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Chapter 3

New Galactic model

Based on: Jelić V., et al., submitted to MNRAS

ABSTRACT
Experiments designed to measure the redshifted 21 cm line from the Epoch of Reion-
ization (EoR) are challenged by strong astrophysical foreground contamination, iono-
spheric distortions, complex instrumental response and other different types of noise
(e.g. radio frequency interference). The astrophysical foregrounds are dominated
by diffuse synchrotron emission from our Galaxy. Here we present a simulation of
the Galactic emission used as a foreground module for the LOFAR- EoR key science
project end-to-end simulations. The simulation produces total and polarized inten-
sity over 10◦×10◦ maps of the Galactic synchrotron and free-free emission, including
all observed characteristics of the emission: spatial fluctuations of amplitude and
spectral index of the synchrotron emission, together with Faraday rotation effects.
The importance of these simulations arise from the fact that the Galactic polarized
emission could behave in a manner similar to the EoR signal along the frequency
direction. As a consequence, an improper instrumental calibration will give rise to
leakages of the polarized to the total signal and mask the desired EoR signal. In this
chapter we address this for the first time through realistic simulations.

3.1 Introduction

The Epoch of Reionization (EoR) is expected to occur between redshift 6 and 12, as indi-
cated from observed comic microwave background (CMB) polarization (Komatsu et al.,
2009) and high redshift quasar spectra (Fan et al., 2006). At redshifts, the 21 cm line from
neutral hydrogen is shifted into meter wavelengths and therefore sets the frequency range
of EoR experiments to the long-wavelength part of the radio spectrum (∼ 100−200 MHz).

There are several planned and ongoing experiments designed to probe the EoR through
redshifted 21 cm emission line from neutral hydrogen using radio arrays: GMRT1, LO-

1Giant Metrewave Telescope, http://gmrt.ncra.tifr.res.in
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40 New Galactic model

FAR2, MWA3, 21CMA4, PAPER5, and SKA6.
The low-frequency radio sky at these wavelengths is dominated by diffuse synchrotron

emission from the Galaxy and integrated emission from extragalactic sources (radio galax-
ies and clusters). Although, this foreground emission is 4−5 orders of magnitude stronger
than the expected EoR signal, the ratio between their intensity fluctuations on arcmin
to degree scales measured by interferometers is ‘only’ 2 − 3 orders of magnitude (Shaver
et al., 1999). In addition to the foregrounds, the EoR experiments are also challenged by
understanding of the instrumental response and ionospheric disturbances to high precision
(Labropoulos , in preparation).

Currently there are numerous efforts to simulate all the data components of the EoR
experiments: cosmological 21 cm signal, foregrounds, ionosphere and instrumental re-
sponse. The main aim of these end to end simulations is to develop a robust signal ex-
traction scheme for the extremely challenging EoR observations (e.g. Santos et al., 2005;
Morales et al., 2006; Wang et al., 2006; Jelić et al., 2008; Bowman et al., 2009; Harker
et al., 2009a,b; Labropoulos et al., 2009a).

The foregrounds in the context of the EoR measurements have been studied theoret-
ically by various authors. Shaver et al. (1999) have given the first overview of the fore-
ground components. Di Matteo et al. (2002, 2004) have studied emission from unresolved
extragalactic sources at low radio frequencies. Oh & Mack (2003) and Cooray (2004) have
considered the effect of free-free emission from extragalactic haloes. Santos et al. (2005)
carried out a detailed study of the functional form of the foreground correlations. Jelić
et al. (2008) have made the first detailed foreground model and have simulated the maps
that include both the diffuse emission from our Galaxy and extragalactic sources (radio
galaxies and clusters). Gleser et al. (2008) have also studied both galactic and extragalac-
tic foregrounds. de Oliveira-Costa et al. (2008) has used all publicly available total power
radio surveys to obtain all-sky Galactic maps at the desired frequency range and Bowman
et al. (2009) has studied foreground contamination in the context of the power spectrum
estimation.

Recently, a Galactic 3D emission model has been developed by Sun et al. (2008);
Waelkens et al. (2009); Sun & Reich (2009) (the hammurabi7 code), derived from a 3D
distribution of the Galactic thermal electrons, cosmic-ray electrons and magnetic fields.
The code is able to reproduce all-sky or zoom-in maps of the Galactic emission over a
wide frequency range.

In addition to simulations, a number of observational projects have given estimates
of Galactic foregrounds in small selected areas. Ali et al. (2008) have used 153 MHz
observations with GMRT to characterize the visibility correlation function of the fore-
grounds. Rogers & Bowman (2008) have measured the spectral index of the diffuse radio
background between 100 and 200 MHz. Pen et al. (2009) have set an upper limit to the
diffuse polarized Galactic emission; and Bernardi et al. (2009, and submitted) obtained
the most recent and comprehensive targeted observations with the Westerbork Synthesis
Radio Telescope (WSRT).

2Low Frequency Array, http://www.lofar.org
3Murchinson Widefield Array, http://www.mwatelescope.org/
421 Centimeter Array, http://21cma.bao.ac.cn/
5Precision Array to Probe EoR, http://astro.berkeley.edu/∼dbacker/eor
6Square Kilometer Array, http://www.skatelescope.org/
7http://www.mpa-garching.mpg.de/hammurabi/
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However, current observations are not able to fully constrain the foregrounds, especial
the Galactic polarized synchrotron emission, as required by EoR experiments. The im-
portance of the polarized foreground stems from the fact that the LOFAR instrument, in
common with all current interferometric EoR experiments, has an instrumentally polarized
response. An improper polarization calibration will give rise to leakages of the complex
polarized signal to the total signal. Since the Galactic polarized emission is quite struc-
tured along the frequency direction, the leakage of polarized intensity will have similar
structures along the frequency and will mimic the EoR signal. Therefore, for reliable de-
tection of the EoR signal it is essential at this stage, to simulate the polarized foregrounds,
the instrumental response and test the influence of the leakages on the extraction of the
EoR signal.

In our previous model (Jelić et al., 2008), the total intensity Galactic emission maps
were obtained from three Gaussian random fields. The first two were for the amplitudes
of synchrotron and free-free emission and the third was for the spectral index of the
synchrotron emission. The polarized maps were simulated in a similar way but with
added multiple 2D Faraday screens along the line of sight. Despite the ability of that
model to simulate observed characteristics of the Galactic emission (e.g. spatial and
frequency variations of brightness temperature and its spectral index), the model had
some disadvantages: e.g. the Galactic emission was derived ad hoc and depolarization
effects were not taken into account.

This chapter focuses on simulating the Galactic synchrotron and free-free emission
in total and polarized intensity, as an extension of our previous foreground model (Jelić
et al., 2008) for the LOFAR-EoR experiment. The Galactic emission in our current model
is derived from the physical quantities and 3D characteristics of the Galaxy (e.g. the
cosmic ray and thermal electron density, and the magnetic field). In addition, the model
has the flexibility to simulate any peculiar case of the Galactic emission including very
complex polarized structures produced by “Faraday screens” and depolarization due to
Faraday thick layers.

Our Galactic emission model has some similarities with the hammurabi model, but
the difference between the two is the main purpose of the simulations. The hammurabi
simulation is based on a very complex Galactic model with aim to reproduce the observed
all-sky maps of the Galactic emission. Because of its complexity, the high resolution zoom-
in maps require a lot of computing power and time (Sun & Reich, 2009). In contrast,
our model is restricted to produce fast and relatively small maps of Galactic emission,
which are then used as a foreground template for the LOFAR-EoR end to end simulation.
Since the foreground subtraction is usually done along the frequency direction, our simple
model also includes 3D spatial variations of the spectral index of the Galactic synchrotron
radiation.

The chapter is organized as follows. Section 3.2 gives a brief theoretical overview of
the Galactic emission and Faraday rotation. The observational constrains of the Galactic
emission are presented in Sec. 3.3. The simulation algorithm is described in Sec. 3.4,
while a few simulated maps for peculiar cases of the Galactic emission are presented in
Sec. 3.5. The chapter concludes with summary (Sec. 3.6). The need for a good polarization
calibration is illustrated in Ch. 5.
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3.2 Theory

In radio astronomy, at frequencies where the Rayleigh-Jeans law is applicable, the radi-
ation intensity, I (energy emitted per unit time per solid angle and per unit area and
unit frequency), at the frequency ν is commonly expressed in terms of the brightness
temperature (Tb):

Tb(ν) =
c2

2kBν2
I(ν), (3.1)

where c is the speed of light and kB Boltzmann’s constant.
The emission coefficient, j (energy emitted per unit time per solid angle and per unit

volume), at a certain frequency can also be expressed in terms of the unit temperature,
jb(ν) = c2

2kBν2 j(ν), so that:

Tb(ν) =
∫
jb(ν)ds, (3.2)

where the integral is taken along the line of sight (LOS).
In the following subsection we will give a brief theoretical overview of the Galactic

synchrotron and free-free emission, as well as Faraday rotation, that will be used later in
the simulation. The Galactic emission will be expressed in terms of jb and Tb.

3.2.1 Synchrotron emission

Synchrotron emission originates from the interaction between relativistically moving char-
ges and magnetic fields. In our own galaxy, synchrotron emission arises from cosmic ray
(CR) electrons produced mostly by supernova explosions and the Galactic magnetic field.
A fairly complete exposition of the synchrotron emission theory is presented in e.g. Pa-
cholczyk (1970) and Rybicki & Lightman (1986). Here we only give a simple description
of the emission.

The Galactic synchrotron emission (GSE) is partially linearly polarized. Its properties
depend on the spatial and energy distribution of the CR electrons, and the strength and
orientation of the perpendicular (with respect to the LOS) component of the Galactic
magnetic field, B⊥. The emission coefficients of the Galactic total and polarized syn-
chrotron radiation, jIsynb and jPIsynb , are given respectively in cgs units, at the frequency
ν, by:

jI,PIsynb = CI,PIsyn

(
2πmec

3e

)− p−1
2

ncrB
p+1
2
⊥ ν−

p+3
2 , (3.3)

with

CIsyn =
√

3e3

8πmekB(p+ 1)
Γ
(
p

4
− 1

12

)
Γ
(
p

4
+

19
12

)
, (3.4)

CPIsyn =
√

3e3

32πmekB
Γ
(
p

4
− 1

12

)
Γ
(
p

4
+

7
12

)
. (3.5)

The charge of the electron is given by e = 4.8 · 10−10 Fr, the mass by me = 9.1 · 10−28 g
and ncr is the CR electron density. Note that for the CR electrons we assume that their
energy spectrum is a power law with a spectral index p: N(γ)dγ = ncr0γ

−p, where γ is
the Lorenz factor and N(γ) the number density of electrons with energy between γ and
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γ + dγ and ncr0 normalization constant. Furthermore, we assume that their velocity and
pitch angle distribution is isotropic. Both simplifications are consistent with observations
and are widely used by many authors (e.g. Sun et al., 2008; Waelkens et al., 2009, as most
recent examples). Note that the intrinsic degree of polarization of synchrotron radiation
depends on the energy spectral index p and is given by

Π =
p+ 1
p+ 7/3

. (3.6)

The Stokes Q and U parameters of the polarized GSE are given by:

jQb = jPIsynb cos 2Φ, (3.7)

jUb = jPIsynb sin 2Φ, (3.8)

where Φ is polarization angle defined with respect to the orientation of the magnetic field.
By integrating jIsynb , jQb & jUb along some LOS (see Eq. 3.2) we get the total and

polarized Galactic synchrotron emission in terms of the brightness temperature (T Isynb ,
TQb & TUb ). Note that observed polarized emission and polarization angle Φobs are given
by:

TPIb =
√

(TQb )2 + (TUb )2, (3.9)

Φobs =
1
2

arctan
TUb
TQb

. (3.10)

3.2.2 Free-free emission

Radiation due to (de)acceleration of a charged particle in the electrical field of another
is called bremsstrahlung or free-free radiation. The Galactic free-free emission originates
from electron-ion encounter in the warm ionized gas. As for the synchrotron emission a
detail theory of the free-free radiation can be found in e.g. Rybicki & Lightman (1986)
and Wilson et al. (2009), here we give only the necessary formulae.

The optical depth, τffν , of the warm ionized gas at a given low radio frequency ν is:

τffν = 3.01 · 10−8gff

(
Te
[K]

)− 3
2
(

ν

[MHz]

)−2
EM

[cm−6pc]
, (3.11)

where Te is temperature of the ionized gas, gff is the Gaunt factor of the free-free tran-
sition given by:

gff = ln

[
4.95 · 10−5

(
ν

[MHz]

)−1
]

+ 1.5 ln
(
Te
[K]

)
, (3.12)

and EM is emission measure defined as:

EM

[cm−6pc]
=
∫
n2
eds. (3.13)
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The integral is taken over the LOS, where ne in cm−3 is the electron density of the warm
ionized gas.

The Galactic free-free emission in terms of brightness temperature, jffb , is given by:

jffb = Te(1− e−τ
ff

). (3.14)

Note that for optically thin ionized gas, jffb is simply given by jffb = Teτ
ff .

3.2.3 Faraday rotation

When the polarization angle of an electromagnetic wave is rotated while passing through
a magnetized plasma, the effect is called Faraday rotation (for details see Rybicki &
Lightman, 1986; Wilson et al., 2009). The rotation 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, (3.15)

where the polarization angle of the wave before rotation is denoted with Φ0. Eq. 3.15 is
also written as Φ = Φ0 +RMλ2 with λ in units of m and RM (rotation measure) defined
as:

RM

[rad m−2]
= 0.81

∫
ne

[cm−3]
B‖

[µG]
ds

[pc]
. (3.16)

The RM is positive when B‖ points towards observer and negative when B‖ points in
away.

3.3 Observational constraints

There are several all-sky maps of the total Galactic diffuse radio emission at different
frequencies and angular resolutions (Haslam et al., 1982; Reich & Reich, 1986, 1988; Page
et al., 2007). The 150 MHz map by Landecker & Wielebinski (1970) is the only all-sky
map in the frequency range (100 − 200 MHz) relevant for the EoR experiments, but has
only 5◦ resolution.

At high Galactic latitudes the minimum brightness temperature of the Galactic diffuse
emission is about 20 K at 325 MHz with variations of the order of 2 per cent on scales
from 5 to 30 arcmin across the sky (de Bruyn et al., 1998). At the same Galactic latitudes,
the temperature spectral index of the Galactic emission is about −2.55 at between 100
and 200 MHz (Rogers & Bowman, 2008) and steepens towards higher frequencies (e.g.
Platania et al., 1998; Bennett et al., 2003; Bernardi et al., 2004). Furthermore, the spectral
index gradually changes with position on the sky. This change appears to be caused by a
variation in the spectral index along the line of sight. An appropriate standard deviation
in the power law index, in the frequency range 100–200 MHz appears to be of the order
of ∼ 0.1 (Shaver et al. 1999).

Using the obtained values at 325 MHz and assuming the frequency power law depen-
dence, the Galactic diffuse emission is expected to be 140 K at 150 MHz, with ∼ 3 K
fluctuations.
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Studies of the Galactic polarized diffuse emission are done mostly at high radio (∼
1GHz) frequencies (for a recent review see, Reich, 2006). At lower frequencies (∼ 350MHz),
there are several fields done with the Westerbork telescope (WSRT) (Wieringa et al., 1993;
Haverkorn et al., 2003; Schnitzler, 2008). These studies revealed a large number of un-
usually shaped polarized small-scale structures of the Galactic emission, which have no
counterpart in the total intensity. These structures are usually attributed to the Faraday
rotation effects along the line of sight. A recent method by Brentjens & de Bruyn (2005,
Faraday rotation measure synthesis) allows to overcome the problem of bandwidth depo-
larization and to distinguish among different synchrotron emitting regions along the line
of sight.

At high Galactic latitudes, the Galactic polarized emission at 350 MHz is around 5 K
or more, on 5–10 arcmin scales (de Bruyn et al., 2006). At 150 MHz this polarized emission
would scale to few tens of Kelvin if it were Faraday thin. However, depolarization, that is
prominent at low radio frequencies, can significantly lower the level of polarized emission.

Recently, a comprehensive program was initiated by the LOFAR-EoR collaboration
to directly measure the properties of the Galactic radio emission in the frequency range
relevant for the EoR experiments. The observations were carried out using the Low
Frequency Front Ends (LFFE) on the WSRT radio telescope. Three different fields were
observed. The first field was a highly polarized region known as the “Fan region” in the
2nd Galactic quadrant at a low Galactic latitude of ∼ 10◦ Bernardi et al. (2009). The
second field was a very cold region in the Galactic halo (l ∼ 170◦) around the bright radio
quasar 3C196, and third was a region around the North Celestial Pole (NCP, l ∼ 125◦,
Bernardi et al., submitted). The last two fields represent possible targets for the LOFAR-
EoR observations. Below we present the main results of these papers.

In the “Fan region”, fluctuations of the Galactic diffuse emission were detected at
150 MHz for the first time. The fluctuations were detected both in total and polarized
intensity, with an rms of 14 K (13 arcmin resolution) and 7.2 K (4 arcmin resolution)
respectively (Bernardi et al., 2009). Their spatial structure appeared to have a power law
behavior with a slope of −2.2±0.3 in total intensity and −1.65±0.15 in polarized intensity.
Note that, due to its strong polarized emission, the “Fan region” is not a representative
part of the high Galactic latitude sky.

Fluctuations of the total intensity Galactic diffuse emission in the “3C196” and “NGP”
fields were also observed on scales larger than 30 arcmin, with an rms of 3.3 K and 5.5 K
respectively.

Patchy polarized emission was found in the “3C196” field, with an rms value of 0.68 K
on scales larger than 30 arcmin (Bernardi et al., submitted). Thus, the Galactic polar-
ized emission fluctuations seem to be smaller than expected by extrapolating from higher
frequency observations. Recent observations at mid-galactic latitude with the Giant Me-
trewave Radio Telescope (GMRT) confirm this conclusion, by setting an upper limit to
the diffuse polarized Galactic emission in their field to be < 3 K at 150 MHz and on scales
between 36 and 10 arcmin (Pen et al., 2009).
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3.4 Simulation

In this section, the various components of the simulation that lead towards the brightness
temperature maps of the Galactic synchrotron and free-free emission in a total and po-
larized intensity are explained. Because the simulated maps will be used as a foreground
template for the LOFAR-EoR end-to-end simulations, the foreground simulations assume
the angular and frequency range of the LOFAR-EoR experiment, i.e. 10◦×10◦ maps from
115 MHz to 180 MHz. In addition, all parameters of the simulations can be tuned to any
desired value or have any desired characteristic, allowing to explore the parameter space
of our Galactic model.

The first step in our simulation is to calculate, at a certain frequency, the 3D emission
coefficient of the Galactic synchrotron and free-free emission expressed in terms of unit
temperature (see Eq. 3.3 & 3.14). The emission coefficients are obtained from the cosmic-
ray, ncr, and thermal electron, ne, densities, and the Galactic magnetic field ( ~B). Given
the 3D emission coefficients, we integrate along the LOS to obtain the brightness tem-
perature maps of the Galactic synchrotron and free-free emission at a certain frequency.
The calculation also includes Faraday rotation effects. Note that all parameters of the
simulation are set to be in an agreement with the observed properties of the Galactic
emission.

Our algorithm is based on a 3D grid in a Cartesian coordinate system, where xy-plane
represents the angular plane of the sky (“flat sky” approximation valid for a small field
of view) and z axis is a line of sight direction in parsecs.

In the following subsections we describe in detail the inputs (ncr, ne and ~B) and the
algorithm that is used to obtain the Galactic emission maps. The simulated maps of a
few different cases of the Galactic emission will be presented in Sec. 3.5.

3.4.1 Cosmic ray electron density

The cosmic ray (CR) electrons relevant for the Galactic synchrotron emission have energies
between 400 MeV and 25 GeV, assuming a Galactic magnetic field of a few µG (Webber
et al., 1980). In this energy range, the CR electron distribution can be described as a power
law. The power law is normalized according to the measurements obtained in the solar
neighborhood. However, the locally measured values might not be a good representative
for the CR density elsewhere in the Galaxy (e.g. Strong et al., 2004). As a consequence,
the CR electron distribution is weakly constrained.

In our simulation, uniform CR electron density distribution is assumed in the xy-plane.
In the z direction we follow Sun et al. (2008) and assume an exponential distribution:

ncr = ncr0 exp
(
−z

1kpc

)
. (3.17)

Note that ncr0 depends on the assumed energy spectral index p of the CR electrons, so it is
normalized according to Eq. 3.2 for the synchrotron radiation. Assuming Tb(150 MHz) '
145 K, B⊥ = 5 µG and p = 2, we get ncr0 ' 1.4 · 10−8 cm−3.

In the desired frequency range of our simulation, the assumed energy spectral index
p = 2 is consistent with the values of the typically observed brightness temperature
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spectral index of the Galactic synchrotron emission (β = −2.5, see Sec. 3.3 )8.
In addition, the spatial variations of the spectral index p are introduced to mimic

the observed spatial fluctuations of β. We follow our previous model (Jelić et al., 2008)
and simulate the variation of p (or β) as a Gaussian random field (GRF). For the power
spectrum of the GRF it is assumed a power law with index −2.7 (Jelić et al., 2008).

3.4.2 Galactic magnetic field

The Galactic magnetic field has two components: 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
Beck et al., 1996; Han & Wielebinski, 2002). The regular component is usually simulated as
a combination of a disk and a halo field, whereas the random field component is simulated
as a Gaussian random field, GRF, (for details see Sun et al., 2008; Sun & Reich, 2009).
Note that for our calculations, we split ~B in a component parallel (B‖) and perpendicular
(B⊥) to the LOS, so that Faraday rotation is defined by B‖ and synchrotron emission by
B⊥.

Considering the aim of our effort to simulate the Galactic emission for a small patch
of the sky, we treat the regular field component in a simplified way. The regular field
component is assumed to be uniform in the xy-plane and to have an exponential decrease
in the z direction. The typical value of the regular field component is a few µG (for review
see Beck et al., 1996; Han & Wielebinski, 2002).

For the random field component we follow Sun et al. (2008); Sun & Reich (2009) and
simulate it as a GRF. The power spectrum of the field follows a power law, with spectral
index −8/3. This spectral index is commonly used for a Kolmogorov-like turbulence
spectrum.

In our simulation, the realization of the random field component is done in the following
way. First we generate three different GRFs for the bx, by and bz component. From those
three fields, we then calculate the amplitude of ~b and normalize it to the desired value. A
typical value for the mean random field strength is b = 3 µG (Sun et al., 2008).

3.4.3 Thermal electron density

At high Galactic latitudes, the warm ionized medium consists mostly of diffuse ionized gas
(DIG) with total emission measure of ∼ 5 pc cm−6 and Te = 8000 K (Reynolds, 1990).
The properties of the DIG can be traced by its free-free emission and dispersion measure9

(DM) of pulsars (e.g. Gaensler et al., 2008).
Recent simulations of the Galactic emission (Sun et al., 2008; Waelkens et al., 2009; Sun

& Reich, 2009) used the Cordes & Lazio (2002) model for the thermal electron distribution.
That model simulates the Galaxy as several large-scale (e.g. thin and thick disk, and spiral
arms) and small-scale (e.g. supernovae bubbles) structures. In our simulation, we follow
our previous model of the Galactic free-free emission (Jelić et al., 2008) and simulate the

8The brightness temperature spectral index β of the Galactic synchrotron emission and the energy
spectral index p of the CR electrons are related as β = −(p+ 3)/2.

9The dispersion measure is defined as the integral of the thermal electron density along the LOS.
Knowing the distance to the pulsars (e.g. determined by parallax), an electron density model can be
obtained by a fit to the observed DMs.
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Figure 3.1: Flow chart of the algorithm: the Galactic emission (synchrotron and free- free) is
derived from the physical quantities and 3D characteristics of the Galaxy, i.e. cosmic ray, ncr,
and thermal electron, ne, density; and magnetic field, ~B. In addition, the algorithm includes
Faraday rotation effects.

thermal electron density distribution as a GRF with the power law type of the spectrum.
The spectral index of the power law is −3. The amplitude of the GRF (thermal electron
density) is normalized in a way to match the typical observed EM of the quasars at high
Galactic latitudes (EM values are taken from Berkhuijsen et al., 2006).

It is important to note that our model is flexible to include additional features of the
thermal electron distribution, e.g. dense bubbles or clumpy distribution. Some of these
features are presented in Sec. 3.5.

3.4.4 The Algorithm

Here we summarize the steps we follow to obtain maps of the Galactic emission at a
desired frequency. The flow chart of the algorithm is presented in Fig. 3.1.

1. The CR electron density, ncr, and the regular component, ~Br, of the Galactic mag-
netic field are defined on 3D grid. The distributions of ncr and ~Br are uniform in
the xy-plane and have an exponential decrease in the z direction.

2. The spatial distribution of the CR electron energy spectral index, p, the random
component, ~b, of the Galactic magnetic field and the thermal electron density, ne,
are simulated as GRFs. The GRFs are normalized to result in a desired rms value
of the brightness temperature maps. Note that additional features in the electron
distribution are added if desired.

3. The parallel, B‖, and perpendicular, B⊥, component of the total Galactic magnetic
field, ~B, are calculated from ~Br and ~b.
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4. Using Eq. 3.3, the emission coefficients of the Galactic total, jIsynb , and polarized,
jPIsynb , synchrotron radiation are calculated.

5. The optical depth, τff , and emission coefficient, jffb , of the thermal plasma are
obtained from Eq. 3.11 & 3.14. Note that these effect is really significant only on
the lowest radio frequencies.

6. Absorption of the synchrotron emission by the optical thickness of the ionized plasma
is taken into account as exp (−τff ) factor.

7. Using Eq. 3.15, the Faraday rotation effect is calculated and the polarization angle,
Φ, is obtained. Note that the intrinsic polarization angle, Φ0, is defined as the
inclination of B⊥.

8. The Stokes Q and U emission coefficients of the polarized emission, jQb & jUb , are
calculated using Eq. 3.7 & 3.8.

9. By integrating jIsynb , jQb & jUb along some LOS (see Eq. 3.2), the total and polarized
Galactic synchrotron emission in terms of the brightness temperature, T Isynb , TQb &
TUb , are obtained.

10. Finally, the maps of the total polarized emission (TPIb ) and observed polarization
angle Φobs is calculated using Eq. 3.9 & 3.10.

In the following section we will show some examples of the Galactic emission maps ob-
tained by this algorithm.

3.5 Examples

Here we demonstrate the ability of our algorithm to simulate synchrotron and free-free
maps both in total and polarized intensity for different examples of the spatial distribution
of Galactic emission. The maps are presented for four simple Galactic emission models,
each with their own peculiarity:

• Model A: CR electrons are distributed in a region of 1 kpc in depth along the LOS.
In front of this region, there is a thermal electron cloud of 300 pc in depth along the
LOS. The thermal electron cloud is acting as a “Faraday screen” that rotates the
polarization angle of synchrotron emission. The intensity of the polarized emission
is unchanged.

• Model B: Both CR and thermal electrons are mixed in the region of 1 kpc in depth
along the LOS. The polarized synchrotron radiation is differentially Faraday rotated
and depolarization occurs.

• Model C: CR electrons are distributed in the same way as in the model A, while
the thermal electrons are mixed in the first and the last one-third of the CR electron
region. The middle region, with only CR electrons, will enhance the coherence in
polarized emission.
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Figure 3.2: The intensity distributions (see Fig. 3.3 & 3.4) are obtained for four different models
of the Galactic emission . The first (model A) assumes that synchrotron and free-free emitters
are spatially separated, so that thermal plasma acts as a “Faraday screen”. The second, third
and fourth (model B, C, & D) have regions where both types permeate in a different way. The
synchrotron emission is differentially Faraday rotated and depolarization occurs.

Table 3.1: The physical parameters of CR electrons, thermal electrons and magnetic field used
to calculate the Galactic emission. The same values are used in all four models.

p̄
ncr0 Br,‖ Br,⊥ ¯EM Te

[cm−3] [µG] [µG] [cm−6pc] [K]
2 1.4 · 10−8 3 2.5 8 8000

• Model D: The same as model B, but in the middle of the simulated region there
is a dense thermal electron bubble 300 pc in depth along the LOS, with a strong
magnetic field B‖ = 10 µG. The Faraday rotation along the bubble will be much
larger than in other parts of the region. Note that the size of the bubble is quite
larger in order to make its appearance in the final maps more clear.

Note that for simplicity we ignore the random component of the Galactic magnetic field.
As a consequence, depolarization is produced only by thermal plasma.

In reality, the Galactic emission is much more complicated than these examples suggest.
Therefore, in the LOFAR-EoR end-to-end simulations we use a combination of these
simple models as our Galactic foreground template. In this chapter, our goal is to test
the functionality of the simulations.

The physical parameters used to calculate Galactic emission are presented in Table 3.1.
The maps are obtained in the frequency range from 115 to 180 MHz, with 0.5 MHz step.
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Table 3.2: The mean and rms value of the maps shown in the Fig. 3.3 & 3.4. All the values are
given in kelvin. For completeness, degree of polarized (PI/T ) and depolarized (dep.) emission is
calculated.

Isyn Iff iPIsyn PIA PIB PIC PID
mean 142 1.5 98 98 10 34 11
rms 3 0.1 2 2 5 15 5
PI/I - - 69% 69% 7% 23% 8%
dep. - - 0% 0% 90% 66% 88%

The synchrotron emission originates from the same CR electron distribution in all four
models. Therefore, the brightness temperature maps of the total and intrinsic10 polarized
synchrotron emission are equivalent in all four models. The same is valid for the free-free
emission, i.e., ne is normalized to the same value of EM . The resulting 10◦ × 10◦ maps
at 150 MHz are shown in Fig. 3.3, while the mean and rms of the maps are given in
Table 3.2.

As a first test of our algorithm, we estimate the degree of intrinsic polarization, Π,
from the simulated maps. By dividing the intrinsic polarized emission map and the total
intensity map, we obtain Π = 0.69 (see Table 3.2). This value is in a good agreement with
the expected theoretical value Πp=2 = 9/13 (see Eq. 3.6).

The second test is to estimate the brightness temperature spectral index, βsyn, of
the Galactic synchrotron emission. The index βsyn is estimated from the frequency data
cube (i.e., maps of the emission as a function of frequency). The obtained map of βsyn
is shown in the Fig. 3.3 (third panel). The mean value of βsyn is -2.50, which is in a
good agreement with the expected theoretical value βp=2 = −(p+ 3)/2 = −2.55. A slight
difference between the two is caused by the 3D spatial variations of the spectral index
p. Recall that variations of βsyn are important for testing the foreground subtraction
algorithms.

Simulated polarized emission maps of the four Galactic synchrotron emission models
are shown in Fig. 3.4. Their mean and rms values together with the degree of polarization
and depolarization are listed in Table 3.2. Comparing the intrinsically polarized emission
(second panel in the Fig. 3.3) with the polarized emission in the four models (see Fig. 3.4),
we conclude that all maps have the characteristics as expected.

Model A assumes that there is no region in which the plasma (thermal electron cloud)
is mixed with CR electrons. Therefore, polarization angles along the LOS are Faraday
rotated by an equal amount (defined by Eq. 3.15). Since there is no differential Fara-
day rotation, the polarized intensity of the synchrotron emission is unchanged (see first
panel on the Fig. 3.4). Note that fluctuations of the polarization angle over the map are
determined only by the spatial RM fluctuations of the plasma.

In B, C and D models there are regions where both CR and thermal electrons are
mixed. The polarization angle of the synchrotron radiation is then differentially Faraday
rotated along the LOS in those regions. As a result, the polarized synchrotron radiation
is quenched. The level of the polarized emission is smaller than intrinsic polarization

10Here, the intrinsic polarized emission, iP Isyn, means emission defined by Eq. 3.3. Note that the
polarization angle of this emission is assumed to be uniform across the whole region. Thus any effect
caused by thermal electrons will be immediately apparent.
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Figure 3.3: Simulated maps of the total (first panel) and intrinsic polarized (second panel)
intensity of the Galactic synchrotron emission. The polarization angle is plotted over the polarized
map as a white lines. The map of brightness temperature spectral index β of simulated total
intensity synchrotron emission is shown on the third panel. The total intensity map of the free-
free emission is shown on the fourth panel. The angular size of the maps are 10◦ × 10◦, with
∼ 1 arcmin resolution. The color bar represents the brightness temperature Tb of emission in
kelvin at 150 MHz. The mean and rms value of the maps are given in the Table 3.2.
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Figure 3.4: Simulated maps of the polarized intensity and polarization angle (white lines) of
the four different Galactic synchrotron emission models (A, B, C and D from left to right). The
angular size of the maps are 10◦ × 10◦, with ∼ 1 arcmin resolution. The mean and rms values
of the maps at 150 MHz are given in the Table 3.2.
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Figure 3.5: A random line through synchrotron total intensity (TIsyn) and polarized intensity
(PIsyn, Qsyn) frequency data cubes. The solid lines are for the Galactic model A, dashed lines
for model B and dotted lines for model D. TIsyn is the same in all four models, while Usyn
is not presented since it is similar to Qsyn. Note the polarized structures along the frequency
direction. An improper polarization calibration of the instrument could cause a leakage of these
structures to the total intensity and severely contaminate the EoR signal.

emission. Note that the depolarization is smaller in model C than in B and D, since in
the former there is a region with only synchrotron emission.

In Fig. 3.5, we show a random sight line along the frequency direction through syn-
chrotron total intensity, Isyn, and polarized intensity, PIsyn data cubes. We also show
a line of sight in Stokes, Qsyn. The lines are presented for models A, B, and D in the
Fig. 3.5 (solid, dashed and dotted line).

The lines through the total intensity data cubes are obviously the same in all three
models. The lines are smooth functions along the frequency direction and are the result
of the superposition of power laws. The lines in polarized intensity are quite different.
Models B and D show the fluctuations along the frequency direction, while model A
shows a power law behavior as in total intensity. The fluctuations along the frequency
direction are produced by the regions where both CR and thermal electrons are embedded
together. The synchrotron radiation along the line of sight is not uniformly Faraday
rotated and depolarization occurs. Since the model D has a region with high density
plasma and strong magnetic field, differential Faraday rotation is more prominent than
in model B and the fluctuations show more structures. Model A shows no fluctuations,
since the whole synchrotron emission is uniformly Faraday rotated along the line of sight
and depolarization does not occur.

In Ch. 5, we explore leakages of the polarized structures to the total intensity data
caused by an improper polarization calibration of the LOFAR telescope. Full understand-
ing of these leakages is necessary in all EoR experiments, because they could contaminate
the EoR signal.
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3.6 Summary

This chapter presents Galactic foreground simulations used as templates for the LOFAR-
EoR testing pipeline. The simulations provide maps of the Galactic free-free emission and
the Galactic synchrotron emission both in total and polarized intensity. The maps are
10◦ × 10◦ in size, with ∼ 1 arcmin resolution and cover the frequency range between 115
and 180 MHz pertaining to the LOFAR-EoR experiment. The code however is flexible as
can provide simulation over any scale with any spatial and frequency resolution.

The Galactic emission is calculated from a 3D distribution of cosmic ray and thermal
electrons, and the Galactic magnetic field. The model assumes two magnetic field com-
ponents: regular and random. The latter magnetic field and the thermal electron density
are simulated as Gaussian random fields with power law power spectra. In addition, the
spatial variations of the energy spectral index p of the cosmic ray electrons are introduced
to mimic the observed fluctuations of the brightness temperature spectral index β. Note
that all parameters of the simulation can be tuned to any desired value and this allows to
explore the whole parameter space.

The total and polarized Galactic maps are obtained for four different models of Galactic
emission (see Fig. 3.3 & 3.4). The first assumes that synchrotron and free-free emitters are
spatially separated, such that thermal plasma acts as a “Faraday screen”. The amplitude
of the polarized emission is unchanged, while the polarization angles Faraday rotate. Other
three simulation have regions where both types of emitters are mixed in different ways.
The synchrotron emission is differentially Faraday rotated and depolarization occurs (see
Table 3.2).

The main result of our simulations is that we are able to produce Galactic polarized
synchrotron emission that is structured along the frequency direction (see Fig. 3.5) compa-
rable to observations. The importance of this result comes from the fact that the planned
EoR radio arrays have a polarized response and the extraction of the EoR signal from the
foregrounds is usually performed along the frequency direction. Therefore, if the Galactic
foreground is a smooth function (superposition of power laws) along the frequency in a
total intensity and it fluctuates in polarized intensity. And the EoR signal is fluctuates
along the frequency direction in total intensity, a calibration of the instrumental polarized
response can transfer a fraction of the polarized signal into a total intensity. As a result,
the leaked polarized emission can mimic the cosmological signal and make its extraction
very difficult. This problem will be illustrated further in Ch. 5.
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