
An exact result concerning the 1/f
noise contribution to the large-angle

error in CMB temperature and
polarization maps

Martin Bucher, APC, Université Paris 7

CERN, 19 May 2016



Searching for B modes : sensitivities vs. Expected
signal
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C. Dickinson61, J. M. Diego58, O. Doré60,10, M. Douspis53, A. Ducout54,52, X. Dupac36, G. Efstathiou55, F. Elsner20,54,84, T. A. Enßlin70,
H. K. Eriksen56, E. Falgarone65, Y. Fantaye34, F. Finelli45,48, F. Forastieri30,49, M. Frailis44, A. A. Fraisse23, E. Franceschi45, A. Frolov78,
S. Galeotta44, S. Galli62, K. Ganga1, R. T. Génova-Santos57,15, M. Gerbino83,74,31, T. Ghosh53, J. González-Nuevo16,58, K. M. Górski60,87,
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ABSTRACT
This paper describes the identification, modelling, and removal of previously unexplained systematic effects in the polarization data of the Planck
High Frequency Instrument (HFI) on large angular scales, including new mapmaking and calibration procedures, new and more complete end-
to-end simulations, and a set of robust internal consistency checks on the resulting maps. These maps, at 100, 143, 217, and 353 GHz, are early
versions of those that will be released in final form later in 2016. The improvements allow us to determine the cosmic reionization optical depth
τ using, for the first time, the low-multipole EE data from HFI, reducing significantly the central value and uncertainty, and hence the upper
limit. Two different likelihood procedures are used to constrain τ from two estimators of the CMB E- and B-mode angular power spectra at
100 and 143 GHz, after debiasing the spectra from a small remaining systematic contamination. These all give fully consistent results. A further
consistency test is performed using cross-correlations derived from the Low Frequency Instrument maps of the Planck 2015 data release and the
new HFI data. For this purpose, end-to-end analyses of systematic effects from the two instruments are used to demonstrate the near independence
of their dominant systematic error residuals. The tightest result comes from the HFI-based τ posterior distribution using the maximum likelihood
power spectrum estimator, giving a value 0.055 ± 0.009. In a companion paper these results are discussed in the context of the best-fit Planck
ΛCDM cosmological model and recent models of reionization.

Key words. Cosmology: observations – dark ages, reionization, first stars – Cosmic background radiation – Space vehicles: instruments –
Instrumentation: detectors

1. Introduction

The E-mode polarization signal of the cosmic microwave back-
ground (CMB) at multipoles less than 15 is sensitive to the value
of the Thomson scattering optical depth τ. In polarization at
large angular scales, the extra signal generated by reionization
dominates over the signal from recombination. CMB polariza-
tion measurements thus provide an important constraint on mod-
els of early galaxy evolution and star formation, providing the in-
tegrated optical depth of the entire history of reionization, which
is complementary information to the lower limit on the redshift
of full reionization provided by Lyman-α absorption in the spec-
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tra of high redshift objects (see Dijkstra 2014; Mashian et al.
2016; Robertson et al. 2015; Bouwens et al. 2015; Zitrin et al.
2015, for recent results and reviews). The reionization parameter
τ is difficult to constrain with CMB temperature measurements
alone, as the TT power spectrum depends on the combination
Ase−2τ, and τ is degenerate with As, the amplitude of the initial
cosmological scalar perturbations.

The B-mode polarization signal at low multipoles is created
by the scattering of primordial tensor anisotropies in the CMB by
reionized matter. This signal scales roughly as τ2. The value of
τ is thus also important for experiments constraining the tensor-
to-scalar ratio, r, using the reionization peak of the B modes.

Due to the large angular scale of the signals, τ has been
measured only in full-sky measurements made from space.
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Detector noise PS from Planck

νknee = 200mHz.



Standard Ansatz for detector noise

We assume Gaussian stationary noise completely
characterized by a power spectrum

〈n(ν) n(ν ′)〉 = N(ν)δ(ν − ν ′), (1)

and additionally the Ansatz

N(ν) = Nwhite

(
1 +

(νknee

ν

)α]
. (2)

Typically, 1 <∼ α <∼ 2 and νknee ≈ 200 mHz for Planck but has
been observed as small as 10 mHz in the laboratory. However,
the Planck detectors tested in the lab showed comparable
performance, and it is not fully understood why the
performance in space was so much poorer.

Lesson : You should be worried.



The map making equation
(easy to write, harder to solve for big maps)

The underlying (approximate) statistical model

d = A m + n (3)

d ≡ (vector of data taken)

m ≡ (true sky map)

A ≡ (pointing matrix)

n ≡ (noise vector)

N ≡ (detector noise covariance matrix)

The maximum likelihood sky map is given by

mML = (AT N−1A)−1(AT N−1)d (4)



The curse of low frequency excess noise

I 1/fα noise means that we cannot make absolute
measurements.

I The zero point is floating and provides no meaningful
information.

Mathematically, the integral

N(t) = 2
∫ ∞

0
dν N(ν) cos(2πνt) (5)

diverges for α ≥ 0.

I Only differences of measurements taken between a short
time span t <∼ νknee

−1 contribute meaningful information.



The curse of 1/f noise is not new

I In 1947 Dicke proposed switching between different points
in the sky or between the sky and a cold source to
eliminate 1/f noise in the microwave amplifiers/detector
available at the time.

I COBE and WMAP had pairs of horns or telescope,
respectively, and only the differences were used, so that
the noise of the data stream was more or less "white".
Planck LFI did more or less the same but with an artificial
load. HEMTs must be switched at ≈ (few) kHz is order to
control low frequency excess noise.

I Old map making is simple—essentially least
squares—whereas modern map making would not be
possible without fast computers. Implicit differencing in
software replaces differences implemented in hardware.



The map making filter N−1(t)

N−1(t) = 2
∫ ∞

0
dν N−1(ν) cos(2πνt)

= 2Nwhite
−1
∫ ∞

0
dν

(
ν

ν + νknee

)
cos(2πνt), (6)

This is a high pass filter. The ν = 0 is completely blocked. The
constant offset and linear drifts are removed from the data
stream because they carry no useful information.



Spin-precession family of scanning strategies
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Pattern on sky

This pattern is centered on the ecliptic equator and precesses
around over the course of the year.



Isotropic scans

I We assume that every pixel is scanned in exactly the same
way in a manner isotropic under rotations about the pixel
center and that the polarizer orientations have an isotropic
distribution. (The latter assumption in fact can be relaxed.)

I Under these assumption, we can use functional analysis
(the study of operators on infinite dimensional function
spaces) rather than finite-dimensional linear algebra. The
isotropy allows us to solve for the final map covariance
matrix in terms of simple one-dimensional integrals.

I Does not apply exactly to most scan strategies, but many
more cases can be studied and invaluable intuition can be
gained.



Temperature case :
solving the map covariance matrix
for an isotropic scan

The operator

O = (AT N−1A) (7)

is the map inverse noise matrix.
We may expand

(
AT N−1A

)
(Ω̂, Ω̂′) = (Nwhite)−1

∞∑
`=0

wT
`

+∑̀
m=−`

Y`m(Ω̂)Y∗`m(Ω̂′), (8)

and solve for the eigenvalue as follows

wT
` = 1−

n∑
(i)=1

f(i)

∫ +∞

−∞
dt (2νknee) g(2πνknee|t |) P`

(
cos[θ(i)(t)]

)
(9)



Temperature case : boost factor

β = spin opening radius (in degrees)

ωspin =
νspin

νknee

(Boost factor)` ≡
n`(white noise + 1/fα noise)

n`(white noise only)



Comparing polarizations in presence of 1/f noise



Polarization case : a bit messier but doable

The polarization measurements are modelled as follows :

T (t) = I(t) + cos 2ξ(t) Q(t) + sin 2ξ(t) U(t), (10)

We obtain the eigenvalue/eigenfunction equation

∑
(i)

f(i)

∫ +π

−π

d φ̄
2π

∫ +∞

−∞
dT g(T ) Re

[
exp[−2iφ̄] Ej2

(
θ(i)(T , φ̄ = 0), φ(i)(T , φ̄ = 0)

)]
e(T ; +, φ̄ = 0)

= wP
j Re

[
Ej2(N.P.) · e+,N.P.

]
. (11)



Final polarization result

wP
j = 1−

∑
(i)

f(i)

∫ +∞

−∞
dT g(T )

∫ +π

−π

d φ̄
2π

1
Qj,2(1)

×Re

[(
cos[2(φ(i) + φ̄)] Qj,2(cos θi (T )) + i sin[2(φ(i) + φ̄)] Uj,2(cos θ(i)(T ))

)
× exp

[
−2i

{
φ̄+ ∆χ(i)(T )

}] ]
= 1−

∑
(i)

f(i)

∫ +∞

−∞
dT g(T )

Qj,2(cos θi (T )) + Uj,2(cos θi (T ))

2Qj,2(1)

× exp
[
2i
{
φ(i)(T )−∆χ(i)(T )

}]
= 1−

∑
(i)

f(i)

∫ +∞

−∞
dT g(T )

Qj,2(cos θi (T )) + Uj,2(cos θi (T ))

2Qj,2(1)

× cos
[
2
{
φ(i)(T )−∆χ(i)(T )

}]
. (12)



Polarization case : boost factor

These are results without a rotating half-wave plate.



Polarization case : boost factor

These are results with a rotating half-wave plate.

` = 2



Conclusions

I 1/f noise is a problem that can be important and could seriously
compromise ultimate instrument performance. It is hard to predict level
of 1/f noise in space.

I The map making equation (and this analysis) does not include a lot of
possible complexity. Actual performance could be much worse than
forecast. Actual performance cannot be better than forecast, contrary to
what some people believe. There are no magic software solutions to
gain information not present in the measurements themselves. The map
making equation gives the ideal sky map given the data taken (subject
to some assumptions).

I This work demonstrates that not everything is a Big
Data/Supercomputer problem to be tackled with comprehensive
"end-to-end" simulations. There is scope for simple models for
accounting for systematic errors studied in isolation. Simple models
provide intuition and allow many more cases to be analyzed.




