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Chapter 4

Simulated Galactic emission
towards Abell 2255

Based as: Jelić V., et al., in preparation

ABSTRACT
We test our Galactic emission model (see Ch. 2 & 3) on observed data, i.e., the
Galactic emission in the region of the cluster Abell 2255 at 85 cm. Based on emitting
and Faraday rotating structures along the line of sight, both synchrotron and free-
free emission images has been simulated. The morphology of the total and polarized
synchrotron emission has been specially tailored to roughly match the observations.
The complex polarized structures have been analyzed then with the RM synthesis
method. We have found that the observed small scale structures in polarized in-
tensity should originate from the interactions of the synchrotron photons with the
intervening thermal electrons and not from spatial distribution of synchrotron emit-
ters or characteristic of the Galactic magnetic field.

4.1 Introduction

In Chapters 2 & 3 we developed a Galactic foreground model that has become an integral
part of the LOFAR-EoR testing pipeline. This model includes all observed characteristics
of the Galactic synchrotron emission. Since this emission is the dominant foreground
component in redshifted 21-cm EoR observations, it is important to fully understand its
properties in order to to be able to extract the cosmological 21 cm signal from the data.

In our model, the Galactic emission has been derived from physical quantities with
characteristics typical for our Galaxy (e.g. the cosmic ray and thermal electron den-
sity, and the magnetic field). The model has the flexibility to simulate any peculiar case
of the Galactic emission including very complex polarized structures produced by Fara-
day screens and depolarization. These aspects of the Galactic emission model has been
demonstrated in Ch. 3.

In this Chapter we test our Galactic emission model on observed data; the Galactic
emission in the region of the cluster Abell 2255 at 85 cm (PhD thesis of R. F. Pizzo, 2010;
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58 Simulated Galactic emission towards Abell 2255

de Bruyn & Pizzo, in prep.)1. Simulations of Galactic emission in this region are based on
a simple physical model proposed by PdB10 in combination with our method described in
Ch. 3. Note that the main goal of this chapter is to test the simulated polarized Galactic
emission with the Rotation Measure (RM) synthesis method and explore the possibility
of constraining Galactic emission using both observations and simulations.

This Chapter is organized as follows. In Sec. 4.2 a brief overview of the RM synthesis
method is provided. The observational results on the Galactic emission in the field of Abell
2255 is summarized in Sec. 4.3. In the same section, a simple physical model proposed by
PdB10 is introduced, while our Galactic emission model is reviewed in Sec. 4.4. Section 4.4
also discusses how to constrain the observed emission characteristics with the simulations.
The simulated maps of Galactic emission in total and polarized intensity are presented
and discussed in Sec. 4.5. The Chapter concludes with a summary and outlook on future
work (Sec. 4.6).

4.2 RM synthesis

The rotation of the polarization angle of an electromagnetic wave, while passing through a
magnetized plasma, is called Faraday rotation (for details see Rybicki & Lightman, 1986;
Wilson et al., 2009). The rotation angle depends on the frequency of the wave, ν, electron
density, ne, and magnetic field component parallel to the LOS, B‖:

Φ = Φ0 +
e3

2πm2
ec

2
ν−2

∫
neB‖ds, (4.1)

where the polarization angle of the wave before rotation is denoted with Φ0. The amount
of Faraday rotation (’Faraday depth’, χ) is also written as:

χ

[rad m−2]
= 0.81

∫
ne

[cm−3]
B‖

[µG]
ds

[pc]
. (4.2)

A positive Faraday depth implies a magnetic field pointing towards the observer. The
medium that causes Faraday rotation can be either Faraday thin: λ2∆χ � 1 (∆χ is the
extent of the source in Faraday space), or Faraday thick: λ2∆χ � 1. Whether a source
is Faraday thick or Faraday thin is wavelength dependent. Note that in the simplest case
the Faraday depth is equivalent to the rotation measure (RM), which is defined as the
slope of the polarization angle Φ versus λ2.

In order to determine the RM from observations, at least two frequencies are required.
If there is an ambiguity in the RM value, this can be solved by adding observations at
additional frequencies. Thus, narrow-band polarimetry around a certain frequency is the
common observing technique for RM analysis. However, the low signal- to-noise ratio of
narrow-band polarimetry may limit the accuracy of the measurements.

A method called ‘Faraday Rotation Measure Synthesis’ (or RM synthesis) was recently
introduced as a technique for analyzing polarimetric data. The new technique improves the
signal-to-noise ratio of narrow-band polarimetry, but it also allows to analyze contributions
from multiple rotation-measure screens along the line of sight . The RM-synthesis method

1In the rest of the text, we will refer to these two references as PdB10
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Figure 4.1: “Cartoon sketching the relation between emission, neB‖, Faraday depth φ, location
x, and observed Faraday spectrum. The top panel depicts the physical situation. The arrows
represent neB‖ with longer arrows depicting larger neB‖. The direction of the arrow indicates
the direction of the parallel component of the magnetic field. The x coordinate represents physical
distance from the observer. The observer is located at the far left of the plots. The x axis is
severely compressed in two places. Empty areas have neither emission nor rotation. White blocks
represent areas with only Faraday rotation. Grey areas with an arrow have both emission and
rotation (area A and B) and grey areas without an arrow have only emission (area C). There are
two lines of sight, labelled 1 and 2. Line of sight 1 goes through areas A, B, and C. Line of sight
2 misses area B as well as the adjacent non emitting Faraday rotating white boxes. The middle
panel plots Faraday depth φ as a function of physical distance x for both lines of sight. The bottom
panel shows F (φ), the observed polarized surface brightness (rad m−2)−1 for both lines of sight.
The peaks in the spectra are labelled with the associated areas.” (Brentjens & de Bruyn, 2005)
Note a different notation of the Faraday depth in this image (φ) than in the rest of the text (χ).
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is based on work by Burn (1966). Brentjens & de Bruyn (2005) developed this technique
further to the cases of limited sampling of λ2 space and non-constant emission spectra.
For a more complite description of this technique we refer to Brentjens & de Bruyn (2005),
while here we give a brief overview.

Let us define the complex intensity of linear polarization to be:

P = |pI|ei2φ = Q+ iU, (4.3)

where I 6= 0, Q 6= 0, U 6= 0 and V = 0 are Stokes parameters, p = Ip/I is polarization
fraction, Ip = Q2 +U2 is polarized intensity and φ = 1

2 tan−1 U
Q is polarization angle. The

complex Faraday dispersion function F (χ), which measures the Faraday rotation χ, can
be defined as:

P (λ2) =
∫
F (χ)ei2χλ

2
dχ. (4.4)

If we have N input channels of polarized emission (Qi and Ui images) in the frequency
(wavelength) space and we want to translate them to the Faraday depth space χk, then
we need to preform the following transformation:

F̃ (χk) =
1∑N
i=1 wi

N∑
i=1

P̃ie
−i2χk(λ2

i−λ
2
0), (4.5)

where P̃i = wiP (λ2
i ), wi = W (λ2

i ) is the weight function, and λ0 is wavelength to which
all polarization vectors are de-rotated. Note that this equation is written for one spatial
pixel. An illustrative example of RM-synthesis is given in the Fig. 4.1.

4.3 Observations

The observations of the Galactic emission in the field of Abell 2255 (A2255) were obtained
by PdB10 using the Westerbork Synthesis Radio Telescope (WSRT). The WSRT consists
of fourteen 25 m dishes arranged in an east- west array configuration. Ten dishes of
the array are fixed, while the remaining four are movable along two rail tracks. PdB10
observations were conducted using baselines between 36 m and 2.7 km and earth-rotation
was used to synthesize the uv-coverage. The observing wavelengths were: 18 cm, 21 cm,
25 cm, 85 cm and 2 m. The pointing center of the observations was directed towards the
radio center of A2255 (RA = 17h13m00s, Dec = +64◦07′59′′). For other technical details
concerning the observations and the data reduction we refer to PdB10. The observational
results from PdB10, that are relevant for this work are summarized in the next two
subsections.

4.3.1 RM-cube at 85 cm

In the study of A2255, PdB10 synthesized three distinct RM-cubes in the following wave-
length regimes: 21 cm, 85 cm and 2 m. The 21 cm RM-cube was dominated by polarized
emission from discrete and diffuse radio sources in the cluster; it only showed some faint
traces of Galactic foreground polarized emission. They concluded that this was largely
due to the relatively poor surface brightness sensitivity at 21 cm. The 85 cm RM-cube,
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148 chapter 5: The Galactic foreground in the direction of A2255

! = -8 rad m-2 ! = -4 rad m-2

! = 0 rad m-2 ! = +4 rad m-2

! = +8 rad m-2 ! = +12 rad m-2

Figure 5.1: Panel of full field of view frames from the 85 cm RM-cube. Shown is the polarized
intensity, in units of mJy beam 1 RMSF 1, at Faraday depths from –8 to +12 rad m 2. The
intensity scale is shown on the right. The noise fluctuations in the PI images, away from
calibration artifacts, and after correction for polarization bias, is about 35 Jy beam 1 RMSF 1.

The 85 cm RM-cube: structure in Faraday space 149

! =  +16 rad m-2 ! = +20 rad m-2

! = +24 rad m-2 ! = +28 rad m-2

! = +32 rad m-2 ! = +36 rad m-2

Figure 5.1: Continued: Polarized intensity for Faraday depths from +16 to +36 rad m 2.Figure 4.2: “Panel of full field-of-view frames from the 85 cm RM-cube. Shown is the polarized
intensity in units of mJy beam−1 RMSF−1, at Faraday depths from -8 to +32 rad m−2. The
intensity scale is shown on the right.” (PdB10)
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Figure 4.3: The total intensity (left panel) and polarized intensity (right panel) images of the
Galactic emission in the region of the Abell 2255 at 85 cm. (Courtesy of R. F. Pizzo)

on the other hand, was filled with intense and widespread Galactic foreground emission,
covering the whole primary beam. In the 2 m RM-cube, they could not detect any con-
vincingly polarized emission from the Galactic foreground. Therefore, here we present
only their results from the 85 cm RM-cube.

The 85 cm RM-cube2 was made by combining 400 complex polarization images in the
frequency range of 310 − 380 MHz. Each image has a field-of-view of 6◦ × 6◦ and an
angular resolution of ∼ 60 arcsec. In RM space the images were synthesized in a range
from −400 rad m−2 to +400 rad m−2, with steps of 4 rad m−2. The FWHM resolution
in Faraday space, the Rotation Measure Spread Function (RMSF) was 12.5 rad m−2.

Examples of RM-cube images of the A2255 field in polarized intensity are given in
Fig. 4.2 (PdB10). Note that in an individual image, there is a decrease in intensity
towards the edges. This decrease is due to the attenuation caused by the WSRT primary
beam, which measures ∼ 2.5◦ at half-power and at 350 MHz. Thus in reality, the edges
of the field should contain similar polarization signal as the one around the centre. Also
note the ring-like artifacts around many of the brighter compact sources, especially those
at the edge of the field. These rings are of instrumental origin, i.e., due to position-
dependent polarization leakage. Hence, they have no significant effect on the ubiquitous
diffuse polarized emission.

By comparing the total intensity with polarized intensity images of the A2255 field
(see Fig. 4.3), one can note that there is no detectable total intensity emission associated
with any of the observed polarized emission. This lack of corresponding features in total
intensity was attributed by PdB10 as the fact that the total intensity Galactic emission
does not contain significant power on angular scales probed by the WSRT baselines (com-
mon to all WSRT 350 MHz Galactic foreground images: Wieringa et al., 1993; Haverkorn
et al., 2003; de Bruyn et al., 2006; Schnitzeler et al., 2007). The polarization however
does show structure, due to the fact that intervening Faraday screens create structures on

2Available at http://www.astro.rug.nl/∼pizzo/movies/A2255 85CM.gif
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Figure 5.4: Polarized emission integrated over Faraday depths from = –4 to +4 rad m 2.
Note that at this very small Faraday depth the instrumental polarization around most off-axis
sources is very prominent.

We now would like to draw attention to a property of the RM cubes that may
not be immediately apparent. When one compares the two integrated polarized
intensity images it is obvious that the intensity patterns overlap spatially, i.e. at a
given location there are multiple emission regions in Faraday space. Such double-
peaked spectra could already be discerned in the top parts of Fig. 5.6 and Fig. 5.7.
A further example of very bright diffuse emission with multiple peaks is shown in
Fig. 5.8. The polarized emission, at any given location, generally does not cover the full
range of Faraday depths from –4 to +44 rad m 2 but is concentrated around one or
two specific values. The emission from most peaks appears slightly resolved by the
RMSF. In those cases where the signal-to-noise ratio appears good enough to permit
a deconvolution we derive a width of typically 4–6 rad m 2. However, a deeper

The 85 cm RM-cube: structure in Faraday space 159

Figure 5.5: Polarized emission integrated over Faraday depths from = +20 to +36 rad m 2.

analysis of the Faraday spectra should be done to confirm this (see also Schnitzeler
et al. 2007b).

The intrinsic spread in Faraday space of the polarized emission at any given lo-
cation is important when we come to discuss a specific model for the structure along
the line of sight. In this connection we want to point out an important caveat in in-
terpreting Faraday spectra. The observations used to make the 85 cm RM-cube have
only limited coverage in 2-space, with 2 lying in the range 0 63 0 93 m2. This
makes our observations progressively less sensitive to polarized emission from la-
yers that become Faraday thick, i.e. that are extended over Faraday depths such that
( min)2 1. This is shown graphically in Fig. 5.10 where we plot the instrumental
response of top-hat slabs in Faraday space, also called Burn-slabs, as a function of 2

for various thicknesses . These graphs show that in our broadband 85 cm WSRT
observations we have lost a significant fraction of the intrinsic polarized signal if the

Figure 4.4: “Polarized emission integrated over Faraday depths from χ = −4 to +4 rad m−2

(left panel) and from χ = +20 to +36 rad m−2 (right panel).” (PdB10)

spatial frequencies that can be detected by the interferometer.
Hence, PdB10 discussed three morphological patterns that are present in both the

polarized intensity and in the Stokes Q (and U) images:

1. −4 to +8 rad m−2: The dominant pattern has a “sheet-like” morphology. Its po-
larized intensity is rather uniform and there are only very small spatial changes in
polarization angle. These sheets have sharp, almost unresolved edges, and can be
coherent in polarization angle on scales up to 1◦.

2. +8 to +16 rad m−2: This emission has significant wavy structure in polarization
angle on scales of about 10 arcmin. It is present mostly on the Eastern side of the
image.

3. +12 to +48 rad m−2: and is strongly anisotropic in polarized intensity with stripes
in a direction of about 120◦ (N-through-E). The stripy pattern appears to move
slowly from North-West to South-East, with an estimated gradient of about 10–20
rad m−2 per angular degree.

To emphasize the remarkable change in morphology of the total polarized intensity as a
function of Faraday depth, the integrated emission in the frames from −4 to +4 rad m−2

and from +20 to +36 rad m−2 are shown in Fig. 4.4 (PdB10).

4.3.2 A simple physical model

Based on their observations and RM synthesis results, PdB10 proposed a simple physical
model for the Galactic emission in the field of A2255. A cartoon of their proposed model
is shown in Fig. 4.5, while their description of the model follows.

PdB10: “The cartoon shows a viewing cone at moderate Galactic latitude at the tran-
sition from the 1st to the 2nd Galactic quadrant. In the cartoon the intensity of the
synchrotron emission is indicated by the smooth background. Following Beuermann et al.
(1985), we assume the half-width of the thick disk emission to be about 1–2 kpc, although
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Figure 5.14: Cartoon of a possible spatial disposition of the many polarized emission com-
ponents and intervening Faraday screens that are required to explain the complex Faraday
spectra and spatial patterns observed in the direction of A2255. The Roman numerals indicate
the various Faraday screens, i.e. the part of the line of sight in which Faraday depth is built
up. These screens are separated by three regions indicated with the letters S (for sheet), C
(cloud) and F (filamentary) where the observed emitting structures reside. The magnetic field
component projected onto the line of sight is assumed to be directed towards the observer.
For more details see the text.

distribution observed from external galaxies as obtained using data at only a few
frequencies (i.e. without the benefit of RM-synthesis). Modeling the fine-scale com-
ponent in our Galaxy was first attempted by Haverkorn et al. (2004a). They analyzed
possible geometric configurations and distributions of the random and uniform com-
ponent of the magnetic field and magneto-ionic medium. The amount of informa-
tion in the data available to them, however, did not allow a detailed confrontation
with the data. Here we make a new attempt. To help visualize the complexity of
the radiative transfer problem of the polarized signals detected in our RM-cube we
have constructed a simple physical model that we believe contains the essential in-
gredients of any model that attempts to explain the data. A cartoon of this model is
shown in Fig. 5.14.

The cartoon shows a viewing cone at moderate Galactic latitude at the transition
from the 1st to the 2d Galactic quadrant. In the cartoon the intensity of the syn-
chrotron emission is indicated by the smooth background. Following Beuermann
et al. (1985), we assume the half-width of the thick disk emission to be about 1-2 kpc,
although the authors note that in this inter-arm direction the model is very poorly

Figure 4.5: “Cartoon of a possible spatial disposition of the many polarized emission com-
ponents and intervening Faraday screens that are required to explain the complex Faraday spectra
and spatial patterns observed in the direction of A2255. The Roman numerals indicate the various
Faraday screens, i.e. the part of the line-of-sight in which Faraday depth is built up. These screens
are separated by three regions indicated with the letters S (for sheet), C (cloud) and F (filamentary)
where the observed emitting structures reside. The magnetic field component projected onto the
line of sight is assumed to be directed towards the observer.” (PdB10)

the authors note that in this inter-arm direction the model is very poorly constrained.
Moving outwards along the cone, we introduce four Faraday screens designated by Roman
numerals I, II, III, and IV. We will call them screens but of course they do not necessarily
have to be physically thin structures; they could also be deep columns of electrons. The
screens are separated by polarization emitting synchrotron structures, designated by the
letters S, C, and F. The motivation for introducing several distinct emission regions along
the line of sight is suggested by the different morphological patterns that we see at distinct
locations in Faraday space. To gain insight into the complicated radiative transfer issues
we will begin the discussion with a qualitative description on how we believe the signals
are built up. We will do this in two ways: first we move away from the Sun to the edge of
the Galaxy, after which we retrace our path.

To simplify our description we assume that the magnetic field does not change direction
along the line of sight and is directed towards us. This is consistent with the generally
positive values of Faraday depths in our field, although this certainly will not be the case
in general. At various physical distances we probably come across regions of enhanced
electron density that contribute significantly to the accumulated Faraday depth. When we
arrive at the edge of the Galaxy we reach a Faraday depth that varies from about +20
to +40 rad m−2, depending on the direction within our field of view. We do not know
whether we see polarized emission all the way to the edge of the Galaxy. That is, there
might still be Faraday rotating magneto-ionic medium beyond the last region of diffuse
polarized emission that we detect. However, as we argued earlier, the close similarity
between the RM of discrete background sources and the Faraday depths out to which we
see diffuse polarized emission suggests that this contribution is not significant in terms of
Faraday depth. Hence region IV in the cartoon may be empty. We note that a Faraday
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depth of +20 to +40 rad m−2 can be obtained with a typical large-scale magnetic field of
1 µG (with no sign reversals), an average electron density of 0.01–0.02 cm−3 and a path
length of 2 kpc. Gaensler et al. (2008) give a typical mid-plane filling factor of 0.04, and
mid-plane electron density of 0.014 cm−3 for the Warm Intercloud Medium (WIM). This
would obviously be insufficient to accumulate the Faraday depth we need at the latitude
where we observe. Obviously, a couple of denser screens or clouds along the line of sight
could produce the remaining Faraday depth and a small filling factor of the ionized medium
argues that this is likely to be the case. The WHAM data in this direction (Haffner et al.,
2003), however, do not reveal any obvious bright H-structures which we could relate to our
Faraday space emission patterns.

Now let us retrace our path. Starting at the edge of the Galaxy we build up a polarized
signal from those regions along the line of sight that have a significant uniform magnetic
field component (in order to create a net polarized signal) and are sufficiently Faraday
thin to not fully quench the signal. Each of the polarized emission contributions will be
observed at the Faraday depth contributed by the remainder of the physical path towards
the Sun. The spatial structure that we observe at a given location in Faraday space will,
in our simplistic model, depend on the spatial structure in the polarized radiation field
incident at that particular Faraday depth. The medium has to be inhomogeneous in both
the Faraday rotating and in the polarization emitting regions. Between the various Faraday
rotating screens additional polarized signal must be emitted, because if this were not the
case the structures could not be distinguished as separate features in Faraday space. The
three Faraday patterns described above appear to be essentially unresolved by the RMSF,
at any given location. This conclusion is based on the lack of any significant change in the
Stokes Q (or Stokes U) RM-cube when we scan the range covered by the S-region (Φ = −4
to +12 rad m−2) and the range covered by the F-region (Faraday depths from +12 to
+44 rad m−2). The S, C, and F-regions may therefore all be Faraday-thin, i.e. have a
Faraday thickness Φ such that λ2∆Φ ≤ 1. This may seem to be inconsistent with the
deconvolved sizes derived earlier. This should be investigated further.”

4.4 Simulation

In this section, we explain the various components of the simulation of the brightness
temperature images, in total and polarized intensity, of the Galactic synchrotron emission
towards Abell 2255. The simulation is based on the method developed in Ch. 3.

4.4.1 Overview of the algorithm

The method uses a 3D grid in a Cartesian coordinate system, where the xy-plane repre-
sents the angular plane of the sky (the “flat sky” approximation is valid for a small field
of view) and the z axis is along the line of sight direction (expressed in parsecs). Since the
field of Abell 2255 has Galactic longitude of l = 94◦ and Galactic latitude of b = +35◦, z
axis (line of sight) makes an angle of 35◦ from the Galactic plane.

The physical properties of the Galactic emission used for this simulations are chosen
to match the observational results of PdB10 and their proposed “simple physical model”
of Galactic emission in the field of Abell 2255. In our simulation we use the following de-
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scriptions for the cosmic-ray (CR) electron distribution, the thermal electron distribution
and the Galactic magnetic field parametrization.

1. CR electron distribution: We follow Sun et al. (2008) and assume the following
distribution:

CR(R, z) = C0 exp
(
−R−R�

R�
− z

1 kpc

)
, (4.6)

where C0 = 6.4 · 10−5 cm−3 and R� = 8 kpc. Note that in our simulation the CR
electron distribution is assumed to be uniform in the xy-plane, while in z it follows
Eq. 4.6. Note that here the z direction is towards the North Galactic pole.

2. Thermal electron distribution: The thermal electrons in the Warm Intercloud Me-
dium (WIM) has a typical mid-plane filling factor of 0.04, and a mid-plane electron
density of 0.014 cm−3 (Gaensler et al., 2008). As noted by PdB10, this is insufficient
to accumulate the Faraday depth of the Galactic emission observed in the field of
Abell 2255. Therefore, in PdB10 model of the Galactic emission in the field of Abell
2255 they introduced several denser clouds along the line of sight. In our simulation,
we follow their model and introduce three dense regions of the thermal electrons. As
it will be explained in the following subsection, the densities of these regions are ob-
tained from the observed RM values. The thermal electrons distribution within the
cloud is simulated as Gaussian random field with a power law type power spectrum
(see Ch. 3).

3. Galactic magnetic field parametrization: The Galactic magnetic field has two com-
ponents: a regular component ~Br and a random component ~b, so that the total
Galactic magnetic field is given as ~B = ~Br+~b (for review see, e.g. Beck et al., 1996).
In this work, as a first approximation, we take into account only a regular com-
ponent of the Galactic magnetic field. The Galactic magnetic field we parametrize
according to Page et al. (2007), in the usual cylindrical coordinates with the origin
at the Galactic center:

~B(r, θ, z) = B0(cosψ cosχr̂ + sinψ cosχφ̂+ sinχẑ), (4.7)

where ψ(r) = ψ0 + ψ1 ln(r/8 kpc), χ(z) = χ0 + tanh(z/1 kpc), and the constants
are ψ0 = 27◦, ψ1 = 0.9◦, χ0 = 25◦ & B0 = 4 µG. The calculated regular component
of the Galactic magnetic field towards the field of Abell 2255 has on average the
following inffered value: B‖,⊥ ≈ 2 µG. Note that the magnetic field has the same
sign along the line of sight as proposed by PdB10.

4.4.2 Density of the thermal electrons

If we want to simulate the Faraday depth variations of ∆χ = 40 rad m−2 we need to
introduce significant spatial variations either of the Galactic magnetic field or of the
thermal electrons. If we take into account observational constrains of PdB10, significant
variations of the Galactic magnetic field across the region of Abell 2255 are quite unlikely.
In the region of Abell 2255, PdB10 detected Galactic polarized emission at a brightness
temperature of a few Kelvin. In order to build up such a strong polarized emission, the
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Figure 4.6: Cartoon of the relative position of emitting and rotating structures in our simulation.
The emitting structures are noted with roman numbers (I, II and III), while rotating structures
with arabic numbers (1, 2, and 3). Note that emitting structures are overlaid over an uniform
distribution of synchrotron emitters.

perpendicular component of the Galactic magnetic field needs to be almost uniform both
across that part of the sky and along the line of sight. Moreover, lack of a detection of
the Galactic emission in total intensity, which has to be at least 1.33 times larger than
polarized emission (see Eq. 3.6 with p = 3)3, implies that both the CR electrons and the
perpendicular component of the Galactic magnetic field are uniform across the observed
scales. Note that otherwise, the Galactic emission could be probed on the scales observed
by PdB10. Therefore, the variations of thermal electrons are more likely to cause the
variations of the Faraday depth (on the observed scales) than magnetic field.

As noted in the previous section, mid-plane properties of thermal electrons (electron
density of 0.014 cm−3 and filling factor of 0.04, Gaensler et al., 2008) are not sufficient to
accumulate the observed Faraday depth variations (χ = −4 to +36 rad m−2, PdB10) of the
Galactic emission in the field of Abel 2255. Thus, denser clouds along the line of sight are
needed. The densities of these clouds could be constrained either by observations of their
emission (e.g. using the Wisconsin H-Alpha Mapper, Haffner et al., 2003) or by dispersion
measure (DM) observations of pulsars (e.g. Gaensler et al. 2008). Unfortunately, current
Hα data in this part of the sky do not show any bright structures which one could relate
to Faraday patterns observed in PdB10 data. Furthermore, there are no pulsars in the
field that could constrain ionized medium using DM.

We therefore constrain the density of thermal electron clouds using the Eq. 4.2 embed-
ded in our simulation. Note that the perpendicular component of the Galactic magnetic
field in the region of Abell 2255 is B‖ ≈ 2 µG (see Sec. 4.4) and that we assume a filling
factor of thermal electrons of 0.04. This assumption implies that thermal electrons are
spread in our simulation over ∼ 40 pc along the line of sight.

We have estimated that the electron density of n̄e ≈ 0.35 cm−3 and σne ≈ 0.075 cm−3

produce the Faraday depth variations of ∆χ = 40 rad m−2. Thus, in our simulation, each
region of thermal electrons is simulated as Gaussian random electron-density field with

3PdB10 might seen a total intensity Galactic emission of ∼ 0.15 K, but that is less than theoretical
prediction of a few Kelvin.
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Figure 4.7: Spatial characteristics of the introduced emitting structures. Each structure has a
different dominant scale: small (left panel), intermediate (middle panel) and large (right panel)
scales. Note that the color bar is given in dimensionless units.

n̄e and σne set to match the obtained values.
In the following subsection we discuss the relative position of emitting and Faraday

rotating structures and their spatial properties.

4.4.3 Emitting and Faraday rotating structures

Following the model of PdB10, we introduce three distinct emitting and Faraday rotating
structures in our simulation. The emitting and rotating structures could be spatially
separated or mixed. If the emitting structure is spatially mixed with rotating structure,
the polarized signal will be depolarized (see ‘model B’ in Ch. 3). If the emitting structure
is spatially separated from the rotating structure, the angles of polarized emission will be
rotated but depolarization will not occur (see ‘model A’ in Ch. 3). Thus, in the case of
strong polarized Galactic emission in the region of Abell 2255, the emitting and rotating
structures are more likely spatially separated.

Figure 4.6 shows the positions of emitting and rotating structures in our simulation.
The emitting structures are indicated with Roman numbers (I, II and III), while rotating
structures with arabic numerals (1, 2, and 3). Each emitting structure is simulated as
a Gaussian random field with a power law power spectrum. We set a different power
law index to each field, so that the dominant scale of each field is on a different scale,
i.e. the first field has power law index −5 (which generates large scales), the second has
−3 (which generates intermediate scales) and the last one has −1 (which generates small
scales), respectively. The choice of power law indexes are somewhat arbitrary, but quali-
tatively consistent with the model of PdB10 in which emitting structures have filamentary
character (analogous to our small scale structures), cloud like character (analogous to our
intermediate scales) and sheet like character (analogous to our large scale structures).
Images of the emitting structures are shown in Fig. 4.7. Note that modeling of emit-
ting structures as a Gaussian random field is just a rough approximation. In future work
we will improve our model to qualitatively and quantitatively match the exact observed
spatial properties of these structures.
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Figure 4.8: Examples of simulated images of Galactic synchrotron emission in the field of Abell
2255. The left panel shows an image in total intensity, while the right panel shows the polarized
intensity at 350 MHz. Note that the two images have both small and large scale structures, due
to emitting and Faraday rotating structures along the line of sight. However this result does not
qualitatively match with the observations.

4.5 Results and discussion

In the previous section all the ingredients needed for simulating the Galactic emission in
the region of Abell 2255 were discussed. In this section, we present the resulting maps of
the Galactic emission in total and polarized intensity and show results of RM synthesis on
simulated data. The images are simulated in the frequency range of 310–380 MHz, with
a 0.5 MHz step. They are 6◦ × 6◦ in size with a resolution of 0.7 arcmin.

Figure 4.8 shows examples of simulated images of Galactic synchrotron emission in
total and polarized intensity at 350 MHz. By comparing the simulated total intensity
image with the polarized intensity image, one sees that the two images show both small
and large scale structures qualitatively contrary to the observations. The observed total
intensity image (see Fig. 4.3) does not show any apparent Galactic emission of a few Kelvin
on the scales probed by WSRT radio telescope. Therefore, the total intensity Galactic
emission should be very smooth on the probed scales.

In order to correct this qualitatively mismatch in the simulation, the spatial charac-
teristics of emitting and rotating structures need to be changed:

1. Instead of emitting structures with different dominant scales, we introduce emitting
structures that have only very smooth large scales – assuming a uniform Galactic
magnetic field, the total intensity emission will then be present only on the large
scales. Note that in the absence of structures causing Faraday rotation the polarized
emission will follow the same spatial behavior as total intensity emission.

2. Given the choice that the emitting structures have only large scales, the structures
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Figure 4.9: The same as Fig. 4.8, but for the model of the Galactic emission that qualitatively
matches the observations much better. The simulated image of total intensity emission shows
only large scales.

Figure 4.10: A simulated image of corresponding Galactic free-free emission in the region of
Abell 2255. The image is given at 350 MHz. Note that free-free emission shows structures
similar to the polarized emission (see Fig. 4.9). The cross-correlation coefficient between these
two images is −0.85.
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Figure 4.11: Images of the polarized emission obtained using the RM synthesis on the simulated
Q and U data cubes. Images are given at following Faraday depths: 0 rad m−2, +10 rad m−2,
+20 rad m−2, +30 rad m−2, +40 rad m−2, +50 rad m−2.
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Figure 4.12: Faraday spectrum of the polarized emission obtained using the RM synthesis on
the simulated Q and U data cubes. The RMSF synthesized from the wavelength coverage of our
simulated data is given in first plot. A few line of sights through synthesized RM cube are given
in second, third and fourth plot.

causing Faraday rotation should then have both small and large scales in order to
produce the polarized emission on both scales.

In practice, these two changes are implemented in our simulation as follows. All emitting
structures are simulated to have only large scales, i.e. like emitting structure III (see right
image in Fig. 4.7). The rotating structures are simulated to have both the small and large
scales, i.e. like emitting structures I, II and III in Fig. 4.7.

Taking into account the changes that we have introduced to our Galactic emission
model, we produce a new set of images for the field of Abell 2255 (see Fig. 4.9). Fig. 4.9
shows that the simulated images qualitatively match the observed data. The total intensity
emission is present only on large scales, while the polarized emission shows both large and
small scales. Note that the small scales in the polarized emission are produced by the
intervening structures of thermal electrons that act as a Faraday rotating medium. In
order to quantify this, we calculate the Galactic free-free emission from the simulated
thermal electrons distribution and cross-correlate the simulated images.

A simulated image of corresponding Galactic free-free emission in the field of Abell 2255
is given in the Fig. 4.10. By comparing the image of polarized and free-free emission (see
Fig. 4.9 & 4.10), one can see a strong correlation between the structures. The calculated
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cross-correlation coefficient4 at zero lag for this two images is −0.85. Actually, the spatial
structures of these two images show strong correlation, but their amplitudes anti-correlate.
Therefore, in the regions of a dense thermal electrons, the free-free emission will be strong,
but the same regions will produce large RM values that will weaken a polarized signal.

Finally we test and analyze our simulated data with the RM synthesis method (see
Sec. 4.2). By applying Eq. 4.5 to the simulated Q and U data cubes, we transform the
images from frequency/ wavelength space to the Faraday space. As a result, we get images
of polarized emission at different Faraday depths (see Fig. 4.11).

By comparing the images in Fig. 4.11, one can note that the polarized emission shows
morphologically different structures at different Faraday depths. Note that these struc-
tures reflect the thermal electron distribution along the line of sight, since the emitting
structures are present only on large scales and rotating structures on both large and small
scales.

The Rotation Measure Spread Function (RMSF) synthesized from the wavelength
coverage of our simulated data is given in Fig. 4.12 (first plot). Note that RMSF for
total polarized intensity is given with the solid line, RMSF for Stokes Q is given with the
dotted line and RMSF for Stokes U with the dashed line.

On the same figure we also show a few line of sights through synthesized RM cube
(second, third and fourth plot in Fig. 4.12). Note that in the second plot we resolve two
very different Faraday rotating screens. The first has a peak around +5 rad m−2 and the
second around +20 rad m−2. In the third and fourth plot these two Faraday structures
appear more as one.

4.6 Summary and Future work

We have presented results on the Galactic emission simulation in the region towards Abell
2255 at 85 cm. The simulation is based on the Galactic emission algorithm developed in
Ch. 2 & 3 and a simple physical model proposed by de Bruyn & Pizzo (in preparation).
The model has been constrained according to the observational results obtained by Pizzo
(see PhD thesis of R. F. Pizzo, 2010).

Based on emitting and Faraday rotating structures along the line of sight, both po-
larized and unpolarized synchrotron emission as well as free-free emission have been sim-
ulated. Note that the morphology of the total and polarized synchrotron emission have
been tailored to roughly qualitatively match the observations. The complex polarized
structures have been analyzed then with the RM synthesis method.

We find that the observed small scale structures in polarized intensity should originate
from the interactions of the synchrotron emission with the intervening thermal electrons
and not from the structures of relativistic electrons or Galactic magnetic field. In other
words, both magnetic field and distribution of emitters should be very smooth on the
scales probed by the observations. Otherwise, their morphology would produce emission
on the probed scales, and we would detect this emission also in total intensity, which is
obviously not the case.

4The normalized cross-correlation between two images (ai,j and bi,j) with the same total number of

pixels n is defined at zero lag as: C0 = 1
n−1

P
i,j

(ai,j−ā)(bi,j−b̄)
σaσb

, where ā (b̄) is the mean and σa (σb)

the standard deviation of the image a (b).
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Our Galactic emission model is capable of simulating emission both in total and po-
larized intensity. In addition, it can simulate complex polarized emission produced by
intervening Faraday rotating structures. These structures can be then analyzed using
the RM synthesis method. The importance of these results comes from the fact that our
Galactic model is capable of producing a realistic Galactic emission images that can be
used as a foreground template for the LOFAR- EoR testing pipeline.

In terms of observations, our developed model can be used to constrain the physical
properties of the observed Galactic emission. Moreover, using the simulation one can
easily test different scenarios of the Galactic emission in a certain region and by doing so
deepen our understanding of the observed morphological structures.

It is important to note that the work on understanding Galactic emission towards
Abell 2255 is still in progress. The Galactic emission model can be improved in a way
to reproduce both qualitatively and quantitatively observed structures and can be then
used to place additional constrains on the electron content and magnetic field properties,
i.e., B‖ is constrained by total intensity synchrotron emission, while B⊥ is constrained by
polarized structures produced by Faraday rotating medium. Some additional analysis of
the observed data is also planned, i.e. to determine the power spectrum of the observed
structures both in total and polarized intensity, and obtain a cross-correlation study on
the RM-synthesis data cubes. Additional observations around this region, could also help
in constraining our results. For example, better data on total intensity can constrain
both Galactic synchrotron and free-free emission. Note that at these frequencies the total
intensity synchrotron emission dominates over free-free emission. However, on certain
scales free-free emission can show stronger variations than synchrotron emission and thus
be detected.




