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Abstract

Observations show that magnetic fields are present and dynamically im-
portant in all observed galaxies. It is now well established that these fields
were amplified by the magnetic dynamo, although the details are still un-
clear. The only practical way to study complex setups like galaxy for-
mation is through numerical simulations. However, including magnetic
fields in simulations is a nontrivial task because of the unique solenoidal
constraint ∇ · B = 0.
In this thesis, we used a newly implemented smoothed-particle magneto-
hydrodynamics (SPMHD) with a divergence cleaning module in SWIFT.
We run a galaxy formation in ‘the cooling halo’ and galaxy evolution in
‘the isolated galaxy’ setups, both without stellar feedback. Although SPMHD
implementation was thoroughly tested on default tests, we found that it
struggles with this setup. We conclude that the issues arise from the den-
sity contrast between the forming disk and halo. The divergence clean-
ing struggles to maintain a low divergence error and sometimes even in-
creases it. This results in a spurious dynamo and, in some cases, a “nu-
merical explosion” in internal and turbulent energies.
We find that having higher spatial and temporal resolution helps to re-
solve numerical issues. However, it makes computational cost unrealistic
for larger cosmological runs. We propose ideas that can help to fix the
problem without high computational cost – like a more aggressive time-
step limiter near the problematic region with density contrast.
Finally, we find no dynamo in the runs without numerical issues.





Contents

1 Introduction 7
1.1 Observational evidence of magnetic fields in galaxies 8

1.1.1 Observational methods 8
1.1.2 Results of observational measurements 9
1.1.3 Evidence for dynamo action in galaxies 10

1.2 Simulations of magnetic fields in galaxies 11

2 Theory 15
2.1 The equations of magnetohydrodynamics 15
2.2 Basic dynamo theory 17
2.3 Evolution of magnetic fields in galaxies 19

3 Simulation methods 21
3.1 The gravity and hydrodynamics code SWIFT 21
3.2 Smoothed-particle magnetohydrodynamics 22

3.2.1 Tensile instabilities 22
3.2.2 Artificial resistivity 23
3.2.3 Dedner cleaning 23
3.2.4 Time-stepping 24

4 Runs 25
4.1 Simulation setups 25

4.1.1 Cooling halo with spin 25
4.1.2 Isolated galaxy 28

4.2 Runs without magnetic fields 29
4.2.1 Cooling halo 29
4.2.2 Isolated galaxy 30

4.3 Run with magnetic fields and “numerical explosion” 32

Version of June 20, 2024– Created June 20, 2024 - 18:40

5



6 CONTENTS

4.3.1 How does explosion looks like 32
4.3.2 Isolated galaxy MHD runs 34
4.3.3 Unsuccessful ideas we tried to fix the explosion 36
4.3.4 Temporary solutions to the explosion 39

4.4 Dynamo or no dynamo 40
4.4.1 More physical setup 40
4.4.2 Expected Behavior 41
4.4.3 Cooling halo results 41
4.4.4 Isolated galaxy results 44

5 Summary and conclusions 47
5.1 Next steps 48

6

Version of June 20, 2024– Created June 20, 2024 - 18:40



Chapter 1
Introduction

In the last few decades, our understanding of large-scale structure and
galaxy formation has greatly improved. A lot of questions and mysteries
were resolved, and now we are transitioning into a new era: the era of
precision cosmology, where not only qualitatively correct but also quanti-
tatively accurate predictions are crucial. A great part of this success can be
attributed to the rapid development of cosmological simulations. Grav-
itational collapse quickly becomes nonlinear and analytically intractable.
Additionally, various cooling mechanisms, star formation and stellar feed-
back complicate galaxy formation even more, leaving no hope of studying
the process analytically. Numerical approaches, however, allow us to sim-
ulate such complicated environments and have become a reliable tool in
structure formation over the last decades [1].

One of the aspects of galaxy formation that was included in the simu-
lations only in the last 20-30 years is magnetic fields. From observations
of galaxies, we measure relatively high magnetic fields that are dynami-
cally important. One of the questions of interest is where these magnetic
fields come from. In the last years, overwhelming evidence has been gath-
ered supporting the dynamo mechanism – exponential amplification of
the magnetic field using turbulent motion energy. Still, details of how ex-
actly this mechanism produced observed magnetic fields are lagging with
some discrepancies between theory and observations. These questions are
hoped to be answered by simulations. However, simulating magnetic phe-
nomena is hard, and the field is still young, with no consensus on how to
do it and what results are correct or not [2].

In this thesis, we study the newly developed smoothed particle mag-
netohydrodynamics module inside the SWIFT code. And where dynamo
results obtained with it lie among other observational, theoretical, and nu-
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8 Introduction

merical works.

1.1 Observational evidence of magnetic fields in
galaxies

Magnetic fields are common in the universe at all scales. The Earth has
magnetic field of 0.25 to 0.65 G on its surface (1 G = 10−4 T). The Sun
has a magnetic field – usually around a few Gauss, but in sunspots, it
can reach ∼ 2 kG, and even more, deeper in the convection zone. The
strongest magnetic fields are believed to be in neutron stars, and they can
reach 1013 to 1015 G (compare with the maximum produced by humans
∼ 107 G). While the largest in scale observed magnetic fields are in galax-
ies and clusters of galaxies of 10 to 100 µG and 0.1 to 1 µG respectively. For
more details, see review [3] and book [4].

1.1.1 Observational methods

In this project, we are especially interested in the magnetic fields in galax-
ies. Hence, let’s discuss how magnetic fields in them are measured and
what measurements tell us. Before that, it is important to note that the
total magnetic field in a galaxy consists of a regular (has a well-defined di-
rection at galactic scales) and a turbulent component (frequently reverses
its direction). Different methods measure different projections of regular
and/or turbulent components. For more details, see this review [5].

1. Synchrotron Radiation

Ultra-relativistic cosmic ray particles emit electromagnetic radiation
when they accelerate due to Lorentz force in the magnetic field. The
intensity of the synchrotron radiation depends both on the magnetic
field strength and number density of cosmic rays. To disentangle
between the two, the expected equipartition of magnetic and cosmic
rays’ energy is used. This allows us to measure strength of total field
perpendicular to the line of sight [6].

Synchrotron radiation also has an intrinsic polarization that can help
to measure the direction of magnetic field and distinguish between turbu-
lent and ordered component [7].

2. Faraday Rotation

8
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1.1 Observational evidence of magnetic fields in galaxies 9

While polarized light travels in a magnetized plasma, its polarization
angle rotates. The rotation angle is equal to ∆χ = RMλ2, where λ
is the observed wavelength, and RM is the rotation measure, which
is equal to the integral along the line of sight: RM =

∫
B||nedl. If

we can estimate electron density, then by the polarization angle’s de-
pendence on the wavelength, one can measure regular magnetic field
component along the line of sight [7].

Turbulent magnetic fields will wavelength-dependently decrease over-
all polarization, which is known as Faraday depolarization. By mea-
suring this effect, one can find turbulent magnetic field along the line of
sight [7].

3. Dust Extinction/Emission Polarization

Elongated dust grains in the interstellar medium orient their minor
axis along the mean magnetic field by the Davis-Greenstein effect
or radiative torque alignment. They effectively form an anisotropic
dust medium that emits polarized infrared light – with the polariza-
tion direction perpendicular to the mean magnetic field. Similarly,
initially unpolarized starlight will become polarized in the direction
parallel to the mean magnetic field after going through such dust.

Therefore, by detecting the direction and degree of polarization in
the infrared and optical ranges, one can measure the direction and
strength of the ordered field perpendicular to the line of sight [8].

4. Zeeman effect

This is the most direct way to measure magnetic fields – in magnetic
fields, each emission spectral line splits into a few lines with different
frequencies and polarizations. The frequency shift of each line is pro-
portional to the magnetic field. However, for characteristic fields in
galaxies, this effect is tiny and requires high line intensity and care-
ful control of instrument polarization. Therefore, it has been used
only for the Milky Way and starburst galaxies. It allows measuring
the strength of the regular field along the line of sight [9].

1.1.2 Results of observational measurements

Using the aforementioned methods, many measurements of magnetic fields
in galaxies have been performed. See [5] for a review. Here are some of
the results:
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9



10 Introduction

1. Assuming equipartition between magnetic energy and cosmic rays,
the radio synchrotron emission measurements indicate that the av-
erage strength of total magnetic fields in spiral galaxies is Btot =
10 to 20 µG [10].

2. Even higher magnetic fields can be found in galaxies with high star
formation, up to 100 µG [11].

3. From polarization of synchrotron emission, the average strength of
ordered fields perpendicular to the line of sight is found to be around
5 to 10 µG with a ratio Bord,⊥/Btot = 0.3. The direction of the mag-
netic fields forms a distinct spiral pattern (see Figure 1.1e) [10].

4. Total magnetic energy density is similar to the average kinetic energy
density of the turbulent motions of the gas – so-called equipartition.
This means that magnetic fields in galaxies are dynamically impor-
tant. Still, magnetic energy density is 500 − 1000 times smaller than
the kinetic of the bulk rotation of the gas [12].

1.1.3 Evidence for dynamo action in galaxies

One of the central questions about magnetic fields in galaxies is of their
origin. Historically, first was an idea of a large-scale primordial magnetic
field that is then winded up in the galaxy following the matter [13, 14].
During the galaxy collapse, the magnetic field will be amplified due to the
adiabatic contraption (2.9) and reach today’s values of 1 to 10 µG. This
idea is commonly termed the primordial origin of the magnetic field.

However, it is now firmly believed that current microgauss magnetic
fields are not primordial but rather were significantly amplified by the
magnetic dynamo. We discuss the dynamo mechanism in more detail in
the following section 2.2 – it is a way for exponential amplifications of
magnetic fields from the turbulent motion energy. Note the word “am-
plify” – dynamo cannot create a magnetic field, so some kind of seed field
is still required. The origin of the seed field is pretty much an open ques-
tion now – it could be of an astrophysical origin or primordial one.

Here, we discuss some of the differences between dynamo-amplified
and primordial winding-up scenarios in galaxies and observational evi-
dence for the former.

First, there is a topological difference in a final magnetic field in two
scenarios (see Figure 1.1). Winding of primordial magnetic field will give
bisymmetric spiral (Figure 1.1b) with odd symmetry (1.1d) in the vertical

10
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1.2 Simulations of magnetic fields in galaxies 11

direction with tiny pitch angle ≲ 1◦ (1.1f). In large-scale dynamos, how-
ever, the dominant mode is an axisymmetric spiral (1.1a) with even sym-
metry in the vertical direction (1.1c) with a pitch angle around 20◦ (1.1e).
See reviews [2, 3] for more details.

Observations support the dynamo picture on all three points. Faraday
rotations measurements show that in most of the galaxies, axisymmetric
mode is dominant, while bisymmetric is present only in a few [10]. In the
Milky Way, it was possible to measure vertical symmetry, and it is even
[15]. Finally, measured ordered magnetic fields make a trailing spiral with
a pitch angle in the range 10◦ − 30◦ [16].

Second, the measured strength of the magnetic fields is close to the en-
ergy equipartition with turbulent motions. Such equipartition is directly
predicted in the dynamo model, while there is nothing similar for the pri-
mordial magnetic fields hypothesis [16].

There is also a tight radio-IR correlation that suggests that the total
magnetic field is correlated to the star formation rate: Btot ∝ Σ0.30

SFR. This
is again a sign of dynamo action – how turbulence from stellar feedback
translates into magnetic fields [17].

1.2 Simulations of magnetic fields in galaxies

Simulating magnetic fields is a nontrivial task since the chosen discretiza-
tion of the magnetic field should obey its unique solenoidal constraint
∇ · B = 0.

In Eulerian codes (with either constant or moving mesh), it is possible
to ensure this using the constrained transport scheme [19]. In this scheme,
magnetic fields are defined per each cell surface instead of the usual vol-
ume averaged per cell. Then, by keeping the total flux of the magnetic field
through the surfaces of each cell equal to zero, one automatically ensures
∇ · B = 0 according to the divergence theorem.

However, for galaxy formation, Lagrangian codes are usually used
(like mesh-free smoothed-particle hydrodynamics) since they have inher-
ent spatial adaptability. For Lagrangian approaches, there are no alterna-
tives like constrained transport. Therefore, they rely on divergence clean-
ing algorithms [20, 21]. Although divergence cleaning is stable, it can lead
to numerical artefacts, and some of them can mimic dynamo [22]. We
discuss examples of problems throughout the thesis since we also use the
Lagrangian approach with the Dedner divergence cleaning.

There are two types of dynamos in galaxies – small-scale, occurring at
turbulent scales 10 to 100 pc and creating turbulent magnetic fields; and
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12 Introduction

           Dynamo             vs             Primordial Field 

axisymmetric spiral                             bisymmetric spiral 

 

(a)       (b) 

                

(c)       (d) 

         

(e)       (f) 

𝑝 – pitch angle 

Figure 1.1: Comparison of magnetic field topology between dynamo generated
(left column) and winded-up primordial fields (right column). (a, b) In-plane
fields: dynamo generates axisymmetric spiral while winding up – bisymmetric.
Also, figure (a) illustrates the definition of the pitch angle – the angle between a
spiral and the corresponding circle. (c, d) Vertical component: dynamo generates
quadrupole field with even symmetry along z, while primordial fields will likely
wind up as a dipole with odd symmetry. (e) Polarized radio emission (contours)
and B-vectors of M51 superimposed on the colour image of the CO line emission
from molecular gas. The observed pitch angle is p = 20◦. (f) Simulation of wind-
ing up of the primordial field during galaxy formation. The pitch angle is p = 3◦.
Figures (a, b, f) are taken from [2], figures (c, d) from [18], and figure (e) from [5].

12
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1.2 Simulations of magnetic fields in galaxies 13

large-scale, producing ordered fields at the scale of the galaxy.
Currently, there is no consensus in the field of galactic dynamo simu-

lations. Different papers disagree on what drives dynamos, their rate and
equipartition value, or even if the dynamos we see in simulations resem-
ble physical or purely numerical artefacts. Nevertheless, most simulations
show that both small and large-scale dynamo operate simultaneously and
resolving both is essential to understanding galaxy formation [2].

Analytical estimates and observational evidence suggest that turbu-
lence created by supernova explosions is one of the main drivers of small-
scale dynamos. However, some of the simulations were done without in-
cluding supernova explosions and still show rapid amplification (much
faster than expected from pure large-scale dynamo) [23, 24]. Moreover,
some papers show small or no difference between runs with or without su-
pernova feedback [25, 26]. At the same time, other simulations show that
indeed, without supernova-driven turbulence, there is only moderate am-
plification [27, 28] or no dynamo at all [18, 29]. This discrepancy is likely
because most simulations do not have enough resolution to capture small-
scale turbulent dynamics, but it may also indicate spurious dynamos in
some magnetohydrodynamics (MHD) schemes.

Observations show that magnetic field energy is close to the equipar-
tition with the turbulent. Simulations also disagree on this front: some
show that magnetic energy can reach and even overshoot turbulent and
internal energies [23, 30], while in others, it only reaches a fraction of tur-
bulent energy [31]. Some of the authors suggest that this difference could
be because of the different MHD schemes [22].

Finally, the dynamo growth rate – in all of the papers that study dy-
namos in the isolated galaxy, it changes with the resolution, meaning that
the dynamo is not resolved. Moreover, rates vary within different setups
and MHD schemes [22].

In conclusion, one should be very careful when selecting an MHD
scheme, especially in how it handles solenoidal conditions and be cau-
tious in the analysis to distinguish any numerical artefacts and physics.
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Chapter 2
Theory

2.1 The equations of magnetohydrodynamics

In SI units, Maxwell’s equations can be written in the form:

∇ · E =
ρ

ϵ0
(2.1)

∇ · B = 0 (2.2)
∂B
∂t

= −∇× E (2.3)

1
c2

∂E
∂t

= ∇× B − µ0 J. (2.4)

To get a standard magnetohydrodynamics (MHD) equation, we also add
the standard Ohm’s law:

J = σ(E + U × B), (2.5)

where U is a velocity of the gas and σ is its electric conductivity. Instead
of σ, magnetic diffusivity is often used η = (µ0σ)−1 (in cgs units η =
c2/(4πσ) and often called resistivity). Then, substituting Ohm’s law (2.5)
into (2.4): (

1
η
+

1
c2

∂

∂t

)
E =

(
1
η

U −∇
)
× B. (2.6)

In all the astrophysics problems, the relevant timescale over which the
electric field varies is orders of magnitudes larger than Faraday time τFaraday =

η/c2. Hence, the time derivative of E can be neglected. Going back to the
equation (2.4), we can now rewrite it as Ampere’s law:

J =
1
µ0

∇× B. (2.7)
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16 Theory

Now, by substituting Ohm’s law (2.5) into Faraday’s law (2.3) and us-
ing Ampere’s law (2.7), one can get a single evolution equation for B:

∂B
∂t

= ∇× (U × B)− η∇× (∇× B)

or using curl of curl identity and Gauss’s law (2.2):

∂B
∂t

= ∇× (U × B) + η∇2B. (2.8)

This equation is called the induction equation.
Now, let’s discuss its properties. The first term on the right-hand side

∇× (U × B) correspond to changes in the magnetic field due to the move-
ment of the fluid. More generally, this term implies that the magnetic flux
through a surface moving with the fluid remains constant – this effect is
also called flux freezing.

One example of this effect is magnetic field amplification due to adia-
batic contraption. During the spherical collapse, all the surface areas will
shrink, and the magnetic field will get amplified. Since B ∼ 1/S ∼ 1/l2

and density is ρ ∼ 1/l3 during such collapse, the magnetic field will get
amplified as

B = B0

(
ρ

ρ0

)2/3

, (2.9)

where B0 and ρ0 are initial values.
Second term η∇2B corresponds to the diffusion of the magnetic field.

Diffusivity varies a lot with temperature and whether or not gas is ionized
(for more details, see [3]). For galaxies, typical diffusivity is very small
η ∼ 107 cm2s−1. This means that diffusion even on a scales of 1 AU will
take ∼ 1000 Gyr.

To have a full system of evolution equations, one should also couple
the induction equation (2.8) with the momentum equation. It is the usual
Navier-Stokes equation with additional Lorentz force J × B. In simplifica-
tion of incompressible fluid:

DU
Dt

= −1
ρ
∇p +

J × B
ρ

+ f + ν∇2U, (2.10)

where D/Dt = ∂/∂t + U ·∇ is the Lagrangian derivative, ν is kinematic
viscosity, f is external force per unit mass (gravity, for instance).

For some considerations, it is useful to rewrite Lorentz force as

J × B =
1
µ0

(∇× B)× B =
(B ·∇)B

µ0
−∇

(
B2

2µ0

)
, (2.11)

16
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2.2 Basic dynamo theory 17

where the first term is called magnetic tension and acts to straighten mag-
netic field lines, and the second term is the magnetic pressure force that
opposes the build-up of high magnetic energies.

2.2 Basic dynamo theory

General dynamo theory is very complicated since it requires solving a non-
linear set of equations (2.8) and (2.10). Up to the 1950s, it was generally
believed that magnetic dynamo was impossible. Only after pioneering
theoretical works of Parker, Backus, Herzenberg, Roberts [32–35] and ex-
periments of Lowes & Wilkinson [36], people start taking the possibility of
dynamos seriously.

There are at least two requirements for any known dynamo:

• It requires three dimensions. In two dimensions, there is no dynamo
(antidynamo theorem [37]).

• It requires nonzero resistivity η ̸= 0. For some dynamo mechanisms,
only small resistivity is required (η → 0).

Dynamos are divided into two types: small-scale and large-scale dy-
namos. Small-scale dynamo operates on characteristic turbulent scales
and usually generates turbulent magnetic fields, while large-scale dynamo
is responsible for ordered magnetic fields correlated on larger scales.

Let’s start with small-scale dynamo. A nice example to understand the
overall mechanism is the so-called stretch-twist-fold (STF) dynamo. Fig-
ure 2.1 illustrates the mechanism. A key to this mechanism is flux freezing
(section 2.1) – conservation of magnetic flux through a surface moving
with the fluid.

In this mechanism, we consider a “rope” of incompressible fluid with
magnetic flux along it. First (stretch, A → B), the rope is stretched to twice
its length. Since volume is conserved, the rope’s cross-section becomes
two times smaller, and the magnetic field doubles. This is the part where
magnetic energy is amplified from the turbulent kinetic energy. Second,
(twist, B → C) the rope is twisted into figure eight – this part requires
a third dimension. Then, (fold, C → D) the rope is folded so that there
are two loops, each with doubled the magnetic field and half the cross-
section. Finally (merge, D → A), to save this state and avoid future turbu-
lent disentanglement, two circles merge due to magnetic diffusion. This
part requires nonzero resistivity, although it can be relatively small.

Version of June 20, 2024– Created June 20, 2024 - 18:40
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18 Theory

Figure 2.1: A schematic illustration of the stretch-twist-fold dynamo. The Figure
is taken from [3].

This way, the magnetic field is doubled. Repeating this mechanism n
times, we get 2n amplification. If one STF cycle takes around T time, this
mechanism gives exponential growth with T−1 ln 2 growth rate.

When the magnetic field increases up to dynamically important val-
ues, it may limit the efficiency of the dynamo. Namely, magnetic curva-
ture forces may limit the twist part, or magnetic pressure may break down
the incompressibility assumption and not allow the cross-section to shrink
and increase the magnetic field. When this happens, dynamo saturates
and magnetic field stop growing.

A more detailed analytical theory of small-scaled dynamos is also pos-
sible and was done first by Kazantsev [38]. For more details, see [3]. Here
we note the following: small-scale dynamos should operate in galaxies
driven by turbulence from supernova explosions; small-scale dynamo rate
is estimated to increase magnetic field up to microgauss levels in ∼ 108

years; small-scale dynamo saturates at equipartition with the turbulent
energy [23, 39, 40].

Small-scale dynamos play a significant role in galaxies – they are pri-
marily responsible for quickly increasing tiny seed fields up to microgauss
values. However, small-scale dynamos cannot explain large spiral pat-

18
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2.3 Evolution of magnetic fields in galaxies 19

terns in magnetic fields. For this, we need a large-scale dynamo.
For large-scale dynamo, we can use mean-field treatment, averaging

the effective action of the turbulence on large scales. Then in the mean-
field treatment equation (2.8) can be rewritten as

∂B
∂t

= ∇×
(
U × B + E − ηJ

)
, (2.12)

where B, U are mean field values, η – is effective diffusivity due to turbu-
lent flows, and E = u × b is averaged electromotive force. Electromotive
force is then assumed to be approximated by E ≈ αB, where α is some
pseudoscalar in the setup. The simplest pseudoscalar that occurs in galax-
ies is the scalar product of some gradient (g vector) and angular velocity
(Ω pseudovector) α ∼ g · Ω. In galaxies, this gradient could be of density
or turbulent velocity.

The first mechanism of large-scale amplification in galaxies – is the
Ω effect. This is an efficient way to amplify the toroidal field from the
poloidal, from shear (differential rotation). To have a full exponential
growth, also efficient way to amplify the poloidal field back from toroidal
is needed. This is done by electromotive force E ≈ αB and called the α
effect.

Combined, this mechanism is called α-Ω dynamo and is believed to be
the main source of large-scale spiral fields in galaxies (see Figure 2.2 for
illustration).

2.3 Evolution of magnetic fields in galaxies

As discussed in the section 1.1.3, observations suggest that dynamo plays
a central role in the evolution of magnetic fields in galaxies. Moreover, we
observe both turbulent and ordered fields and from theoretical estimates,
it follows that both small and large-scale dynamos operate in galaxies.

In this picture evolution of magnetic fields consists of three stages: (1)
seeding, (2) amplifying, (3) ordering and sustaining.

• To operate, dynamo requires an initial (so-called seed) field. This
seed field can be either primordial (generated during inflation or one
of the phase transitions in the early universe) or of astrophysical ori-
gin. There are various astrophysical mechanisms that explain how
to create a non-zero electric current from zero one. Usually, they use
the fact that negative charges (electrons) are much lighter than posi-
tive charges (protons) in the universe. Therefore, applying pressure
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20 Theory

Figure 2.2: A schematic illustration of the large-scale α-Ω dynamo. The Figure is
taken from [41].

or temperature gradient will accelerate different charges differently
and generate electrical current and magnetic fields (see, for example,
Biermann battery [42]).

• An efficient way to amplify the magnetic field is a small-scale dy-
namo that operates in a turbulent gas generated by supernova ex-
plosions or spiral shocks. It can amplify seed field to the µG values
in ∼ 1 × 108 yr. The resulting field is turbulent and in equipartition
with the turbulent energy of the galaxy.

• Finally, galactic magnetic fields get ordered at larger scales, presum-
ably by α − Ω dynamo (Figure 2.2). This process is the most time-
consuming and takes a few Gyr to generate large-scale ordered fields
with spiral patterns (see Figure 1.1e).

20
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Chapter 3
Simulation methods

3.1 The gravity and hydrodynamics code SWIFT

To simulate galactic magnetic fields, we use SWIFT [43] – a fully open-
source coupled cosmology, gravity, hydrodynamics, and now also magne-
tohydrodynamics code.

In this project, we will simulate only gravitationally bounded objects;
therefore, we ignore the cosmological expansion of the universe.

Self-gravity on short ranges is computed using the Fast Multipole Method,
and on large ranges using the particle-mesh method solved in Fourier
space. At the same time, in SWIFT, many external gravitational potentials
are implemented. In this project, we use both self-gravity and external
potential.

For the hydrodynamics, SWIFT uses a smoothed-particle hydrodynam-
ics (SPH) scheme. It is a mesh-free Lagrangian method, where the fluid
is divided into discrete moving “particles” with assigned mass, velocity,
temperature, etc. Then, any simulated quantity at any other point can be
interpolated from the nearby particles’ values using the given kernel. In
this project, we use Wendland C2 kernel [44] with the resolution parame-
ter η = 1.2348, which corresponds to 58 weighted neighbours considered
in each interpolation. The width of the kernel for each particle is defined
by the smoothing length h, which is adaptively recalculated.

Then, one can rewrite continuous evolution equations of fluid dynam-
ics into discrete ones for the particles. Specifically, we use the SPHENIX
SPH scheme [45], designed for galaxy formation problems. The SPHENIX
scheme uses a density-energy formulation of the equations of motion com-
bined with artificial viscosity and conduction terms to capture shocks.

Equations are also discrete in time. To solve them, SWIFT uses the stan-

Version of June 20, 2024– Created June 20, 2024 - 18:40

21



22 Simulation methods

dard leapfrog method with the individual time-step of the particles set as a
minimum of gravity time-step, hydrodynamics Courant-Friedrichs-Lewy
(CFL) condition and similar conditions for magnetohydrodynamics. Also,
we run simulations with a time-step limiter inspired by [46] that limits the
difference in time-step in nearby particles to better conserve energy and
momentum in violent events.

3.2 Smoothed-particle magnetohydrodynamics

Similarly, one can apply a smoothed-particle scheme to rewrite MHD equa-
tions 2.8 and 2.10. In this project, we consider only ideal MHD – when
η = 0 and ν = 0. Then, induction and momentum equations can be rewrit-
ten in the following form:

D
Dt

(
B
ρ

)
=

(
B
ρ
·∇

)
U, (3.1)

DUi

Dt
= −1

ρ

∂Sij

∂xj , (3.2)

Sij = (P +
B2

2µ0
)δij − BiBj

µ0
,

where Sij is a Maxwell stress tensor.
One can discretize these equations on “particles” by assigning each

particle a magnetic field (or, more precisely, magnetic field over density
B/ρ). This scheme is called SPMHD – smoothed-particle magnetohydro-
dynamics and was first implemented by [47]. In our group, a similar mod-
ule for SWIFT was done by O Karapiperis, FA Stasyszyn, N Shchutskyi,
and M. Schaller.

However, straightforward discretization of the MHD equation onto the
SPH scheme can lead to problems. Mainly because of solenoidal constraint
that is never directly enforced. To fix it, special “MHD tricks” are intro-
duced. In the current SWIFT implementation, all the tricks are similar to
the PHANTOM [48].

3.2.1 Tensile instabilities

Induction and momentum equations in the form (3.1), (3.1) conserve en-
ergy and momentum for any magnetic fields. However, when ∇ · B is
not zero, these equation creates unphysical forces that can lead to tensile
instabilities: particles can start to attract each other in high magnetic fields.

22
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3.2 Smoothed-particle magnetohydrodynamics 23

This problem is solved by adding additional force on the particle f i
divB =

−Bi

ρ (∇ · B) that cancels the unphysical part.
This force, however, leads to momentum and energy non-conservation.

Therefore, it is applied only where necessary, namely where magnetic
pressure is at least 0.1 of thermodynamic pressure.

3.2.2 Artificial resistivity

Second, because of finite resolution, pure SPH does not correctly capture
discontinuities, like shocks from supernovae. To fix this, one can add arti-
ficial viscosity (for discontinuities in velocity) and artificial conduction of
energy (for discontinuities in temperature). Similarly, in SPMHD, artificial
resistivity is added to the equations (3.1), (3.2) to capture discontinuities
in the magnetic field. It acts similarly to the physical resistivity, remov-
ing energy from the magnetic field to the internal energy as η∇2B, where
artificial resistivity η is decreasing with higher resolution.

3.2.3 Dedner cleaning

The most important problem with SPMHD scheme is that solenoidal con-
straint ∇ · B = 0 is never directly enforced. Because of numerical errors
divergence will grow leading to unphysical results. In current implemen-
tation this problem is solved using constained Dedner cleaning [21, 49, 50].

Main idea of the cleaning is to propagate divergence error according to
dumped wave equation:

∂2(∇ · B)
∂t2 − c2

h∇2(∇ · B) +
1
τc

∂(∇ · B)
∂t

= 0. (3.3)

This is achieved by introducing a new scalar field (dedner scalar ψ) that
is coupled to the magnetic field through additional term in the induction
equation

D
Dt

(
B
ρ

)
= −1

ρ
∇ψ. (3.4)

The scalar is evolved according to

D
Dt

(
ψ

ch

)
= −ch∇ · B − 1

2ch
ψ∇ · U − ψ

τcch
, (3.5)

where ch is a cleaning speed, set to the fast magnetosonic speed:

ch =

√
c2

s +
B2

µ0ρ
, (3.6)
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where cs is a speed of sound.
Decay time is set by

τc =
h
ch

,

where h – is a smoothing length of a particle as defined by kernel, approx-
imately equal to the interparticle distance.

To keep track of the divergence usual metric is dimensionless diver-
gence error:

ϵdivB =
h|∇ · B|

|B| . (3.7)

A rule of thumb is to keep this error below ≲ 10−2.

3.2.4 Time-stepping

MHD involved in time-stepping in two places. First, it changes signal
velocity vsig in the standard hydrodynamics CFL condition from simple
sound speed to the fast magnetosonic speed (3.6):

∆thydro = CCFL
h

vsig
,

where CFL constant CCFL = 0.075 by default.
Second, there is a time-step related to the solenoidal constraint ∇ · B =

0 which purpose is to better resolve dedner cleaning in particles with large
divergence error:

∆tMHD = CCFL

√
ρµ0

(∇ · B)2 . (3.8)
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Chapter 4
Runs

In this project, we are especially interested in simulating galaxies and their
formation. For a similar analysis of the magnetic fields in galaxy forma-
tion, but with other codes, see also [18, 23, 30, 31, 51]. The simplest setup to
study is a single halo that starts to collapse. There is already a prepared ex-
ample in SWIFT for that purpose – CoolingHaloWithSpin. To check some
numerical issues, we also tried to simulate an already collapsed halo with
a formed disk of gas and star particles – IsolatedGalaxy. First, let’s de-
scribe those setups with default parameters we run them.

4.1 Simulation setups

4.1.1 Cooling halo with spin

This setup is one of the defaults in SWIFT. It considers a rotating isother-
mal (T = const) gas cloud in equilibrium inside a nonsingular isothermal
sphere potential.

Since it is already a gravitationally bound object, the expansion of the
universe does not have a large impact on it. So we ignore it.

Dark matter is static in this simulation and only provides external po-
tential for the gas to evolve inside it. Potential Φ is fully specified by the
rotational speed vrot and softening length ε:

Φ(r) =
v2

rot
2

ln(r2 + ε2). (4.1)

The main purpose of softening length is to avoid numerical divergence in
the centre; therefore, we take it small 0.1 − 1.0 kpc and generally neglect it
in theoretical estimates.
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Neglecting ε, potential (4.1) corresponds to the following density dis-
tribution

ρ(r) =
v2

rot
4πGr2 . (4.2)

From it, we can calculate the halo virial radius, the radius within which
the average density of the halo ⟨ρ(r200)⟩ = M200

4
3 πr3

200
=

3v2
rot

4πGr2
200

is 200 times

larger than the mean matter density of the universe ρm = 3H2

8πG Ωm:

r200 =
vrot

10H
√

Ωm
. (4.3)

Similarly, one can calculate halo virial mass:

M200 =
v2

rot
G

r200. (4.4)

Initially, the gas cloud is distributed in the hydrodynamic equilibrium
with the gravitational potential from the dark matter, which corresponds
to the following density and temperature:

ρgas(r) =
Ωb
Ωm

v2
rot

4πGr2 . (4.5)

Teq =
µv2

rot
2R

= const. (4.6)

Without anything else, this configuration will stay in equilibrium. To
see a galaxy formation, we need cooling – we start by considering simple
constant lambda cooling:

du
dt

= −Λn2
H, (4.7)

where u – internal energy density, nH – hydrogen density, and Λ – cooling
rate, that we set to a typical value in galaxies Λ = 10−23 erg · cm3/s.

Now, the dense centre quickly cools down and collapses – forming a
galaxy.

To have a disk in the galaxy, we also add rotation, which is specified by
the dimensionless spin parameter:

λ =
J|E|1/2

GM5/2
200

, (4.8)

where J is the total angular momentum of the halo inside the virial radius.
We assume initial rotation along the z-axis with angular velocity inversely

26
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4.1 Simulation setups 27

proportional to the radius:

ω(r) =
3J

M200r200

1
r

. (4.9)

Finally, we also need a seed magnetic field to see its impact on the
galaxy. If it is small enough, the initial configuration does not matter for
future dynamo amplification (see, for example, [18, 30]. Therefore, we set
B0 = 10−10 G uniform magnetic field, usually along x or z-axis.

To summarize, this example is fully defined by setting the following
parameters:

1. Cosmological parameters: Hubble constant H, matter and baryon
density parameters Ωm, Ωb, helium fraction XHe.

2. Halo mass M200 (or equivalently, rotational speed vrot) and softening
length ε.

3. Cooling rate Λ.

4. Dimensionless spin parameter λ.

5. Seed magnetic field direction and value B0.

Default parameters

Most of the tests performed in this section were done starting with the fol-
lowing simplest setup, also the default in SWIFT example of CoolingHaloWithSpin.

Code configuration

−−with−ext − p o t e n t i a l =isothermal
−−with−cool ing=const −lambda
−−with−spmhd= d i r e c t −induct ion
−−with−kernel=wendland−C2
−−disable −hand−vec

Running flags

−−externa l −g r a v i t y −−cool ing −−hydro
−− l i m i t e r −−sync

Halo parameters

1. H = 67.7 kms−1Mpc−1, Ωm = 0.3, Ωb = 0.06, XHe = 0.248;

2. vrot = 200 km/s (this corresponds to M200 = 5 × 1012 M⊙, r200 =
540 kpc, Teq = 1.4 × 106 K) and softening length ε = 1.0 kpc;
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3. Λ = 10−23 erg · cm3/s;

4. λ = 0.05;

5. B0 = 10−10 G along x-axis.

Numerical details

1. Resolution: 2900 gas particles inside the virial radius, each with a
mass 87 × 106 M⊙;

2. Full simulation is in a cubic box 4r200 × 4r200 × 4r200 with periodic
boundary conditions;

3. CFL constant CCFL = 0.075;

4. Minimal allowed temperature Tmin = 104 K.

4.1.2 Isolated galaxy

To test some numerical issues, we also tried IsolatedGalaxy example. It
is a product of the cooling halo collapse that has an already-formed disk
with gas particles and stars. It is also one of the defaults in SWIFT.

More specifically, it is a thin disk with ∼ 20 kpc radius and ∼ 1 kpc
total height. There are no particles outside the disk, and the disk is far
away from the boundaries of the box.

Initialy there are 25000 gas particles each of mass 6.576 × 105 M⊙ and
113000 star particles: 84000 of masses 4.603 × 105 M⊙ and 29000 of masses
6.576× 105 M⊙. Total gas mass is 1.6× 1010 M⊙, which is ∼ 4 times smaller
than total stellar mass of 5.8 × 1010 M⊙.

Initial conditions are set to the Hernquist potential, and we simulate
the galaxy inside one too. Hernquist potential is defined as

Φ(r) = −GM200

r + a
, (4.10)

where M200 is a halo mass, and a is a scale radius. In our setup M200 =
1.37 × 1012 M⊙ and a = 50 kpc.

For simplicity and to compare the isolated galaxy with the cooling halo,
we start by running a very similar setup. We also run it without star for-
mation, with constant lambda cooling Λ = 10−23 erg · cm3/s, temperature
floor Tmin = 104 K, and uniform seed field B0 = 10−10 G along x-axis.
The only significant difference is in gravity. While the cooling halo is sim-
ulated inside isothermal external potential without self-gravity, isolated
galaxy, we simulate inside Hernquist potential with self-gravity included
to match the initial conditions.

28
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4.2 Runs without magnetic fields 29

4.2 Runs without magnetic fields

First, let’s run the described setups without any magnetic fields to see the
difference after adding magnetism.

4.2.1 Cooling halo

Figure 4.1: Evolution of the cooling halo setup without magnetic fields. The
upper panels show T − ρ phase plots. The red line shows the initial tempera-
ture of all particles Teq = 1.4 × 106 K. Cooling removes energy from the dens-
est particle first, and their temperature quickly drops to the temperature floor
Tmin = 104 K. Middle panels show this temperature contrast in the maps of the
x − z slice through y = 0. The bottom panels show a density map – how a cooling
halo forms a disk with a strong density contrast.

Without cooling, the isothermal halo in isothermal potential will stay
in equilibrium. With cooling, according to equation (4.7), dense central
regions will quickly cool, and the centre will start to collapse and form a
galactic disk. This is depicted in the Figure 4.1. The upper panels show the
T − ρ plot over time. The figure shows that the highest densities quickly
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Figure 4.2: Energy and collapsed mass inside the central disk with radius r =
10 kpc and total height h = 1 kpc in cooling halo simulation without magnetic
fields. The first panel shows volume averaged internal, turbulent, and rotational
energy densities over time. Rotational energy density is defined as εrot = ρv2

ϕ/2,
turbulent – εturb = ρδv2/2 ≈ 3/2 × ρ(v2

z + v2
r⊥)/2. The second panel shows the

total mass inside a central disk that grows with time.

cool and reach a minimal temperature of T = 104 K. After 1 Gyr, the num-
ber of cooled particles greatly increases along with maximum density. A
similar picture is in the density and temperature maps on the same figure:
the central region quickly cools down and starts to collapse, eventually
forming a disk. Note a high density contrast between the disk and the
halo.

We can also plot the time evolution of different energy densities and
collapsed mass – Figure 4.2. The upper panel shows that initially, kinetic
energy is subdominant, but over time, cooling removes internal energy,
and kinetic energy starts to grow. Eventually, ordered rotation has ∼ 20
times more energy than disordered turbulent motion and ∼ 100 times
more energy than internal. If we look at the total mass collapsed into the
centre, it also prominently grows with time (see lower panel in Figure 4.2).

4.2.2 Isolated galaxy

The most prominent difference of this example from the cooling halo is
that we run it with self-gravity, and it has initial density fluctuations. It
leads to a formation of spiral arms and a central bulge – Figure 4.3. It will
be important later since both spiral arms and bulge have stark density

30

Version of June 20, 2024– Created June 20, 2024 - 18:40



4.2 Runs without magnetic fields 31

contrast with the rest of the disk.
Also, for the comparison with the MHD runs, let’s plot internal, turbu-

lent and rotational energies – this is done in Figure 4.4. You can see that
rotational energy is 3 times higher than turbulent and 200 times higher
than internal. Such high turbulence originates in the spiral arms.

Figure 4.3: Evolution of the isolated galaxy setup without magnetic fields. The
upper panels show density maps in the x-y plane through z = 0. Lower panels
show density maps in the x-z plane through y = 0. Note how initial density
fluctuations with self-gravity lead to the formation of the spiral arms and central
bulge with large density contrast.

Figure 4.4: Energy inside the central disk with radius r = 10 kpc and total height
h = 1 kpc in isolated galaxy simulation without magnetic fields.
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4.3 Run with magnetic fields and “numerical ex-
plosion”

Starting from the very first runs of the described cooling halo setup, we
had a problem with MHD that it “exploded”. Here, I discuss this problem
in more detail: what exactly happens and what we have tried to fix it.

4.3.1 How does explosion looks like

To understand what we mean by “explosion”, look at the time evolution
of the cooling halo with magnetic fields – Figure 4.5. Here is a timeline
that this figure shows. Note that although specific values vary from run to
run, the general behaviour of the explosion stays the same.

1. For the first 14 Myr, cooling removes internal energy from the central
region; it starts to collapse, increasing the turbulent and rotational
energy of the disk.

2. This collapse, however, also drives an increase in the divergence er-
ror. At 15 Myr it increases higher than 0.1.

3. 1 Myr later, when the error is large enough ϵdivB ≳ 0.5, meaning that
a significant fraction of magnetic field is unphysical, it drives a rapid
increase in magnetic energy.

4. Magnetic energy stops to grow at approximate equipartition with
internal/turbulent energy.

5. Later, at a random moment, high magnetic energy with high diver-
gence error leads to the “numerical explosion”. In this example, it
happens at 38 Myr – internal and turbulent energies increase by two
orders of magnitude over the 2 Myr.

6. After such enormous energy is released inside a central region, it
rapidly expands, and mass inside the disk decreases almost to zero,
as shown in the bottom left panel of Figure 4.5.

Every explosion consists of two nonphysical parts: first, divergence er-
ror grows to significant values and drives a jump in the magnetic field;
second, high magnetic energy along with high divergence error drives the
explosion itself, during which total energy is not conserved. These mo-
ments are illustrated as two vertical red lines on the left panel of Figure
4.5. The right panel of the figure shows maps at the moment of explosion

32
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Figure 4.5: The left half shows averaged parameters inside a disk of radius r =
10 kpc and total height h = 1 kpc in the cooling halo simulations with MHD.
The top panel shows weighted by magnetic energy average divergence error as
defined by (3.7). The second panel shows magnetic energy density. Third shows
magnetic in comparison with rotational, turbulent, and internal energy densities.
The bottom panel shows the total mass over time. Two vertical red lines note
when ϵdivB starts to increase and when internal and turbulent energies explode.
The right half shows the central slice of the same setup in the x-z plane at the
moment of the explosion t = 38 Myr. The top panel shows divergence error,
second – magnetic field, third – temperature, and bottom – density. Compare
these maps with the left column of Figure 4.1.

t = 38 Myr. It teaches us a few important lessons: the dense central region
has extremely high magnetic fields of ∼ 1000 µG; the highest divergence
error is not in the centre but in the underdense region around it; according
to temperature map, the explosion happened in the central dense region,
where the disk is starting to form.

To check whether disk formation is related to an explosion, we tried to
remove cooling, increase the softening length of the gravitational potential
ε, or increase temperature floor Tmin. These three are requirements for the
dense disk to form. If we significantly change any of them – there is no
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disk and no explosion.
There are three reasons why the central disk is special in the cooling

halo setup and can cause problems: disk has higher density – particles
interact more, leading to problems accumulating quicker there; disk has
severe density contrast with a halo – huge difference between nearby par-
ticles evolution can lead to problems on the surface; particles in the disk
has high relative velocities due to the collapse – this leads to higher turbu-
lence, stronger MHD interactions.

But which part of the code leads to an explosion, given special con-
ditions in the centre? Our first suspicion fell on additional “tricks” in
SPMHD: tensile correction, artificial resistivity, and divergence cleaning.
Running with or without Dedner cleaning and tensile instabilities correc-
tion did not significantly change results. But running without artificial
resistivity did! See Figure 4.6, which shows that there is no explosion in
internal and turbulent energies. Instead, they stabilize at similar values to
the run without MHD. Moreover, the magnetic field does not jump. It now
takes reasonable 0.1 Gyr to reach approximate equipartition with internal
and turbulent energies.

However, the divergence error still quickly reaches large values, mean-
ing that results after ∼ 0.05 Gyr are significantly influenced by error and
could be very wrong. Also, some of our tests and other authors suggest
that artificial resistivity is crucial to capture discontinuities in the magnetic
field correctly – an important feature for our setup with discontinuity be-
tween disk and halo. Therefore, turning it off is not a good solution and
probably hints at a deeper issue in the simulation. Hence, we kept looking
for another problem that may cause artificial diffusion to act unphysically.

For that, we wanted first to have a better intuition of what exactly
causes the problem – higher density, density contrast, or gravitational col-
lapse? To distinguish between these scenarios, we tried running another
simulation setup – IsolatedGalaxy – it has already formed a disk with al-
ready high densities.

4.3.2 Isolated galaxy MHD runs

An isolated galaxy example also explodes in a very similar way to the
cooling halo. The left panel of Figure 4.7 shows time evolution. First, spiral
arms start to form, which leads to an increase in turbulent energy and the
divergence error. It drives an increase in magnetic energy. Eventually, at
some point when magnetic energy is already large, thermal and turbulent
energy explodes.

34
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Figure 4.6: Average divergence error (top) and energy densities (bottom) inside
a disk of radius r = 10 kpc and total height h = 1 kpc in the cooling halo simu-
lations with MHD, but without artificial diffusion. Notably, there is no explosion
in this setup, and the magnetic field reaches equipartition in a reasonable time.
Compare it with Figure 4.5.

Let’s also plot a map of how a galaxy looks like in the middle of an ex-
plosion t = 0.325 Gyr – right panel of the Figure 4.7. Similarly to the cool-
ing halo map (Figure 4.5), we see that the magnetic field is especially large
in the densest regions, while divergence error is large in the underdense
regions. This time, however, an explosion happens in the underdense re-
gions between spiral arms.

Again, let’s try running with some of the MHD tricks turned off. This
time, turning on or off artificial resistivity does not change evolution and
explosion. Turning off dedner also does not remove explosion, and neither
does turning off tensile corrections. However, if we turn off both artificial
resistivity and tensile corrections at once – there is no explosion! See Fig-
ure 4.8.

Comparing this example to the cooling halo, we conclude a few things:
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first, the explosion is not related to the halo collapsing since it also happens
in isolated galaxy examples; second, neither artificial diffusion nor tensile
corrections are the problem themselves since different examples different
combinations cause the explosion – the problem is more general, likely
related to the high divergence error; third, from maps it follows that prob-
lems appear on the edge between different densities and are consequences
of the high density contrast. In the cooling halo example, this is between
the disk and the halo. In an isolated galaxy, it is between spiral arms or
bulge and the rest of the galaxy.

Moreover, maps of the explosion in cooling halo and isolated galaxy
examples suggest the following picture of how explosion happens:

1. Dense regions with high turbulence (either disk in cooling halo or
spiral arms/bulge in the isolated galaxy) build up magnetic fields
inside them along with small relative divergence error but high ab-
solute divergence.

2. This error then propagates to the nearby underdense regions, for ex-
ample, due to the Dedner cleaning scheme. Because of the strong
density and magnetic field contrast, the resulting relative divergence
error in the underdense regions is orders of magnitude higher and
can reach 102 − 103.

Another possibility is why such high errors build up – underdense
regions have higher time-step and are updated more rarely, which
can lead to a divergence building up in them without its cleaning.

3. Eventually, such high divergence errors lead to an explosion in inter-
nal and turbulent energies. Explosion is always related to artificial
diffusion, tensile corrections, or both. Artificial diffusion can transfer
magnetic energy to internal, while tensile corrections can generate
kinetic energy without conserving it. It is not necessarily a problem
with those terms but rather a problem that appears at high diver-
gence errors since they were not developed with such high errors in
mind.

4.3.3 Unsuccessful ideas we tried to fix the explosion

• Since the problem is with dense regions, we tried turning on stars
and star formation, hoping that all the problematic particles would
be converted to stars. It did not happen, and it did not help.

36
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Figure 4.7: Analog of Figure 4.5 for isolated galaxy with MHD run. The left half
shows the time evolution of different parameters averaged inside a disk of radius
r = 10 kpc and total height h = 1 kpc. The vertical red line corresponds to a
moment of explosion in internal and turbulent energies. This moment is plotted
in detailed x-y maps on the right. Note the density contrast between spiral arms
and regions between them. This density contrast leads to the build-up of huge
divergence errors in the underdense regions and an explosion in internal/turbu-
lent energies.

• We tried to modify the cleaning speed and decay time in Dedner
cleaning to improve its efficiency in removing errors. We were not
able to find any modification that fixes the explosion.

• In some other tests, similar explosions were related to the machine
precision errors and poorly selected units for magnetic fields. We
tried running with different units, but it did not change the situation.
For consistency, we run all the simulations now with the units that
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Figure 4.8: Average divergence error (top) and energy densities (bottom) inside a
disk of radius r = 10 kpc and total height h = 1 kpc in the isolated galaxy simula-
tion with MHD, but without artificial diffusion and tensile corrections. Notably,
there is no explosion in this setup, and the magnetic field reaches equipartition in
a reasonable time. Compare it with Figure 4.7.

proved to working correctly in other cosmological tests.

• At some point, we found a hint that it could be related to the time-
stepping criterion. Therefore, we tried modifying an MHD time-step
(3.8) by changing ∇ · B to different quantities. Ultimately, we tried
to run with a minimum of three, additionally with a small 0.1 coeffi-
cient in front:

Bfactor = max
(
∇ · B, |∇× B|, |B|

h

)
(4.11)

dt = 0.1CCFL

√
µ0ρ

B2
factor

, (4.12)

where CFL is a Courant-Friedrichs-Lewy coefficient used for other
time-step criterions too. Still, it did not help, the explosion happened

38
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again.

• Another hint that we noticed – explosion happens when there are
particles that reach entropy or temperature floor. By testing different
criteria and various cooling schemes, we found that this is just a co-
incidence – particles that reach the floor are also the densest particles
in the simulation.

4.3.4 Temporary solutions to the explosion

Despite many tries without any clear solution, we found three ways to
fix the explosion problem. Each, however, requires more computational
resources and, thus, cannot be realistically implemented to all relevant se-
tups and is only a temporary solution.

The first way is to lower the time-step for all particles. This could be
done by lowering the CFL condition coefficient. Default value is CCFL =
0.075. We found that for isolated galaxy CCFL = 0.005 fixes the explosion,
while for the cooling halo, slightly lower CCFL = 0.001 is required. It
effectively increases the computational time by how much we reduce the
time-step: 15 − 75 times.

Another way – raising spatial resolution. For the cooling halo 10x
increase from 7000 particles to 70000 particles with masses 8.7 × 106 M⊙
fixed the problem. For isolated galaxies 6x increase in the number of par-
ticles (to 160000 gas particles with masses 1 × 105 M⊙) helped in some of
the runs, while others still had explosions. We did not have enough com-
putational resources to try even higher resolution.

Finally, we found that limiting all the particles to have small and ap-
proximately the same time-step also stabilizes the run. We did it by setting
a small maximal allowed time-step 1 × 10−5 Gyr in the simulation param-
eters. It suggests that the problem could be not in the density contrast per
se but in a difference between time-steps in the dense and underdense re-
gions. However, we discovered this fix only at the end of the project, so
we have not tested it a lot.

We still do not know what exactly is the problem, but it is not unrea-
sonable that lower time-step and higher resolution fixed them. Setting a
lower time-step can help better resolve quickly changing values, for ex-
ample, in the underdense region near the border with the dense disk or
spiral arm. Higher spatial resolution helps resolve dense regions and the
transition between dense and underdense regions.
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4.4 Dynamo or no dynamo

In all the previously discussed runs, there is a period of exponential growth
of the magnetic fields that stops around equipartition with turbulent and
internal energies. However, all those runs have high divergence errors;
they are not consistent with each other and occasionally explode. The
question remains whether this growth resembles physical or just a nu-
merical nuisance. Some authors suggest that in our setup, there should
be no dynamo [18], while others show dynamo in only slightly more com-
plicated scenarios [23, 24, 30]. Given the fixes to the explosion and insights
into what is causing all the troubles, let’s now study dynamo in our setups
more consistently.

4.4.1 More physical setup

First, let’s add more physics to our setup to make it more realistic. Given
the modular nature of SWIFT, this is very easy to do. Mostly we will rely
on the subgrid model used by EAGLE [52, 53]. Here are the changes:

1. Instead of constant lambda cooling, we will use EAGLE cooling,
which also has metalicity and temperature dependence of the cool-
ing.

2. Instead of a constant temperature floor, we will use an EAGLE en-
tropy floor, dependent on the density, to mimic real galaxies’ inter-
stellar medium temperature-density relation.

3. We add EAGLE star formation to our model: dense cold gas particles
now may convert to stars at a realistic rate.

4. We add self-gravity also to the cooling halo setup.

To compare our results with the literature, we will slightly modify the
parameters of our cooling halo setup to match the setup in the Pfrommer
paper [30].

Halo parameters

1. H = 67.7 kms−1Mpc−1, Ωm = 0.3, Ωb = 0.047, XHe = 0.248;

2. Isothermal potential: vrot = 107.5 km/s (this corresponds to M200 =
12 M⊙, r200 = 315 kpc, Teq = 5.1 × 105 K) and softening length ε =
1.0 kpc;

40
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3. λ = 0.3;

4. B0 = 10−10 G along x-axis.

Finally, we adopt some changes in the numerical setup to avoid explo-
sions. Namely, for the cooling halo, we increase the resolution from 2900
particles inside the virial radius to 105 and more particles. For the isolated
galaxy, we will reduce the CFL constant to CCFL = 0.005 and also try to
run higher resolution – with 6 times more particles.

4.4.2 Expected Behavior

In the cooling halo, we expect to see similar steps of galaxy formation to
the ones discussed in the section 2.3:

1. First, cooling will quickly remove internal energy and associated
pressure from the central region – it will collapse and form a disk.

2. During the collapse magnetic field will be amplified adiabatically

(2.9): B = B0

(
ρ
ρ0

)2/3
.

3. Then, at some point, the dynamo will kick in and amplify the mag-
netic field up to equipartition levels.

4.4.3 Cooling halo results

Let’s start by running a cooling halo with the setup discussed above (sim-
ilar to Pfrommer et al. [30]) with 105 particles. The left panel of Figure
4.9 shows the resulting evolution of divergence error and energy densities
inside the central disk. We see that even for this higher resolution, the di-
vergence error grows up to ∼ 1. Moreover, magnetic field behaviour is
very jumpy. All this suggests that what we see is not a correctly resolved
dynamo.

Again, the first suspicion falls onto the MHD tricks. This time, the
cause was divergence cleaning. Without Dedner cleaning (the right panel
of Figure 4.9), errors are smaller, and there is no dynamo! Figure 4.10
compares B − ρ phase plots of two runs. While both have adiabatic con-
traption regime B ∼ ρ2/3 (see Equation. (2.9)), only run with Dedner has
dynamo-like dense particles with high magnetic fields.

Errors without cleaning are still relatively large, so it is hard to say
which behaviour is correct. To answer that question, I have tried running
even higher resolution – 106 and 107 particles inside virial radius, both
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Figure 4.9: Time evolution of the cooling halo with 105 gas particles inside virial
radius with (left) and without (right) Dedner cleaning. All the values are aver-
aged inside a disk of radius r = 10 kpc and total height h = 1 kpc. Top panels
show average divergence error, while lower panels show average magnetic, in-
ternal, turbulent, and rotational energy densities. With Dedner cleaning, there is
a spurious dynamo, while there is none without Dedner cleaning.

with Dedner cleaning. Respective plots are shown in the Figure 4.11. They
show that while the 106 simulation still has a jump in divergence error and
magnetic energy, the 107 run does not. Note that in some runs, even 107

particles were not enough, and there was a similar jump in divergence
error with magnetic energy following it – this means that the behaviour is
very susceptible to numerical errors.

These results suggest that the correct behaviour in our cooling halo
setup is without a dynamo. This agrees with [18]. They also show that
there should be no dynamo in runs without stellar feedback.

Also, this means that all the exponential increases in magnetic energy
we have seen for this setup before – were spurious. Moreover, it suggests
that Dedner cleaning for lower resolutions makes simulation even worse
than without it – not only does it increase an error, but it also introduces
spurious dynamo.

Why does Dedner cleaning make things even worse? The answer is
probably lying again in the harsh density contrast. During the collapse,
the central disk gets a high magnetic field Bdisk and, along with it, a small
relative divergence error ∼ 10−2. Absolute values of divergence are still

42
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Figure 4.10: Phase plots B − ρ of the cooling halo with (left) and without (right)
Dedner cleaning at t = 0.61 Gyr. The seed magnetic field is noted by the red
dashed line. With cleaning, there is a population of high-density particles with
increased magnetic fields – they correspond to a spurious dynamo. Without Ded-
ner cleaning, the only increase in magnetic field is due to adiabatic contraption,
and it follows B ∼ ρ2/3 (black line), as predicted from flux freezing (2.9).

high

∇ · B ∼ 10−2 Bdisk

hdisk
,

where hdisk ∼ (ρdisk)
−1/3 is typical distance between particles in the disk.

Dedner scalar effectively propagates this high absolute divergence into
nearby halo particles according to equation (3.3). Halo has lower density
and lower magnetic fields, which leads to a huge relative divergence error:

ϵdivB,halo =
hhalo∇ · B

Bhalo
∼ 10−2 hhaloBdisk

hdiskBhalo
≈ 10−2 Bdisk

Bhalo

(
ρdisk

ρhalo

)1/3

.

From Figure 4.10, we see that magnetic field can be different by ∼ 4 or-
ders of magnitude between disk (high densities) and halo (low densities)
while maps like Figure 4.1 show a few orders of magnitude difference in
densities. From the estimate above, divergence errors in the halo should
be huge ϵdivB,halo ∼ 102 − 103. And indeed, we observe such errors, for
example, on the maps 4.5.

The whole MHD scheme was not developed to work correctly under
such large errors. This can lead to a spurious increase in the magnetic
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Figure 4.11: Time evolution of the cooling halo with 106 (left) and 107 (right) gas
particles inside virial radius with Dedner cleaning. All the values are averaged
inside a disk of radius r = 10 kpc and total height h = 1 kpc. Top panels show
average divergence error, while lower panels show average magnetic, internal,
turbulent, and rotational energy densities. After reaching a high enough resolu-
tion (107 in this case), the spurious dynamo disappears.

field that eventually leaks back to the disk and influences it even more,
repeating the cycle.

Instead of increasing resolution, another thing that we tried was chang-
ing the time-step. Setting a lower CFL coefficient (i.e. decreasing time-step
by a constant factor everywhere) did not help – Dedner cleaning still pro-
duces spurious dynamo. We also tried to set small time-step everywhere.
And indeed – it helped to fix the problem, now with Dedner cleaning there
is also no dynamo. This suggests that the problem might be because of
the time-step difference inside and outside of the disk, but more tests are
needed to be sure.

4.4.4 Isolated galaxy results

Now, let’s repeat this exercise for the isolated galaxy. We start with the
same initial conditions as in the explosion examples, but now with all the
additional physics and lower CFL to avoid explosions. Figure 4.12 shows
evolution with time. This time, both with and without a Dedner cleaning,
we see a smooth increase in magnetic energy over reasonable 0.1 Gyr that
stops around equipartition with internal and turbulent.
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To answer whether this is a spurious dynamo, we plot disk maps after
the magnetic field increased – Figure 4.13. The magnetic energy of the disk
is concentrated in the central blob. A similar picture was obtained by [22]
in the Powell cleaning scheme. They compared it to the same simulation
with constraint transport and concluded that this blob was an artefact of
the cleaning scheme. The correct magnetic field should follow the spiral
arms and not concentrate in the centre. This does not necessarily imply
that the dynamo itself is an artefact, but the exact mechanism of how it
occurs may not be entirely correct.

Finally, we tried running 6 times higher resolution – see Figure 4.14.
Again, there is no dynamo! Note, however, that in different runs with
the same resolution, we sometimes see a dynamo. This means that this
resolution is not enough to fully resolve the setup, and it is susceptible to
numerical errors.

Figure 4.12: Time evolution of the isolated galaxy inside virial radius with (left)
and without (right) Dedner cleaning. All the values are averaged inside a disk
of radius r = 10 kpc and total height h = 1 kpc. Top panels show average diver-
gence error, while lower panels show average magnetic, internal, turbulent, and
rotational energy densities. Note that this time dynamo is present in both cases.
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Figure 4.13: Maps of the isolated galaxy with MHD in the x − y plane after the
dynamo at t = 0.6 Gyr. From left to right: divergence error, magnetic field, tem-
perature, density. Note the numerical artefact in the magnetic field in the centre
of the disk.

Figure 4.14: Time evolution of the isolated galaxy inside virial radius with Ded-
ner cleaning. All the values are averaged inside a disk of radius r = 10 kpc and
total height h = 1 kpc. Top panels show average divergence error, while lower
panels show average magnetic, internal, turbulent, and rotational energy densi-
ties. Note that this plot stops earlier than others – this is simply because of the
high computational cost of this run.

46
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Chapter 5
Summary and conclusions

In this work, we for the first time studied magnetic fields during galaxy
formation using the SWIFT code. The SPMHD module was developed
only recently by Orestis Karapiperis et al. and was mostly tested in stan-
dard specialized setups. Here, we tried to apply it to a more realistic setup
– isothermal gas halo inside dark matter potential that cools and starts to
form a galactic disk in the centre.

Our main conclusion is that the current implementation of SPMHD
struggles with correctly resolving the cooling halo setup.

As was shown in section 4.3, the most problematic for the simulation
is the density contrast between the forming disk and the halo around it.

Dedner cleaning struggles to keep divergence errors low. Moreover,
in some runs, divergence cleaning is the reason for the spurious dynamo –
likely because it effectively propagates high divergence from dense disk to
nearby underdense halo particles, making their relative divergence error
as high as 103 − 104. Such high error causes a magnetic field to grow and
leak back to the disk, repeating the cycle.

High divergence errors can also cause troubles in other parts of the
code – with artificial diffusion and tensile corrections. Artificial diffusion
can transfer magnetic field energy into thermal, while tensile corrections
do not conserve energy and can generate kinetic energy. With extreme
divergence errors, these terms can behave very wrong and create a “nu-
merical explosion” in internal and turbulent energies.

We have not found any satisfactory way to fix those problems, but
higher spatial and temporal resolution can help.

Reducing the time-step for all particles by a factor of 15− 75 compared
to the default one helps to fix explosion, but not spurious dynamo. How-
ever, if we keep the time-step of all particles low and almost the same –
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smaller than 1 × 10−5 Gyr, both spurious dynamo and explosion disap-
pear.

Having a mass resolution smaller than 104 to 105 M⊙ also helps to fix
spurious dynamo.

In the high-resolution (spatial and/or temporal) runs, we found that
in our setup, there is no dynamo. It is consistent with some of the other
simulation papers [18]. It is believed that the main driver of the small-scale
dynamo in galaxies is turbulence generated from supernova explosions.
Since we do not include stellar feedback in our model, we indeed should
not see any dynamo. The exponential increase in magnetic fields we have
seen in some runs is thus only a numerical artefact.

5.1 Next steps

We conclude by listing ideas for future research relevant to our findings.
In this work, we focused a lot on trying to fix the “numerical explo-

sion”. However, I do not think it is itself a problem that needs fixing, but
rather a symptom – a symptom of a very high divergence error that breaks
the whole scheme, leading to an explosion. Therefore, the main focus for
future works should be on keeping the divergence error reasonably small.

1. Finding a simpler setup with the same problems

In the cooling halo and isolated galaxy, all the problems seem to arise
because of the high density contrast. Perhaps there is a simpler and
more standard setup that also has density contrast and will have the
same kind of problems. If so, finding and testing it will give a clearer
picture of the issue.

2. Better time-step limiter near the density contrast

Currently, the best lead we have is that lowering time-steps for all
particles to the same value helps to keep the divergence error low, to
avoid spurious dynamo and numerical explosion. This suggests that
the problem could be not in the density contrast per se, but in the
“time-step contrast”. Because halo has much less density, time-step
in it will be higher, therefore particles will be updated less frequently.
Perhaps, this can lead to problems with Dedner cleaning.

One first needs to test whether indeed the problem is in a time-step
difference between disk and halo. For example, by setting coordinate-
dependent time-step criterion that is limited to small values near the
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disk. If it helps, one can then come up with a smarter time-step lim-
iter, that lights up only when particle has a neighbour with much
higher density.

3. Artificial Dedner conduction

If time-step idea will not be sufficient, one can think about improv-
ing Dedner cleaning scheme to work even in high density contrast.
Perhaps one can come up with a similar to the artificial conduction
term but for the Dedner scalar, to better capture its discontinuities
between disk and halo.

4. Testing stellar feedback role in dynamos

Finally, once the high divergence error problem is fixed, one should
run the same setups with and without stellar feedback. This will
help to confirm or disprove our conclusion – that a dynamo occurs
only with feedback and not without it.
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Zeitschrift Naturforschung Teil A, 5:65, 1950.

[43] Matthieu Schaller et al. SWIFT: A modern highly-parallel gravity
and smoothed particle hydrodynamics solver for astrophysical and
cosmological applications. Monthly Notices of the Royal Astronomical
Society, 530(2):2378–2419, May 2024.

[44] Holger Wendland. Piecewise polynomial, positive definite and com-
pactly supported radial functions of minimal degree. Advances in com-
putational Mathematics, 4:389–396, 1995.

[45] Josh Borrow, Matthieu Schaller, Richard G. Bower, and Joop Schaye.
SPHENIX: smoothed particle hydrodynamics for the next generation
of galaxy formation simulations. Monthly Notices of the Royal Astro-
nomical Society, 511(2):2367–2389, April 2022.

[46] Fabrice Durier and Claudio Dalla Vecchia. Implementation of feed-
back in smoothed particle hydrodynamics: towards concordance of
methods. Monthly Notices of the Royal Astronomical Society, 419(1):465–
478, January 2012.

[47] GJ Phillips and JJ Monaghan. A numerical method for three-
dimensional simulations of collapsing, isothermal, magnetic gas
clouds. Monthly Notices of the Royal Astronomical Society (ISSN 0035-
8711), vol. 216, Oct. 15, 1985, p. 883-895., 216:883–895, 1985.

[48] Daniel J. Price, James Wurster, Terrence S. Tricco, Chris Nixon,
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