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Polarized intensity and polarization angles are calculated from Stokes parameters Q and U in a nonlinear way. The sta-
tistical properties of polarized emission hold information about the structure of magnetic fields in a large range of scales,
but the contributions of different stages of data processing to the statistical properties should first be understood. We use
1.4 GHz polarization data from the Effelsberg 100-m telescope of emission in the Galactic plane, near the plane and far
out of the plane. We analyze the probability distribution function and the wavelet spectrum of the original maps in Stokes
parameters Q, U and corresponding PI . Then we apply absolute calibration (i.e. adding the large-scale emission to the
maps in Q and U ), subtraction of polarized sources and subtraction of the positive bias in PI due to noise (“denoising”).
We show how each procedure affects the statistical properties of the data. We find a complex behavior of the statistical
properties for the different regions analyzed which depends largely on the intensity level of polarized emission. Absolute
calibration changes the morphology of the polarized structures. The statistical properties change in a complex way: Com-
pact sources in the field flatten the wavelet spectrum over a substantial range. Adding large-scale emission does not change
the spectral slopes in Q and U at small scales, but changes the PI spectrum in a complex way. “Denoising” significantly
changes the p.d.f. of PI and raises the entire spectrum. The final spectra are flat in the Galactic plane due to magnetic
structures in the ISM, but steeper at high Galactic latitude and in the anticenter. For a reliable study of the statistical
properties of magnetic fields and turbulence in the ISM based on radio polarization observations, absolute calibration and
source subtraction are required.
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1 Introduction

Observations of polarized synchrotron emission are the ba-
sis of our knowledge concerning magnetic fields in the
Milky Way and in external galaxies. The large-scale com-
ponent of magnetic fields in galaxies seems to be more or
less understood (see Beck et al. 1996 and Beck 2006 for re-
views), while the properties of small-scale magnetic fields
and methods of their extraction from observational data still
are much less clear. In external galaxies depolarization ef-
fects give indirect evidence for small-scale fields, but the
resolution of present-day radio telescopes is insufficient to
resolve them.

Observations of polarized emission from the Milky Way
(see Reich 2006 for a review) hold the clue to understand
small-scale fields. A wealth of polarization structures has
been recently discovered (Gray 1998; Uyanı́ker et al. 1998;
Uyanı́ker et al. 1999; Gaensler et al. 2001; Haverkorn et
al. 2003a, 2003b) most of which are unrelated to features
in the corresponding map of total intensity. However, it is
sometimes difficult to decide which polarized small-scale
structures in the maps reflect properties of the interstellar
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magnetic field or/and interstellar turbulence and which ones
originate from observation noise, source subtraction, miss-
ing large-scale structures or background sources.

The observation method itself may also cause severe
problems. Missing large-scale structure is a well-known
problem for all interferometers, but also to some extent for
single-dish telescopes, introduced by baseline setting at the
edges of each map. This means that the size of a single-dish
map determines the approximate scale of the largest struc-
tures included. The missing structures can be added with
help of observations with smaller single-dish telescopes
which allow to map larger regions or even the visible sky
(Wolleben et al. 2006). While small-scale structures in the
maps of Stokes parameters I ,Q orU remain unchanged rel-
ative to their surroundings when adding large-scale struc-
tures, this does not hold for polarized intensity and polar-
ization angle which are nonlinear functions ofQ and U . For
instance, the possibly most striking features in many pub-
lished polarization maps, the depolarized “canals”, could
be due to turbulent structures in the ISM or may be caused
by differential Faraday rotation (Shukurov & Berkhuijsen
2003; Haverkorn & Heitsch 2004; Fletcher & Shukurov
2006). On the other hand, it should be noted that such fea-
tures are easily created in maps with missing low spatial
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Fig. 1 Original (left column) and absolutely calibrated (center column, see Sect. 4.1) maps of Q, U and PI for the anticenter region
(AC). The right column shows the difference of corresponding original and calibrated maps. The gray scale runs linearly from white
(minimum intensity) to black (maximum intensity). For each map the minimum and maximum values are quoted.
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Fig. 2 Same as in Fig. 1, but for the Galactic plane region (GP).
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frequencies and thus many “canals” disappear when large-
scale emission is included (Reich 2006).

The properties of small-scale structures may be further
affected by various sources of noise, either of instrumen-
tal origin or from the sky, for example from discrete radio
sources. Discrete radio sources change the statistical prop-
erties of the Galactic diffuse emission. Low-level noise in
the observed maps of Q and U leads to a positive bias in
the map of polarized intensity PI , which is obtained by the
nonlinear combination of Q and U .

In this paper we analyze a representative example of
three regions from surveys of Galactic radio continuum
emission obtained at 1.4 GHz with the Effelsberg 100-m
telescope, two regions from the “Effelsberg Medium Lat-
itude Survey” and one high-latitude region. For all three
regions additional information on the missing large-scale
emission is directly available or can be modeled. A brief de-
scription of the data is given in Sect. 2. We continue with a
description of statistical properties of the maps which are
useful for the understanding of the small-scale magnetic
fields (Sect. 3). We discuss the effects of various steps of
data processing, such as absolute calibration (Sect. 4.1),
source subtraction (Sect. 4.2) and “denoising” (Sect. 4.3)
on statistical properties of the radio polarization maps. We
summarize our results in Sect. 5.

2 Properties of the selected regions

All observations of the selected regions were performed
with the 100-m telescope of the MPIFR (Max-Planck-
Institut für Radioastronomie) at Effelsberg at 1.4 GHz. The
basic map parameters are listed in Table1. Two regions
were taken from the “Effelsberg Medium Latitude Survey”
(EMLS, as described by Uyanı́ker et al. 1998). The anticen-
ter region (AC) from the survey was published by Uyanı́ker
et al. (1999) and the Galactic plane section (GP) by Reich
et al. (2004). The high latitude (HL) region was observed
in the same way as the EMLS data (Reich et al. 2002). The
data are scaled in mK or radio brightness temperature, Tb,
based on well known calibration sources (Uyanı́ker et al.
1998).

We exploit three representative regions of the polar-
ized Milky Way. AC is a cold region towards the Galac-
tic anti-centre slightly off the Galactic plane. The domi-
nating smooth diffuse emission in total intensity decreases
with Galactic latitude and numerous extragalactic sources
are visible (Uyanı́ker et al. 1999). The level of background
emission above the cosmic microwave background varies
from about 1 K to 1.3 K (Uyanı́ker et al. 1999, Fig. 14).
For all maps the large-scale total intensity component is ob-
tained by using data from the absolutely calibrated Stockert
northern sky survey at 1.4 GHz (Reich 1982; Reich & Reich
1986). The Galactic plane region (GP) centered at l = 162◦

shows a number of well known supernova remnants and HII
regions superimposed on diffuse emission with little struc-
ture (Reich et al. 2004). The level of Galactic total inten-

Table 1 Data characteristics: The first column indicates the re-
gion name and the center in Galactic coordinates, the second col-
umn gives the map size in pixels, the third one the size in Galactic
longitude and latitude direction and the fourth column the refer-
ence. The pixel size of all maps is 4′ and the beam size is 9.4′ .

Map center Map area Map area Reference
l, b (deg) (pix) (arcmin)

AC(200,9.4) 301×169 1200 × 672 Uyanı́ker et al. 1999
GP(162,0) 361×136 1440 × 540 Reich et al. 2004
HL(109,73) 76×76 300 × 300 Reich et al. 2002

sity emission in this region is about 1.3 K (Reich et al.
1997). The high latitude HL region (Reich et al. 2002) is al-
most structureless in total intensity and compact extragalac-
tic sources are dominating. The level of Galactic emission
in total intensity is about 0.5 K in this case (Reich 1982).

The original maps in Stokes parameters Q and U and in
polarized intensity PI =

√
Q2 + U2 are shown in Figs. 1–

3 (left columns).
The missing large-scale structures in Q and U were re-

covered using different data sets. For the AC and the HL
region we used the first coverage of the DRAO 1.4 GHz
northern sky survey (Wolleben 2005). For the GP region we
used Dwingeloo data (Brouw & Spoelstra 1976), which are
largely undersampled. The data for the GP region required
some modeling, since in the lower half of the map only very
few Dwingeloo measurements were available indicating a
smooth gradient in U and Q with Galactic latitude across
the region (see Fig. 2). We note that meanwhile a new north-
ern sky survey at 1.4 GHz has been completed (Wolleben et
al. 2006). This survey uses the Dwingeloo data to find the
absolute scale. A combination of the Effelsberg maps with
this new survey was not attempted as only slightly different
results are expected and the main objective of this study is
to investigate the principle effects of absolute calibration on
the structure distributions.

3 Small-scale structures characteristics:
p.d.f. and spectra

We are interested in small-scale features in the magnetic
field and the interstellar medium. Because the features of
interest are thought to be random we have to extract some
statistical quantities from the maps observed.

3.1 Probability distribution function

A straightforward tool for the statistical description of a map
is a probability distribution function (p.d.f.) for a given vari-
able, say, Q, i.e. p(Q). We remind that p(Q)∆Q is the rel-
ative number of pixels for which this Stokes parameter is in
the range between Q and Q + ∆Q. Of course, a p.d.f. can
be introduced for other variables of interest, e.g. U and PI .

We present the p.d.f. for Q, U and PI for all three
regions in Fig. 4. Note that the linear-log coordinates are
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Fig. 3 Same as in Fig. 1, but for the high latitude region (HL).

used – in this presentation a Gaussian distribution gives a
parabola. The Q and U distribution for the high latitude re-
gion HL have an approximately Gaussian p.d.f. For the “an-
ticenter” region AC they are also quite close to the Gaussian
shape but with larger widths. This means that the intensity
of structures in polarized emission is substantially larger
in the AC map than in the HL one. Both p.d.f.’s are cen-
tered more or less near the zero values which means that the
maps do not demonstrate pronounced large-scale features.
The p.d.f.’s for the Galactic plane GP are substantially non-
Gaussian, much wider then the previous ones, due to strong,
extended emission in this region.

The polarized intensity PI is a positively defined quan-
tity. The modulus of a Gaussian random vector follows the
Rice distribution (Wardle & Kronberg 1974). So, the better
Q and U correspond to a Gaussian p.d.f., the better the re-
sulting PI distribution can be fitted by a Rice distribution
(in our examples, it is the HL region). The typical width of
the p.d.f. for PI grows with the widths of p.d.f.’s for the
Stokes parameters.

We conclude that the shape of the p.d.f. reflects the
structure of the map. A more specific quantification of the
p.d.f. requires some appropriate quantities. The mean value
Q =

∫
Qp(Q)dQ gives a point where the p.d.f. forQ is cen-

tered. The width of the corresponding distribution is given

by the standard deviation ∆Q = (
∫

(Q − Q)p(Q)dQ)1/2.
More precise the shape of the p.d.f. is given by the so-called
skewness a and kurtosis (flatness) γ. These quantities can
be presented in terms of the n-th central statistical momenta
of Q, i.e. Mn(Q) =

∫
(Q−Q)np(Q)dQ. Then

a =
M3

M
3/2
2

, γ =
M4

M2
2

− 3 . (1)

The skewness a gives the asymmetry of the distribution
and is equal to zero for any even p.d.f. The kurtosis γ char-
acterizes the role of the tails in the distribution: the higher
is the contribution of the tails, the larger is the value of γ.
For a Gaussian distribution a = γ = 0, for the square of a
Gaussian random quantity with zero mean a = 2.8, γ = 12.
In the case of the high latitude region the Q and U maps
give a p.d.f. which is very close to a Gaussian distribution
while the p.d.f. for the Galactic plane diverges from Gaus-
sian (compare a and γ in Table 2). The table demonstrates
that statistical properties obtained from p.d.f. vary consider-
ably.

Note that the p.d.f. does not give any information con-
cerning the scales of structures in the map. The same p.d.f.
(Gaussian, for instance) can correspond to a white (delta-
correlated in space) noise, or to a well structured map.
To separate the contributions from small-scale noise, from
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Fig. 4 P.d.f. of original Q (upper panel), U (middle panel) and
PI (lower panel) maps for three regions. Solid lines correspond
to the high latitude region HL, dashed lines are for the anticenter
region AC and dots stand for Galactic plane GP. The intensities on
the x-axes are in mK.

large-scale fields associated with absolute calibration and
from discrete sources one has to consider the spectral prop-
erties of the observed maps.

3.2 Spectra

The spectral analysis is a commonly used tool for studies
of scaling properties of chaotic (e.g., turbulent) fields. The
spectral energy density E(k) includes the energy F (k) =

|Q̂(k)|2 of all Fourier harmonics with wavenumbers k, for
which |k| = k,

E(k) =
∫
|k|=k

F (k)dk . (2)

Here the 2D Fourier transform Q̂(k) of the function Q(x)
is defined as

Q̂(k) =
∫ +∞

−∞

∫ +∞

−∞
Q(x)e−ikxdx (3)

and x is a point on the sky plane. Again, we define the spec-
trum in terms of Q while the definition is obviously appli-
cable to U and PI .

Strictly speaking, the Fourier transform is developed for
periodic boxes or fields in an infinite space while we are
dealing with maps in a finite region. An appropriate tech-
nique for a finite region with arbitrary boundary conditions
is given by wavelet analysis (see the discussion in astronom-
ical context presented by Frick et al. 2001).

Wavelets are a tool for data analysis based on self-
similar functions which are well localized both in the phys-
ical and Fourier spaces. Wavelet transformation can be con-
sidered as a generalization of the Fourier transformation,
which also uses oscillatory functions, but in contrast to the
Fourier transform these functions rapidly decay towards in-
finity. The family of functions is generated by dilations and
translations of the “mother” function, called the analyz-
ing wavelet. This procedure provides self-similarity, which
distinguishes the wavelet technique from the windowed
Fourier transformation, where the frequency, the width of
the window and its position are three independent param-
eters. An extended description of the continuum wavelet
transform can be found in e.g. Holschneider (1995) or Tor-
resani (1995).

In the two-dimensional case the continuous wavelet
transform can be written in the form

W (a,x) =

1
a3/2

∫ +∞

−∞

∫ +∞

−∞
Q(x′)ψ∗

(
x′ − x

a

)
dx′. (4)

Here x = (x, y), ψ(x) is the analyzing wavelet (real or
complex, ∗ indicates the complex conjugation), a is the
scale parameter.

In the wavelet representation the scale distribution of en-
ergy can be characterized by the wavelet spectrum, defined
as the energy of the wavelet coefficients of scale a of the
whole physical plane

M(a) =
∫ +∞

−∞

∫ +∞

−∞
|W (a,x)|2dx . (5)

The wavelet spectrum can be related to the Fourier spec-
trum. In the isotropic case

M(a) =
a

8π3

∫ ∞

0

E(k)|ψ̂(ak)|2dk . (6)

This relation shows that the wavelet spectrum is a
smoothed version of the Fourier spectrum, and depends on
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the spectral resolution of the analyzing wavelet ψ (e.g. Frick
et al. 2001). This means that the choice of the analyzing
wavelet is a very important point. Any wavelet is charac-
terized by its spatial and spectral resolution. The Fourier
transform can be considered as one limiting case of wavelet
transform, which uses as analyzing wavelet the harmonic.
Then the analyzing wavelet has the best spectral resolu-
tion but the worst spatial one (the harmonic stretches from
−∞ to +∞). In the other limit a difference of two delta-
functions (ψ(x) = δ(x) − δ(x − 1)) can be used as the
analyzing wavelet (which corresponds to the calculation of
a second order structure function). Then one gets the best
spatial resolution but the worst spectral resolution (it means
that the structure function gives a very smooth dependence
of the scale which can look like a power law function even
if the spectrum is very irregular and no smooth spectral en-
ergy distribution exists at all). All other wavelets are in be-
tween of these two cases. Wavelet spectra shown below, are
obtained using the PH wavelet (Frick et al. 2001), which is
localized in Fourier space in a ring with a median radius
2π and vanishes for |k| < π and |k| > 4π. This wavelet
provides a good compromise for spatial and spectral resolu-
tion. A detailed discussion of advantages and disadvantages
of different methods of spectral analysis was already given
(Frick et al. 2001).

The smallest scale (the highest frequency) of a Fourier
spectra requires two pixels per period for, while the small-
est scale of a wavelet spectrum, aw, is determined by the
minimal number of pixels on which the analyzing wavelet
can be defined with zero mean value. Thus, a wavelet spec-
trum starts at larger scale than the corresponding Fourier
spectrum. In practice, the size of the beamwidth, ab, deter-
mines the smallest relevant scale (or aw if aw > ab). From
the large-scale side the range of relevant scales is limited by
about half of the smallest side of the map.

The wavelet spectra of the original Q, U and PI maps
are shown in Fig. 5 for the regions AC, GP and HL. In the
small-scale part of the spectra quite pronounced power-law
ranges occur that are typical for turbulent media. The phys-
ical interpretation of such spectra is rather complicated be-
cause the Stokes parameters Q and U , and especially PI ,
are related to physical parameters of the magnetized inter-
stellar medium in a nontrivial way (see Sect. 5). First it is
important to prove that the slopes are associated with real
properties of Stokes parameter distributions rather than with
data processing steps applied (see Sect. 4). An other point
to be clarified is the origin of peculiar features of the spec-
tra presented. For instance, the spectrum of polarized in-
tensity for the AC map (Fig. 5) shows a pronounced in-
crease at large a, while the PI spectrum for the HL map
has two maxima, or a minimum at a ∼ 100. We have to find
out, whether these features have a physical background or
emerge as artifacts from the data processing.

Fig. 5 Wavelet spectra of the original data for AC (upper panel),
GP (middle panel) and HL (lower panel) : Q – dotted lines, U –
dashed lines, PI – solid lines. M(a) is the spectral energy.

4 Data treatment procedures

Three procedures will be discussed: absolute calibration,
source subtraction and “denoising”. Below we will mark the
absolutely calibrated maps by the subscript “c”, maps with
sources subtracted – by the subscript “s” and “denoised”
maps by “d”.

4.1 Absolute calibration

Synthesis telescopes and single-dish telescopes are limited
in measuring polarized structures exceeding the size of the
image. Unlike for total intensities where missing large-scale
emission basically introduces an offset in intensity, missing
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Table 2 Characteristics of the p.d.f. for the different regions and
processing steps. Indices mean: c = absolutely calibrated, s = po-
larized sources subtracted, d = denoised maps (see Sect. 4).

MAP Mean Standard Skewness Kurtosis
deviation a γ

Q 14 54 −0.13 0.33
AC U −9.4 54 −0.20 0.32

PI 69 38 0.73 0.74
PId 68 39 0.66 0.67

Qc −21 51 −0.06 0.58
ACc Uc 55 64 0.087 −0.18

PIc 90 46 0.69 0.68
PIcd 90 47 0.64 0.64

Q 11 98 −0.17 0.81
GP U 20 110 0.24 1.8

PI 120 82 1.3 2.0
PId 120 82 1.3 1.93

Qc 310 98 −0.37 0.85
GPc Uc 99 110 −0.14 1.3

PIc 350 91 0.18 0.55
PIcd 350 91 0.18 0.55

Q 2.8 14 0.8 11.2
U −0.6 10.5 2.9 43
PI 14.3 9.8 7.6 151

HL PId 8.3 13 3.6 53
Qs 2.5 11 −0.20 0.76
Us −0.6 8.4 0.24 0.49
PIsd 7.8 11.3 0.28 −0.21

Qc 24 19 0.24 2.4
Uc 78 12 2.4 28

HLc PIc 83 9.1 1.2 17.3
PIcd 83 9.2 1.2 16.9
Ucs 78 11 −0.42 0.24
Qcs 23 18.1 −0.13 −0.45
PIcs 83 8.4 −0.21 3.4

polarized components change the level and the morphol-
ogy of polarized intensities, as well as the polarization an-
gles. Therefore, missing spacing in Q and U must be added
for a proper interpretation. The 1.4 GHz Effelsberg maps
were complemented by large-scale emission structures from
smaller telescopes (Uyanı́ker et al. 1998). The details for our
sample maps were given in Sect. 2.

To analyze the contribution of absolute calibration we
present the sequence of maps in Figs. 1–3. Maps of Stokes
parametersQ and U observed by the Effelsberg antenna are
shown in the left columns, (first and second row), and the
corresponding PI maps are shown in the third row of the
corresponding column. The calibrated Qc and Uc maps and
the correspondingPIc map are shown in the middle column
(rows 1–3). The maps of absolute calibration applied to Q
and U are shown in the right column (rows 1–2). The map
in the third row of the right column shows the difference of
PI maps, presented in the first and in the second columns.
Although the Q and U maps of absolute calibration possess
only large scales, the corrections affect all scales in PIc.

Hence, the nonlinear relation betweenQ,U andPI requires
very accurate interpretation of individual details visible on
absolutely calibrated maps of polarized intensity.

The effect of absolute calibration on the p.d.f. for the GP
region is shown in Fig. 6. The calibration shifts the p.d.f. of
Stokes parameters (the parameter U is shown as an exam-
ple) but the shape remains almost stable. The shape of the
p.d.f. for PIc, however, is substantially modified. The initial
p.d.f. is almost a Rice distribution while after calibration the
p.d.f. becomes much closer to a Gaussian (the skewness and
the kurtosis are reduced from a = 1.3, γ = 2.0 to a = 0.18
and γ = 0.55). Table 2 shows the extreme values of a and γ
for the region HL – the initial map of U is characterized by
the skewness a = 2.9 and the kurtosis γ = 43, and the map
of PI has a = 7.6 and γ = 151. Note, that in this case the
absolute calibration itself also reduces the values of skew-
ness and kurtosis, but they remain far from Gaussian (PIc
has a = 1.2, γ = 17). The reason is that in this case the
high value of the kurtosis is determined mainly by discrete
sources (see Sect. 4.2).

The effect of absolute calibration on the spectra is
shown in Fig. 7 for the high-latitude region HL. The spec-
tra of Stokes parameters Uc and Qc are affected at large
scales only. The original spectral turn-over vanishes by the
calibration process. The large-scale part of the U and Q
spectra moved up and the spectral slope continues for scales
a > ac ≈ 90′. These contributions to the large scales of Qc

and Uc spectra result in corresponding additional energy in
the PIc spectrum, but this energy is distributed over a larger
range of scales. The spectrum of calibrated PIc obtains a
maximum at scale a ≈ 120′, while the spectra of calibrated
Stokes parameters have maxima at scales of about 240′ (cf.:
the scale of | sinx| is two times lower than that of sinx).

The results for the two other sky regions confirm that the
absolute calibration does not substantially affect the small-
scale part of the spectra (Fig. 8). The calibrated maps show
homogeneous gradients and basically unchangedQc andUc

spectra. The absolute calibration generally raises the ampli-
tudes of the PIc spectra. For the GP region the small-scale
(power-law) part of the spectrum increases uniformly (the
slope does not change), but the absolute calibration leads to
a significant decrease in the power at the largest scales. In
AC a bump arises at scales of about 150–200′.

4.2 Source subtraction

Observations include all emission components along the
line of sight and thus also objects not related to the inter-
stellar medium under investigation. In our case strong po-
larized extragalactic radio sources can significantly change
the spectral properties of Galactic polarized emission. They
can be subtracted using a Gaussian fitting procedure.

Isolated polarized sources occupy a small part of a map
and their subtraction practically does not change the central
part of the p.d.f. shown in Fig. 4, but their contribution to
high-order momenta (see Sect. 3.1) can be dominant. For
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Fig. 6 P.d.f. of U (upper panel) and PI (lower panel) of ob-
served (solid line) and absolutely calibrated (dashed line) data for
the map GP.

example, by subtracting three sources from the HL map, one
reduces the value of the kurtosis from γ = 53 to γ = −0.2
(Table 2).

Source subtraction can strongly affect the spectral prop-
erties of a map of diffuse emission, where they act like delta
functions and contribute to a large part of the spectral range.
Thus, source subtraction leads to a reduction of the small-
scale amplitudes of the spectrum. The effect is most pro-
nounced in the HL spectra of U (see the upper panel in
Fig. 9). For the HLQ andU spectra a pronounced change of
their slopes is seen: the initial slopes of 1.4 and 0.9 change
to 1.9 and 1.4 after source subtraction. The spectral slope
of PIs changes from 0.5 to 0.9. Note that there are only
3 sources in the HL map, which is 5◦ × 5◦ in size. For
larger maps with a larger number of sources the influence
of sources can be even stronger. Also unresolved polarized
sources may contribute in this way. Quantitative estimates

Fig. 7 The effect of absolute calibration: Wavelet spectra for the
region HL: upper panel – U , lower panel – PI . Original spectra –
solid lines, calibrated – dotted lines.

are not possible yet, since the confusion level for polarized
sources is not known.

At low latitudes (AC and GP maps), however, discrete
sources practically do not influence the spectral properties.
The reason is that in the Galactic plane the diffuse polar-
ized emission is rather strong in comparison to that from
the sources. Thus for the weak diffuse emission of the HL
region out of the plane the influence of strong sources on
the spectral properties is significant.

4.3 “Denoising”

The Gaussian distribution in the observed Stokes parame-
ters Q and U results in a Rice distribution in PI . Because
the latter one is asymmetric, a Gaussian uncertainty in the
observed quantities leads to a positive bias in PI . The aim
of “denoising”1 is to restore the Gaussian nature of noise
in PI . But the denoising also changes the structures in the
map.

In practice, the denoising is a positive bias correction
(Wardle & Kronberg 1974). One tries to restore the Gaus-
sian probability distribution function of PI , introducing a
“denoising” term, ξ, in the right-hand part of the relation

PI2
d = (Qs + CQ)2 + (Us + CU )2 − ξ2, (7)

1 The expression “denoising” is widely used but misleading, because
the noise is not reduced (see Sect. 5).

www.an-journal.org c© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



88 I. Mizeva et al.: Statistical properties of polarized radio continuum emission

Fig. 8 The effect of absolute calibration: Wavelet spectra for the
region AC (upper panel) and for the region GP (lower panel). PI
– solid lines, PIc – dashed lines.

Fig. 9 The effect of source subtraction: Wavelet spectra for the
region HL: U – upper panel, PI – lower panel.

PIc ��÷����

PIcd ���÷����

PIcd − PIc ����÷� �

Fig. 10 The calibrated PI map for the region AC before (upper
panel) and after (middle panel) denoising. The difference is shown
in the lower panel.

where PId is the corrected polarized intensity, Qs and Us

are the maps with sources subtracted, CQ and CU are the
absolute calibration components. ξ � 1.2σ where σ is the
mean rms noise in the Q and U maps. If the correction term
is larger than (Qs + CQ)2 + (Us + CU )2, PI2

d becomes
negative. In this case thePId is formally defined as negative

PId = −
√
|(Qs + CQ)2 + (Us + CU )2 − ξ2| . (8)

The result of denoising is shown in Fig. 10, where the
calibrated AC map, the denoised one and their difference
are presented. The latter map shows only rather weak struc-
tures (the amplitude does not exceed 3% of the amplitude
of the PIc map). Discrete (black) pixels indicate negative
(nonphysical) values in the PId map resulting from Eq. (8).

The change of the p.d.f. is illustrated in Fig. 11 by
the example of region HL. The probability distribution of
slightly shifts to smaller values of PI getting a prolonga-
tion in the domain of negative PI with a sharp cutoff at
PId = −ξ.

Figure 12 illustrates the influence of the denoising pro-
cedure on the original PI spectrum of the HL region. In the
HL region the noise level is just a few times weaker than the
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Fig. 11 The effect of denoising: p.d.f. of original (solid line) and
denoised (dashed line) PI for the region HL.

Fig. 12 The effect of denoising: Wavelet spectra for the region
HL: original map – solid line, denoised map – dashed line.

emission structures. Denoising shifts up the whole spectrum
of the original data; thus by denoising one adds energy to all
scales. For the previously calibrated PI map, however, the
PIc level is much larger than the noise level and the denois-
ing process does not significantly change the spectrum.

5 Discussion

We attempted to separately discuss the effects of various
procedures such as absolute calibration, source subtrac-
tion and denoising applied to radio polarization maps. We
conclude that absolute calibration affects mainly the large-
scale emission, whereas source subtraction may change the
small-scale part of the spectrum. Denoising does not vary
the spectral energy distribution, but may change the en-
tire energy level. As an example of a resulting spectrum
of Stokes parameters we present in Fig. 13 the final spec-
trum of the U map of the HL region after absolute calibra-
tion and source subtraction. The original spectrum is also

Fig. 13 Original (solid) and final (dashed) wavelet spectrum for
the map U of the region HL.

shown for comparison. The latter differs from the former
over the entire range of scales. Comparing this plot with
Figs. 7 and 9, the effects of absolute calibration and source
subtraction are clearly separated by the scale a ≈ 80′. The
role of subtracted isolated sources monotonically increases
with decreasing scales leading to a change of the spectral
slope, while the absolute calibration introduces energy on
the large-scale part of the spectrum.

We note that the subtraction of just a few intense po-
larized sources can substantially affect the spectral slope at
small scales which are of interest for the study of turbulent
interstellar media. Hence, proper source subtraction is a cru-
cial issue of data processing for maps of diffuse polarized
emission. This problem will be even more severe for obser-
vations with higher sensitivity and angular resolution, where
compact sources become more pronounced compared to
diffuse structures. The problem of spectral distortions by
compact sources was stressed in the context of an investi-
gation of the influence of Galactic foreground emission on
studies of the cosmic microwave background (CMB) by La
Porta & Burigana (2006).

Following Simmons & Stewart (1985) we note that in
principle two options of data presentation are possible. The
data may be presented in the traditional form of PI maps
and one might study the p.d.f. and/or spectral characteris-
tics. An obvious disadvantage is the positive bias in PI and
the non-Gaussian nature of the noise in PI maps. Alterna-
tively, the data may be presented in terms of Stokes param-
eters Q and U (or in terms of complex polarized intensity
P = Q + iU , Burn 1966). The advantage is the Gaussian
nature of noise for Q and U . The problem is that the par-
ticular Q and U distributions depend on the choice of the
instrumental and astronomical coordinate systems, which in
principle are arbitrary. On the contrary,PI characterizes the
ISM properties and does not depend on the coordinate sys-
tems. For a given absolute calibration one can easily predict
the change in the spectral properties of Q and U maps due
to the linearity of the Fourier transform. However, absolute
calibration causes more complicated spectral modifications
in PI .
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A possible compromise between the two approaches de-
scribed above is given by the “denoising” procedure. De-
noising adds some moderate additional noise in the PI
maps to obtain an almost Gaussian noise distribution and
< PI >= 0 in a region without signal. The price to
be paid for that is the non-physical negative values of PI
which arise in regions of low or no polarization. These non-
physical regions produce an extension of the p.d.f. at nega-
tive PI (see Fig. 11). The denoising process does not lead
to any dramatic changes in the PI spectrum, although some
additional energy from the artificial (almost white) noise is
added. In this respect, the conventional wording “denois-
ing” is not appropriate – the procedure does not reduce the
noise at all. The term “debiasing” corresponds much better
to the procedure, because the intention is to just compensate
the positive bias in PI .

It is rather unexpected that moderate denoising can pro-
vide a significant growth of the spectral energy. The maxi-
mum correction in the case of AC, shown in Fig. 10, does
not exceed 3% of the maximum value in the calibrated PI
map. In the case of the region HL the correction is slightly
higher (up to 5% of the maximum values of the original
map), but Fig. 12 shows that the total energy increases by
a factor of about 40%. This is because the maximum val-
ues in this map correspond to rare isolated points only and
the average diffuse emission is weak. We also stress that the
spectral energy of a PI map, being formally similar to the
spectral energy of a turbulent velocity field, is not associ-
ated with any conserved quantity like total energy. There-
fore, naive expectations based on the energy conservation
argument are misleading here.

The effects of data processing on statistical properties of
the maps are clear enough to consider the spectra and p.d.f.’s
obtained from the resulting maps as a valuable source of
information concerning the physical properties of the mag-
netized interstellar medium. The spectra obtained contain
power-law like ranges at small scales (Figs. 13 and 14). The
slopes of the spectra are a usual topic for discussion in the
theory of turbulence. The final spectrum of U for the HL
region shown in Fig. 13 reveals at scales a < 100 arcsec a
slope close to the famous 5/3, common for the conventional
Kolmogorov theory of turbulence. We stress that a direct
identification of the slope as a Kolmogorov one is mislead-
ing because the Q and U spectra do not reproduce turbulent
spectra in a straightforward way. The way to a physical in-
terpretation of the spectral indices of Stokes parameters or
PI is to simulate the corresponding distribution for an ar-
tificial random magnetic field produced by a random value
generator in a 3D cube (Fletcher et al., in prep.). A better
approach would be to use the results of direct numerical
simulations (DNS) of the Galactic magnetized interstellar
medium (Korpi et al. 1999; Gazol et al. 2001).

The spectra for the Galactic plane region GP are much
flatter than the corresponding ones for the HL region. We
show the spectra of Q, U and PI for the GP region in the
middle panel of Fig. 14 and conclude that for a < 100′

Fig. 14 Final wavelet spectra for AC (upper panel), GP (middle
panel) and HL (lower panel) : Q – dotted lines, U – dashed lines,
PI – solid lines.

the slopes are about 0.9–1.2 which seems too low for tur-
bulent spectra. We believe that the slopes are associated
with remote structures of large-scale magnetic fields or ther-
mal electron density. For the region AC (upper panel of
Fig. 14) the small-scale range of the spectra is divided in
two parts: for a < 50′ the slopes are close to 5/3 while for
50′ < a < 200′ they are about 1.

Finally, let us note that small-scale ISM turbulence
should provide random homogeneous isotropic distributions
of Q and U . Hence, the correlation between Q and U taken
at the same location is expected to vanish. Detection of
noticeable cross-correlation at a given scale indicates that
some isolated features make an essential contribution to the
observed emission. At large scales a relationship of Stokes
parameters is expected because the regular large-scale mag-
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Fig. 15 Wavelet cross-correlation for Q and U for the region
HL: original data (solid) and calibrated data after source subtrac-
tion (dashed).

netic field and variations in thermal electron density can
produce correlated variations of both variables.

We verify the above concept using the correlation coef-
ficient for a given scale a that can be defined as

C(a) =
∫ ∫

WQ(a,x)W ∗
U (a,x)dx

[MQ(a)MU (a)]1/2
. (9)

In Fig. 15 the wavelet cross-correlation function C(a) is
shown for the original maps Q and U (for the region
HL) and for the maps obtained after absolute calibration
and source subtraction. The visible changes are consistent
with the above conclusions. The wavelet cross-correlation
function is almost flat for the original maps. The source
subtraction essentially reduces the level of correlation at
small scales (left-hand part of the curve) because the bright
sources provide the correlations at small scales. The influ-
ence of these sources monotonically decreases with increas-
ing scale. At large scales the effect of absolute calibration
becomes noticeable and increases the level of correlation
(right-hand part of the curve in Fig. 15).
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