the array
of N detectors, in Rayleigh-Jeans units and in thermodynamic CMB units for 30–353 GHz; in Rayleigh-Jeans units and in MJy sr�1 s1/2 for 545
and 857 GHz. We note that for LFI the white noise level is within 1-2% of these values.

Table 3. Pointing performance over the nominal mission.

Characteristic Median Std. dev.

Spin rate [deg s�1] . . . . . . . . . . . . . . . . . 6.00008 0.00269
Small manoeuvre accuracy [arcsec] . . . . . 5.1 2.5
Residual nutation amplitude

after manoeuvre [arcsec] . . . . . . . . . 2.5 1.2
Drift rate during inertial

pointing [arcsec hr�1] . . . . . . . . . . . 12.4 1.7

codes and for cross-validation of the DPC and FFP simulation
pipelines.

To mimic the sky data as closely as possible, FFP6 used the
flight pointing, data flags and detector band-passes, beams and
noise properties. For the fiducial realization, maps were made
of the total observation (CMB, foregrounds and noise) at each
frequency for the nominal mission. In addition, maps were made
of each component separately, of subsets of detectors at each
frequency, and of half-ring and single survey subsets of the data.
The noise and CMB Monte Carlo realization-sets also include
both full- and sub-sets of detectors at each frequency and full-
and half-ring data sets for each detector combination. With about
125 maps per realization and 1000 realizations of both the noise
and CMB, FFP6 totals some 250,000 maps — by far the largest
simulation set ever fielded in support of a CMB mission.

5.3. Timeline processing

5.3.1. LFI

The processing of LFI data (Planck Collaboration II 2013;
Planck Collaboration III 2013; Planck Collaboration IV 2013;
Planck Collaboration V 2013) is divided into three levels.
Level 1 retrieves information from telemetry packets and aux-
iliary data received each day from the Mission Operation Center
(MOC) and transforms the scientific time-ordered information
(TOI) and housekeeping (H/K) data into a form that is manage-
able by the Level 2 scientific pipeline. The Level 1 steps are:

– uncompress the retrieved packets;
– de-quantize and de-mix the uncompressed packets to retrieve

the original signal in analog-to-digital unit (ADU);
– transform ADU data into volts;
– time stamp each sample;

The Level 1 software has not changed since the start of
the mission. Detailed information is described in Zacchei et al.
(2011) and Planck Collaboration II (2013). Following Level 1,
Level 2 processes scientific and H/K information into data prod-
ucts. The highly stable behaviour of all 22 LFI radiometers
means that very few corrections are implemented in the LFI data
processing, both at TOI and map level. The main Level 2 steps
are:

– Build the LFI reduced instrument model (RIMO) that con-
tains all the main instrumental characteristics (beam size,
spectral response, white noise etc);

– Remove some spurious e↵ects at diode level. Small electri-
cal disturbances, synchronous with the 1 Hz on-board clock,
are removed from the 44 GHz data streams. For some chan-
nels (in particular LFI25M-01) non-linear behaviour of the

13
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Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz
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Esféricos Harmonicos e Transformada de Fourier
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Espectro angular de potência da RCF
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Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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Table 9. Cosmological parameter values for the Planck-only best-fit 6-parameter ⇤CDM model (Planck temperature data plus lensing) and for
the Planck best-fit cosmology including external data sets (Planck temperature data, lensing, WMAP polarization [WP] at low multipoles, high-`
experiments, and BAO, labelled [Planck+WP+highL+BAO] in Planck Collaboration XVI (2013)). Definitions and units for all parameters can be
found in Planck Collaboration XVI (2013).

Planck (CMB+lensing) Planck+WP+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

⌦bh2 . . . . . . . . . . 0.022242 0.02217 ± 0.00033 0.022161 0.02214 ± 0.00024

⌦ch2 . . . . . . . . . . 0.11805 0.1186 ± 0.0031 0.11889 0.1187 ± 0.0017

100✓MC . . . . . . . . 1.04150 1.04141 ± 0.00067 1.04148 1.04147 ± 0.00056

⌧ . . . . . . . . . . . . 0.0949 0.089 ± 0.032 0.0952 0.092 ± 0.013
ns . . . . . . . . . . . 0.9675 0.9635 ± 0.0094 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.098 3.085 ± 0.057 3.0973 3.091 ± 0.025

⌦⇤ . . . . . . . . . . . 0.6964 0.693 ± 0.019 0.6914 0.692 ± 0.010

�8 . . . . . . . . . . . 0.8285 0.823 ± 0.018 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.45 10.8+3.1
�2.5 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 68.14 67.9 ± 1.5 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.784 13.796 ± 0.058 13.7965 13.798 ± 0.037

100✓⇤ . . . . . . . . . 1.04164 1.04156 ± 0.00066 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.74 147.70 ± 0.63 147.611 147.68 ± 0.45

rdrag/DV(0.57) . . . . 0.07207 0.0719 ± 0.0011

for “running” of the spectral index. The spectrum does, however,
deviate significantly (6�) from scale invariance, as predicted by
most models of inflation (see below). The unique contribution
of Planck, compared to previous experiments, is that the depar-
ture from scale invariance is robust to changes in the underlying
theoretical model.

We find no evidence for extra relativistic species, beyond the
three species of (almost) massless neutrinos and photons. The
main e↵ect of massive neutrinos is a suppression of clustering on
scales larger than the horizon size at the non-relativisitic transi-
tion. This a↵ects both C��L with a damping for L > 10, and CTT

`
reducing the lensing induced smoothing of the acoustic peaks.
Using Planck data in combination with polarization measured
by WMAP and high-` anisotropies from ACT and SPT allows
for a constraint of

P
m⌫ < 0.66 eV (95 % CL) based on the

[Planck+WP+highL] model. Curiously, this constraint is weak-
ened by the addition of the lensing likelihood

P
m⌫ < 0.85 eV

(95 % CL), reflecting mild tensions between the measured lens-
ing and temperature power spectra, with the former preferring
larger neutrino masses than the latter. Possible origins of this
tension are explored further in Planck Collaboration XVI (2013)
and are thought to involve both the C��L measurements and fea-
tures in the measured CTT

` on large scales (` < 40) and small
scales ` > 2000 that are not fit well by the ⇤CDM+foreground
model. The signal-to-noise on the lensing measurement will im-
prove with the full mission data, including polarization, and it
will be interesting to see how this story develops.

The combination of large lever arm, sensitivity to isocurva-
ture fluctuations and non-Gaussianity makes Planck particularly
powerful at probing inflation. Constraints on inflationary mod-
els are presented in Planck Collaboration XXII (2013) and over-
whelmingly favor a single, weakly coupled, neutral scalar field
driving the accelerated expansion and generating curvature per-
turbations. The models that fit best have a canonical kinetic term
and a field slowly rolling down a featureless potential.

Fig. 26. Marginalized 68 % and 95 % confidence levels for ns and r from
Planck+WP and BAO data, compared to the theoretical predictions of
selected inflationary models.

Of the models considered, those with locally concave poten-
tials are favored and occupy most of the region in the ns,r plane
allowed at 95 % confidence level (see Fig. 23). Power law in-
flation, hybrid models driven by a quadratic term and monomial
large field potentials with a power larger than two lie outside the
95 % confidence contours. The quadratic large field model, in
the past often cited as the simplest inflationary model, is now at
the boundary of the 95 % confidence contours of Planck + WP
+ CMB high ` data.

The axion and curvaton scenarios, in which the CDM isocur-
vature mode is uncorrelated or fully correlated with the adiabatic
mode, respectively, are not favored by Planck, which constrains
the contribution of the isocurvature mode to the primordial spec-
tra at k = 0.05Mpc�1 to be less than 3.9 % and 0.25 % (at 95 %
CL), respectively.

The Planck results come close to the tightest upper limit on
the tensor-to-scalar amplitude possible from temperature data
alone. The precise determination of the higher acoustic peaks
breaks degeneracies that have weakened earlier measurements.
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence
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Espectro angular de potência da RCF
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O efeito é sutil, quando observamos uma distribuição realística de matéria 
(aqui, um corte 2D de uma distribuição 3D)
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Vamos adicionar um pouco mais de precisão, levando em conta o 
arrasto dos barions pela radiação (“baryon drag”)

fotons barions
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Horizonte acústico no desacoplamento:

zdec ' 1090.5± 1  ! Rs(zdec) = (146.8± 1.8) Mpc

Observações:

WMAP, Planck

Horizonte acústico de “baryon drag”

Como temos ~109 fótons para cada barion (!!!), mesmo depois do 
desacoplamento da radiação, apesar dos fótons não “sentirem" mais os 
barions (i.e., e-), os barions ainda sofrem o efeito da radiação por meio 
do "baryon drag”. 

Esse arrasto termina um pouco depois do desacoplamento:

zdrag ' 1020.5± 1.6  ! Rs(zdrag) = (153.3± 2) Mpc

Esse horizonte acústico, que pode ser predito com alta precisão pelas 
observações da RCF (que determina todos os parâmetros que regem o 
“baryon drag”), deve estar presente na distribuição de matéria !

Incerteza 
da predição baseada no


WMAP, Planck
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2. Sabendo que as observações da RCF mostram que:


encontre limites nos parâmetros cosmológicos

Rs(zdec) = (146.8± 1.8) Mpc

Atividade prática #2


1. Preparar um código que permite calcular (a) o horizonte acústico 
no desacoplamento e (b) o horizonte acústico no final da era de 
baryon drag, ambos como função dos parâmetros cosmológicos

3. Mais à frente vamos supor que observamos a escala acústica de 
baryon drag, Rs(zdrag), na distribuição de matéria. Essas observações 
serão em redshifts “baixos”, e vamos usá-las para impor outros 
limites nos parâmetros cosmológicos.

H0 , ⌦
0
m , ⌦0

⇤ , ⌦0
k
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Horizonte de baryon drag:

zdrag ' 1291 (⌦mh2)0.251

1 + 0.659 (⌦mh2)0.828
⇥
1 + b1 (⌦bh

2)b2
⇤

b1 ' 0.313 (⌦mh2)�0.419
⇥
1 + 0.607 (⌦mh2)0.674

⇤

b2 ' 0.238 (⌦mh2)0.223

Parâmetro de Hubble como função do fator de escalar/redshift:

H(z) = H0

⇥
⌦0

m a�3 + ⌦0
r a

�4 + ⌦0
⇤ + ⌦0

k a
�2

⇤1/2

Parâmetros de densidade da radiação e dos baryons:

⌦0
r h

2 = 4.37⇥ 10�5

Fórmulas úteis

⌦0
b h

2 = 0.02217± 0.00033
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Ex.: O horizonte sonoro (Rs) e a curvatura espacial

Na RCF observamos um ângulo que corresponde ao horizonte 
acústico
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Ex.: O horizonte sonoro (Rs) e a curvatura espacial

Lembre-se que a distância de diâmetro angular é: 

Da(z) =
1

(1 + z)
p
k

sin
hp

k �(z)
i
=

1

(1 + z)
p
⌦0

k

sinh

q
⌦0

k �E(z)

�

Note que ela é muito sensível à curvatura espacial: 

⌦0
m = 0.3 ,⌦0

⇤ = 0.7 ,⌦0
k = 0.0 =) Da(z = 1100) = 8.676h�1 Mpc

⌦0
m = 0.31 ,⌦0

⇤ = 0.7 ,⌦0
k = �0.01 =) Da(z = 1100) = 8.442h�1 Mpc

⌦0
m = 0.29 ,⌦0

⇤ = 0.7 ,⌦0
k = 0.01 =) Da(z = 1100) = 8.924h�1 Mpc
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Slides extras: 
tópicos avançados
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O Dipolo da RCF

(l,b) = (264o , 48.3)
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Efeito Doppler e Aberração:
Planck Collaboration: Doppler boosting of the CMB: Eppur si muove

The e↵ect on the CMB fluctuations is to increase the amplitude
of the power spectrum by approximately 0.25% in the velocity
direction, and decrease it correspondingly in the anti-direction.
Second, there is an “aberration” e↵ect, in which the apparent ar-
rival direction of CMB photons is pushed toward the velocity
direction. This e↵ect is small, but non-negligible. The expected
velocity induces a peak deflection of � = 4.20 and a root-mean-
squared (rms) deflection over the sky of 30, comparable to the
e↵ects of gravitational lensing by large-scale structure, which
are discussed in Planck Collaboration XVII (2013). The aber-
ration e↵ect squashes the anisotropy pattern on one side of the
sky and stretches it on the other, e↵ectively changing the angu-
lar scale. Close to the velocity direction we expect that the power
spectrum of the temperature anisotropies, C`, will be shifted so
that, e.g., `= 1000! `= 1001, while `= 1000! `= 999 in the
anti-direction. In Fig. 1 we plot an exaggerated illustration of the
aberration and modulation e↵ects. For completeness we should
point out that there is a third e↵ect, a quadrupole of amplitude
�2 induced by the dipole (see Kamionkowski & Knox 2003).
However, extracting this signal would require extreme levels of
precision for foreground modelling at the quadrupole scale, and
we do not discuss it further.

In this paper, we will present a measurement of �, exploiting
the distinctive statistical signatures of the aberration and mod-
ulation e↵ects on the high-` CMB temperature anisotropies. In
addition to our interest in making an independent measurement
of the velocity signature, the e↵ects which velocity generates on
the CMB fluctuations provide a source of potential bias or con-
fusion for several aspects of the Planck data. In particular, ve-
locity e↵ects couple to measurements of: primordial “⌧NL”-type
non-Gaussianity, as discussed in Planck Collaboration XXIV
(2013); statistical anisotropy of the primordial CMB fluctua-
tions, as discussed in Planck Collaboration XXIII (2013); and
gravitational lensing, as discussed in Planck Collaboration XVII
(2013). There are also aspects of the Planck analysis for which
velocity e↵ects are believed to be negligible, but only if they are
present at the expected level. One example is measurement of
fNL-type non-Gaussianity, as discussed in Catena et al. (2013).
Another example is power spectrum estimation; as discussed
above, velocity e↵ects change the angular scale of the acous-
tic peaks in the CMB power spectrum. Averaged over the full
sky this e↵ect is strongly suppressed, as the expansion and con-
traction of scales on opposing hemispheres cancel out. However
the application of a sky mask breaks this cancellation to some
extent, and can potentially be important for parameter estima-
tion (Pereira et al. 2010; Catena & Notari 2012). For the 143
and 217 GHz analysis mask used in the fiducial Planck CMB
likelihood (Planck Collaboration XV 2013), the average lensing
convergence field associated with the aberration e↵ect (on the
portion of the sky which is unmasked) has a value which is 13%
of its peak value, corresponding to an expected average lensing
convergence of �⇥ 0.13 = 1.5⇥ 10�4. This will shift the angular
scale of the acoustic peaks by the same fraction, which is de-
generate with a change in the angular size of the sound horizon
at last scattering, ✓⇤ (Burles & Rappaport 2006). A 1.5 ⇥ 10�4

shift in ✓⇤ is just under 25% of the Planck uncertainty on this pa-
rameter, as reported in Planck Collaboration XVI (2013)—small
enough to be neglected, though not dramatically so. Therefore it
does motivate us to test that the observed aberration signal is not
significantly larger than expected. With such a confirmation in
hand, a logical next step is to correct for these e↵ects by a pro-
cess of de-boosting the observed temperature Notari & Quartin
(2012); Yoho et al. (2012).

(a) T

primordial

(b) T

aberration

(c) T

modulation

Fig. 1. Exaggerated illustration of the Doppler aberration and
modulation e↵ects, in orthographic projection, for a velocity
v = 260 000 km s�1 = 0.85c (approximately 700 times larger
than the expected magnitude) toward the northern pole (indi-
cated by meridians in the upper half of each image on the left).
The aberration component of the e↵ect shifts the apparent posi-
tion of fluctuations toward the velocity direction, while the mod-
ulation component enhances the fluctuations in the velocity di-
rection and suppresses them in the anti-velocity direction.

Before proceeding to discuss the aberration and modulation
e↵ects in more detail, we note that in addition to the overall pe-
culiar velocity of our Solar System with respect to the CMB,
there is an additional time-dependent velocity e↵ect from the or-
bit of Planck (at L2, along with the Earth) about the Sun. This
velocity has an average amplitude of approximately 30 km s�1,
less than one-tenth the size of the primary velocity e↵ect. The
aberration component of the orbital velocity (more commonly
referred to in astronomy as “stellar aberration”) has a maximum
amplitude of 2100 and is corrected for in the satellite pointing.
The modulation e↵ect for the orbital velocity switches signs be-
tween each 6-month survey, and so is suppressed when using
multiple surveys to make maps (as we do here, with the nominal
Planck maps, based on a little more than two surveys), and so
we will not consider it further here.

2. Aberration and modulation

Here we will present a more quantitative description of the aber-
ration and modulation e↵ects described above. To begin, note
that, by construction, the peculiar velocity, �, measures the ve-

2

TObs(n̂) =
TR(n̂R)

�(1� n̂ · ~�)

n̂ =
n̂R + [(� � 1)n̂R · �̂ + � �]�̂

�(1 + n̂R · ~�)

Expandindo:

TR(n̂R) ' TR[n̂� ~r(n̂ · ~�)]

�T�(n̂) ' T0 n̂ · ~� +�TRCF [n̂� ~r(n̂ · ~�)] (1 + n̂ · ~�)
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Resultados do Satélite Planck (2013):Planck Collaboration: Cosmological parameters
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Fig. 2. Comparison of the base ⇤CDM model parameters for Planck+lensing only (colour-coded samples), and the 68% and 95%
constraint contours adding WMAP low-` polarization (WP; red contours), compared to WMAP-9 (Bennett et al. 2012; grey con-
tours).

matter density parameters, and DA depends on the late-time evo-
lution and geometry. Parameter combinations that fit the Planck
data must be constrained to be close to a surface of constant ✓⇤.
This surface depends on the model that is assumed. For the base
⇤CDM model, the main parameter dependence is approximately
described by a 0.3% constraint in the three-dimensional ⌦m–h–
⌦bh2 subspace:

⌦mh3.2(⌦bh2)�0.54 = 0.695 ± 0.002 (68%; Planck). (11)

Reducing further to a two-dimensional subspace gives a 0.6%
constraint on the combination

⌦mh3 = 0.0959 ± 0.0006 (68%; Planck). (12)

The principle component analysis direction is actually ⌦mh2.93

but this is conveniently close to ⌦mh3 and gives a similar con-
straint. The simple form is a coincidence of the ⇤CDM cos-
mology, error model, and particular parameter values of the

model (Percival et al. 2002; Howlett et al. 2012). The degener-
acy between H0 and ⌦m is illustrated in Fig. 3: parameters are
constrained to lie in a narrow strip where ⌦mh3 is nearly con-
stant, but the orthogonal direction is much more poorly con-
strained. The degeneracy direction involves consistent changes
in the H0,⌦m, and⌦bh2 parameters, so that the ratio of the sound
horizon and angular diameter distance remains nearly constant.
Changes in the density parameters, however, also have other
e↵ects on the power spectrum and the spectral index ns also
changes to compensate. The degeneracy is not exact; its extent
is much more sensitive to other details of the power spectrum
shape. Additional data can help further to restrict the degeneracy.
Figure 3 shows that adding WMAP polarization has almost no ef-
fect on the⌦mh3 measurement, but shrinks the orthogonal direc-
tion slightly from ⌦mh�3 = 1.03 ± 0.13 to ⌦mh�3 = 1.04 ± 0.11.

10
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Planck Collaboration: Cosmological parameters
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-

41

Curvatura espacial muito bem limitada pela RCF…
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Mas a RCF, sozinha, não dá conta do recado:


