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Uma breve história do Universo 
(segundo a info da Radiación Cósmica de Fundo)



A cosmologia e’ parte de la física, e estudia: 

- a origen y evolucao do Universo 

- sua estructura em grande escala

- sua geometria, sua forma, …

- conteudo e suas propriedades



The cosmological model of the Universe

stands on:

Metric theory, e.g., General Relativity▶︎

Cosmological principle

Observational probes

▶︎

▶︎



Expansion of the Universe▶︎

▶︎

▶︎

Nucleosynthesis of primordial nuclei

Cosmic Microwave Background Radiation

Firsts Observational Probes:



▶︎



para z<<1



v ' c z z<<1



história térmica do Universo:

o passado  
do Universo!
foi denso e 

quente!

um passado !
muito denso !
e quente!

historia termica do Universo!



o fator de escala: a=a(t)

r0

r0 a(t1)

r0 a(t2)

0

r0

0

V = V0 a(t)3



os comprimentos de onda de fontes 
que se afastam aumenta (desvio pa-
ra o vermelho): �

obs

/�
emi

= 1 + z
emi

Conseqüências da expansão:



a expansão do Universo, interpretada como 
efeito Doppler entre fonte-e-observador, 
produz (desvio para o vermelho):

conclusão 1

�
hoje

�(t)
= 1 + z(t) =

1
a(t)

Conclusión 1 !



a = T0/T

Considere um gas de fótons em equilibrio termodinâm. 
(        ) em um elemento de volume que expande 
com o Universo:

dQ = 0

⇥� = �T 4

V = V0 a(t)3

Da 1ra. lei da termodinâmica (+proc. adiabático):

dQ = dE + p dV ) �p�
dV

dt
=

dE�

dt

E = E� = ⇥�V = � T 4 V

p = p� = � T 4/3

um pouco de termodinâmica



d

dt
(ln a) =

d

dt
(lnT �1)) a / 1/T

Substituindo as relações para       na eq. anterior:

� 1
3V

dV

dt
=

1
T

dT

dt
)

p� , E�

O Universo resfria enquanto expande:

conclusão 2

a(t) = T0/T (t)

Conclusión 2 !

por tanto: el pasado fue 
muy denso y muy caliente!



conclusão 3

concluimos que podemos contar a história do 
Universo usando qq um destes parâmetros: 

- o tempo cósmico t 
- o redshift z
- a temperatura da RCF T (em K ou em eV)

como:

a(t) = T0/T (t)

a(t) = 1/[1 + z(t)]
) 1 + z(t) = T (t)/T0

então:

corolário: 
1 + z / T }1 + z / 1/� = ⇥/c

) T / �

Conclusión 3 !



conclusão 3

concluimos que podemos contar a história do 
Universo usando qq um destes parâmetros: 

- o tempo cósmico t 
- o redshift z
- a temperatura da RCF T (em K ou em eV)

como:

a(t) = T0/T (t)

a(t) = 1/[1 + z(t)]
) 1 + z(t) = T (t)/T0

então:

corolário: 
1 + z / T }1 + z / 1/� = ⇥/c

) T / �

Conclusión 3 !



Thermal history of the Universe





O Universo segundo a RCF



Harmonic analysis



Os Primeiros Passos
Medindo a CMBR do Espaço

Eras Cósmicas
Nucleossíntese Primordial

Relevância do Estudo da Radiação de Fundo
Arno Penzias e Robert Wilson
A Concepção Original de Gamow
A Consagração

I 1. Talvez os elementos químicos observados no Universo
tenham sido construídos em uma fase do Universo
primordial em que a temperatura era elevada (� 109�10K)
e matéria e radiação estavam em equilíbrio
termodinâmico.

I 2. A densidade nesta fase devia ser comparável àquela
que ocorre no carôço central das estrelas (� 1g/cm3 ).

I 3. Como a densidade atual do Universo é da ordem de
10�30g/cm3, concluímos que houve uma expansão por
um fator da ordem de 1010 .

I 3. O resultado final é que o Universo deve estar
preenchido com um fundo de radiação cuja temperatura
hoje deve ser da ordem de 1 K.

Ronaldo E. de Souza A Descoberta da Radiação Cósmica de Fundo

Georgiy Antonovich Gamov... George Gamow (1948)



o ingrediente cultural que faz a diferença:

o instrumento de medição



Os Primeiros Passos
Medindo a CMBR do Espaço

Eras Cósmicas
Nucleossíntese Primordial

Relevância do Estudo da Radiação de Fundo
Arno Penzias e Robert Wilson
A Concepção Original de Gamow
A Consagração

- Antena projetada em 1960 para testes
de comunicação de baixo ruído com o
satélite echo.

- Sistema direcional de baixo ruído
(< 0.05 K) operando em � = 7.35 cm.

Ronaldo E. de Souza A Descoberta da Radiação Cósmica de Fundo

A descoberta da RCF (1964)





ruído cósmico?



?

qual é o efeito da expansão?Cual es el efecto de la expansion?



Invariancia da prop. de CN 
pela expansao do Universo



sabemos que:    

T / � ⌘ f

� ⌘ f / a�1

�(f) =
E

V
/ a�3}

analisemos a evolução temporal do 
espectro de corpo negro



CMB: black-body spectrum at To = (2.725± 0.001)K

1965� 1992

In 1992, COBE satellite detected tiny fluctuations around To,
of the order of �T

T0
⇤ 10�5

+



Resumindo, as pps. da RCF:



RCF: espectro de corpo negro à temperatura TPlanck=(2.725± 0.001)K

1965� 1992

Em 1992 verificou-se que ao redor da TPlanck ⌅ pequenas flutuações
positivas �T > 0 e negativas �T < 0, da ordem �T

TPlanck
⇥ 10�5

⇤ �T ⇥ (�200µK, 200µK)

Estas flutuações de temp. �T ficam visiveis
neste mapa depois de retirar da RCF as compo-
nentes monopolo (2.725K) e dipolo (3.346mK)

1 2

3

4

5



história térmica do Universo:

o passado  
do Universo!
foi denso e 

quente!

historia termica do Universo!

um passado !
muito denso !
e quente!



⇢r ⇠ a�4

⇢m ⇠ a�3
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a história do Universo: passado denso e quente

I Houve uma fase onde o fluido matéria–radiação

(composto por bárions e fótons interagindo via

espalhamento Thomson) estava em equilibrio

termodinámico , e agia como se fosse um fluido só

(photon-baryon fluid); � � n�

nb
⇥ 109.



a história do Universo: passado denso e quente

I Houve uma fase onde o fluido matéria–radiação

(composto por bárions e fótons interagindo via

espalhamento Thomson) estava em equilibrio

termodinámico , e agia como se fosse um fluido só

(photon-baryon fluid); � ⇥ n�

nb
⇤ 109.

I Ao expandirse o Universo resfria e o fluido alcanza

uma temperatura cŕıtica que produz o desacopla-

mento matéria�radiação: T ⇤ 3000 K ⇤ 0.3 eV .

I Esses fótons livres (de ser espalhados pelos elétrons)

constituem uma radiação reĺıquia do Universo pri-

mordial, chamada Radiação Cósmica de Fundo (rcf).



CMB temperature fluctuations?



CMB: temperature fluctuations (anisotropies): �T (�, ⇤)

After subtracting the monopole (To) and dipole (3.346mK) terms to
this map ⇤ positive �T > 0 and negative �T < 0 flucts. are visible.

� �T ⇥ (�200µK, 200µK)



flutuações da RCF e bárions: origem comúm

�⇢

⇢̄
⇠ �T

T0
⇠ 10�5

bárions



LSS of the Universe



LSS of the Universe









Resumindo, no modelo do BB:
▶︎

▶︎

O Universo expande e enfria, a tal!
ponto que materia e radiacion se descoplam

Depois que desacopla de la materia, os 
fotons (radiacao cosmica de fundo) viajam 
livremente pelo Universo (dizemos que e’ 
transparente aos fotons)

▶︎ A materia forma estructuras por inesta-
bilidade gravitacional



CMB temp. fluctuations



Armando Bernui

Basics on CMB data



2018/Planck CMB data



2018/Planck CMB data
SMICA

mascara



Mapas da Radiação Cósmica de Fundo

I a esfera celeste é dividida em N pixels da mesma área

I as flut. de temp. da RCF �T representam-se usando uma

escala linear de cores: azul (= ḿın.), verde ( � 0 ), e verme-

lho (=máx.). Representamos: �T (�,⇥)
TPlanck

= ⇥⌅, m a⌅ mY⌅ m(�,⇥).

I os pixels são tão pequenos que os mapas parecem

um cont́ınuo de manchas coloridas, mas ... basta degradar o

mapa para observar eles:



espectro de potência angular:
C` versus `

�T

T0
(✓,�) =

X

` m

a` mY` m(✓,�) C` ⌘
1

2` + 1

m=X̀

m=�`

|a` m|2

assuming estatistical isotropy!



CMB angular power spectrum Planck/18Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣

cEE
100

⌘

EE fit
= 1.021;

⇣

cEE
143

⌘

EE fit
=

0.966; and
⇣

cEE
217

⌘

EE fit
= 1.040. The CamSpec likelihood, de-

scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣

cEE
100

⌘

TE fit
= 1.04,

⇣

cEE
143

⌘

TE fit
= 1.0, and

⇣

cEE
217

⌘

TE fit
=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-

7



Going to small scales!

Sudeep Das for the ACT collaboration!



origem das flutuações de 
temp. da RCF



�T
T0

: Flutuações de temperatura (anisotropias) da RCF

Anisotropias primarias: originadas na SUE

grandes escalas angulares: ⇥ > 1⇥

I1) redshift grav.: fótons que escapam do poço de potencial
de uma concentração de massa sofrem redshift gravitacional

contraste de densidade:

�⇤ � �(xµ)��0

�0

�T (trec,⇥r)
T = �(trec,⇥r)

c2



�T
T0

: Flutuações de temperatura (anisotropias) da RCF

Anisotropias primarias: originadas na SUE

grandes escalas angulares: � > 1�

I1) redshift grav.: fótons que escapam do poço de potencial
de uma concentração de massa sofrem redshift gravitacional

I2) efeito Doppler se a matéria que espalha os fótons tem
movimento peculiar em relação ao fluxo de Hubble:

�T (trec,�r)
T = �r .�v

c

mas, para grandes escalas angulares: ��r .�v⇥ = 0



�T
T0

: Flutuações de temperatura (anisotropias) da RCF
Anisotropias primarias: originadas na SUE

grandes escalas angulares: ⇥ > 1�

I1) redshift grav.: fótons que escapam do poço de potencial
de uma concentração de massa sofrem redshift gravitacional

I3) flut. de densidade: fótons que se originam em regiões
onde �⇤ > 0 (�⇤ < 0) tem temperatura + (�) elevada (wrm)

�T (trec,⌅r)
T = 1

3
�⇥(trec,⌅r)

⇥

como: �⇤/⇤ ⇤ �2⌅/c2 ⌅ �T (trec,⌅r)
T ⇤ 1

3
⇤
c2 ⇤ �1

6
�⇥
⇥

I ⌅ < 0⌅ �⇤ > 0 overdense region ⇥ cold spot

I ⌅ > 0⌅ �⇤ < 0 underdense region ⇥ hot spot



�T
T0

: Flutuações de temperatura (anisotropias) da RCF

Anisotropias primarias: peq. escalas angulares: 0.1� � � � 1�

gravidade versus pressão dos fótons: picos acústicos



CMB temperature fluctuations:

�T = �T (�, ⇥)

I Primary anisotropies: at LSS

I Secondary anisotropies:

after the LSS
Sachs-Wolfe plateau

|
LSS = Last Scattering Surface, i.e., Universe at t = trec







E = E⇤ + EME + Eb + E� + Ec



3 geometrias!
são possíveis:

esférica hiperbólica plana



Parameter dependence

0

2000

4000

6000

l(
l+

1
)C

l/
2
!
!!
"#
K

2
)

10 100 1000
Multipole l

18o 1.8o 0.18o
Angular scale

"H "D

0

2000

4000

6000

l(
l+

1
)C

l/
2
!
!!
"#
K

2
)

10 100 1000
Multipole l

18o 1.8o 0.18o
Angular scale

Curvature
#=1
#=1.3
#=0.3

0

2000

4000

6000

l(
l+

1
)C

l/
2
!
!!
"#
K

2
)

10 100 1000
Multipole l

18o 1.8o 0.18o
Angular scale

Baryons
#b=0.044
#b=0.078
#b=0.01

0

2000

4000

6000

l(
l+

1
)C

l/
2
!
!!
"#
K

2
)

10 100 1000
Multipole l

18o 1.8o 0.18o
Angular scale

Hubble constant
h=0.71
h=0.90
h=0.50

A. Balbi (U Roma Tor Vergata) CMB Bertinoro 2009 31 / 75



2

60 deg

Hubble

180 deg

1 deg

pr
im
or
di
al

LSS

de
co
up
lin
g

0.01 0.1 1 10 100 1000
10

100

1000

104

z

co
m
ov
in
g
sc
al
e
@Mp

cD
LCDM

FIG. 1. The comoving length within the context of the concor-
dance model of an arc seen at an fixed angle and the comoving
Hubble length as functions of redshift. Linear perturbation
theory is expected to work well outside the shaded region, in
which the large scale structure (LSS) forms.

With the advent of high signal-to-noise maps of the
cosmic microwave background anisotropies and with the
conduct of nearly-full-sky deep galaxy surveys, statisti-
cal isotropy has begun to be precisely tested. Extraordi-
nary full-sky temperature maps produced by the Wilkin-
son Microwave Anisotropy Probe (WMAP), in particu-
lar, are revolutionizing our ability to probe the universe
on its largest scales [1–6]. In the near future, these will be
joined by higher resolution temperature maps and high-
resolution polarization maps and, eventually, by deep all-
sky surveys, and perhaps by tomographic 21-cm line ob-
servations that will extend our detailed knowledge of the
universe’s background geometry and fluctuations into the
interior of the sphere of last scattering.

In this brief review, we describe the large-scale anoma-
lies in the CMB data, some of which were first reported
on by the Cosmic Background Explorer (COBE) Di↵er-
ential Microwave Radiometer (DMR) collaboration in the
mid 1990’s. In particular, we report on alignments of the
largest modes of CMB anisotropy with each other, and
with geometry and direction of motion of the Solar Sys-
tem, as well as on unusually low angular correlations at
the largest angular scales. We discuss these findings and,
as this is not meant to be a comprehensive review and we
emphasize results based on our own work in the area, we
refer the reader to literature for all developments in the
field. This review extends an earlier review on the sub-
ject by (author?) [7], and complements another review
on statistical isotropy in this Special Issue [8].

The paper is organized as follows. In Sec. II we de-
scribe the statistical quantities that describe the CMB,
and the expectations for their values in the currently fa-
vored ⇤CDM cosmological model. In Sec. III, we describe
the alignments at the largest scales, as well as multipole
vectors, which is a tool to study them. In Sec. IV, we de-
scribe findings of low power at largest scales in the CMB.

Section V categorizes and covers the variety of possible
explanations for these anomalies. We conclude in Sec. VI.

II. EXPECTATIONS FROM COSMOLOGICAL
INFLATION

A fixed angular scale on the sky probes the physics of
the universe at a range of physical distances correspond-
ing to the range of observable redshifts. This is illustrated
in Fig. 1, where the comoving lengths of arcs at fixed an-
gle are shown as a function of redshift, together with the
comoving Hubble scale. Angles of 1 degree and less probe
events that were in causal contact at all epochs between
the redshift of decoupling and today; this redshift range
includes physical processes such as the secondary CMB
anisotropies. The situation is di↵erent for angles > 60
degrees, which subtend arcs that enter our Hubble patch
only at z <⇠ 1. Therefore, the primordial CMB signal on
such large angular scales could only be modified by the
physics of local foregrounds and cosmology in the rela-
tively recent past (z <⇠ 1). Because they correspond to
such large physical scales, the largest observable angular
scales provide the most direct probe of the primordial
fluctuations — whether generated during the epoch of
cosmological inflation, or preceding it.

A. Statistical isotropy

What do we expect for the large angular scales of the
CMB? A crucial ingredient of cosmology’s concordance
model is cosmological inflation — a period of acceler-
ating cosmic expansion in the early universe. If we as-
sume that inflationary expansion persisted for su�ciently
many e-folds, then we expect to live in a homogeneous
and isotropic universe within a domain larger than our
Hubble volume. This homogeneity and isotropy will not
be exact, but should characterize both the background
and the statistical distributions of matter and metric fluc-
tuations around that background. These fluctuations are
made visible as anisotropies of the CMB temperature and
polarization, which are expected to inherit the underly-
ing statistical isotropy. The temperature T seen in direc-
tion ê is predicted to be described by a Gaussian random
field on the sky (i.e. the 2-sphere S2), which implies that
we can expand it in terms of spherical harmonics Y

`m

(ê)
multiplied by independent Gaussian random coe�cients
a
`m

of zero mean.

Statistical isotropy implies that the expectation values
of all n-point correlation functions (of the temperature
or polarization) are invariant under arbitrary rotations
of the sky. As a consequence the expectation of the tem-
perature coe�cients is zero, ha

`m

i = 0, for all ` > 0
and m = �`,�` + 1, . . . ,+`. The two-point correlation
becomes a function of cos ✓ ⌘ ê1 · ê2 only, and can be

Planck Collaboration: Cosmological parameters

0

1000

2000

3000

4000

5000

6000
D

T
T

�
[µ

K
2
]

30 500 1000 1500 2000 2500
�

-60
-30
0
30
60

�
D

T
T

�

2 10
-600
-300

0
300
600

Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Unexpected 
primordial
features

✍ grandes escalas!
  guardan info. del!
  Univ. primordial





CMB sphere?



CMB sphere?



Esfera S2 Projeção Mollweide sobre um plano

K. Mollweide (1774-1825)
Matemático



Esfera S2 Projeção Mollweide sobre um plano



Mapas da Radiação Cósmica de Fundo

I a esfera celeste é dividida em N pixels da mesma área

I as flut. de temp. da RCF �T representam-se usando uma

escala linear de cores: azul (= ḿın.), verde ( � 0 ), e verme-

lho (=máx.). Representamos: �T (�,⇥)
TPlanck

= ⇥⌅, m a⌅ mY⌅ m(�,⇥).

I os pixels são tão pequenos que os mapas parecem

um cont́ınuo de manchas coloridas, mas ... basta degradar o

mapa para observar eles:



Informações úteis dos mapas da Radiação Cósmica de Fundo:

I a esfera celeste é dividida em N pixels, todos de igual

área, seguindo o esquema de pixelização (healpix)

I depois, a esfera é mapeada no plano: S2 � R2



Harmonic analyses in 2-d

Analogously, on the spherical surface S2 any function �T =
�T (�, ⌅) can be represented as a combination of the spherical

harmonics Y⇥ m

=
�T (�, ⇤)

To
= ⇥⇥, m a⇥ mY⇥ m(�, ⇤)

where the coe⇤cients a⇥ m have the complete information about
the spectrum perturbation �T , where the variable ⌥ (also called
multipole order) is associated to the angular scale � (� ⇥/⌥)
and the variable m is associated to the angular scale ⌅.



�T

T0
(✓,�) =

X

` m

a` mY` m(✓,�)�T

T0
=

�T

T0
(✓,�)

CMB temperature fluctuations:
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Y` m



Harmonic analyses in 2-d
The coe⇥cients a⇥ m have the complete information:

= �⇥, m a⇥ mY⇥ m(�, ⇥) � {a⇥ m} = 0, a0 0 = 1

= �⇥, m a⇥ mY⇥ m(�, ⇥) � {a⇥ m} = 0, a1 0 = 1

= �⇥, m a⇥ mY⇥ m(�, ⇥) � {a2 m} ⇥= 0, m=-2,-1,0,1,2

= �⇥, m a⇥ mY⇥ m(�, ⇥) � {a⇥ m} ⇥= 0



espectro de potência angular

C` versus `

�T

T0
(✓,�) =

X

` m

a` mY` m(✓,�) C` ⌘
1

2` + 1

m=X̀

m=�`

|a` m|2

assuming estatistical isotropy!



Em um universo estat́ısticamente isotrópico

⌅a� ma���m�⇧ = C� �mm� ���� �⇤ C� ⇥
1

2⇥ + 1
�m |a� m|2

Em um universo estat́ısticamente anisotrópico

⌅a� ma���m�⇧ = C ��m�

� m �⇤ C� ⇥
1

2⇥ + 1
�m |a� m|2X

Como analizar dados sem assumir IE?



espectro de potência angular

�T

T0
(�,⇥) =

X

� m

a� mY� m(�,⇥) C� �
1

2� + 1

m=�X

m=��

|a� m|2

C(�) ⌘ h�T

T0
(⇤)

�T

T0
(⇤ + �)i =

X

`

2⌅ + 1
4⇥

C` P`(cos �)

função de correlação angular de dois pontos: 2PACF

C` versus �

C(�) versus �



Metric theory, e.g., General Relativity▶︎

Cosmological principle

Observational probes

▶︎

▶︎

can be test!

The cosmological model of the Universe

stands on:







Properties expected for the
cosmic background radiation (CMB):

CMB is statistically Gaussian

CMB is statistically isotropic



CMB hemispherical asymmetry:

intuitively... step by step



Summing up the multipoles (large-scales)

` = 2 + 3

` = 3

` = 2



and ... ? ` = 2 + 3 + 4

` = 2 + 3 + 4 + 5



` = 2 + 3 + 4 + 5 + 6 + 7

` = 3 + 4 + 5 + 6 + 7



funcion de correlacion angular !
de 2-puntos (2PACF)

CMB hemispherical asymmetry:



Função de correlação angular de dois pontos

Seja um mapa de flut. de temperaturas �Ti = �T (⇤i , ⌅i ) com N

pixels: �T1,�T2, ...,�TN . A pixelização da esfera determina que

as distâncias angulares são discretas: entre o centro do pixel i com

coordenadas (⇤i , ⌅i ) e o centro do pixel j com coordenadas (⇤j , ⌅j).

A função de correlação angular de dois pontos ( 2PACF , em inglês) é

C (�i j ) ⇥ ⇧�T (⇤i , ⌅i )�T (⇤j , ⌅j) ⌃ ,

�i j ⇥ cos�1[cos(⇤i ) cos(⇤j) + sin(⇤i ) sin(⇤j) cos(⌅i � ⌅j)] ,

a média ⇧ ⌃ é obtida usando todos os valores t.q. �i j ⇤ [(k�1)⇥, k⇥],

⌅k = 1, ...,Nbins; tal média dá o valor de C no k�ésimo bin:

1 2 3 4 5 6 7 8 9 10

-1.5

-1

-0.5

0.5

1

1.5

2

⇥ é o tamanho do bin



Revelando assinaturas nas curvas 2PACF

assinatura-zero, assinatura-dipolar, assinatura-quadrupolar,..



Revelando assinaturas nas curvas 2PACF

assinatura-zero, assinatura-dipolar, assinatura-quadrupolar,..



espectro de potencia angular

�T

T0
(✓,�) =

X

` m

a` mY` m(✓,�) C` ⌘
1

2` + 1

m=X̀

m=�`

|a` m|2

C(�) ⌘ h�T

T0
(')

�T

T0
(' + �)i =

X

`

2` + 1

4⇡
C` P`(cos �)

C` versus `

C(�) versus �

funcion de correlacion angular de dos 
puntos: 2PACF



C(�) ⌘ h�T

T0
(')

�T

T0
(' + �)i =

X

`

2` + 1

4⇡
C` P`(cos �)

C` ⌘
1

2` + 1

m=X̀

m=�`

|a` m|2
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FIG. 5. Two-point angular correlation function, C(✓), com-
puted in pixel space, for three di↵erent bands masked with
the KQ75 mask (from WMAP 5 year data). Also shown is
the correlation function for the ILC map with and without
the mask, and the value expected for a statistically isotropic
sky with best-fit ⇤CDM cosmology together with 68% cosmic
variance error bars. Even by eye, it is apparent that masked
maps have C(✓) that is consistent with zero at ✓ >⇠ 60 deg.
We also show the C(✓) computed from the “o�cial” pub-
lished maximum likelihood estimator-based C`. Clearly, the
MLE-based C`, as well as C(✓) computed from the full-sky
ILC maps, are in significant disagreement with the angular
correlation function computed from cut-sky maps. Adopted
from Ref. [31].

skies had lower values of S1/2 than the observed one-year
WMAP sky.

Applying this statistic we have found that the two-
point function computed from the various cut-sky maps
shows an even stronger lack of power, for WMAP 5 year
maps significant at the 0.037%-0.025% level depending on
the map used; see Fig. (5). However, we also found that,
while C(✓) computed in pixel space over the masked sky
agrees with the harmonic space calculation that uses the
pseudo-C

`

estimator, it disagrees with the C
`

obtained
using the MLE (advocated in the 3rd year WMAP re-
lease [4]). The MLE-based C

`

lead to C(✓) that is low
(according to the S1/2 statistic) only at the 4.6% level.

There are actually two interesting questions one can
ask:

(i) Is the correlation function measured on the cut sky
compatible with cut-sky expectation from the Gaus-
sian random, isotropic underlying model?

(ii) Is the reconstruction of the full sky correlation func-
tion from partial information compatible with the
expectation from the Gaussian random, isotropic
underlying model?

Our results refer to the first question above. The second
question, while also extremely interesting, is more di�-
cult to be robustly resolved because the reconstruction

0 20 40 60 80 100 120 140 160 180
θ (degrees)

-400

-200

0

200

400

C
(θ

) (
µ

K
2 )

Full sky
outside KQ75
inside KQ75
at least 1 point inside KQ75

FIG. 6. The two-point angular correlation function from the
WMAP 5 year results. Plotted are C(✓) for the ILC calcu-
lated separately on the part of the sky outside the KQ75 cut
(dashed line), inside the KQ75 cut (dotted line), and on the
part of the sky with at least on point inside the KQ75 cut
(dotted-dashed line). For better comparison to the full-sky
C(✓) (solid line), the partial-sky C(✓) have been scaled by the
fraction of the sky over which they are calculated. Adopted
from Ref. [31].

uses assumptions about statistical isotropy (see the next
subsection).
The little large-angle correlation that does appear in

the full sky maps (for example the solid, black line in
Fig. 5) is associated with points inside the masked region.
Shown in Fig. 6 are the normalized contributions to C(✓)
from di↵erent parts of the map. In particular, we see that
almost all of the contribution to the full sky two-point
angular correlation function comes from correlations with
at least one point inside the masked region. Conversely,
there is essentially no large-angle correlation for points
outside the masked region and even very little among the
points completely inside the mask. We also see that all
the curves cross zero at nearly the same angle, ✓ ⇠ 90�.
We have no explanation for these results though they
may point to systematics in the data.

C. Alternative Statistics

The two-point angular correlation function, C(✓), as
defined above in Eq. (15) is a simple pixel based measure
of correlations. It makes no assumptions about the un-
derlying theory, which can be taken as a feature or as a
flaw. On the positive side, Eq. (15) does not assume that
the standard model is correct and try to “force” it on the
data. On the negative side we are not utilizing the full
information available when comparing to the standard
model.
Various approaches have been taken to incorporate the



A Statistically Isotropic Gaussian CMB



Is the CMB statistically isotropic?



Anomalias na RCF: assimetria Norte-Sul

Primeiro detectada, por Eriksen et al. (2003), nos hemis. Galác. �

� AB, T. Villela, C.A. Wuensche, R. Leonardi, I. Ferreira, A&A 2006



However, NS-asymmetry is maximal in the hemispheres:

How one can find the asymmetric hemispheres?

AB, B. Mota, R. Tavakol, M.J. Rebouças, A&A 2007



Is the CMB isotropic?

2PACF

2PACF

�i �j



  -map�


