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Abstract

For over forty years now, the observations of the Cosmic Microwave Back-
ground (CMB) played a key role on our knowledge of the Universe.
Since its discovery, in 1965, the ∼ 2.7K CMB blackbody radiation provided
a firm observational evidence for an evolving Universe with a well defined
beginning and established beyond reasonable doubt the paradigm of the Hot
Big Bang cosmology.
Predicted to be the oldest light detectable, a relic radiation dating to the epoch
of recombination when the temperature of the Universe dropped below 3000K,
it provides a first image of the Universe when it was just 380,000 years old,
at redshift z ∼ 1100. Moreover it represents a first link between cosmology
and particle physics in the early Universe confirming the theory of the Big
Bang nucleosynthesis that explains the abundances of light elements that we
measure today.
Galaxies, clusters, superclusters and all the structures we observe today were
originated from fluctuations in the early Universe. This fluctuations must have
imprinted small differences in the temperature of the CMB, the anisotropies,
that should be visible in different directions of the sky and that can be used
to fix the values of the key parameters that define our Universe, in particular
its geometry, age and composition.
These tiny ∼ 10−5 fluctuations remained unobserved until 1992 when NASA
Cosmic Background Explorer (COBE) team announced their detection ??
followed, few years later, by the fundamental results of NASA Wilkinson Mi-
crowave Anisotropy Probe (WMAP) [C.L.Bennett et al., 2003b].
The ESA Planck mission [J.A.Tauber et al., 2010b] started in May 2009 is the
European successor of WMAP.
By observing the entire sky with high angular resolution (5′) in order to mine
all scales at which the CMB primary anisotropies contain information, and
a very large frequency coverage (30GHz and 857GHz) to allow the precise
removal of the astrophysical foregrounds, Planck is designed to extract es-
sentially all the information available in the temperature anisotropies and to
measure CMB polarization with very high accuracy.
A complete Planck sky map, a survey, takes nearly six months to be performed.
The mission was designed for a nominal operations period of observation of
about three complete surveys (15.5 months). Before its switching off, in Octo-
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ber 2013, Planck-LFI mission was extended up to eight complete sky surveys,
providing a huge amount of data to be analysed for the delivery of the final
cosmological results, at the end of 2014.
To obtain reliable and consistent results, a deep knowledge of the instrument is
fundamental in every experiment. In particular it is necessary to understand,
quantify and control all the possible systematic effects that the instrument
may introduce in the measurements. Known systematic effects in the Planck-
LFI instrument can be divided in two groups: effects independent from the
sky signal and effects which are dependent from the satellite observational
strategy.
The work presented in this thesis is related to the analysis, the characterization
and the study of the systematic effects in the Planck Low Frequency Instrument
(LFI) data with a particular focus on the sky-independent effect called 1Hz
frequency spikes. This additive spurious signal in the LFI data is related to a
crosstalk between the science acquisition channels and housekeeping data clock
channels of the LFI instrument and its removal is fundamental to achieve the
scientific goals of the mission.
This thesis is organised as follows: in the first part, Chapter 1 recall briefly the
standard Hot Big Bang Model and its predictions, while Chapter 2 describes
more in detail the theory of the CMB and its anisotropies.
Chapter 3 contains a summary of the most important CMB experiments and
their results as evolution in the CMB observations. A description of the Planck
mission, its firsts results and the characteristics of the instruments on-board
the satellite, in particular the Low Frequency Instrument, is given in Chapter
4.
The analysis of the Planck LFI data, for which the work of this thesis on
the 1Hz frequency spikes presented in Chapter 7 is a fundamental step, is
described in Chapter 5. At the moment of the writing of this thesis, the
Planck 2014 data release has not been published yet. For this reason, all the
results provided are referred to the Planck 2013 data release, which covers the
nominal Planck mission period (15.5 months) and do not include polarization
results.
Despite this, the work and the results discussed in Chapter 7 are based on all
the available Planck LFI data, and include polarization results. They have
been validated and they will be used for the Planck 2014 data release.
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Preface

The work of this thesis was carried out at Planck the Low Frequency Instru-
ment Data Processing Center (LFI DPC) in Trieste. The following chapters
are based on published papers directly involving the work here described

• Chapter 5: Planck 2013 results. II. Low Frequency Instrument Data
Processing, Planck Collaboration, published on Astronomy and Astro-
physics, February 2014; Planck early results. V. The Low Frequency
Instrument data processing, Zacchei et al., published on Astronomy and
Astrophysics, July 2014

• Chapter 6: Planck 2013 results. III. LFI systematic uncertainties, Planck
Collaboration, published on Astronomy and Astrophysics, March 2014;
Planck early results. III. First assessment of the Low Frequency Instru-
ment in-flight performance, Mennella et al., May 2011

The introduction on the Hot Big Bang Model presented in Chapter 1 follows
the books Astronomy - The Cosmic Microwave Background [R.Durrer, 2008],
The Physics of the Cosmic Microwave Background
[P.D.Naselsky, D.I.Novicov, I.D.Novicov, 2006] and An introduction to modern
cosmology [A.Liddle, 2003].
The introduction to the CMB and its anisotropies follow the paper Cosmolog-
ical perturbations [J.Lesgourgues, 2013] and the book The Physics of the Cos-
mic Microwave Background [P.D.Naselsky, D.I.Novicov, I.D.Novicov, 2006].
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1The Hot Big Bang Cosmology

Cosmology is the science of the origin, structure, and space-time relation-
ships of the Universe. It is based on the cosmological principle hypothesis:
an extension of the Copernican principle stating that our place in the Solar
System is not special, and the position of the Milky Way in the Universe is
not statistically distinguishable from the position of other galaxies.
The hypothesis of a Universe that looks statistically the same in all the direc-
tions, together with the hypothesis that the matter density and geometry of
the Universe are smooth functions of the position, implies homogeneity and
isotropy on sufficiently large scales [N.Straumann, 1974].
Despite the belief in homogeneity on large scales, it is clear that on small dis-
tances the Universe is highly inhomogeneous, with material clumped into stars,
galaxies and galaxy clusters. It is believed that these irregularities have grown
over time through gravitational attraction starting from little perturbations
in a homogeneous distribution.
The Universe dynamics can be easily described by considering two compo-
nents: a large scale behaviour characterized by a homogeneous and isotropic
background, usually called Friedmann-Robertson-Walker Universe, on which
superimpose the short-scale irregularities.
For much of the evolution of the Universe these irregularities can be considered
small perturbations on a smooth evolving background, and can be tackled
using linear perturbation theory.

1.1 Geometry of the Universe
The Universe geometry can be tested by studying the peculiar motion of galax-
ies, with lensing, and in particular with the measurement of the Cosmic Mi-
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1 – The Hot Big Bang Cosmology

crowave Background (CMB).

1.1.1 Friedmann equations

From a mathematical point of view, the Universe is described as a space-time
(M, g) given by pseudo-Riemannian manifold M with a Lorentz metric tensor
g that has signature (1, 3). The preferred geodesic time coordinate is the
cosmic time τ so that the 3-spaces of constant time τ are spaces with constant
curvature, hence maximally symmetric. In this way, the Lorentz metric tensor
can be written as:

ds2 = gµνdx
µdxν = −dτ2 + a2(τ)γijdxidxj (1.1)

where the function a(τ) is the scale factor of the Universe and γij is the metric
of a 3-space of constant curvature K.
The scale factor, that depends only on time, measures how the physical separa-
tion of two locations is growing with time: the expansion rate of the Universe.
Depending on the sign of the curvature K, the 3-spaces of constant curvature
are locally isometric to a sphere if K > 0, a pseudo-sphere if K < 0 or a flat
Euclidean space if K = 0.
Defining the conformal time t as adt = dτ , it is possible to write the distance
between two comoving points as dr(t) = a(t)x. The comoving distance x is the
real distance between two points moving with the expansion of the Universe.
With this notation, the metric tensor is written as

ds2 = gµνdx
µdxν = a2(t)(−dt2 + γijdx

idxj) (1.2)

When working in a Euclidean space K = 0, the scale factor a(t) is arbitrary
normalized to be a0 = 1 at present time so that the comoving distance is
equal to the proper distance at present epoch. In this situation the space is
described by the the Robertson-Walker metric in which the metric tensor gµν
has the form 

1 0 0 0
0 − a(t)2

1−Kr2 0 0
0 0 −a(t)2r2 0
0 0 0 a(t)2r2 sin(θ)

 (1.3)

and the metric is written as

ds2 = dt2 − a2(t)
[

dr2

1−Kr2 + r2(dθ2 + sin2θdφ)
]

(1.4)

Due to the symmetry of the space-time, the energy-momentum tensor Tµν is:

(Tµν) =
(
−ρg00 0

0 pgij

)
(1.5)

- 2 -



1 – The Hot Big Bang Cosmology

with the energy density ρ and the pressure p defined as its time-like and space-
like eigenvalues.
The Einstein equations that relate the Einstein tensor to the energy–momentum
content of the Universe

Rµν −
1
2gµνR = 8πG

c4 Tµν + Λgµν (1.6)

in this metric become the two Friedmann equations for the evolution, expressed
as ( ˙a(t)

a(t)

)2

= 8πG
3 ρ(t)a2(t) + Λ

3 a
2(t)−K (1.7)

2
( ˙a(t)
a(t)

)•
+
( ˙a(t)
a(t)

)2

= −8πGPa2(t) + Λa2(t)−K (1.8)

or, equivalently, using the cosmic time(
a′(τ)
a(τ)

)2
= 8πG

3 ρ(τ) + Λ
3 −

K

a2(τ) (1.9)

2a
′′(τ)
a(τ) +

(
a′(τ)
a(τ)

)2
= −8πGP + Λ− K

a2(τ) (1.10)

The expansion of the Universe is given by the Hubble parameter

H(τ) ≡ a′

a
= ȧ

a2 (1.11)

parametrized as:

H0 = 100h km s−1Mpc−1 ' 3.241× 10−18 h s−1 ' 1.081× 10−26 hm−1

Present time observations show that h ' 0.72±0.1 [W.L.Friedmann et al., 2001].

1.2 Content of the Universe
The expansion of an isotropic Universe is adiabatic so the energy conservation
Tµν;µ = 0 leads to the continuity equation

ρ̇ = −3(ρ+ p)
(
ȧ

a

)
(1.12)

that, for perfect fluids where w = p/ρ = const., has solution

ρ(τ) = ρ0

(
a0
a(τ)

)3(1+w)
(1.13)

- 3 -



1 – The Hot Big Bang Cosmology

with w in the Zel’dovich range 0 ≤ w ≤ 1 and ρ0 and a0 respectively the
energy density and the scale factor at present time τ0.
The parameter w is related to the adiabatic sound speed vs of the fluid con-
tained in the Universe

vs =
(
∂p

∂ρ

)1/2
(1.14)

After the first period of inflation (Chapter ??), the expansion of the Universe
is assumed to be an expansion of a gas. Given the mean-square velocity of
the component of the gas v2 the pressure can be expressed as p = ρv2/3 and
this relation applies separately for all the gas-like components constituting the
Universe.
For non-relativistic fluid composed of matter or dustm characterized by w = 0,
vs = 0 so the pressure Pm = 0. A radiative fluid r instead, is characterized by
w = 1/3 and has vs = c/

√
3 so the pressure Pr = ρr/3.

The case w > 1 is impossible because it would imply that vs > c, while the
particular case w = −1 in which PΛ = −ρΛ is a perfect fluid equivalent of a
cosmological constant. The energy density of this fluid does not vary as the
Universe expands.
If the curvature K can be neglected, and the energy density is dominated by
one of the components with w = constant, using the equation 1.13 into the
Friedmann equations 1.7 and 1.8, the expansion parameter of the Universe a
can be expressed as

a ∝ τ2/3(1+w) ∝ t2(1+3w) ρ ∝ a3(1+w) 0 ≤ w ≤ 1
a ∝ τ2/3 ∝ t2 ρm ∝ a−3 w = 0 matter
a ∝ τ1/2 ∝ t ρr ∝ a−4 w = 1/3 radiation
a ∝ exp(Hτ) ∝ 1/ | t | ρΛ = const. w = −1 cosmol.const.

From the Friedmann equation 1.7, it is possible to define the critical density
of the Universe

ρc(τ) = 3H2

8πG (1.15)

in which the curvature and cosmological constant terms vanish.
The ratio Ωi = ρi/ρc is the density parameter and indicates the fraction that
the fluid component i contributes to the expansion of the Universe.
Taking into account all the possible components, matter m, radiation r and
the dark energy Λ, in a flat Universe where Ω0 = ΩΛ + ΩM = 1, it is possible
to define the cosmological parameters

- 4 -



1 – The Hot Big Bang Cosmology

total density Ω0
matter density Ωm = ρm(τ0)

ρc(τ0)
radiation density Ωr = ρr(τ0

ρc(τ0)
dark energy density ΩΛ = Λ

3H2
0

baryon density Ωb = ρb(τ0
ρc(τ0)

1.3 Distances

1.3.1 Redshift

For cosmologically distant objects, the distances are measured by the redshift
z experienced by the photons emitted from an object due to the expansion of
the Universe. The redshift z(τ) is defined as the ratio between the observed
and emitted wavelengths. A radiation with wavelength λ emitted at some
time τ is observed today with a wavelength

λ0 = λa0
a(τ) = (1 + z)λ⇒ z(τ) + 1 = a0

a(τ) (1.16)

Redshift is related to the physical distance d = a0r of the object via the Hubble
constant

1 + z ≈ 1 + a′
a

(τ0 − τ) ≈ 1 +H0d (1.17)

that, for objects sufficiently close where z � 1, where v ≈ z gives

H0 = v

d
(1.18)

Using a model of the expansion of the Universe, for high redshifts where Ω0z �
1 and ΩΛ becomes negligible, redshift can be related to the age of the observed
object via the time-redshift relation [M.S.Longair, 1998]:

t(z) = 2
3H0Ω1/2

0 (1 + z)3/2
(1.19)

In cosmology there are different ways to measure distances all of which give
the same result in a Minkowski universe but differ in an expanding universe.

1.3.2 Angular diameter distance

The angular diameter distance DA to a certain object of physical size ∆ at
redshift z1 subtending an angle θ at z0 is defined as

DA = ∆
θ

(1.20)

- 5 -



1 – The Hot Big Bang Cosmology

The angular diameter distance depends on the assumed cosmological model
of the Universe.
Expressed in terms of the comoving distance χ (Eq. 1.2), the angular diameter
distance DA to an object of physical size ∆ at redshift z subtending an angle
θ at z = z0 is

DA = 1√
|ΩK|H0(1 + z)

χ

(√
|ΩK|H0

∫ z

0

z′

H(z′)

)
(1.21)

Using the Friedmann equation 1.7, it is possible to write

da

dt
= H0a

2
0

(
Ωr + a

a0
Ωm + a4

a4
0
ΩΛ + a2

a2
0
ΩK

)1/2

(1.22)

so that

DA =



1√
|ΩK |H0(z + 1)

(
√

ΩK

∫ z

0

dz′

[Ωr(z′ + 1)4 + Ωm(z + 1)3 + ΩK(z + 1)2 + ΩΛ]1/2

)

if K 6= 0

1
H0(1 + z)

∫ z

0

dz′

[Ωr(z′ + 1)4 + Ωm(z + 1)3 + ΩΛ]1/2

if K = 0
(1.23)

At small redshifts, z . 10, Ωr becomes negligible and, being the angular
diameter distance (Eq 1.23) very sensitive to ΩΛ, DA provides an excellent
mean to constrain the cosmological constant.

1.3.3 Luminosity distance

If a source has a luminosity L at redshift z1, the energy emitted in in a proper
time interval dτ = a(t1)dt is La(t1)dt.
The energy emitted is redshifted by a factor (1 + z1)−1 = a(t1)/a(T0) and
distributed over a sphere with radius a(t0)χ(t0− t1). The flux per proper time
of the observer dτ0 = a(t0)dt is

F = La2(T1)
4πa4(t0)χ2(t0 − t1)

The luminosity distance is defined in terms of the ratio between the lumi-
nosity L of the source and the received flux F of the observer:

DL(z1) =
(

L

4πF

)1/2
= a2(t0)

a(t1) χ(t0 − t1) = (1− z1)2DA (1.24)

Luminosity distanceDL is related to the angular distanceDA via an additional
(1 + z)2 factor that takes into account the redshift of proper time and the
redshift of photon energy.

- 6 -



1 – The Hot Big Bang Cosmology

1.4 Thermal history
Using the time-redshift relation (Equation 1.19), the history of the Universe
can be summarized, focusing on the most relevant events for the Cosmic Mi-
crowave Background, as

• Inflation supposed to occur between 10−36 seconds after the Big Bang to
∼ 10−33 seconds. During this phase it has been theorized an extremely
rapid exponential expansion of the early Universe by a factor of ∼ 1078

in volume driven by a negative pressure vacuum energy density (Chapter
1.6);

• ∼ 10−2 to ∼ 102 seconds (z ∼ 1010), epoch in which the reaction that
can change the number of photons (Compton and Bremsstrahlung) are
still active and the radiation, that follows a blackbody distribution, is in
thermal equilibrium with the matter;

• 70(T/2.7)−2 hours (z ∼ 107), because of the cosmic expansion the reac-
tions that vary the number of photons become ineffective. The spectrum
of the blackbody is "frozen". This is the instant of formation of the CMB;

• 700(Ωmh
2)−2 years (z ∼ 3300), the matter-radiation equivalence is the

period during with radiation and matter have the same energy density.
Photons are coupled with baryons via the Thompson scattering with
electrons;

• 0.2(Ωmh
2)−1/2 × 106 years (z ∼ 1100), is the epoch of recombination.

The photons cease to interact with electrons and their mean free path
becomes larger than the causal horizon. This is the instant of formation
of the Last Scattering Surface (LSS) and the Universe became transpar-
ent. These photons are the CMB anisotropies photons;

• 6(Ωmh
2)−1/2 × 109 years (z ∼ 0), the photons of the LSS, neglecting

the reionization, move in a free streaming regime. They loose energy
only via gravitational redshift and the fluctuations in the temperature
of the photons coming from different directions in the sky directly reflect
the fluctuations at the time of recombination and therefore are a direct
evidence of how the Universe appeared at the time of recombination.

The epoch of recombination and the formation of the LSS is described in detail
in the next section.

1.4.1 Recombination and decoupling

At early times, the reaction rates for particle interactions are much faster than
the Universe expansion so the hydrogen is ionized. Moreover the time-scale
of the interaction between photons and electrons (Thomson scattering) and
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between electrons and protons (Rutherford scattering) is much faster than
expansion so the cosmic fluid of e−, p and γ is in thermal equilibrium. The
photons are tightly coupled with baryons and obey a Planck distribution

f(E) = 1
expE/T −1

(1.25)

The Universe is dominated by a relativistic radiation background that, due
to the expansion, cools adiabatically with temperature T ∝ a−1. The density
can be written as

ρ = geff ab T
4 (1.26)

where ab = π2kB/(30}3c2) = π2/30 is the Stefan-Boltzmann constant and
geff = Nb + 7/8Nf is the effective number of degrees of freedom for particles
at same temperature T , given by the spin degrees of freedom Nf for fermions
and Nb for bosons.
For relativistic particles, the particle density nX is

nX = NX

2π2

∫
p2dp

e(p/T )± 1
(1.27)

At a temperature of about T ∼ 4000K, corresponding to an energy of ∼ 0.4 eV,
the number density of photons nγ with energies above the hydrogen ioniza-
tion energy (13.6 eV) drops below the baryon density nB of the Universe and
the protons begin to recombine to neutral hydrogen. Defining the ionization
fraction Xe as

Xe ≡
ne

ne + nH
(1.28)

and using the Sasha equation

X2
e

1−Xe
= 45σ

4π2

(
me

2π

)3/2
e−∆/T (1.29)

where ∆ = me + mp −mH = 13.6 eV is the binding energy of hydrogen and
σ ∼ nγ/nB ∼ 1.4 × 108T 3

2.7/ΩBh
2 is the entropy per baryon, it is possible to

define the temperature Trec of the Universe at recombination

(
Trec
1 eV

)−3/2
exp−∆/Trec = 1.3×10−16ΩBh

2 ∼ 3700K = 0.32 eV (ΩBh
2 ' 0.02)
(1.30)

that corresponds to the redshift zrec ∼ 1400.
As shown in Figure 1.1, the ionization fraction grows very steeply from Xe ∼ 0
to Xe ∼ 1 at temperature T ∼ 3700K with Trec depending very weekly from
the value of XeTrec.
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Figure 1.1. The ionization fraction Xe as a function of the temperature T ob-
tained via the Sasha equation for ΩBh

2 = 0.02 (solid), for ΩBh
2 = 0.03 (long–

dashed) and for ΩBh
2 = 0.01 (short-dashed). Image from [R.Durrer, 2008].

During recombination the free electron density drops sharply and the mean free
path of the photons grows larger than the Hubble scale. When the temperature
of the Universe drops below Tg:

(
Tg

1 eV

)1/4
e−∆/2Tg = 1.2× 10−13

(Ωm

ΩB

)1/2
⇒ Tg ' 0.24 eV (1.31)

corresponding to redshift zg ∼ 1010, the interaction rate between electrons and
protons rate drops below the expansion rate of the Universe, and the reaction
p+e− � H+γ is no longer in thermal equilibrium. The recombination process
freezes out and the ionization fraction Xe remains nearly constant. The final
ionization fraction [V.Mukhanov, 2005] is given by

XR ≡ xe(Tg) ≈ 3× 10−5Ω1/2
m /ΩBh

2 (1.32)

At the temperature Tdec ∼ 3000K, corresponding to the redshift zdec ∼ 1100,
the scattering rate of photons on electrons falls below the expansion rate of
the Universe and photons decouple from the electrons ceasing any interaction
with the cosmic fluid and propagating freely. The Universe becomes for the
first time transparent. Since T ∝ a−1 even after recombination, the blackbody
shape of the photon distribution remains unchanged. The photons tempera-
ture today is
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Tγ,0 ∼ Tdec/(a0/adec) ∼ Tdec/zdec = 3000/1100 ' 2.7K (1.33)

This radiation of free photons with a perfect ∼ 2.7K blackbody spectrum is
the Cosmic Microwave Background (CMB) and, as shown in Figure 1.2, it is
extremely well verified observationally.

Figure 1.2. CMB blackbody measured from different experiments.

The study of the physics of the CMB, in particular its temperature fluctuations
and its polarization, is the main goal of the Planck mission.

1.5 Cosmological problems and Inflation
At present day, on scales > 102 Mpc, the matter in the Universe is distributed
very homogeneously and isotropically. CMB observations give a picture of the
very early Universe at period of recombination, when it was just ∼ 400, 000
years old, showing with an accuracy 10−4 that it was extremely homogeneous
and isotropic on all scales up to the present horizon.
For this reason the origin of the fluctuations that grew to make clusters, galax-
ies and all of the other structure today observed in our Universe poses a fun-
damental problem.
Given that the expansion cannot dissolve inhomogeneities, in a Universe that
evolves accordingly to the Hubble law if the strong energy condition ρ+3P > 0
is valid at all the times, it is necessary to define very strict initial conditions
that lead to this particular situation.
Starting from the CMB epoch, there are two sets of independent conditions
that should be defined: the energy density distribution and the initial field of
velocities.
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1.5.1 Horizon problem

The maximum distance that a photon emitted at time ti and observed today
at t0 can travel is

r(ti) =
∫ t0

ti

dt

a(t) (1.34)

In the condition ρ+3P > 0, the scale factor a(τ) is growing always slower than
linear in τ so the integral in Equation 1.34 converges and have a finite value. If
the Universe is today homogeneous and isotropic up to the horizon scale t0a(t),
giving an initial time ti, the isotropic region from which it was generated was
smaller by the ratio of the corresponding scale factors, in particular

li ∼ t0
ai
a0

(1.35)

while the maximum dimension of a causal region at time ti can only be lc ∼ ti
(using the speed of light c = 1). Comparing the two regions and considering
that a(t) is a power of time, it is possible to write

li
lc
∼ t0
ti

ai
a0
∼ ȧi
ȧ0

(1.36)

so the size of the Universe was initially larger than the causal region by the
ratio of the expansion rates. Since the expansion is decelerating, the homo-
geneity scale was always larger than the scale of causality. This is called
the horizon problem and is confirmed by the observations of very isotropic
regions (∆T/T ∼ 10−4) on patches of sky separated much more than 1◦
[C.L.Bennett et al., 1996], the actual size of the horizon at recombination.
Because no signals con propagate faster than light, no causal physical process
can be responsible for this fine-tuned matter distribution.

1.5.2 Flatness problem

For a given initial mass distribution, the initial velocities must obey the Hubble
law in order to not quickly spoil the initial homogeneity, and they should be
very accurately chosen. In particular, from the Friedmann equations 1.7 and
1.8, it is possible to obtain an evolution equation for Ω(t) ≡ 8πGρa4/3ȧ2 =
1 +K/(Ha)2:

d

dt
(Ω(t)−1) = (Ω(t)−1)8πGa2

3

(
ρ+ 3P
Ha

)
controllare conformal time (1.37)

In an expanding universe where ρ + 3P > 0, Ω = 1 is an unstable point of
evolution. Every little variation from unity can rapidly increase or decrease
the value of Ω with evolution. In order to have today a value for Ω of the order

- 11 -



1 – The Hot Big Bang Cosmology

of unity, at Planck time τP ∼
√
~G ' 10−44 s the value of Omega should have

been fine-tuned better than

(Ω(τP )−1) (Ω0−1) (Ha)2
0

(Ha)2
P

∼ 10−58

( ȧ0
ȧP

)2 (τPa0
τ0aP

)2
(

10−44

1017
TP
T0

)2(10−441032

1017

)2


(1.38)

1.6 Inflation
The inflation theory offers a solution to these apparent paradoxes. Given the
Friedman Equation 1.7 for the evolution of the cosmological scale factor a(t)
and considering that the local energy conservation requires that the mean den-
sity ρ and pressure P satisfy the continuity Equation 1.12, the early Universe
should have passed through a period in which the equation of state satisfied
the condition

P = −ρ (1.39)

The friedmann equation 1.7 has the solution (attractor)

a(t) ∝ exp(Ht), H ' constant (1.40)

that corresponds to a nearly exponential expansion. This phase of rapid ex-
pansion is known as inflation. During inflation, neighbouring points expand
at superluminal speeds and regions which were once in causal contact can be
inflated in scale by many orders of magnitude.
In the simplest inflationary models, the accelerated expansion is driven by
a single scalar field ϕ called inflaton. Assuming φ a real scalar field with
potential V (φ), its energy and pressure can be expressed as

ρ = 1
2 φ̇

2 + V (φ), P = 1
2 φ̇

2 − V (φ) (1.41)

and the equation of motion is

φ̈+ 3Hφ = −∂V
∂φ

(1.42)

If the field evolves slowly, φ � V (φ), the expansion condition P = −ρ is
satisfied and the inflationary phase is possible with

H2 = 8πG
3 V (φ) = 8π

3m2
Pl

V (φ) (1.43)

where mPl =
√
~/G = 1.22 × 1019 GeV is the Planck mass. The slow-roll

conditions for the field evolution can be expressed in terms of the parameters
ε and η:
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ε = m2
Pl

16π

(
V ′

V

)2
, η = m2

Pl

8π

(
V ′′

V

)2
(1.44)

A successful model of inflation requires ε and η to be less than unity.
Any scalar field φ has quantum fluctuations δφ that, for wavenumbers k < aH
where the physical size of the fluctuation is smaller than the Hubble radius ct
at epoch, oscillate.
However, during the inflationary phase, all fluctuations are inflated in scale
up to sizes many orders of magnitude larger than the Hubble radius at epoch.
When this happens, if k > aH, the fluctuation freezes and becomes a classi-
cal perturbation described by General Relativity. According to this, all the
fluctuations we see in the Universe were originated as quantum fluctuations
in the very early Universe.
In particular, the fluctuations in δφ generated scalar perturbations in the cur-
vature that grown to produce the structures that we observe today. Moreover
during inflation were generated gravitational waves that introduced a tensor
contribution to the fluctuations. The power spectra of the fluctuations in
scalar and tensor components at the end of inflation period can be written as

℘S(k) '
(

H2

16π3φ̇2

)
[k=ah]

, for scalar perturbations (1.45)

℘T (k) '
(

H2

4π2m2
Pl

)
[k=ah]

, for tensor perturbations (1.46)

Each of these modes can generate a correspondent anisotropy pattern in the
CMB. The patterns have an almost identical shape at multipoles ` . 20 while
the tensor component disappears at higher multipoles and does not show the
acoustic peak structure of the scalar power spectrum (Chapter 2). This is
due to the decay of the gravitational waves when their physical scale becomes
smaller than the Hubble radius, as shown in Figure 1.3.
Inflation generically predicts a mixture of scalar and tensor perturbations but
their relative amplitudes are highly model dependent since the amplitude of
the tensor component depends on the fourth power of the energy scale of
inflation (Eq. 1.45 and Eq. 1.46). The ratio of amplitudes of the scalar and
tensor CMB power spectra r depends on the multipole at which the ratio is
evaluated and on the values of the cosmological parameters, especially the
cosmological constant Λ. At low ` this ratio is given by

r ≡ CT`
CS`
∼ 10ε (1.47)

The spectral indices nS and nT for the scalar and tensor power spectra can be
expressed at first order in terms of the slow-roll parameters in Equation 1.44
as
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Figure 1.3. Example of the contribution to CMB anisotropies of scalar and
tensor (gravitational wave) perturbations generated during inflation for a sim-
ple scale-invariant inflationary model. The concordance ΛCDM model has
been assumed with exactly scale-invariant initial fluctuations. The amplitudes
of the tensor and scalar power spectra have been chosen arbitrarily to be equal
at ` = 10. Image from [Planck Collaboration, 2005].

nS ' −6ε+ 2η + 1, nT ' −2ε (1.48)

To take into account the possibility that the power spectra are not pure power
laws, they are described in terms of deviation from a pure power law by the
running spectral index given by the derivative

dnS
dlnk ' −16εη + 24ε2 + 2ξ2 (1.49)

where

ξ2 = m4
Pl

(8π)2

(
V ′V ′′′

V 2

)
(1.50)

There are many models of inflation, but they can be classified in three main
groups [W.H.Kinney, 2002]: Large Filed Models, Small Field Models, Hybrid
models.

Large Field Models (|ε| < η)

In this class of models, like the chaotic inflationary class [A.D.Linde, 1983], the
inflaton field begins at values much greater than the Planck scale φ � mPl.
Inflation ends when the slow-roll conditions are no longer satisfied, typically
when the inflaton field drops to a value of few mPl. The perturbations on
scales of galaxies and clusters are generated towards the end of the inflationary
phase. The chaotic inflationary model has a power-law potential field
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V (φ) = λ

4φ
4 (1.51)

Chaotic inflationary models generally predict small departures from a scale-
invariant fluctuation spectrum and high amplitude for the tensor component.
Using Equation 1.51 and assuming N = 50 e-foldings between the time that
cluster-scale fluctuations crossed the horizon and the time that inflation ends,
the slow roll parameters can be written for this model as

ε ' 0.02, η ' 0.03, nS ' 0.06, dnS
dlnk ' 0.001, r ' 0.2 (1.52)

Small Field Models (η < −ε)

In these inflationary models [A.D.Linde, 1982] the effective inflaton potential
arises from a spontaneous grand-unified symmetry breaking. The filed φ starts
at φ = 0 and slow rolls down a shallow potential like

V (φ) = V0(1− µφp) (1.53)

These models predict unnatural small coupling constants and they have prob-
lems with initial conditions: to explain the amplitude of the fluctuations ob-
served today, the inflaton field must have been weakly coupled to other forms
of matter. As a result of these and other problems, it has proved to be difficult
to find a compelling particle physics motivation for this type of inflationary
scenario. Nevertheless, such models generically predict nearly scale invariant
fluctuations with a negligible tensor mode contribution.

Hybrid Models (0 < ε < η)

In this type of models, the inflaton field typically rolls down from a high value,
possibly greater than mP l, towards φ = 0. The typical hybrid inflation model
[A.D.Linde, 1991] uses two coupled scalar fields with potential

V = V0 + 1
2m

2φ2 − 1
2m

2
ψψ

2 + 1
4λψ

4 + 1
2λ
′ψ2φ2 (1.54)

These models require a mechanism to end the inflation period. Commonly
when the field rolls down to some critical value φ = φ0.
In this class of models, most of the energy density during inflation is supplied
by the field ψ but there is the need for a mechanism to end the process: once
φ rolls down to a critical value φc = mψ/

√
λ′, the ψ field is destabilized and

rolls down to its true vacuum ending inflation. This kind of scenarios offers
the possibility of a corresponding particle physics explanation because they
can be constructed with not finely tuned parameters.
These three classes of inflationary models can be summarized in a r−nS plot
as shown in Figure 1.4
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Figure 1.4. The three classes of inflationary models described in the frame
tensor-to-scalar ratio r (eq.1.47) versus scalar spectral index nS . Image from
[W.H.Kinney, A.Melchiorri, A.Riotto, 2001].
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2Cosmic Microwave
Background

In the Hot Big Bang Model, the Universe, in the early stages of its develop-
ment, was smaller and much hotter than now. It was filled with matter and
radiation tightly coupled into an opaque fluid in thermal equilibrium because
of the large electromagnetic Thomson cross section.
As the Universe expanded its content grew cooler until, about 380, 000 years
after the Big Bang, in the the Recombination Era (zrec ∼ 1100), the temper-
ature dropped below 3000K. This allowed to the protons and the electrons
to combine to form neutral hydrogen leaving the photons decoupled from the
matter. The surface from which the photons last interact with matter is the
Last Scattering Surface (LSS).
After the decoupling, the photons propagated in a free streaming regime in
a transparent Universe and became fainter and less energetic because of the
redshift due to the expansion. The photons of the LSS observed today have
a temperature (energy) roughly proportional to the ratio between the scale
factors a(τ) at decoupling (∼ recombination) and now

T = T dec
0 ∗ a(τrec)

a(τ0) ∼
T dec

0
(1 + zrec)

∼ 3000K
1100 ∼ 2.73K (2.1)

At recombination there were no sources of heat in the Universe therefore this
LSS residual radiation observed today, the Cosmic Microwave Background
(CMB), is a uniform blackbody thermal radiation coming from all the direc-
tions in the sky (Figure 2.1).
However, the picture of a smooth, isotropic and in thermal equilibrium ex-
panding Universe can not justify the existence of the inhomogeneities observed
today.
Galaxies, clusters, superclusters and all the structures present now must have
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Figure 2.1. Cosmic Microwave Background blackbody measured by various
instruments both on ground and space.

originated from slight out-of-equilibrium conditions in the form of tiny per-
turbations to the energy density or the geometry in the early Universe. These
fluctuations, that were the seeds from which the structures of today grown,
must have imprinted small differences in the temperature of the CMB, the
anisotropies, that should be visible in different directions of the sky (Figure
2.2). The variations in the mean temperature of the primordial plasma, that
correspond to fluctuations in the plasma density, observed today are of the
order of

∆T
T
∼ 10−5 ∼ δρ

ρ
(2.2)

The CMB provides a snapshot of the Universe at the time of the recombi-
nation and its anisotropies are the seeds from which the structures observed
today grown. The study of the CMB anisotropies can thus provide plenty of
information about the early Universe.

2.1 CMB power spectrum
Power spectra are the harmonic transforms of the 2-point correlation func-
tions. Inflationary models generally predict Gaussian perturbations in the
CMB produced by a statistically isotropic process. In this cases the 2-point
correlation function, and therefore the power spectrum of the CMB tempera-
ture map, contains the full statistical information concerning the cosmological
model describing the Universe.
Considering the temperature fluctuations at LSS ∆T/T = Θ(t, ~x0, n̂) as a
function of the position ~x, the time t and the photon direction n̂, since the
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Figure 2.2. Cosmic Microwave Background on all sky observed by COBE.
Image from [C.L.Bennett et al., 1996].

field is predicted statistically homogeneous, the averages over an ensemble
of realizations (expectation values) are independent from the position. The
distribution of ∆T/T (n̂) is the same for all the directions. In the harmonic
transform

∆T
T

(n̂) = Θ(t0, ~x0, n̂) =
∑
`,m

a`m(~x0)Y`m(n̂) (2.3)

where

a`m = (−i)`
∫
d3~k

2π2Y`m(k̂)Θ`(t0,~k) (2.4)

with Θ` the temperature anisotropy multipole and Y`m(k̂) the spheric harmon-
ics describing the multipole, the off-diagonal correlators a`m of the expansion
coefficients vanish. The ensemble average

C`δ``′δmm′ = 〈a`ma∗`′m′〉 = 1
2π2

∫
dk

k
Θ2
` (t0, k)PR(k) (2.5)

is the CMB temperature power spectrum (Figure 2.3), where PR(k) the pri-
mordial spectrum of the fluctuations (Chapter 2.1.2).
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Figure 2.3. Planck foreground-subtracted CMB temperature power spectrum.
The asymmetric error bars show 68% c.l. and include the contribution from
uncertainties in foreground subtraction. Blue points show averages in bands
of width ∆` ≈ 31 together with 1σ errors. The red line shows the temperature
spectrum for the best-fit base ΛCDM cosmology. The lower panel shows the
power spectrum residuals with respect to this theoretical model. The green
lines show the ±1σ errors. Image from [Planck Collaboration, 2014h]

2.1.1 Cosmic variance

The CMB sky is the only one realization of the stochastic process that gener-
ated the primordial fluctuations at disposal for observations. Therefore it is
not possible to ‘measure’ expectations values. It is only possible to determine
the mean square fluctuation on a given scale λ by averaging many disjoint
patches of sky of size λ and assume that this spatial averaging corresponds to
an ensemble averaging (ergodic hypothesis).
This works well as long as the measured scale λ is much smaller than the size
of the observable Universe. When measuring the mean fluctuation on large
angular scales, not many statistically independent patches are available for
averaging and therefore the value obtained could be quite different from the
ensemble average.
If the initial fluctuations are Gaussian then the coefficients a`m are Gaussian
variables and, in the optimal case where the data cover all the sky, it is possible
to determine 2`+ 1 statistically independent coefficients a`m for each ` value.
The variance over a measure is given by

σ` =
√
〈(C0

` − C`)2〉
C2
`

(2.6)

where C0
` = 1/(2` + 1)

∑
m |a`m|2 is the 2` + 1 averaged a`m measure and
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C` = 〈|a`m|2〉 is the statistical expectation value. Eq. 2.6 can be written

σ` =
√

2
2`+ 1 (2.7)

This is the cosmic variance: the absolutely minimal error which can be achieved
from the observation of only one CMB sky realization.
If the data cover only a fraction f < 1 of the sky, this error increases because
it is not possible to determine all the independent a`ms:

σ` =
√

2
(2`+ 1)f (2.8)

2.1.2 Primordial spectrum PR(k)
The theory of cosmological perturbations is a stochastic theory: the fluctua-
tions of a given quantity in a given point, A(t, ~x), obey to a distribution of
probability.
In the linear perturbation approximation each value A is linearly transported
in time into αA with α the linear growth factor. This maintain the shape of
the initial probability distribution and rescales all its statistical moments of
order n by αn.
Assuming statistical homogeneity and isotropy, in the Fourier space the two
point correlation function is

〈A(t,~k)A∗(t,~k′)〉 = δ(~k′ − ~k)PA(k) (2.9)

where PA(k) is the power spectrum of the distribution A and depends only
from the modulus k = |~k|. Equivalently

PA(k) = k3

2π2PA(k) (2.10)

is the dimensionless power spectrum. If the spectrum PA(k) is independent
from k it is called scale-invariant or the Harrison-Zel’dovich spectrum

PA ∝ k−3 (2.11)

The primordial spectrum of cosmic fluctuations is usually expressed in terms
of R: the spatial curvature perturbation on one initial comoving hyper-surface
orthogonal to the energy flux of the total cosmic fluid in each point. In this
way, for adiabatic initial conditions, the spectrum is conserved on super-Hubble
scales. In Newtonian gauge (Chapter 2.2). R is related to the total density
perturbations via

R = ψ − δρtot
3(ρ̄tot + p̄tot)

(2.12)
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Moreover the spectrum expressed via R can be decomposed in one part ac-
counting for initial conditions PR(k), called primordial spectrum, and one part
accounting for linear evolution

〈A(t,~k)Aast(x,~k′)〉 = δ(~k′ − ~k)
[
A(t,~k)
R(~k)

]2

PR(k) (2.13)

For the particular case of Gaussian distribution of probabilities, the statistics
will remain Gaussian at any time and the evolution of the system can be
formulated as an evolution of the root mean square of all quantities. Solving
for cosmological perturbations consists in postulating a primordial spectrum
given from a model, for instance the inflation model (Chapter 1.6 ), and solving
the equations of motion of all perturbations obtaining the transfer function
A(t,~k)/R(~k) that evolves the initial conditions PR(k) in time.

2.2 Cosmological perturbations
In the standard cosmological model the initial conditions for the matter per-
turbations can be inferred from inflation. In the single-field inflationary cos-
mology case (Chapter 1.6), the universe is perturbed initially by a single (adi-
abatic) degree of freedom: a single initial time shifting function.
Non-adiabatic (isocurvature) initial conditions should only be considered when
assuming that primordial perturbations are generated by more than one degree
of freedom, but current CMB observations (displacement of the first peak) put
strong limits on the amplitude of such modes and prefer purely adiabatic initial
conditions [R.Trotta et al., 2001].
Initial fluctuations can be described as perturbations in the metric and stress-
energy tensors. The perturbed tensors can be decomposed into spatial averages
and linear perturbations

gµν(t, ~x) = ḡµν(t) + δgµν(t, ~x) (2.14)

Tµν(t, ~x) = T̄µν(t) + δTµν(t, ~x) (2.15)

The perturbations, according to how they transform under spatial coordinate
transformations, can be classified in scalars, vectors and tensors contribu-
tions that are completely decoupled at first order in linear perturbation theory
[J.M.Bardeen, 1980].
As shown in Figure 2.4, in presence of matter, scalars represent the response
of the metric to an irrotational distribution of matter and result in variations
in the plasma velocity (Newton peculiar velocities). Vectors represent the
response of the metric to vorticity in the motion of the matter resulting in
Doppler shifts that should be damped during inflation. The contribution of
vector perturbations is important only at the non-linear phase of the evolution
of the perturbations: due to the extreme smallness of space scales for which
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the generation of the vortex component could be significant, they leave the
characteristics of anisotropy of the CMB radiation practically unaffected.
Tensor perturbations account for gravitational waves, the only propagating
gravitational degrees of freedom in General Relativity.

Figure 2.4. Energy fluctuations in the plasma: (left) scalar perturbations
are compressions that cause variations in the velocity distribution; (center)
vector perturbations are related to plasma vorticity and result in Doppler shifts;
(right) tensor perturbations are gravitational waves that stretch the space in
orthogonal directions resulting in stretches in the wavelength of radiation.

As long as the background cosmology is assumed to be of the FL type, the
perturbed stress-energy momentum tensor δT νµ must be diagonal and the total
scalar perturbations δρ and δp are the only one preserving the diagonality.
A convenient gauge choice to describe CMB and matter scalar perturbations
is the Newtonian (or longitudinal) gauge expressed in the conformal time

ds2 = a2(t)[−(1 + 2ψ)dt2 + (1− 2φ)γijdxidxj ] (2.16)

In this gauge

• non-diagonal scalar perturbations of the metric vanish

• the gauge-invariant Bardeen potentials ΦA,ΦH reduce to the metric
perturbations φ, ψ

• the scalar degree of freedom associated to the traceless longitudinal part
of δGij = 8πGT ij of the Einstein equation, linearised at first order in
perturbations gives

2
3

(
k

a

)2
(φ− ψ) = 8πG

∑
x

(ρ̄x + p̄x)σx

with x representing all the species contributing to the stress-energy ten-
sor σ = (∂i∂j − 1/3δij∆)δT ij . In case of perfect fluids σ = 0 (shearless
components) so the two metric perturbations are equal (ψ = φ).

The four scalar components of both the metric and stress-energy perturbed
tensors are contained in the terms shown in Table 2.1
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Matrix term δgµν tensor δTµν tensor
Element (0,0) potential energy density

ψ δρ

trace (i,j) local distortion φ pressure perturbations
of scale factor a(t) δP

(0i) vector potential b velocity potential v
δg0i = ∂ib δT 0

i = ∂iv

traceless part metric shear potential µ anisotropic stress potential s
of tensor (ij) δgij = (∂i∂j − 1/3δij∆)µ δT ij = (∂i∂j − 1/3δij∆)s

Table 2.1. The four scalar components of both the metric and stress-
energy perturbed tensors

2.2.1 Acoustic oscillations

When electrons, baryons and photons are tightly coupled, they form an effec-
tive single fluid in which density waves propagate at the sound speed

c2
s = δpγ + δpb

δργ + δρb
(2.17)

Considering δργ = 4/3δρb because ργ ∝ T 4 and ρb ∝ T 3, θγ = θb because of
the coupling and |δpγ | � |δpb|, it is possible to write

c2
s = 1

3(1 +R) with R ≡ 4ρ̄b
ρ̄γ
∝ a(t) (2.18)

Combining the continuity and Euler equations for photons and baryons, the
equation of motion, the transfer function, for the temperature fluctuations
Θ0(t, ~x) in the tight-coupled regime is

Θ′′0 + R′

1 +R
Θ′0 + k2c2

sΘ0 = −k
2

3 ψ + R′

1 +R
φ′ + φ′′ (2.19)

In the case of constant sound speed, no damping term (R′/1 + R)Θ′0 and
absence of gravitational source term −(k2/3)ψ, R is constant and the solution
is a harmonic oscillator

Θ0 = Θ cos(kcst+ φ) (2.20)

For adiabatic initial conditions φ = 0 while in the case of isocurvature non-
adiabatic perturbations the initial phase of the oscillator should be corrected.
For wavelengths greater than the sound horizon, kcst� 1, the oscillations are
frozen. Modes k start oscillating when their wavelength becomes smaller than
the sound horizon and the total number of oscillations is given by the ratio
between these two scales.
However, in reality, the term R is not constant but evolves as R′ = aHR and
the gravitational terms can not be always neglected.
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In general, it is possible to identify five regions for the evolution of the transfer
function Θ0(t, k) according to the relative size of the perturbations and the
horizon at decoupling:

• for modes greater than the sound horizon (kcst� 1), the fluctuation Θ0
is frozen

• modes that are crossing the sound horizon before decoupling start oscil-
lating but the gravitational term shifts the zero point of oscillation

Θeqil
0 = − 1

3c2
s

ψ = −(1−R)ψ

and, for a limited amount of time before the quick decay of the metric
fluctuations inside the horizon, boost their amplitude

• for wavelengths smaller than the sound horizon during radiation dom-
ination, the metric fluctuations have decayed so R � 1 and c2

s = 1/3.
This modes experience stationary oscillations symmetric around Θ0 = 0
proportional to cos(kcst)

• for wavelengths smaller than the sound horizon between the time of
equality and photon decoupling, the damping term is no more negligible
because of the increasing inertia and decreasing pressure of the baryon-
photon fluid when the energy density of non-relativistic baryons takes
over. These modes experience damped oscillations

• for wavelength smaller than the diffusion scale, the photon-baryon can-
not be described in terms of a perfect fluid so the oscillator equation
does not apply. These fluctuations are strongly damped because of the
diffusion.

The overall behaviour of the transfer function Θ0(t, k) for all the modes k is
shown in Figure 2.5

Figure 2.5. Transfer functions at time of decoupling. Image from
[J.Lesgourgues, 2013]
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For scales larger than the sound horizon the transfer function is constant and
adiabatic initial conditions impose −ψ = δtot ' δb ' 3/4δγ− ' 3Θ0. The
opposite sign indicates that over-density corresponds to a temperature excess
and a gravitational potential well.
Inside the horizon the metric fluctuations ψ smoothly decay and modes cross-
ing near t = tdec experience the gravitational boost and oscillate. Very small
wavelengths are completely suppressed by photon diffusion.
The smaller are the wavelengths, the sooner they cross the horizon, the longer
they experience damping due to baryons in the matter dominated regime.
The first oscillation corresponds to modes that crossed the sound horizon very
recently, so the damping effect is much less than the second peak. The third
and higher peaks correspond to modes that crossed the horizon just before
photon decoupling and are dominated by diffusion damping.

2.2.2 Primary anisotropies

The shape of the CMB spectrum C` (Eq.2.5) for a given primordial spec-
trum PR(k), depends on the square of the transfer function Θ`(t0, k) (Chapter
2.1.2). Therefore, the today’s observed anisotropy spectrum can be related
to perturbations on the point of the LSS seen in the same direction n̂, by
integrating the transfer function in Fourier space over the sources along the
photon past light cone [U.Seljak and M.Zaldarriaga, 1996].

Θ`(t0, k) =
∫ t0

tstart
ST (t, k)j`(k(t0 − t))dt (2.21)

The transfer function Θ`(t0, k) is given by the convolution of the Bessel func-
tions j`(x) and the temperature source function

ST (t, k) = g(Θ0 + ψ) + (gk−2θb)′ + e−t(φ′ + ψ′) (2.22)

that contains three terms respectively the Sachs-Wolfe, the Doppler and the
Integrated Sachs-Wolfe effects.
By using the instantaneous decoupling approximation, that allows to replace
the visibility function g with δ(t− tdec), the Eq 2.21 can be written

Θ`(t0, k) ' [Θ0(tdec, k) + ψ(tdec, k)]j`(k(t0 − tdec))

+ k−1θb(tdec, k)j′`(k(t0 − tdec))

+
∫ t0
tdec

[φ′(t, k) + ψ′(t, k)]j`(k(t0 − tdec))dt

The CMB observed power spectrum, using Eq.2.5, is given by the sum of the
spectra of these three components, as shown in Figure 2.6
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Figure 2.6. Contribution to the CMB power spectrum of the primordial
perturbations. Image from [J.Lesgourgues, 2013]

Sachs-Wolfe

For large values of `, the spherical Bessel function j`(x) is very peaked near
x ' l hence the contribution to the spectrum C` will be mainly due to modes
k ' `/(t0 − tdec). Therefore CSW

` depends on the power spectrum of the
primordial perturbations evaluated at the time of decoupling for wavelengths
in vicinity of the horizon dimension, evolved via the transfer function (Θ0+ψ)2

CSW
` ∼ 〈|Θ0 + ψ|2〉PR(k) for t ' tdec, k '

`

(t0 − ttextdec)
(2.23)

For scales larger than the horizon at last scattering, the fluctuations are frozen
and the primordial power spectrum is virtually unchanged.
In case of a Harrison-Zel’dovich scale-invariant spectrum (Eq.2.11)

CSW
` ∝ 1

`(`+ 1) ⇒ CSW
` `(`+ 1) ∼ const

the observed CMB spectrum should be perfectly flat if plotted as a function
of `(`+ 1).
In Figure 2.6, the SW spectrum shows a flat plateau (Sachs-Wolfe Plateau) for
modes with kc2

s � 1 (outside the horizon). Higher modes show asymmetric
oscillations in the first few odd and even peaks, with odd peaks being en-
hanced because of the shift in the zero point of oscillation (−(1 +R)ψ), while
for large values of k the amplitude of the peaks is strongly suppressed by dif-
fusion damping. The overall envelope of the peaks is driven by the diffusion
wavenumber kd and is given by exp(k/kd)2.
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Doppler

Similarly to the Sachs-Wolfe effect, the Doppler term contributes mainly for
modes k ' `/(t0 − tdec)

Cdoppler
` ' 〈|θb|2〉PR(k) for t ' ttextdec, k ' `/(t0 − tdec) (2.24)

The Doppler contribution is driven by the behaviour of the time derivative
Θ′0(tdec, k) of the transfer function Θ0(tdec, k) shown in Figure 2.5. For scales
above the sound horizon the effect is null because there are no oscillations and
no significant dynamics in the fluid. On smaller scales the oscillatory patterns
follow the baryon velocity divergence (θb = θγ for the tight coupling).

Integrated Sachs-Wolfe

The contribution of this effect is related to the metric fluctuations (φ + ψ)
integrated between the photon decoupling and today.

CISW
` ∼

∫ t0

tdec
(t0 − t)〈|(ψ′ + φ′)|2〉dt (2.25)

Before photon decoupling the metric fluctuations decay inside the sound hori-
zon while in in the matter dominated regime the metric fluctuations are static
even inside the horizon. The overall contribution of the integrated Sachs-Wolfe
can come only from two regions:

• the beginning of matter domination while the sub-sound horizon metric
fluctuations are freezing (Early Integrated Sachs-Wolfe, EISW)

• during the dark energy dominated regime because the equation of state
of the Universe changes, so metric fluctuations vary on all scales (Late
Integrated Sachs-Wolfe, LISW)

Both the contributions decrease with wavelength. EISW is maximal for scales
crossing the sound horizon at the time of photon decoupling so contributes
mainly to the scale of the first peak as an enhancement.
LISW effect is maximal for the largest observable scales today affecting mainly
the smallest multipoles (l = 2, 3, 4,. . . ). It acts as a global tilt of the Sachs-
Wolfe plateau even if the primordial spectrum is exactly scale invariant (∝
k−3).

2.2.3 Secondary anisotropies

Between the LSS and today, the CMB photons propagating into the Universe
interact with cosmic structures that affect their frequency, energy or direction
of propagation. These interactions generate secondary anisotropies in the
CMB that can be divided in two major families:
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• gravitational effects, including gravitational lensing, the Rees-Sciama
effect (RS) and decaying potentials (ISW)

• effects of scattering between CMB photons and free electrons that in-
clude inverse Compton (Sunyaev-Zel’dovich ‘SZ’ effect) and inhomoge-
neous reionisation

Gravitational lensing

As the CMB photons propagate from the LSS, the intervening large scale
structures can gravitationally lens the primary anisotropies. Weak lensing
only alters photon directions and hence the spatial structure of the correla-
tion function: the net result does not change the total power in fluctuations
but redistributes power preferentially towards smaller scales. The effects are
mostly noticeable at small scales where they modify the CMB damping tail.
In order to identify the effects of gravitational lensing on the CMB it is nec-
essary to explore higher order moments that possibly reveal the induced non-
Gaussian signatures. (Figure 2.7).

Figure 2.7. Lensed (solid) and unlensed (dotted) CMB power spectra.
The fractional difference between the two is shown in the bottom panel.
Image from [R.Durrer, 2008].

However its effects may be significant on large scales when the observable
of interest is the B-mode power spectrum (Chapter 2.5.2): a curl-free vector
field does not remain scalar if it is distorted, consequently in the case of CMB
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polarisation vector field, it should result in a mix of the E and B components
of the polarisation. If initially perturbations are purely scalar and therefore
do not have B-modes, the lensed polarization will develop B-modes, as shown
in Figure 2.8.

Figure 2.8. B-mode power spectrum (thick) induced from a pure E-mode
power spectrum (thin) by lensing. Image from [R.Durrer, 2008].

Reionization

At small redshift (z ∼ 10) the reionization of the Universe produces a small
secondary bump in the visibility function g. This introduces the probability
for CMB photons to rescatter at late times.
The effect of this rescattering is the smooth out of any temperature anisotropy
pattern lowering the overall amplitude of the C` (∼ 15%) and produce some
polarization in the CMB. The smoothing effects cannot reach the largest ob-
servable scales hence the effect of reionization saturates for ` ∼ 40.
The best known and most studied contribution due to cosmic structure is the
Sunyaev-Zel’dovich (SZ) effect (Zel’dovich e Sunyaev 1972, 1980). It is caused
by the inverse Compton interaction between the CMB photons and the free
electrons of a hot ionised gas along the line of sight when crossing clusters of
galaxies. The SZ effect can be broadly subdivided into:

• thermal SZ (TSZ) effect, where the photons are scattered by the random
motion of the thermal electrons;
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• kinetic SZ (KSZ) effect, which is due to the bulk motion of the electrons.

The KSZ only Doppler shifts the incident CMB spectrum that remains Planck-
ian, while the TSZ produces a spectral distortion. In TSZ when photons pass
through a hot thermal plasma, because of the inverse Compton scattering on
the hot gas electrons, the low-energy Rayleigh–Jeans regime of the photons’
spectrum is depleted while the Wien tail of the spectrum is enhanced. Since
the number of CMB photons at high energy is small, the net result is a drop
of the Rayleigh-Jeans temperature and a spectral distortion (Figure 2.9) de-
scribed by the parameter

y =
∫
σTne(t)Te

me
dr (2.26)

where ne, Te and me are the density, temperature and mass of the electrons
encountered while crossing the cluster.

Figure 2.9. Distortion of the CMB blackbody due to SZ effect.

2.3 Cosmological Parameters
The minimal ΛCDM model assumes zero spatial curvature, and a primordial
spectrum of scalar perturbations

PR(k) = As(K/K?)ns−1

where As in the spectrum amplitude and ns is the spectral index or tilt.
The Harrison-Zel’dovich scale-invariant spectrum is given by ns = 1.
Under the assumption of a photon density matching the measured value of the
CMB temperature T = 2.725K, then ωγ ∼ 2 × 10−5, the neutrinos are still
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relativistic today and is possible to infer the Hubble constant h (ref eq hubble)
from other parameters (like h =

√
ωm/(1− ΩΛ) because of the flat universe.

The redshift of equality zeq is controlled by ωm only, because the scale factor
at radiation/matter equality is

ρr = ρm ⇒ ωr

(
a0
aeq

)4

= ωm

(
a0
aeq

)3

⇒ zeq = a0
aeq

= ωr
ωm

, ωr = const.

(2.27)
Similarly the redshift of equality matter/Λ is driven only by ΩΛ

ρr = ρm ⇒ ωm

(
a0
aΛ

)3
= ΩΛh

2 ⇒
(
aΛ
a0

= 1− ΩΛ
ΩΛ

)1/3
(2.28)

In this model, the shape of the observed CMB temperature power spectrum
can be controlled by a combination of six parameters:

As primordial spectrum amplitude
ns spectral index (tilt)
ωb baryon density
ωm matter (baryon + CDM) density
ΩΛ cosmol. const. fractional density
τre optical depth to reionization

Table 2.2. A combination of six basic ΛCDM model parameters.

Among the various physical effects contributing to the CMB power spectrum
shape it is possible to identify eight independent leading ones:

Peak scale In multipole space, all peaks correspond to the harmonics of a
single correlation length in real space. The scale of the peaks θpeaks, in first
approximation, is controlled by the position of the peak `peak that depends on
the ratio of the sound horizon at decoupling and its angular diameter distance
to decoupling:

θpeaks = π

`peak

The sound horizon at decoupling is given by the expansion history, the time
of equality is driven by ωm and sound speed is given by ωb as a function of
a(t). The angular diameter distance depends on the expansion and geometry
of the Universe after the decoupling so ΩΛ and H0

Peaks amplitude ratio For modes that are crossing the sound horizon
before decoupling, the gravitational term −(1 − R)ψ shifts the zero point of
oscillations and consequently the amplitude of the subsequent peaks. The
value of R is driven by ωb (2.18).
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Overall peak amplitudes The amplitude of the peaks depend on the time
in which the oscillations have been damped by baryon effects.
The time of radiation/matter equality, controlled by ωm, defines the duration
of the intermediate stage between equality and decoupling during which acous-
tic oscillations are damped while the stabilization of the metric fluctuations
are responsible for the first peak enhance via the EISW.

Damping envelope Diffusion damping near the time of recombination con-
trols the envelope of the peaks. It depends on the ratio of the damping scale
at decoupling by the angular diameter distance to decoupling.
The damping scale is defined by the Thomson scattering rate related to ωm
that drives the value of conformal time at the equality and ωb governing the
ionization fraction as a function of a(τ). The angular diameter distance, as
for the peak scale, is given by ΩΛ and H0.

Spectrum amplitude The CMB power spectrum depends directly on the
primordial spectrum amplitude given by As (Chapter 2.1.2) evolved with the
transfer function Θ0(t, k)

Spectrum tilt The global slope of the power spectrum depends on the tilt
of the primordial spectrum ns.(Chapter 2.2.2).

Plateau tilt The tilt of the Sachs-Wolfe plateau is driven by the LISW. The
plateau lift at small ` depends on the time that the metric fluctuations took
to decay in the Λ domination epoch transition, directly related to the value of
ΩΛ. The higher is the tilt, the higher is the value of ΩΛ.

Amplitude at ` ≥ 40 The power spectrum amplitude is more suppressed
on smaller scales (high `) if reionization starts earlier, because of larger values
of τre.
Table 2.3 summarizes the eight physical effects on the CMB temperature power
spectrum controlled by the six parameters of the minimal ΛCDM model.
In principle the accurate measurement of the CMB temperature spectrum is
sufficient to constrain all the six parameters. However, due to the cosmic
variance, the spectrum can not be measured with absolute accuracy. This
mainly affects the plateau tilt effect.
Moreover the parameters have some degeneracies. For instance the combined
effect of the primordial spectrum amplitude and the amplitude of the CMB
spectrum at ` ≥ 40, the product Ase−2τre , if the two effects vary maintaining
the product fixed, affects only the smallest multipoles.
For this reasons, the measurement of the CMB temperature spectrum is suffi-
cient to constrain the six parameters of the ΛCDMmodel, but with a relatively
large error bar for ΩΛ and for a particular combination of τre and As.
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Effect Spectrum dependency Cosmological parameter

Peak scale θpeak = π

`peak
∼ ds|dec
da|dec

ωm, ωb,ΩΛ

Peaks amplitude ratio R|dec ωb

Overall peak amplitudes adec
a0

ωm

Damping envelope θd = π

`d
∼ adecrd|dec

da|dec
ωm, ωb,ΩΛ

Spectrum amplitude PR(k?) As

Spectrum tilt d logPR(k)
d log k ns

Plateau tilt aΛ
a0

(LISW) ΩΛ

Amplitude at ` ≥ 40 τre τre

Table 2.3. Main physical effects on the CMB temperature power spectrum
and their dependencies from cosmological ΛCDM parameters

These results can only be improved by combining the CMB data with other
cosmological probes or, for the case of τre and As degeneracy, by including
constraints coming from CMB polarization.

2.4 Tensor perturbations
Tensor modes are related to the traceless divergenceless components of the
metric and stress-energy tensor (Table 2.1, Chapter 2.2) obeying to

δTii = 0 ∂iδTij = 0 ∀j
The two degrees of freedom left in δgij are the two degrees of polarization of
gravitational waves seeded by a non-diagonal stress tensor δTij .
Since Tij is diagonal for perfect fluids, and negligible for pressureless compo-
nents (CDM), gravitational waves on scales sufficiently large to be detectable
in the CMB can only be related to quantum fluctuations of the metric during
the inflation that excited primordial tensor perturbations.
The amplitude of the tensor signal is directly proportional to the energy scale
of inflation. Its effects, due to the quick decay of gravitational waves inside
the Hubble radius, can only be detectable as a distortion of the CTT` spectrum
shape for ` ≤ 100 similar to the SW and ISW. This region of the CTT` power
spectrum is dominated by the error bars associated to the cosmic variance
therefore clear information on the tensor perturbations should be recovered
from the polarization power spectrum.
In absence of tensors, CBB` would vanish so even if the tensor amplitude is
very small it can still dominate the CBB` signal up to the physical level of
the secondary anisotropies. In particular the weak lensing effect produces a
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non-zero CBB` that could mask the primary tensor anisotropy spectrum.

2.5 Polarization
The information carried in the CMB photons is not only contained in the
temperature power spectrum, but also in the polarization.
Before decoupling, in the tight-coupling regime, the photon temperature is
isotropic in every point of the fluid. This isotropy driven by the frequent
interactions, implies that CMB photons acquire no polarization patterns when
they scatter over free electrons.
When approaching the decoupling, the Thomson scattering becomes inefficient
and the photon temperature is no longer isotropic in the frame comoving with
the electrons. The radiation coming from perpendicular directions can have
different temperature leading to a quadrupolar anisotropy (360◦/90◦ = 4).
When the quadrupolar component of the temperature distribution in each
point becomes significant, photon scattering over the free electrons leads to a
net linear polarization (Figure 2.10).

Figure 2.10. Radiation of different temperature coming from perpendicular
directions lead to linear polarization when scattering over a free electron

The photon diffusion was possible only when the plasma became sufficiently
thin during the recombination and lasted until there were still free electrons.
Therefore polarization can only be produced in a short period near the end
of the recombination and only a small part of the CMB is polarized. Today’s
CMB photons have a different polarization amplitude and orientation in each
direction of the sky as the result of the quadrupole anisotropy projected in the
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sky.
The degrees of freedom that completely describe the photon status, including
their polarization, are the Stokes parameters.

2.5.1 Stokes parameters

Defining the polarization directions ε̂1 and ε̂2, the electric field of a generic
electromagnetic wave is

~E = E1ε̂
1 + E2ε̂

2 (2.29)

The polarization tensor is

Pij = P̃abε̂
a
j ε̂
b
i (2.30)

with P̃ab = E∗aEb a hermitian 2× 2 matrix that can be written as

P̃ab = 1
2
[
Iσ0

ab + Uσ1
ab + V σ2

ab +Qσ0
ab

]
(2.31)

where σn are the Pauli matrices and the four real functions I, U, V,Q are the
Stokes parameters.
In term of the electric field they describe

• the intensity of the electromagnetic wave

I = |E1|2 + |E2|2

• the symmetric traceless part of the polarization tensor

Q = |E1|2 − |E2|2

U = E∗1E2 + E∗2E1 = 2Re(E∗1E2)

with Q the amount of linear polarization in directions the 1 and 2

Since Thomson scattering does not introduce circular polarization, the V
Stokes parameter of the CMB radiation vanish.
Images of the CMB polarization decomposed into the Q and U Stokes param-
eters are shown in Figure 2.11.
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Figure 2.11. Stokes Q and U maps in WMAP K and Ka bands smoothed at
1◦. Image from [L.Page et al., 2007].

2.5.2 E and B modes

The components of the polarization tensor expressed in the helicity basis ε± =
1/
√

2(ε1 ± iε2) can be written as

P = Q+ iU

P̄ = Q− iU

that under a rotation ψ transform

(Q′ ± iU ′) = e±i2ψ(Q± iU)

like spin-2 variables with a magnetic quantum number m = ±2. The Stokes
parameters depend not only on the direction n̂ but also on the orientation
of the polarization basis (ε̂1, ε̂2). This is not practical and is not suitable to
explain possible symmetries in the system. For this reason the scalar quantities
E and B are preferred.
By using the spin weighted spherical harmonic functions sY`m(n) which are
defined for each integer s with |s| ≤ ` and have the property that they trans-
form under rotations of an angle ψ like sY`m(n) → eisψs Y`m(n), it is possible
to write [J.N.Goldberg et al., 1967]

(Q+ iU)(n̂) =
∑
`m

a2,`m 2Y
`
m(n̂) (2.32)
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(Q− iU)(n̂) =
∑
`m

a−2,`m −2Y
`
m(n̂) (2.33)

Using spin raising and lowering operators /∂ and /∂
∗ similar to the quantum

mechanical angular momentum operators L+ and L− which raise and lower
the magnetic quantum number m (/∂sY`m ∝s+1 Y`m and /∂

∗
sY`m ∝s−1 Y`m) it

is possible to write

(/∂∗)2(Q+ iU)(n̂) =
∑
`=2

∑̀
−`
a

(2)
`m

√
(`+ 2)!
(`− 2)!Y`m(n̂) (2.34)

/∂
2(Q− iU)(n̂) =

∑
`=2

∑̀
−`
a

(−2)
`m

√
(`+ 2)!
(`− 2)!Y`m(n̂) (2.35)

by neglecting the
√

(`+ 2)!
(`− 2)! term and defining

aE,`m = −(a2,`m + a−2,`m)
2 aB,`m = −i(a2,`m + a−2,`m)

2
it is possible to define the scalar quantities

E(n̂) =
∑
`m

aE,`mY
m
` (n̂) (2.36)

B(n̂) =
∑
`m

aB,`mY
m
` (n̂) (2.37)

that like temperature fluctuations are invariant under rotation. As shown in
Figure 2.12, E measures gradient contributions to the electric field while B
measures curl contributions to the electric field, considered as a function on
the sphere.

Figure 2.12. E-polarization (left) and B-polarization (right) patterns around
the photon direction indicated as the center.
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2.5.3 CMB polarization power spectrum

The polarization pattern in the sky can be decomposed into the two compo-
nents measuring the gradient contributions and the curl contributions to the
electric field

• E-mode, electric field like component due to scalar and tensor perturba-
tions

• B-mode,magnetic field like component due to vector and tensor pertur-
bations

Having the sky maps of the E- and B-mode components, it is possible to define
the rotationally invariant power spectra (eq. 2.5)

C
(EE)
` = 〈|aE,`m|2〉

C
(BB)
` = 〈|aB,`m|2〉

C
(ΘB)
` = 〈a∗`m|aE,`m〉

The coefficients aB,`m have parity (−1)`+1 while aE,`m and a`m have (−1)`.
The random process which generates the initial fluctuations is invariant under
parity so CΘB

` and CEB` should vanish.
A comparison between the expected CMB TT (ΘΘ) spectrum and the ex-
pected EE,BB and TE spectra is shown in Figure 2.13.
The polarization signals are two orders of magnitude lower than the CMB
temperature anisotropies. This reflects the fact that the polarization has been
produced only near the end of the recombination period.
The polarization signal decreases on large scales (low `) because the photons
could not diffuse on such scales before the end of the recombination. The TE
correlation spectrum, in phase with the temperature fluctuations, is related to
gradients in the plasma velocity that produced E-mode polarization. The effect
of the re-scattering of the CMB photons during reionization 11 < zreionization <
30 is clearly visible on large scales. The strong effect of reionization on the
TE spectrum al low ` bringing the signal above the cosmic variance, helps to
break the degeneracy between τre and As providing a more precise measure of
τre with respect the temperature spectrum only (Chapter 2.3).
While E-modes depends on both tensor and scalar perturbations, the B-mode
polarization signal depends only from tensor perturbations. The only "real"
source of such tensor perturbations are the gravitational waves generated dur-
ing the inflationary period.
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Figure 2.13. Power spectrum for TT (black) TE (red) EE (green) and BB
(blue) with the limits setted by WMAP3. Image from [L.Page et al., 2007]
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Since its discovery [A.A.Penzias, R.W.Wilson, 1965] in 1965 by Arno Pen-
zias and Robert Wilson, the knowledge of the Cosmic Microwave Background
(CMB) and its features has broadly improved.
This progress has been possible trough a series of experiments explicitly con-
ceived that, by pushing to the limit the technology, allowed to observe and
study the CMB with increasing accuracy.
CMB experiments can be divided in three groups:

• ground-based

• balloon-based

• space-based

This chapter gives an overview of the space-based CMB missions COBE, which
saw for the first time the anisotropies of the CMB on an angular scale of a
few degrees and WMAP, which gave very precise evaluations of cosmological
parameters,and of the principal balloon and ground-based experiments dedi-
cated to the study of the CMB, briefly describing their design and the most
important results they produced.

3.1 Space based experiments
Astronomical observations are strongly affected by Earth atmosphere. The
incoming radiation is degraded by atmospheric turbulence or selectively ab-
sorbed by atomic or molecular phenomena involved at different heights in
atmosphere. To avoid this problem it is necessary to perform observations in
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space, where these limitations are not present. For these reasons the space-
based experiments COBE, WMAP and Planck play the main role in the study
of the CMB. In this section COBE and WMAP experiments are described.
Planck will be described in details in the next Chapter 4.

3.1.1 COBE

The COsmic Background Explorer (COBE) experiment was a NASA mission
designed to study the infrared diffuse emission and the Cosmic Microwave
Background. It first detected the anisotropies of the CMB on angular scale of
a few degrees. COBE was launched in 1989 and it carried three instruments
DIRBE, DMR and FIRAS.

Figure 3.1. COBE-DMR sky maps: (top) the dipole anisotropy with ampli-
tude of ∆T = (3.353±0.024)mK; (center) sky emission after the removal of the
dipole signal; (bottom) CMB anisotropies on a ∆T ∼ 30µK after the removal
of galactic emission. Image from [C.L.Bennett et al., 1996].

• Diffuse Infra-Red Background Experiment (DIRBE) it was designed to
measure the diffuse infrared emission with two main goals: looking for
a diffuse IR background to measure its energy distribution and study-
ing the astrophysical phenomena responsible for foreground emissions
that limit the measure of CMB. In the Solar System the main contri-
butions to this IR background come from scattered light and thermal
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emission of interplanetary dust. DIRBE produced maps of the whole
sky at wavelengths between 1.2µm and 240µm and linear polarization
maps at 1.2µm, 2.2µm, 3.5µm;

• Differential Microwave Radiometer (DMR) was designed to investigate
the anisotropies in the CMB by measuring the variation in temperature
of the Cosmic Microwave Background on the whole sky. It was made
by three couples of differential radiometers working in the 31.5GHz,
53GHz and 90GHz frequency bands. The output signal of each channel
is proportional to the difference in temperature of the two regions of sky
observed by its couple of radiometers. DMR had a sensitivity of 0.1mK
at 53GHz and 90GHz and 0.25mK at 31.5GHz and measured temper-
ature fluctuations with an angular resolution of 10◦ with an amplitude
of 29.0 ± 0.1mK. The main result of DMR was the first observation of
CMB anisotropies on large angular scales at a level of 10−5 (Figure 3.1)
[C.L.Bennett et al., 1996].

• Far Infra-Red Absolute Spectrophotometer (FIRAS) was a Michelson in-
terferometer designed to analyse the distribution of CMB spectrum be-
tween 105µm and 1 cm in wavelength, comparing the signal from the sky
with a reference black body, on an angular scale of ∼ 7◦. The instrument
was cooled to 1.5K in order to minimize its thermal emission. FIRAS
showed that CMB spectrum is comparable, with an accuracy of 99.997%,
with the one of a blackbody at a temperature of 2.725± 0.010K.

3.1.2 WMAP

Probably the most decisive CMB experiment, the NASA space-based mission
Wilkinson Microwave Anisotropy Probe (WMAP) was intended to improve
the knowledge of the CMB exploiting the innovations in technologies used to
design scientific instruments.
WMAP was launched in 2001 with the purpose to determine the geometry,
content and evolution of the Universe with a 13 arcmin resolution full sky map
of CMB temperature anisotropies with uncorrelated pixel noise, minimal sys-
tematic errors and accurate calibration over a multi-frequency sky observation
[C.L.Bennett et al., 2003b].
WMAP was a differential microwave radiometer. The optical configuration
of WMAP, as shown in Figure 3.2, was two identical back-to-back shaped
offset Gregorian telescopes mounted on the same axis and pointing in opposite
directions separated by an angle of 140◦, feeding two mirror symmetric arrays
of ten corrugated polarization sensitive feedhorns working in five frequency
bands centred at 23GHz, 33GHz, 41GHz, 61GHz and 94GHz (K, Ka, Q, V,
W bands) [L.Page et al., 2001, N.Jarosik et al., 2003].
The observing frequency bands were selected in order to separate the four
galactic foregrounds: synchrotron radiation, free-free radiation, thermal radi-
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Figure 3.2. WMAP overview with several of the major constituents called
out. The satellite was 3.8m tall and the deployed solar array was 5.0m in
diameter. Image from [C.L.Bennett et al., 2003b].

ation from dust, and radiation from charged spinning dust grains from CMB
signal as shown in Figure 3.3 [W.C.Erikson, 1957, D.P.Finkbeiner et al., 2002,
B.T.Draine & A.Lazarian, 1999].

Figure 3.3. The frequency bands were chosen so that WMAP observed the
CMB anisotropy in a spectral region where the emission is most dominant
over the competing galactic and extragalactic foreground emission. Image
from [C.L.Bennett et al., 2003b].

In 2003 the WMAP maps resulting from first year of sky observation had a
sensitivity and an angular resolution respectively 33 and 45 times better than
COBE, as shown in Figure 3.4.
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Figure 3.4. Comparison between the COBE 53GHz map
[C.L.Bennett et al., 1996] with the W-band WMAP map. The WMAP
map has 30 times finer resolution than the COBE map. Image from
[C.L.Bennett et al., 2003a].

The temperature TT power spectrum and TE cross-power spectrum of the
CMB anisotropies have were produced with an unprecedented accuracy: the
low contribution of systematic effects allowed the observation of the power
spectrum up to multipole ` ∼ 650 (Figure 3.5). The angular power spectrum
TT was highly constrained and the temperature-polarization (TE) cross-power
spectrum revealed both acoustic features and a peak near ` ∼ 300 out of phase
with respect the TT power spectrum, as predicted for adiabatic initial condi-
tions. Moreover the antipeak in the TE spectrum near ` ∼ 150 was a strong
evidence for super-horizon modes at decoupling, as predicted by inflationary
models.
The main scientific results of the WMAP mission were:

• accurate determination of the dipole anisotropy amplitude ∆Tdip =
3.355± 0.008mK and direction (l, b) = (263.99◦ ± 0.14◦, 48.26◦ ± 0.03◦)
[G.F.Hinshaw et al., 2009];

• measure of the angular power spectrum of the anisotropies of CMB up to
an angular scale of 0.2◦ with a 0.5% calibration error [G.F.Hinshaw et al., 2013];

• first measurement of angular temperature-polarization cross-power spec-
trum (TE) that strongly constrained cosmological models;

- 45 -



3 – CMB experiments

Figure 3.5. WMAP angular power spectrum: (top) WMAP temperature
(TT) result, (bottom) TE cross-power spectrum both plotted with the expected
(gray) cosmic variance uncertainty. Image from [C.L.Bennett et al., 2003a]

The six values ΛCDM cosmological parameters evaluated from the 9-years of
WMAP CMB observations [C.L.Bennett et al., 2013, G.F.Hinshaw et al., 2013]
are reported in Table 3.1

Physical baryon density Ωbh
2 0.02264± 0.00050

Baryon density Ωb 0.0463± 0.0024
Dark energy density (w = −1) ΩΛ 0.721± 0.025
Scalar spectral index ns 0.972± 0.013
Reionization optical depth τre 0.089± 0.014
Amplitude of SZ power spectrum As < 2.0(95%CL)

Table 3.1. 9-year WMAP ΛCDM cosmological parameters. Values from
[C.L.Bennett et al., 2013].

3.2 Ground based
Space based experiments allow a complete sky coverage but they are very
expensive and need many years for their design realization and operation.
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Ground based experiments are less expensive and easily maintainable. Af-
ter COBE, a great number of ground based experiments has provided many
interesting informations on the CMB. Here CBI and BICEP are presented.

3.2.1 CBI

The Cosmic Background Imager (CBI) was an interferometer array measuring
the power spectrum of fluctuations in the cosmic microwave background radi-
ation at very small angular scales for multipoles in the range 400 < ` < 3500.
CBI was operating between 1999 and 2008 in the Atacama Desert in northern
Chile at an altitude of 5000m where the very dry atmosphere allowed observa-
tions with a reasonable level of sensitivity. It was a planar synthesis array with
13 0.9m diameter antennas on a 6 m diameter tracking platform (Figure 3.6).
Each antenna had a cooled, low-noise receiver operating in the 26 − 36GHz
band [S.Padin et al., 2002]

Figure 3.6. The Cosmic Background Imager in the Atacama Desert in north-
ern Chile. Image from http://www.aoc.nrao.edu/ smyers/cbi/

Signals coming from the 13 antennas were cross-correlated in an analog filter-
bank correlator with ten 1GHz bands. This allowed spectral index measure-
ments used to distinguish CMBR signals from diffuse galactic foregrounds. A
1.2 kHz 180◦ phase-switching scheme was used to reject cross talk and low-
frequency pick-up in the signal processing system.
The field of view of CBI was 44 arcmin and its angular resolution was in the
range 10 arcmin to 4.5 arcmin. Its spectral resolution permitted to separate
diffuse galactic emissions such as synchrotron, free-free and interstellar dust
emissions. CBI was a valuable tool in order to study the Sunyaev-Zel’dovich
effect, to determine properties of hot gas in galaxy clusters and their evolution
and give, when joined with observation in the X band, an estimation of the
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Hubble constant. With CBI, from photon diffusion, anisotropies at ` > 1000
were measured for the first time (Figure 3.7) [C.R.Contaldi et al., 2002].

Figure 3.7. The CBI mosaic field power spectra. Two separate binnings of
the data are shown (blue and green), compared to 1-sigma confidence intervals
for the BOOMERANG, DASI and MAXIMA experiments and best fit (solid
curve). Image from [C.R.Contaldi et al., 2002].

3.2.2 BICEP and BICEP2

The Robinson Gravitational Wave Background Telescope BICEP (Background
Imaging of Cosmic Extragalactic Polarization) [K.W.Yoon et al., 2006] is an
experiment designed to measure the polarization of the CMB. It was deployed
to the Amundsen-Scott South Pole Station in November 2005 and took data
until the end of 2008. BICEP operated at 100GHz and 150GHz at angular res-
olutions of 1.0◦ and 0.7◦ respectively, with an array of 98 polarization-sensitive
detectors, mapping a large region of the sky around the South Celestial Pole.
It combined a 250mm primary aperture refractive optics, cooled at 4K and a
polarization-sensitive detector array cooled to 250mK to achieve 55′ and 0.37′
beams at 100GHz and 150GHz respectively, over a 17 ◦ diameter field-of-view.
In 2010, BICEP telescope vas replaced with BICEP2, a second-generation
instrument featuring a greatly improved focal-plane Transition Edge Sensor
(TES) bolometer array of 512 sensors (256 pixels) operating at 150GHz with
temperature sensitivity of ∼ 300µKCMB. This 260mm aperture telescope
observed the CMB from 2010 to 2012 a low-foreground region of the sky with
an effective area of 380 square deg up to a depth of 87nK deg in Stokes Q and
U.
In 2014 BICEP2 team announced an excess of B-mode power over the base
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lensed-ΛCDM expectation in the range 30 < ` < 150 [P.A.R.Ade et al., 2014]

Figure 3.8. The BICEP2 EE and BB auto spectra compared to cross spectra
between BICEP2 and the 100GHz and 150GHz maps from BICEP1. Image
from [P.A.R.Ade et al., 2014].

The power spectrum results, that seem to be consistent with lensed ΛCDM,
are under investigation for the possibility of foreground contamination due to
polarized dust signal even in the clean windows of the sky observed by BICEP2
[Planck Collaboration, 2014j].

3.3 Balloon based
After COBE, the study of the CMB has been performed not only from space
but also with different balloon experiments and ground-based experiments.
Although these experiments cannot cover the whole sky and they are affected
by atmospheric signal degradation, the possibility to perform instrumenta-
tion maintenance and service, makes them less expensive than a space-based
mission and capable to provide results in a shorter time. In this section the
BOOMERanG, Archeops and MAXIMA experiments are described.

3.3.1 BOOMERanG

BOOMERanG (Balloon Observations Of Millimetric Extragalactic Radiation
and Geophysics) was a multi-wavelength experiment designed to observe CMB
anisotropies on small angular scales. It was a stratospheric balloon carrying
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an off-axis telescope with a mirror with a 1.3m diameter mirror. It has flown
around Antarctica from Mc Murdo base (Figure 3.9), in two separate flights
(the first in 1998, the second in 2003) to map the Cosmic Microwave Back-
ground (CMB). The first flight measured the CMB temperature anisotropies;
the second measured both temperature and polarization anisotropies.

Figure 3.9. BOOMERanG first flight in 1998.

Figure 3.10. Map of CMB from BOOMERanG pixelized at 7 arcmin. Image
from [J.E.Rhul et al., 2003].

It took 10.5 days at an approximately constant latitude of −78◦ to circum-
navigate the continent at the height of 39 km, acquiring data for a total of
247 hours of sky observation. Most of the observation time was spent in a
CMB region (Figure 3.10) with a very low dust contrast seen in the IRAS
100µm maps [M.Moshir et al., 1992]. In order to separate the cosmological
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signal from foreground emissions and to control contributes from systematics
effects, each region of the sky was observed at four different frequency bands:
90GHz , 150GHz, 240GHz and 410GHz.
Results from BOOMERanG supported Inflation Theory and revealed a flat
Universe composed by 5% baryons, 25% Dark Matter and 70% Dark Energy
or Cosmological Constant with a spectral index of initial density perturbations
ns ∼ 1. According to BOOMERanG the Universe is ∼ (13.5 ± 0.2)Gyr old
[J.E.Rhul et al., 2003].
The 2003 BOOMERanG flight observed the sky for 195 hours at 143GHz
frequency. The design of the 145GHz Polarizations sensitive Bolometers was
identical to the 143GHz Planck HFI instrument. BOOMERanG 2003 was
the most precise CMB observations at 600 < ` < 1200 bridging the gap
between the full sky WMAP maps at ` < 600 and high ` ground observations
[W.C.Jones et al., 2005].

3.3.2 Archeops

Archeops was a ballon experiment (Figure 3.11) designed to investigate CMB
anisotropies on an angular scales of ∼ 10 arcmin [A.Benoit et al., 2002a]. It
was launched in February 2002 from Kiruna (Sweden). CMB photons were
collected by an off-axis Gregorian telescope. The instrument consisted in a
grid of 21 bolometers cooled at 100mK through a 3He −4 He cryostat. The
instrument was designed to work in four different frequency bands: 143GHz,
217GHz, 353GHz and 545GHz. Each bolometer had its own optics with horns
and filters at different temperatures (0.1K, 1.6K and 10K).

Figure 3.11. Archeops during the launch. Image from http://journal.archeops.org/

Archeops, for the first time and before WMAP, linked large angular scales
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previously detected by COBE, with the first acoustic peak scales. From these
results, through Inflation Model, it was possible to measure a total energy
density Ω = 1 within 3% accuracy, which means that the Universe is substan-
tially flat. The angular power spectrum of CMB measured by Archeops up to
` = 350 is shown in Figure 3.12.

Figure 3.12. Angular CMB power spectrum of Archeops compared with dif-
ferent experiments. Image from [A.Benoit et al., 2003].

For comparison, also data from other experiments are shown together with
the theoretical model which best fits experimental data. The first peak re-
sults located at ` ∼ 200, from which is possible to infer Ω = 1.0 ± 0.1
[A.Benoit et al., 2003, A.Benoit et al., 2002b].

3.3.3 MAXIMA

The Millimeter Anisotropy eXperiment IMaging Array (MAXIMA) balloon
experiment consisted in an array of 16 bolometric photometers operating at
100mK. In its first flight, in 1998, MAXIMA observed a 124 square de-
grees region of the sky with 10 arcmin resolution at frequencies of 150GHz,
240GHz and 410GHz [S.Hanany et al., 2000, A.T.Lee et al., 2003]. The data
were calibrated using in-flight measurements of the CMB dipole anisotropy.
Analysis of the MAXIMA CMB maps yields a power spectrum for the CMB
anisotropy over the range 36 < ` < 785 that shows a peak with an ampli-
tude of 78± 6µK at ` ∼ 220 and an amplitude varying between ∼ 40µK and
∼ 50µK for 400 < ` < 785. The resulting power spectrum was well fitted by
an inflationary adiabatic model over the entire range of observed multipoles `.
With its second flight in 1999, MAXIMA-2 [R.Stompor et al., 2003], the ex-
periment provided the most accurate measurements of the CMB fluctuations
on small (` ∼ 800) angular scales before the WMAP era (Figure 3.13)
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Figure 3.13. Power spectra from the MAXIMA-1 data (squares)
[A.T.Lee et al., 2003], the MAXIMA-2 data but only from the overlap
region with MAXIMA-1 (filled diamonds), and a power spectrum of the dif-
ference map of the overlap region (circles) [M.E.Abroe et al., 2003] compared
to the data from WMAP (open diamonds) and the best fit cosmology to the
WMAP data [D.Spergel et al., 2003]. Image from [R.Stompor et al., 2003].
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Planck is an European Space Agency (ESA) space mission experiment designed
to observe the Cosmic Microwave Background (CMB) for measuring with the
highest possible accuracy the fundamental cosmological parameters that allow
the determination of the geometry, the content, the origin and the evolution
of the Universe [Planck Collaboration, 2005]. A schematic picture of Planck
is shown in Figure 4.1.

Figure 4.1. The Planck satellite. Image from [Planck Collaboration, 2005].

The Planck Mission was conceived after the announcement by the NASA’s
COsmic Bacgroung Explorer (COBE, 3.1.1) experiment of the detection of
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intrinsic temperature fluctuations in the CMB on angular scales larger than
∼ 7◦, with a resolution of ∆T/T ∼ 10−5. The result was after confirmed in
2003 by the Wilkinson Microwave Anisotropy Probe (WMAP) team on scales
of ∼ 15 arcmin (Chapter 3.1.2).
These results strongly supported the inflationary Hot Big Bang models of
the origin and evolution of the Universe (Chapter 1). However CMB mea-
surements with high angular resolution and sensitivity were still required to
extract all information available in the CMB temperature anisotropies and to
measure CMB polarization to very high accuracy in order to fix with high
precision the values of the key parameters that define our Universe.
Planck represents a 3rd generation instrument for the CMB study from space
and is the European direct successor of the American WMAP satellite. It
main objective is to increase accuracy and resolution in the measurements of
the CMB fluctuations. The scientific payload consists in an array of 74 de-
tectors, covering the range of frequencies between 30GHz to 857GHz divided
in nine central frequencies. All the detectors scan the sky simultaneously and
continuously with an angular resolution varying between ∼ 30 arcmin at the
lowest frequencies and ∼ 5 arcmin at the highest, and a resolution of the order
of ∆T/T ∼ 10−6.

Figure 4.2. Comparison between Planck frequency coverage, CMB spectrum,
and other sources in the microwave sky. Dust, synchrotron, and free-free emis-
sions levels correspond to the WMAP Kp2 levels [C.L.Bennett et al., 2003a].
The CMB and Galactic levels, dependent on angular scale, are shown for ∼ 1◦.
The clearest window on CMB in near 70GHz while the HFI frequencies are
primarily sensitive to dust. Image from [Planck Collaboration, 2005].

This level of performance allows the measurement of the angular power spec-
trum of the CMB anisotropies with high accuracy up to a very high `, pushing
the accuracy of the fundamental cosmological parameters determination up to
uncertainties of the order of one percent or better.
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The Planck array of detectors is arranged into two instruments

• the Low Frequency Instrument, LFI, composed by pseudo-correlation
radiometers and covering three bands centred at 30GHz, 44GHz and
70GHz [A.Mennella et al., 2011, M.Bersanelli et al., 2010]

• the High Frequency Instrument, HFI, composed of bolometers and cover-
ing six bands centred at 100GHz, 143GHz, 217GHz, 353GHz, 545GHz
and 857GHz [Planck HFI Core Team, 2011]

The band centres are spaced approximately logarithmically and the frequency
range of the two instruments together is designed to cover the peak of the CMB
spectrum and to characterize the spectra of the main Galactic foregrounds,
synchrotron and free-free emission at low frequencies, and dust emission at
high frequencies as shown in Figure 4.2.
The satellite was launched on May 14, 2009 at 13:12 UTC form the Kourou
base in the French Guiana by an Ariane 5 ECA rocket together with the
Herschel observatory satellite (Figure 4.3).

Figure 4.3. Planck and Herschek satellites in the launch configuration in the
Arian 5 rocket. Image from http://www.esa.int

After the launch, both Planck and Herschel were injected into an orbit towards
the L2 Lagrangian point of the Sun-Earth-Moon three body system. (Figure
4.4) In the three months (91 Operational Days, Chapter 4.2) needed to travel
the 1, 500, 000 km to L2, the Planck on-board instruments performed their
functionality tests, the Commissioning and Performance Verification (CPV)
activities, and reached cryogenic temperatures for the nominal operations

- 56 -



4 – Planck satellite

[Planck Collaboration, 2011]. In August 13, 2009 Planck started continuously
and stably surveying the whole sky until October 20, 2013 at 06:45 UTC for
a totality of 1513 days of operation (Operational Days, OD).

Figure 4.4. Lagrangian point L2 of the system Sun-Earth-Moon.

4.1 The spacecraft
The Planck team is an international collaboration. The main parts of the
satellite have been developed by three independent consortia: the LFI con-
sortium leaded by IASF/INAF Bologna is responsible for the Low Frequency
Instrument; the HFI consortium, leaded by IAS, Orsay, France is responsi-
ble for the High Frequency Instrument and a third consortium, led by DSRI,
Copenhagen, Denmark, is responsible for the telescope and the reflectors.
The main components of the spacecraft, shown in Figure 4.5, are:

• an offaxis gregorian telescope with a projected diameter of 1.5m;

• an aluminium honeycomb painted black telescope baffle that simulta-
neously provides Sun straylight shielding and high-efficiency radiative
cooling;

• three conical V-groove baffles, shields with a relative angle 5◦, that pro-
vide thermal isolation between the warm spacecraft service module and
the cold telescope and instruments;

• the Low Frequency Instrument, an array of receivers High Electron Mo-
bility Transistors (HEMTs) amplifiers based operating at 20K;

• the High Frequency Instrument, an array of bolometers operating at
0.1K;

• a service module containing all the warm electronics, the satellite systems
and the active cryocoolers needed to reach the temperatures of 20K and
0.1K for the instruments
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Figure 4.5. Main elements of Planck. The instrument focal plane unit con-
taining LFI and HFI detectors, the Baffle for straylight shielding surrounding
the telescope, the V-grooves shields that thermally decouple the Service Module
from the Telescope and instruments. Image from [Planck Collaboration, 2005]

The Planck performance parameters of the instruments are summarized in
Table 4.1

Parameter LFI HFI
Detectors HEMTs array Bolometers array
Center frequency [GHz] 30 44 70 100 143 217 353 545 857
Bandwidth [∆ν/ν] 0.2 0.2 0.2 0.33 0.33 0.33 0.33 0.33 0.33
FWHM [arcmin] 33 24 14 10 7.1 5.0 5.0 5.0 5.0
cT

noise [µK/deg] 3.0 3.0 3.0 1.1 0.7 1.1 3.3 33 1520
Q,U
noise [µK/deg] 4.3 4.3 4.3 1.8 1.4 2.2 6.8

2013 in flight
FWHM [arcmin] 33.16 28.09 13.08 9.59 7.18 4.87 4.7 4.73 4.51
T
noise [µK/deg] 5.1 5.9 5.1 1.8 10.7 1.0 3.4

Table 4.1. LFI and HFI performance parameters expected and measured in
flight. Data from [A. Gregorio et al., 2013, Planck HFI Core Team, 2011]

4.1.1 Telescope

The telescope is an off-axis aplanatic design composed of two elliptical mirrors
with a 1.5m projected diameter. The Line Of Sight (LOS) is pointing 85◦
with respect the spin axis (Figure 4.1.1). All the optical system is optimized
to achieve the better possible performance on the large focal surface required
to feed all the HFI and LFI receivers, as shown in Figure 4.1.1.
The mechanical surface errors (MSE) of the reflectors vary from ∼ 7.5µm
(rms) near the centre of the mirror to ∼ 50µm (rms) near the edge to take into
account for the significant under-illumination by the detector horn required by
the stringent constraints on level of straylight reaching the detectors. These
surface accuracies give an optical system with an equivalent wavefront error
of ∼ 15µm. To ensure good performance at ∼ 50K operational temperature,
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Figure 4.6. The Planck optical system, including the telescope baffle and the
V-grooves, which provide straylight control in addition to thermal isolation
(upper left and upper right). The telescope field-of-view is offset from the
spin axis of the satellite by an angle of 85◦(lower right). The footprint of the
field-of-view on the sky (lower left) covers about 8◦ on the sky at its widest.
Each spot corresponds to the 20 dB contour of the radiation pattern. The
black crosses indicate the orientation of the pairs of linearly polarised detectors
within each horn.The field-of-view sweeps the sky in the horizontal direction
in this diagram Image from Alcatel Space, Cannes.

the reflectors are made of carbon fibre reinforced plastic (CFRP) honeycomb
sandwich and coated with aluminium to assure high (> 0.995) reflectivity at
all the operating frequencies. The main parameters of the two reflectors are
given in Table 4.2.

Mirrors parameters
Parameter Primary mirror Secondary mirror
Ellipsoid radius of curvature [mm] 1440.000 −643.972
Conic constant −0.86940 −0.215424
Elliptical perimeter [mm] 1555.98× 1886.79 1050.96× 1104.39
Reflectors centre to major axis offset [mm] 1038.85 −309.52

Table 4.2. Telescope mirrors parameters
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4.1.2 The focal plane

4.1.3 High Frequency Instrument - HFI

The Planck High Frequency Instrument, HFI (Figure 4.7) observes the sky
in six frequencies between 100GHz and 857GHZ optimized for the detection
of the foregrounds signals, mainly dust emission that should be removed to
obtain clean CMB maps, and for the detection of the Sunyaev-Zeldovich effect
[J.M.Lamarre et al., 2003](Chapter 2.2.3).

Figure 4.7. The HFI focal plane unit. The telescope focuses radiation at
the entrance of the corrugated horns that is filtered and detected by the
low temperature bolometers. The harness is shielded by flexible bellows
and leads the bolometer signals to JFET-based circuits mounted in a box
on the frame of the telescope. From this box, a second harness leads the
signals to room-temperature electronics in the service module. Image from
[Planck Collaboration, 2005].

The instrument is composed of an array of fifty-two bolometers detectors in
which the incoming radiation is absorbed increasing the temperature of a
solid-state thermometer (Figure 4.8).
Twenty of them, the spider-web bolometers absorb unpolarized incoming ra-
diation via a spider-web like antenna. The other thirty-two are polarisation-
sensitive [J.M.Lamarre et al., 2003, Jones et al., 2002].
Polarisation sensitive bolometers absorb the incoming radiation via a pair of
linear grids made of parallel resistive wires. Each orthogonal grid is capable to
absorb only the polarized component with electrical field parallel to the wires,
so is sensitive to linear polarization. By combining the measurements from
several detectors it is possible to construct a polarized sky map of the CMB.
All the detectors have a sensitivity very close to the fundamental limit set by
the background photon statistics.
The sky radiation is focused by the telescope to the entrance of the corrugated
horns where the flux is filtered and detected by the bolometers. All the HFI
focal plane containing the bolometers is kept to a constant temperature of
∼ 0.1K.
After the detection, the bolometers signals are processed by JFET-based cir-
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Figure 4.8. View of the HFI focal plane unit. The “spider-web” bolome-
ters (up right) absorb unpolarized radiation via a spider-web-like antenna; the
“polarisation-sensitive” bolometers (low right) absorb radiation via a pair of
orthogonal grids sensitive to linear polarization.

cuits mounted in a box on the frame of the telescope and afterwords are
directed to the warm electronics in the service module of the telescope.
In the service module the readout electronics [S.Gaertner et al., 1997] based
on modulated bias and low noise lock-in amplifiers acquire the data that are
compressed to an average flow of ∼ 50 kbs for transmission to the ground.
The characteristics and performances of the HFI instrument are summarized
in Table 4.3.

HFI Characteristics and performance
Parameter Center frequency [GHz]

100 143 217 353 545 857
Spectral resolution [ν/∆ν] 3 3 3 3 3 3
Detector technology Spider-web and polarization-sensitive
Detector temperature [K] 0.1 0.1 0.1 0.1 0.1 0.1
Cooling system 20K Sorption; 4K J-T; 0.1K Dilution
Number of spider-web bolometers 0 4 4 4 4 4
Number of polarisation-sensitive bolometers 8 8 8 8 8 8
Angular resolution [FWHM arcmin] 9.5 7.1 5.0 5.0 5.0 5.0
Detector Noise-Equivalent Temperature [µKs0.5] 50 62 91 277 1998 91000
∆T/T Intensityb [10−6 µK/K] 2.5 2.2 4.8 14.7 147 6700
∆T/TPolarization (Q and U)b [10−6 µK/K] 4.0 4.2 9.8 29.8 . . . . . .
Sensitivity to unresolved sources [mJy] 12.0 10.2 14.3 27 43 49
ySZ per FOV [10−6] 1.6 2.1 615 6.5 26 605

Table 4.3. HFI expected performance, the b∆T/T values are intended
as an average 1σ sensitivity per pixel: a square whose side is the FWHM
extent of the beam.
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4.1.4 Low Frequency Instrument - LFI

The Planck Low Frequency Instrument [M. Bersanelli and N. Mandolesi, 2000]
observes the sky in three frequencies centred in 30GHz, 44GHz and 70GHz.
These bands are chosen in order to have one channel, the 70GHz, near the
most clean window in the CMB observations and the other two to observe
galactic foregrounds [N.Mandolesi et al., 2000].
The instrument consists in a 22-channel multifrequency array of wide-band dif-
ferential receivers with ultra-low-noise amplifiers based on cryogenic indium
phosphide (InP) high-electron-mobility transistors (HEMTs) and is sensitive to
polarization in all channels. LFI is a third generation microwave radiometer for
space observations of CMB anisotropies, directly following the COBE Differen-
tial Microwave Radiometer (DMR) and the Wilkinson Microwave Anisotropy
Probe (WMAP).
The instrument is divided into two parts

• the Front End Modules (FEMs) located in the focal plane (Figure 4.9)
cooled to 20K that includes the 11 dual profile corrugated Feed Horns
[F.Villat al., 2002] and the first stage of amplifiers

• the Back End Modules (BEMs) located in the satellite service module
(SVM) at a temperature of 300K that includes a second amplification
stage and the read out electronics.

Figure 4.9. LFI and HFI focal plane: the 11 LFI feed horns with their
identifying number is shown. Image from [Planck Collaboration, 2005].

This design minimizes the power dissipation in the focal plane, which is always
kept to 20K, by the active sorption cooler (Chapter 4.1.5). The FEM and
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BEM sub-assemblies are connected with 44 wave guides as shown in Figure
4.10.

Figure 4.10. Schema of the LFI structure. Image from
[Planck Collaboration, 2005].

Radiometric Chain Array

Every feed horn (Figure 4.11) on the focal plane constitutes a Radiometric
Chain Assembly (RCA) composed by two radiometers and is labelled with a
number: 18 to 21 are 70GHz feed horns, 24 to 26 are 44GHz channels feed
horns, 27 to 28 are the 30GHz channels feed horns. The signal coming from
the telescope is collected by the feed horns [M. Bersanelli et al., 1998] and
split into orthogonal polarizations by low-loss (∼ 0.2dB) wide-band (> 20%)
OrthoMode Transducers (OMTs).

Figure 4.11. LFI 70GHz horn. The input signal from the horn is
divided by an OMT into two orthogonal polarizations. Image from
[M. Bersanelli et al., 1998].

The two polarizations obtained are read by the Main (M) and Side (S) ra-
diometers and propagate independently into the differential pseudo-correlation
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schema as shown in Figure 4.12.

Figure 4.12. Complete RCA schema focal plane feed-horn to analog voltage
output. The OMT, the details of the 20K pseudo-correlator, and the details of
the back-end radio-frequency amplification, low-pass filtering, detection, and
DC amplification are shown. Image from [A.Mennella et al., 2011]

.

The signal of each radiometer is continuously compared with a stable 4K
blackbody reference load mounted on the external shield of the HFI 4K box
[L.Valenziano et al., 2009]. After being summed by a first hybrid coupler, the
sky and reference load signals are amplified by ∼ 30dB by Low Noise Am-
plifiers (LNAs) and propagate into two independent chains. A phase shift
alternating at 4096Hz between 0◦ and 180◦ is applied in one of the two ampli-
fication chains. A second hybrid coupler separates back the sky and reference
load components, which are further amplified and transported by a total of
44 wave guides trough the V-groove thermal shields into the BEM. This gives
a total of four output signals for each RCA readed by four different diodes.
(Figure 4.13)
The output diodes are labelled with binary codes 00,01 for the radiometer
M and 10,11 for the radiometer S and are referred to as M-00, M-01, S-10,
S-11 for each radiometer number.
In the BEM, after the detection of the signal, an analog circuit in the Data Ac-
quisition Electronics (DAE) removes a programmable offset to obtain a nearly
null DC output voltage, and a programmable gain is applied to match the
signal level to the 14 bit Analog-to-Digital Converter (ADC) input range. Af-
ter the ADC, data are downsampled, requantised, compressed and assembled
into telemetry packets in the Radiometer Electronics Box Assembly (REBA)
as summarized in Figure 4.14 [M.Maris et al., 2009].

Pseudo Correlation schema

The pseudo correlation radiometer design is driven by the need to suppress
the 1/f noise [A. Mennella et al., 2003a] induced by gain and noise fluctua-
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Figure 4.13. Detailed view of the front- and back-ends of the LFI receivers.
Image from [A.Mennella et al., 2011].

tions in the amplifiers. By combining the signals in a first hybrid, amplify
them into two independent chains and separate them back in a second hybrid
give an output signal in the detector diodes composed of “odd” and “even”
samples corresponding to sky and reference load. Since both the signals are
subjected to the same gain variations in the two amplifier chains, the true sky
power can be recovered. The output signal is dominated by the 1/f noise,
however it is highly correlated in the two diodes, so that the difference sig-
nal is extremely stable and insensitive to 1/f fluctuations as well minimized
to the impact of systematics because the two input signals are nearly equal
[D.Maino et al., 1999].
In the ideal case of a perfectly balanced radiometer, the differential power
output for each of the four diodes can be written

P = aGtotk[Tsky + Tnoise − r(Tload + Tnoise)] (4.1)
where Tsky, Tload and Tnoise are the input antenna temperatures of the sky,

the reference load and the receiver noise. Gtot is the total gain of the diode
while k is the Boltzmann constant and a is the diode constant.
The Gain Modulation Factor (GMF) R defined as

R = < Tsky + Tnoise >

< Tload + Tnoise >
(4.2)

is used to balance the temperature offset between the sky (∼ 2.7K) and the
reference load (∼ 4K) signals and further reduces the residual 1/f signal in
the differential datastreams. During nominal operations this parameter ranges
between 0.86 to 1.00 depending on the radiometer. In the data analysis it is
calculated using the total output voltages of the diodes as
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Figure 4.14. Signal processing after detection: the output signal ranges be-
tween +2.5V and −2.5V. Image from [A.Mennella et al., 2011].

R = < Vsky >

< Vload >
(4.3)

for each pointing period (Chapter 4.2).

4.1.5 Cryogenic systems and thermal design

The cryogenic temperatures required to operate the instruments detectors are
achieved through a combination of passive radiative cooling and three active
refrigerators.
The passive cooling system is composed by the telescope baffle and the V-
groove shields.

Baffle The baffle is a ∼ 14m2 open aluminium honeycomb radiative surface,
coated with black cryogenic paint straylight shield. The effective emissivity is
> 0.9.

V-grooves The V-grooves are a set of three ∼ 10m2 conical shields with
a relative angle of 5◦ between adjacent shields with an aluminium coating
and an emissivity of ∼ 0.045. This geometry provides both highly efficient
radiative surface and radiative isolation between the 300K warm spacecraft
and the cold telescope and 0.1K instruments.
The passive radiative cooling alone leads to a temperature for the telescope and
baffle of ∼ 45K. The active refrigeration chain further reduces the detector
temperatures to 20K for the LFI focal plane on the telescope and 0.1K for
HFI focal plane on the telescope. The active cooling system is based on three
distinct units working in series: the hydrogen sorption cooler, the 4K cooler
and the dilution cooler (Figure 4.15).
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Figure 4.15. Distribution of the elements of the three active coolers. The
cooling system is closely integrated into the satellite structure and mainly
located in the service module. Image from [J.A.Tauber et al., 2010b].

The sorption cooler The closed-cycle 1 Watt hydrogen sorption cooler was
designed and built expressly for Planck at NASA Jet Propulsion Laboratory
(USA) [P.Bhandari et al., 2004, D.Pearson et al., 2007]. It directly cools the
LFI focal plane to the 20K operating temperature and provides the 18K pre-
cooling for the HFI cooler chain.
It consists in two cold redundant units each including a six-element sorption
compressor and a Joule-Thomson (JT) expansion valve. (Figure 4.16)
The cooler operates by thermally cycling a set of compressors filled with metal
hydride to absorb and desorb hydrogen gas to create liquid in the two liquid-
vapour heat-exchangers (LVHXs) cold ends used as the working fluid in a
Joule-Thomson (JT) refrigerator. LVHX1 provides pre-cooling for the HFI
4K cooler, while LVHX2, cools the LFI part of the Focal Plane Unit (FPU).
The total cooling power is ∼ 990mW.
The required pressure variations are obtained by cycling the temperature of
the compressors from 270K to ∼ 265K. At any time in the cooling chain
one compressor is hot and desorbing to provide the high pressure hydrogen
gas, one compressor is cooling down, and one is heating up, while the other
three are cold and absorbing gas. This principle of operation ensures that no
vibration is exported to the detectors.
The compressor assembly is attached to a radiator at 270± 10K in the warm
spacecraft that rejects heat into space. The operating efficiency depends on
passive cooling by radiation to space by the heat exchange of the gas piping to
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Figure 4.16. Planck 20K sorption cooler. Image from [P.Bhandari et al., 2004].

the three V-groove radiators that pre-cools to ∼ 50K the hydrogen flow-lines
before reaching the 20K JT expansion valve.
The temperature at the cooler cold ends fluctuates at the level of ∼ 400mK
peak-to-peak, with a spectrum dominated by two main frequencies: the single
compressor element cycle, around 600− 1000 s, and at the period of the whole
cooler, six times longer.
To reduce these fluctuations between the LVHX2 and the LFI main frame is
present the Thermal Stabilization Assembly (TSA), based on a PID algorithm,
that actively controls the temperature. Figure 4.17 shows the typical sorption
cooler temperature fluctuations. The cold end temperature (black) is strongly
stabilized by the TSA that decrease the peak-to-peak amplitude to below
100mK (red) [G.Morgante et al., 2009].

4K cooler The Jet Propulsion Laboratory (JPL) hydrogen sorption cry-
ocooler has been designed to cool the LFI detectors to 18− 20K and to pre-
cool 18K the Rutherford Appleton Lab (RAL) 4K Joule-Thomson refrigerator
driven by mechanical compressors responsible for the cooling of the HFI exter-
nal box to 4.5K. The compressor of the 4K cooler is built in a head-to-head
momentum-compensating configuration and the vibrations are further reduced
by active electronic compensation of the compressor stroke. The residual vi-
bration levels have a minor heating effect on the final 100mK cooling stage,
and a maximum heat load onto the sorption cooler of ∼ 30mW. This stage
is also used as source for the the LFI 4K blackbody reference loads (Chapter
4.1.4) and a starting stage for the dilution refrigerator.
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Figure 4.17. Sorption cooler cold end fluctuations. Image from
[G.Morgante et al., 2009].

Dilution cooler The last stage of the instruments cooling chain is oper-
ated by an open-loop 3He and 4He dilution refrigerator. The dilution cooler
exploits a principle based on friction that does not need gravity to operate
[A.Benoit et at., 1994]. Gas storage capacity was originally calibrated for
about 30 months of operations.
For a total 3He and 4He flow rate of 12mol/s, the cooling power at 0.1K is
100 nW. In the same process, the mixture is expanded in a Joule-Thomson
valve, producing a cooling power of several hundred µW at 1.6K.
The 0.1K stage supports only the bolometer assembly and band-limiting inter-
ference filters of the HFI focal plane. Further filters and a focusing lenses are
kept at 1.6K. The back to back horn arrangement that couples the detectors
with the telescope is at 4K. Passive damping and active temperature con-
trol ensure that temperature fluctuations of the various stages do not degrade
significantly the intrinsic detector noise level.

4.2 Scanning strategy
A fundamental aspect of a astronomical space experiment is the scanning
strategy: how the sky is observed. The Planck spacecraft is orbiting in a
Lissajous orbit around the second Lagrangian point (L2) of the Sun-Earth-
Moon system at 1.5Mkm from Earth and spins on a Sun-pointed axis as
shown in Figures 4.18 and 4.19. To ensure a complete sky coverage, the
satellite moves along the orbit drawing a cone with amplitude ±7.5◦. This
cycloidal motion has a periodicity of ∼ 6months. This period is called survey
and corresponds to an almost complete sky observation.
This orbit subtends a maximum angle of 15◦ as seen from the Earth. The
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Figure 4.18. Schema of Planck sky scanning. Image from
[Llorente-Martínez et al., 2006]

Figure 4.19. Planck trajectory of Planck from launch until 6 June 2010, in
Earth-centred rotating coordinates. Image from [Planck Collaboration, 2011]

geometrical configuration in which the Line Of Sight (LOS) of the telescope
id is inclined 85◦ with respect the spin axis, is especially designed to prevent
straylight originating from the Sun, the Earth and the Moon from reaching
the focal plane, maintain the instruments always pointed towards deep space
and to allow the greatest possible thermal isolation of the warm spacecraft
from the cold payload.
An attitude control system maintains the satellite rotation speed at 1 rpm,
and keeps the Sun direction less than 10◦ from the spin axis, ensuring thermal
stability and full electrical power for the payload (Figure 4.20). Since the iner-
tia axis is not perfectly aligned with the telescope geometric axis, the rotation
is ∼ 28.6′′ (wobble angles) inclined with respect the telescope geometric axis
and is evolving in time (∼ 2.5′′ per month) because of the fuel consumption.
A star tracker pointed along the telescope boresight measures the spin rate,
the spin axis direction, and the satellite nutation. These quantities are used for
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Figure 4.20. Telescope axis orientation with respect the satellite spin axis.

attitude reconstruction on the ground, archiving a detector pointing accuracy
of about 0.5′′.
Planck moves at ∼ 30 km s−1 in the ecliptic plane scanning the sky in circles
nearly normal to it as shown in Figures 4.23 and 4.24. The spin axis follows a
cycloidal path on the sky as shown in Figure 4.21 by step-wise displacements
of 2 arcmin. Each displacement step (scanning circle) is a pointing period.
The the duration of stable data acquisition at each pointing period,the dwell
time, is approximately 50minutes and vary sinusoidally by a factor of ∼ 2
[J.A.Tauber et al., 2010b].

Figure 4.21. Path of Planck spin axis of Planck over the period 13 August
2009 to 6 June 2010. Image from [Planck Collaboration, 2011]
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This scanning strategy results in a significantly inhomogeneous depth of inte-
gration time across the sky: the areas near the ecliptic poles are observed with
greater depth than all others, as shown in Figure 4.22. This leads to different
noise properties in the maps of the sky.

Figure 4.22. Sky coverage per survey for LFI24 (top) and LFI25 (bot-
tom) 44GHz detectors. Integration time varies between 50 s deg−2 in
the equator, and 5000 s deg−2 near the ecliptic poles. Image from
[Planck Collaboration, 2011].

Figure 4.23. Planck scanning schema with respect the spin axis. Image from
[Planck Collaboration, 2011].

When the Planck telescope Field Of View (FOV) crosses the Crab Nebula,
Planck’s main polarisation calibrator, the average daily progression speed of
the spin axis normally 1◦ per day is temporarily increased to gain a margin with
respect to the attitude constraints imposed by the Sun and the Earth allowing
Planck to re-observe the Crab if a significant problem had been encountered.
Other orbit maintenance manoeuvres are carried out at approximately monthly
interval.
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Figure 4.24. Planck observing schema in galactic coordinates. Image from
[Planck Collaboration, 2011].

Figure 4.25. New Norcia (Australia) ESA deep space antenna.

Data are downloaded, without interruption in the observations ,to the ground
during a 3-hour daily visibility window called Daily TeleComunication Period
(DTCP) through the an ESA Ground Station located in New Norcia (Aus-
tralia) shown in Figure 4.25 using X-band transponders and a medium-gain
antenna pointed along the spin axis and with a FWHM of 30◦. The period
between two DTCP defines the Operational Day (OD).
The data are downloaded to the Mission Operation Center (MOC) in Darm-
stad, Germany and then transferred to the two instruments Data Processing
Center (DPC) located in Paris (HFI) and Trieste (LFI) to be analysed.

4.3 Attitude Control System
The role of the Attitude Control System (ACS) is to monitor and maintain
the satellite orbit, trajectory and orientation. Planck ACS system is located
inside the service module and relies principally on:
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• two redundant star trackers (STR) as main sensors, and solar cells for
rough guidance and anomaly detection

• redundant sets of hydrazine 20N thrusters for large manoeuvres and 1N
thrusters for fine manoeuvres

A dedicated computer reads the star tracker with a 4Hz frequency and makes a
real time determination of the satellite absolute pointing based on a catalogue
of bright stars. The attitude measured on-board is further filtered on the
ground to reconstruct the spacecraft attitude with a final accuracy better
than 2′.
The star trackers and the instruments FOV are aligned on the ground however
the angles between the star trackers frame and each of the detectors are de-
termined in flight from observations of bright sources (planets and other point
sources both celestial and in the Solar System) that cross the star trackers and
instruments FOV periodically.
Manoeuvres required for the scanning strategy are carried out as a sequence
of three or four 1N thrusts spaced in time by integer spin periods, aiming
to achieve the requested attitude with minimal excitation of nutation. The
typical amplitude of a routine manoeuvre is 2 arcmins and is carried out in
∼ 5 minutes. The data acquired during the manoeuvre periods are not used
in the data analysis.

4.3.1 AHF files

The attitude of satellite is stored in the Attitude History Files provided by the
MOC Flight Dynamics for each Operational Day (OD). These files report the
satellite attitude with a sampling frequency of 8Hz expressed in quaternions,
referred to the elliptical reference frame J2000, together with the attitude type:

• Orbital Control Mode (OCM) in which the satellite is performing ma-
noeuvres to maintain its orbit.

• Angular Momentum Control Mode (HCM) in which the satellite is mov-
ing its spin axis according to the scanning strategy

• Science Control Mode (SCM) in which the satellite is in the stable point-
ing period where the scientific data are acquired

If the satellite is not performing special orbital manoeuvres, the distance be-
tween two HMC manoeuvres defines the pointing period which can last from
30 to 70 minutes.
The AHF files are used by the instruments DPCs to calculate the telescope
pointing ad to distinguish between the observation periods within the science
data are acquired in a stable telescope position from the manoeuvring periods
where the acquired sky data should be discarded.
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The LFI data processing is divided into three stages called Level1, Level2 and
Level3. Each stage has its own pipeline that provides usable data for the
subsequent level of the data analysis.
The most important stage for the arguments discussed in this thesis is the
Level2. In this pipeline the detectors raw voltages are cleaned and corrected
for systematic effects and then combined with the satellite attitude data to
produce sky frequency maps.

5.1 Level1
This stage include all the operations needed to daily retrieve the data from
the MOC and build the raw scientific Time Ordered Information (TOI) and
housekeeping (H/K) datastreams manageable by the next steps of the scientific
analysis [A.Zacchei et al., 2011]. Daily data are retrieved during the ∼ 3 hour
satellite link (DTCP, Chapter 4.2) as a stream of packets. The packets are
sorted between housekeeping and science telemetry and then are grouped and
organized according to the receivers source [M.Frailis et al., 2009].
Each packet contains a single compressed datastream that is dequantized (un-
compressed) and de-mixed in order to obtain two separate datasets for the sky
output and reference output for each detector. Considering that two consecu-
tives samples in the packet raw datastreams are referred to sky and reference
load that are switched with a 4 kHz frequecy, on the timescale of the satellite
rotation they are considered simultaneous and the same unique timestamp is
associated to both samples [M.Maris et al., 2009]. Each sample Si is converted
from Analog-to-Digital Units (ADU) to Volts Vi according to the gain GDAE
and offsets ODAE and ZDAE parameters of the Data Acquisition Electronics
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(DAE) (Chapter 4.1.4).

Vi = Si − ZDAE
GDAE

−ODAE (5.1)

After the conversion, each sample is flagged: associated to a 32bit flag mask
that notifies potential inconsistencies in the sample and enable the possibility
to skip or handle it differently in the next steps of the analysis. Current used
flags take into account for:

• identifying the stable pointing period in which the satellite is not moving;

• marking unrecoverable data (e.g saturated or modified by electronic in-
stabilities);

• identifying artificially created samples used to fill data gaps;

• planet transits and moving objects within the Solar system.

Table 5.1 show the percentage of the LFI instrument data of the nominal mis-
sion (15.5months) that has been used to produce the Planck 2013 data release.
More than 90% of the data, corresponding to ∼ 14months of continuous sky
observation, have been used in the scientific analysis. The biggest contribution
in the discarded data is due to the satellite manoeuvres.

Data [%] 30GHz 44GHz 70GHz
Missing 0.00014 0.00023 0.00032
Anomalies 0.82220 0.99763 0.82925
Manoeuvres 8.07022 8.07022 8.07022
Usable 91.10744 90.93191 91.10021

Table 5.1. Percentage of LFI observation during the nominal mission. Data
taken from [Planck Collaboration, 2014b].

5.2 Level2
In this stage of the data analysis the raw output voltages of the detectors are
converted into sky maps usable for the science. The main steps of the Level 2
pipeline are:

• signal cleaning: the Level 1 TOI are corrected for the systematics effects;

• pointing reconstruction: the satellite attitude informations contained in
the AHF files are translated into detector positions datastreams (point-
ing);
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• beam reconstruction and focal plane geometry calculation: the geometry
of the focal plane and the band response of each detector is used to
compute the beam shape;

• photometric calibration: detector output voltages are converted into ab-
solute sky temperature;

• mapmaking: detectors calibrated output datastreams are used to create
the sky maps.

5.2.1 TOI Signal cleaning

The raw sky and reference load voltage output signals of the LFI detectors are
affected by noise and there are systematic effects 6 that should be removed
prior to the data analysis. The TOI signal is cleaned in the Level2 pipeline in
four main steps.

ADC correction

The ADCs in the LFI RCAs convert the output voltage signal of radiometers
into numbers that are processed by the REBA and transferred to ground for
the analysis. Small departures from a linear behaviour of the ADCs response
lead to an incorrect conversion between the red analogical voltage and the
corresponding value transferred to ground.
All the operations performed by the Level2 to obtain sky maps are based on
the signal value so the small ADC non linearities should be corrected as first
step of the pipeline.
The correction is applied by mapping via linear interpolation the signal of raw
sky and reference load datastreams into a discrete matrix of reference values
of the ADC response.
The residual error in the datastreams after the correction is described in Chap-
ter 6.1.2.

1Hz spikes correction

After the correction for the ADC non linearities, the sky and reference load
raw signals are cleaned from the electronic spikes disturbances.
Electronic spikes are an additive signal in the output voltages caused by a
cross-talk between the science lines and the onboard housekeeping clock signal.
This signal affects all the LFI detectors but is significant, and so removed, only
in the 44GHz channels.
In the Level2 pipeline used for the 2013 Planck Release, the spike signal is
removed by subtracting every second from raw sky and reference load voltages
datastreams a pre-computed filtered template specific for each detector. The
amplitude of the template si subtracted to the single sample d(ti) depends on
the particular fraction of OBT ti of the sample.
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dsky,loadclean (ti) = dsky,load(ti)− ssky,loadi (5.2)

where ssky,loadi is the value of the filtered template linearly interpolated be-
tween the two nearest values of the template as described in equation 7.1:

ssky,loadi = (1− wi)ssky,loadk + wis
sky,load
k+1 (5.3)

This systematic effect is described in detail in Chapter 7.

Demodulation

Each LFI diode switches at 4096Hz (4 kHz) between the sky and the 4K
reference load signals. The output voltages Vsky and Vload are dominated by
the 1/f noise, but this noise is strongly correlated between the two switching
datastreams because of the pseudo-correlation design as described in Chapter
4.1.4. The noise is strongly reduced by the differentiation of the tvo signals:

∆Vdiff(t) = Vsky(t)− Vload(t) (5.4)

Since the two input signals to the diode have different values, ∼ 2.7K for sky
and ∼ 4K for the reference load, to force the mean of the resulting differ-
entiated data to zero, the load voltage is multiplied by the Gain Modulation
Factor (GMF) R.

∆Vdiff(t) = Vsky(t)−RVload(t) (5.5)

The value of R can be calculated in several ways [A. Mennella et al., 2003a].
The Level2 pipeline uses the ratio between the sky and reference load outputs
averaged over a pointing period. In this way a value for Rp is computed for
every pointing period p of the mission:

Rp = < Vsky >p
< Vload >p

(5.6)

The differentiated datastreams are calculated for each detector in each pointing
period identified from AHF (Chapter 4.3.1) file as

∆V (ti) = Vsky(ti)−
< Vsky >p
< Vload >p

Vload(ti), i ∈ p (5.7)

Figure 5.1 show the value of R for each pointing period (∼ 1 h) during the
nominal mission. The value is very stable with variations < 0.05%.
As shown in Figure 5.2, the effect of the demodulation is a strong reduction
of the correlated 1/f noise in sky and load streams. The residual 1/f noise
has knee frequencies around 25mHz and little effect on maps of the sky as
described in Chapter 6.2.1.
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Figure 5.1. Value of the GMF R for each pointing period during the nominal
mission for representative 30GHz, 44GHz and 70GHz channels.

Diode combination

The receivers architecture is symmetric with two diodes for each polarized
RCA providing a complementary output signal. The white noise spectral
density at the output of each diode depends only from the bandwidth β and
the input sky Tsky and system Tnoise temperatures by:

∆T diode
0 = 2(Tsky + Tnoise)√

β
(5.8)

Non perfectly balanced FEM components such as different noise temperatures
in sky and reference load inputs and phase-switch amplitude mismatches lead
to a non perfect separation of the sky and reference load signals after the
second hybrid causing a mixing in the outputs.
Defining εTn the imbalance in FEM noise temperature and εP1 and εP2 the
imbalance in signal attenuation in the two states of the phase switch the white
noise spectral density at output described in equation 5.8 becomes:

(∆T diode)2 ≈ (∆T diode
0 )2

(
1± εP1 − εP2

2 + αεTn

)
(5.9)

with
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Figure 5.2. Effect of the Gain Modulation Factor over 10 minutes of in-flight
data for detector LFI27S-11. Sky (top) and reference load (middle) signals
show clear signatures of correlated noise while the differenced data (bottom)
where the fluctuations are strongly reduced, reveals the presence of a sky signal
dominated by the CMB dipole. Image from [A.Zacchei et al., 2011].

α = Tnoise(2Tnoise + Tsky + Tload)
2(Tsky + Tnoise)(Tload + Tnoise)

The difference between the two diodes is given by the phase switch amplitude
imbalance term (εP1 − εP2)/2. This causes the isolation loss, typically rang-
ing between −13 dB and −20dB [A. Mennella et al., 2003a] that generates an
anticorrelation between the white noise levels of the single-diode datastreams.
When data from the two diodes are averaged

V RCA
out = w0V

diode0
out + w1V

diode1
out = wV diode0

out + (1− w)V diode1
out (5.10)

the white noise of the resulting ∆T rad output TOI is lower than would be the
case if they were statistically independent

∆T rad ≈ ∆T diode
0√
2

(1 + αεTn)1/2 (5.11)

For this reason in the data analysis the datastreams of the two diodes of each
RCA are averaged. Figure 5.3 shows the effect of diode combination for the
RCA 28M. The level of the combined noise obtained by the sum of the outputs
(black) is ∼ 20% less than the difference (red) where the sky signal completely
disappears.
The weights w used to combine the diodes, reported in Table 5.2, are based
on their calibrated noise. By making a first order photometric calibration G0
and G1 and estimating the white noise levels σ0 and σ1 for the two diodes
separately, the weights are obtained with

wdiode = σ2
diode
G

1
σ2

0 + σ2
1

(5.12)
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Figure 5.3. Effect of diode combination for LFI28M RCA. The sum
(black) has ∼ 20% less noise than the difference (red) because of the anti-
correlation. In the difference the sky signal completely disappear. Image
from [A.Mennella et al., 2011].

where G is the weighted calibration constant, equals for each diode

G = 1
σ2

0 + σ2
1

(G0σ
2
1 +G1σ

2
0) (5.13)

RCA M RCA S
Radiometer diode 00 diode 01 diode 10 diode 11
LFI-18 0.567 0.433 0.387 0.613
LFI-19 0.502 0.498 0.551 0.449
LFI-20 0.523 0.477 0.477 0.523
LFI-21 0.500 0.500 0.564 0.436
LFI-22 0.536 0.464 0.554 0.446
LFI-23 0.508 0.492 0.362 0.638
LFI-24 0.602 0.398 0.456 0.544
LFI-25 0.482 0.518 0.370 0.630
LFI-26 0.593 0.407 0.424 0.576
LFI-27 0.520 0.480 0.485 0.515
LFI-28 0.553 0.447 0.468 0.532

Table 5.2. Diode weights used in data analysis. Perfect balancing
would give 0.500 weights.

The weights for each RCA diode are fixed for the entire mission and since all
the operations on data such as calibration and noise estimation are done on
these combined data streams, small errors in the weights cause only losses in
sensitivity and no introduction of systematic errors.
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5.2.2 Pointing reconstruction

After the cleaning and the correction of the datastreams, to build the sky maps
each data sample should be correlated with its exact observing position in the
sky. The accuracy in the reconstruction of the position is fundamental both
to obtain a correct calibration of raw combined differentiated datastreams and
the correct creation of sky maps.

Stellar Aberration

The astrometric attitude of the satellite in the principal reference frame is
obtained from the star trackers measures. The effective pointing direction is
affected by the stellar aberration due to the orbital velocity v̂Planck of Planck
in the solar system reference frame. In the non-relativistic case, the aberrated
pointing position P̂ ′ is given by

P̂ ′ = (P̂ + v̂Planck/c)
|P̂ + v̂Planck/c|

(5.14)

Planck moves at ∼ 30 km s−1 in the ecliptic plane, scanning the sky in circles
nearly normal to it (Chapter 4.2). The deflection angle is

δP = arccos(P̂ ′ · P̂ ) ≤ 20.6′′ (5.15)

The greatest deflection occurs in the galactic poles while it almost disappear on
the ecliptic. Miscalculations in the stellar aberration would produce seasonal
shifts near the equator and blurring near the ecliptic poles in the maps.

Wobble angles

Planck spins on its principal axis of inertia which has an offset from the geo-
metric axis of ∼ 28.6′. The time evolution of the measured offset angle shown
in Figure 5.4 presents a long-timescale variation linked to the seasonal power
input variations on the solar array that induces a thermoelastic deformation
of the SVM panel that holds the star trackers. Moreover it is possible to see
the effect of the RF transponder located near the star trackers being switched
on and off for the daily data transmission (DTCP).
The peak-to-peak amplitude of the effect is ∼ 0.15′ with the RF switched on
and off while decrease to ∼ 0.08′ keeping the RF always on.
The two panels on the bottom of Figure 5.4 show the real effect of the wobble
angle ∼ 28.6′′ and its evolution in time (∼ 2.5′′ per month) due to the gradual
depletion of the fuel and helium tanks.
The satellite wobble is described by three angles ψ1, ψ2 and ψ3 (Figure 5.5).
The ψ1 angle has a negligible effect while the ψ3 is badly determined. For
this reason, in the Level2 pipeline only ψ2 is corrected in the satellite pointing
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Figure 5.4. Evolution of the measured offset between the principal axis of
inertia and the geometric axis of the satellite (top) mainly related to thermoe-
lastic deformations in the panel that supports the star trackers and the real
effect of the wobble angles and their evolution (bottom).

Figure 5.5. Schema of the wobble angles.

reconstruction. The effect of this angle is an apparent change in the angular
distance between the telescope LOS and the spin axis.
The changes are equal to an apparent variation of the scan circle of ∼ 0.1′
that leads to a displacement in pointing between consecutive surveys of ∼ 0.2′.
The effect on maps is the opposite of the stellar aberration: is largely averaged
near the ecliptic poles while became stronger near the ecliptic. If not properly
corrected, this effect is strongly visible by subtracting two subsequent sky
surveys produced every six months.

5.2.3 Beams and Focal Plane Geometry

The pointing reconstruction produces streams of data, the pointings, contain-
ing the absolute position of each acquired sky sample. These positions, that
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take into account the relative orientation of the horn in the telescope focal
plane, are only theoretical.
In order to have the real position of the data sample in the sky, it is necessary
to take into account possible changes in the focal plane geometry related to
thermal changes or stresses in the mirrors.
Moreover each data sample does not contain the information about the tem-
perature of a single point in the sky but a convolution of values coming from
slightly different positions and depending on how the telescope sees the sky:
the shape of the beam of each radiometer.
The main beam shape and exact position in the focal plane, identified by the
center of the beam, is determined in flight by the observations of the planets for
each radiometer. The best results are obtained by the observation of Jupiter.

Beam reconstruction

The profile and the exact pointing position of each radiometer beam is deter-
mined by a bi-variate Gaussian fit.
The beam center position is defined by four parameters. Only the beam point-
ing position expressed in spherical coordinates θuv and ψuv can be recovered
from the planets observations. The polarization of the beam defined by the
angles ψuv + ψpol is assumed to be the one derived from simulations based on
ground measures.
For the 2013 Planck data release, a total of four Jupiter observations were
used to define the focal plane geometry and the main beam shape.
Figure 5.6 shows the recovered position for all the four Jupiter observations.
For single scans the difference in the pointing direction is < 2′′ between the
fist couple (J1 and J2) of observations and the second couple (J3 and J4).
The two couples J1J2 and J3J4 have ∼ 15′′ systematic deviation in the beam
pointing reconstruction mainly associated to the change in the scan direction.
To take into account this deviation, two focal plane geometries are used. The
first from OD 91 to 540 is based on J1 and J2 observations, the second from
OD 541 to 563 is based on J3 and J4.

Scanning beams

The scanning beams describe how the telescope effectively sees the sky. They
are measured in flight by observing the planets and are obtained by coupling
the optical beam configuration with the radiometers response and smeared by
the satellite proper motion.
Using all the four Jupiter observations stacked together by artificially re-
pointing each reconstructed beam shape to take into account the systematic
deviations, the beam shape has been reconstructed down to −20dB from peak
for 30GHz and 44GHz channels, and down to −20dB for the 70GHz channels.
The FWHM and ellipticity of the beams are reported in Table 5.3.
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Figure 5.6. Main beam pointing directions with respect the telescope
Line Of Sight (LOS) measured using four Jupiter observations. Axis are
U = sin(θ) cos(φ) and V = sin(θ) sin(φ) with φ and θ angles with respect
to the telescope LOS. The boxes are 100x times the uncertainties. Image from
[Planck Collaboration, 2014b].

Effective beams

For each given pixel in the final sky map, the effective beam that observed
that sky position is given by an average of all the scanning beams that encoun-
tered the pixel. The effective beams are necessary to calculate the window
function [Planck Collaboration, 2014d] and applied in the source detection
pipeline used to generate the Planck Catalogue of Compact Sources (PCCS)
[Planck Collaboration, 2014i]. They are calculated for each LFI frequency
scanning beam using the Fact Effective Beam Convolution in Pixel space
(FEBeCoP) method [Mitra et al., 2011].

5.2.4 Photometric calibration

The crucial step in the Level2 pipeline is the Photometric calibration: the
conversion between the measured voltages and the sky temperature. Since
Planck is designed to measure the variations in the sky CMB temperature, the
ideal reference source for photometric calibration is a constant and perfectly
known source that should have the same frequency spectrum of the CMB and
should be present during all observations.
In the LFI frequency range of observations, the best available references for
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LFI beam FWHM and ellipticity measured from four Jupiter observations
Radiometer FWHM [arcmin] Ellipticity
LFI-18 13.44± 0.03 1.26± 0.01
LFI-19 13.11± 0.04 1.27± 0.01
LFI-20 12.84± 0.04 1.28± 0.01
LFI-21 12.81± 0.03 1.29± 0.01
LFI-22 12.95± 0.03 1.28± 0.01
LFI-23 13.33± 0.04 1.26± 0.01
LFI 70 GHz mean 13.08 1.27

LFI-24 23.17± 0.07 1.37± 0.01
LFI-25 30.60± 0.10 1.19± 0.01
LFI-26 30.49± 0.12 1.20± 0.01
LFI 44 GHz mean 28.09 1.25

LFI-27 33.09± 0.11 1.38± 0.01
LFI-28 33.23± 0.11 1.37± 0.01
LFI 30 GHz mean 33.16 1.37

Table 5.3. LFI main beam shape parameters averaged for M ans S radiome-
ters. Data from [Planck Collaboration, 2014b].

calibration are the CMB dipole caused by the motion of the Solar system with
respect to the CMB reference frame and the modulation induced on the CMB
dipole by the orbital motion of Planck around the Sun. LFI uses a combination
of the Orbital Dipole plus the Solar Dipole [Planck Collaboration, 2014e] as
reference for calibration relying, in the 2013 Planck data release, on the Solar
Dipole as measured by WMAP [G.F.Hinshaw et al., 2003].
To track possible changes in the detectors gain due to thermal variations of
the system (Chapter 6.2.2), the calibration constant is computed for each
radiometer in every pointing period. The procedure is similar to the one used
for the WMAP first year data analysis [G.F.Hinshaw et al., 2003]. For each
sample at time ti, the output signal ∆V (ti) for each detector depends from
the temperature of the sky Tsky that accounts for the CMB anisotropies, and
the contribution ∆Tdip of the dipole due to motion. The output signal for each
pointing period k can be written as

∆V (ti) = gk(∆Tsky(ti) + ∆Tdip(ti) + n) + bk (5.16)

where gk is the calibration constant, bk is the baseline (the monopole term)
and n is the instrument noise.
The dipole term due to the motion ∆Tdip is given by the combination of the
motion direction x of the spacecraft with respect to the Sun, vPlanck, and the
motion of the Sun with respect the CMB reference frame vSUN = 370±2 km/s
[G.F.Hinshaw et al., 2009].
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∆Tdip(ti) = TCMB

(
1− 1

γ(t)(1− β(ti) · x
)
)

(5.17)

where TCMB is the CMB monopole temperature, β = (vSUN + vPlanck)/c and
γ =

√
1− β2. Since non-idealities in the optical response of the beams proved

to be important, the dipole signal calculation implement a fast convolution
algorithm that considers the full beam response.
Excluding the bright Galaxy emission, on short periods the dominant signal
in the sky is the CMB dipole ∆Tdip so the calibration constant bk is obtained
by minimizing

χ2 =
∑
i∈k

[∆Tsky∆Vdip(ti|gk, bk)]
σ2 (5.18)

where the sum is weighted over the rms noise σ. The sum includes only the
samples that are outside the Galactic mask CG80 [Planck Collaboration, 2014f]
created from simulations of microwave emission provided by the Planck Sky
Model (PSM) [J.Delabrouille1 et al., 2012], including point sources brighter
than 1 Jy found in a compilation of all radio catalogues available at high fre-
quencies: the Planck Input Catalogue [M.Massardi et al., 2006]. This masks
preserve ∼ 82% of the sky.
The raw gains obtained in the first step of the calibration are very noisy.
The largest source of error rises from unmodelled sky signal ∆Ta from CMB
anisotropy and emission from the Galaxy [C.L.Bennett et al., 2013, P.Platania, 2003].
To correct this and improve the calibration, the final gains are obtained by an
iterative process of solving for bk and gk the Equation 5.18. Once obtained the
gmk solution in the m-th iteration step, the input signal for the next solution
is given by

∆V m+1(ti) = ∆V (ti)− gmk ∆Tma (ti) (5.19)

where ∆Tma (ti) is the sky residual signal after the removal of the known dipole
components estimated from a sky map build from the results obtained in
the m-th iteration step. This process converges in few tens of iterations and
significantly improves the calibration results, as shown in Figure 5.7.
The final gains obtained G = g−1 are still dominated by the statistical noise.
For this reason they are further processed applying an adaptive smoothing
filter based on wavelets, which smooths the fluctuations mainly present around
the dipole minima [Planck Collaboration, 2014b].
Taking into account the error sources for the calibration process (Chapter
5.2.4), the final accuracy for the LFI intrument in the Planck 2013 data release
is given in Table 5.4:
The comparison of power spectra indicates good consistency in the absolute
calibration with HFI (0.3%) and a (1.4σ) discrepancy with WMAP (0.9%)
[Planck Collaboration, 2014e].
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Figure 5.7. (top) Simulation showing the convergence of the gain solu-
tion for one year of observations data of a 30GHz detector including CMB
dipole(s), CMB anisotropies, and Galactic emission. Results are shown for
1, 30, 60 and 100 iterations. (bottom) Gain solution per pointing (gray)
and after the smoothing (black line) for LFI18M detector. Images from
[Planck Collaboration, 2011].

5.2.5 Noise

The estimation of the noise properties of the instrument is important in many
aspects of the data analysis: from the calculation of the weights used to com-
bine the diodes signal in the RCA (Chapter 5.2.1), to the evaluation of the
proper horn weights to be employed during the map-making process and the
noise properties to use in the map-making algorithm under the form of a noise
prior (Chapter 5.3).
In addition monitoring the noise properties throughout all the mission lifetime
allows to track possible variations and anomalies in the instrument perfor-
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CMB areas [µKCMB/pixel] < 8.5 < 7.1 < 8.2
Galactic region [µKCMB/pixel] < 38.5 < 13.7 < 12.8
Total accuracy % 0.82 0.55 0.62

Table 5.4. Accuracy in the calibration of LFI data. Values from
[Planck Collaboration, 2014e].

Figure 5.8. Knee frequency and slope for the noise model for all the LFI
radiometers. Table from [Planck Collaboration, 2014b].

mance (Chapter 6.2.1).
Noise estimation of basic noise parameters is based on a Markov chain Monte
Carlo (MCMC) [Planck Collaboration, 2014b] approach. This allows an unbi-
ased estimate of the parameters that characterize the non-white noise. Con-
sidering σ2 the white noise level, the non-white noise spectrum is assumed to
be

P (f) = σ2
[
1 +

(
f

fknee

)β]
(5.20)

characterized by the two parameter β and fknee shown in Figure 5.8
while the results at radiometer level on white noise sensitivity are reported in
Figure 5.9

5.3 Map-making
The Level2 pipeline provides a set of calibrated time ordered information.
The passage between the time domain data information (TOI) and the space
domain pixel information, the realization of a map of the sky, is called map-
making. The basic elements of a map-making algorithm are

• a group of Time Ordered Data (TOD) that represents the instrument
measurements;
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Figure 5.9. White noise sensitivities for the LFI radiometers. Table from
[Planck Collaboration, 2014b].

• a pointing matrix that associates every sample in the TOD with its
position in the sky;

• a pixaliation method for the sky that assures the complete coverage of
the sky (no holes between pixels and no pixels superposition) with a
unique correspondence between sky coordinates and pixel number.

The map-making algorithm used to produce LFI sky maps of temperature
and polarization for each channel is Madam [E.Keihanen et al., 2010]. It takes
as input the calibrated timelines TOD and the detector pointing information
in the form of three angles θ, φ, ψ describing the orientation of the feed
horns for each sample in the TOIs and produces T, Q and U stokes maps in
the Hierarchical Equal Area and isoLatitude Pixelisation format (HEALPix
pixelization) [K.M.Górski et al., 2004].
In this pixelization schema the sky is divided into curvilinear quadrilateral
pixels. The resolution of the grid is expressed by the parameter Nside while
the total number of pixels in the map is

Npix = 12N2
side (5.21)

while the angular resolution of a map, given by the number of pixels, is

R '
(

Ω
Npix

)1/2

=
(

Ω
12N2

side

)1/2

rad (5.22)
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In this map-making algorithm, the noise component is modelled as a sequence
of offsets called baselines as shown in Figure 5.10. High frequency noise, which
is not captured by the baseline mode, is assumed to be white.

Figure 5.10. Simulated 1/f noise fitted with 1min, 10 s, or 0.625 s base-
lines (black, purple, blue). In red the signal TOD. The vertical dotted
lines mark the beginning and end of 1min scanning periods. Image from
[E.Keihanen et al., 2010].

The fundamental part of the whole map-making process is to reduce the cor-
related noise exploiting redundancies in the scanning strategy: since the sky
signal remains the same, any variation in the observations of the same sky
position can be associated to noise. For this reason the choice of the baseline
length in Madam plays a crucial role in the process: a baseline too short pro-
duces an insufficient number of pixel crossings to reliably estimate the noise
spectrum without additional constraints.
The very good knowledge of the instrument and its noise characteristics (Chap-
ter 5.2.5) allows to introduce constraints in the map-making algorithm under
the form of a noise prior. By using a noise prior based on the noise model
described in Equation 5.20 with the parameters reported in Table 5.8, it is
possible to use baselines of 1 s in the Madam algorithm improving the accuracy
and the quality of the LFI output maps.
The Madam map-making algorithm solves the system

y = Pm+ n′ (5.23)

where y is the calibrated TOI, P is the pointing matrix, m is the pixelized
matrix and n′ is the noise modelled as

n′ = Fa+ n (5.24)

with a the baselines, F a sparse matrix that links the baselines to the TOD
and n is the white noise component. The baselines are obtained by minimizing
the quantity:
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χ2 = (y − Fa− Pm)TC−1
n (y − Fa− Pm) + aTC−1

a a. (5.25)

where Ca and Cn are covariances matrices that represent the a-priori knowl-
edge of the baselines and the white noise component. The baseline vector
a is obtained [E.Keihanen et al., 2010] by solving with a conjugate gradient
iteration algorithm the linear equation

(F TC−1
n ZF + C−1

a )a = FCnZy (5.26)

where

Z = I − P (P TC−1
n P )−1P TC−1

n (5.27)

Convergence is reached typically in 20 to 100 iterations, depending on the sky
coverage and the radiometer combination chosen to create the map. The final
map is then constructed by binning the cleaned TOD into a map at a different
resolution as:

m = (P TmC−1
n Pm)−1P TmC

−1
n (y − Fa) (5.28)

For the Planck 2013 release, the matrix Cn has been substituted with a Cw
matrix that is not a white noise covariance matrix but a weighting factor
matrix [Planck Collaboration, 2014a]. The weight for a given horn is expressed
as:

C−1
w = 2

σ2
M + σ2

S

(5.29)

Where σ2
M and σ2

S and the white noise sensitivities of the two radiometers of
the horn. This allows a better control over the polarization systematics.
Each TOD sample value is assigned entirely to the pixel in which the center
of the beam falls. All LFI maps of the Planck 2013 release shown in Figure
5.11 have a Nside = 1024.

5.3.1 Level 3

Level3 stage of the data processing collects the sky maps produced by LFI
and HFI and uses them to obtain the final scientific products such component-
separated maps of astrophysical foregrounds, catalogues of sky sources, and
cosmological parameters.
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Figure 5.11. LFI 30GHz (top), 44GHz (center) and 70GHz (bottom) fre-
quency sky maps.All the maps have resolution Nside = 1024. Images from
[Planck Collaboration, 2014a].
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The LFI implements a pseudo-correlation differential design similar to WMAP
[N.Jarosik et al., 2003] to suppress 1/f amplifier gain and noise fluctuations
[A. Mennella et al., 2003a, M.Bersanelli et al., 2010] as well as correlated ef-
fects from thermal and electrical variations affecting both the sky signal and
reference loads. Known systematic effects in the Planck-LFI data can be di-
vided into two broad categories:

• effects independent of the sky signal, which can be considered as additive
or multiplicative spurious contributions to the measured timelines;

• effects which are dependent on the sky and that cannot be considered
independently from the observational strategy.

6.1 Effects dependent of sky signal

6.1.1 Sidelobe pick-up

Sidelobes systematic effect is due to the straylight contamination signal pickup
from the telescope far sidelobes (Figure 6.1) due to the optical system of
the Planck telescope[J.A.Tauber et al., 2010a]. The main sources of straylight
contamination for the LFI receivers are the Galaxy, especially in the 30GHz
frequency, the cosmological dipole, mainly detected in the directions of the
main and sub-reflector spillover, and the orbital dipole, even if it has an effect
ten times lower than the cosmic dipole.
Because of the beam orientation, the straylight fingerprint is different between
odd and even sky surveys [M.Sandri et al., 2010]. As example, the Galaxy
straylight pattern is close to the Galactic plane in the odd surveys because
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Figure 6.1. Main and sub-reflector spillover and main beam directions in the
Planck telescope. Image from [J.A.Tauber et al., 2010a].

is detected by the sub-reflector spillover, while appears as a ring in the even
surveys because it is detected by the main-reflector spillover that points about
85◦ from the main beam. The straylight signal affects the radiometers output
in two ways [Planck Collaboration, 2014e]:

• direct contamination and coupling with the main beam sky signal

• photometric calibration of the radiometer detected signal

The effect of sidelobes straylight contamination on final sky maps is estimated
by computing the detectors far sidelobes with GRASP Multi-reflector Geomet-
rical Theory of Diffraction software applied to the RFTM Planck optical model
[Planck Collaboration, 2014d] and then, using the real sky in-flight pointings
and including the beam frequency dependence and the receiver in-band re-
sponse [A.Zonca et al., 2009], simulating an observation of a sky model that
includes the diffuse Galactic emission and the dipole.
The resulting simulated timelines, processed with the real sky in-flight point-
ings applying the same map making procedure used to produce the final sci-
entific products, give the survey maps in Figure 6.5 and the global nominal-
period map in Figure 6.6. The most sensitive channels to straylight contamina-
tion are the 30GHz, followed by the 70GHz and the 44GHz. This results are in
perfect agreement with the telescope optical performance: the primary mirror
is strongly under-illuminated for the 44GHz horns resulting in a low stray-
light sensitivity and a larger main beam. The 30GHz, while having similar
illumination properties with respect the 70GHz channels, are more sensitive
to the Galactic signal so more susceptible to straylight contamination.

6.1.2 ADC non linearity

The ADC non-linearity effect arises when the voltage step sizes between suc-
cessive binary outputs of the detector are not constant over the entire input
dynamic range. This results in measured detector voltage different from the
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Figure 6.2. 30GHz Figure 6.3. 44GHz

Figure 6.4. 70GHz

Figure 6.5. Sidelobe fingerprint on the sky signal due to Galactic foregrounds
(top row) and cosmological dipole (bottom row) for Survey 1 (left side) and
survey 2 (right side) for 30GHz channels (top left), 44GHz channels (top right)
and 70GHz channels (bottom). Images from [Planck Collaboration, 2014c].

true input voltage, depending on the exact positions of the voltage thresholds
of the chip. On datastreams, the typical fingerprint of ADC non-linearity is a
variation of the detector white noise not paired by a detectable variation in the
output voltage level. This effect was first observed in the LFI radiometer data
in flight. Since the effect is repeatable, assuming that the output voltage V of
the detector depends from the radiometer gain G(t) and system temperature
Tsys, it is possible to write the output signal V as:

V = G(t)Tsys = V ′R(V ′) (6.1)

By probing the ADC response function R(V ′) to track how a small known
input voltage variation ∆V appears as a measured ∆V ′ at different working
voltages V ′, it is possible to build a discrete set of corrected voltages that
links the apparent output voltage V ′ to the true input voltage V . In this way,
as shown in Figure 6.7, the effect can be corrected during the data analysis
[Planck Collaboration, 2014b].
The levels of the residuals due to ADC correction process are estimated by
applying the correction algorithm to simulated data containing a known ADC
effect, building the maps and making a difference with the same maps maps
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Figure 6.6. Straylight contamination for sidelobes pick-up nominal-mission
maps at 30GHz (top left), 44GHz (top right) and 70GHz (bottom). Image
from [Planck Collaboration, 2014c].

Figure 6.7. Percentage variation in white noise estimates with detector volt-
age for the 44GHz LFI25M-01 detector before (left) and after (right) the ADC
correction. Gray points are averaged every pointing period, black points are av-
eraged every 200 pointing periods. Image from [Planck Collaboration, 2014c].

produced from data with no ADC effect. To have a result as close as possible
to the real data, the simulated signal includes:

• the noise component estimated using average 1/f noise parameters over
the nominal mission for each detector;

• Galactic, CMB and dipole signals recovered from the observed maps
uncalibrated using the inverse of the gains;

• a model for the gain evolution and for the receiver temperatures ob-
tained via spline fits to the observed sky and reference voltage levels per
pointing period (because of Eq.6.1).

The ADC non-linearity effect is induced in simulated timelines by applying the
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inverse of the correction used in the real data correction [Planck Collaboration, 2014b].
The obtained timelines, processed with the real sky in-flight pointings apply-
ing the same map making procedure used to produce the final LFI scientific
products, give the maps in Figure 6.8.

Figure 6.8. Estimated ADC non-linearity residual signal in 30GHz (top
left), 44GHz (top right) and 70GHz (bottom) maps. Image from
[Planck Collaboration, 2014c].

The main contribution of the ADC residuals in maps is less than 0.1% of the
dipole signal (∼ 1µK peak-to-peak in 44GHz and 70GHz channels, ∼ 4µK
in 30GHz channels) and the residuals are generally larger in the regions of
the dipole and the Galactic plane, where the input signal on the detector is
stronger. Moreover the ADC effect becomes weaker at higher frequencies as
the contribution from the Galactic plane decreases.
In the 70GHz some channels show popcorn noise. In those channels the effect of
the ADC error is estimated by using the white noise level on the differentiated
data. This method, since it is not known whether the effect is on the sky or
reference voltages, provides only an estimate of the ADC effect and can not
be used for the data correction.

6.1.3 Imperfect photometric calibration

The fundamental step to obtain sky temperature maps from radiometers out-
put data is the photometric calibration [Planck Collaboration, 2014e]: the con-
version of the data from measured Volts to Kelvin. Errors in the photometric
calibration can arise from:

• Incorrect assumptions on the calibration signal: the LFI calibration sig-
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nal is the dipole signal produced by the motion of the Solar System
with respect to the CMB rest frame (CMB dipole) corrected for the
spacecraft motion around the Sun (orbital dipole). The first is assumed
369.0± 0.9 kms−1 [G.F.Hinshaw et al., 2009], the latter is computed us-
ing the spacecraft attitude information. Any error in the CMB dipole
intensity and direction or in the computed spacecraft attitude, leads
directly to a calibration error.

• Incorrect processing of the calibration signal: in the calibration process
the CMB dipole signal should be convolved with the radiometer beam
response and the Galaxy emission should be masked out. Any error in
this step leads to both a wrong calibration and wrong dipole removal in
the LFI analysis pipeline [Planck Collaboration, 2014e].

The contribution on final maps of the errors in the photometric calibration is
estimated by uncalibrating a TOI datastream obtained from simulated map
containing the dipole signal inferring the photometric calibration constant
from the total-power output of the radiometers. The obtained uncalibrated
TOI datastreams are then processed with the real sky in-flight pointings ap-
plying the same map making procedure used to produce the final scientific
products. The results are shown in the maps in Figure 6.9.

Figure 6.9. Maps of calibration uncertainties effects for 30GHz (top
left), 44GHz (top right), and 70GHz (bottom) channels. Image from
[Planck Collaboration, 2014c].

The difference between the input and output maps should be mainly due to
dipole leakage and Galaxy masking effects because the gains obtained from
the de-calibration process differ from those of the LFI pipeline. The final
contribution is of the order of a few µK.
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6.2 Effects independent of sky signal

6.2.1 1/f noise and noise correlations

The noise power spectral density P (f) of the LFI receivers can be described
by

P (f) = σ2
[
1 +

(
f

fk

)α]
(6.2)

where σ characterizes the white noise component, the knee frequency fk de-
notes the frequency where white noise and 1/f-noise contribute equally in
power to the total noise, and α characterizes the slope of the power spectrum
for frequencies f < fk. The signal-subtracted noise power spectrum of each
receiver estimated on 5-day time period shows (Figure 6.10) that this model is
a very good approximation of the power spectrum for nearly all the radiome-
ters. Only few channels show features not well captured by this model, as
shown in Figure 6.11.

Figure 6.10. Amplitude spectral
density estimates on 5-day time pe-
riods (coloured lines) compared to
the nominal mission noise model
for the representative 70GHz ra-
diometer LFI23M. Image from
[Planck Collaboration, 2014c].

Figure 6.11. Amplitude spectral
density estimates on 5-day time
periods (coloured lines) compared
with the nominal mission noise
model (black line) for 44GHz
radiometer LFI24S. Image from
[Planck Collaboration, 2014c].

Since LFI receivers are a pseudo-correlation system viewing a scalar feed di-
rected through the telescope at the sky together with a reference cold load
thermally stable near 4K provided by HFI (Chapter 4.1.3), thermal instabili-
ties (6.2.2) in the instrument lead to changes in the noise model parameters.
Figures 6.12, 6.13 and 6.14 show the behaviour of the three noise parameters
estimated on 5-day sections of data over the nominal mission time period.
In the nominal mission period, white noise and knee frequency are stable, while
the slope starts increasing in absolute value after OD 300, as a result of larger
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temperature fluctuations in the 20K focal plane terminating with a jump in
the slope after OD 500 correlated with the sorption cooler switch-over.

Figure 6.12. Fitted white noise
estimated on 5-day data peri-
ods for representative radiometers
at 30GHz, 44GHz and 70GHz.
The range covers the nominal
mission period. Image from
[Planck Collaboration, 2014c].

Figure 6.13. Fitted power-law
slopes for low frequency noise on
5-day data period covering the
whole nominal mission, for repre-
sentative radiometers at 30GHz,
44GHz and 70GHz. Image from
[Planck Collaboration, 2014c].

Figure 6.14. Fitted knee fre-
quencies on 5-day data periods
for representative radiometers
at 30GHz, 44GHz and 70GHz.
Data range cover the nominal
mission period. Image from
[Planck Collaboration, 2014c].

Each receiver architecture is symmetric, with two complementary detector
diodes as output for each receiver channel. The imperfect matching of compo-
nents generates an imperfect isolation between the complementary diodes of
a receiver. The imperfect isolation level is between −10dB and −15dB. This
leads to a small anti-correlated component in the white noise that is cancelled
by a weighted average of the time ordered data from the two diodes of each
receiver as the first step of analysis. In this way there is no need to track
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the anti-correlated white noise throughout the LFI data processing described
in Chapter 5.2.1. The diode weights for the combination are calculated from
initial estimates of the calibrated noise for each detector and are kept fixed for
the entire mission [A.Mennella et al., 2011]. Non white noise from the cold
front-end amplifiers is reduced via the correlation, while fluctuations in the
later stages of the receiver are minimized by modulating a phase switch in the
correlation section at 8192Hz.

6.2.2 Thermal effects

The active elements of the radiometers are located in the Front End Modules
(FEMs) and Back End Modules (BEMs) of LFI (Chapter 4.1.4). Any fluctu-
ation in the physical temperature of these modules directly affects the basic
properties of the low noise amplifiers, like noise temperature and gain, causing
a correlated fluctuation in the output signal. Moreover the pseudo-correlation
system relies on the reference load to get a clean sky signal so, even instabilities
in the reference signal lead to fluctuations in the final sky signal.

Figure 6.15. BEM (bottom), FEM (center) and reference load (top) temper-
atures evolution during the nominal mission period. The most stable reference
loads temperature is the 70GHz (upper top) because of the active control of
its fluctuations. Image from [Planck Collaboration, 2014a].
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Figure 6.15 shows the temperature fluctuations for the 4K reference load, 20K
focal plane for FEMs and 300K BEMs during the nominal mission survey.
The 4K temperature of the 70GHz channels reference loads is actively con-
trolled by a proportional-integral-derivative (PID) system that produces a
very stable temperature with δTrms ∼ 0.13mK. For the 30GHz and 44GHz
channels, the reference loads are not actively controlled, resulting in a more
unstable signal susceptible to major system-level events, as shown in Figure
6.15 (top).
The main source of fluctuations in the 20K focal plane unit (FPU) is the
hydrogen sorption cooler (Chapter 4.1.4). Temperature fluctuations propagate
through the LFI mechanical structure and are damped by the LFI front end
thermal mass, which acts as a low pass filter [M.Tomasi et al., 2009]. As result,
the temperature of the FPU measured by a sensor placed on the feed horn
flange of the LFI28 receiver (Figure 6.16) is very stable with a δTrms . 1mK
during all the first sky survey.
As soon as the nominal sorption cooler performance started to degrade at
the end of the first year of operations, the stability of the FPU temperature
has been maintained with a series of controlled temperature changes. The
switch-over to the redundant cooler (August, 11th 2010) leaded to an increase
temperature fluctuation in the focal plane due to liquid hydrogen still present
in the cold-end of the nominal cooler not completely absorbed by the degraded
nominal cooler compressor. This effect was later mitigated by a series of
dedicated operations but it affects most of the third sky survey as shown in
Figure 6.15 (center).

Figure 6.16. LFI FPU thermal sensors. Image from [Planck Collaboration, 2014c]

The bottom plot in Figure 6.15 shows the temperature of the 300K electronics
box, where the BEMs are located, measured by one of its temperature sensors.
During the first sky survey the back-end temperature suffered from a daily
fluctuation caused by the satellite transponder that was switched on daily
during contact with the ground station during DTCP (Chapter 4.2). After OD
258 the system was left continuously on, causing an increase of the absolute
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temperature level and the disappear of the modulation.
Knowing the thermal modelling [M.Tomasi et al., 2009] of the propagation of
temperature fluctuations and the radiometric transfer functions Tf

T id
f =

∂p
∂T id

phys
∂p
∂Ts

(6.3)

that links the particular id stage (BEM, FEM, 4K mainly) physical thermal
fluctuation δTphys to the equivalent sky fluctuation Ts it is possible to assess
the effects of thermal fluctuations on the final signal [L.Terenzi et al., 2009,
A.Mennella et al., 2010].
The sky maps showing the effects of the thermal fluctuations are obtained
choosing the most representative sensor for each temperature effect and for
each receiver detector. The housekeeping data are low-pass filtered to remove
high frequency sensor noise and then Fourier-filtered to obtain the estimated
temperature fluctuation at the receiver location. Finally they are multiplied by
the radiometric transfer function to obtain the simulated antenna temperature
fluctuation on the undifferentiated sky and reference load channels. After
adding the average sky and reference load voltages measured in real data
for each pointing period (Chapter 4.2) and oversampling the two antenna
temperature fluctuation data streams to match the in-flight pointings sampling
rate, it is possible to use the same map making procedure used to produce the
final scientific products. The resulting maps of the combined thermal effects
at the three LFI frequency channels are shown in Figure 6.17.

Figure 6.17. Maps of combined BEM, FEM and 4K thermal effects at
30GHz (top left), 44GHz (top right), and 70GHz (bottom) (images from
[Planck Collaboration, 2014c]).
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The contribution of the three stages to the final maps, as shown in Figure 6.18,
is very different. The main contribution comes from the 20K front-end and
4K reference loads temperature fluctuations. The first because fluctuations
couple with the radiometric measurements through both gain and noise and
only a part of the effect can be calibrated out. The latter because fluctuations
act as an asymmetrical additive signal. On the 70GHz the 4K fluctuation
effect is dumped by the active thermal control system of HFI focal plane.

Figure 6.18. Peak-to-peak thermal effects on sky maps. Image from
[Planck Collaboration, 2014c].

6.2.3 Bias fluctuations

The output signal of the radiometers can vary because of fluctuations in the
front-ends and back-ends amplifier bias voltages that occur on two timescales:

• slow electric drifts due to thermal changes in the power supply, in the
RF amplifiers, and in the detector diodes

• fast and sudden electric variations, arising in the warm electronics or
from electromagnetic interference effects affecting both the cold and the
warm amplifiers.

The effect of slow drifts is suppressed by the pseudo-correlation architecture
of the differential radiometers while fast electric changes that produce quasi-
random fluctuations and jumps in the signal have different effects on signal
according to where they arise. If jumps are caused by instabilities in the front-
ends bias voltage, then the effect involves the output voltage of both diodes in
the RCA (Chapter 4.1.4). If the jumps occur the back-ends detector diodes,
leading to the typical popcorn noise, they impact only the output voltage of
the corresponding diode but affect both sky and reference load samples. In
both cases the effects are largely suppressed by the differentiation of the signal
in the analysis pipeline (Chapter 5.2.1).
The sky maps with the estimate of the effect of bias fluctuations are computed
with the same map making procedure used to produce the final scientific prod-
ucts using as timelines the drain currents fluctuations transformed in radio-
metric output in antenna temperature via linear transfer functions. The drain
currents housekeeping measurements are corrected from variations induced by
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temperature changes δT20K and δT300K in the FEM (20K) and BEM (300K)
stages according to the α20K and α300K drain current thermal susceptibility
coefficients

Icorrdrain(t) = Idrain(t)− α20KδT20K(t)− α300KδT300K (6.4)

After the thermal correction, since the receiver architecture implies that the
signal characteristics at each detector depend on both the radiometer front-end
amplifiers [M.Bersanelli et al., 2010], drain current changes δIdrain are corre-
lated with the voltage output variations in sky and reference load samples.
The final output voltage δVsky(ref) takes into account for the detector diode
weight w and the slope of the linear fit between the weighted combination of
the two drain currents and the sky (ref) voltage output αsky(ref)

δVsky(ref)(t) = αsky(ref)[wδIcorrdrain 1(t) + (1− w)δIcorrdrain 2(t)] (6.5)

The timelines obtained, processed with the real sky in-flight pointings using
the same map making procedure used to produce the final scientific product,
give the maps in Figure 6.19. The residual effect is less than 1µK peak-to-peak
at all frequencies.

Figure 6.19. Maps drain current (bias) fluctuations effect at 30GHz
(top left), 44GHz (top right) and 70GHz (bottom). Images from
[Planck Collaboration, 2014c].

6.2.4 1Hz Spikes

This effect is caused by the pickup from the output data of the housekeeping
electronics clock that occurs after the detector diodes and before the analogue-
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to-digital converter (ADC). This effect will be discussed in the Chapter 7.

6.3 Systematic effects assessment
A powerful tool to investigate the overall contribution of the residual system-
atics effects and highlight their impact on final sky maps after their removal
in the data are the null tests. The null tests used to evaluate the systematics
effects residuals on final sky maps are

• half-ring difference null tests;

• survey difference null tests.

Under the assumption of perfect calibration, perfect pointing reconstruction,
and complete removal of systematic effects from data, the results of the null
tests the resulting maps should be featureless.

Half-ring difference null tests Half-ring difference null tests are per-
formed by subtracting two half-ring pixel-weighted sky maps. The half ring
maps are obtained by using half of the datastream contained in every pointing
period (ring) per each map and should be nearly identical as they result from
the same scanning pattern on the sky but are obtained with two independent
datasets: one contains only the first half of each stable pointing period, the
other contains the second half.

Figure 6.20. Half-ring null test maps at 30GHz (top left), 44GHz (top right),
and 70GHz (bottom). Image from [Planck Collaboration, 2014c].
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On average, a pointing period contains (Chapter 4.2) ∼ 40min of data. By
subtracting the half ring maps obtained using half of the data (∼ 20min)
the resulting map highlights any feature whose frequency is greater than
1/20min = 0.85mHz, half of the duration of the pointing period.
The pixel weights used in the subtraction are based on maps noise proper-
ties and pixel hits as described in Chapter 5.2.1 [A.Zacchei et al., 2011]. The
resulting maps in Figure (6.20) show no apparent correlated structures.

Survey difference null tests As opposite of the Half-ring null tests, differ-
ences between single survey maps are useful to check for residual systematic
effects at very large angular scales and due to the Planck scanning strategy
(Chapter 4.2) allows to investigate long-term systematics effects.
Odd minus even surveys difference maps highlight effects arising from beam
ellipticity and far sidelobes (Chapter 6.1.1), subtraction of coupled surveys
mainly highlights effects on calibration (Chapter 6.1.3) or pointing.

Figure 6.21. Survey1 - survey2 null test maps at 30GHz (top left), 44GHz
(top right), and 70GHz (bottom). Image from [Planck Collaboration, 2014c].

The resulting maps for the difference between the first and the second survey
in Figure 6.21 show, especially at 30GHz the clear effect of far sidelobes pickup
of the galactic plane in survey 2, visible as a blue ring perfectly matching the
simulations shown in Figure 6.5 in Chapter 6.1.1
The Planck scanning strategy (Chapter 4.2) implies that survey 1 and survey
3 cover the sky in nearly identical orientations. The resulting null test map
should be consistent with noise if calibration and other systematics were per-
fectly controlled. The large scale features appearing in the resulting difference
map in Figure 6.22 is consistent to the thermal instability of the instrument
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Figure 6.22. Survey1 - survey3 null test maps at 30GHz (top left), 44GHz
(top right), and 70GHz (bottom). Image from [Planck Collaboration, 2014c].

for the first portion of survey 3 (Chapter 6.2.2, Fig.6.17).
Figure 6.23 show the residual contribution of the systematics effects in the
power spectrum of the half-ring and survey null test difference maps. The
pseudo-spectra are calculated on 80% of the sky, with the Galaxy and point
sources masked out, and are corrected for sky fraction but not for beam smear-
ing effects.
Since the half-ring difference spectra and survey difference spectra are nearly
identical, all the known LFI systematic effects are under control and they
are not contaminating the data in any significant way. Moreover there is no
evidence for other unanticipated systematic effects.

6.4 Overall contribution
Figure 6.24 shows the angular power spectra of all the systematic effects in
the three LFI frequencies 30GHz, 44GHz and 70GHz compared to the Planck
best-fit model CMB anisotropy spectrum [Planck Collaboration, 2014g] com-
pared to the noise level coming from the half-ring difference maps, to the
residual signal from the difference survey 1 and survey2 and to the contribu-
tion of all the systematics effects combined together. The total contribution
has been obtained with a map built from a datastream where all systematic
effects simulated timelines are summed together.
Figure 6.25 show the same comparisons but with the power spectra obtained
from frequency-independent maps resulting from the weighted-sum of fre-
quency maps using the weights obtained with a pixel-based Internal Lin-
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Figure 6.23. Angular power spectra for null tests compared to the Planck
temperature anisotropy spectrum at 30GHz (top left), 44GHz (top right), and
70GHz (bottom) for half-ring difference (B), survey difference (A) and survey
difference residual signal (C). Image from [Planck Collaboration, 2014c].

ear Combination (ILC) component separation [Planck Collaboration, 2014f,
S.M.Leach, 2008].
Table reports a summary of all systematic effects uncertainties on CMB maps
expressed in in µKCMB. The r.m.s uncertainty per pixels estimated by remov-
ing from the survey difference r.m.s. an estimate of the noise r.m.s obtained
from the high-` tail of the survey half-difference power spectra.

- 110 -



6 – LFI Systematic effects

Figure 6.24. Angular power spectra of all the systematic effects compared to
the Planck temperature anisotropy spectrum at 30GHz (top left), 44GHz (top
right), and 70GHz (bottom). Image from [Planck Collaboration, 2014c].

TABLE 6.1: Summary of systematic effects uncertainties
Effect 30GHz 44GHz 70GHz

p-p r.m.s p-p r.m.s p-p r.m.s
Bias fluctuations 0.08 0.01 0.10 0.02 0.23 0.06
Thermal fluctuations 0.61 0.11 0.40 0.08 1.17 0.20
1-Hz spikes 0.87 0.17 0.14 0.03 0.60 0.12
Sidelobes pickup 18.9 4.53 1.92 0.57 6.39 1.91
ADC non-linearity 3.87 1.01 0.89 0.19 0.92 0.19
Calibration 4.33 1.16 4.74 0.97 6.51 1.10
Total map 21.0 4.83 5.61 1.13 7.87 2.00

Table 6.1. Summary of systematic effects uncertainties on maps expressed in
µKCMB calculated on a pixel size approximately equal to the average beam
FWHM. Data taken from [Planck Collaboration, 2014c]).
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Figure 6.25. Angular power spectra of all systematics effects com-
pared to the Planck temperature anisotropy spectrum. Image from
[Planck Collaboration, 2014c].
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The 1Hz spikes are a signal disturbance in the LFI detectors output first
noticed during the LFI ground tests [P.Meinhold et al., 2001]. This spurious
signal is detected in the detectors time-domain datastreams as a synchronous
1 s square wave (Figure 7.1) with a rising edge near 0.5 s and a falling edge
near 0.75 s in On Board Time (OBT). This signal, if observed in the frequency
domain, it appears as a set of extremely narrow spikes at 1Hz and harmonics
as shown in Figure 7.2.

Figure 7.1. 1Hz Spike square wave shape for the 44GHz detector LFI24S-
11. Data acquired during the Cannes ground test campaign. The poor
resolution is due to a limited sample stream of 1 hour. Data are mean
subtracted and binned into a 1 s time interval. Dotted lines show, as com-
parison, the same signal acquired with the satellite housekeeping off. Image
from [P.Meinhold et al., 2001].

Frequency spikes disturbances are present in the output of all the 44 LFI
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detectors. The tests performed showed that they are caused by an inade-
quate shielding of the housekeeping electronics from the science data lines.
The signal pickup from the clock of the housekeeping electronics, occurs af-
ter the HEMTs detector diodes and before the Analogue to Digital Converter
(ADC) in the back-end Data Acquisition Electronics box (DAE): the house-
keeping data acquisition, which is also performed by the DAE at 1Hz sam-
pling frequency, has an unexpected cross-talk with the science data lines
[A.Mennella et al., 2010]. This is clearly visible in Figure 7.2 where the spectra
of the data acquired with the housekeeping sampling activated and deactivated
for a 70GHz detector are compared.

Figure 7.2. DAE-only (a),(b) and radiometer (c),(d) noise amplitude den-
sity spectra in V/

√
Hz for the 70GHz detector LFI18S-10 unswitched data

with and without the activation of the housekeeping acquisition. Image
from [A.Mennella et al., 2010].

The spikes disturbance is added to the receiver signal at the end of the RCA
(Radiometric Chain Array) prior to its digitalization. For this reason it acts as
a common mode additional signal that affects both the sky and reference load
data in a similar way. By differentiating the data in the scientific pipeline
(Chapter 5.2.1), the contribution of the spikes signal is reduced by several
orders of magnitude, bringing its residual value well below the radiometer noise
level in the temperature sky maps. Despite this, polarization maps are still
affected by the disturbance. Given that the only way to completely eliminate
the disturbance in hardware would be to operate the instrument without any
housekeeping information, the baseline adopted is to evaluate the impact of
the spikes disturbances on the final maps and possibly remove them directly
from acquired datastreams.
The most direct and simple approach would be to define the parameters char-
acterizing the square wave and remove from the timelines a square wave of
given amplitude every 1 s. Unfortunately, as explained in Chapter 7.2, this is
not feasible in a trivial way. The chosen approach is to recover from the flight

- 114 -



7 – 1Hz Spikes

data the shape of the spikes signal, and use it as a template to be removed
from the datastreams every 1 s.

7.1 Template shape estimate
The analysis of the spikes signal has shown that the disturbance is synchro-
nized in time with the 1Hz housekeeping data acquisition signal. By binning
the data synchronously, it is possible to average down the noise and obtain
the shape of the square wave and use it as a template to be directly removed
[P.Meinhold et al., 2001]. The feasibility of this approach has been proved us-
ing data acquired during the full satellite test campaign in Liege, Belgium,
during July and August,2008. However, obtaining a clear, stable and reliable
template from flight data presents some difficulties.

7.1.1 Binned template

The simplest and fastest way to recover the shape of the square wave is to
divide the data timelines into subsequent 1 s intervals in which the spike signal
is repeated, and fill a histogram with every data sample placed in the histogram
bin corresponding to the particular fraction of a second of its OBT.

Figure 7.3. Sky and reference load binned spike template for the 44GHz
LFI24M-00 detector using the data of the first light survey FLS.

This approach is strongly affected by aliasing artefacts dependent from the
choice of the number of the histogram bins, the template resolution. In gen-
eral, considering a signal sampled with a defined frequency f , the template
resolution for the 1 s time interval can be:
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• f < fNyq, below the Nyquist frequency, the number of histogram bins is
less than half the sampling frequency. This leads to a very low resolution
template in which the shape of the square wave is not defined with a
precision sufficient to be correctly removed from data;

• f > fNyq, above the Nyquist frequency, the number of histogram bins is
greater than the sampling frequency and the bins filled during each 1 s
interval is just a fraction of the total. The template obtained has a well
defined shape but it is affected by artefacts like the example in Figure
7.3.

7.1.2 Mean-subtracted template

By choosing a bin number above the Nyquist frequency to assure a good def-
inition of the template shape, in every 1 s data interval not all the histogram
channels are filled. This partial bin filling leads to differences in sample cover-
age when the overall level of the detector signal is different, creating artefacts
in the template.
From the Planck scanning strategy (Chapter 4.2) the largest variation of the
overall of the sky and reference load signals is of the order of one OD, almost
one day. Thus, removing the average value of sky and reference load signal
calculated in each pointing period, the samples should effectively be corrected
for any overall level change of the detector output. This should minimize the
artefacts while maintaining a good resolution for the template. The result is
shown in Figure 7.4.

Figure 7.4. Sky and reference load mean subtracted spike template
for the 44GHz LFI24M-00 detector obtained from the data of the
First Light Survey (FLS).
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7.1.3 Filtered template

The mean-subtracted template is almost insensitive to the variations of the
overall level of the sky and reference load signals. However it is dependent
on the assumption that the signal is stable in every pointing period. Any
sudden variation occurring on shorter timescales affects directly and in a non
predictable way the template shape.
This can be avoided by including a linear filter to the template generation
algorithm. The linear filtering, if the number of bins is chosen properly, allows
to keep the template resolution above the Nyquist frequency and contemporary
to have all the histogram bins incremented every 1 s time interval. With this
more uniform coverage, it is possible to release any assumption on the time
stability of the overall signal level for time intervals greater than 1 s.
The number of bins for all the spikes templates has been arbitrary chosen to
be
√

3 times the sampling frequency of the detector. This gives a very good
template resolution maintaining the coverage of all the bins in every 1 s time
period. Table 7.1 reports the number of bins used for the spikes templates for
the three LFI frequencies.

Frequency resolution [bin] resolution [s]
30GHz 56 0.0179
44GHz 80 0.0125
70GHz 136 0.0074

Table 7.1. Spikes template resolution in number of bins and time (bin ampli-
tude) for each LFI frequency channel.

To build a linear-filtered template, the Planck LFI data are binned into an
histogram where each sample is placed in a bin dependent from the particular
fraction of second of the sample OBT time, weighting its contribution to the
template with the time difference between the sample OBT and the template
bin fraction of second. The linear filtered spike signal s(tki ) for sample i placed
in the template bin k is given by:

s(tki ) = ak[1− w(tki )] + ak+1w(tki ) (7.1)

where ak and ak+1 are the amplitudes of the template in the k and k+ 1 bins.
The quantity w(tki ) is the sample i weight given by the distance of the sample
OBT tki falling in the bin k from the starting time tk and tk+1 of the bins k
and k + 1 calculated as

w(tki ) = tki − tk

tk+1 − tk
(7.2)

Assuming stable noise properties of the instrument, the amplitudes of the
spikes template channels ak con be estimated from flight data samples dki with
a least square algorithm:
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∂

∂ak

∑
i,j

[
s(tji )− d

j
i

]2
= 0 (7.3)

That leads to a matrix equation

Mj,kak = bj (7.4)

where Mj,k is a symmetric tridiagonal matrix with additional values at the
upper right and lower left corners. Using boundary conditions k = 0, k − 1 =
n− 1, and k = n− 1, k + 1 = 0, the elements of the matrix can be expressed
as

Mk,k+n = 0, if |n| > 1 (7.5)

Mk,k−1 =
∑
i

[
1− w(tk−1

i )
]
w(tk−1

i ) (7.6)

Mk,k =
∑
i

[
1− w(tki )

]2
+ w(tk−1

i )2 (7.7)

Mk,k+1 =
∑
i

[
1− w(tki )

]
w(tki ) (7.8)

bj =
∑
i

dki

[
1− w(tki )

]
+ dk−1

i w(tk−1
i ) (7.9)

Solving the linear system of equations gives the spikes template estimate shown
in Figure 7.5.

Figure 7.5. Sky and reference load filtered spike template for the 44GHz
LFI24M-00 detector obtained from the data of the first light survey FLS.
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This is the method adopted to calculate the spikes templates shapes for sky
and reference load datastreams in all the 44 detectors of Planck LFI. These
templates are then used to clean the data from the spikes signal in the LFI
data processing 5.

7.2 Template shape analysis
In order to define the best way to remove the 1Hz spike signal contamination
from the data, it is necessary to examine the shape of the template and its
evolution in time.
The spike disturbance is due to a cross-talk between the scientific data lines,
sky and reference load, and the synchronous 1Hz DAE clock signal for the
instrument housekeeping data acquisitions. In principle this signal should be
very stable and regular in time so its additive contribution to the detectors
output should be extremely regular in time.
Taking subsequent periods of data, it is possible to estimate independently the
shape of square wave template and evaluate its evolution during the mission.
Figure 7.6 shows the template for the sky and reference load estimated using
three subsequent months of data (OD 91 - 120, OD 121 - 150, OD 151 - 180)
for representative channels of the three LFI frequencies.

Figure 7.6. Sky and reference load spike templates for representative 30GHz
(top left), 44GHz (top right) and 70GHz (bottom) channels.
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For many detectors the shape is very close to a square wave signal, while for
some others, even if the signal occurs with the same phase as the other square
waves, it bears no clear resemblance to a square wave as shown in Figure 7.7
for the LFI25M-01 channel. For this reason it is not possible to simply define
the parameters of a square wave to be subtracted from data.

Figure 7.7. Sky and reference load template for detector LFI25M-01. The
shape in this case is not a square wave, even if the phase is preserved.

To investigate possible variations on the 1Hz spikes signal picked up in the
LFI detectors, it is possible to create multiple spikes templates from inde-
pendent time periods and compare them. Depending on the chosen length
of the subsequent time periods, it is possible to investigate different template
characteristics.

7.2.1 Phase stability

If the picked up signal is not perfectly synchronous with the 1 s time interval, or
if the 1Hz housekeeping clock is not constant in time, the creation of templates
with a long datastream should give very different result with respect to the
templates obtained with short data periods. Moreover, if any variation in the
synchronous signal occurs, comparing templates created with long independent
datastreams should reveal a drift in the template rising position that increases
with the number of subsequent intervals compared. Figure 7.8 shows the
spike template evolution in time for representative 30GHz, 44GHz and 70GHz
detectors obtained from 100OD subsequent time periods of data acquired
during the nominal Planck mission.
The signal phase is perfectly stable in time and there is not apparent variation
in the shape of the signal on large time scales.

7.2.2 Shape stability

Even if the shape of the spike template has no apparent variation on large time
scales, some small fluctuations can be hidden because of the averaging over a
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Figure 7.8. Comparison between sky spikes templates for the 30GHz
LFI28M-00, 44GHz LFI24M-00 and 70GHz LFI18M-00 detectors obtained
with 100OD subsequent datastreams in the nominal operation period.

long (100OD) data period. Empirical results showed that to efficiently sup-
press the noise and obtain a good template shape, a minimum of 20OD of data
is required. For this reason, comparing templates created using 20OD subse-
quent datastreams can highlight smaller fluctuations in the template shape.
Figure 7.9 shows the shape evolution of representative channels for the 30GHz,
44GHz and 70GHz frequencies during the nominal operations period in snap-
shots of 20OD.
The main shape of the template is not changing on large time scales but some
fluctuations are present. It is not completely clear how much of the variation
is due to a real evolution in the spikes signal and how much is related to the
increased low-frequency noise due to the shorter datastream used. However,
the analysis of the outputs of the spikes-removed data (Chapter 7.3) does
show a residual spikes signal indicating that some of the variation is real, at
least for the 44GHz data. Tracing the spike template maximum amplitude
evolution in time might help to quantify these variations. Figure 7.10 (left)
shows the evolution of the maximum amplitude of the sky and reference load
templates over the whole nominal mission period. The spike templates have
been calculated for each pointing period (∼ 1 hour) and the maximum value
has been extracted. The amplitude is quite stable, even if the result is dom-
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Figure 7.9. Spike template amplitude evolution in time intervals of 20OD
during the nominal Planck mission for 30GHz LFI28M-00 (top left), 44GHz
detector LFI24M-00 (top right) and 70GHz detector LFI18M-00 (bottom).

inated by noise. The plot in Figure 7.10 (right) shows the same templates
amplitudes normalized to the mean template obtained using all the nominal
period datastream. This better highlights the fluctuations of the maximum
amplitude.
Assuming that the fluctuations in the maximum amplitude of the template are
representative of the fluctuations occurring among all the template, is possible
to estimate the maximum spike signal residual in the Planck LFI data after
the removal of the constant mean template calculated over the whole nominal
mission.
The template shape analysis indicates that the 1Hz signal can not be removed
from data by simply subtracting a square wave of a given amplitude but the
real shape of the template should be estimated directly from the flight data.
The template phase stability and the very small shape fluctuations suggest
that, for the sky and the reference load signals of all the 44 LFI detectors,
it is possible to create a unique template using all the available flight data
minimizing the noise contribution and use it to remove the spikes disturbance
over all the mission. The residuals due to the shape fluctuations not completely
removed by an averaged unique template are very small.
Even if some detectors have a poorly-resolved 1Hz signal, the removal of a
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Figure 7.10. Sky (red) and reference load (green) spikes template amplitude
calculated for each a pointing period over 400OD of data in the nominal Planck
mission (left) and the same plot normalized to the mean template ampli-
tude (right) for 30GHz detector LFI27M-00 (top), 44GHz detector LFI24M-00
(center) and 70GHz detector LFI18M-00 (bottom).

synchronous 1Hz template should be effective for all the detectors.

7.3 Template removal
The spikes signal is generated within the instrument electronics and the most
reasonable place where to estimate the template and remove it, is before the
data differentiation (Chapter 5.2.1). For this reason a template of the spike
signal has been generated independently for sky and reference load for all the
44 LFI detectors.
Before applying the template removal to the data is necessary to understand
which channels are mostly affected by spikes, apply a cleaning process and
evaluate the effect of the removal process in the scientific pipeline.

7.3.1 Spikes signal effect

A first estimate of the channels more affected by the spikes signal can be
done by comparing the template amplitude for the different LFI frequencies
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normalized to the average output level of the detectors.

Figure 7.11. Comparison between sky and reference load spikes tem-
plates amplitude for representative channels of 30GHz, 44GHz and
70GHz frequencies.

As shown in Figure 7.11 the detectors where the effect is more prominent
are the 44GHz channels with a template amplitude that is almost twice the
70GHz amplitude. Vice versa in the 30GHz channels the signal contamination
should be negligible.
A more complete way to evaluate the overall contribution of the spikes for each
LFI frequency is creating sky maps of spikes. By building TOI datastreams
containing only the spikes signal superimposed to the mean output of the
detectors for each pointing period, and processing them with the real in-flight
satellite pointings, it is possible to build maps of simulated spikes and estimate
the final contribution of this effect in the sky maps.

Figure 7.12 shows the spikes-only maps for the three LFI frequencies. As
expected, the most prominent effect is on the 44GHz map. This is due to their
high gain value and low input signal. Peak-to-peak values for these maps are
reported in Table 7.2.

Frequency peak-to-peak [K]
30GHz 3.2× 10−6

44GHz 11.5× 10−6

70GHz 0.14× 10−6

Table 7.2. Peak-to-peak spikes contribution in the final LFI maps obtained
from spikes-only simulated signal.

Spikes, if not removed from the scientific data, seem to contribute significantly
in the sky maps. To understand the real effect of this contribution on the final
cosmological products obtained with the maps, it is necessary to compare the
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Figure 7.12. Contribution of the spikes signal in the final maps at 30GHz
(top left), 44GHz (top right) and 70GHz (bottom) frequencies.

power spectra of these maps to the power spectra of the expected cosmological
signal.
As shown in Figure 7.13, the contribution of the spikes signal in the tem-
perature maps power spectrum (TT) is more than nine orders of magnitude
smaller than the Planck CMB spectrum and almost six orders of magnitude
less than the noise level in all the LFI frequencies.
However, considering the polarization spectra for the spikes maps, as shown
in Figure 7.14 and Figure 7.15, the spike contribution is near the noise level
at less than four orders of magnitude with respect to the cosmological signal
expected in the EE polarization, while is the same order of magnitude or larger
than the expected cosmological signal in the BB polarization in the 44GHz
case. This indicates that the spikes disturbance in the Planck data should be
removed from all the 44GHz channels and, possibly, from the 70GHz.

7.3.2 Effects on pipeline

The spikes disturbances are a very small signal if compared to the overall
output of the detectors. The effect is purely additive on the diodes output
and is almost symmetrical between sky and reference load. For this reason the
disturbances should cancel out during the calculation of the Gain Modulation
Factor (GMF) and the contribution should be negligible.
Spikes removal is a commutative operation with respect to the differentiation.
Considering that the template that should be removed after the differentiation
process is a differentiated template skdiff calculated for each template bin k from
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Figure 7.13. Contribution of the spikes signal in the TT power spectrum at
30GHz (top left), 44GHz (top right) and 70GHz (bottom).

the sksky sky and skload reference load templates as

skdiff = gp(sksky − rpskload) (7.10)

using for each pointing period p the same Photometric Calibration constant
gp and the Gain Modulation Factor rp used in the scientific pipeline to differ-
entiate the data.
Even if for the calculation of the GMF and the differentiation process the
removal of the spikes template is a commutative operation, by performing the
subtraction after the calibration process the spikes signal residual from the
differentiation couple with other systematic effects. This is a a very small
contribution but it is difficult to follow its propagation and its contribution in
the calculation of the Photometric Calibration.
For this reason, in the Level2 scientific pipeline described in Chapter 5, it has
been decided to remove the spikes template before the calibration process.
Due to its commutative contribution to the differentiation and its indepen-
dence from the calculation of the Gain Modulation Factor, in order to per-
form a minimal reprocessing of the data and minimize the amount of stored
information and calculations, it is has been decided to remove independently
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Figure 7.14. Contribution of the spikes signal in the EE power spectrum at
30GHz (top left), 44GHz (top right) and 70GHz (bottom).

the sky and reference load templates from timelines as first step in the Level2
scientific pipeline, prior to their differentiation.
Since the effect of the spikes signal has a significant contribution on data
almost only in the 44GHz channels, for the 2013 Planck Data Release it has
been decided to clean the timelines from this systematic effect only for the
44GHz channels.
The removal of the template in other frequencies is still investigated and will
be probably adopted in the final Planck Data Release.

7.4 Residual estimation
The analysis here presented is valid for all the LFI detectors of all the frequen-
cies, but it is particularly focused on the 44GHz channels because up to now
they are the only ones where the spikes signal is removed from data.
Creating a single sky and reference load template for each detector using all
the available flight data helps to reduce the contribution of the noise in the
template shape because of the long datastream. As shown in Chapter 7.2,
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Figure 7.15. Contribution of the spikes signal in the BB power spectrum at
30GHz (top left), 44GHz (top right) and 70GHz (bottom)

the template is very stable in time and it can be subtracted from all the
timelines. However, removing a single template on all the datastream, as
shown in Chapter 7.3 leaves some residuals in the data due to the small shape
fluctuations of the template.
Figure 7.16 shows the results of the template subtraction for a 44GHz detector.
To investigate the result of the spikes removal, it is possible to compare a
template created from differentiated data before the cleaning process to a
template created from differentiated data after the spikes removal process on
the sky and reference load datastreams. Before applying the spikes removal,
the resulting differentiated data looks like the difference between two square
waves of different amplitudes with slightly different phases. After the spikes
removal, there is very little indication of any such signal, but some residuals
are in some way present. To better highlight the spikes removal results, the
cleaned data template has been created also with double resolution.
A first, rough, assessment of the spikes signal residuals in maps after the
template removal can be done by comparing sky maps obtained with and
without the spike removal in the processing pipeline.
In particular by subtracting from a mapMsky+spikes where the spike signal has
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Figure 7.16. Test on the spikes removal with a 80OD template for the
24M-00 44GHz detector

not been removed, a map Msky that has been cleaned from the disturbance,
it is possible to obtain a map containing only the spikes signal contribution.
Comparing this spikes-only map to a spikes map Mspikes obtained from sim-
ulated datastreams containing only the spikes template used in the removal,
it is possible to highlight any residual contribution from spikes not taken into
account in the mean template used in the subtraction. An estimation of the
residual signal can thus be obtained by the differences:

Msky+spikes −Msky ∼Mspikes (7.11)

or, equivalently

Msky+spikes −Msky −Mspikes ∼ 0 (7.12)

Any significant deviation from zero is a clear signature of a residual spikes
signal due to a non complete removal of the square wave from data. As seen
in Figure 7.17 the amplitude of the residual map is of the order of ∼ 0.014µK
peak to peak.
The removal of a single template over the whole mission data leaves a small
residual spike signal, due to the non-traced small shape fluctuations of the
template. A better estimate of the contribution of the residuals in the maps
can be done by modelling the spikes residuals directly from flight data.

7.4.1 Modelling the residuals

Assuming that the small fluctuations of the spike template shape are in some
way representative of an overall template variation, the evolution of the tem-
plate shape can be written as a proportional modification of themean template
calculated on all the datastream. Maintaining the pointing period p the min-
imum time period used to estimate the template shape, the template skp for
each pointing period can be written as an overall αp proportional variation of
the mean template sk as
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Figure 7.17. Residuals map obtained by subtracting from the spikes non–
cleaned map a spikes cleaned map and a spikes-only map.

skp = αps
k (7.13)

The amplitude of the fluctuation for each pointing period αp can be estimated
from flight data di with a least square minimization algorithm

∂

∂αp

∑
i∈p;k

[
dki − αpsk

]2
= 0 (7.14)

Similarly to the spike template estimation, this method suffers from the overall
variation of the sky and reference load signals. Considering always the pointing
period as baseline for stable instrument behaviour, any signal variation can
be removed by subtracting the mean output of the detector dp in the pointing
period p. The quantity to minimize is then

∂

∂αp

∑
i∈p;k

[
(dki − dp)− αpsk

]2
= 0 (7.15)

that is a linear equation for αp with solution

αp =
∑
i∈p;k(dki − dp)sk∑

i∈p;k(sk)2 (7.16)

This is the method used to estimate the spikes signal residual in LFI maps
after the template removal.
In order to have a more uniform evolution in time of the template fluctuations,
the αp coefficients are not calculated for each pointing period but exactly every
hour. This give exactly 24 parameters for each OD.
Spikes templates calculated using the data from a single pointing period are
strongly affected by noise. For this reason the αp values obtained are strongly
driven by the noise. To reduce the scatter in the αp values given by the noise,
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it has been decided to filter the results by averaging them over a 10OD mobile
window (∼ 240 values) over all the mission.

7.4.2 Residual contribution

Knowing the parameters α describing the evolution of the sky and reference
load templates in all the timelines for all the 44 LFI detectors, it is possible
to build sky maps containing only the residual signal. Similarly to the spike
contribution, the first step is to prepare timelines of simulated dSKY,LOAD

sim (ti)
data (TOI) for both sky and reference load containing only the residual signal
superimposed to the average output of detectors dp for each pointing period

d SKY,LOAD
sim (ti) = d

SKY,LOAD
p + (αpsi − si) (7.17)

where

si = s(tki ) (7.18)

is the filtered template for the sample with OBT ti from Equation 7.1.
The simulated TOI datastreams are then processed with the scientific pipeline
and the maps are created using the real in-flight pointings. Figure 7.18 shows
the resulting simulated temperature and polarization maps for the 44GHz
frequency residuals after spike removal.

Figure 7.18. Residuals I,Q,U maps for 44GHz frequency.

This method is consistent with the previous estimations: Figure 7.17 and the
I-map in Figure 7.18 have compatible amplitudes.
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The final contribution of the residuals on the cosmological parameters estima-
tion is evaluated via the comparison between the power spectra of the residual
maps and the expected cosmological signal, both for temperature and polar-
ization.

Figure 7.19. Power spectra of the spike residuals maps compared to the CMB
expected spectrum for 44GHz frequency.

Figure 7.19 shows that the spikes contribution after the template removal
is lowered by two orders of magnitude and is well below the noise both in
temperature and polarization.
This confirms that the spikes template estimation is working well and the
removal of a mean template from the whole datastream is very effective in
reducing the spikes spurious signal. The spikes signal residuals in maps, at
the moment, have a negligible contribution in the data analysis.

7.5 High resolution approach
The spikes removal technique based on the removal of a single filtered template
template for all the mission used in the Planck 2013 data release proved to
be very efficient. The template resulted to be very stable both in amplitude
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and phase reducing the contribution of this systematics of about two orders
in magnitude in the 44GHz channels where it is removed.
However, even if the spikes contribution in the other frequencies is much less
than the 44GHz, in order to further reduce the instrument systematic errors
especially in the polarization maps, it would be interesting to remove spikes
from all the channels. Unfortunately the filtered template shape obtained for
the 30GHz and 70GHz channels seems to be much noisier and less stable
in phase. In order to better investigate the phase stability, it is possible to
increase the template resolution, the number of bins of the histogram, and
increase the number of data used in the template estimation. The highest
resolution achievable is given by the sampling frequency of the on board clock
of the instrument: each LFI data sample is acquired on the base of the OBT
time clock that has a resolution of 1/216 s.

Figure 7.20. LFI24M-00 spike template obtained from in-flight data in
the OD range 100 to 200, compared to the filtered template used in the
2013 data analysis. The filtered template has been shifted of 0.125 s to
better compare the two shapes.

By realizing a template with a resolution of 216 bins, it is thus possible to
investigate the template stability on the maximum resolution available and
better track the instrument behaviour and stability. With this high number of
histogram bins for the template resolution, it is not possible to use the filtered
template technique: not all the histogram bin can be filled in each 1-s square
wave cycle.
The best template can be obtained in this case via the mean-subtracted tem-
plate technique and its limitations. This means that every change in the
overall signal level occurring on timescales smaller than the pointing period
(∼ 1 hour) will generate aliasing effects in the template.
The first step in this test is to verify the template stability of the 44GHz
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channels and compare it with the filtered template used in the Planck 2013
data analysis.
The number of filled bins in the high resolution template for the 44GHz chan-
nels is 512 over the 65536 bins of the template and the template seem very
stable in phase as shown in Figure 7.20.
The 44GHz template calculated on the Planck nominal mission (OD 91 - 563)
is shown in Figure 7.21. It this case it is clearly visible an aliasing effect due
to a variation on the instrument within the pointing period time, assumed to
be the instrument stability time for the calculation of the overall mean signal
to subtract to the template.

Figure 7.21. LFI24M-00 sky spike template calculated using all the
nominal Planck mission data.

The variation in the instrument response has been identified inside the OD
98. It is related to a switch off and restart of the read out electronics (REBA)
of LFI. By removing the OD from the data analysis, the result in Figure 7.22
shows that the template is stable and, even if it has suffered for a shift in
time, the shape is perfectly preserved. The shift is ∼ 2× 10−4 s so completely
invisible in the filtered template because of its broader resolution (0.125 s).
From figure 7.22 it is also possible to verify the extreme stability of the instru-
ment over the operational period OD 99 to OD 563 where the spike template
is not varying at all.
Expanding the data used to produce the template up to all the 1604 OD of
available Planck data, it is possible to identify 5 main changes in the LFI
instrument (Table 7.3) all associated to major operations on the instrument.
This template shift occurs on all the 44 LFI detectors.
The maximum shift of the template over the whole mission is 6×10−4 s, below
the resolution of the filtered templates as reported in Table 7.1. In particular
it is well below the 0.125 s resolution of the filtered template removed in the
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Figure 7.22. LFI24M-00 sky spike template calculated with the data of all
the Planck nominal mission excluding OD 98. To better highlight the change,
the datastream is splitted into two templates: one before (red) and one after
(green) the anomaly of OD 98.

OD shift (s)
98 +0.00024
984 −0.0002899
1007 −0.000137
1085 +0.000427
1542 +0.0003967

Table 7.3. LFI spikes template traced variations during all the Planck mission.
Each variation is referred to the position of the raising edge of the calculated
in the previous OD range.

Planck 2013 data analysis for the 44GHz.
A direct comparison between the high resolution template and the filtered tem-
plate is possible by under sampling the high resolution template and subtract
them. No major features emerge from the comparison of the high resolution
and filtered templates in the 44GHz case. Moreover from the high resolution
template it is possible to verify the extreme stability of the instrument acqui-
sition system: no major changes or drifts in the square wave on time scales
> 1.5× 10−5 s on all the mission period.
All the identified variations that appear as rigid shifts of the template in the
time domain can be directly linked to major operations on the instrument
and in every case the global result is a time shift in the template without
modifications in its shape or phase. The sum of all the shifts occurred during
all the Planck mission are well below the filtered template resolution in all
the LFI frequencies so they are not influencing the final result on the filtered
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template.
For this reason, at the moment, it is not necessary to modify the template
used in the Planck LFI data pipeline and the use of a unique template for
sky and load for all the LFI frequency if justified. No artefacts seem to be
introduced in the LFI data by the spikes removal process and the residuals
are well traced by the model described in Chapter 7.4.
However, the possibility to introduce the high resolution spikes templates in
the Planck LFI Level2 data scientific pipeline is still under evaluation, together
with the analysis on the 30GHz and 70GHz channels spikes removal in order
to possibly remove them in future data analysis.
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The work presented in this thesis is related to the the study and characteri-
zation of the systematics effects affecting the Planck LFI instrument data.
After the short introduction on the Hot Big Bang Model in Chapter 1, the
the CMB and its primary and secondary sources of anisotropies and their
relation to the cosmological parameters obtainable from the Planck sky maps
are presented in Chapter 2.
Chapter 3 briefly introduces the main ground-based, balloon-based and space
based CMB experiments and their most striking results used as a starting
point for the cross checking of the Planck cosmological results.
Chapter 4 describes the Planck space mission: a third generation instrument
for the CMB study from space and is the European direct successor of the US
WMAP satellite. Planck scientific payload consists in an array of 74 detectors,
divided into two instruments HFI and LFI, spanning on the frequency range
between 30GHz to 857GHz with nine central frequencies as shown in Figure
8.1. All the detectors scan the sky simultaneously and continuously with an
angular resolution varying between ∼ 30 arcmin at the lowest frequencies to
∼ 5 arcmin at the highest and a resolution of the order of ∆T/T ∼ 10−6.
The mission started in May 2009 and before the complete switch off in October
2013, the Planck LFI instrument continuously and stably observed the sky for a
totality of 1513 operational days corresponding to eight complete sky surveys.
In 2013 the Planck data release presented the first results based on the data
acquired during the nominal mission period covering the operational days
between 91 and 563. The Planck LFI sky maps lately used for obtaining the
cosmological results are produced in the Level2 data pipeline that is presented
in Chapter 5.
The analysis and characterization of the LFI systematics effects taken into
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Figure 8.1. Comparison between Planck frequency coverage, CMB spectrum,
and other sources in the microwave sky. Dust, synchrotron, and free-free emis-
sions levels correspond to the WMAP Kp2 levels [C.L.Bennett et al., 2003a].
The CMB and Galactic levels, dependent on angular scale, are shown for ∼ 1◦.
The clearest window on CMB in near 70GHz while the HFI frequencies are
primarily sensitive to dust. Image from [Planck Collaboration, 2005].

account in the Level2 pipeline and their final contribution at sky map level is
presented in Chapter 6. All the known systematics effects of LFI are under
control and their final contribution in the sky maps power spectrum is well
below the CMB temperature signal, as shown in Figure 8.2.
From the null tests performed over the LFI sky maps, since the half-ring
difference spectra and survey difference spectra are nearly identical as shown
in Figure 8.3, all the known LFI systematic effects result to be well understood
and under control and they are not contaminating the data in any significant
way. Moreover there is no evidence for other unanticipated systematic effects.
Amongst all the known LFI systematics effects, the 1Hz spikes and their
analysis is presented in detail in Chapter 7. The removal of the 1Hz spikes
by subtracting a fixed filtered template for all the mission used in the Planck
2013 data release produces very good results reducing the contribution of this
systematic in the CMB anisotropies power spectrum of about two orders of
magnitude both in temperature and polarization in the 44GHz channels where
it is subtracted, as shown in Figure 8.4.
The template proved to be very effective and stable both in amplitude and
phase trough all the mission. The theoretical estimated residuals on the maps
after the spikes removal are compatible with the calculated residuals from
maps differences obtained with and without the spikes removal. This allows
to conclude that the spikes systematics effect has been well understood and is
under control.
The possibility to remove the 1Hz spikes even from the other LFI frequencies
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Figure 8.2. Angular power spectra of all systematics effects com-
pared to the Planck temperature anisotropy spectrum. Image from
[Planck Collaboration, 2014c].

is still under investigation. In particular, since the final contribution on the
maps is less relevant than the 44GHz case, and since the templates obtained
for these frequencies seems to be not clean and stable as the 44GHz case, a
particular attention is paid on the possible introduction of artefacts as residuals
of the spikes removal process.
With all the mission data available, it has been investigated the possibility
to increase the template resolution to further reduce the residual signal in
the maps after the spikes removal process and to investigate the possibility of
obtaining a better usable and controlled template for the 30GHz and 70GHz
channels.
The spikes template realized via the high resolution technique seems to give
good results totally consistent with the filtered template in the 44GHz chan-
nels as shown in Figure 8.5. Unfortunately for the 30GHz and 70GHz, even
using all the available data, the template is noise-dominated.
The high resolution approach confirmed the phase stability of the 44GHz tem-
plates up to 1/216 s. Moreover with the high resolution template, it is possible
to completely trace the behaviour of the instrument over all the mission de-
tecting shifts in the template well below the resolution of the filtered template
used in the Planck 2013 data release. The high resolution template identified
5 particular OD in which the instrument had a change in its stable behaviour.
All the ODs have been identified in well known major operations occurred on
the instrument.
From a direct comparison between the filtered template and the high resolu-
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Figure 8.3. Angular power spectra for null tests compared to the Planck tem-
perature anisotropy spectrum at 30GHz (top left), 44GHz (top right), and
70GHz (bottom) for half-ring difference (B), survey difference (A) and survey
difference residual signal (C). Image from [Planck Collaboration, 2014c].

tion template it is clear that the two templates are compatible and no major
features emerge from the increase of the resolution. The final effect on the
map-level is still under investigation. At the moment the spikes residuals level
in maps and the proved stability of the filtered template via a deeper test over
the high resolution template, shows no need to replace the templates used
in the Planck 2013 release data analysis for the 44GHz channels in the 2014
Planck data release.
To conclude, the work presented in this thesis is aimed to better understand the
properties of the 1Hz spikes systematics effect, better define and characterize
the uncertainties introduced in the data analysis via the spikes removal process,
and assess the final contribution of the 1Hz spikes systematic effect in the
Planck LFI sky maps used in the calculation of the CMB anisotropy power
spectrum and the estimate of the cosmological parameters.
The results obtained showed that the spikes removal technique based on the
subtraction of a single filtered template for all the mission that has been used
for the Planck 2013 data release proved to be very efficient. The template re-
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Figure 8.4. Power spectra of spikes residuals maps compared with the CMB
anisotropies expected power spectrum for the 44GHz frequency.

sulted to be very stable both in amplitude and phase reducing the contribution
of this systematics of about two orders in magnitude in the 44GHz channels
where it is removed. The analysis on the 30GHz and 70GHz channels is still
ongoing in order to have a better control on the templates and possibly remove
them in future data analysis. In particular the high resolution spikes template
is under evaluation to be used in the future data releases.
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Figure 8.5. Comparison between the LFI24M-00 sky signal spike template
obtained with the high resolution (red) and filtered (green) techniques.
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Acronyms

ACS Attitude Control System

AHF Attitude History File

BICEP Background Imaging of Cosmic Extragalactic Polarization

BEM Back End Module

BOOMERanG Balloon Observations Of Millimetric Extragalactic Radia-
tion and Geophysics

CBI Cosmic Background Imager

CFRP Carbon Fibre Reinforced Plastic

CMB Cosmic Microwave Background

COBE COsmic Background Explorer

DIRBE Diffuse Infra-Red Background Experiment

DMR Differential Microwave Radiometer

DPC Data Processing Center

DTCP Daily TeleComunication Period

ESA European Space Agency

FEM Front End Module

FIRAS Far Infra-Red Absolute Spectrophotometer

FOV Field Of View

FPU Focal Plane Unit

FWHM Full Width Half Maximum

HEMTs High Electron Mobility Transistors
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HFI High Frequency Instrument

GMF Gain Modulation Factor

ILC Internal Linear Combination

IR InfraRed

JPL Jet Propulsion Laboratory

LFI Low Frequancy Instrument

LNA Low Noise Amplifiers

LOS Line Of Sight

LSS Last Scattering Surface

MAXIMA Millimeter Anisotropy eXperiment IMaging Array

MOC Mission Operation Center

MSE Mechanical Surface Error

NASA National Aeronautics and Space Administration

OBT On-Board Time

OCM Orbital Control Mode

OD Operational Day

OMT Ortho-Mode Transducer

RAL Rutherford Appleton Lab

RCA Radiometric Chain Array

REBA Radiometer Electronics Box Assembly

SCM Science Control Mode

STR Star TRacker

SVM Service Module

TOD Time Ordered Data

TOI Time Ordered Information

TSA Thermal Stabilization Assembly

WMAP Wilkinson Microwave Anisotropy Probe
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