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Abstract

Observations of Milky Way and many other galaxies reveal the magnetic field as
an important component of the interstellar medium. The question of the origin of
such strong magnetic fields has been investigated since many years. The most plau-
sible explanation is due to the operation of a process called large scale magnetic
dynamo. This process uses the turbulent kinetic energy driven by the supernovae
explosion to twist and fold the magnetic field lines, and as a result the total flux in-
creases. Due to the global differential rotation the newly created chaotic magnetic
field is being regularised and contributes to the large scale magnetic field. The cru-
cial parameters of this process is the angular velocity and the shape of the rotation
curve, as well as the supernova rate.

This thesis are devoted to investigate the operation of the large scale dynamo
in one of the smallest galaxies in the Universe. The dwarf galaxies are low mass ob-
jects, and therefore they rotates very slowly. This makes them very unfavourable
place to host a dynamo action, but still in several dwarf galaxies strong magnetic
fields are observed. Additionally this galaxies can be also seen as the local proxies of
the high redshift building blocks of more massive galaxies according to the current
paradigm of the hierarchical galaxy formation. Therefore investigation of the mag-
netic field evolution of dwarf galaxies not only can explain the current observations
but as well can bring more light on the very young Universe, while the first galaxies
were formed.

I present a 3D global-galactic model of a dwarf galaxy which consists of two
gravitational components: the stars and the dark matter halo. To describe the halo
potential two different models are use, namely the “modified isothermal sphere”
and the purely phenomenological profile proposed by Burkert. The system is in-
corporated to the numerical code, which solves a set of MHD equations with an
additional cosmic-ray component described in terms of the fluid approximation.
The supernova are injected to the system by introducing a 3D Gaussian distribution
into the CR fluid. The system initially have magnetic field set to zero and to seed the
dynamo small magnetic dipoles are injected with the very first supernovae.

The results show that the final magnetic field depends strongly on the rotation
speed. Only the fastest rotating models reach within 6 Gyr of simulation the equilib-
rium level between the magnetic field and thermal gas pressure. The final magnetic
field is about few uG and the dominating component is the toroidal magnetic field
while the vertical structures are very weak. The simulation results are compared
with the observations of galaxies such as IC 10, NGC 1569, NGC 6682 and NGC 4449.
The simulations of the cosmic ray driven dynamo in global model of dwarf galaxy

show that the observed magnetic field can be explained in terms of this process.
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CHAPTER

Magnetic fields in the Universe

The history of studying the magnetism phenomena dates back to 1600 when an English
physicist, Wiliam Gilbert! published his work called De Magnete, Magneticisque Cor-
poribus, et de Magno Magnete Tellure?>. In his work, Gilbert introduce the magnetism
study as a one of the science area and states that one of the celestial bodies, Earth, it-
self is a magnet. Nowadays we know that Earth not only has magnetic field on its sur-
face, which helps us to distinguish the cardinal directions, but also the field extends to
the outer space and forms a protective magnetosphere. In 1908 a great discovery was
made: George Ellery Hale3 showed that for many years observed sunspots are strongly
magnetized (Hale 1908). This discovery was very important for two reasons: it eluci-
date the physical basis of solar cycle and this was also a first detection of magnetic fields
outside the Earth. The following decades brought us observations and theoretical pre-
dictions of magnetic fields in other planets and stars, and many different objects like:
pulsars, black holes, accretion disks, dust clouds, Milky Way, galaxies (Riidiger & Holler-
bach 2004), clusters (Ryu et al. 2012) and others. Today we know magnetic fields are
ubiquitous in the Universe. They can be also found in many objects in different scales
starting from meters and kilometres up to kiloparsecs and even megaparsecs.

The aim of investigation the magnetic field in astrophysical context is not only find-
ing it in different objects, but also, and most important, to understand its influence on
the physical processes and objects evolution. In the case of our Earth, the magnetic field
creates a protective magnetosphere against the solar wind and charged particles, which
can be dangerous for the biological organism (Wei et al. 2012; Randall et al. 2005). On the
Sun the magnetic field also plays and important role. Every 11 years the polarity of the

magnetic field in the Sun is reversed (e.g. Foukal 2004). This phenomena is responsible

11544-1603, he was also a physician and natural philosopher
20n the Magnet and Magnetic Bodies, and on That Great Magnet the Earth
31868-1938, an American solar astronomer
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for the amount of radiation coming to the Earth and the mean temperature on it (e.g.
Maunder Minimum, Eddy 1976). This is also related to the so called space weather?,
which is important for the communication systems, satellites, human spaceflight and
many more.

Magnetic fields play also an important role in more distant objects. It helps to lose the
matter of angular momentum and as the result of this it speeds up the matter accretion
or collapse (e.g. Joos et al. 2012). This process is important in a big class of objects, called
accretion disks (Li 2003). Accretion disk is usually formed around a central compact
object, like neutron star or black hole, and is formed out of the surrounding matter falling
due to gravitational force on that object. However it is necessary to have some additional
dynamics in the disk to lose the angular momentum, this can be done via magnetic field
which help to drive turbulence (e.g. MRI, Balbus 2009). In this type of objects very often
jets are formed, which are a very collimated streams of matter flowing out of the polar
regions of the central object. The magnetic field seems to be responsible also for this
collimation (Ouyed & Pudritz 1997a,b).

The problem with angular momentum transport is also an issue in the case of form-
ing new object, like planets or stars. The molecular clouds, from which new objects are
created, can more easily collapse with aid of the magnetic field (McKee & Ostriker 2007).
It seems also that magnetic field rules the direction of matter condensation in galaxies
and therefore influence the creation of new stellar birth places (Li & Henning 2011).

The magnetic field itself is dynamic and can evolve and change with time. It has
some embedded properties like helicity conservation (Vishniac & Cho 2001) or it could
be transformed by physical process e.g. reconnection. The reconnection is currently
deeply investigated by many researcher groups. The model proposed by Sweet (1958)
and Parker (1957) is too slow with respect to the observations (Priest & Forbes 2000) and
Petschek (1964) description is not stable and needs anomalous viscosity (Biskamp 1993).
The model proposed by Lazarian & Vishniac (1999) assumes that the reconnection re-
gion is turbulent, an therefore this can significantly speed up the process (Kowal et al.
2009). In the reconnection zone some part of the magnetic field can by transformed into
heat and particle acceleration. Reconnection events can be seen in the Earth magneto-
sphere (Ashour-Abdalla et al. 2011), on the Sun (e.g. coronal mass ejections) and in the
laboratory (Zweibel & Yamada 2009). It is believed that it also plays a role in different
objects, e.g. blazars where it can cause so called mini jets (Nalewajko et al. 2011).

This short introduction shows only that magnetic fields are very important and ubiq-
uitous component of the Universe. Its presents and impact on physical processes can not
be neglected and should be deeply investigated. This thesis are dedicated to study one
of the problem in astrophysical magnetic fields which is the galactic magnetism in the

case of one of the smallest objects of this type called dwarf galaxies. In the next chapters

4e.g. http://www.spaceweather.com
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I will describe the current knowledge of the galactic magnetism, the properties of dwarf
galaxies and a brief view on the dynamo theory focusing on one of the model namely, on
cosmic-ray driven dynamo. Then I introduce a numerical model of a dwarf galaxy, com-
putational methods which were used to simulate the evolution of the model and finally I

present the results and draw conclusions.



CHAPTER

Galactic magnetism

Galaxies are very fascinating objects to study, because of many different physical pro-
cesses which occurs in them. The galaxy image in the visual part of the electromagnetic
spectrum is dominated by the optical light produced by stars, which contributes mostly
to the visible galactic mass. The stars creates a system of compact objects which are
gravitationally bound and move through the galaxy almost collisionless. The most sig-
nificant and mysterious contribution to the galactic mass is due to a dark matter (DM).
The dark matter can only interact with the visible matter via the gravitational force and
is responsible for creating a huge halo in which the galaxy is embedded (Navarro et al.
1996). The interstellar matter (ISM), which fills the space between the stars, is only a few
percent of the total mass (Sparke & Gallagher 2007). The ISM consists of gas in ionic,
atomic and molecular form, dust, and cosmic rays. The ionization degree of the ionized
part of ISM is between 30 and 100% (Ferriére 2001). Together with a magnetic field the
ionized ISM gas creates a perfect system to be modelled in terms of magnetohydrody-
namics (MHD). The effective mean free path of interstellar gas particles is small enough
and therefore the fluid approximation is valid in very broad range of conditions. From
observations we know that ISM gas, cosmic rays and magnetic fields are in a pressure
equilibrium (Boulares & Cox 1990). To build a proper model of a galaxy one need to take

every component in to account.

2.1 Observations of galactic magnetic fields

Galactic magnetic fields can be observed mostly by using polarization methods. One
of them is observation of polarized infrared radiation emitted by dust grains. These
grains are elongated and can be aligned by the magnetic field perpendicular to field lines
(Lazarian & Cho 2005). They can also polarize an optical emission coming from the back-

ground stars (Davis & Greenstein 1951). For very strong fields and relatively close objects
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it is possible to detect Zeeman splitting of radio spectral lines. These three methods are
applicable only for observation of the Milky Way’s and near by galaxies magnetic fields.
For distant objects, and our Galaxy too, one can use the fourth method, namely syn-
chrotron emission.

In the galaxy there is lots of cosmic-ray electrons produced by supernovae explosions
and jets in e.g. micro quasars (O’C. Drury 2012). They are spinning around the magnetic
field lines almost with a speed of light and emit the synchrotron radiation (Rybicki &
Lightman 1986). It can be observed mostly at broad range of radio frequencies, but some
most energetic electrons can emit light in infrared or even in higher frequencies. The in-
tensity of this radiation is related to the electron density and magnetic field component
in the sky plane of the observed region (Kraus 1966). The synchrotron emission observed
by a telescope in a completely regular field within its beam is polarized with a degree as
high as 75% (Pacholczyk 1970). The regular magnetic field in galaxies can be generated
by e.g. a dynamo process. Polarized emission can emerge also from anisotropic magnetic
field regions formed in compression or shearing gas flow, where frequently the magnetic
field direction is reversed by 180° scales smaller then beam size. Any deviation of or-
dered field orientation within the beam reduce the degree of polarization. Unpolarized
synchrotron radiation is a sign of tangled field lines with random directions shaped by
turbulent gas motions. In observations one should deal with a mixture of ordered and
random field, therefore three components of magnetic field are distinguished: regular,
anisotropic and random (Beck 2007). Together, the regular and anisotropic magnetic
fields are considered as the ordered component. The polarized synchrotron emission
gives only the information about the orientation of magnetic field lines, but not about
their direction. To find the direction one should measure the Faraday rotation.

At short radio wavelengths the magnetic field orientation is just perpendicular to
the observed synchrotron polarization. At longer wavelengths one need to consider the
Faraday rotation. The Faraday effect causes a rotation of the plane of polarization which
is linearly proportional to the component of the magnetic field in the direction of propa-
gation (Longair 2010). The rotation angle increases with the plasma density, the strength
of the component of the regular field along the line of sight and the square of the ob-
servation wavelength. If one combine observations at few wavelengths it is possible to
derive the magnetic field component parallel to the line of sight. It is also possible to
find the direction of the magnetic field, because fields directed towards us cause an anti-
clockwise sense of rotation, fields directed away from us a clockwise rotation. In the case
of ordered component of magnetic field the regular field do Faraday rotation, but the
anisotropic do not (Beck 2007). Combining observations of polarization of synchrotron
radiation and Faraday rotation measurements yields in fully three dimensional picture

of the magnetic field.
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Figure 2.1: Left panel: Total radio emission and magnetic field vectors of M 51 observed
at A6 cm with VLA and Effelsberg and overlaid on a Hubble Space Telescope image
[http://heritage.stsci.edu/2001/10, image credit: NASA and The Hubble Heritage Team
(STScI/AURA)]. From Fletcher et al. (2011). Right panel: Total intensity contours and
magnetic field vectors of NGC 1097 observed at A6.2 cm with VLA. The length of the
vectors is proportional to the polarized intensity. From Beck et al. (2005).

2.1.1 Spiral, barred and flocculent galaxies

Assuming the equipartition between energy densities of cosmic rays and magnetic fields
it is possible to derive not only the orientation of the field but also its strength. The mean
equipartition strength of the total field for a sample of 74 spiral galaxies (Niklas 1995;
Beck 2005) is 9 uG. In the case of grand-design spirals with massive star formation like
M 51, M 83 and NGC 6946 the typical average strength is around 15 uG. In prominent
spiral arms the total equipartition field can be up to 30 uG. The strongest magnetic field
of value 50-100 uG has been found in starburst galaxies like M 82 and Antennae, and in
the starburst nuclear regions like in NGC 1097. For interacting galaxies the mean value
of the total magnetic field strength is higher then this found in non-interacting objects.
According to Drzazga et al. (2011) it is about 15 uG. It is also worth notice that the mean
value is changing with the interaction stage and is growing up to tens of uG and in the
coalescence stage it drops rapidly to very low values.

The global structure of the magnetic fields in the disk plane forms almost in every
galaxy a nice spiral pattern following the optical structure. However the most regular
fields are slightly offset from the optical arms, like in M 51 (Fig. 2.1, left panel). It seems
to be because the regular component is not resolved in the spiral arms due the tangling
caused by increased turbulence. The turbulence is triggered by a star formation and su-
pernova shock fronts which are mostly produced in the spiral arms. Similar patterns can
be found in other objects like M 81 (Krause et al. 1989a) or M 83 (Beck 2005), where the
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Figure 2.2: Left panel: Polarized synchrotron intensity (contours) and magnetic field ori-
entation of NGC 6946 observed at A6.2 cm with the VLA and combined with extended
emission observed with the Effelsberg 100-m telescope (Beck & Hoernes 1996). The
lengths of the vectors are proportional to the degree of polarization. Ha image in grey
scale. Right panel: Magnetic field vectors derived from VLA observations of NGC 4414
overlaid on optical image from HST, both rectified to face-on view (Soida et al. 2002).
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Figure 2.3: Left panel: Radio observations of galaxy NGC 891 at A3.6 with 100 m Effelsberg
telescope (Krause 2009). The contours show the total intensities while the vectors the
magnetic field orientations. The radio map is overlaid on an optical image from Canada-
France-Hawaii Telescope/(c)1999 CFHT/Coelum. Right panel: Polarized intensity map
at 4.86 GHz observed with VLA of NGC 5775 with vectors of magnetic field orientation
(Soida et al. 2011) superimposed on an Ha image.

regular pattern is slightly shifted to the inner edges of the optical arms. Observations of
NGC 6946 (Fig. 2.2, left panel) reveal two distinct magnetic spiral arms located in the in-
terarm region, without any association with gas and stars. The magnetic arms are almost
parallel to the adjacent optical arms, and are less than 1 kpc wide. Magnetic field seems
to be almost perfectly aligned, because the degree of polarization is exceptionally high,
around 50%.

In the case of barred galaxies the velocity pattern and the magnetic field structure



CHAPTER 2. GALACTIC MAGNETISM 8
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Major
Axis
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Figure 2.4: Regular magnetic field in M 51 derived by fitting a model to observed po-
larization angles at A3, A6, A18, A20 cm. Left panel shows the regular magnetic field in
the disk and right in the halo. The length of the vectors is proportional to field strength
and are overlaid on a Hubble Space Telescope optical image [image credit: NASA, ESA, S.
Beckwith (STScI) and The Hubble Heritage Team (STScI/AURA)]. Figures from Fletcher
etal. (2011).

is distorted by the gravitational potential of the bar. Observations of NGC 1097 and
NGC 1365 (Beck et al. 2005) show that the polarized emission is the strongest in the
galaxy centre, and the magnetic field is 20-30 uG in the case of NGC 1365 and 60 uG in
NGC 1097. In the bar of NGC 1097 the magnetic field is aligned in the shearing flow caus-
ing a strong depolarization valleys, which are formed in front of the dust lanes (Fig. 2.1,
right panel). In those regions the magnetic field vectors are rotated by almost 90° hence
the polarized emission vanishes. In outer disk the magnetic fields forms a spiral struc-
ture along the optical arms also filling the interarm regions, with the maximum total
magnetic field strength about 10 uG.

Magnetic spiral structures can be also found in objects without prominent optical
arms i.e. flocculent galaxies. In those objects the pattern of magnetic field is similar to
that found in grand-designed galaxies (Knapik et al. 2000) suggesting that the dynamo
works without assistance from density waves.

Another issue which is deeply studied is the vertical structure of the magnetic field in
galaxies. Observations of several edge-on galaxies showed the magnetic field is mainly
parallel to the disk along the mid plane of the disk. However away from the disk the

magnetic field has vertical components increasing with the distance from the central re-



CHAPTER 2. GALACTIC MAGNETISM 9

T | T
2 g
_~ : 100°
& T
& ‘
o b — — —Sun N 0:
> _— W2 i
g Z i N
‘ AN
a 50 ca‘/“? i \ a0
o ! \ R
2 ‘
2 A ‘ %, \
g I &5 i L \e
. . R
g 7y T A ‘ U?}L .
3 \ K 1 %
a \ i /
\ | S/
5
N ‘
£ | -
| N~ 5. 3
n n A n n n n n n 1\ n " n
-10 -5 0 5 10

Distance from the Sun: X (kpc)

Figure 2.5: Magnetic field pattern (red arrows) in Milky Way inferred from observations
of Faraday effect and dispersion measure of galactic pulsars. Spiral density waves are
marked in grey. From Han et al. (2006).

gion. Such and X-shaped structure can be found in several galaxies, e.g. NGC 891 (Krause
2009) and NGC 5775 (Soida et al. 2011). Observations of theses galaxies are shown in Fig.
2.3.

Recent observations and modelling of magnetic field structure in M 51 by Fletcher
et al. (2011) reveals very intriguing results. The magnetic field in the disk plane seems to
have a typical structure generated by the dynamo process and some slight deviations can
be due to the interaction with neighbouring galaxy and prominent spiral arms. However
the modelled field in the halo is surprising: it is directed inwards in the north, opposite
to the direction of the disc field, and outwards in the south, same as the disc field, see
Fig. 2.4. Tt is no clear what caused such structure in this galaxy. Fletcher et al. (2011)
speculated that this can be related to: (i) two different dynamo regimes in disk and halo,
(i) a relic of magnetic field or (iii) advection of the disk field to the halo where the velocity

field transforms it to the observed structure, this however needs further investigation.

2.1.2 Milky Way

The Milky Way is the "closest” galaxy to Earth, because we are part of this system and
embedded in its environment. This makes it both easy and difficult to observe. It is easy
because of the relatively short "distance”, but because we are embedded in the system
it is difficult to built whole picture of the large scale structure of the magnetic field and
compare it with other galaxies. Mostly we built this picture by gathering many observa-
tions from different locations done with many techniques. One of them is to measure
the Faraday effect of galactic and extragalactic objects. Such observations of 38 nearby

galactic pulsars has shown the coherent component of the local magnetic field is primar-
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ily toroidal with a strength B =2.24+0.4 uG (Manchester 1974). The following years bring
more such observations and multiply the sample by about 20. A new method to analyse
such data was proposed by Frick et al. (2001). This method base on wavelet transfor-
mation and in their paper they conclude that the large scale structure of the Galactic
magnetic field is quadrupolar. Wielebinski & Beck (2005) showed that the overall field
structure follows the optical spiral arms which is distorted in some places close to star
forming regions. They have found a large-scale field reversal of direction within the solar
radius (Fig. 2.5). Sun et al. (2008) confirmed this result and showed that the field direc-
tion in the disk is the same as above and below the plane. According to radio synchrotron
observations, optical polarizations and Zeeman splitting observations the mean value of
magnetic field is 6 uG near the Sun and increases to 20-40 uG in the Galactic centre.
In some structures, like radio filaments close to Galactic centre or massive star forming
regions, strong deviations form the mean value of the magnetic field have been found,

reaching even up to several mG strength (Heiles & Crutcher 2005).

2.1.3 Elliptical galaxies

There are strong indications that elliptical galaxies have uG magnetic fields, but with
no positive detection of polarized synchrotron emission or any other manifestation of
regular magnetic field (Moss & Shukurov 1996). Observations of these galaxies in ra-
dio is very difficult because of paucity of relativistic electrons, but still their presence is
revealed using this technique and also by measuring the Faraday effect of background
sources (Widrow 2002).

2.2 Dwarf galaxies

Dwarf galaxies are smaller, fainter and less massive than the spirals and ellipticals, but
they are most numerous population in the Universe (Grebel 2001; Blanton et al. 2002).
According to the hierarchical clustering scenario they were the primary building blocks
of more massive objects. Via merging and mass accretion from the environment they
form big spiral or barred galaxies and therefore dwarf galaxies are very important in the
galaxies evolution. From the ACDM model of galaxy formation (Blumenthal et al. 1984)
we know the predicted number of dwarfs around more massive objects, like e.g. our
Galaxy. However the observations did not agree with this prediction because the num-
ber of observed dwarfs around Milky Way is less than expected. The "missing satellites
problem” (e.g. Kravtsov 2010) seems to be resolved recently by finding ultra faint dwarfs
in the Sload Digital Sky Survey data (Belokurov et al. 2007). The question of formation of
this objects has been studied by e.g. Governato et al. (2010) and Lokas et al. (2012).

The magnetic fields in dwarf galaxies can play very important role. First, the ob-

servations show that the magnetic field is and important source of pressure for the ISM
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Figure 2.6: Left panel: radio observations of NGC 4449 by Chyzy et al. (2000) with VLA.
Total power contour map at 8.46 GHz with B-vectors of polarized intensity is superim-
posed on Ha image. Right panel: Radio observations of NGC 1569 done by Kepley et al.
(2010) with VLA and WSRT. Rotation measure is marked in colour and it is given in units
103 rad m—2. Total power contours and B-vectors are derived from A3 cm data and are
overlaid on an Ha image.

(Boulares & Cox 1990). It is often assumed that the ISM in galaxies is in equipartition
with almost equally distributed energy into magnetic fields, cosmic rays and turbulence
(Ferriere 2001). Second, these objects are less massive hence the gravitational potential
well is shallower and this facilitate the gas to escape the galaxy in form of galactic winds
(e.g. Mac Low & Ferrara 1999; Scannapieco & Briiggen 2010). This wind can also drag the
magnetic field out of the disk to the intergalactic medium (IGM) since the magnetic field
is frozen into the outflowing plasma. Possible magnetization of the IGM via the mag-
netized wind has been studied by Bertone et al. (2006) and in the case of dwarf galaxies
by Kronberg et al. (1999). Simulations of cosmic ray dynamo process in dwarf galaxies
(Siejkowski et al. 2010) show significant loss of the magnetic field from the domain and
the outflow depends on the star formation rate. Studies of dwarf galaxy formation by
Dubois & Teyssier (2010) also implies the IGM seeding via the galactic winds.

Strong magnetic fields were discovered in bright NGC 4449 with the total field strength
of about 12 uG and regular component of up to 8 uG (Klein et al. 1996; Chyzy et al. 2000).
Kepley et al. (2010) reported about similar magnetic fields in NGC 1569. In other ob-
jects like NGC 6822, IC 10 (Chyzy et al. 2003) and LMC (Klein et al. 1993; Gaensler et al.
2005) the observed magnetic fields are weaker, reaching a value about 5-7 uG. The ob-
served structure of the magnetic fields in dwarf galaxies is similar to this found in floc-
culent galaxies. In Fig. 2.6 I present the polarization maps of NGC 4449 (left panel) and
NGC 1569 (right panel). They have large scale magnetic fields with a signs of spiral pat-
tern, but no optical counterparts are present. It is worth noticed that these galaxies,
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CHARACTERISTICS OF OBSERVED DWARF GALAXIES

Galaxy name Biot SFR Total mass Vrot Linear size
uG 1073 Mg yr—! 1My  kms™! kpc
Aquarius* <4.5%+1.2 0.046 5.4 13 0.61x0.30
SagDIG* <4.1%1.1 0.067 9.6 14 0.88x0.64
Pegasus* <3.71+0.9 0.300 58 17 1.11x0.60
Leo A* <4.4+41.2 0.032 11 18 1.03x0.62
LGS 3* <4.0%+1.0 0.003 13 18 0.36x0.36
GR 8* <3.6%+0.9 0.700 7.6 21 0.70x0.64
WLM* <3.9+0.9 1.000 150 23 3.08x1.07
Sextans A* <3.1+0.8 2.000 395 33 2.26x1.88
Sextans B* <2.8+0.6 2.000 885 38 2.02x1.39
IC 1613* 2.8+0.7 3.000 795 37 3.44x3.08
NGC 4449 9.3£2.0 470.000 70000 40 6.66x4.731
NGC 1569 14.0+£3.0  320.000 297 42 3.03x1.52%
IC 10* 9.7£2.0  60.000 1580 47 1.31x1.13
NGC 6822* 4.0£1.0  21.000 1640 58 2.25x1.96
SMC* 3.2£1.0  46.000 2400 60 5.85x3.22f
LMC* 4.3+1.0 260.000 20000 72 9.38x8.007

Table 2.1: Magnetic fields estimation and physical parameters for sample of Local Group
dwarfs and comparison objects. Subsequent columns show: the galaxy name the total
magnetic field, the star formation rate, the total mass and the linear size. Members of the
Local Group are marked with *. Most of the data come from Chyzy et al. (2011) except
those marked with  which are taken from NED database. The horizontal line separates
the object list for galaxies with only upper limits on magnetic field (upper part) and with
positive detection (lower part). Within each part objects are sorted ascending with re-
spect to the rotational velocity.

especially NGC 1569, are under strong influence of infalling gas from the surrounding,
which have a significant impact on the magnetic field structure.

Observations of these objects brought some insight about the dynamo process in
dwarf galaxies, but all of these objects are optically bright and showed disturbed kine-
matics. Therefore the sample could be influenced by a strong selection effects. Chyzy
et al. (2011) completed a sample of dwarf and small irregular galaxies from the Local
Group. It their paper they searched for different relations between the magnetic fields
and other properties like star formation rate (SFR), velocity rotation, etc. This sample
was intended to be a representative group of objects to investigate the typical conditions
for dynamo process to occur. A list of objects from the sample is showed in Tab. 2.1.

Chyzy et al. (2011) found that SFR regulates the strength of magnetic fields (see Fig.
2.7, left panel). This seems to be consistent with the predictions of the dynamo theory,
where the generated magnetic field depends on the energy input (see Sec. 2.3.1). SFR
determines the number of supernova explosions which contributes significantly to the

turbulent energy. These results are very similar to the conclusions of the previous theo-
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Figure 2.7: Magnetic fields dependence on star formation rate (left panel) and rotation
velocity (right panel) deduced from observations by Chyzy et al. (2011). The objects
marked with triangles show only upper limits of the magnetic field strength.

retical study by Siejkowski et al. (2010).

Another key parameter of the dynamo process is the velocity of the rotation (see Sec.
2.3.1). Chyzy et al. (2011) have investigated a possible relation between the maximum
Urot and magnetic field strength (see 2.7, right panel). For slow rotation (< 40 km/s) all
galaxies have weak fields, below 4 uG. However faster rotating objects can have stronger
or weaker fields, but this relation is probably distorted by the fact that objects with strong
magnetic fields are undergoing a heavy star formation. The contribution to the turbulent
energy by supernova explosions can cause a strong disturbances in the velocity pattern,
therefore the estimation of the maximum rotation speed is difficult. For the comparison
of the rotation curves for NGC 4449 (high SFR) and NGC 6822 (low SFR) see Fig. 2.8.

2.3 Magnetic dynamo

Magnetic dynamo is a process, which converts a kinetic energy of electrically conduct-
ing matter into magnetic field. For the first time in astrophysical context this process was
applied by Larmor (1919) to explain magnetic fields in the Sun and Earth. The dynamo
theory started to develop. Finally Parker (1971) propose that this process can also oper-
ate in galaxies. In literature the dynamos often are divided into small scale and large scale
dynamos (Brandenburg & Subramanian 2005). Large scale dynamos generate magnetic
fields with spatial coherence and also long-term temporal order e.g. the 11 year solar cy-
cle. Otherwise the small scale dynamo, often called fluctuation dynamo, produce mag-
netic fields that are correlated on scales of the order of the energy carrying scale of the

turbulence or smaller. The small scale dynamo is very important because it can grow the
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Figure 2.8: Left panel: Rotation curve of NGC 6822 derived from Hi observations by
Weldrake et al. (2003). Right panel: Rotation curve of NGC 4449 derive from Ha data by
Valdez-Gutiérrez et al. (2002).

magnetic fields in physical settings where the large scale dynamo do not operate. This
can be related to objects with low rotation like e.g. galaxy clusters. This type of dynamo
has larger growth rates than the large scale and therefore it can play a role in the Early
Universe, where very weak primordial magnetic fields were generated. The observations
described in Sec. 2.1.1 and 2.2 show that galaxies have a large scale magnetic fields, so
the process which is responsible for producing and maintaining such fields is the large
scale dynamo.

Galaxies create a perfect place to host a dynamo process. They have lots of kinetic
energy stored in (a) a large scale differential rotation, (b) small scale turbulence induced
by supernova explosions and (c) the ISM is ionized. According to Ferriére (2001) the ISM
is a multi phase medium and its biggest volume fraction is filled with an ionized gas of
temperature 6000 K and above. The (a), (b) and (c¢) components make possible to initiate
and maintain the large scale dynamo action in galaxies.

The dynamo theory is based on the induction equation (e.g. Jackson 1975):

OB

Esz(va)—Vx(anB), (2.1)

where n = 1/ou is the magnetic diffusivity with o electrical conductivity and u perme-
ability. If the n) is constant the above equation simplifies to:
0B

7 =V x (vxB)+nV?B. (2.2)

To get a dynamo solution on can use the mean field approximation (Moffatt 1978) or
using the perturbation theory (Shukurov & Sokoloff 2008). However each of the model
need initially non-zero magnetic field i.e. B(# = 0) # 0. This not only an issue of initial

conditions for equation solution but it is a big and still open question of the origin of
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Figure 2.9: From left: axisymmetric (ASS) and bisymmetric (BSS) field configurations for
disk systems; quadrupolar (even symmetry) and dipolar (odd symmetry) vertical field
configurations. The toroidal field is indicated by ® (field out of the page) and ® (field
into the page). The horizontal and vertical dashed lines show disk midplane and rotation
axis, respectively.

magnetic fields in the Early Universe. Widrow (2002) in his review introduced a current
knowledge and possible explanation of the primordial magnetic fields.

The large scale dynamo is responsible for the shape of magnetic fields global struc-
ture. In the galaxy plane the azimuthal structure can be axisymmetric (ASS) or bisym-
metric spiral (BSS), see Fig. 2.9 for details. Most of the galaxies have the ASS mode or
the mixture of the ASS and the BSS. So far only in one galaxy the BSS structure has been
found, namely in M 81 (Sokoloff et al. 1992). In the case of the vertical structure it can
be dipolar (odd symmetry) or quadrupolar (even symmetry), see Fig. 2.9 for details. The
vertical field with an odd symmetry is excited by dynamo in spherical objects like stars or
planets. On the other side galaxies, i.e. very flat objects, the vertical field have the even

symmetry.

2.3.1 Cosmic ray driven dynamo

The dynamo efficiency is characterized by the growth rate of the magnetic fields. This is
especially important in the case of galactic dynamo, because the extremely weak primor-
dial magnetic fields should be amplified within a galaxy lifetime. Observations shows
that galaxies of redshift z = 1 already have strong magnetic fields (Bernet et al. 2008).
The solution of the mean field dynamo results however in small amplification time scales
and additionally it does not assume any feedback of the magnetic fields on the medium
(Widrow 2002), therefore alternatives scenarios has been developed. One of them is a
process proposed by Gressel et al. (2008) where the dynamo is driven by the thermal in-
stabilities cause by explosions of supernovae. They found that the e-folding time of the
amplification mechanism is about 7, =250 Myr and is dependent on the rotation speed.
A second approach suggested by Parker (1992) relies on the fact that the gaseous disc of
a galaxy is unstable to perturbations of the magnetic field lines which lie parallel to the
plane (Parker 1965). The unperturbed state consists of magnetic field embedded in the

stratified and partially ionised medium (i.e. ISM), and the cosmic rays. If there is a kink
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in the magnetic field lines which causes them to bulge out of the plane. The cosmic rays
‘inflates’ the kink, but the cold matter falls down to the galactic plane. The kink starts to
be buoyant and grows creating a so called Parker loop. This mechanism can occur when
the cosmic ray pressure is greater then the magnetic field pressure. The cosmic rays are
efficiently produced in the supernova explosions so they can be responsible for creating
such kink. If the 'inflated’ Parker loop is growing in a rotating system the Coriolis force
acts on it and cause a twist. The lines close to galactic plane starts to be oppositely di-
rected and a reconnection event can occur creating a closed loop. If this process repeats
many times it can lead to a significant increase of the total magnetic flux.

The cosmic ray driven dynamo has been numerically tested in the case of local shear-
ing box approximation of a spiral galaxy (Hanasz et al. 2006). The e-folding time scale of
the magnetic field amplification can be as fast as 140 Myr. An extensively parameter
study of this local model is presented in Hanasz et al. (2009a). Hanasz et al. (2009b) and
Kulpa-Dybet et al. (2011) reported about cosmic ray driven dynamo in global simulations
of spiral and barred galaxy, respectively. They found that the dynamo e-folding time in
both cases is around 300 Myr. Siejkowski et al. (2010) apply this dynamo model to the low
mass objects, like dwarfs and small irregular galaxies. The growth rate of the magnetic
field is strongly dependent on the rotation speed, but for objects with vyor > 40 km s~! the
saturation of the dynamo is reached after 1,5-2 Gyr. The saturation occurs because the
magnetic field pressure is comparable to the cosmic-ray pressure, and the Parker loops
can not be so easily created. The e-folding time is also dependent on the supernova rate
(SNR) and the time of quiescent state (no supernova activity). The bigger the SNR the
faster the growth rate, but too much of the explosions can suppress the dynamo action,
especially the creation of the regular component of the magnetic field.

The local simulations however give no hint about the large scale azimuthal and ver-
tical structure of the magnetic fields. There have been attempts to determine such struc-
ture by joining few simulation boxes located at different radius Otmianowska-Mazur
et al. (2009) but this method is not applicable to the small objects. Dwarf galaxies are
very small (few kpc in diameter) and the rotation curve changes rapidly with radius, so
to derive the global structure one should simulate a whole galaxy within a domain. The
aim of this work is building a consistent with observations global model of a dwarf galaxy
and simulate the cosmic-ray driven dynamo. In the next chapter I show a detailed de-

scription of the dwarf galaxy model.



CHAPTER

Numerical model

3.1 MHD equations

To simulate the dwarf galaxy model a numerical code called Gopunov-MHD was em-
ployed. It solves a system of 3D magnetohydrodynamics equations in a conservative
form (eg. Goedbloed & Poedts 2004):

ap

PV ol pwwt (ptpat B )1-BB] = _py (3.2)
ot PWTA\PTPaT g an |~ 7P ¢ '
JA
E—vx(VxA)—an(VxA)=0, (3.3)

where: p, p and v are the gas density, pressure and velocity, respectively, p.r is the

cosmic-ray pressure (for details see Sec. 3.2), A is the vector potential, B=V x A is the

magnetic field, ¢ is the gravitational potential, n is the magnetic turbulent diffusivity and

I is the identity matrix. To close the system an isothermal equation of state is assumed:
c2

pP=—p (3.4)
14

where c; is the isothermal speed of sound and 7 is the adiabatic index of the gas.

3.2 Cosmic ray component

The MHD equations describes the evolution of the plasma and magnetic field, but as
mentioned in the Sec. 2.3.1 the cosmic-ray driven dynamo needs an additional com-
ponent, namely the cosmic rays (CRs). If we assume that, as a result of scattering off

magnetic field inhomogeneities, the CR particles participates completely in the motion

17
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of the thermal gas then we can approximate this component as a fluid which evolution

is described by the diffusion-advection transport equation (Schlickeiser & Lerche 1985):

deg .
;t +V(exv)=V(KVee)— pua(V-V)+Q, (3.5)

where e, is the CR energy density, K is the diffusion tensor, v is the plasma velocity, pe;
is the CR pressure and Q is the source term of e.;. CR pressure is related to the e, via the
adiabatic CR index:

Per = (Yor — e (3.6)

The diffusion of CRs is anisotropic (Giacalone & Jokipii 1999) with respect to the mag-
netic field, hence the diffusion tensor K from Eq. 3.5 is defined as follows (Ryu et al.
2003):

Kij=K10;j+(Kj—Ky)n;nj, (3.7)

where K| and K| are the diffusion coefficients perpendicular and parallel to the local
magnetic field, respectively, and n; = B;/B is the i-th component of the vector tangent

to the local magnetic field.

3.3 Gravitational potential

The dwarf galaxy potential well is given by two components dark matter (DM) halo and
thin stellar disc. This type of galaxies do not have bulge (Governato et al. 2010) which is
usually present in bigger objects, like grand designed spirals. The stars are distributed in

infinitesimally thin Kuzmin’s disk with surface density (eg. Binney & Tremaine 2008):

aM,
27(R2% + a?)3/2
where M, is the total mass of stars, a is the radial scalelength and R is the radius in
equatorial plane (z = 0), i.e. R = 4/x?+ y?. The potential well generated by this mass
distribution is (Fig. 3.1):

Yi(R)= (3.8)

GM,

\/R2+(a+|z|)2.

In order to generate a flat rotation curve in outer regions of galaxy one needs to add a

¢+(R,z)=— 3.9)

DM halo to the gravitationally potential. Often the DM halo in galaxies is approximated
by a “modified isothermal sphere” (MIS) which belongs to a class of double (broken)
power-low density distributions (see Mo et al. 2010). The density profile for this particu-

lar case is:
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Po

o) = ———, 3.10
N SN .
where p is the central density, ry is the core radius and r is the distance to the centre
r =4/ R?+ z2. The halo mass as a function of radius is then:
r
M}ifo(r) = f d r’4nr’2pl’£f]‘\’/[(r’) = 47Tp0rg(x —arctanx), (3.11)

0
where x = r/ry. Using the Poisson’s equation we can find the DM potential for the
isothermal case:

iso 5|1 5, arctanx

Bo(r)=4nGpor; 51n(1+x )+T , (3.12)
where G is the gravitational constant.

Burkert (1995) showed that Eq. 3.11 do not agree with the DM mass distribution

derived from the observations of neutral hydrogen rotation curves in four well studied
dwarf galaxies. In his paper he propose a purely phenomenological DM density profile

for dwarfs:

Polo

_ 3.13
(r+r)(r?+rg) (5.13)

pL(r)=

where 1y, po and x have the same meaning as in the isothermal sphere case. The mass

distribution is then:
Mﬁ(r) = 7'cp0r03 {—2 arctanx +2In(1+x)+1In(1 +x2)} , (3.14)

and the gravitational potential is:

B(r)=—nGporg {m—2(1+x"arctanx +2(1+x")In(1+x)

(3.15)
—(1-x"HIn(1+x2)}.

The “modified isothermal sphere” and Burkert gravitational potentials are compared in
Fig. 3.1.

3.4 Supernovae

In the cosmic-ray driven dynamo model the source term Q in Eq. 3.5 is attributed to
the supernovae remnants (Hanasz et al. 2004) where the CR particles are accelerated. A
fraction of the kinetic energy output of the SN explosion is converted into the accelera-

tion of the cosmic rays in the shock front. The conversion rate is 10-30% (Dorfi 2000) of
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Figure 3.1: Left panel: contours of potential for a stellar component modelled by
Kuzmin’s disk profile (Eq. 3.9). Right panel: comparison of dark matter halo poten-
tial models of Burkert (blue line, Eq. 3.15) and modified isothermal sphere (green line,
Eq. 3.12).

the kinetic energy. In this project it is assumed that the kinetic energy output of the SN
explosion is 10°! erg and the conversion rate is 10%.

In the model each SN explosion is modelled by a 3D Gaussian distribution of cosmic
ray energy input and it is added to the source term Q in Eq. 3.5. Some of the explosions
are magnetized and besides the input of CR energy, it injects a randomly oriented dipole
magnetic field to the ISM. The shape of vector potential is then (eg. Griffiths 1999):

mxr

Adip(r) =Ag (3.16)

3
where Ay is the amplitude and rh is the randomly oriented unit vector of the magnetic
dipole moment. The magnetized SN explosions occurs only for the first #pag time and
only 10% of all explosions in that time are magnetized.

The position of SNe explosion is chosen randomly according to the local gas density.
Schmidt (1959) and Kennicutt (1989) showed that in a simple self-gravitational picture

the large-scale star formation rate volume density psgr scales with gas density as follows:

Pser x p°/2, 3.17)

Using this relation we can build a cumulative distribution function (CDF) of SN explo-
sions in a galactic disk. Assuming a temporally constant SNe explosions frequency fsn
we can calculate a number of exploding stars and find their positions according to CDF
in each time step. The fsy is modulated in time and a schematic view of the SNe activity

history is shown in Figure 3.2.
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Figure 3.2: A scheme of supernovae activity modulation. In the each Tsy period only for
time ¢, the supernovae are active. This on-off modulation repeats in whole simulation.
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Figure 3.3: Test of CR diffusion along inclined magnetic field in an uniform medium
(Hanasz & Lesch 2003, Sec. 4.3). Left panel shows the CR energy density with over plotted
magnetic field. Right panel shows gas density and velocity field. Parameters and initial
conditions of the simulation are taken from the original paper.

3.5 Numerical code

Simulations of the dwarf galaxy model is done in framework of the numerical code GopuNov-
MHD written by Grzegorz Kowal (Kowal et al. 2009). The code solves set of MHD equa-
tions in a 3D Cartesian domain. It is written in Fortran 90/95 and the parallelisation
bases on MPI-2 interface (e.g. Gabriel et al. 2004) or OpenMP directives (e.g. Chapman

et al. 2007).

The code solves system of MHD equations (Sec. 3.1) using the Godunov scheme
(Godunov 1959) and approximated Riemann solvers: HLL (Harten et al. 1983) or HLLD
(Mignone 2007). The spatial reconstruction of states is second order accurate (see e.g.
LeVeque 2002) and the integration in time is calculated according to the Runge-Kutta
method (see e.g. Del Zanna et al. 2003). The induction equation (Eq. 3.3) is integrated
with the field-interpolated constrained transport (CT) scheme based on a staggered mesh
(see Londrillo & Del Zanna 2000) to maintain the V- B = 0 numerically constrained. The

GobpuNov-MHD code is extensively used in different astrophysical research fields simu-
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Figure 3.4: Test of CR diffusion in a stratified medium (Hanasz & Lesch 2003, Sec. 5).
Left panels show CR energy density with over plotted magnetic field. Right panel show a
density perturbation Ap/py in t = 100 with over plotted velocity field, where py = p(t =
0). Parameters and initial conditions of the simulation are taken from the original paper.

lating the small scale phenomena of turbulent reconnection (Kowal et al. 2009), the large
scale evolution of magnetic field in galaxies (e.g. Kulpa-Dybet et al. 2011; Otmianowska-
Mazur et al. 2011) and collisionless plasma in intra cluster medium (Kowal et al. 2011).
The cosmic-ray transport equation (Eq. 3.5) is incorporated to the code following the
Hanasz & Lesch (2003) description. The scheme has been tested using the tests from
the paper. The results of the active CR transport in uniform and stratified media are

presented in Fig. 3.3 and 3.4, respectively.

3.6 Initial conditions

The dwarf galaxy is set to be in hydrostatic equilibrium in its initial state. First the gas

density distribution in equatorial plane is assumed in a following form:

(8]

where po and R are the central gas density and core radius, respectively. Then to find

p(Rz=0)= (3.18)

the global gas distribution I use the "potential method" following Wang et al. (2010). The
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gravitational potential is the sum of dark matter halo and stellar components, ¢ = ¢pm+

¢+«. The azimuthal rotation velocity in a galaxy is found by solving the equation:

Inp

0
v: =R 99 )
InR|,_,

2
w =R gg| _ teUrath)

(3.19)

From the gas distribution the CR component distribution is found assuming they are in
pressure equilibrium, namely f = pcr/pgas = 1. The magnetic field in ¢ = 0 is set to
be zero (@ = pmag/Pgas = 0). To seed the dynamo action 10% of the SNe explosions are
magnetized (Sec. 3.4). The magnetized explosions occurs only for the first time #mag, and
then they are stopped. For the cases where the dynamo process operate the contribution

to the magnetic field from the magnetized explosions is negligible.

3.7 Model parameters and setups

The dwarf galaxy model described in details in latter sections is controlled by a number
of parameters. All these parameters and their units are summarised in Tables 3.1 and 3.2.
The three cardinal units i.e. time, length and mass are set to Gyr, kpc and 10% M, respec-
tively. The parameters showed in Table 3.1 are constant for all models presented in this

work.

3.7.1 Reference models

The basic distinction for the models is done according to the initial rotational velocity
(see Table 3.3), which spans from 20 up to 70 km s~!. The different vy, are achieved
only by increasing the stellar mass and DM core density. To create more realistic models
the object size, which is related to the R¢ parameter, is also bigger for faster rotating
objects. The rotation curves for those models are presented in Figure 3.5. The model
name consists of letter ‘v’ which stands for the velocity and a number which is a value
of the initial vo;. The models with the letter ‘b’ use the purely phenomenological DM
profile proposed by Burkert (Eq. 3.15).

In this reference models the assumed isothermal speed of sound is é; = 7 km s~!
and corresponds to the temperature of a gas about 6000 K. The SN frequency is set to
fsn =3000 kpc—? Gyr~! and is approximately equivalent to star formation surface density
Y.SFR = 4.7 X 10~* Mg yr~! kpc=2? (see Appendix A). This number is representative for
the dwarf galaxies sample from Chyzy et al. (2011). The fsy is modulated with a period
Tsn = 0.2 Gyr, and the SNe are active only for the beginning ¢, = 0.04 Gyr of each period
(see Sec. 3.4).
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THE SUMMARY OF CONSTANT PARAMETERS OF THE DWARF GALAXY MODEL

Symbol Description Value Unit

K parallel diffusion coefficient of the CR gas 10.0 kpc? Gyr~!
3%x102 m?s7!

K1 perpendicular diffusion coefficient of the CR gas 1.0 kpc? Gyr™!
3x102 m?s7!

n magnetic diffusivity 0.1 kpc? Gyr!
3x1021 m?s7!

Pg central gas density 29.5 10% Mg kpc3
2x10*! kgm™3

y gas adiabatic index 5/3

Yer CR gas adiabatic index 14/9

a ratio of magnetic to gas pressure (Pmag/Pgas) 0

B ratio of CR to gas pressure (pcr/Pgas) 1

I'mag period of time for magnetized SNe activity 0.6 Gyr

Numerics

Ny number of points in the domain in x direction 256

Ny number of points in the domain in y direction 256

N, number of points in the domain in z direction 128

Cmax Courant-Friedrichs-Lewy condition (Courant et al. 1967) 0.6

Table 3.1: The subsequent columns show: the symbol of the parameter, a brief descrip-
tion, the assumed value and its unit. For reader convenience some parameters are given
also in the SI units.

THE SUMMARY OF DWARF GALAXY MODEL PARAMETERS

Symbol Description Unit

Cs isothermal speed of sound, é; =c¢s/y kpc Gyr~!

M, total mass of stars 108 Mg

a radial scalelength of the stellar gravitational potential kpc

00 central density of the DM gravitational potential 108 My kpc3
T core radius of the DM gravitational potential kpc

Rc¢ core radius of the gas density distribution kpc

fsn SNe explosions frequency kpc—2 Gyr~!
Tsn period of the SNe modulation Gyr

ty duration of the SNe activity within one Tgn Gyr

Table 3.2: The subsequent columns show: the symbol of the parameter, a brief descrip-
tion and the default unit.
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PARAMETERS OF THE REFERENCE MODELS

Model | M, a Lo ro DMprofile My [Mg] Rc

v20 100 09 14.1 1.0 MIS 1.5x10% 1.2
v30 400 1.0 149 1.1 MIS 1.9x10°9 1.2
v40 1000 1.4 127 1.4 MIS 25x10°9 2.4
v50 2400 2.0 10.8 1.8 MIS 3.3x10° 2.4
v60 4000 2.0 94 22 MIS 40x10° 3.6
v70 6000 2.2 89 24 MIS 47x10° 3.6

v20b 100 09 238 1.2 Burkert 0.7x10° 1.2
v30b 400 1.0 238 1.2 Burkert 0.8x10° 1.2
v40b 1000 14 215 14 Burkert 1.0x10° 2.4
v50b 2400 2.0 18.1 1.8 Burkert 1.6x10° 2.4
v60b 4000 2.0 159 2.2 Burkert 22x10° 3.6
v70b 6000 2.2 150 24 Burkert 26x10° 3.6

Common parameters:
¢s =7kms™!, fon =3000 kpc—2 Gyr~!, Tsny =0.2 Gyr, £, =0.04 Gyr

Table 3.3: The meaning of the parameters and its units are described in the Table 3.2.
The MIS in the column “DM profile” stands for “modified isothermal sphere” described
by Eq. (3.12) and Burkert for profile defined by Eq. (3.15). The M}, = My(r < 10 kpc) is
the total halo mass within the defined radius. To calculate the mass for MIS profile the
Eq. (3.11) is used and for Burkert profile the Eq. (3.14). Parameters which are common
for all models are listed below the table.

80
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Figure 3.5: The rotation curves for the reference models. The solid lines mark the galaxies
with “modified isothermal sphere” DM model and the dashed lines the phenomenolog-
ical one proposed by Burkert (for details see Sec. 3.3).
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3.7.2 Supernovae modulation

Using the reference models from previous section a new set is created, which regards
to different star formation history. In this case only the parameters fsy, Tsy and ¢, are
changed, and the others are the same as in Table 3.3. The values of the parameters are

set in a way that the number of supernovae, Nsy, in each model is the same, i.e.:

t
Nsn = fsnTsn—— = fonta = const, (3.20)
Isn

but the t, is longer than in the reference models. This configuration gives the same
amount of energy input from SNe in all models and tests the dynamo action for objects
which do not have strong starburst events peaked in time, but the star formation activity
is lower but it lasts for longer times. The details of the models are presented in Table 3.4.
The model name is correspond with the reference model but with a prefix of letter ‘a’ and

a number which stands for fraction of SNe activity, i.e. t,/ Tsn.

3.7.3 Temperature of the ISM

Repeating the procedure form previous section I create models with different ISM tem-
peratures. The temperature T of an ideal gas is described by the ideal gaslaw pV=NkT,
where p is the pressure, V the volume and k the Boltzman'’s constant. If we assume that
the ISM consists mostly from hydrogen atoms, i.e. N = Vp/mp, where my; is the hydro-
gen mass. Substituting the pressure with the isothermal equation of state (Eq. 3.4), we
find that:

S = mpyé,. (3.21)

Using this relation we can find that T = 4000 K, T = 6000 K and T = 8000 K implies
isothermal speed of sound equal to 5.8 km s~1, 7 km s~! and 8.1 km s~!, respectively. To
test the dynamo dependence on the ISM temperature I setup a set of models for each of
the above ¢; values utilizing the following reference models: v30, v30b, v40, v50, v60, v70.

In total there is 12 new simulations.
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PARAMETERS OF SNE MODULATION MODELS

Model Ref. fsn ta  ta/Tsn  XSFR [Mg yr—! kpc=2]
a02v30 v30
a02v40 v40
a02v70 v70
a02v30b v30b
a02v40b v40b
a02v70b v70b
a04v30 v30
a04v40 v40
a04v70 v70
a04v30b v30b
a04v40b v40b
a04v70b v70b
a06v30 v30
ao6v40  v40
a06v70 v70
a06v30b v30b
a06v40b v40b
a06v70b v70b
a08v30 v30
ao8v40  v40
a08v70 v70
a08v30b v30b
a08v40b v40b
a08v70b v70b

3000 0.04 0.2 4.7x1074

1500 0.08 0.4 2.3x1074

1000 0.12 0.6 1.6x107*

750 0.16 0.8 1.2x107*

Table 3.4: Subsequent columns shows: the model name, the reference model name, the
parameters of SNe modulation and the corresponding value of the surface density of
the star formation rate according to Appendix A, assuming the model of the initial mass
function from Kennicutt (1998). The parameters which are not mentioned here are the
same as for the reference model from Table. 3.3.
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Results

In Section 3.7 I describe the detailed parameters of the dwarf galaxy models prepared for
the purpose of this thesis, and in total there are 42 different setups. They were simulated
on the computers supplied by the Polish Grid Infrastructure!. The main computations
were done on the Zeus Supercomputer in ACC Cyfronet AGH. Zeus is a cluster platform
with 13944 cores and 32TB of memory, connected over the Infiniband QDR. The core
simulations (without the data analysis) took in total about 400 000 CPU hours. The vi-
sualisation, data analysis, code testing and debugging were performed on the Octopus
cluster. Octopus is a system located in the Astronomical Observatory UJ built from 6
stations with 8 CPUs and 16GB of memory each. The visualization part and data plots
are done using following Python modules: for reading the HDF5 files PyTables (Alted
et al. 2002-), for operation on the arrays NumPy (Oliphant 2007) and for plotting the
Matplotlib (Hunter 2007).

4.1 TheISM evolution

The supernovae is distributed according to the local density (Sec. 3.4). To verify this as-
sumption a map of SNe distribution in the xy plane is plotted (Figure 4.1). The position
of each supernova is tracked in the code, and after the whole simulation the number
of explosions is summed over time. The distribution follows the density profile (as as-
sumed), and the sharp cutoff at certain radius is caused by a density threshold which
blocks the supernovae to explode in too dilute medium. Mostly dwarf galaxies do not
have any structure such as spiral arms, and therefore the SNe explosions occurs in a
whole disk. The presented result of SNe distribution is consistent with this statement.
The supernovae explosions influence the velocity field and can cause strong distur-

bance in the rotation curve as showed in Figure 2.8 for NGC 4449. To check the influence

thttp://www.plgrid.pl
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Figure 4.1: Number of supernovae explosion in xy plane summed over all simulation
time for the model v40.

of SNe imposed to the system via the cosmic rays, the rotation curves for the reference
models (Table 3.3) are plotted during one of the burst of SNe activity at t = 4.14 Gyr
(Figure 4.2). For slow rotation objects vy < 40 km s~! the influence is very low. Fast ro-
tating objects however have highly disturbed rotation curve, especially the v70 and v70b
models. The disturbances are not so strong as in the case of NGC 4449, but this can be
explained by lower SNR in the model then it is observed in the galaxy. Also no other
effects of extremely high SFR is taken in to account, e.g. the stellar winds which can de-
posit significantly amount of energy, mass and momentum in to the ISM (Leitherer et al.
1992).

Gas distribution in the disk for model v40 is shown in Figure 4.3. The first plot shows
the initial state of the system at ¢ = 0. There is only an azimuthal velocity component,
i.e. v; =0. The next plots show the evolution of the ISM. Because of the supernovae
activity the disk slightly expands in the xy plane and only small fluctuations appear. The
snapshots at ¢ = 4.10, 4.12 and 4.14 Gyr show the disk while it is undergoing a burst of
SNe explosions. The amount and size of fluctuations increase, but no prominent struc-
tures appear. Additionally, in the xz cuts one can see that the v, component is directed
away from the disk. For snapshots at t = 2.0 and 6.0 Gyr, while there have not been any
SNe explosions recently, the v, direction is oriented towards the midplane of the disk.

This represents a classic life cycle of the ISM: the SNe explosions drives a wind from the
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Figure 4.2: Rotation curves in ¢ = 4.14 Gyr for the reference models (Table 3.3) while
they are ongoing SNe burst. For this period of time the SNe are active between 4.10 and
4.14 Gyr. The initial, non disturbed rotation curves are shown in Figure 3.5.

disk, and after they are stopped a part of the gas is flowing back to the disk. This forms a
semi-closed cycle of the matter in a galaxy.

To show the evolution of the gas vertical structure in the galaxy the gas density for
x =0and y =3 kpc along the z direction is plotted at t =0.0, 0.1, 0.2, 1.0, 3.5, 6.0 Gyr for
model v40 (Figure 4.4). The first (purple) line shows the initial condition while the system
is in hydrostatic equilibrium. For the next timesteps the density in the disk midplane
slightly decreases, but in the outskirts (z = 3 kpc) the density increase almost by two
orders of magnitude. This implies that the gaseous disk becomes more puffy because of
the turbulence driven by the injected supernovae.

The initial state of the cosmic ray energy follows the density distribution (Figure 4.5).
After the system evolves and the supernovae explode supplying additional energy some
fluctuations appear. Weak and wide streams of cosmic ray energy form in the vertical
direction; they start from the disk midplane and span up to the top and bottom domain
boundaries (see Figure 4.5 at t = 2.0 Gyr). This can be the channels of transferring the
cosmic ray energy out of the system. In the snapshots while the supernovae are active
(t =4.12 and 4.14 Gyr) the traces of explosion sites can be seen.

Above features of the ISM, rotation curves, supernovae distribution and cosmic ray
gas evolution is common for other models described in this work. Only the size of the
disk and the radius of the supernovae distribution is scaling with the mass of the galaxy

and therefore this description is only limited to the model v40.
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Figure 4.3: Snapshots of the gas an velocity evolution in a dwarf galaxy. The first snapshot
shows the initial state and the others the system in the subsequent time steps for model
v40. Each snapshots consists of two plots, the upper map shows the midplane of the disk
and the lower one the vertical cut. The colours show the logarithm of the gas distribution
in units of the hydrogen mass per cubic centimetre, 1.0 ny cm~=3 and the arrows show
the velocity vectors in km s~!. The vectors in xz cuts are multiplied by a factor of 5 to
improve its readability.



CHAPTER 4. RESULTS 32

- t=0.0Gyr
- t=0.1Gyr

~ t=0.2 Gyr
107 t=1.0Gyr |4

£
o
&
=
S 102

10-4 L

-5 L L L L L
10 0.0 0.5 1.0 15 2.0 2.5 3.0
z [kpc]

Figure 4.4: Vertical distribution of the gas density in the model v40 for selected timesteps.
The line for = 0 Gyr represents the initial condition in the model.

4.2 Magnetic field evolution

4.2.1 Dependence on the rotational velocity

A quantity by which we can measure the growth of the magnetic field in the system is the
magnetic field energy, i.e. Eg = B?/2u and the magnetic azimuthal flux, B,. The initial
value (at t = 0) of the Ep is zero and then the dynamo is seeded by injecting small mag-
netic dipoles connected with the supernova explosion. The evolution of Ep for models
with different rotation curves is showed in Figure 4.6 (left panels). The first three peaks
which can be seen in E evolution plots are due the injected magnetic field, and after the
I'mag = 0.6 Gyr this injection is stopped. In the case where dynamo operates the magnetic
field supplied by stars seems to be negligible. Also from the numerical point of view, the
injected magnetic field increases the V - B and therefore one need to limit the amount of
injected dipoles.

The slowest rotating galaxy models (v20 and v20b) do not show any amplification of
the Ep (Fig. 4.6 a). Initially the Ep in the v20 model drops more than the v20b, but after
the 6 Gyr they reach the same value. The v30 model starts to slightly amplify the magnetic
energy while the v30b exhibits quite strong exponential growth. For these four models
the ones which use the Burkert’s profile as the dark matter model the final value is bigger
than in the other case. To measure the effectiveness of the large scale dynamo also the
total flux of the azimuthal magnetic flux is calculated (see right panels of Figure 4.6). The
models v20b and v30b amplifies the azimuthal flux much more than the v20 and v30

ones (Fig. 4.6 b). The last two examples only maintain the By component which was
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Figure 4.5: The evolution of the cosmic ray energy. The subsequent plots show the snap-
shots of cosmic ray energy distribution at particular time steps for model v40. Each snap-
shot show the energy distribution in the disk midplane and in the xz plane. The cosmic
ray energy is expressed in eV cm~3 unit.
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injected through the magnetized SNe explosions. The model v30 after ¢ =2 Gyr starts to
change the sign of the total azimuthal flux and after 0.5 Gyr the reversed sign stabilizes.

The models with mid rotating velocity show much stronger amplification of the mag-
netic field (Fig. 4.6 ¢, d). The models v40, v40b and v50b follow almost the same evolution
of the Ep and By. The growth of both quantities is exponential in time. The v50 model
however amplifies the magnetic field energy to two orders of magnitude lower value.
Additionally the plot show some sawtooth pattern, which repeats in time, and after the
t = 3.5 Gyr the peaks are damped. Similar pattern is found in the By evolution but with
significantly lower amplitude. In both cases the peaks are related with the activity of
supernovae.

The evolution of Eg and B¢ of the models with rotation speed around 60 km s~!
(Fig. 4.6 e, f) reach approximately the same value as the v40, v50 and v50b. In the case of
the v60 model also the sawtooth pattern appears, but without any damping before the
end of the simulation. The models with the fastest rotation speed show similar pattern,
especially the v70 model, the evolution of the magnetic energy shows the exponential
growth but at ¢t =5 Gyr the amplification starts to saturate. The saturation also reveals
for v70b model. The azimuthal flux also starts to saturate however strong oscillations
appears at the and of the simulation.

The evolution of the azimuthal magnetic flux component for v40 model is showed
in Figure 4.7. At the beginning of the simulation the galaxy is seeded via the magnetized
supernovae explosions in the very first burst which occurs between t = 0.10 and 0.14 Gyr.
In the plot xy appear randomly positioned spots of positive (blue colour) and negative
(red colour) By (at £ = 0.15 Gyr). In the xz plot similar pattern reveals but only very
close to the disk midplane, i.e. there is no structures in the halo. After the next burst
of SNe activity (¢t = 0.30 = 0.34 Gyr) also a randomly positioned blue, red spots appears
due to the magnetized explosions, but some background spiral pattern starts to emerge.
This effect is related to the magnetic diffusion, which cause the small "magnetic islands"
to merge and form larger structures. The differential rotation shear the radially aligned
structures and forms a spiral pattern. The By component is also present in the galaxy
halo in the form of channels of oppositely directed azimuthal flux (alternating blue, red
streams).

The spiral structure of oppositely directed By is prominent at £ = 0.75 Gyr. However
in the central part of the galaxy the By have mostly negative sign. In the xz plot also
the disk midplane is occupied by the negative B,. However in the galaxy halo appear
many patches of oppositely directed magnetic field. After the next 0.25 Gyr the positive
azimuthal flux in the disk starts to disappear from the galaxy disk, but the structure in
the halo is still very patchy. At r = 2.00 Gyr the By have only the negative sign. In the
halo however the patches of oppositely oriented fluxes are forming more coherent shape

and the positive sign is more dominant.
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Figure 4.6: The evolution of the magnetic field for models with different rotation speed.
The left panels show the total magnetic field energy evolution and the right ones the
azimuthal magnetic flux evolution. The values are expressed in code units. To use the
logarithmic scale for the azimuthal flux plot the absolute value is plotted, so if the flux
starts to rapidly drop to very low values and then rapidly to grow this is a signature of
sign turnover.
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At the end of the simulation in the disk is only the negatively oriented magnetic az-
imuthal flux. The magnitude is the strongest in the central part and it slowly decrease
with the radius. The negatively oriented flux is mostly located in the midplane of the
galaxy, but it extends also to some vertical height in a form of a disk “corona”. The posi-
tively oriented magnetic flux is located in the halo, but only within the radius of the disk.
This cylinder of positive magnetic flux reaches the top and bottom domain boundaries
in the within the radius of 2 kpc from the galaxy centre.

To complete picture of the magnetic field structure evolution in the system the mag-
netic field energy is showed with over plotted arrows of its direction (Figure 4.8). At
t = 0.15 Gyr the system have mostly randomly oriented magnetic field and lots of spots of
high B2 which correlates with the sites of the SNe explosions. In the xz plane the struc-
ture of the magnetic field is dominated by a few dipolar magnetic fields injected with the
very first supernovae. Note that the values of the B? in the halo are very low. After the
next injection of the magnetized supernovae explosions (¢t = 0.35 Gyr) the magnetic field
in the disk plane and in the vertical cut is very random. A wealk, first spiral arms of the B2
appear at the disk outskirts but with no relation to the magnetic field direction. In the xz
plane one can see that some streams of the magnetic energy are formed reaching the top
and bottom boundary of the domain. The next two panels at £ =0.75 and 1.00 Gyr show
that the magnetic field starts to be more ordered in the galactic disk plane. Spiral arms of
the magnetic energy appear and the direction of the magnetic field is correlated with the
spiral arms. Some spiral arms have oppositely oriented magnetic field with respect to the
neighbouring ones. In the halo the magnetic field is still randomly oriented. The streams
of the magnetic energy evolved and now occupy the space above and below the disk. At
t = 2.00 Gyr the magnetic energy spiral arms are winding up but now the orientation
of the vectors are coherent, no oppositely directed magnetic filed in the spiral arms. In
the halo the magnetic field is still randomly oriented. The final stage after the 6.00 Gyr
of simulation show a magnetic field which is mostly azimuthal in the disk plane. The
magnetic energy is the highest in the central part of the galaxy and it is decreasing with
radius. In the xz plane the strongest magnetic field can be found in the disk plane. The
orientation of the magnetic field in the halo is still random. The streams of the magnetic
field energy in the halo are still very strong, but they are mostly present within a cylinder
of 2 kpc radius.

The previously described model v40 is the one which is characterized by a positive
dynamo action. One of the model which do not amplify the magnetic field energy is
v20. The evolution of the magnetic field structure for this model is shown in Figure 4.9.
Initially, at ¢ = 1.0 Gyr to structure of By and B? is very similar to those found in the v40
model. However in the next timesteps we can see that the magnetic spiral arms have
still oppositely oriented magnetic fields. The magnetic energy is mostly concentrated in

the centre of the galaxy and it is dominated by the By component. Interesting results
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Figure 4.7: Evolution of the logarithm of magnetic azimuthal flux. The subsequent plots
show the xy and xz cuts plane of the simulated domain for model v40 at ¢ = 0.15, 0.35,
0.75, 1.00, 2.00, 6.00 Gyr. The magnetic field is expressed in uG.
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Figure 4.8: Evolution of the magnetic field. The subsequent plots show the xy and xz cut
plane of the simulated domain for model v40 at ¢ = 0.15, 0.35, 0.75, 1.00, 2.00, 6.00 Gyr.
The colors show the logarithm of magnetic field energy and the vectors of its direction.
The length for all vectors is set to 1.
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RESULTS FOR THE REFERENCE MODELS

Model | ¢, [Gyr] t; [Gyr] max(By) [uG]
v20 3.31 5.55 1.27 x1074
v20b -104.77 2.64 0.97 x10~4
v30 2.14 2.24 4,93 x1074
v30b 0.47 0.96 2.14 x1072
v40 0.33 0.81 0.76
v40b 0.37 0.88 0.38
v50 0.57 0.99 3.46 x1072
v50b 0.41 0.82 0.23
v60 0.27 0.68 28.94
v60b 0.28 0.65 26.50
v70 0.19 0.57 25.17
v70b 0.19 0.48 37.47

Table 4.1: The subsequent columns show: the model name, the e-folding time of the
magnetic field energy (tl‘;z), the e-folding time of the magnetic azimuthal flux (t;) and
the maximal value of the By in the galaxy disk.

seem to evolve in the vertical domain cut. In the disk midplane the By component is
very weak. In the halo however very strong spots of azimuthal flux appear which are
oppositely directed with respect to the disk midplane. For z > 0 the By have positive
sign and for z < 0 negative. The magnetic field energy plots show that this components
below and above the disk is very dominant.

A characteristic number of a magnetic dynamo is the e-folding time, t.. It measures

the growth rate of the magnetic field in a following manner:

- Io—1n
" log(g(r2)/q(1))’
where t; and £, are the points in time for which the growth rate is measured, and ¢g(t) is

4.1

the investigated quantity, e.g. magnetic energy. The e-folding times for each model for
magnetic field energy and the total azimuthal magnetic flux are presented in Table 4.1.
The results show that models v20, and v30b have very long e-folding times of the order
of few Gyr. The model v20b show that the B? is almost constant for whole simulation but
the By component is growing. This suggest that the dynamo do not enhanced the mag-
netic field but the global rotation is ordering the initially random magnetic field struc-
ture. The other models show the e-folding times between 0.19 and 0.57 Gyr for B? and
between 0.48 and 0.99 Gyr for the By component. In general the growth rate is faster
for faster rotation objects. The generated regular magnetic field in the disk, which can
be quantified by its maximal value of the By is about tens of uG and for faster rotating
objects is above 25 uG.
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Figure 4.9: Evolution of the magnetic field for model v20. The subsequent plots show
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issetto 1.
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4.2.2 Dependence on the SN modulation

To test the dynamo dependence on the supernovae modulation models with different
modulation types has been prepared. In this case the modulation period is common for
all models but the duration of the SN activity is extended. The detailed parameters of
these models are summarised in Table 3.4. The results of the simulations are shown in
Figures 4.10 and 4.11 for models with DM halo described by “the modified isothermal
sphere” (3.12) and Burkert’s profile (3.15), respectively.

The models a02v30, a06v30 and a08v30 show very similar evolution pattern in mag-
netic field energy and azimuthal flux (Fig. 4.10 a, b). However the magnetic energy in the
case of the model a04v30 is amplified to greater value, by a factor of about 10. Also the az-
imuthal flux evolution do not show any strong dips, which are a mark of the field reversal.
The corresponding models with Burkert’s DM profile show strong deviations from each
other. The magnetic field energy and azimuthal flux for models a02v30b and a04v30b
show very similar evolution pattern (Fig. 4.11 a, b). The weakest growth of the magnetic
energy is found for model a06v30b. Also in the case of this model the azimuthal flux is
reversed few times not only in the beginning of the simulation. The model a06v30Db is in
between the previous two models and the last one. The magnetic energy is amplified to
avalue by a factor of 12 lower than the a02v30b and a04v30b and the azimuthal flux only
by a factor of 2.

The models with vy ~ 40 km s~! show very similar evolution of magnetic energy
and azimuthal flux (Fig. 4.10 ¢, d). The final values of Ep is about 0.1 and By about 1.0.
The models with Burkert’s DM profile follows very closely the same evolution pattern.
Only the models a04v40b and a06v40b (Fig. 4.11 c, d) amplifies the magnetic energy to
a lower value by a one order of magnitude. This also applies to the magnetic azimuthal
flux evolution.

In the case of the fastest rotating galaxies with v ~ 70 km s~! the evolution of Ep
and By for different modulation times follows very closely the same evolution pattern
(Fig. 4.10 e, fand 4.11 e, f). The final value at t = 6 Gyr of the magnetic energy is 103 and
the azimuthal flux 102.

For these group of models also the e-folding times are calculated (Table 4.2). The
results show that models with v 30 km s~! have very different growth rate character-
istics. The growth rate in the models a02v30, a08v30 and a06v30b are as long as 2-3 Gyr
for the magnetic energy. The azimuthal flux is also generated in very slow way, and in
the case of a08v30 even starts to decay. The e-folding times for Ez and By for models
a04v30, a06v30, a08v30b is about 1 Gyr and 1.5 Gyr, respectively. The models a02v30b
and a02v30b amplify the magnetic energy by a factor of e in about 0.5 Gyr and azimuthal
flux in about 1.0 Gyr. These two models are the fastest from this group. The maximal
azimuthal flux for this group of models is about 1073-102 uG.

Galaxies with v ~ 40 km s~! show very coherent evolution pattern with almost no
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Figure 4.10: The evolution of the magnetic field for models with different rotation speeds
and modulation times. The left panels show the total magnetic field energy evolution
and the right ones the azimuthal magnetic flux evolution. The values are expressed in
code units. To use the logarithmic scale for the azimuthal flux plot the absolute value is
plotted, so if the flux starts to rapidly drop to very low values and then rapidly to grow
this is a signature of sign turnover.



CHAPTER 4. RESULTS

43

102 107 —=
@ R () L
, - -
vl P ::;/ -7
S 102 =70 T
Y N~ s -
10 S I
/v// -7 - - - 7
I—// x p - - -7 -
> o 2107 o P
B - = g .
o -5 / pa el /7 s 7
2 10 - .48 L - '
3 y e 5 Ry 4 ENAEN N
~ - 1 / = RV
2 e E [ W) ;o SN e e S
= | B 1 _ 2 10 Wy P vy n
o ity Ao . o A T A S,y
i I'\Lll‘ - - 2 ] Wt ooN S V!
Q6 ‘; il ‘s e E who | Pl
& 10 ?l ifin! - -7 g o / At
i} Hhaliufu! e s ! W o vy
\ VI b §
A o ! Py Wy !
-7 ! (RS
- 1 ot - - a02v30b
0 }! v 4
10° F) o -~ ao04v3ob
' i -~ a06v30b
| ! - -~ a08v30b
-7 [0
7 5 6 0 1 2 3 4 5 6
Time [Gyr] Time [Gyr]
10° 10t
© )
3 0
107 S 10
e
2
A/ -1
» 10
10.2 A/’)
5 e Lo 107
2 ;0 B
9 10° " - - g
o s+ -7 £
g ’7// s st § 103
o z
g o s < 10"
= L +” g
10° ,,’“l S = \
s o - 10° 1
oy P P l --
I(“I X L L ! a02v40b
-6 | infifint Lar ) - = a04v40b
10 n‘n\‘\\v‘ W T 106} 204v40b | |
RS ! -~ ao6vaob
W N 1 ~ = a08v40b
107 & 107 &
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time [Gyr] Time [Gyr]
10
(e)
10° -f‘\\[‘\'\;‘:l'
. ""f ’l(, ) ‘: ‘\‘u(
10? AR peas
T A A
. AT g
10 B e .
- [T ,\ylwwu,‘,l'j‘nlgt\ 3>
2 10° Ot =
] R Y T
5 Cet i e £
5 107 R RV 2
2 C R
= nh k\,/‘“’ L N
O 102 n A A ©
= 10 1 /)(uw [
2 o o K]
o 3 AR c
210 Lo M 2
W 5\\ r,“,\/r‘hm” s "
10° o A R e
IS s vy ]
1o . :}1 ":S,/’l‘ VA 107 by | -~ a02v70b
o J dﬁ/,&”w N -~ a04v70b
10 LR 107 } -~ a06v70b|q
| o -~ a08v70b
107 & 107 &
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time [Gyr] Time [Gyr]

Figure 4.11: The evolution of the magnetic field for models with different rotation speeds
and modulation times. The left panels show the total magnetic field energy evolution
and the right ones the azimuthal magnetic flux evolution. The values are expressed in
code units. To use the logarithmic scale for the azimuthal flux plot the absolute value is
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RESULTS FOR MODELS WITH DIFFERENT SN MODULATION

Model tp, [Gyr] t; [Gyr] max(By) [uG]
a02v30 2.14 2.24 0.49 x1073
a04v30 0.78 1.75 2.73 x1073
a06v30 1.37 1.72 0.94 x1073
a08v30 2.70 -5.32 0.38 x1073
a02v30b 0.47 0.96 2.14 x1072
a04v30b 0.56 1.16 1.61 x1072
a06v30b 3.28 4.22 0.16 x10~3
a08v30b 0.94 0.98 0.28 x1072
a02v40 0.33 0.81 0.76
a04v40 0.39 0.78 0.26
a06v40 0.38 0.79 0.22
a08v40 0.42 0.89 0.16
a02v40b 0.37 0.88 0.38
a04v40b 0.53 0.93 3.01 x1072
a06v40b 0.48 0.79 4,93 x1072
a08v40b 0.40 0.82 0.30
a02v70 0.19 0.57 25.17
a04v70 0.18 0.46 17.52
a06v70 0.18 0.39 31.78
a08v70 0.17 0.44 29.72
a02v70b 0.19 0.48 37.47
a04v70b 0.20 0.51 32.17
a06v70b 0.23 0.45 23.43
a08v70b 0.21 0.44 29.75

Table 4.2: The subsequent columns show: the model name, the e-folding time of the
magnetic field energy (t;z), the e-folding time of the magnetic azimuthal flux (t;) and
the maximal value of the By in the galaxy disk.

dependence on the supernovae modulation times. The e-folding times for magnetic en-
ergy is in range of 0.33-0.53 Gyr and for By 0.78-0.93 Gyr. Mostly for all these models the
maximal azimuthal flux is about 0.3 uG except for a02v40 where it is 0.76 uG. Only two
models a04v40b, a06v40b reach the max(Bgy) ~1072 uG.

The fastest rotating models with vyt ~ 70 km s~! also do not show any dependence
on the supernovae modulation. The ¢}, is about 0.2 Gyr and tq‘;’ ~ 0.45 Gyr. The maximal

azimuthal flux generated in the system is between 17 and 37 uG.

4.2.3 Dependence on the speed of sound

The model of the cosmic ray driven dynamo in dwarf galaxies is also simulated with dif-
ferent speed of sounds (see Sec. 3.7.3). The evolution of Ep and By for models with
cs =5.8,7.0and 8.1 km s~! and vyo from 30-70 km s~! is shown in Figures 4.12 and 4.13.

The dwarf galaxy models which rotates as fast as about 30 km s~! (Fig. 4.12 a, b, ¢
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and d) show that the magnetic field evolution depends on the c; and the shape of the ro-
tation curve, which is determined by the DM profile. The Ej in the c58v30 and c58v30b
models follows the same evolution pattern, initially injected random magnetic field is
exponentially amplified to a energy of 0.1 and the azimuthal flux about 1.0. The model
c7v30Db follows almost the same pattern, but the model c7v30 does not amplify the mag-
netic field. The only difference between them is that the DM profile in c7v30 is modelled
by the “modified isothermal sphere” and c7v30b by phenomenological Burkert’s profile.
The magnetic field in the models c81v30 and c81v30Db is either very weak or not at all
amplified.

The model c58v40 (Fig. 4.12 e) amplify the magnetic field energy to a value of 104
and the By to 10~2. In the azimuthal flux evolution (Fig. 4.12 f) a one reversal event is
present at ¢t = 0.9 Gyr. In the case of bigger speed of sound the Ep growth is faster than
for ¢, = 5.8 km s~! and for model c7v40 reaches 1.0 and for c81v40 below 0.1. However
the By evolution in both cases are very similar and the final value is about 1.0.

In the case of models with vy = 50 km s™! the final Ep value is about 1073 and By
about 0.1 for all investigated speeds of sound (Fig. 4.13 a, b). The sawtooth pattern in
the Ep evolution is also apparent. The amplitude of the peaks of Ep evolution is much
stronger for models with higher rotation speeds, i.e. 60 and 70 km s~! (Fig. 4.13 ¢, d, e
and f), especially for models with ¢; = 5.8 km s~1, which can lead to unstable system be-
haviour, therefore the simulation can not be carried to 6 Gyr. In other cases the evolution
is more stable and the Ep final value is about 1.0 for c7v60, 0.05 for c81v60, 103 for c7v70
and 102 for c81v70. The azimuthal flux seems to be not so much depended on the speed
of sound in the ISM and for models which rotate about v, = 60 km s~! can reach a value
of 3, and for vyt =70 km s~! up to 100.0.

In the Table 4.3 we can see that the growth rate of magnetic energy and azimuthal
flux are comparable and do not show strong deviations with respect to different speeds
of sound in the ISM. Only the model c81v30b seems to not amplifying the magnetic field
at all and only it sustains the amount that was injected by the magnetized supernovae
explosions. The e-folding times for magnetic energy is between 0.78 Gyr found in c58v40
and 0.19 Gyr found in c7v70. In the case of the magnetic azimuthal fluxes the growth rate
is between 0.51 Gyr found in ¢81v70 and 1.21 Gyr in c58v40.

4.2.4 Polarization maps

The result of each simulation is the 3D cubes of magnetic field and the CR energy density.
Using the CR component as the proxy for the distribution of the relativistic electrons one
can create a synthetic maps of total power and polarised synchrotron radiation (for de-
tails see Otmianowska-Mazur et al. 2009, Sec. 3). In the Figures 4.14 and 4.15 I show the
polarization for models v40 and v20, respectively. The maps show the synthetic distribu-

tion of the polarised intensity at A6.2 cm and the polarization angles, both superimposed
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Figure 4.12: The evolution of the magnetic field for models with different rotation speed
and speed of sound. The left panels show the total magnetic field energy evolution and
the right ones the azimuthal magnetic flux evolution. The values are expressed in code
units. To use the logarithmic scale for the azimuthal flux plot the absolute value is plot-
ted, so if the flux starts to rapidly drop to very low values and then rapidly to grow this is

a signature of sign turnover.
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Figure 4.13: The evolution of the magnetic field for models with different rotation speed
and speed of sound. The left panels show the total magnetic field energy evolution and
the right ones the azimuthal magnetic flux evolution. The values are expressed in code
units. To use the logarithmic scale for the azimuthal flux plot the absolute value is plot-
ted, so if the flux starts to rapidly drop to very low values and then rapidly to grow this is
a signature of sign turnover.
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RESULTS FOR MODELS WITH DIFFERENT SPEEDS OF SOUND

Model tp, [Gyr] t; [Gyr] max(By) [uG]
c58v30 0.39 0.83 0.40
c7v30 2.14 2.24 0.49x1073
c81v30 2.05 3.82 1.25x1073
c58v30b 0.41 0.92 7.86x1072
c7v30b 0.47 0.96 2.14x1072
c81v30b 36.23 2.92 5.42x107°
c58v40 0.78 1.21 1.02x1072
c7v40 0.33 0.81 0.76
c81v40 0.41 0.92 0.17
c58v50 0.53 0.89 0.64
c7v50 0.57 0.99 3.46x1072
c81v50 0.58 1.05 1.97x1072
c58v60" 0.18 0.55 13.98
c7v60 0.27 0.68 28.94
c81v60 0.42 0.65 14.00
c58v70" 0.21 0.26 9.60
c7v70 0.19 0.57 25.17
c81v70 0.25 0.51 24.31

Table 4.3: The subsequent columns show: the model name, the e-folding time of the
magnetic field energy (tl‘;z), the e-folding time of the magnetic azimuthal flux (t;) and

the maximal value of the By, in the galaxy disk. Please note that the models marked with '
are not simulated up to ¢ = 6.0 Gyr. They are only presented for the comparison, but are
not taken into account in the results description.

onto the column gas density. The selected time steps correspond to those showed in pre-
vious plots in the Figures 4.7, 4.8 and 4.9.

At t = 0.15 and 0.35 Gyr the system in the v40 model is just after the first and sec-
ond burst of the magnetised SNe explosions. The column gas density in the face-on view
is highly disturbed by the driven turbulence and the polarised intensity is very patchy.
The polarisation angles already have strong toroidal component, but some deviations,
especially it the first snapshot, can be seen. The polarization maps of the next time steps
show that the patches of the polarised intensity merge and form smooth and concentric
circles with the maximum located in the galaxy centre. The edge-on view of the galaxy
show that most of the polarised emission also comes from the centre. However the ini-
tially inclined polarisation angles with respect to the disk mid plane at £ = 0.75 Gyr starts
to be more parallel.

At the final snapshot the column gas density move slightly to the outer part of the
galaxy. The polarised intensity is in the disk region is very flat and have very strong gradi-
ent at the edge of the disk. Additionally some “spiral” structures of the polarised intensity
appear in the disk edge, but with no counterpart in the gas density. This can be caused by
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Figure 4.14: Polarization maps at A6.2 cm for selected timesteps for the model v40. For
each plot the top panel shows the edge-on and the bottom the face-on view of the galaxy.
The contours of the polarization intensity and the dashes of the polarisation angles are
superimposed onto the column density plot.
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Figure 4.15: Polarization maps at A6.2 cm for selected timesteps for the model v20. For
each plot the top panel shows the edge-on and the bottom the face-on view of the galaxy.
The contours of the polarization intensity and the dashes of the polarisation angles are
superimposed onto the column density plot.

the fact that the disk radius is much bigger than in the previous time steps and the disk
edge is very close to the boundaries, therefore the boundary conditions may have much
more influence on the system. The edge-on view show that the polarisation angles are
perfectly parallel to the disk plane.

The above picture of the evolution of the galaxy seen by the synthetic radio maps is
common for all other models which have significant growth of the magnetic fields, i.e.
where the dynamo operates. For the rest of the models, for example v20 this picture
have some differences. The initially stage is very similar to this described in previous
paragraphs. After the first 1 Gyr (Figure 4.15, left panel) the distribution of the polarised
intensity is very similar to this found for the v40 model, but the maximum is not located
in the galaxy centre. A hole in the polarization distribution can be easily see in the final
snapshot (right panel). The polarised intensity is distributed in a form of a ring around
the centre. Very interesting shape appear in the edge-on view. The polarisation angles
are perfectly parallel to the disk plane, but the maximum is not located in the disk centre,
instead it is just above and below the disk. This picture of the polarised intensity distri-
bution seems to be created by a following structure: two blobs with maxima above and

below the disk, but in the disk they are connected.
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4.3 Pressure equilibrium

In the system of dwarf galaxy model there are 3 components which contribute to the total
pressure, i.e. thermal gas, cosmic rays and magnetic fields. To show the pressure balance

between each component following ratios are calculated:

0= Pmag/Pgas and B = pcr/Pgas. (4.2)

The evolution of a and B for the reference models are shown in Figure 4.16. The bare
solid and dashed lines show the § ratio. In the initial state of the system 8 equals 1
and is determined by the initial conditions. The pressure of the cosmic rays during the
evolution is slowly increasing because of the SNe injection. The final value of 3 is about
10.0 for each of the investigated models.

The evolution of @ ratio, which is crucial for the dynamo action is shown in the Figure
by dots and triangles. The initial value, at =0 is set to 0, and after the simulation starts
the magnetic field is seeded by the magnetized SNe explosions. The pressure ratio a
after first injections is in a range of 10712 and 10~'° and depends on the galaxy size. The
magnetic field is supplied by the magnetized SNe explosions till about 0.6 Gyr, which
manifests in the plots by a slight increase (the very first 3 points). After that time the
injection of magnetized SNe is stopped and the SNe contributes only to the cosmic rays.
The models with the slowest rotation speeds maintain the ratio in the level of 10712, As
the rotation speed increase up to 60 km s~! the final value of the « is bigger and spans
from 107 to 1073. The growth of the « in all cases is exponential and only in the v60
model some strong variation can be seen. In the case of the fastest rotation models the
evolution follows the same pattern but after ¢+ = 5 Gyr the growth rate starts to be much
smaller as it is closing to a equilibrium, i.e. a = 1.

To compare above results with models which have different ISM temperatures the
similar evolution of pressure ratio is plotted for those which have ¢; =5.8 and 8.1 km s~!
(Figure 4.17). In this case non of the models have reached the pressure equilibrium be-
tween magnetic field and thermal gas. The highest value is found for c81v70 model and
the pressure ratio is about 10~2. The models c58v60 and c58v70 show very rapid increase
of the magnetic fields and reach the value of the ratio of the order of 10~3. The other mod-
els show the pressure ratio between 10~ and 10~6. The exception is the model c81v30
which maintains the magnetic field on the same level as initially injected. The pressure
ratio between the cosmic rays and thermal gas is slowly growing from 1 to about 10 for
each of the model. This ratio evolution is very similar to those find in the models with
cs=7.0kms™ L.
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Figure 4.16: Evolution of the pressure ratios in the galaxy for the reference models. The
pressure ratios pcr/pPgas and pmag/ Pgas are marked by lines and lines with dots and tri-
angles, respectively. Solid line and solid line with dots show the models with DM profile
described by “modified isothermal sphere”, and dashed line and dashed line with trian-
gles mark the models with Burkert’s profile.
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Figure 4.17: Evolution of the pressure ratios in the galaxy for the models with é; = 5.8
and 8.1 km s~1. The pressure ratios pcr/ Pgas and Pmag/Pgas are marked by lines and
lines with points, respectively. Solid line and solid line with dots show the models with
¢s = 5.8 km s~!, and dashed line and dashed line with triangles mark the models with
cs=8.1kms™!
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Discussion

The results of the simulations of the cosmic ray driven dynamo in the dwarf galaxies
show that magnetic field can be amplified by this process to a values which are found
in observations of the magnetic field in galaxies. This amplification is driven by the SNe
explosions and the in the beginning of the simulation the dynamo is seeded by the small
magnetic dipoles associated with the very first SNe. Depending on the mass of the galaxy
the final magnetic field have different values and some of them are close to this found in
real objects. The dynamo is also responsible to the final structure of the magnetic field.
The results of the simulation can be compared to the previous works on the cosmic ray

driven dynamo, also in dwarf galaxies and to the observations of particular galaxies.

5.1 Cosmic ray driven dynamo in galaxies

5.1.1 Growth rate of the magnetic field

A characteristic number of a magnetic dynamo process is the e-folding time (4.1) which
measures the growth rate of the azimuthal magnetic flux in the system. Its value depends
mostly on the rotation speed in the galaxy. The fast rotating objects (vror > 40 km s1)
show very consistent results, which do not depends on other parameters like: DM pro-
file, supernova rate or gas temperature. The e-folding times are in a range of 1.75 Gyr
for slower rotators and 440 Myr for the fastest ones. This results is consistent with those
found in other works about CR driven dynamo. The simulations of a more massive galaxy
in the shearing box approximation (Hanasz et al. 2009a) show that the growth rate can
be as fast as 150 or 190 Myr and depends on the SN frequency. In the case of global
simulations of a spiral galaxies the growth is about 270 Myr (Hanasz et al. 2009b). Re-
cently (Kulpa-Dybet et al. 2011) found that for barred galaxies the e-folding time is about
300 Myr. Note, the more massive objects like spirals and barred galaxies rotates about
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5 times faster than the dwarf galaxies models from this thesis. Above results show that
the fast rotating dwarfs (vyo¢ > 60 km s~1) with their ¢ ~ 400 Myr and the spiral and
barred galaxies have very similar growth rates of the magnetic field caused by the oper-
ation of the cosmic ray driven dynamo. If the rotation speed decreases below 60 km s~!
the e-folding times are much longer. This value of vy seems to be a threshold of the fast
magnetic amplification. In the range of rotation speed between 40 and 60 km s~! the am-
plification is still positive but the growth rates are a little bit longer, about 810-1210 Myr.
This result is compatible with those found in studies of cosmic ray driven dynamo in
dwarf galaxies in the shearing box approximation (Siejkowski et al. 2010). The e-folding
times for a object which rotates as fast as 40 km s~! was 840 Myr and for 60 km s~! is
675 Myr.

In the case of less massive objects which rotates as fast as 30 km s~! the amplification
depends also on other parameters. In general, the models with the DM distribution de-
scribed by the Burkert’s profile amplifies the magnetic field faster than those modelled
by “modified isothermal sphere” profile. In the most extreme case the e-folding time can
be 5 times lower in the model with Burkert’s profile (v30b). Another parameter which
influence the growth rate for slow rotating objects is the gas temperature. If the gas is too
hot (T = 8000 K) the dynamo amplifies the magnetic field extremely slowly or not at all.
However if the temperature is about 4000 K the amplification is quite fast, t; =830 Myr.
Supernova frequency modulation also influence the growth rate of the magnetic field.
The longer the SNe are active within each period of modulation the slower the growth
rate. This applies mostly to the models with Burkert’s DM profile, because the models
with DM described by the “modified isothermal sphere” show very weak amplification.

The slowest rotating models from the sample described in this thesis do not amplify
the magnetic field at all. The initially injected magnetic field via the magnetized SNe
explosion is only sustained through the whole simulation time.

From above results a following picture of the magnetic field amplification with re-
spect to the rotational velocity emerge: if vyt ~ 20 km s~! the cosmic ray driven dy-
namo do not amplify the magnetic field; for vyt ~ 30 the e-folding times are in a range
800-1700 Myr and depends on the gas temperature and the SNe explosions modulation;
with the increase of the rotational velocity (> 40 km s~!) the growth rate is between 800-
1200 Myr; since the vy > 60 km s™! the e-folding time is about 400 Myr. For much
more massive galaxies, which rotates as fast as 200 km s~!, the growth rate only slightly
increases up to 300-270 Myr.

The azimuthal flux in the galaxy disk is attributed to the regular component of the
magnetic field. In contrast to the turbulent magnetic field the regular component is
responsible for the polarized radio emission. Additionally the creation of the regular
magnetic field determines whether the dynamo is a large or small scale (Brandenburg &

Subramanian 2005). The magnetic field energy represent the “sum” of the regular and
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Figure 5.1: Dependence of the e-folding times of azimuthal flux evolution on the differ-
ent times of supernovae frequency evolution. Note that the period of SN modulation,
Tsn in all cases is constant an equals 200 Myr. Red and blue points mark the models with
Urot = 40 km s~! and 70 km s, respectively. The dots regards to models with MIS DM
profile and the squares with Burkert’s profile.

turbulent magnetic field component and its growth rate is 2-3 times faster than the az-
imuthal flux. This is because the initially randomly oriented magnetic field is being or-
dered by the rotation, but its strength is not being amplified. For the other cases the
newly created flux due to the Parker instability is regularised and contributes to the total
azimuthal flux. The values of tg’ are 2 or 3 times longer than growth rate of the magnetic
energy for the same model. The process of regularization the magnetic field takes much

more time than just the amplification.

5.1.2 Modulation of the supernova rate

The results presented in the Sec. 4.2.1 regards to simulations with different modulation
times of the supernova rate. Shearing box simulations of the cosmic ray driven dynamo
show that the efficiency of the magnetic field growth is much better when the supernovae
explosions are periodically modulated (Hanasz et al. 2009a). Also in the case of the local
simulations of dwarf galaxy by Siejkowski et al. (2010) reported about the dependence
of the magnetic field on the time of halted SN activity. They found that the shorter the
time of quiescent state the faster the growth of the regular component of the magnetic
field. The results of the global galactic-disk simulation show that this dependence seems

to be weak. The e-folding times of the azimuthal flux amplification are comparable with
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respect to different durations of the SN activity within one period (Figure 5.1). For the
fast rotating models, vy > 40 km s~1, the growth rate is about 900 Myr and increases up
to 500 Myr for the fastest rotating models. Also in the case of models with vyo¢ =30 km s~!
the e-folding times are about 1-2 Gyr, but in this group also are present models which

amplifies the magnetic field very slowly or not at all.

5.1.3 Dark matter profile and the magnetic fields

The dwarf galaxy model presented in this thesis consists of the static gravitational po-
tential. This potential is a sum of two components: stars and dark matter halo. Typically
in such modelling also the third component is added, especially in spiral galaxies, which
is generated by the central bulge, but dwarf galaxies seems to not have this feature (Gov-
ernato et al. 2010). The stellar component is usually described by the this Kuzmin’s disk
(Eg. 3.9) and the DM halo by the “modified isothermal sphere” (Eq. 3.12). However Burk-
ert (1995) have found a purely phenomenological DM profile, which slightly differ from
the previous one (Figure 3.1). While the stellar component is responsible for the shape of
the rotation curve in the most central part of the galaxy, the DM halo shape the curve in
the outer parts. The rotation curves generated using this two DM halo models are shown
in Figure 3.5.

One of the crucial parameter of the dynamo action is the shearing rate and can be
defined as follows:
dInQ d(v/R) R?
~ dmnR (dl{% )7’ 6D
where 2 is the angular velocity, v is the rotation velocity and R is the radius. Using this

formula one can find the shearing rate from the rotation curves generated in the models.
The shearing rate is about 0.40 at 3 kpc and 0.25 at the 6 kpc radius for the models with
DM halo modelled by Burkert’s profile. The models with “modified isothermal sphere”
(MIS) profile within the radius range has shearing rate about 1.0 (flat rotation curve). The
results show that only the slow rotating objects (vror = 30 km s~1) with Burkert’s profile
generate much stronger magnetic fields than those modelled, which have DM profile
describe by MIS. In the other cases the results are comparable. This have been also
reported by Siejkowski et al. (2010). They look in the local simulations of dwarf galaxy for
dependence of the final magnetic field on different values of q. The conclusion was that
the dynamo does not depend on the shearing rate if only it does not equal zero. In this
case the dynamo do not amplify the magnetic field at all. The results of global simulation

support this conclusion with only a possible exception for slow rotating objects.
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5.1.4 Equilibrium in the ISM

The issue of the pressure balance in the system between thermal gas, cosmic rays and
magnetic fields has been investigated by Hanasz et al. (2009a) in the local simulations of
cosmic ray driven dynamo in massive galaxies. They found that the evolution of pc/pgas
depends on the CR diffusion coefficients and if the latter are higher the ratio after the
simulation is lower. In this thesis the adopted value of the CR diffusion is 10% of the
realistic values because of the time step limitations. The explicit algorithm of the CR dif-
fusion causes that the time step is significantly short when the realistic values of diffusion
coefficients are used. The simulation results show that in the case of global dwarf galaxy
simulation the CR pressure is about 10 times higher than thermal gas. Similar result for
the same values of diffusion coefficient has been found by Hanasz et al. (2009a). Such ex-
cess of CRs pressure in the numerical simulation has been also reported by Snodin et al.
(2006). It also seems that the ratio of CR to other forms of pressure in the ISM is not yet
well constrained by the observations (Strong et al. 2007; Stepanov et al. 2012).

5.1.5 Magnetic field structure

The large scale dynamo process amplifies the magnetic field and simultaneously orders
it. As the result of the dynamo the magnetic field should have a coherent direction within
a galaxy disk. To verify whether the cosmic ray driven dynamo can create such magnetic
field in the disk a plots of By evolution and the orientation of the magnetic field have
been made (Figure 4.7, 4.8, 4.9). In the case of a model where the dynamo works, e.g.
v40, the initially random magnetic field is being ordered, and after 2 Gyr the direction of
the magnetic field is coherent within the disk. Comparing the maps of By (Figure 4.7)
and B? (Figure 4.8) one can see that the distribution of the azimuthal flux correlates with
the magnetic energy. This suggest that the B, component is dominant and contributes
significantly to the total magnetic field. Within the first 1 Gyr the random magnetic field
is transformed into spiral arms of azimuthal flux with oppositely directed signs. This is
manifested in the plots by the alternately positioned red and blue spiral arms. Such an
evolution of the By component is common in other global simulations of cosmic ray
driven dynamo (Hanasz et al. 2009b; Kulpa-Dybet et al. 2011).

In the evolution of the azimuthal magnetic flux sometimes occurs the turnovers of its
direction. This effects has been found also in other studies of cosmic ray driven dynamo
(e.g. Siejkowski et al. 2010). This can occurs mostly in the beginning of the simulation,
where the magnetic field is not strong enough to resist against the turbulence driven by
SNe explosions. At later stages of the evolution the global reverse of the azimuthal flux
occurs only in models in which the dynamo action is very weak and slow.

The final orientation of the magnetic field in the disk plane (Figure 4.7, last panel)

suggests that the magnetic field has axissymmetric configuration (ASS). This results is
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the same for all models which manifests strong magnetic field amplification. Such con-
figuration is also found by Hanasz et al. (2009b) and Kulpa-Dybet et al. (2011) and also in
observations of M 31 (Beck 1982) and IC 342 (Krause et al. 1989b). The dominance of the
ASS configuration in the simulation is not surprising, because this configuration is the
easiest one to be excited in the galaxy disk (Krause 2003).

The edge-on view of the azimuthal flux in the galaxy disk can tell about the vertical
symmetry about the magnetic field. The orientation of the magnetic field above and be-
low the disk is the same. This configuration corresponds with the quadrupolar vertical
field (Figure 2.9) and has been also found in the studies of cosmic ray driven dynamo in
spiral and barred galaxies. Theoretical investigations (Ruzmaikin et al. 1988), observa-
tional works (Heesen et al. 2009) and numerical simulations (Brandenburg et al. 1993)
support the idea that the even symmetry of the vertical magnetic field configuration can
be found in most of the disk galaxies.

In the edge-on view a very interesting structure appears. The disk is penetrated by
a coherently oriented toroidal magnetic field, but from the galaxy disk arise “streams”
of oppositely directed magnetic azimuthal flux. These “streams” spans from the disk up
to the upper an lower boundary. Such a feature has been also found in simulations of
dynamo in spiral galaxies by Hanasz et al. (2009b), however they found it only in the
galaxy centre. In the case of dwarf galaxies these structure can be as wide as the disk
itself.

The models in which the dynamo is not amplifying the magnetic field the structure
of the magnetic field is totally different. In the first 1 Gyr the galaxy evolves similarly to
the above-described picture, but then the toroidal component of the magnetic field is
not amplified, as well as the total magnetic energy. The configuration of the field found
in the disk plane after 6 Gyr has very weak toroidal magnetic field (Figure 4.9). In the
edge-on view one can see a “butterfly structure” of the azimuthal magnetic flux. The flux
above the disk is oppositely directed with respect to this found below the disk. This con-
figuration have the odd symmetry (Figure 2.9), but in this case the magnetic fields are not
amplified. Looking at the edge-on view one can understand why the toroidal magnetic

field is very weak in the disk mid plane, i.e. the magnetic field reverse its direction.

5.2 Comparison between models and observations

The simulations of the cosmic ray driven dynamo in dwarf galaxies presented in this
thesis aim to find possible relations between the strength of the magnetic field and the
characteristics of the galaxy, like rotation, star formation rate and ISM temperature. Such
investigation in the observational side has been recently done by Chyzy et al. (2011).
The observational sample however is very limited due to the lack of enough sensitivity

of current radio telescopes and the study regards to objects from our Local Group with



CHAPTER 5. DISCUSSION

59

102
0t | NGC 1569|(x: «NGC 4449 .~ "1
Lo 1c 1513 NGC eszzxgl\ﬂcgl_ng )
8 - _ -
- L ./ -
107 o 7 _-7
° ;’/’ /.’/ " e
2 _-z7 .
10 ) ’: - - e
= 10° | LetT e s
© - e .
;104 /,f” /// /'/
-~ ,/ . - °
10° P
10° T
- - 7 e o c7 MIS
-7 - ’ B
10 - e e (7 Burkert
) e o 58
-7 e o (81
-9 ! ! !
10710 20 40 60 100
v, [kM/S]

Figure 5.2: Relation between the v, and total magnetic field in the model after 6 Gyr.
The models with DM profile described by the “modified isothermal sphere” (MIS) and
the Burkert’s profile are mark by red and blue dots, respectively. Additionally the results
for models with speed of sound set to ¢; = 5.8 (green dots) and 8.1 km s~! (pink dots)
are plotted. The fit to the data is marked by the black, green and pink dashed lines for
models with ¢; = 7.0, 5.8 and 8.1 km s~!, respectively. The crosses show the data of
galaxies: IC 10, IC 1613, NGC 1569, NGC 4449, NGC 6822, SMC and LMC, taken from
Chyzy et al. (2011).

some few objects from more distant Universe.

The results of the simulations of the models with different rotation speeds show
clearly that the final value of the amplified magnetic field depends on the rotational ve-
locity. This regards to the magnetic energy evolution and also its toroidal component.
The results are summarised in Figure 5.2, where for each reference model the mean mag-
netic field is plotted against the rotational velocity. The relation show that magnetic is
power law dependent on the rotational velocity. What is more also the shape of the ro-
tation curve determined by using the different DM profiles influence this relation, espe-
cially for slowly rotating objects.

The above relation have a correlation coefficient r = 0.94 and can be quantified by

8.96+0.99

the power law fit, B o< v,

. For the fit the data are used from both types of models
regarding the different DM profiles. To compare this result the real galaxies are also plot-
ted in the figure, for which the total magnetic field is known. Only two galaxies follows
closely this relation, namely SMC and LMC. The others are above the fitted curve. In the
case of IC 10, NGC 1569 and NGC 4449, they are currently undergoing strong starburst

and therefore might be unsettled. Especially the NGC 4449 is more massive than LMC,
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but its rotation curve is highly disturbed (Figure 2.8, right panel) and the observational
Urot can be underestimated, so probably it might shift a little to the right. The NGC 6822
and IC 1613 however are in their quiescence state, and quite close to the modelled trend.
Additionally the data from observations can be influenced by the selection effect. There
are only 7 objects which have strong enough magnetic fields to be observed by current
radio telescopes. For the other 9 objects from the Chyzy et al. (2011) sample only the up-
per limits are found. The upper limits are about few uG but the vy spans from 13 up to
37 km s~!, so if we have enough sensitivity to measure the magnetic field in these objects
they can be plotted in the figure and probably might follow the found trend.

To compare the results of the simulations of the models with different speed of sounds
also the final results for models with ¢; = 5.8 and 8.1 km s~! are plotted. The fits are fol-
lowing:

e for ¢, =5.8kms!, Bocyk33*266 = ,65;

e forc;=8.1kms™!, Boc 29238 1 =0.90.

The result for 8.1 km s~! is consistent with this found for ¢; = 7.0 km s~!. The indices are
very close and match within its uncertainties. However for the models with hotter gas
the final value of magnetic field is about 1.5-2 order of magnitude lower. In the case of
cs =5.8 km s~! the result is very uncertain, because the points for vy, = 60 and 70 km s~!
are calculated in models, which were not simulated until 6 Gyr (see Sec. 4.2.3). This is
also reflected by the low correlation coefficient. However from this analysis one can see
that, especially for slow rotating models (v;o < 40 km s~1) the galaxies with cooler gas

can amplify the magnetic field to much greater values.

5.2.1 NGC1569

The observations of NGC 1569 by Kepley et al. (2010) have shown that it has strong mag-
netic field. The total magnetic field is about 10-15 uG, with a maximum of 38 uG in the
central part. The regular component is between 3-9 uG. Using the models from the sam-
ple presented in this thesis the most corresponding model is the v40 or v40b, according
to the rotational velocity. These two models have very similar final results, so both can
be taken into account. The final total magnetic field in the simulation is about 0.1 uG
and the regular component 0.06 uG. The maximum value of the azimuthal flux is as high
as 1 uG. Apparently the magnetic field in v40 and v40b models are too weak to explain
the observed values by the cosmic ray driven dynamo. The models which have faster
rotation of about 60 km s~! can generate such magnetic fields. In these cases the total
magnetic field is about 1 uG and the maximum value of By is about 28 km s~!.

The models v40, v40b and v60 and v60b are set to explode SNe with frequency fsn =
3000 kpc=? Gyr~! and is approximately equivalent to XSFR= 4.7 x 10~* Mg yr—! kpc—2.
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The observed current XSFR in NGC 1569 is about 0.1 Mg yr—! kpc=2. The difference is
2.5 order of magnitude, but the galaxy is currently undergoing very strong starburst, and
therefore the observed value is enormously high. Such ~SFR can not last for very long
time about few Gyr, because of limited reservoir of gas, which can be converted into stars
and therefore this event can be treated as an exception. The assumed value in simulation
compared to the other objects is in the mid range of other galaxies (Figure A.1).

Kepley et al. (2010) reported that the magnetic field in NGC 1569 is mostly perpen-
dicular to the plane of sky. This is what is found in the synthetic polarization maps (Fig-
ure 4.14). The edge-on view show that the magnetic field is almost perfectly parallel
to disk plane. The configuration of the magnetic field in the observations have strong
radial component, whereas the synthetic polarization maps show almost only toroidal
magnetic field. In the observations only in the eastern part of the galaxy a spiral arm
is apparent, but it is probably related with an inflow/outflow event. The difference in
the magnetic field configuration in the disk plane can be cause by the strong starburst
event, which can drive significant amount of turbulence in to the system and therefore
influence the configuration. This galaxy also interacts intensively with the surrounding
environment. Lots of gas is expelled from the galaxy, but there is also an infalling matter
(Stil & Israel 2002; Recchi et al. 2006). Such phenomena are known to disturb the galaxy
structure as well as the magnetic field configuration.

5.2.2 NGC 4449

Chyzy et al. (2000) reported about the magnetic fields in NGC 4449. This galaxy have the
total magnetic field equals to 9.3+2.0 uG with a regular component between 6 and 8 uG.
Its rotation speed is very difficult to estimate, because this galaxy is rapidly forming stars.
The rotation curve even have some counter rotating parts (Figure 2.8). Defining the vy,
as the maximum of rotational velocity and 2 times the velocity dispersion gives a result
of 50 km s~! (Woo et al. 2008; Hunter et al. 1999). However if one compare the mass
of the galaxy with LMC, which rotates as fast as 72 km s~!, one can find the NGC 4449
is 3.5 times more massive. This suggest that the observed v,y is underestimated and
therefore a one of the model from v70 class can be attributed to describe this galaxy. The
v70 and v70b are the only two models which reach almost the equipartition level. The
final magnetic field is about 10 uG with a regular component about 8 uG. The maximal
azimuthal flux is between 25 and 37 uG.

The observed structure of the magnetic field show very strong toroidal component
of regular field. The maximum of the total power emission is located at the central part
of the galaxy. Such configuration is also found on the synthetic polarization maps (Fig-
ure 4.14). The dominant component of the magnetic field is the toroidal one, and the
maximum is also found in the galaxy centre. The rotation measure observations imply

the magnetic field to be unidirectional (Chyzy et al. 2000) rather than stretched and com-
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press random magnetic field. Thisis also the case in the simulation results, see Figure 4.8.
The initially random magnetic field is being transformed into ordered one, but the neigh-
bouring regions have oppositely directed magnetic vectors. Due to the dynamo action
the configuration is regularised and the vectors are oriented in the same direction. The
opposite evolution is found in the object where the magnetic field is not being amplified
(Figure 4.9). In the final snapshot the magnetic field has strong azimuthal component,

but still the vectors are oppositely oriented in neighbouring regions.

5.2.3 IC10and NGC 6822

These two galaxies are the members of the Local Group. They rotation speed is about
47 km s~! in IC 10 (Wilcots & Miller 1998) and is rapidly forming stars. The NGC 6822 is
inits quiescent state and rotates about 60 km s~! (Weldrake et al. 2003). The observations
reveal that the regular magnetic field in both galaxies is about 2-3 uG (Chyzy et al. 2003).
The total magnetic field in IC 10 and NGC 6822 is about 10 uG and 4 uG, respectively.
These two examples show that with high star formation rate the total magnetic field is
stronger than in the case of low SFR. However the ratio of regular magnetic field to total
magnetic field is higher for objects in quiescent state. The simulations presented in this
thesis show that the magnetic field is dominated by the regular component. Note that
the applied ~SFR is very low when compared to the numbers found in those two galaxies.
NGC 6822 can be compared to the v60 or v60b models. The magnetic field found in this
models is about 1 uG, but the maximum of the azimuthal flux is between 25-29 uG. This
models seem to explain the observed magnetic fields in this galaxy by operation of the
cosmic ray driven dynamo. In the case of IC 10 the corresponding models which rotates
as fast as 50 km s~! do not reproduce the observed magnetic fields. The final magnetic
fields are two orders of magnitude lower than the observations show. However the much
higher star formation rate in the real object than the assumed in the models can lead
to such difference. The magnetic field structure in both galaxies is difficult to quantify
with respect to those found in simulations because of lack of enough spatial resolution

in observations.
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Conclusions

I present a global model of the cosmic ray driven dynamo in a dwarf galaxy. The model
consists of (1) exploding SNe which supply the cosmic ray energy input and are dis-
tributed according to the local density of gas, (2) seeding the dynamo by randomly ori-
ented dipoles injected with first bursts of SNe, (3) the “modified isothermal sphere” and
Burkert’s dark matter profiles and (4) the ISM resistivity. The main findings of this thesis

are:

e The cosmic-ray driven dynamo operating in a dwarf galaxy can amplify the mag-
netic fields exponentially in time. Besides the total magnetic energy also the regu-

lar component, By is significantly amplified.

e The magnetic field is amplified for all models with different DM profile, ISM tem-
perature, supernova modulation if only vy, > 40 km s~!. For slower rotating mod-
els only few of them can effectively amplify the magnetic field, but no simple rela-
tion has been found. The rotation speed set to 20 km s~! seems to be not enough

to initiate a dynamo action.

e The e-folding time of the azimuthal magnetic flux is 1 Gyr for models with vy =
40 km s~! and 400 Myr for the fastest rotators. As well the magnetic energy is am-

plified and its the growth rate is about 2 or 3 times faster.

e There is no dependence of the magnetic field growth rate on the duration of the
quiescent state in the supernovae modulation. Such relation has been previously
reported by Hanasz et al. (2009a) and Siejkowski et al. (2010) in the shearing box

simulations, but in the global simulation seems to be not applicable.

e The dynamo efficiency do not depends on the shearing rate caused by the differ-

ential rotation. Similar result has been found by Siejkowski et al. (2010), but addi-
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tionally they indicate that the shear needs to be present, i.e. the rotation curve can

not be for a solid body.

¢ Only the fastest rotating models reach the dynamical equilibrium state between
magnetic fields and thermal gas. The cosmic ray pressure is about 10 times higher
then the thermal gas pressure. This seem to be due to the lower values of the cos-
mic ray diffusion coefficients than the realistic values. This issue has been reported
also by Snodin et al. (2006) and Hanasz et al. (2009a).

e The dominant component of the magnetic field amplified by the dynamo is the
toroidal one. The magnetic field configuration do not show any spiral structure as
well as the vertical component is not developed. The magnetic field have axissym-

metric symmetry in the disk plane and quadrupolar in the edge-on view.

o For slow rotating models, where the dynamo do not operate effectively, the verti-
cal structure is dipolar. The azimuthal flux is much stronger above and below the

galactic disk than this found in the midplane.

¢ Arelation between the rotation speed and the final magnetic field strength is found
showing that B o< v% , where a can be about 9 and 10 for models where the ISM
temperature is 6000 K and 8000 K, respectively. For colder ISM, T = 4000 K the

index is 4.5, but the result is burdened with considerable uncertainty.

e The magnetic fields observed in NGC 6822 and LMC can be explained by the op-
eration of the cosmic ray driven dynamo. The other objects however seem to be
very exceptional mainly because of their extremely high star formation rates and

disturbed kinematics.

This thesis shows that the magnetic field in quiet objects can be explained in terms of
the cosmic ray driven dynamo. The vertical and azimuthal configuration of the amplified
magnetic field is comparable to those found in observations. The presented discussion
indicates a possible relation between the growth rate of the magnetic field and the rota-
tion speed of the galactic disk. The global model of the dwarf galaxy provide a reliable
framework for further investigation of magnetic dynamo as well as other processes re-

lated to the magnetic field evolution and cosmic rays in dwarf galaxies.



APPENDIX

Star formation rate and supernova

rate

Star formation rate (SFR) is a quantity which informs about the amount of mass con-
verting into the newborn stars. Often a derivative quantity is used, namely the surface
density of SFR, XSFR. Both quantities are easy to derive from observations and can be
an input parameter for modelling. A quantity which obviously depends on the SFR is the
supernova rate, which informs about the number of stars exploding as a supernova. In
the cosmic-ray driven dynamo model a key parameter is the surface density of frequency

of supernova explosions defined as follows:

VSN
=N Al
fsn 1 (A1)

where, vsy is the number of SNe explosions which occurs per year in the area A. To
find the relation between fsy and XSFR or Ngn/t and SFR one can use the initial mass
function. The initial mass function (IMF) is an empirical function that describes the
mass distribution (the histogram of stellar masses) of a population of stars in terms of
their theoretical initial mass. The IMF underlays both the SFR and SNR and often is
approximated by:

U(M)=kM™T, (A.2)

where, M is the mass express in solar mass unit, k and y are constants. The number of

stars formed which have mass between M,i, and M,y is:

Mmax
N, :J U(M)dM, (A.3)
Mmin

and the amount of mass converted into stars (SFR) is:
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MODELS OF THE IMF
Ref. Y Mmin  Mmax  Smin =~ Smax | fm M M
Condon (1992) 2.5 5 100 8 100 | 0.73 176 194
Kennicutt (1998) | 2.35 0.1 100 8 100 | 0.13 18.7 21.6

Table A.1: The first column shows the reference for the model. All masses are given in
M. M and M are the mean and median mass, respectively.

Mmax
SFR= f MY(M)dM, (A.4)
Mmin

Assuming that Spin and Spax are the mass limits for stars which explode as supernovae,

we can find what mass fraction fj; is “converted” into the SNe, by:

[ Mw(M)d M
fM — min

Mo (A.5)
[ MO(M)d M
To find a representative mass of a star which ends as a supernova, one can calculate the

mean mass:

S MG(M)d M
My = =omn_ , (A.6)
fS S W(M)dM

or the median mass:

[ Mu(M)AM
N , (A7)
ST G(M)AM

Knowing the SFR from observation now we can easily find the corresponding SNR, i.e.:

vsn = SFR fam/Msn, (A.8)

where Mgy is the mean (Eq. A.6) or median (Eq. A.7) mass of star which explodes of su-
pernova. We can find the fsy by substituting the SFR by ~SFR:

fsn =2SFER fpr/Msn. (A.9)

To close this equation one need to assume the values of mass limits for stars and SNe
and the IMF index y. The constant k reduces from both of the above the equations, so
in this case is no need to find it. These parameters can be find in the literature, but they
vary from model to model. The two commonly used IMF models and the resulting f,
M and M are shown in Table A.1. The relation between fsy and the ©SFR for described

IMF models is shown in Figure A.1.
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Figure A.1: Relation between ~SFR (an observed quantity) and the fsy (a paramter of
the CR driven dynamo). The Cm and Cd lines show the relation described by Eq. (A.9)
for IMF parameters from Condon (1992), where Mgy is defined as the mean and median
SN mass, respectively. Analogically for Km and Kd lines, which uses the IMF model from
Kennicutt (1998). The horizontal dashed lines show the fsy values used in the dwarf
galaxy simulations presented in this these work. They mark the follwing values, from
top: 3000, 1500, 1000 and 750 kpc—2 Gyr~!. The arrows show the observed XSFR values
for particular dwarf galaxies taken from Chyzy et al. (2011).
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