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Abstract

Magnetism affects all scales in astrophysics because regular matter in the Universe is
mostly ionized and couples to magnetic fields. Galaxy evolution entails many unanswered
questions surrounding magnetic fields, including how they affect the flow and distribution
of gas within the interstellar medium, how they affect the process of star formation, and
how they evolve in a galactic environment. We investigate these questions through
a series of isolated galaxy magnetohydrodynamic (MHD) simulations, which include
additional physics such as stellar feedback, star formation, gas cooling and turbulence.
To isolate the effects of the magnetic fields we use controlled setups that vary only the

spiral nature of the galaxy and its initial magnetic fields.

We find that galaxies simulated with stronger magnetic fields have increased disk
stability and reduced star formation rates compared to those without magnetic fields.
Magnetic fields provide additional pressure that increases the scale height of the galactic
disk. Secondly, we demonstrate the presence of several dynamos, including a novel
galactic dynamo which is enabled by the presence of non-axisymmetric features such
as bars and spiral arms. By simulating the same galaxy with and without spiral arms,
we show that the galaxies can generate large-scale azimuthal fields whose amplification
depends upon radial flows of gas. The presence of spiral arms also increases the overall
amount of star formation in the galaxies, which in turn generates stronger fields through
the turbulent dynamo. We show that the initial configuration of the fields does not affect
the overall star formation rate, but does impact the transport of angular momentum,
which can inhibit or promote the formation of a central bar and associated central star

formation and field amplification.
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Chapter 1

Introduction

1.1 Magnetism in Astronomy

Since time immemorial, both magnetism and astronomy have been the subject of great
curiosity. This thesis aims to combine them, by studying the magnetic fields embedded
within spiral galaxies. Galaxies account for a sizeable minority of the baryonic matter
in the Universe, and they are among the most easily observable, representing the peaks
of structure formation. That baryonic matter exists as gas and stars which are caught
in a consistent cycle of creation and destruction. Gas provides the raw material used in
the creation of new stars, which shine for millions of years, but ultimately eject some
of their material back into the surrounding space. That newly enriched material will
then go on to form the next generation of stars. At every stage of this cycle, magnetic
fields permeate the gas and stars, mediating the exchange of mass and energy within the
interstellar medium (ISM). The modern understanding of the galactic life cycle requires
many branches of physics, uses observations from state of the art telescopes, and employs

novel computational techniques.

Galaxies have been observed for hundreds of years, but it wasn’t until the 20th
century that it became accepted they are independent objects outside of our own galaxy.
In the past century, telescopes have improved dramatically, and have now produced
high-resolution observations of galaxies across the entire electromagnetic spectrum and
history of the Universe. This has revolutionized our understanding and produced a
rich scientific literature on the study of galaxies. However, one thing that separates
the study of astrophysical objects from other sciences is the absence of experiments.
Astronomers cannot conduct an experiment on a galaxy, their analysis is limited to the
light incident upon their telescope. Combined with the fact that galaxies change over

hundreds of millions of years, this makes it difficult to understand galactic evolution.
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Any observation of galaxy appears frozen in time, revealing only a single snapshot of
its life-cycle. Together, this means that to study galactic evolution astronomers must
make statistical connections in galaxy populations, which involves many assumptions.
Another way around this is the use of numerical simulations to model the evolution
of galaxies computationally. In this way computational astrophysicists play the role of

experimentalists that is missing in galactic astronomy.

The systems studied in this thesis are late spiral galaxies which contain several distinct
components. A dark matter halo, a stellar bulge, and a gas/stellar disk. The largest
component of a galaxy is its dark matter halo. The dark matter accounts for roughly
80-90% of a galaxy’s total mass, far outweighing the baryonic component. Although its
precise nature remains unknown, dark matter interacts primarily through gravity, and
dominates the gravitational potential of galaxies. The extended gravitational potential
has important implications: they cause galaxies to rotate faster at large radii than
expected from baryonic matter alone. In the current cosmological framework, ACDM
(Blumenthal et al.; 1984), galaxies form and evolve within these dark matter halos
through the hierarchical growth of structure, accretion of gas, and mergers with other
galaxies. Embedded within the halo is the observable baryonic matter which has two
main components, a disk and a bulge. The disk contains the majority of the cold gas
and young stellar population, organized into spiral arms where star formation actively
proceeds. The bulge, a centrally concentrated spheroidal component, is dominated by
older stars and often hosts a supermassive black hole at its center. Within this galactic
environment, several key physical processes govern the evolution: gravity drives the
dynamics of the system, hydrodynamics controls the flow of gas, star formation converts
gas into stars, stellar and black hole feedback redistribute energy in interstellar medium,
and magnetic fields couple to the gas to influence dynamics on a wide range of scales.
Each of these processes have nuanced interactions and require careful study, but this
thesis concentrates on magnetic fields, and their interplay with other drivers of galaxy

evolution.

1.1.1 An Observational Perspective on Galaxies

When viewing a populations of galaxies, it is immediately apparent that there is consid-
erable variation in their properties. Galaxies come in a wide range of luminosity, colour,
morphology, mass, size, and star formation rate (SFR). Perhaps the most fundamental
property of galaxies are their mass, which range from roughly 107-10'2 M, however even
at a given mass there are galaxies with a wide range of other properties. Classically,

galaxies were categorized based on their morphology using a system called the Hubble
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Sequence (Hubble; 1926) that split galaxies into elliptical, spiral, and irregular types.
At the time, elliptical and spiral galaxies were referred to as late-type and early-type
respectively, but this language is misleading because ellipticals are actually an evolved

state of spiral galaxies after they exhaust their star forming gas.

A more robust method of categorizing galaxies is by viewing them on a colour-mass
diagram, which clearly reveals the bimodal nature of galaxy populations. Bluer colour is
a signifier of ongoing star formation, so the two populations represent star-forming and
non-star-forming (quenched) galaxies. Figure 1.1 shows the stellar u—r colour vs. stellar
mass for ~50,000 galaxies in the SDSS+GALEX+GALAXY Z0O datasets (Schawinski
et al.; 2014). The two populations are commonly referred to as the red-sequence and the
blue-cloud. The red-sequence contains galaxies that are redder and primarily elliptical,
early-type galaxies. Conversely, the blue-sequence is composed of galaxies that are bluer

and mostly spiral late-type.

The colour differences between galaxies arises from their stellar populations. Stars
themselves have a wide range of colours, with low-mass stars being dim and red, and
high-mass stars being brighter and bluer. This means that blue-sequence galaxies contain
a higher fraction of high-mass stars. These stars are short-lived and will die only a few
million years after their creation, compared to low-mass red stars which can survive
for billions of years. It then follows that to appear blue, a galaxy must be constantly
replenishing its population of massive stars by forming new stars. In this way, the blue-
sequence and red-cloud are divided by their current star formation rates; blue-cloud
galaxies are actively forming stars, while star formation has been largely quenched in
red-sequence galaxies. There is also an overlapping region between the two populations,
referred to as the green valley. Fewer galaxies are observed in the green valley, indicating

that it is a transition region, where an individual galaxy spends a shorter amount of time.

While some properties of a galaxy (such as colour) depend on internal processes,
the external environment a galaxy exists within can play an important role as well. A
galaxy’s environment is determined by where it exists within the large-scale cosmology of
the Universe. Within the A-CDM model (Blumenthal et al.; 1984), quantum fluctuations
in the early Universe are inflated into large scale density fluctuations. These grow due
to gravity, ultimately collapsing into bound structures that merge with each other, and
eventually develop into the large-scale structure of the Universe seen today. The result
is a vast web-like structure that spans the Universe (Bond et al.; 1996). The cosmic
web is primarily composed of dark matter, which accounts for ~95% of all matter in

the Universe (Planck Collaboration; 2016a). Within the web, matter is arranged into
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FiGure 1.1: Colour-Mass diagram from Schawinski et al. 2014.
Left panel shows all galaxies. Top and bottom right panels shows
only galaxies that have and early or late type morphology respec-
tively.

filaments that span millions of light years, separated by even larger empty voids. Galaxies
are found embedded within the gravitational potential of the dark matter in the web.
The highest concentrations of dark matter are found at the intersections of the filaments,

and these regions can contain clusters of hundreds or even thousands of galaxies.

As the large-scale structure of the Universe was evolving, so too were the galaxies
within it. The early Universe was much denser, meaning halos were rapidly merging
and accreting gas, leading to high star formation rates in young galaxies. The comoving
cosmic star formation rate (SFR) volume-density peaked at a redshift of z~2, about 10
billion years ago (Madau and Dickinson; 2014). Since then star formation has quenched
in some galaxies, causing them to redden overtime. This is especially true in high-

density regions like galaxy clusters where environmental quenching mechanisms have
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lead to higher fractions of red elliptical galaxies (Dressler; 1980; Muzzin et al.; 2012;
Brown et al.; 2023). In contrast, isolated galaxies have remained relatively undisturbed,
and many have sustained star-forming disks for the last 10 billion years. Our own Milky-
way galaxy is one such galaxy, with the last major merger having occurred around 9.5

billion years ago (Belokurov et al.; 2020).

At this point, the large-scale structure of the Universe is very well constrained, and
most uncertainty in modeling galaxy evolution comes from the baryonic physics control-
ling star formation and gas flows. A natural place to study this physics is in isolated
spiral galaxies where star formation is ongoing. A benefit of studying these systems is
that they have mostly quiet evolution, without the chaotic effects of large-scale structure

and mergers. Hence, they are the focus of the remainder of this thesis.

1.1.2 Star formation in Spiral Galaxies

Understanding star formation is critical to understanding the evolution of galaxies. To
first order, star formation can be understood as a process that consumes interstellar
gas as fuel. The more fuel available, the higher the SFR. However, star formation is
inefficent; in most galaxies it would take 1-2 Gyr to consume their current gas supply
at current SFRs (Bigiel et al.; 2011; Saintonge et al.; 2011). This is very slow compared
to the timescale for dense gas free-falling under gravitational collapse (~ 10 Myr). This
mismatch in timescales forms the basis to the modern understanding of star formation;
not a one-way gravitational collapse, but a self-regulating cycle where young stars return
energy into the surrounding gas. This creates a feedback cycle that limits the efficiency
of star formation. The relationship between SFR and gas surface density is shown in
Figure 1.2. In this plot each point represents an entire galaxy. The relationship is

commonly fit with a power-law, known as the Kennicutt-Schmidt (KS) relation.

Ssrr = ASg (1.1)

This equation relates SFR surface density Ysrr, to the total surface density of gas Ygas,
with N = 1.4 (Schmidt; 1959; Kennicutt; 1998). This relation holds for different types

of galaxies such as regular-spirals, starbursts, and low-surface-brightness galaxies.

The KS power-law works well when measuring entire galaxies, where regions with
different surface densities are averaged together. However, high-resolution telescopes
such as the Atacama Large Millimetre Array (ALMA) can now resolve the substructure

within galaxies, and when the KS relation is measured on those smaller scales it is
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FIGURE 1.2: Global Kennicutt-Schmidt relation from Kennicutt
and Evans (2012)

not as simple. At surface densities below 10 Mg /pc? the correlation disappears and
instead there is a wide range of Ygrpg for a given ¥4, (Schruba et al.; 2011; Liu et al.;
2011). This implies that in low-surface density regions the gas can be supported against
gravitational collapse without having substantial SFRs. Another factor that complicates
measuring the KS relation at high resolution is that different wavelengths of light are
used to observe dense gas and star formation. When young star clusters form within
gas-rich regions, they consume or expel the material immediately surrounding them,
creating an observable offset between the two. This has been framed as an uncertainty
principle for star formation, because the correlations between gas surface density and

SFR begin to break down at kpc scales (Kruijssen and Longmore; 2014; Kruijssen et al.;
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Phase T (K) | n (em™3) | Scale Height (pc) | M (10° M)
Hot Ionized Medium 106 0.003 3000 -
Warm Ionized Medium 8000 0.1 900 1.0
Warm Neutral Medium 8000 0.5 220 2.8
Cold Neutral Medium 80 50 94 2.2
Giant Molecular Clouds (GMCs) 20 >100 75 1.3

TABLE 1.1: Data from table 1.1 in Tielens (2010). Temperature,
density, scale height and total mass of different phases of gas in the
ISM of the Milky Way.

2018).

Regardless of scale, early galaxy simulations showed that global star formation laws
were not sufficient to predict the SFRs of galaxies. Simulations that used these laws
produced too many stars and were unable to reproduce observational trends such as the
luminosity function of galaxies (Navarro and Benz; 1991; Navarro et al.; 1995; Balogh
et al.; 2001). This was occurring because the simulations had finite numerical resolution,
which caused the feedback energy from stars to be diluted into large regions, allowing it
to be rapidly lost by radiative cooling. This overcooling occurred so efficiently that star
formation became a runaway process, and the simulations they predicted unrealistically
high SFRs. This came to be known as the "overcooling catastrophe" (Benson et al.;
2003). The solution to this problem was more sophisticated stellar feedback models that
effectively heat the gas or otherwise prevent it from collapsing. However, understanding
the interplay between stellar feedback and gas cooling requires a detailed understanding

of the physics and chemistry occurring within the gas of the interstellar medium.

1.1.3 The Interstellar Medium (ISM)

The ISM consists of all the gas between the stars in a galaxy. It is primarily composed
of hydrogen with 30% Helium by mass and trace amounts of heavier elements which
play important roles in radiative cooling. The gas ranges in number density from 10~%
particles per cubic centimeter (cm~3) in the more diffuse regions and exceeding 10 cm =3
in the densest clouds. The wide range of densities means that gas exists in different
phases, each with distinct temperatures, chemical compositions, and ionization states.
Each phase emits different types of radiation and therefore has different observational

signatures. The main phases of the ISM are summarized in Table 1.1.

The majority of mass in diffuse gas (n < 1 cm™3) exists in clouds of neutral atomic


http://www.mcmaster.ca/

Ph.D.— Hector Smoothstone Robinson; McMaster University— Physics and Astronomy

hydrogen, which has long been observed in the Milky Way through 21 cm hydrogen line
emission. Neutral gas is separated into the cold neutral medium (CNM) with temper-
atures of T ~ 80 K, and warm the neutral medium (WNM) with temperatures of T ~
8000 K. Embedded within the neutral clouds are giant molecular clouds (GMCs), which
are the coldest and most dense regions of the ISM (n > 100 cm—3, T ~ 20 K). The high
densities within GMCs shields the gas from dissociating radiation, allowing molecular
hydrogen to exist. Molecular hydrogen does not emit any observable light, but its pres-
ence is inferred through other tracer molecules that exist alongside it, such as CO which
has an observable transition line at 2.6 mm. The ISM also has ionized gas at both warm
(T ~ 8000K) and hot (T ~10% K) temperatures, which together fill over 50‘% of the
total ISM volume. The warm ionized medium (WIM) is observed through the Ha line
(656 nm), and the hot ionized medium (HIM) is observed with UV absorption lines of
highly ionized species (eg. CIV, SVI, NV, OVI).

The phases of the ISM are dynamic, with gas constantly being exchanged by various
physical processes. That means that understanding the various processes in each phase
becomes critical to predicting star formation. Inside GMCs, some of the gas will collapse
under its own self-gravity resulting in the formation of new stars. However, in the other
phases the internal pressure of the gas is often sufficient to stabilize against gravitational

contraction, which is why the majority of mass in the ISM is unavailable to form stars.

Early models of the ISM accounted for the warm and cold phases co-existing in a
pressure equilibrium (Field et al.; 1969; Wolfire et al.; 2003). When in pressure equi-
librium, the two phases naturally emerge from a balance between heating and cooling
processes. Heating and cooling are both driven by radiation; There is a broad spectrum
of radiation in the ISM which heats the gas through absorption. The dominant mech-
anism by which radiation heats gas in the neutral ISM is the photoelectric effect; dust
grains absorb a UV photon causing them to eject an electron with high kinetic energy
that heats the gas. High-energy photons can also heat the gas through photoionization
of HI and other molecules, but this is mostly localized in hot regions around young stars.
Conversely, the gas cools through its own spontaneous emission, which are observed as
various line emissions. Below temperatures of 10* K, the cooling is dominated by heavier
elements such as C, N, and O, and molecules such as CO. At 10* K, the Lyman-« H line

begins to play the dominant role.

The two-phase model was challenged in the 1970s when observations of O-VI absorp-
tion lines implied the presence of the HIM (Jenkins and Meloy; 1974). In their seminal
paper, McKee and Ostriker (1977) proposed that the HIM was created by supernova
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explosions producing the high temperature gas. This three-phase model forms the in-
spiration for most modern ISM models, which include additional physics that affect the
exchange of gas between the phases. By creating the HIM, supernova provide effective
stellar feedback that contributes to the regulation of star formation. Models for super-
nova feedback that produce high temperature (T>10% K) gas in galaxy simulations are
an effective solution to the overcooling problem (Stinson et al.; 2006; Agertz et al.; 2013),
because there is no efficient cooling mechanism for gas at these temperatures. Newer
supernova feedback models are now designed to properly model thermal conduction to

regulate star formation using minimal free parameters (Keller et al.; 2015).

Prior to their death, high-mass (M > 5M) stars also generate feedback through
ionizing UV radiation and stellar winds. The radiation creates hot and luminous HII
regions surrounding young stars (Krumholz and Matzner; 2009) and the stellar winds
have speeds up to 1000 km/s (Weaver et al.; 1977). Winds and radiation are considered
“early" feedback because they occur while the star is still embedded within the dense
gas it formed out of. Because of that most of the energy from early feedback does not
escape the cloud into the surrounding ISM. This means early feedback is not as relevant
on galactic scales, but it does disperse the gas in the cloud and create small channels that
allow the subsequent supernovae feedback to escape and be more effective (Gendelev and
Krumbholz; 2012; Rogers and Pittard; 2013; Peters et al.; 2017).

Another source of energy in the ISM connected to stellar evolution is cosmic rays.
Cosmic rays are high-energy particles accelerated in supernova shock waves. Cosmic rays
have similar energy densities to thermal and turbulent energy (Cox; 2005; Zweibel; 2013),
but how exactly they couple to the gas is not well understood. They are thought to play
an important role setting the thermal state of dense molecular clouds (Papadopoulos and
Thi; 2013), and may play an important role in launching galactic outflows (Breitschwerdt
et al.; 1991; Everett et al.; 2008; Bustard et al.; 2017). One thing that is certain about
cosmic rays is that their dynamics are closely coupled to magnetic fields (following field

lines).

1.2 Magnetic Fields

Magnetic fields are another repository of energy within the ISM. They are ubiquitous
throughout the Universe and are embedded within almost all astrophysical gas. However,
because of the success of stellar feedback models and the difficulty in both modeling and

observing magnetic fields, their effects have often been overlooked in galaxy evolution.
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Recently, techniques in both observing and modeling fields have improved dramatically
and there is increasing evidence that they are important to star formation and galaxy
evolution (see section 1.2.5). Figure 1.3 shows the Planck all-sky polarized dust emission
map, with magnetic field directions overlaid. This image alone shows that the entire
Milky Way is threaded with magnetic fields. The fields are structured over galactic
scales, running parallel to structures within the disk, and with large magnetic loops

extending above and below the disk.

FiGure 1.3: Planck all-sky polarized dust emission map. Colour
represents polarized emission intensity, and textured lines show the
direction of the magnetic fields. Image credit: ESA and the Planck
Collaboration.

There are many different observational signatures of astrophysical magnetic fields,
including the polarization of starlight, synchrotron emission, and emission lines split
by the Zeeman effect. The first of which—starlight—is not naturally polarized when
emitted, but becomes polarized due to the effects of magnetically aligned dust grains
as it travels to the observer. The magnetic moment of non-spherical dust grains causes
them to align perpendicular to the magnetic fields (Davis and Greenstein; 1951). The
extinction caused by those dust-grains will then occur preferentially along specific po-
larization angles, causing the dust-grains to act as polarizers. The same dust grains can
then re-emit radiation at longer wavelengths, meaning the polarization is also observed

in infrared light, but rotated by 90 degrees.
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Synchrotron radiation is emitted by relativistic cosmic rays as they spiral around
magnetic field lines. Synchrotron emission is typically observed in the radio part of
the spectrum. Synchrotron observations can be used to estimate the strength of the
magnetic fields, using an assumption of energy equipartition between the cosmic rays
and magnetic fields. Synchrotron observations are also able to probe magnetic fields in
material along the line of sight, through the use of Faraday rotation. Faraday rotation
causes the polarization angle of radiation to rotate as it travels through a magnetized
medium. The degree of rotation is proportional to the square of the wavelength observed,
so by measuring at different wavelengths, the magnetic field strength along the line of

sight can be estimated.

Another method for observing magnetic fields uses the Zeeman effect, and is the only
method that provides a direct measurement of field strengths. The Zeeman effect is a
quantum mechanical phenomenon that causes individual emission lines of atoms to split
into multiple lines when under the influence of magnetic fields, with the amplitude of
the split being directly proportional to the field strength. Zeeman splitting was first
observed in HI lines, but has also been detected in larger molecules such as Ho0 and OH
(Heiles and Crutcher; 2005; McBride and Heiles; 2013).

A challenge in interpreting magnetic field observations is that different techniques
probe different components of the field. Here, the ordered component refers to co-
herent, large-scale fields that maintain a consistent orientation over extended regions,
while the turbulent component describes small-scale, randomly oriented fields that vary
over short distances. The Zeeman effect measures the line-of-sight ordered magnetic
field. Starlight polarization traces the plane-of-sky component and similarly depends on
the ordered field, since turbulence reduces the net polarization signal along the line of
sight. Synchrotron emission captures the total field strength, but its polarized fraction
specifically reflects the ordered field, whereas the unpolarized emission arises from tur-
bulent fluctuations. Faraday rotation probes the line-of-sight ordered field, being largely
insensitive to turbulent contributions. Because each method also samples gas from differ-
ent phases of the interstellar medium, no single technique provides a complete picture,
making multi-tracer approaches essential for reconstructing the full three-dimensional

structure of galactic magnetic fields.

Despite the complexity of the analysis, observations have revealed several distinct
features of galactic-scale magnetic fields. Firstly, the fields have typical strengths around
~10 uG, increasing to 100 uG in high surface density or starburst regions (Basu and Roy;
2013; Tabatabaei et al.; 2017; Beck et al.; 2019). These field strengths correspond to the
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magnetic fields being in a rough energy equipartition with cosmic rays and turbulence
(Boulares and Cox; 1990; Beck and Wielebinski; 2013). Within the Milky Way, there
is a strong correlation between magnetic field strength and gas density, of the form
B = Bonlo"‘, with By ~ 10 uG, ng ~ 300 cm™3 (Crutcher et al.; 2010). This power law
was originally thought to only be valid for gas with densities n > ng and have a power-
law-index of a ~ 0.65, which is the theoretical prediction for an isotropic collapsing
cloud with perfect flux-freezing (Mestel; 1966). However, a more recent analysis of
the same data showed an index of 0.5 was a better fit (Tritsis et al.; 2015). Even
more recently, Whitworth et al. (2025) used the Davis-Chandrasekhar-Fermi method,
which uses polarized thermal dust emission and velocity dispersion to measure the field
strengths, and showed the best fit is a broken power law with indexes 0.26 and 0.77
(Whitworth et al.; 2025). Departures from the classical a ~ 0.65 relation suggest that
non-ideal effects may play important roles. Another insight from Whitworth et al. (2025)
is that the both simulations and observations show the power-law behaviour extends to

densities much lower than ng.

The geometry of galactic magnetic fields also provides critical insight into their origin.
Disk galaxies commonly exhibit large-scale (ordered) spiral magnetic structures, both in
galaxies with optical spirals (Chyzy and Buta; 2008), and those without (Fletcher et al.;
2011; Lopez-Rodriguez et al.; 2023). The magnetic spirals have pitch angles between
10-40 degrees (Fletcher; 2010), consistent with the action of large-scale dynamos that
amplify and order the field (see section 1.2.4). However, there is significant differences
in the pitch angles measured by far-infrared and radio observations (Borlaff et al.; 2023).
In general, the magnetic fields align parallel to density structures such as spiral arms
and filaments, down to 100 pc scales (Planck Collaboration; 2016b). In galactic halos,
Faraday rotation studies of edge-on galaxies reveal characteristic X-shaped field mor-
phologies (Krause et al.; 2020), which are interpreted as signatures of vertical outflows

transporting magnetic flux out of the disk.

1.2.1 Modeling Magnetic Fields

Models of galactic magnetic fields serve two main purposes. They attempt to explain the
origin of fields that are observed in real galaxies, and also make predictions for how those
fields affect galactic evolution. Similarly to the observations, there are many difficulties
in modeling magnetic fields. The basic equations governing the motion of magnetized
gases are called the magnetohydrodynamic (MHD) equations. They are constructed

similarly to the regular hydrodynamic equations, but with the addition of extra terms
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accounting for the effects of magnetic fields and the evolution of the field in response to

the gas motions.

dp
9P L7 (o) = 1.2
V(o) =0 (1.2)
A | 1 .\ (B-V)B 9
o TV =E pv(P+8wB>+ mp VY -
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In these equations, p is the density of gas, U is the gas velocity, P is the pressure, e
is the gas total energy per unit mass, B is the magnetic field, F' is a body force (such as
gravity), v is the viscosity, and 7 is the magnetic diffusivity. An additional constraint on
magnetic fields is that they must be divergence free (V-B = 0). These equations preserve
that property over time but numerical methods may do so only approximately. The
complexity arises because these are coupled partial differential equations, meaning the
magnetic field affects the dynamics of the gas (Equations 1.2-1.4), while simultaneously
the gas affects the evolution of the field (equation 1.5). However, there are several
assumptions that can be safely used to simplify the equations. To demonstrate them,
we introduce a dimensionless number called the magnetic Reynold’s number Ry, given
by.

Ry = LV/n (1.6)

where L and V' are typical lengths and velocities of the system. R is constructed so the
values on the numerator and denominator have the same dimensions as the two terms on
the right hand side of equation 1.5. Hence, a large Rj; implies the first term dominating
over the second. For the warm ISM, typical values are around L = 10%'cm, V' = 10 cm/s
and 1 = 107 ecm/s (Choudhuri; 1998). This yields a large value of Ry; = 10?°, meaning
that the second term in equation 1.5 can be neglected. For this reason, an infinite
conductivity (n = 0) is often assumed. However, this cannot be realized in practice with
finite resolution. Magnetic fields experiences a minimal level of numerical diffusion and
thus can only achieve a finite magnetic Reynolds number. Through a similar analysis
zero viscosity (v = 0) is also valid in the ISM. This reduces the equations to the ideal
MHD equations:
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685 +V-(pB) =0 (1.7)
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A direct consequence of the ideal MHD equations is the conservation of magnetic
flux. Alfvén’s theorem states that the magnetic flux through any surface moving with
the plasma remains constant in time (Alfvén; 1942). This result follows from the ideal
induction equation, along with the assumption that magnetic monopoles do not exist.
The key implication of Alfvén’s theorem is that magnetic field lines are "frozen into"
the plasma, meaning fluid elements and field lines move together. As a result, magnetic
reconnection, which requires field lines to break and reconnect, cannot occur in ideal
MHD since it relies on magnetic diffusion. Another way to express Alfvén’s theorem
is that the topology of the magnetic field is preserved in ideal MHD. This topological
invariance implies the conservation of magnetic helicity, a quantity that measures the

degree to which magnetic field lines are twisted, linked, or knotted within a volume.

Having established that magnetic field lines are effectively frozen into the plasma
flow, it’s useful to examine the forces they exert. In the ideal MHD momentum equation
(Equation 1.8), the magnetic terms on the right-hand side can be interpreted as two
distinct components of the Lorentz force: magnetic pressure and magnetic tension. The
B? term corresponds to magnetic pressure, which resists the compression of field lines
and acts similarly to a gas pressure. This pressure can influence large-scale phenomena,
such as regulating star formation in galaxies (Ostriker et al.; 2010). The term (B - V)é
represents magnetic tension, a restoring force that resists the bending of field lines.
Magnetic tension is especially important in the evolution of magnetic field configurations

and plays a central role in processes such as the magnetic dynamo.

1.2.2 Dynamos

A key process involved in the evolution of magnetic fields is the dynamo. At its heart, a
dynamo is a process that converts kinetic energy into magnetic energy through electro-

magnetic induction. This is the same process that occurs within electrical generators,
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but hydromagnetic dynamos are sustained by the flows of conducting fluids, and do
not rely on external currents or magnetic fields. The theory of hydromagnetic dynamos
was first postulated as a source for the magnetic fields of the Sun by Joseph Larmor in
1919, but has since been generalized for many astrophysical systems including planets,

accretion disks, and galaxies.

Before discussing how dynamos operate, it is worth mentioning one of their limi-
tations. Dynamos cannot generate magnetic fields from an initial state of zero field,
because B = 0 is a perfectly valid solution to the induction equation. In other words,
dynamos require a non-zero "seed" magnetic field to operate. This raises an important

question: how were the first magnetic fields generated in the early universe?

One widely studied mechanism for producing the cosmological seed fields is the Bier-
mann battery effect (Biermann; 1950). The Biermann battery arises in plasmas where
there are misaligned gradients of electron pressure and density, leading to the sponta-
neous generation of a weak magnetic field even in the absence of an initial field. This
process can occur naturally in ionized gas with non-parallel temperature and density
gradients, such as those found in shocks or during the formation of the first cosmic
structures (Xu et al.; 2008). The magnetic fields generated by the Biermann battery
would be extremely weak but provide the crucial initial conditions necessary for galactic

dynamo processes that subsequently amplify and sustain the magnetic fields observed.

Dynamos naturally arise from hydrodynamical motions of conducting fluids. There
are many different types of flows in which dynamo action can be achieved, but a simple
illustrative model is the stretch—fold-twist dynamo described by Zeldovich et al. (1990).
This process amplifies the magnetic field by stretching, twisting, and then folding the field
lines back on themselves, as illustrated in Figure 1.4. Each repetition of this sequence
effectively doubles the number of field lines and the magnetic flux through the loop.
Importantly, these motions are three-dimensional, and it has been proven that a purely
two-dimensional velocity field cannot sustain dynamo action (Zeldovich and Ruzmaikin;

1980).

The stretch—fold—twist dynamo is classified as a fast dynamo, because it exhibits a
growth rate that remains finite as the magnetic Reynolds number, R)s, becomes large.
In other words, the amplification rate does not depend on magnetic diffusion. Although
field lines may reconnect (by diffusion) after the fold step, the amplification has already
occurred by that stage. This justifies the use of the ideal induction equation (Equation

1.10), and the solution will be of the form B o exp(7t), with the growth rate v on the
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FIGURE 1.4: Schematic diagram showing how the stretch-twist-
fold dynamo of Zeldovich et al. (1990). Modified from Steinwandel
et al. (2024) with permission.

order of V/L (Shukurov et al.; 2019). The key takeaway is that fast dynamos operate
in the kinematic regime, where velocity fields are driven by non-magnetic forces and
lead to exponential magnetic field growth. Given the typically large values of Rjs in
astrophysical systems, fast dynamos generally dominate magnetic field amplification

when the fields are weak relative to hydrodynamical forces.

There are also slow dynamos that have growth rates that diminish as Rj,; increases.
One example is the rope dynamo discussed within Alfvén (1950), which relies on magnetic
diffusion to break the magnetic loop into two rather than twisting and folding it. As
Ry — oo, diffusion will become the rate-limiting step, and the growth rates become
dependent on diffusion rates (y ~ 7). The evolution of the magnetic field during slow

dynamo-action is non-linear and is less well understood than kinematic dynamos.

In the context of galaxies, two primary dynamo processes have been extensively
studied, both driven by turbulent motions. The first is the small-scale dynamo, also
known as the fluctuation dynamo. This is a fast dynamo that amplifies magnetic fields
exponentially in the kinematic regime. The second is the large-scale dynamo, also known
as the mean-field dynamo, which generates magnetic fields coherent over scales larger
than the turbulent fluctuations. The mean-field dynamo has been studied in both the
kinematic and diffusive regimes, though in galaxies it likely operates primarily in the

diffusive regime because the small-scale dynamo amplifies field strengths very rapidly.
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1.2.3 The Small-Scale dynamo

The small-scale dynamo generates magnetic fields through random, turbulent motions
within a conducting fluid. In essence, the turbulent velocity field performs repeated and
rapid stretch—twist—fold actions on magnetic field lines, leading to exponential amplifica-
tion during the kinematic regime. Originally formulated by Kazantsev (1968), the theory
of the small-scale dynamo predicts that the magnetic energy spectrum follows a charac-
teristic slope of Ep(k) o k%2 in the kinematic regime, before nonlinear saturation. This
prediction has been confirmed in numerous MHD simulations (e.g., Schekochihin et al.
(2005); Rieder and Teyssier (2016); Beattie et al. (2025)), and serves as a key diagnostic

for identifying small-scale dynamo action in numerical studies.

The small-scale dynamo is believed to be active across a wide range of astrophysical
environments, including galaxy clusters, protogalaxies, the early universe, and particu-
larly the interstellar medium (ISM). In the ISM, the small-scale dynamo amplifies fields
with exponential growth rates of ~ 10 — 100 Myr when in the kinematic regime. (Fed-
errath, Chabrier, Schober, Banerjee, Klessen and Schleicher; 2011; Schober et al.; 2013;
Bhat et al.; 2016; Pakmor et al.; 2020; Martin-Alvarez et al.; 2022). This rapid amplifi-
cation makes it a strong candidate for the initial buildup of magnetic energy in the early
phases of galaxy evolution, and is consistent with the near-equipartition field strengths

observed in young-galaxies.

Observational evidence for small-scale dynamo action is found in a range of astro-
physical systems. In young and irregular galaxies, Faraday rotation measures often show
strong spatial fluctuations without a dominant mean-field direction, consistent with am-
plification by a small-scale dynamo (Bhat and Subramanian; 2013; Sur et al.; 2018).
In elliptical galaxies, where differential rotation and ordered disk structures are absent,
the conditions for large-scale dynamo action are unfavorable (Section 1.2.4). Never-
theless, observations still reveal magnetic fields of several uG, implying that turbulent
small-scale dynamo activity alone can account for the measured field strengths (Seta
et al.; 2021). In galaxy clusters, synchrotron emission and Faraday rotation maps re-
veal tangled uG-level fields on kiloparsec scales, pointing again to dynamo amplification
in highly turbulent hot halos (Eilek and Owen; 2002; Murgia et al.; 2004; Di Gennaro
et al.; 2021). Together, these systems demonstrate that the small-scale dynamo oper-
ates efficiently across diverse environments, making it a nearly universal mechanism for

amplifying weak seed fields in turbulent astrophysical plasmas.

Numerically, resolving the small-scale dynamo requires high spatial resolution because
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the dynamo operates at scales near or below the coherence scale of the turbulence. As
a rule of thumb, the magnetic Reynolds number must exceed a critical value (typically
Ry > 100 ) for the dynamo to operate (Brandenburg and Subramanian; 2005). In
practice, this means resolving several turbulent eddies across the simulation domain
with sufficient fluid elements, or resolving the Jean’s length by ~ 30 resolution elements
(Federrath, Sur, Schleicher, Banerjee and Klessen; 2011).

While the presence of the small-scale dynamo within galaxies is now well-accepted,
the magnetic fields it generates are tangled on the turbulent coherence length. However,
the fields observed in disk galaxies are coherent over kpc scales. This could potentially
be explained by the driving of a small-scale dynamo on CGM scales (Pudritz and Silk;
1989; Rieder and Teyssier; 2017a). However, more commonly a secondary large-scale

dynamo is invoked to explain the large-scale fields (Subramanian; 1998; Widrow; 2002).

1.2.4 The Large-Scale Dynamo

A large-scale dynamo amplifies magnetic fields on spatial scales larger than the char-
acteristic scale of the turbulent motions. In galaxies, the most well-studied large-scale
dynamo is the a—) dynamo, first proposed by Parker (1955) and further developed
in subsequent decades (Steenbeck and Krause; 1969; Vainshtein and Ruzmaikin; 1972;
Brandenburg and Subramanian; 2005). This dynamo operates through an interplay

between turbulent helical motions (the a-effect) and differential rotation (the Q-effect).

The a—2 dynamo requires two conditions to operate: differential rotation and helical
turbulence. Within their disk, spiral galaxies naturally exhibit strong differential rota-
tion, but the origin of helical turbulence is more subtle. It arises due to the action of
the Coriolis force on buoyant, rising turbulent eddies above the galactic disk. As a gas
parcel rises into regions of lower pressure, it expands. The Coriolis force acting on this
expanding motion imparts a rotation aligned with the direction of galactic rotation. This
breaks the symmetry between clockwise and counterclockwise rotating eddies, resulting

in net helicity in the turbulence.

When turbulence is helical, magnetic fields embedded in the rotating eddies collec-
tively produce a net electromotive force, which can generate a radial component of the
magnetic field. Differential rotation then shears this radial field into an azimuthal com-
ponent, completing the dynamo feedback loop. This process leads to the spontaneous

amplification of the large-scale magnetic field, as long as the necessary conditions persist.
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The a—2 dynamo is generally considered the most plausible mechanism for generating
the coherent, galaxy-scale magnetic fields observed in disk galaxies. It is expected to
produce specific observational signatures, including magnetic spiral and quadrupolar
field structures in galactic halos (Stix; 1975; Henriksen; 2017; Shukurov et al.; 2019).
These features have been reproduced in some isolated galaxy simulations, such as those
by Ntormousi et al. (2020) which also showed evidence of helical turbulence, providing

some numerical support for the model.

However, several challenges remain. Chief among them is the expected growth
timescale. The a—{2 dynamo is relatively slow, typically requiring several gigayears
to build up coherent large-scale fields. This poses a tension with recent observational
results: Geach et al. (2023) reported the presence of a coherent, galaxy-scale magnetic
field in a system observed only 2.5 billion years after the Big Bang. If confirmed, such

observations may suggest the need for a more rapid or efficient mechanism.

1.2.5 Magnetic Fields in Galaxy Evolution

While dynamos describe how fluid motions generate and amplify magnetic fields, the
reverse interaction is equally important. Because of the rapid amplification of fields
by the small-scale dynamo, magnetic fields are already amplified to their observed field
strengths corresponding to equipartition with the cosmic rays and turbulent energy,
for most of a galaxy’s lifetime. At these levels they can exert significant influence on
the dynamics of the gas and can shape the structure and evolution of the interstellar
medium. Their influence extends from the scale of dense star-forming clouds to the

global regulation of turbulence, angular momentum transport, and outflows.

A significant role magnetic fields play is in regulating star formation. Magnetic pres-
sure can provide an additional form of support against gravitational collapse, particularly
in molecular clouds. A useful conceptual framework is the idea of cloud criticality: a
cloud is considered subcritical when magnetic support dominates over self-gravity, in-
hibiting collapse, and supercritical when gravitational energy exceeds magnetic support,
allowing star formation to proceed. This can be framed as a critical mass-to-flux ratio

given by
M 1

<(I))crit N 21mVG

where ® is the magnetic flux (Nakano and Nakamura; 1978). Observations suggest that

(1.11)

while dense star-forming cores tend to be supercritical, the envelopes of clouds are often

near-critical or subcritical, suggesting that magnetic fields delay collapse and regulate
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cloud fragmentation (Crutcher et al.; 2010; Pattle et al.; 2023). The criticality analysis
can also be extended to ISM filaments, which will collapse above a critical mass per unit
length. (Fiege and Pudritz; 2000; Federrath; 2016; Pillsworth et al.; 2025).

Across multiple scales, magnetic fields also regulate turbulence and transport angular
momentum transport. MHD turbulence predicts a universal width for magnetized ISM
filaments, which matches the observed distributions closely (Arzoumanian et al.; 2011;
Federrath; 2016). Magnetic fields may also be responsible for driving turbulence, through
the magnetorotational instability (MRI) (Balbus and Hawley; 1991), which was originally
developed for accretion disks. There remains debate over whether the MRI is active in
galactic disks (Kim et al.; 2003; Machida et al.; 2013). Magnetic fields transport angular
momentum through a process known as magnetic braking. Magnetic braking can occur
in a rotating system that contains magnetic fields aligned with the rotation axis. As the
fields rotate, magnetic tension will transfer the angular momentum upwards out of the
disk (Mestel; 1968). Magnetic braking is critically important in protostellar collapse (Li
et al.; 2011; Wurster et al.; 2016), but has also been shown to be capable of altering the
sizes of galactic disks (Martin-Alvarez et al.; 2020).

1.3 Numerical Simulations: a Tool for Studying (Galaxies

Numerical simulations are a powerful tool that allow us to follow the evolution of astro-
physical systems. Modern simulation codes can handle many different aspects of physics
including gravity, magnetohydrodynamics (MHD), star formation, stellar feedback, ra-
diative transfer, and many more. In this section we discuss the methods and approaches

commonly used.

The earliest numerical simulations of galaxies accounted for only the effects of gravity.
A direct approach to computing the effects of gravity is by calculating the gravitational
forces on a system of particles, updating their positions, and repeating. This method is
commonly referred to as the N-body problem, due to its lack of an analytical solution
for N>2. The first N-body gravity simulations actually predated the use of computers.
They were performed in 1941 by a Swedish physicist named Erik Holmberg, who used
collections of lightbulbs and photocells to represent individual mass elements of a galaxy.
Fach lightbulb was used to simulate the gravitational interaction between the mass
elements, which was possible because both gravity and light flux follow an inverse square
law. This makes it possible to calculate the total gravitational force on each element

by measuring the flux at each corresponding bulb. After measuring the forces, the
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positions of the bulbs were updated according to their gravitational acceleration. This
simple setup was able to show galaxies develop spiral arms and move towards each
other from purely gravitational interactions (Holmberg; 1941). Decades later, the use
of computerized N-body simulations was pioneered by Toomre and Toomre (1972), who
were able to simulate disk galaxies composed of 120 particles. Since then, computers
have advanced and so has the scale of N-body simulations. To date, the largest N-
body simulation used over 60 trillion particles to calculate the large-scale structure of
the Universe (Maksimova et al.; 2021). The algorithms have also improved; modern N-
body codes use sophisticated techniques to calculate gravity, such as tree-based methods
(Barnes and Hut; 1986) or particle-particle/particle-mesh methods (Couchman; 1991),

which reduce the numerical workload considerably.

Gravity-only simulations are a powerful tool for calculations of large-scale structure,
but properly modeling the baryonic content of galaxies requires the use of hydrodynam-
ics. Hydrodynamics provides a mathematical framework for describing the motion of
fluids, by treating them as a continuum governed by the conservation of mass, momen-
tum, and energy. Numerical hydrodynamic solvers do this by breaking the continuum
into discrete elements. An inherent limitation of this approach is the finite numerical res-
olution. This problem is particularly limiting when simulating galaxies because there is
physics that occurs over many orders of magnitude in scale. This makes some processes,
such as star formation and stellar-feedback impossible to resolve, even with the most
powerful computers. As a result, they are typically modeled using sub-grid prescrip-
tions, which are added as additional sources of energy in the hydrodynamics equations.
Sub-grid models are not derived from first principles, so they typically introduce free
parameters which are calibrated using theoretical expectations and observational con-
straints. Designing effective sub-grid models involves balancing two goals: ensuring
they produce plausible, physically motivated outcomes, while avoiding over-tuning that

undermines their predictive power.

There are multiple techniques for solving the equations of hydrodynamics, but they
are mainly divided into two frameworks: Eulerian and Lagrangian (See section 1.2 for
the full equations including magnetic terms). Eulerian methods discretize space into
fixed grids, tracking the evolution of fluid quantities at stationary points in space. Fluid
is transported by calculating fluxes across adjacent grid cells using a Riemann solver
(Godunov; 1959). To achieve higher resolution in regions of interest, these codes often
employ adaptive-mesh-refinement (AMR), which dynamically splits cells into smaller

sub-cells. Eulerian solvers are generally high order, exhibit low numerical noise, and are
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effective at resolving shocks. However, they also face limitations including numerical
diffusion, difficulty in accurately modeling orbits, and strict timestep constraints due
to the Courant condition. Widely used Eulerian hydrodynamics codes in astrophysics
include RAMSES (Teyssier; 2002), ENZO (Bryan et al.; 2014), FLASH (Fryxell et al.;
2000), and ATHENA (Stone et al.; 2008).

In contrast, Lagrangian methods discretize mass rather than space. The most com-
mon of these is Smoothed Particle Hydrodynamics (SPH), which represents fluids as a
collection of particles that move with the flow and are not confined to a grid. Fluid
properties are computed through weighted averages over neighboring particles. The
particle-based nature of SPH brings both advantages and disadvantages. It naturally
conserves mass, energy, momentum, and angular momentum, and it integrates well with
tree-based gravity solvers. However, it also inhibits mixing of fluid properties below the
resolution scale, which can suppress the growth of fluid instabilities (Agertz et al.; 2007).
To address this issues, modern SPH implementations include improvements such as ge-
ometric density averaging and artificial diffusion to better model turbulence and mixing
(Wadsley et al. (2017)). Prominent SPH codes used in astrophysics include HYDRA
(Couchman et al.; 1995), GADGET (Springel; 2005), GASOLINE (Wadsley et al.; 2004,
2017), and PHANTOM (Price et al.; 2018).

Beyond pure particle or grid-based methods, hybrid approaches have also been devel-
oped, such as AREPO (Springel; 2010). AREPO discretizes fluid using a moving Voronoi
mesh and computes fluxes across cell interfaces with a Riemann solver, and uses Dedner
cleaning to ensure magnetic fields remain divergence free Dedner et al. (2002). Hy-
brid methods often outperform traditional approaches in certain regimes, particularly in
modeling low Mach number flows and subsonic turbulence. Several major code compar-
ison projects have evaluated different numerical techniques to determine which is best
suited for galaxy formation and evolution simulations (Scannapieco et al.; 2012; Kim
et al.; 2014, 2016). Most studies conclude that while small differences exist, no single
method is universally superior. The choice of code often depends on the specific physical

processes and scales being investigated.

Using the methods described above, there are several common approaches to simu-
lating galaxies, each focusing on different physical scales and offering varying trade-offs

between numerical resolution and environmental realism.

One widely used method is cosmological simulations, which model large volumes of
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the universe and allow galaxies to form naturally as a result of gravity, gas dynam-
ics, and other included physics (Hopkins et al.; 2014; Vogelsberger et al.; 2014; Schaye
et al.; 2015; Agertz and Kravtsov; 2016; Keller et al.; 2016; Grand et al.; 2017; Tremmel
et al.; 2017; Hopkins et al.; 2018; Springel et al.; 2018). These simulations begin with
initial conditions informed by fluctuations in the Cosmic Microwave Background and
evolve forward in time within an expanding universe. While cosmological simulations
offer valuable statistical power by simulating large populations of galaxies, their spatial
resolution is limited. As a result, individual galaxies are often under-resolved. To over-
come this, modern simulations frequently use zoom-in techniques, focusing computation
on regions containing individual galaxies or groups. This preserves the high-resolution

while maintaining the broader cosmological context.

Cosmological simulations have become increasingly successful in reproducing large-
scale galaxy properties, such as star formation rates (SFRs) and the observed correlation
between galaxy color and stellar mass (Naab and Ostriker; 2017). However, due to their
complexity and chaotic nature, the detailed evolution of a single galaxy can be difficult
to interpret. Small perturbations can lead to vastly different outcomes (Keller et al.;
2019), and the continual influence of gas inflows, mergers, and changing environment
makes it difficult to isolate the impact of specific physical processes. For these reasons,

some researchers turn to more controlled environments.

Isolated galaxy simulations focus on a single galaxy, with the full cosmological context
replaced by an idealized halo model, allowing for higher resolution within less chaotic en-
vironments. Without cosmological gas inflows or interactions with neighboring galaxies,
these systems are less dynamic and more stable, making them ideal for testing physical
models. However, their isolation limits long-term realism, as the lack of fresh gas sup-
ply causes galaxies to exhaust their gas reservoirs over time. Despite these limitations,
isolated galaxies are valuable tools for studying the interstellar medium (ISM) in detail.
They allow for the resolution of galactic shear, the formation of individual giant molec-
ular clouds (GMCs), and the development of turbulence. These simulations have been
used to explore how feedback shapes the ISM (Tasker et al.; 2015; Grisdale et al.; 2017),
how the ISM self-regulates (Benincasa et al.; 2016), and how magnetic fields evolve in
galactic environments (Dobbs et al.; 2016; Rieder and Teyssier; 2016; Kortgen et al.;
2019).

At even smaller scales, ISM box simulations model small, stratified sections of galac-
tic disks with high resolution (Walch et al.; 2015; Kim and Ostriker; 2017). These

simulations typically use periodic boundary conditions in the galactic plane and open
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boundaries in the vertical direction, allowing them to track vertical structure and en-
ergy injection from supernovae. ISM boxes can resolve the full lifecycle of star-forming
clouds and the early phases of feedback, offering a unique window into the microphysics
of the ISM. These small-scale simulations have demonstrated the importance of turbu-
lence in supporting galactic disks (Ostriker and Shetty; 2011), and have been used to
study the interplay between feedback, magnetic fields, and the time variability of star
formation (Walch et al.; 2015; Li et al.; 2017; Kim and Ostriker; 2017). However, they
lack the global galactic context, typically omitting shear, large-scale flows, and realistic
galactic outflows, which are challenging to model accurately in their simplified geometry
(Martizzi et al.; 2016).

Together, these three simulation regimes: cosmological volumes, isolated galaxies,
and ISM boxes offer a complementary toolkit. Each captures different aspects of galaxy
evolution, from the large-scale evolving cosmological context, to detailed, small-scale
physical processes. The choice of method depends on the scientific question being ad-

dressed and the computational resources available.

1.3.1 Magnetic fields in Galaxy Simulations

Galaxy simulations have now begun to commonly include MHD, which has highlighted
the roles of magnetic fields in galactic evolution. Cosmological simulations with MHD
have demonstrated the amplification of fields from primordial seed values (~ 107 G)
to observed levels (~ 107° G) during the formation of large-scale structure (Marinacci
et al.; 2015; Dolag et al.; 2016; Marinacci et al.; 2018). They have also shown galaxies
magnetize their halo with outflows of gas that was amplified in the ISM Pakmor et al.
(2020), and can produce field morphologies similar to observationsKovacs et al. (2024).
Girichidis et al. (2018) used ISM box simulations to show magnetic fields thicken gas
in the disk to 100 pc, delay the collapse of dense gas by up to 25 Myr, and decrease
the intercloud velocity dispersion by ~ 3 km/s. Other ISM box models have shown how
magnetic fields can significantly reduce the overall star formation in nuclear rings by
providing additional pressure support (Ostriker and Kim; 2022; Moon et al.; 2023). Gent
et al. (2024) modelled the small-scale dynamo and large-scale dynamo simultaneously
in an ISM box, and showed the small-scale dynamo can decrease the growth rate of the

large-scale dyanmo by a factor of ~2.

Isolated spiral galaxies provide an ideal testing ground for magnetic fields. Both
Wang and Abel (2009) and Dubois and Teyssier (2010) followed the formation of a disk

in an idealized halo, and produced field strengths that were a match with observations.
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The simulations by Kortgen et al. (2019); Arora et al. (2024) showed that galaxies sim-
ulated with MHD fragment significantly faster due to the Parker instability. In these
simulations, the ISM fragments into elongated, filamentary structures, and cold gas was
driven hundreds of parsecs above the midplane without the inclusion of stellar feedback.
While these studies showed how magnetic fields can affect the global evolution of a disk,
they did not include any stellar feedback or star formation, so they suffered from over-
cooling, meaning eventually the entire ISM collapsed into dense clouds. Wibking and
Krumholz (2023) simulated isolated galaxies with star formation and feedback and con-
ducted a straightforward test between MHD /hydrodynamics, they found the simulations
with magnetic fields produced SFRs 1.5-2 times lower than those without.

Isolated galaxy simulations have also been used to test dynamo activity. Rieder
and Teyssier (2016, 2017a,b) conducted a series of tests on small-scale dynamo growth.
They found a striking dependence of the growth rate on numerical resolution and stellar
feedback. They demonstrated that the small-scale dynamo undergoes three separate
phases of growth in the ISM: exponential growth during the kinematic phase, constant
growth during the non-linear phase, and no growth once reaching saturation. While the
growth rate was closely tied to the numerical resolution, the level at which the fields
saturated did not, which motivates initializing galaxies with fields that are closer to
a saturated state. Large-scale dynamo activity has been examined in isolated galaxy
simulations by Ntormousi et al. (2020); Steinwandel et al. (2020); Wissing and Shen
(2023), but each of them attribute the growth to a different large-scale dynamo: the af2
dynamo (section 1.2.4), the Q) dynamo, and the gravitational-instability dynamo of
Riols and Latter (2019). The different dynamo behaviour reported by different methods
shows the the field has yet to converge on exactly how large-scale dynamos operate

within simulations.

The simulations described above have begun to reveal many magnetic effects impor-
tant to galaxy evolution, but many questions remain. How exactly do magnetic fields
contribute to the regulation of star formation in a galactic disk? How and when do
large-scale dynamos operate? How do magnetic fields affect the evolution of galactic
structures, such as bars and spiral arms? How do small-scale and large-scale dynamos
coexist and interact in a realistic galactic environment? Can simulations reproduce the
observed correlations between magnetic field strength and gas density or star formation
rates? How can we design MHD simulations of galaxies with robust predictive power?

While non-exhaustive, the questions in this list are the motivation behind this thesis.
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1.4 This Thesis and Chapter Organization

The discussion above highlights that magnetic fields are a fundamental component of
the ISM and galaxy evolution, influencing star formation, turbulence, and large-scale
dynamics. Understanding how these fields originate, grow, and interact with galactic
gas requires a combination of observational insights, theory, and numerical modeling.
Isolated galaxy simulations are particularly well-suited for this purpose: they capture
essential galactic dynamics such as shear and large-scale rotation while allowing high
enough resolution to resolve GMC formation, turbulence, and localized feedback pro-
cesses. Compared to cosmological simulations, they provide a controlled environment
free from mergers and chaotic inflows, and compared to small ISM boxes, they retain

the global context necessary for studying magnetic field evolution.

This thesis is structured around three studies that explore different aspects of galac-
tic magnetic fields and their impact on the ISM. This work builds on the methods of
Robinson (2021), where we developed a model for simulating isolated disk galaxies with
a self-regulating ISM, and began to incorporate magnetic fields. All of our simulations
are conducted with the RAMSES (Teyssier; 2002) AMR code, which ensures magnetic
fields are divergence-free using the constrained transport method (Evans and Hawley;
1988). We reach maximum spatial resolutions of 9.15 pc in all of our simulations, which

allows us to resolve the small-scale dynamo (Rieder and Teyssier; 2016).

Chapter 2 presents MHD simulations of isolated disk galaxies with varying initial
magnetic field strengths. We investigate the co-evolution of magnetic fields with a self-
regulated, star-forming ISM and show that weak seed fields can grow through feedback
and turbulence to realistic levels, while initially strong fields modify ISM structure,
supernova bubble sizes, and the distribution of star formation. This study demonstrates

how magnetic pressure, turbulence, and thermal energy jointly regulate star formation.

Chapter 3 focuses on the role of spiral arms in the evolution of magnetic fields and star
formation. Using MHD simulations both with and without self-consistent stellar spiral
arms, we find that spirals concentrate gas to enhance star formation and enable a large-
scale dynamo, producing coherent magnetic fields aligned with the arms and coherent
over kiloparsec scales. This provides a novel mechanism for mean-field amplification in

disk galaxies.

Chapter 4 explores the influence of the initial magnetic field configuration on galaxy
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evolution. The results indicate that while the total star formation rate is largely in-
sensitive to the initial field morphology, the formation of central bars and the spatial

distribution of star formation are affected.

Finally, Chapter 5 summarizes the main results, discusses their broader implications,

and outlines directions for future research.
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Abstract

We use high-resolution MHD simulations of isolated disk galaxies to investigate the
co-evolution of magnetic fields with a self-regulated, star-forming interstellar medium
(ISM). The simulations are conducted using the RAMSES AMR code on the standard
AGORA initial condition, with gas cooling, star formation and feedback. We run galaxies
with a variety of initial magnetic field strengths. The fields evolve and achieve approxi-
mate saturation within 500 Myr, but at different levels. The galaxies reach a quasi-steady
state, with slowly declining star formation due to both gas consumption and increases in
the field strength at intermediate ISM densities. We connect this behaviour to differences
in the gas properties and overall structure of the galaxies. Stronger magnetic fields limit
supernova bubble sizes. Different cases support the ISM using varying combinations
of magnetic pressure, turbulence and thermal energy. Initially > 1 uG magnetic fields
evolve modestly and dominate support at all radii. Conversely, initially weaker fields
grow through feedback and turbulence but never dominate the support. This is reflected
in the stability of the gas disk. This interplay determines the overall distribution of star
formation in each case. We conclude that an initially weak field can grow to produce a
realistic model of a local disk galaxy, but starting with typically assumed field strengths
(> 1 pG) will not.
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2.1 Introduction

Magnetic fields have been detected at all scales in astrophysics (Han; 2017) and are
predicted to play important roles in galaxy evolution. A key question is what role
magnetic fields play in regulating galactic star formation. The most straightforward
consideration is that magnetic fields provide an additional pressure which can support
gas against gravitational collapse on the scale of a galactic disk, but they can also affect
galaxy-scale dynamics, the properties of turbulence, the effectiveness of stellar feedback,
and the formation of molecular clouds. Importantly, turbulence acts to amplify and
reshape the magnetic field, so in practice we must study the joint evolution of the
magnetic field and the ISM together.

Detecting magnetic fields in galaxies is challenging. A diverse set of methods allows
us to infer differing aspects of the field. These include synchrotron emission, the Zeeman
effect, Faraday rotation, polarised thermal emission of magnetically aligned dust grains
(Pattle et al.; 2023), and polarised emission of starlight due to extinction by aligned dust

grains.

Of primary interest is the field strength. Synchrotron observations can be used to
estimate total magnetic field strengths by assuming energy equipartition between mag-
netic fields and cosmic ray particles. Fields strengths measured in spiral galaxies with
this method tend to be around ~10 uG and decrease slowly with galactocentric radius
(Fletcher et al.; 2011; Basu and Roy; 2013; Beck and Wielebinski; 2013). The depen-
dence on the poorly constrained cosmic ray distribution means both the field strength
and gradient are highly uncertain. Due to the diffusive nature and resulting large scale
height of cosmic rays, it is expected to probe a thick volume around the galactic disk
(Zweibel; 2017).

In the Milky-Way and a few nearby galaxies, line-of-sight magnetic field strengths
have also been measured via the Zeeman effect (Crutcher et al.; 2010), which causes
emission lines to split when molecules are in the presence of line of-sight magnetic fields.
Zeeman observations in the Milky-Way have found fields strengths of ~ 10 4G at number
densities of 10-100 cm ™3, In gas at number densities > 1000 cm ™3 the upper envelope
to the field strength scales with number density as B o< n®5=0-7 (Crutcher et al.; 2010).
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There is considerable spread in these measurements for 10-1000 cm™3. It is commonly

assumed that typical field strengths remain flat at lower densities.

The remaining techniques mostly indicate the field morphology. Many observations
find large-scale spiral patterns in galactic magnetic fields, even in galaxies that do not
have optical spiral structures (Chyzy and Buta; 2008; Beck et al.; 2019; Lopez-Rodriguez
et al.; 2023). Down to ~ 100 pc scales, the fields tend to be aligned parallel with the
structure, such as low density filaments (Goldsmith et al.; 2008; Sugitani et al.; 2011).
These results have been confirmed more recently by synchrotron maps of molecular
clouds in the Milky way (Planck Collaboration; 2016).

There are many theoretical predictions for how magnetic fields should evolve and
affect their host galaxies. Tiny cosmic seed fields are amplified exponentially to de-
tectable levels within a few Gyr (Geach et al.; 2023). On small galactic scales, the tur-
bulent dynamo is expected be ubiquitous. It can exponentially amplify field strengths
over timescales of < 10 Myr, saturating at level that is a fraction of the turbulent
energy (Federrath et al.; 2011; Rieder and Teyssier; 2016). The ov — Q dynamo is ex-
pected to order the small scale turbulent fields into disk scale regular fields over Gyr
timescales (Brandenburg and Subramanian; 2005). At intermediate scales there is also
the gravitational-instability dynamo associated with spiral structures (Riols and Latter;
2019). Amplification rates in simulations are still highly dependent on numerical reso-
lution and feedback methods (Rieder and Teyssier; 2016), which can make comparisons
between different simulations difficult, however the level they saturate at appears to be
independent of those effects. Thus saturated fields present an appealing target for study

that is less dependent on numerical method differences.

After saturation, the energy density of magnetic fields relative to other sources can
vary depending on the phase of gas. The diffuse medium can have significant magnetic
support, meaning that the magnetic pressure is comparable to thermal pressure (plasma
B ~ 1). At higher densities, where gas is colder, the primary support is turbulent and
the clouds are typically magnetically supercritical (Emag < Egrav ~ Eturb) (see review
by Beck and Wielebinski 2013).

Magnetic fields are expected to play a key role in how gas transitions between phases
within the ISM (Krumbholz and Federrath; 2019). This manifests as a difference in the
distribution of gas densities in the ISM, which are created by turbulent compression and
expansion. Supersonic turbulence is expected to develop a lognormal probability den-

sity function (PDF) that is also seen in observations (Kainulainen et al.; 2009). At high
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densities when the gas becomes gravitationally unstable, it diverges from the lognormal
(Burkhart; 2018). Magnetic pressure narrows the width of the PDF by resisting turbu-
lence’s ability to compress gas. Simulations on cloud and kpc scales have shown that this
effect can reduce star formation rates by a factor of 2-3 (Federrath and Klessen; 2012;
Padoan et al.; 2012; Girichidis et al.; 2018; Krumholz and Federrath; 2019; Hix et al.;
2023; Kim et al.; 2023). Turbulence also plays a role in the magnetic field strength vs.
gas density scaling relations. The 0.5-0.7 power law was originally thought to come from
gravitational contraction, but cloud-scale simulations by Cao and Li (2023) retrieve the
same scaling without self gravity and the authors argue it comes from turbulent com-
pression instead. A key takeaway from this discussion is that the role of magnetic fields
on smaller scales is complex and under intense study. Working on slightly larger, galactic

scales, allows for a simpler treatment of star formation.

MHD simulations are a powerful tool for studying magnetic fields on many scales. On
cosmological scales, magnetic fields are generally not dynamically dominant but some
simulations have begun to include them (Grand et al.; 2017; Hopkins et al.; 2018; Stein-
wandel et al.; 2022; Martin-Alvarez et al.; 2018). Cosmological seed fields are the origin
of all galactic fields; thus cosmological simulations can be used to test models of mag-
netic field amplification and produce toroidally dominated fields similar to those seen in
observations (Rieder and Teyssier; 2017b). One difficulty with cosmological simulations
is that magnetic fields amplify strongly during the poorly resolved and highly chaotic
infall and merging phases. These processes apply ongoing, significant perturbations to
the state of the galaxy. There is also the computational expense of simulating a large

cosmological environment for the full history of the universe.

An alternative approach is high resolution simulations of individual galaxies, includ-
ing the effects of magnetic fields. Kortgen et al. (2019) simulated an isolated disk galaxy
and showed that magnetic fields can speed up disk fragmentation and drive outflows
hundreds of parsecs above the disk even without stellar feedback. Galaxies that have
both star formation and feedback tend to have lower star formation rates when MHD is
also included and can magnetize their CGM with magnetic outflows (Steinwandel et al.;
2019, 2020; Pakmor et al.; 2020; Wissing and Shen; 2023), suggesting that MHD can
help regulate star formation on disk scales. Recent simulations also suggest that the
magnetic field strength continuously declines with density, effectively as a power law,
extending to densities below the point where observationally inspired models suggest it

should become constant (e.g. (Ponnada et al.; 2022)).
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Prior work has tended to focus on amplification rates and the final magnetic config-
uration (e.g. Rieder and Teyssier; 2017a; Su et al.; 2018). However, it is also important
consider how magnetic fields affect the state of the gas in the multiphase interstellar
medium and whether the star formation is regulated in the same way as we introduce

progressively stronger fields.

In this paper we present a controlled study, simulating an isolated galaxy with a well-
known initial condition, with and without magnetic fields, with several different initial
field strengths. Thus we can focus on the development and co-evolution of magnetic fields
due to self-regulated star formation and feedback in a galactic disk. By running such
cases for several dynamical times, we expect to produce a steady-state, self regulated
star-forming ISM to study. In addition, by using a standard setup and simple, well-
tested star formation and feedback models, we aim to make the interpretation more

straightforward.

The remainder of the paper is organized as follows: In section 3.2, we describe the
simulation method and magnetized galaxy setup. In section 2.3.1, we analyse the evolu-
tion of the magnetic field in each galaxy, including the approach to a saturated state and
comparing the strengths to observations. We examine the resulting visual appearance of
each galaxy in section 2.3.2. In section 2.3.3, we examine the overall star formation and
its radial distribution in each case. We then explore how this is reflected in their ISM.
Section 2.3.4 examines the gas properties, seeking to determine the underlying drivers
of the differences in star formation rates and their connection to the magnetic fields and
other forms of support for the gas. In section 2.3.5, we study the combined effect of
the different support mechanisms on the gravitational stability of the galactic disks. In
section 2.4 we discuss our results and future work. Finally we summarize our conclusions

in section 2.5.

2.2 Simulation Method

We conduct magnetohydrodynamic (MHD) simulations of isolated galaxies using the
adaptive mesh refinement (AMR) code RAMSES (Teyssier; 2002) to solve the ideal MHD
equations using an HLLD approximate Riemann solver (Miyoshi and Kusano; 2005).
The solenoidal constraint (V- B = 0) is enforced with the constrained transport method
(Evans and Hawley; 1988). The dynamics of stars and dark matter are solved using
the particle-mesh technique (Hockney and Eastwood; 1981). Gas cooling and heating is
included via the GRACKLE chemistry and cooling library (Smith et al.; 2017). GRACKLE
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uses metal cooling rates tabulated from output from the photo-ionization code CLOUDY

(Ferland et al.; 2017). We also include a photoelectric heating rate of ¢ = 4 x 10726 erg

cm 3 gL

(2003).

, which allows for a two-phase ISM similar to that proposed by Wolfire et al.

2.2.1 Initial Conditions and Refinement

The galaxies we simulate are all based on the medium-resolution isolated disk galaxy
from the AGORA Project (Kim et al.; 2016), but with an initial magnetic field added. It
has an active dark matter halo (Mago = 1.074 x 10'2M,) that follows an NFW profile,
a stellar bulge (Mp = 4.297 x 10°M) that follows a Hernquist profile, and a disk
(Mp = 4.297 x 10'°M,)) that is 80% stars and 20% gas by mass with a density profile
given by

Pgas(r, 2) = poel~T/Td) o(—121/2a) (2.1)

With pg = Mgas/(47r324), where rg = 3.432 kpc and zq = 0.174. The stellar and dark
matter components are modeled with collisionless particles, and the gas is initiated on
a RAMSES AMR Grid. Kim et al. (2016) contains fulls details about the disk setup.

This initial condition has been described as similar to "Milky-Way like’ spiral galaxy
with a redshift of z~1. However, the dark matter halo and rotation curve are quite
similar to a z ~ 0 large disk galaxy, such as NGC 5055 (the Sunflower galaxy). The
initial surface densities of gas and stars are also quite similar to NGC 5055 (as noted by
Benincasa et al. 2020). In this sense it is actually a reasonable proxy for a nearby spiral

galaxy.

The gas disk is initialized inside of a domain 600 kpc on a side that has a base grid of
643 cells, that is allowed to refine an additional 10 levels which gives a spatial resolution
of 9.15 pc at the highest level. A cell will refine if it contains more than 10,000 My of
gas or if it contains more than 8 collisionless particles. The disk starts off with Mg,s =
8.59x10? My, which will decrease throughout the simulation as gas is converted into

stars. The gas is initialized to a temperature of 10,000 K and solar metallicity.

Inside the gas disk, we initialize a magnetic field with a morphology that is purely

toroidal, containing no vertical or radial components. The field strength scales with gas

B =B (:())2/3 (2.2)

density as

49


http://www.mcmaster.ca/

Ph.D.— Hector Smoothstone Robinson; McMaster University— Physics and Astronomy

Name Bism  Bism Bo
Hydro 0 00 0
MHD Weak 0.1 uG 800 0.85 uG
MHD Medium 1 uG 8 85 uC
MHD Strong 10 pG  0.08 85 uG

TABLE 2.1: Summary of initial magnetic properties of each sim-
ulation. Brgm and Sisy are magnetic field and plasma 3 values,
respectively, in the typical ISM (gas density n ~ 0.25 cm=3). By
is the corresponding magnetic field strength in equation 3.2 (at the
geometric center of the galaxy). Otherwise initial magnetic field
strengths scale as B o p2/ 3. As a result of this scaling, the plasma

B (Pthermal/Pmag) increases with radius.

By is the value of the magnetic field strength on the midplane at the center of the galaxy.
The magnetic field strength decreases further out in the disk, decreasing by a factor of
10 by 12 kpc. Due to the grid initialization process, some initial B values are changed by
+ 10%. Figure 2.1 includes radial profiles of the initial magnetic field strength (straight

red lines).

We simulate four galaxies which are identical except for the initial magnetic field, with
values for each case summarized in Table 2.1. The first case has zero initial magnetic
field, equivalent to being simulated with regular hydrodynamics. The remaining three
galaxies are referred to as MHD Weak, MHD Medium, and MHD Strong. In each of
them, the field strength initially scales with gas density according to equation 3.2, but
the constant By is modified so that the MHD Medium has fields 10 times stronger than
the MHD Weak, and MHD Strong has fields 10 times stronger than MHD Medium. An
increase of 10 times in magnetic field strength corresponds to an increase of 100 times

in magnetic energy.

2.2.2 Star Formation and Feedback

Stars particles are formed stochastically via a Schmidt-law of the form

dps Eff .
;t = t—; if  p> perit (2.3)

where p, is the stellar density, eg is the star formation efficiency per free-fall time which

we set to efy = 0.1, and peit is a threshold density which corresponds to a number
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density of 100 cm™3.

Stellar feedback is entirely supernovae (SN), injected as thermal energy 5 Myr after
stars first form with 10°" erg per 91 My of young stars. This energy is treated via
the delayed cooling model of Agertz et al. (2011), which allows unresolved superbubbles
to grow correctly by initially treating hot supernova ejecta as unresolved, non-cooling
bubbles whose energy is converted to regular thermal energy with a e-folding time of 5
Myr. At the chosen resolution, other forms of feedback are largely unresolved, as are

the dense structures in which they would chiefly operate.

We note that these choices differ from the original AGORA simulations (Kim et al.;
2016). In particular, AGORA used a low efficiency (efy = 0.01) in dense gas. This pushes
the characteristic time for star formation to ~ 1 Gyr, effectively forcing a typical overall
galactic star formation rate (SFR), that was the same with or without feedback. With
err = 0.1, stellar feedback is necessary to regulate star formation to the level expected
for typical disk galaxies (Agertz and Kravtsov; 2015; Semenov et al.; 2018; Robinson;
2021). Feedback is expected to couple in such a way to reproduce large scale ISM
properties including the scale height (Ostriker et al.; 2010; Benincasa et al.; 2016). We
choose this simple, robust approach to star formation and feedback because it reliably
produces self-regulated galaxies with sensible star formation rates in the hydrodynamic

case, where it widely-used. This allows us to focus on the effects of MHD.

Each galaxy was evolved for 1 Gyr, corresponding to a handful dynamical times at
the outer radius. The inner regions were expected to evolve rapidly and then settle into
a quasi-steady state of ongoing star formation. Thus the goal was to produce an interval

of several 100 Myr to study this relatively quiet, self-regulated state in each case.

2.3 Simulation results

At the start of the simulation, all four galaxies begin their evolution by settling from the
slightly unstable initial state by compressing vertically. While this happens cold-phase
gas condenses and fragments along spiral arms into individual clouds. In the Hydro and
MHD Weak cases, this collapse is violent and results in a starburst, mostly localized to
the galactic center (r < 2 kpc). In the cases with stronger fields, the fields resist the
compression, preventing a starburst from occurring, and the onset of star formation is
delayed. As a result, the Hydro and MHD Weak galaxies have a smaller fraction of gas

remaining in the galactic center for the remainder of the simulation, for this reason we
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exclude the center 2 kpc from some of our analysis to ensure a fair comparison between

the galaxies.

2.3.1 Magnetic Field Evolution
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FiGURE 2.1: Magnetic field strength vs. galactocentric radius in
each MHD galaxy. Top row shows a mass-weighted average, and
bottom row shows a volume-weighted average. Color shows the the
time of the snapshot from 0 (red), to 1 Gyr (pink). Black lines
are data from nearby galaxies from Basu and Roy (2013). Field
strengths are calculated in a disk with a height of 1 kpc.

The primary focus of this work is how magnetic fields influence the structure of the
ISM and the regulation of star formation at later stages. Before examining that we give

a brief overview of the magnetic field evolution leading to the final state.

Figure 2.1 shows the average magnetic field strength vs. radius in a disk of height 1
kpc for each galaxy over time, and compares them to field strengths from synchrotron
observations by Basu and Roy (2013). Firstly, we note that this observational sample
includes NGC 5055, for which the simulation set-up is a reasonable proxy. Secondly,
the variation among the observational sample is also quite small, with estimated field
strengths of ~ 10-20 uG in the radii of interest, 2-10 kpc.
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The figure includes two methods of calculating the average field strength. The first
is a mass-weighted average (top panels) and the second is a volume weighted average
(lower panels). The mass weighted average gives an estimate of the field strengths
in high-density regions, while the volume weighted average probes more typical ISM
densities. The method of averaging does not particularly affect the field estimate in the
MHD Strong galaxy because the gas scale height is quite large, and there is very little
high density gas created. (see 2.3.4 for a quantitative comparison). For weaker fields,

the galaxies are thinner and the differences more pronounced.

The volume weighted average provides a better comparison to the observed estimates
because synchrotron emission arises from cosmic rays which are typically assumed to
have a large scale height (Zweibel; 2017). Many assumptions are required to calculate
field strengths from synchrotron emission. A common choice is energy equipartition
between the magnetic and cosmic ray energies (Basu and Roy; 2013). There are also
uncertainties in the effective volume of the synchrotron emitting disk. These assumptions
most strongly affect the amplitude of the estimated field strength. The diffusive nature
of cosmic rays tends to limit their radial variation. The estimated radial slope depends
most sensitively on the observed synchrotron intensity profiles which drive the relatively
flat slopes seen in the observation estimates (black curves) in figure 2.1. The MHD
Weak galaxy is promising in this regard because the volume weighted average achieves
a flat radial profile like the observations. However, the fields saturate around 1 uG
for most of the disk, whereas the observations have been used to infer 10 uG using
the previously discussed assumptions. It may be worth revisiting these assumptions,
particularly equipartition. These results also suggest that initial fields must be well below
equipartition in order to naturally evolve to a realistic saturated state that reproduces

the radial profile.

Similar amounts of magnetic field amplification are visible in both the MHD Weak and
MHD Medium galaxies regardless of the choice of weighting. The MHD Strong galaxy
experiences a net loss of field strength over time, confirming that it was oversaturated
from the beginning. Both the MHD Weak and Medium galaxies appear close saturation
after about 500 Myr, but they do not saturate at the same value. Field strengths may
decrease over time due to magnetic flux leaving the disk. In the inner regions of the
MHD Weak galaxy, field strengths peak at around t=500 Myr and then decrease slightly
due to flux leaving in vertical outflows. In the MHD Strong galaxy, net flux loss is

expected due to magnetic braking.

In all cases, the amplification rate is lower in the outer disk, where there is less star
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formation (see section 2.3.3). This behaviour is most consistent with a turbulent style
dynamo, both in terms of the rate of growth and the strong association with feedback

from star formation.

Our field strengths can also be compared to those inferred from Zeeman measure-
ments, by placing them on a field strength vs. density (B vs. n) plot, shown in figure
2.2. There are a few caveats when comparing to Zeeman measurements. First, those
observations typically probe dense, mostly neutral and molecular gas that is not present
in these simulations (see section 2.3.4). Secondly, non-ideal processes such as turbulent
ambipolar diffusion are expected to remove field in dense neutral gas (Heitsch et al.;
2004). Additionally, the high density gas is within an order of magnitude of our reso-
lution limit, so numerical diffusion may also begin to play a role. Thus the numerical
results are best interpreted as upper bounds for densities, n > 100 cm™3. We plot the
median field strength in each density bin, but variations of an order of magnitude are
common at a given density. In this figure, field amplification due to dynamo action is
seen as a vertical translation. When field strengths increase due to gas compression
(or expansion), the points should also move to the right as the density increases (or
decreases, respectively). This largely explains the rapid expansion of the plot upward in
density and field strength after the initial state. In the highest density gas field strengths
remain similar across all three simulations. This is likely due to the fact that the field
strength in the dense gas immediately saturates. This dense gas is selectively where star
formation occurs, driving turbulence which would feed a rapid, small scale dynamo (See
figure 2.10). Amplification is clearly visible in the diffuse medium with number densities
of 0.1-10 cm™3. There are differing levels of amplification seen in the diffuse medium
in each case. The 2/3 power-law slope is maintained in the diffuse medium as the field
evolves. There is a shallower power-law slope for intermediate density gas (1-100 cm™3),
which is flatter in the stronger field cases. The stronger field forces gas flows along field

lines, limiting field increases due to density changes.

At low densities, the simulated field strengths continue to decrease with density,
showing no hint of the constant 10 uG field extrapolation below number densities of
~ 10 cm ™3 assumed by, e.g. Crutcher et al. (2010).

2.3.2 Overall structure

We now proceed with an examination of the state of the galaxies after 1 Gyr of evolution.
Figure 2.3 shows face-on visualisations of each galaxy. The top row shows the surface

densities of gas in each galaxy. The excess of gas in the medium and strong galaxies is
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FIGURE 2.2: Median magnetic field strength vs. gas number den-
sity over time. Black points are measured values from clouds inside
the Milky Way (Crutcher et al.; 2010). Amplification is visible in
diffuse gas in galaxies with weaker initial fields.
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FIGURE 2.3: Visualizations of each galaxy 1 Gyr. The top row
shows surface density projections, and the bottom row shows slices
of magnetic field strength in the midplane. The Hydro case is black
because there is zero magnetic fields everywhere.

clearly visible. Those galaxies also appear less fragmented, with more flocculent spiral
arms and fewer superbubble holes. The bottom row shows slices of the magnetic field
strength in the midplane of the galactic disk. Although there is some amplification of
the fields during the galaxies evolution, the fields do not saturate at the same level and
the case with the stronger initial fields still has the strongest magnetic fields at the end
of the run. The stronger magnetic fields have less structure in them, mostly due to them
having lower star formation rates (see section 2.3.3), but also due to the weaker fields
being less dynamically important and having less resistance to being pushed around by
motions of the gas. Large scale spiral structure is reflected in the magnetic fields, and the
stronger field cases result in spiral morphology that is less disrupted by superbubbles.

To understand this better, we need to examine the distribution of star formation.

2.3.3 Star Formation

Figure 2.4 summarizes the star formation history of each galaxy. To ensure a fair com-
parison between the galaxies we restrict this analysis to gas outside of the central 2 kpc,
which minimizes the differences arising from the large difference in gas depletion in the
center of the galaxies in different cases. The Hydro and MHD Weak galaxy undergo
starbursts that have SFRs reaching up to 20 My, yr~!. After the initial burst, the hydro

56


http://www.mcmaster.ca/

Ph.D.— Hector Smoothstone Robinson; McMaster University— Physics and Astronomy

10
= Hydro
= MHD Weak
— 8 MHD Medium
'-I' - MHD Strong
| -
> 6
©
=
= f
&
\
5o, \\\//\
O() 200 400 600 800 1000

Time [Myr]

FIGURE 2.4: Star formation rate vs. time for each galaxy, exclud-
ing the central 2 kpc. Star formation rate is calculated by summing
the mass of all stars formed within each time bin and dividing by
the size of the bin. For the MHD Weak and Medium galaxies, field
strengths decline over time due to increasing field strengths.
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years, as done in (Bigiel et al.; 2008). Data for NGC 5055 is from
Leroy et al. (2008).
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galaxy settles into a constant SFR of ~ 2Muyr~! that reduces slightly by the end due
to a decreasing gas content. The MHD Weak galaxy has an an initially elevated SFR
of 5 Mg yr~!, which continually decreases and reaches 1 My yr~! by the end of the
run, lower than the hydro galaxy. The MHD Medium does initially undergo a slight
starburst, but it is delayed until ~75 Myr and much smaller. Once it does begin to form
stars it quickly reaches a SFR of 4 My yr~! before decreasing even more quickly than
the MHD Weak galaxy, and ends up with a SFR of less than 1 My yr~!. The decreasing
SFR in both the MHD Weak and Medium galaxies is due to the amplification of the
magnetic fields, As they become stronger they become more dynamically important,
they limit star formation more effectively. The MHD Strong galaxy has very limited

1

star formation, remaining around 1 Mg yr~" or less for its entire evolution.

After 1 Gyr of evolution, the differences in the remaining gas content can be seen in
the top row of figure 2.5, which plots the surface density versus galactocentric radius
for each galaxy, alongside data from NGC 5055 (Leroy et al.; 2008). We note that all
the simulated galaxies began with identical gas profiles, so the differences arise from
the amount of gas consumed by star formation. The stronger the fields in the galaxy,
the more gas remains due to the different star formation history. The differences are
most prominent in the galactic center but exist out to around 10 kpc, beyond which all
4 galaxies have similar gas surface densities. The second row of figure 2.5 shows star
formation surface density as a function of radius, averaged over the last 100 Myr of the
simulation. The stronger field galaxies have enhanced star formation in the center 2 kpc
due to having more gas remaining at this point in time, The MHD Strong galaxy is the
most centrally concentrated due to the strong magnetic support in the outer disk (See
figure 2.10). In the outer regions, star formation only occurs out to a limited distance. It
is truncated at 14 kpc in the Hydro and MHD Weak cases, 10 kpc in the MHD Medium
case, and at 8 kpc in the MHD Strong case.

The final row in figure 2.5 combines the above data to make the well-known Kennicutt-
Schmidt plot. The surface densities were measured at 1 kpc resolution, and then binned
by radius. Star formation rate surface density is calculated using stars that formed
within the last 100 Myr in each pixel to make a fair comparison to observational tracers
of star formation rate. The dashed lines on the plot show lines of constant consumption
times of 10, 10, and 10'° years from top to bottom. Bigiel et al. (2008) label these
using efficiencies per 108 yr of 100%, 10% and 1%, respectively. Open circles indicate the
central 2 kpc which is depleted in the Hydro and MHD Weak galaxies, and x’s indicate

regions beyond 12 kpc where the disk has not had enough time to evolve significantly.
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We note the regions beyond 12 kpc have no star formation at all in the MHD Medium

and Strong galaxies, hence they do not appear on the plot.

In the bottom row of figure 2.5, the Hydro and MHD Weak galaxies have most of
their gas at surface densities of 1-10 My /pc?. They approach a consumption time of
2 x 10° years at 10 M, /pc? with a reduced star formation at lower surface densities. The
MHD Medium and Strong galaxies push the turn down further right, meaning that star
formation is drastically reduced at low surface densities, but have higher surface densities
towards the center of the galaxies. The SFR surface densities in the Medium and Strong
galaxies fall far below the observations, which suggests the initial fields are too strong
and result in unrealistically low star formation due to the extra magnetic support. This
result is reinforced when we explicitly examine gas support in the next section. One
caveat is that the surface density profiles are different, making an exact comparison
between the simulated and observed galaxies difficult, but the overall differences in star

formation are highlighted on the Kennicutt-Schmidt plot.

2.3.4 Gas Properties and Distribution

The Hydro and MHD Weak galaxies end up with higher star formation rates than
the other two galaxies despite having less gas content remaining at the end. Our star
formation model depends on the amount of dense gas. Thus we expect to see less dense
gas when there is reduced star formation. Figure 2.6 shows a histogram of the total
gas mass vs. number density excluding the central 2 kpc at the final snapshot. We see
progressively less star forming gas (above the number density of 100) in the stronger
field cases as expected. The left side of the distribution is also more extended with the
weaker fields. This is because of the stronger feedback and larger bubbles. The regular
features separated by factors of 8 in the plot are a result of the refinement strategy of

RaMSES, with each dip corresponding to a different refinement level.

As individual superbubbles form due to supernova feedback, the magnetic fields lines
are dragged by the gas in the explosions, draping themselves around the bubbles. Figure
2.7 shows a typical example of such an event. This particular bubble has stopped
expanding and does not end up escaping out of the disk. These explosions are a major
source of turbulence in the gas and play a major role in the evolution of both the galaxy
and its magnetic fields. Magnetic tension causes magnetic fields to resist being bent,
counteracting the expansion of the bubbles. Thus the field strength also affects the visual
morphology by limiting the number and size of holes in the gas distribution as seen in

figure 2.3 and figure 2.11. The sizes of the bubbles are also affected by the local surface
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FIGURE 2.6: Histogram of gas number densities excluding central
2 kpc. Each bin represents the total mass at that density inside
of a disk with radius 15 kpc, and 1 kpc high, normalized by the
total gas mass of that disk. Magnetic fields limit the amount of
star forming gas that is created by narrowing the distribution.
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Ficure 2.7: Example of a typical supernova bubble forming in
the simulation. Color shows the number density of gas, with the
magnetic field lines visualized by a line-integral convolution. Over-
plotted are the velocity of the gas (white), and newly formed star
particles (blue). This particular bubble occurs at a radius of 7
kpc, at t=500 Myr in the MHD Medium galaxy. As the bubble
expands, magnetic fields lines are dragged with the gas, and the
magnetic tension resists expansion.
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density. In the MHD Medium and Strong galaxies, star formation is limited to the
central region where the high density surrounding medium will also limit the size of the
bubbles. However the MHD Weak and Hydro galaxy show show different size bubbles
despite having SFRs that are similarly distributed, demonstrating how magnetic fields

limit bubble sizes.

The volume fractions of each temperature phase vary for each case, as shown in
figure 2.8. We define the three phases as cold gas (T < 5000 K), warm gas (5000 K < T
< 50000 K), and hot gas (T > 50000 K) and exclude the central 2 kpc, just as for the SFR
plots. To first order, the volume fractions are explained by higher star formation rates
leading to more supernovae and more hot gas in superbubbles. As the star formation
rates decrease in the MHD Weak and Medium galaxies, the volume fraction of hot
gas decreases correspondingly. In addition, cases with stronger magnetic fields have a
lower hot volume fraction for a given star formation rate. Between 500 -700 Myr, the
MHD Weak galaxy has roughly the same star formation rate as the Hydro galaxy, but
a systematically lower hot volume fraction. Similarly, when the MHD Medium galaxy
peaks in star formation around t=150 Myr, which is higher than the hydro galaxy, the
hot volume fraction peaks at just over 20 percent. The MHD Strong galaxy has few,
small bubbles. Its volume is almost entirely dominated by warm gas. The MHD Medium

galaxy ends up in a similar state by the end of the simulation.

This strongly suggests that the magnetic fields are limiting the growth of superbub-
bles, as seen in figure 2.7. Another possible cause of the difference in bubble volume is
the clustering of stars, if the star formation is more clustered, the supernovae combine
more efficiently and will grow even larger (Nath and Shchekinov; 2013; Keller et al.;
2014). We have confirmed that the masses of the star clusters do not change between
the four galaxies, all having similar distributions. It is commonly estimated that hot gas
occupies ~ 50 % of the ISM by volume (Tielens; 2010). Only the MHD Weak and Hydro
cases reflect this. The MHD Medium and Strong filling factors in figure 2.8 extremely

low at late times.

Figure 2.9 shows the mass weighted average of the height of the gas vs. radius. All
of the galaxies have a value less than 100 pc in the center, increasing as the disk flares
outwards. The thinnest disks occur in the MHD Weak and Hydro galaxies which both
reach a height of 250 pc by a radius of 15 kpc. Of the two, the MHD Weak’s disk is
slightly thinner, because the small increase in the thickness from the magnetic support
was countered by the reduced turbulence as a result of the lower SFR. The MHD Medium

and Strong galaxies are both systematically thicker despite their drastically reduced star
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FIGURE 2.8: Volume fraction of each phase of gas in the ISM over
time. Volume is calculated in a disk within a radius of 2-15 kpc,
and height of 1 kpc
. Majority of the volume is split between the warm and hot phase gas. With increasing
field strength the volume fraction of the warm phase gas increases, and hot phase gas
decreases.

formation rates. The MHD Strong galaxy is the thickest, reaching a height of 400 pc.
Because of the mass weighting this measure of thickness is mostly set by the high density
gas, but in the galaxies with stronger fields there is less cold gas so the increased height
is largely due to warm diffuse gas which is magnetically supported. To quantify these

results, we next examine the different contributions to the supporting pressure.

The differences in gas properties and star formation rate ultimately arise due to
the different forces (or pressures) acting on the gas, including thermal pressure, mag-
netic forces, turbulent motions and gravity (Benincasa et al.; 2016). Galaxies that have

stronger magnetic fields have reduced turbulence due to the reduced stellar feedback.

Figure 2.10 shows mass-weighted pressures providing vertical support within 500 pc
of the disk midplane versus radius, averaged over the final 100 Myr. The curves shows
thermal pressure, Piemal = n k7T, magnetic pressure Pg = B?/87, and a turbulent
pressure, estimated using Piup = pvg, where v, is the z-component of the velocity.
The top row is cold gas, the middle row is warm gas, and the bottom row is hot gas,
using the same definitions as above (i.e. in figure 2.8). In the cold gas, the MHD
Weak, Medium, and Hydro galaxies have roughly the same total pressure, however with
increasing magnetic field strength there is a smaller contribution from turbulence. The
central regions of the MHD Medium and Strong galaxies have higher support to hold
up the extra gas remaining there, and the radial extent of the cold phase is reduced.
We draw attention to the difference between the Hydro and MHD Weak cases. The
turbulent support is roughly half for MHD Weak case (with the difference being made
up for by magnetic support), mirroring the halving of the star formation rate at this

time relative to Hydro.
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FIGURE 2.9: Mass weighted average |z| (which represents the thick-
ness of the disk), as a function of galactocentric radius. In each ra-
dial bin, gas within 4 kpc vertically of the midplane was included.
The MHD Weak galaxy has a thinner disk than the hydro case, but
the more strongly magnetized galaxies are thicker.
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In the warm gas, the difference in magnetic pressure is much larger between the MHD
Weak and Medium. The increase in magnetic pressure in warm gas is largely responsible
for the increased scale height in the Medium and Strong Galaxies. All pressures are in a
rough equipartition in the MHD Weak galaxy, but the warm phase becomes dominated

by magnetic pressure in the Medium and Strong galaxies.

The hot gas is localized in high pressure superbubbles which are dominated by thermal
pressure in all galaxies. The magnetic fields expand with the hot gas, resulting in the
lower magnetic pressure in the hot gas. There is also a high turbulent pressure, which

is likely due to high-velocity flows as opposed to small scale turbulence.
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F1GURE 2.10: Comparison of different pressures in each galaxy.
Included pressures are thermal (red), magnetic B2/87 (blue), and
turbulent pv? (yellow). Each pressure is calculated by taking a
mass weighted average of gas within 1 kpc vertically in each radial
bin. The pressures are calculated for three separate phases, using
only the gas that falls within each temperature range: cold (T <
5000 K), warm (5000 K < T < 50000 K), and hot (T > 50000 K).
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2.3.5 Disk stability

We have shown that the formation of a cold phase and subsequent star formation is much
more limited in the stronger field cases. Gravitational instability drives the formation

of the cold phase. We can quantify this using the Toomre Q parameter for the gas,

W EFE T -

GY ’

Q=

which accounts for the thermal, magnetic and turbulent support discussed in the previous
section. Here ¢, is sound speed, v, is the Alfvén velocity, o, is the velocity dispersion of
the gas, and ¥ is the surface density of the gas. The literature contains several extended
versions of the Toomre Q parameter (Romeo and Falstad; 2013; Kortgen et al.; 2019;
Nipoti; 2023), which include adjustments for the 3D structure of the disk and multiple
components like the stellar disk. We note that the AGORA stellar disk has quite a
high velocity dispersion and thus the stellar component is quite stable and does not
contribute much to the effective Q locally. The regions of low gas Q closely match up
with the locations where stars form, confirming that this choice of Q is a reasonable
approximation. Figure 2.11 shows the Toomre Q parameter for each galaxy at 1 Gyr,
along with each of the individual support terms. The Alfvén velocity and sound speed
were calculated by taking a mass weighted average of gas within 250 pc of the midplane,
and the velocity dispersion in the midplane is estimated by summing over the differences

between neighbouring cells.

The hydro galaxy again has highest turbulent support which is localized around
star forming regions. Conversely, velocity dispersion provides the least support in the
magnetic galaxies. Those same regions also contain high temperature gas which yields
high sound speeds. The prevalence of hot bubbles drops rapidly as the field strength
increase from left to right in the third row of the figure. The thermal support is lowest

in dense gas seen along spiral arms, where the magnetic support is highest.

The fourth row of figure 2.11 shows the Toomre ) parameter, with red regions indi-
cating Q< 1. Much of the material with lower Q values has already collapsed so these
values below 1 are not informative. Each galaxy is unstable only in regions of high
surface density along spiral arms. The galaxies with stronger magnetic fields have dra-
matically fewer regions that are unstable and at large radii become totally stable against
collapse, explaining the locations of star formation in the fifth row. Our MHD Weak
galaxy has similarly placed but smoother unstable regions when compared to the hydro

galaxy. This is directly related to the addition of magnetic support shown in the top
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panel. The spiral features are thus smoother and more continuous, which is a general

feature in the magnetized cases.

As discussed in Kortgen et al. (2019), magnetized galaxies may also be able to frag-
ment via the Parker instability rather than gravitational instability, potentially allowing
collapse in regions where Q > 1. This would be difficult to observe in our galaxies
because stellar feedback is constantly stirring the gas and may disrupt the wavelike
structure required. However, we see relatively little star formation outside of Toomre
unstable regions. In addition, the timescale for these large-scale Parker instabilities

tends to be long compared to turbulent crossing times.

In the outer regions of the disks, much of the gas is marginally stable (1 < @ < 2).
In this regime, the development of spirals is still possible due to swing amplification
(Binney and Tremaine; 2008). These spirals form but do not necessarily fragment into
clouds. In the MHD strong case no dense structure forms in the outer regions (see figure
2.3) due to the enhanced magnetic support, and the star formation is heavily centrally

concentrated, as shown in the bottom row.

2.4 Discussion

We simulated four galaxies with varying magnetic field strengths in order to understand
the impact on their ISM and star formation regulation. We saw clear differences between
the galaxies in their star formation rates. This result arises due to the consumption of gas
fuel and the growth of the magnetic fields strength over time. Star formation rates can
be understood via the gas support in each case. This is clearly reflected in the stability
of the gas. Stronger fields are able to support the gas without feedback, particularly
at large radii. Weak or absent fields must rely on turbulent support associated with
star formation. Every case is internally self-consistent. However, the combination of the
star formation rates, field strengths and gas morphology heavily favour the steady state

generated by the MHD Weak case as the best match to observed disk galaxies.

A lack of star formation also means a lack of cold, dense gas precursors for star
formation, which is reflected in the ISM gas phase results. This is tied to the Schmidt-
law star formation model, that always forms stars at a fixed efficiency per free-fall time
once gas is above a density threshold. While this is a standard model choice, it is
important to recognize that the actual efficiency of star formation in dense gas is the

subject of vigorous theoretical and observational study. In particular, the presence of
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FiGURE 2.11: Toomre Q) parameter and the three support terms
included in it as shown in Equation 2.4. Top row: Alfvén velocity.
Second row, velocity dispersion. Third row: sound speed. Fourth
row: Toomre Q parameter. Red regions show Q<1, which are
unstable to collapse. Q values of 1-2 are unstable to forming spirals.
Fifth row: Surface density of star formation using stars formed
within the last 100 Myr.
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unresolved magnetic fields and turbulence could affect this efficiency in real galaxies,
whereas the efficiency is fixed here (Federrath; 2015).

It is difficult to compare simulated field strengths to observed values. We argue that
volume weighted fields are similar to observed synchrotron estimates. In particular, the
MHD Weak case creates a flat radial profile. While this is compelling relative to the
other cases, mock observations would provide more detailed insights (Ponnada et al.;
2022, 2023; Martin-Alvarez et al.; 2024).

The MHD Weak galaxy produced a steep power law increase in field strength at
high densities. This is reminiscent of the upper envelope of the Zeeman observations
(Crutcher et al.; 2010). However, our ideal-MHD simulated field strengths should be
upper limits, as turbulent ambipolar diffusion will reduce the field at high densities
(Heitsch et al.; 2004). Our simulations also show no evidence for the commonly inferred
constant field strength in lower density gas. The lack of constant field has been observed
by several independent simulation groups (Kortgen et al.; 2019; Rieder and Teyssier;
2017b; Ponnada et al.; 2022). Thus there is a tension between observations and theory

on this point.

It is tempting to ask which of the four galaxies are the most realistic. Magnetic
fields certainly exist in galaxies, ruling out the hydro galaxy. Similarly, the MHD Strong
galaxy had initial fields above what we infer from observational constraints. Both it and
the MHD medium case failed to match most observed properties for the field itself, gas

morphologies and star formation.

The MHD Weak case did well on all these measures. We expect that any case starting
with a sufficiently high plasma beta (> 100) would evolve to a saturated state similar to
the MHD Weak case. The main difference would be the time it takes to do so. The key

requirement is that the fields are allowed to amplify naturally to the point of saturation.

We note that the MHD Weak galaxy achieves similar star formation rates and gas
distributions to the Hydro galaxy at intermediate times. Eventually, the gas support
includes a magnetic component similar to the turbulence and the star formation rate
dips below the hydro case. In future work, we will explore the morphology of the field
and how it is linked to its ability to support the gas in place of stellar feedback. This
may be related to the split between turbulent and mean fields. It would also be worth
testing different morphologies in the initial condition. We started with a purely toroidal

field which could possibly bias the final field configuration.
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This work adds to the growing list of MHD galaxy simulations. (Wang and Abel;
2009; Pakmor and Springel; 2013; Martin-Alvarez et al.; 2020; Wibking and Krumbholz;
2023). Similar to other simulations of isolated disks, there is initially fast magnetic
field amplification due to an central starburst, followed by a self-regulated amplification
phase as the fields approach saturation. The self-regulated phase is consistent with the
feedback-driven amplification seen in late times in cosmological simulations, and pro-
duces similar field strengths (Martin-Alvarez et al.; 2018; Pakmor et al.; 2020). Several
isolated galaxy studies have also demonstrated that supernovae play a major role in
field amplification, which our results are consistent with (Butsky et al.; 2017; Rieder
and Teyssier; 2016). It has also been found that magnetic fields reach equipartition with
thermal energy once saturated (Pakmor et al.; 2014). Our results show that happens
specifically in warm-phase gas, while in cold gas the fields are above equipartition, and
in hot gas they are below equipartition. Our findings that most of the amplification
occurring in the warm phase has also been seen in simulations by Martin-Alvarez et al.
(2022).

This work does not account for cosmic rays, which could contribute significantly
to gas support in principle (e.g. Semenov et al.; 2021). We note that there is a lot
of uncertainty regarding cosmic rays coupling to the gas and how best to model them
numerically. While the current work uses simple approaches to isolate key effects, cosmic

rays would be an interesting future direction.

We also do not account for non-ideal MHD effects. While ideal MHD is a good
approximation for most of the ISM, effects such as ambipolar diffusion may become
important in high density star forming regions. We anticipate that these effects are
comparable to the impact of the magnetic field on small star formation generally, which
is not addressed in our simple star formation prescription. We also avoided more elab-
orate feedback models. Complex feedback models would also be affected by unresolved
turbulence and magnetic fields. Though we chose simple feedback by design to keep in-
terpretation simple, it is worth keeping in mind that factors like star formation efficiency

could be different in different cases (e.g. with stronger magnetic fields).

Studying the properties of star forming regions and molecular cloud analogues is a
natural extension of this work to smaller scales. Magnetic fields may affect the shapes
and sizes of star forming clouds, which could also affect small-scale star formation. To
do this, we need higher resolution simulations. We have performed zoom-in simulations,
beginning with the galactic setup in this work, seeking to characterize the affect of

galactic-scale dynamics on star forming regions (Zhao et al 2023, in prep).
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Another population of interest within galaxies is that of superbubbles. JWST ob-
servations have made it possible to perform a detailed census of superbubbles in nearby
galaxies (Watkins et al.; 2023). Our results show that magnetic fields dramatically affect
the evolution of superbubbles. It would be interesting to characterize their populations in
these and higher resolution simulations as a further constraint on how well the simulated

magnetic fields match those in real galaxies.

2.5 Conclusions

We have performed simulations of magnetized Milky-Way like galaxies with different
magnetic field strengths. As the galaxies evolved differences in gas distributions and
star formation occur due to the differing levels of magnetic support which in turn result
in different levels of turbulent support from the stellar feedback. We summarize our

conclusions as follows:

¢ We have demonstrated that evolving a simulated galaxy towards a realistic self-
regulating ISM with magnetic fields is achievable with an initially weak toroidal
field and simple models for star formation and feedback. Conversely, starting with

field strengths typical for the ISM limits star formation though magnetic support.

e Stronger magnetic fields generally reduce a galaxy’s star formation. As magnetic
fields amplify over time and their strengths increase, star formation rates will
decrease. Field strengths evolve due to the star formation and feedback and provide

an additional form of self-regulation in galaxies.

e In our isolated galaxies, dynamo amplification mainly occurs in the warm diffuse
medium of the ISM, from number densities of 0.1 to 10 cm™3. The galactic mag-
netic fields first saturate at high densities but continue to grow at intermediate

densities over longer timescales.

e Starting with high initial fields may lock the galaxy into field configurations set
by the initial conditions that result in unrealistically low star formation. Stronger
magnetic fields generally result in reduced turbulence. This is due to both the
reduced supernovae feedback, but also from magnetic fields limiting superbubble
growth. Smaller feedback bubbles can be seen in the projected gas density and by

the reduced volume fraction of hot gas for a given star formation rate.

e Magnetic fields change the distribution of unstable regions in the disk, which are

well characterized with a modified gas Toomre Q. Strongly magnetized galaxies
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become completely stable in the outer disk and star formation becomes more cen-

trally concentrated.

o Initially weak magnetic fields evolve to play an important role in the vertical pres-
sure support in galaxies, approaching equipartition levels with turbulence in the
cold phase and with both thermal pressure and turbulence in the warm phase.
This adds an extra component the established pressure regulation picture (Os-
triker et al.; 2010; Benincasa et al.; 2016).

o Initially weak fields saturate at ~ 1 uG (volume weighted) in the warm medium at a
range of radii, while still producing a steady-state, self-regulated galaxy. While the
flat B profile is consistent with synchrotron observations, the ~ 1 uG amplitude is
low. The amplitudes inferred from observations rely on several assumptions. Thus

it may also be worth exploring if the observed amplitudes are overestimates.

e The evolved, self-regulated state of the MHD Weak simulation best matches the
expected star formation radial profile, taken from either the Kennicutt-Schmidt
relation or the nearby galaxy NGC 5055, which the AGORA initial condition is
similar to. This provides further support for the idea that lower (~ 1 uG) magnetic

fields at typical ISM densities (0.1-1 cm™3) are consistent with realistic galaxies.
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Abstract

We use global MHD galaxy simulations to investigate the effects of spiral arms on the evo-
lution of magnetic fields and star formation within a self-regulated interstellar medium
(ISM). The same galaxy is simulated twice: once with self-consistent stellar spiral arms
and once more with the stellar spirals suppressed via a novel numerical approach, using
the RAMSES AMR code. Spiral arms continually promote star formation, with 2.6 times
higher rates in the spiral galaxy. The higher rate is due to high gas columns gathered

along the spiral arms, rather than increasing the star formation efficiency at a given gas
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column. In both cases, the magnetic field is initially amplified via a small-scale dynamo
driven by turbulence due to supernova feedback. Only the spiral galaxy exhibits late-
time, consistent field growth due to a large-scale dynamo (e-folding time ~ 600 Myr).
This results in volume-averaged field strengths of ~ 1 uG after 1 Gyr of evolution. The
mean-fields tend to align themselves with the spiral arms and are coherent up to 10 kpc
scales. We demonstrate a novel large-scale dynamo mechanism, whereby spiral-driven

radial flows enable the mean-field amplification.

Keywords: Methods: numerical — MHD — ISM: magnetic fields — Galaxies: star for-

mation

3.1 Introduction

Spirals drive many aspects of evolution within disk galaxies. They cause radial migration
of stars and gas (Sellwood and Binney; 2002; Daniel and Wyse; 2018), flatten rotation
curves (Lovelace and Hohlfeld; 1978; Berrier and Sellwood; 2015), promote star formation
(Elmegreen and Elmegreen; 1986; Kim et al.; 2020), and drive turbulence throughout
the ISM (Kim et al.; 2006). Amplification of a galaxy’s magnetic field is also closely
related to its star formation, turbulence, and rotation. Thus, it seems likely that spiral

arms assist the growth of magnetic fields through these effects.

Observations of magnetic fields in spiral galaxies have begun to constrain the field
strengths and orientations. Synchrotron emission suggests fields ~10 uG, that may be
stronger in high density regions (Fletcher et al.; 2011; Basu and Roy; 2013; Beck and
Wielebinski; 2013). Polarization measurements have shown that the fields tend to be
organized into large-scale spirals, regardless of the presence of optical spirals (Chyzy and
Buta; 2008; Beck et al.; 2019; Lopez-Rodriguez et al.; 2023). Other authors find that
magnetic fields are generally aligned with, or slightly inclined to, gas structures down to
100 pc scales (Goldsmith et al.; 2008; Frick et al.; 2016; Planck Collaboration; 2016; Su
et al.; 2018; Beck et al.; 2020; Zhao, Zhou, Baan, Hu, Lazarian, Tang, Esimbek, He, Li,
Ji, Chang and Tursun; 2024).

In order to have reached detectable levels, magnetic fields in galaxies need to have
been amplified through some dynamo process (Geach et al.; 2023; Ledos et al.; 2024).
Dynamos are typically classified into two main categories: small-scale and large-scale.
Small-scale, or turbulent, dynamos amplify field strengths exponentially through the
random stretching, twisting and folding of field lines in a turbulent medium and tend

to allow fast growth on smaller scales only. This process operates on short (< 10 Myr)
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timescales but leaves the field disordered as viewed on larger scales. Many simulations
have demonstrated that a turbulent dynamo can generate field strengths approaching
those observed in nature (Federrath et al.; 2011; Bhat et al.; 2016; Rieder and Teyssier;
2016; Pakmor et al.; 2020; Martin-Alvarez et al.; 2022).

Large-scale or mean-field dynamos are required to create fields that are coherent over
galactic scales. In principle, this could be due to driving a turbulent dynamo on the
circumgalactic medium (galactic halo) scale (Rieder and Teyssier; 2017; Pudritz and
Silk; 1989). The classical large scale dynamo is assumed to work through an interplay
between galactic rotation and the buoyancy of the fields (Parker; 1955), a process that is
predicted to operate on Gyr timescales. Mean-field dynamos for galaxies are commonly of
the a—$ type (Brandenburg and Subramanian; 2005). The a—$2 dynamo is predicted to
produce quadrupolar fields in the galactic halo, magnetic spirals, and helical turbulence
(Stix; 1975; Henriksen; 2017; Shukurov et al.; 2019), some of which were observed in
simulations by Ntormousi et al. (2020).

Small-scale dynamos generate small-scale (also called turbulent) fields, while large-
scale dynamos amplify the mean field. Since galaxies contain both turbulent and mean
fields we infer that the fields are amplified by some combination of small and large-scale

dynamos.

Regardless of the scale, all proposed dynamos rely on the presence of turbulence
within the system. Supernova feedback in star-forming disks is a robust source of turbu-
lence that stirs the ISM and has been shown to be directly coupled to the amplification
rate of the fields (Rieder and Teyssier; 2016; Butsky et al.; 2017). Supernova-driven tur-
bulence tends to be isotropic and distributed throughout the ISM, making it an effective
driver of the small-scale dynamo. In addition to stellar feedback, several instabilities may
generate turbulence important to dynamo action, such as the magnetorotational insta-
bility (MRI) (Balbus and Hawley; 1991; Sellwood and Balbus; 1999; Korpi et al.; 2010;
Gressel et al.; 2013), gravitational instability including spiral arms themselves(Toomre;
1964; Krumholz et al.; 2018; Pfrommer et al.; 2022), and cosmic ray instabilities (Bell;
2004; Riquelme and Spitkovsky; 2009).

Sellwood and Binney (2002) showed how transient spiral patterns in a galaxy disk can
cause efficient radial mixing of the stars within the disk. As a spiral instability grows, the
non-axisymmetric potential well first traps stars near corotation onto orbits that cross
corotation. Trapped stars may cross the resonance more than once as they alternately

gain and lose angular momentum. Later, as the disturbance decays, trapped stars may
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be released at new radii with substantially changed angular momenta. A succession of
transient spiral patterns having differing corotation radii can cause stars to random walk
in several steps over large radial distances from their birth radii, a process that was also
studied by Roskar et al. (2008) and by Daniel and Wyse (2018) and has been shown by
Frankel et al. (2020), for example, to have been an important driver of evolution in the
Milky Way disk over the past 6 Gyr.

While radial migration due to spirals was first understood as a stellar dynamical phe-
nomenon, Sellwood and Binney (2002) argued that clouds of gas should exhibit similar
behavior, i.e. they become trapped by the gravitational potential of a growing spiral,
cross corotation, and then are released in a similar manner to the stars. Magnetized gas
will drag its entrained magnetic field, which will stretch the field in the radial direction
at first, after which it will be sheared by differential rotation, while parcels of magnetized
gas from different radii become mixed, thereby stirring the medium on much grander
scales than is possible by supernova-driven turbulence, for example. A more general ver-
sion of this picture would allow for field to be dragged by spiral-linked gas flows without

necessarily requiring compact clouds.

The extent of radial flows caused by spirals naturally depends on their peak ampli-
tude, and also the multiplicity of the spiral pattern. Several studies of magnetized spiral
galaxies have employed submaximum disks (e.g. Wibking and Krumholz; 2023; Robinson
and Wadsley; 2024), causing them to prefer multi-arm spirals (Sellwood and Masters;
2022) that drive radial flows over shorter distances. Simulations by Khoperskov and
Khrapov (2018) and by Kim et al. (2006) directly investigated the relationship between
spiral arms and magnetic field amplification and found that galaxies produce stronger
mean-fields within spiral arms. Ntormousi et al. (2020) found evidence for a mean-field
dynamo operating in simulations of a forming spiral galaxy, but did not investigate the
role of the spiral arms directly. Altogether this motivates simulations that can clearly

demonstrate the role spiral arms play in galactic magnetic field evolution.

Another effect commonly associated with spiral patterns is the promotion of star
formation. A key question is whether they trigger star formation at increased efficiency
or gather gas that forms stars at typical rates (Elmegreen and Elmegreen; 1986; Sellwood
and Masters; 2022). Recent observational results have begun to favor the ‘gather picture,
where spiral arms bring together gas that is already going to undergo star formation,
but affect the overall efficiency by negligible amounts (Sun et al.; 2024; Querejeta et al.;
2024). The stratified sheared patch simulations of Kim et al. (2020) also favor the gather

picture.
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In this work, we compare simulations of an isolated galaxy with and without spiral
arms, but with setups and physics that are otherwise identical. The spiral arms form as
natural instabilities in the first simulation (i.e. they are not imposed as a fixed potential),
which properly captures their transient nature. Comparison of the two simulations then
allows us to study the role of spirals in both magnetic field amplification, and in the

triggering/gathering of star formation.

The remainder of this paper is organized as follows: In Section 3.2 we describe our
numerical methods and simulation setup, in Section 3.3 we present the results of the
simulations, in Section 3.4 we discuss the implications, and in Section 3.5 we make some

broad conclusions.

3.2 Methods

We conduct MHD simulations of two initially identical, isolated galaxies, but allow spiral
arms to develop in one and inhibit their formation in the other. Our methods mostly
follow Robinson and Wadsley (2024). We use the RAMSES adaptive mesh refinement
(AMR) code Teyssier (2002) that solves the ideal MHD equations using a Harten-Lax-
van Leer discontinuities (HLLD) approximate Riemann solver. We use the constrained
transport method (Evans and Hawley; 1988) to maintain the solenoidal constraint (V -
B = 0), and a particle-mesh technique (Hockney and Eastwood; 1981) to determine the
gravitational attraction of stars, dark matter and gas. Cooling and heating processes in
the gas are accounted for through the GRACKLE chemistry and cooling library (Smith
et al.; 2017), which utilizes metal cooling rates from the photo-ionization code CLOUDY
(Ferland et al.; 2017). We include a photoelectric heating rate of ¢ = 4 x 10726 erg cm 3

S_l.

Star particles are formed stochastically with a Schmidt-Law of the form:

dp« Eff .
cIlOt = t—ff if P> perit (3.1)

where p, is the stellar density, peit is a threshold density which corresponds to a number
density of 100 cm ™3, and eg is the star formation efficiency per free-fall time. To reduce
the magnitude of an initial starburst, we initially set eg to 0.01, and gradually increase

it to 0.1 over the first 200 Myr of evolution to suppress any initial starburst.

In order to mimic supernova feedback, we assume each newly formed star particle

releases 10%1 erg per 91 Mg, after a 5 Myr delay. We prevent the released energy from

86


http://www.mcmaster.ca/

Ph.D.— Hector Smoothstone Robinson; McMaster University— Physics and Astronomy

cooling at first using the delayed cooling model of Agertz et al. (2011), which allows
unresolved superbubbles to grow properly, but it is then converted into regular thermal
energy with an e-folding timescale of 5 Myr. The gas disk is initialized inside of a domain
600 kpc on a side that has a base grid of 642 cells, that is allowed to refine an additional
10 levels which gives a spatial resolution of 9.15 pc at the highest level.

3.2.1 Galaxy models with and without spirals

We created a self-consistent, equilibrium dark matter halo and the initial stellar disk as

described in the Appendix and use it for both simulations.

We allow spirals to develop in one model, by evolving the stellar disk and DM halo
for 400 Myr without gas. Once spiral arms have developed, we subtract 10% from the
masses of the disk star particles and convert that mass to gas in an exponential disk
with a scale-height and scale-radius of 0.34 kpc and 3.4 kpc respectively. In this way,
we begin the full MHD simulation with a stellar disk that has already developed spiral
arms. The initial magnetic field embedded within the gas disk is purely toroidal with a
field strength

p\2/3
B =0.85 () uG, (3.2)
Po
where pg = 1.15 x 10723 g cm ™ is the initial density at the galaxy center. These choices
result in a magnetic field strength of 0.1 uG in a typical ISM number density of 0.25

Cme.

To inhibit stellar spirals from forming in the second model we measured the initial
axisymmetric values of the gravitational accelerations of the disk star particles as a
function of radius, and modified RAMSES to continuously use those values rather than
those calculated by the gravity solver. This forces the stellar disk to remain axisymmetric
and prevents any stellar spiral arms from forming. The gas and DM halo continue to

respond to their own self-gravity and that of the stellar disk particles.

From this point on we shall refer to the two models as the spiral galaxy, and the

no-spiral galaxy.

3.3 Simulation Results

Both galaxies begin their evolution with an initial starburst that lasts ~ 200 Myr.
These initial bursts are typical in isolated galaxy simulations. However, the amplitude

is reduced here via a gradual ramping up of the star formation efficiency per free-fall
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FIGURE 3.1: Visualizations of stellar surface density (top row),
star formation rate surface density (second row), gas surface den-
sity (third row), and mass-weighted magnetic field strength (bottom
row) for each galaxy at t=600 Myr. Gas surface density and mag-
netic field strength are calculated using gas within 1 kpc of the mid-
plane. SFR is calculated using all star particles that formed during
the previous 100 Myr. The bottom row shows mass-weighted mag-
netic field strength smoothed over 1 kpc scales in grayscale with
directions indicated by line segments.
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time parameter. During the 1 Gyr of evolution, the spiral galaxy develops global spiral
arms that are reflected in both the stellar and gas disks. The spiral arms are transient
in nature, and shift between a 2, 3, and 4 armed spiral. The no-spiral galaxy remains
axisymmetric in the stellar disk, but the gas disk develops some localized, spiral-like
structure. These are associated with superbubbles that are sheared out into trailing
shapes. After roughly 800 Myr, the spiral galaxy begins to develop a central bar in both
the stars and gas. Interestingly, the bar does not form in the stars-only simulation (see
Figure 3.12).

Figure 3.1 shows images of the stellar surface density, star formation rate surface
density, gas surface density, and magnetic field strength after 600 Myr of evolution. The
stellar surface density in the upper left panel reveals a large-scale, mostly bi-symmetric,
spiral pattern in the spiral galaxy. The stellar disk in upper right panel shows the

no-spiral model has remained axi-symmetric.

The spiral structure is also reflected in the star formation rate surface density (second
row); almost all of the star formation occurs within the spiral arms of the spiral model,

but is spread out diffusely in the no-spiral model.

The third row shows the surface density of gas in each model, created by a projecting
of all gas within 1 kpc of the midplane. In the spiral model, gas is concentrated in
the spiral arms, resulting in more high surface density gas in that case overall. In the
no-spiral model, superbubbles carve large holes into the low-density ISM and create

structures resembling higher multiplicity spirals as those regions are sheared out.

The bottom row shows a projection of mass-weighted magnetic field strength |B|,
with lines indicating the direction of the magnetic fields within the plane of the disk.
Mass-weighting favours the field in the denser gas tracing the spiral arms. In both
models, magnetic field strengths follow the density structure of the galaxy, with the
interiors of superbubbles containing weak fields. The magnetic fields in the spiral galaxy
are stronger, even in the inter-arm regions where the gas surface density is low. In
the spiral model, the mean field tends to follow the spiral arms in a manner similar to

observed spiral galaxies (Fletcher et al.; 2011)

3.3.1 Star Formation

Figure 4.5 outlines the star formation histories of the galaxies. The top panel shows
the time evolution of the total star formation rate. Both models begin with an initial

burst of star formation that is followed by a gradual decrease. After the initial burst,
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Ficure 3.2: Total SFR (top panel) and Kennicutt-Schmidt rela-
tion (bottom panel) for each galaxy. SFR is calculated by summing
the mass of stars formed in each time bin and dividing by the bin
size. Vertical lines show the 95% confidence interval of the mean.
Diagonal lines in the bottom panel indicate constant gas depletion
times of 108, 10°, and 10'° years, as done in (Bigiel et al.; 2008).
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FIGURE 3.3: Histogram of gas number densities. Each bin repre-
sents the total mass within that density range inside a disk with
radius 15 kpc and 1 kpc height, normalized by the total mass within
that disk. The spiral galaxy has more high density gas, which re-
sults in higher star formation rates.
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the spiral galaxy has a higher star formation rate (SFR) than the no-spiral galaxy for
all of the subsequent evolution. The star formation rate in the no-spiral galaxy drops to
0.3 My yr—! after 1 Gyr of evolution, and the rate in the spiral galaxy is 1.2 Mg yr—!.
This difference persists even though the no-spiral galaxy always has a larger reservoir of
remaining gas; at 800 Myr there is 6.25 x10° Mg, of gas remaining in the spiral galaxy
compared to the 7.43 x10° Mg, in the no-spiral galaxy. Between 300 and 800 Myr (after
the initial starburst and before the bar forms in the spiral galaxy), the spiral galaxy
has an average SFR 2.6 times higher than the no-spiral galaxy. This result alone shows
that the presence of spiral arms in galaxies can cause a significant increase in the star

formation rate.

The lower panel of figure 4.5 shows the Kennicutt-Schmidt relation for each model,
which is calculated by dividing the galaxy into 100 pc sized patches and summing the
total mass of stars formed within the last 10 Myrs. To ensure a large enough sample, the
calculation is done on 30 outputs from 500-650 Myr, and the mean SFR surface density
is plotted in each bin. In both models there is a scatter of over 6 orders of magnitude,
but the mean SFR surface densities are generally quite similar at a given gas surface
density. There are some minor differences. At surface densities of 10 M /pc?, the spiral
model has a factor of 2 higher SFR, and at 200 Mg, /pc?, the no-spiral model has a factor
of 2 higher SFR.

To understand the SFRs, the 3D density must also be taken into account because
SFR is based on the local density via a Schmidt-law. In figure 3.3, we show gas density
histograms. The spiral galaxy has more gas at densities above 100 cm ™2, which is the star
formation threshold. This is required to enable the overall higher SFR. As noted above,
we do not see a higher star formation rate for a given gas column density in figure 4.5 in
the spiral case. This is slightly counterintuitive: given the significant contribution of the
vertical gravity field from the stellar disk, one might expect the gas to have smaller scale
heights within the spirals, meaning higher 3D densities and higher SFRs for the same
gas column. However, turbulence injected by stellar feedback supports the gas against
gravity so that the average midplane 3D density is moderately higher in the quieter
no-spiral model. For example, at a surface density of 10 Mg /pc?, the no-spiral model
has a average midplane density of 0.067 M /pc?, and the spiral model has an average
midplane density of 0.036 M /pc® (higher scale heights). This is consistent with the
spiral galaxy having more turbulence in this gas, with an average velocity dispersion
of 12 km/s vs 6.5 km/s in the no-spiral galaxy. The increased turbulence in the spiral

galaxy also drives more clumping to enable the higher star formation rate here. This
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illustrates how complicated it is to connect column densities with star formation rates

even with a relatively simple star formation model.

Thus the differences in SFR are mainly driven by the overall amount of high-column
density gas, of which there is much more in the spiral model, seen gathered along the
spiral arms in figure 3.1). The spirals sweep up gas and increase the surface density
without decreasing the depletion time. This favours the argument that spiral arms
simply gather star-forming gas (Elmegreen and Elmegreen; 1986; Querejeta et al.; 2024;
Sun et al.; 2024), rather than acting as a mechanism to trigger more star formation at a
fixed gas column. The difference in star formation rates plays a role in the magnetic field
amplification due to increased turbulence injected from the stellar feedback, powering

the small-scale dynamo.
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FIGURE 3.4: Total magnetic energy evolution in each galaxy. Mag-
netic energy saturates in the no spiral galaxy after 200 Myr, but
slower growth continues in the spiral galaxy. Dashed line shows
exponential growth that goes as Ej; o exp(t/7).
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FIGURE 3.5: Volume-averaged magnetic Field Strength versus ra-
dius over time in each galaxy. The spiral galaxy saturates with
stronger fields than the no-spiral galaxy.
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FIGURE 3.6: Strength of the mean field (upper panels) and tur-
bulent field (lower panels) versus density in each galaxy over time.
Amplification of the mean field can be seen in the spiral galaxy
in the upper-left panel. The mean field is calculated by applying a
median filter over scales of 500 pc. Plotted values are are calculated
within a disk of radius 15 kpc and height 1 kpc.
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3.3.2 Magnetic Field Evolution

We now examine the evolution of the magnetic fields. Figure 3.4 shows the evolution of
the total magnetic energy within the whole simulation. In both galaxies, there is rapid
growth during the first 100 Myr, coinciding with heightened turbulence associated with
a moderate starburst. This is consistent with the presence of an efficient small-scale
dynamo (Rieder and Teyssier; 2016). The spiral galaxy field grows due to second burst
of star formation near t=180 Myr. At late times, (500-1000 Myr), the spiral galaxy
enters a phase of steady growth, with an exponential growth timescale of 7 = 600 Myr.
This is indicative of the presence of a slower, large-scale dynamo, as outlined in the

following sections.

This growth can also be seen in figure 3.5, which shows the volume-averaged magnetic
field strength as a function of radius in each simulation over time. For this analysis we
choose to use volume-weighted fields as they reflect the total magnetic energy present
and the support provided by magnetic pressure. It also allows us to characterize the
typical strength at a given radius as volume averages are less affected by the transient
passage of density feature such as spirals. Typical volume-averaged values are low (~
1 uG) compared to mass-weighted spiral arm values (~ 3-30 pG) shown in figure 3.1.
Weighting choices were previously evaluated in Robinson and Wadsley (2024), who noted
that the strength ratio is fairly consistent between mass and volume weighting. Thus
volume weighting is a straight-forward way to examine the relative differences between

the spiral and no-spiral cases.

Figure 3.5 demonstrates how the magnetic fields amplify quickly during the first 200
Myr in both models, but they subsequently saturate outside ~ 3 kpc. Saturation occurs
earlier in the no-spiral, while the spiral grows further to around 1 uG. At late times
(600 Myr-1 Gyr), the resulting volume weighted average magnetic field strength in the
spiral galaxy is 1 uG outside of the central 5 kpc. The no-spiral galaxy has weaker field
strengths overall, with values ranging from 0.3-0.5 uG past 5 kpc. In both models, the
stronger fields correspond to regions of higher SFR. For example, in both models the
fields are stronger in the center of the galaxy where star formation is concentrated, and
in the no-spiral galaxy the field strengths increase in the outer disk where star formation
is ongoing (see figure 3.1). This shows that the small-scale dynamo plays an important

role in setting the overall magnetic field strengths in both cases.
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3.3.3 Large-scale vs. Small-scale Field Evolution

To further examine the large-scale dynamo, we decompose the magnetic field into mean
and turbulent components, defined as Biurb, = B — B, where the mean field B is calcu-
lated using a median filter applied over 500 pc. Figure 3.6 shows the mean and turbulent

field vs. gas number density in each galaxy over time.

The upper left panel shows that the large-scale dynamo in the spiral galaxy has
continuously enhanced the mean field at all densities. At 1 Gyr, intermediate density
gas has reached a mean field strength of 1 uG. The upper right panel shows the mean
field in the no-spiral galaxy, which has limited long-term amplification. We note that

3

~1 cm™ marks a transition from diffuse to dense gas structures.

The bottom panels show the turbulent component, which is stronger above ~ 0.3
cm ™ in both galaxies. The turbulent field follows similar saturation behaviour to the
total field shown in figure 3.5, saturating earlier in the no-spiral at a lower value for a
given density. It remains saturated in both cases from ~ 500 Myr. The higher turbulent
field at saturation in the spiral case is expected due to the higher levels of turbulence

and feedback in that case.

The turbulent field retains power-law behaviour similar to the 2/3 power law that was
included in the initial condition and flattening to a roughly 1/2 power law at moderate
to higher densities. A power-law relationship between field strength and gas density,
B « p%, is seen in both observations and in a wide range of MHD simulations of processes
in the interstellar medium (Whitworth et al.; 2025). It is found to vary typically between
1/2 and 2/3 . Field growth at fixed density, as shown in figure 3.6, is a clear signal of

dynamo action.

3.3.4 Magnetic Field Power Spectra

To better understand the scale dependence of the magnetic field evolution, we calculate
the power spectra of the magnetic field and its cylindrical components. In figure 3.7, we

plot the total angle-averaged power spectrum of the magnetic field defined as
P(k) = (B(k) - B(k)") (3.3)

where B is the Fourier transform of the magnetic field, k is the wavevector, and *
indicates the complex conjugate. The angled brackets indicate an ’angle-average’ which

yields a one-dimensional power spectrum by binning P(k) in wavevectors k = |k| and
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F1GURE 3.7: Total magnetic field power spectra in each galaxy.
Each line shows a different time, going from 100 Myr (light shaded)
to 1 Gyr (dark shaded). Power spectra are calculated in a cube of
side-length 9.375 kpc centered on the galaxy. The power spectrum
in the spiral galaxy shows continued growth up to 1 Gyr, while
in the no-spiral galaxy there is no long-term growth. The power
spectrum in the spiral galaxy peaks at scales near 10 kpc, which is
a similar scale to those of spiral arms.
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FIGURE 3.8: Power spectra of the azimuthal, radial, and vertical

field components over time. Each line shows a different time, going
from 100 Myr (light shaded) to 1 Gyr (dark shaded).

dividing by the number of points in each bin (Joung and Mac Low; 2006). The power
spectra are calculated on an 18.3 pc resolution cube of side-length 10 kpc centered on

the galaxy.

In figure 3.7, the magnetic field continues to grow on all scales in the spiral galaxy
throughout the 1 Gyr of evolution, compared to the no-spiral model which shows little
to no growth at all scales. This reflects the stronger magnetic fields in the spiral galaxy
discussed in the previous section spiral galaxy. However, at late times there is more
growth in the spiral galaxy on large (> 10 kpc) scales, which implies a large scale

ordering of the field on the scale of spiral arms.

Figure 3.8 breaks the magnetic field power spectrum into its three cylindrical com-
ponents: vertical, radial, and azimuthal. In the left panel, the toroidal component can
be seen steadily growing in the spiral galaxy, but in the no-spiral galaxy there is lit-
tle growth. In the radial component, the power spectrum of the spiral galaxy remains
steady, but the no-spiral galaxy consistently loses power at all scales over time. The z-
component steadily grows in the spiral galaxies, and slightly loses power in the no-spiral

galaxy.

After 1 Gyr of evolution, the field is dominated by the azimuthal component in both
galaxies. The vertical (z) component is a factor of two weaker than the toroidal at 10
kpc scales in the spiral galaxy, and a factor of five less in the no-spiral galaxy. Power
in the z-component drops steeply at large scales, which implies that the largest-scale
vertical field is created by kpc-scale feedback events that drag magnetic fields upwards.

These events are galactic fountains with material reaching heights of 3-5 kpc, which is
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consistent with the peak of the z-component power spectrum. The radial field component
is the weakest, being almost two orders of magnitude lower than the toroidal component

in the spiral galaxy, and almost 3 orders of magnitude lower in the no-spiral galaxy.

The components of the field are visualized in figure 3.9. In the top row, the toroidal
component of the field shows ordered fields in the spiral galaxy. In the upper left panel,
there is a coherent field with strengths near 10 uG following the spiral arm structure,
disrupted only by the formation of a superbubble, and there are field reversals in the
inter-arm regions. In the no-spiral galaxy, there is no spiral structure to follow and the
field becomes increasingly wound up in the central 10 kpc, which is a region that has low
star formation rates. The z-component of the field is more randomly distributed in both
galaxies, with no visible structure linked to the spiral arms. This supports the idea that
the vertical component of the field is associated with localized turbulence. The overall
strength of the vertical field is weaker in the no-spiral galaxy, because of the lower star
formation rate sustains weaker feedback-driven turbulence. The radial components of
the field are shown in the bottom row, which also shows large scale structure associated

with the spiral arms, which was reflected in the power spectrum.

3.3.5 Dynamo Mechanism

The field strengths in figure 3.5 and the bottom panel of figure 3.6 provide convincing
evidence for a small-scale dynamo powered by turbulent motions, which were in turn

generated via feedback from star formation.

In the earliest phases, the fields are not strong enough to affect the gas flows, so the
small-scale dynamo operates in the kinetic regime which leads to exponential growth
rates. The small-scale dynamo saturates when the fields become strong enough to back-
react onto the flow. Rapid field growth followed by saturation or slower growth rates is
consistent with the two phases of amplification demonstrated in simulations by Rieder
and Teyssier (2016, 2017).

In addition to the small-scale dynamo, a mean-field dynamo similar to that proposed
by Sellwood and Binney (2002) can explain the mean-field amplification and power
spectra. In this mechanism, the dynamo is powered by radial flows driven by the spiral

arms.

This process will generate large-scale radial fields as the primarily toroidal fields
are dragged radially by large-scale gas flows near spiral arms. In the no-spiral galaxy

there are no coherent motions to regenerate these radial fields, and the radial field
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FIGURE 3.9: Projections of azimuthal (top row), vertical (middle
row), and radial (bottom row) magnetic field components, at time
t = 600 Myr. The white solid line shows the location of the left
spiral arm in the stellar surface density shown in fig. 3.1.
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No-Spiral

FI1GURE 3.10: Mass-weighted vertical average of the radial velocity
of gas inside a disk of 1 kpc height at t= 600 Myr. Radial velocities
are in the plane of the disk, and are positive for outward motion.
The solid line shows the location of a spiral arm identified in the
stellar surface density shown in fig. 3.1.

components continually decay as they are sheared into toroidal fields by the €2 effect.
In essence, the mean-field growth is limited because large scale radial fields have no
generation mechanism. In the spiral galaxy, radial fields are also sheared out by the €2
effect, however the spiral arms provide a mechanism that can constantly replenish the

radial fields at the same time they are being sheared out.

Figure 3.10 shows the radial velocity in each simulation at 600 Myr, with the location
of one spiral arm shown by a solid line. The spiral is created by the streaming flows
of stars and gas around the galaxy converging as they approach the arm and diverging
again after passing through it. The motion is predominantly azimuthal, with circular
velocities near 200 km/s through most of the disk, with the spiral potential adding a
coherent radial part, with speeds up to ~ 50 km/s that cause the stream lines to converge
and diverge at the appropriate phases. These flows are completely absent in the no-spiral
galaxy due to the absence of spiral arms. In the spiral galaxy, the small but coherent
radial flows will drag magnetic fields with them, constantly replenishing the radial fields,

which is a key process in maintaining the mean-field dynamo.

We can compare these results with established mean-field dynamo theories. Classical

a — ) dynamo theory predicts a quadrupolar field being generated in the galactic halo
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(Stix; 1975; Shukurov et al.; 2019), which has been demonstrated in simulations by
Ntormousi et al. (2020). We do not see evidence for quadrupolar fields in the galactic
halo of our simulations, nor the presence of individual Parker loops twisting above the
spirals. The material 3-5 kpc above the disk is associated with galactic fountains from
local feedback events. However, because of the lower numerical resolution in the halo
due to the refinement scheme used in RAMSES, we cannot make strong claims about
behaviour in the galactic halo. Another factor is that our simulations were only evolved
for 1 Gyr which may not be long enough for the oo — {2 dynamo to fully develop. A clear
similarity to the o — 2 dynamo that we have shown is a conversion of fields between

radial and toroidal components, resulting in a net-increase of toroidal field strength.

Despite the strong turbulent fields in high-density gas, the majority of magnetic
energy resides in the mean field, due to the low density gas having a much higher
volume. This means that the mean-field plays a dominant role in the large-scale dynamo
amplification from 600-1000 Myr. The radial fields that are used in the dynamo are the
large-scale mean-field created by the spiral flows, rather than turbulent fields created by

local feedback events

Our simulations manifest spiral driven radial flows that we identify as promoting the
large-scale dynamo, but they lack the resolution to fully capture the dynamics of a real-
istically clumpy ISM. The radial migration of gas clouds in response to transient spirals,
predicted by (Sellwood and Binney; 2002) and described here in the introduction, would
provide a further driver of large-scale turbulence, and perhaps lead to more vigorous

growth of large scale mean field.

3.4 Discussion

This work shows that star formation and magnetic field amplification are qualitatively

different when spiral arms are included. However, there are several caveats.

We primarily employ volume-weighted field measurements (typical values ~ 1 uG) for
the reasons discussed in section 3.3.2. Mass-weighted measures are typically higher, in
the range 3 —30 uG (as shown in figure 3.1). Volume-weighted averages of 3—30 uG can

3 as shown in figure 3.6. For comparison, large-

also be inferred for denser gas > 1 cm™
scale field strengths of order 10-20 4G commonly reported in observations of nearby spiral
galaxies (Fletcher et al.; 2011; Basu and Roy; 2013; Beck and Wielebinski; 2013). Those
values reflect specific emission processes and assumptions that were made to interpret

them and do not correspond directly to either of our weighting scheme (Basu and Roy;
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2013; Ponnada et al.; 2022). Synchrotron observations, in particular, often assume an
equipartition of energy between magnetic fields and cosmic rays, which may lead to the

magnetic field strengths being overestimated (Dacunha et al.; 2025).

Additionally, the simulations do not resolve high-density gas which has the strongest
fields. This is the gas probed with Zeeman effect measurements (Crutcher et al.; 2010;
Whitworth et al.; 2025). It would be interesting to explore detailed mock-observations

in future work.

This work also does not account for the evolution of cosmic rays or non-ideal MHD
effects like ambipolar diffusion. Ambipolar diffusion operates on scales that are small
compared to these simulations so it is unlikely to be important. Cosmic rays are closely
associated with magnetic field evolution and affect overall gas support (Semenov et al.;
2021). There is still considerable uncertainty in modeling cosmic rays, but including

them in these simulations is another future direction.

Our result that the generated fields are mainly toroidal may be influenced by the
initial condition which contains a weak toroidal field. Toroidal fields are the natural
choice because any initial radial or vertical components would rapidly be sheared out
into a toroidal field. Nonetheless, it would be an interesting study to begin with sev-
eral different field morphologies, and determine if the results remain the same. We
also do not include more advanced stellar feedback models such as the superbubble
model (Keller et al.; 2014), which may drive turbulence more effectively and effect the
small-scale dynamo. Stronger feedback may also drive larger-scale outflows and galactic
fountains, which could generate large-scale z-component fields, or affect the development

of quadrupolar fields in the halo.

3.5 Conclusions

In this work, we simulated two magnetized disk galaxies that are manifestly the same
except for the presence or absence of stellar spiral arms. This is a novel addition to the
recent literature concerning global MHD galaxy simulations (e.g. Rieder and Teyssier;
2017; Butsky et al.; 2017; Pakmor et al.; 2020; Ntormousi et al.; 2020; Steinwandel
et al.; 2020; Ponnada et al.; 2022; Liu et al.; 2022; Wissing and Shen; 2023; Wibking
and Krumholz; 2023; Zhao, Pudritz, Pillsworth, Robinson and Wadsley; 2024; Martin-
Alvarez et al.; 2024).
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We follow the methods of Robinson and Wadsley (2024) and examine the effects of
spiral arms on both magnetic field amplification and star formation. The spiral arms were
allowed to naturally evolve in the first galaxy, and in the second, a fixed gravitational
potential acted on the star particles to keep the stellar disk axisymmetric. The spiral
galaxy has higher star formation, driving a stronger small-scale dynamo. A slower,

large-scale dynamo is linked to gas flows along the spiral arms.
We summarize our conclusions as follows:

e Spiral arms promote star formation. The simulated spiral galaxy maintains a 2.6
times higher SFR. This is due to high column gas being swept up by the spiral
arms (even though there is less gas remaining overall). The star formation rate
efficiency remains similar at a given gas column, which supports the conceptual

picture that spiral arms gather star formation.

e The turbulent component of the magnetic field dominates at early times (< 200
Myr) and remains stronger at higher densities. The magnetic field energy tracks
the star formation rate and associated turbulence for the first ~ 200 Myr. The
spiral galaxy generates early field strengths that are a factor of 2-3 stronger in the

disk than in the no spiral case due to higher star formation.

e The small-scale dynamo generates field in all directional components. However,
radial fields are converted to toroidal fields by shear, which produces a long-lived

toroidal field. This progressively weakens the radial field in the no-spiral case.

¢ In the spiral galaxy, the mean-field is amplified by a large-scale dynamo. The mean
field strength rises to 1 uG (volume-averaged) over the Gyr of evolution, with an
e-folding time of 600 Myr. The no-spiral galaxy mean field saturates at ~ 0.2 uG

after 400 Myr, and has no ongoing amplification.

e The spiral large-scale dynamo seen here operates by converting toroidal fields into
radial fields and back again. Coherent, large-scale radial gas flows associated with
the spiral arms drag the toroidal field to create radial field. Net additional toroidal
field is generated after shearing out the radial field. No large-scale vertical field is

created.
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3.6 Appendix

Our initial disk+bulge+halo model is, like the AGORA model (Kim et al.; 2014), de-
signed to resemble an axisymmetric Milky Way. It differs from their model by having a
more massive disk and bulge, in order that it will support fewer spiral arms, while the
dense bulge component makes the model less prone to bar instabilities. The equilibrium
model has three massive components that are all realized with collisionless particles.
Our simulations with the Ramses code employ a smooth gas component that had a
mass of 10% of the disk. We therefore reduced the masses of each disk particle by 10%
in order to maintain gravitational equilibrium. Alternatively, if the user prefers a code
that employs gas particles, the appropriate particle fraction may be labeled by the user

as gas particles as desired.

3.6.1 Disk

The disk is a thickened exponential with radial scale length R4 having the volume density

pi(R,z) = LefR/Rd exp <_Z)2 (3.4)
’ (2m)3/2R? 220)

with zg being the constant disk scale height.

3.6.2 Bulge

The spherical bulge has the cusped density profile proposed by Hernquist (1990)

Myay,

- 27r(r + ap)3’ (3:5)

p(r)

with M} being the bulge mass and ay a scale radius. Hernquist also supplied an isotropic

distribution function (DF) for this isolated mass distribution.
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3.6.3 Halo

We start from a second, more extensive and massive spherical Hernquist model for the
halo component, having mass M}, and radial scale aj, and impose an outer boundary at
r = 8ay, to the otherwise infinite halo. Since the central attraction of the disk and bulge,
which are embedded at the center of the halo, destroy the radial balance of the isotropic
DF supplied by Hernquist, we must derive a revised equilibrium DF for the halo of the

composite model.

Our method to achieve this is a follows: We start from a known DF for the halo with
no embedded disk or bulge and compute its density change assuming that the masses of
the disk and bulge were increased adiabatically from zero. As was pointed out by Young
(1980), adiabatic changes to the total mass profile can be calculated semi-analytically,
since the actions (Binney and Tremaine; 2008) of the halo particles do not change as the
potential well changes slowly; therefore the DF expressed as actions is the same after

the adiabatic change as before.

Blumenthal et al. (1986) assumed angular momentum alone, one of the actions of an
orbit, was conserved, but their formula would apply only if the orbits of all particles
were initially and remained precisely circular. The orbits of particles in all reasonable
spherical models librate radially, and therefore one must take conservation of radial
action into account when computing the density response to adiabatic changes to the
potential, and the pressure of radial motions makes a realistic halo more resistant to

compression than the naive model with no radial action would predict.

Young (1980) and Sellwood and McGaugh (2005) describe procedures, which we
employ here, to include radial action conservation as the potential well changes adia-
batically. An initially isotropic DF becomes mildly radially biased, which can still be
represented by the unchanged actions. Note that the procedure assumes the potential
remains spherically symmetric, so we must approximate the disk potential by the mon-
pole only term, i.e. using only the disk mass enclosed in a sphere of radius r. Sellwood
and McGaugh (2005) found, from a comparison with a simulation in which a disk was
grown slowly inside a spherical halo that the ashperical part of the disk potential caused

negligibly small changes to the spherically averaged halo potential.

With the compressed halo potential and DF in hand, we have the global potential of
the thickened disk, bulge and halo, and can set the orbital motions of the particles in
the usual way Sellwood (2024). Hernquist’s isotropic DF adequately describes the bulge

equilibrium, since that component dominates the potential in the center.
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FiGURE 3.11: The black line gives the total rotation curve of our
model, after halo compression, with the separate contributions of
the thickened disk (red line) and spherical bulge (green line).
TABLE 3.1: Our Milky Way model
Disk mass My = 6.10 x 1019 M,
scalelength R; = 3.5kpc
vertical thickness zop = 350 pc
in-plane motion @ =1.2
gravity softening €= 70 pc
Bulge mass M, = 4.07 x 10'° Mg,
scale radius ap = 0.35 kpc
Initial halo mass M;, = 73.21 x 1010 M,
scale radius ap = 52.5 kpc
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FI1GURE 3.12: The first 1.5 Gyr of evolution of a model having no
gas particles. The outer radius of the disk in 20 kpc. Notice the
strong, open spirals and the absence of a large bar.
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3.6.4 Selection of parameters and scaling

Our choices for the parameters of the model are given in Table 3.1 which, after halo

compression result in the rotation curve shown in Fig. 3.11.

We can realize this model with any number of particles in each component, and find
that it is very close to equilibrium with 7'/|W| ~ 0.504. Fig. 3.12 illustrates the first
1.5 Gyr of evolution of the disk, which is modeled by 1M star particles and no gas
component. The bulge and halo are not shown but are represented by 0.1M and 0.5M

particles respectively.
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Chapter 4

The Effects of Initial Field
Morphology on Isolated Galaxy

Simulations

Abstract

Magnetic fields are importa nt in galactic evolution, and numerical simulations are one
of the primary methods used to test them. In this work, we investigate the influence
of initial magnetic field configurations on the evolution of isolated disk galaxies using
magnetohydrodynamic (MHD) simulations. Three initial geometries are considered:
uniform, dipolar, and toroidal. We find that while the dipole and uniform cases evolve
toward similar magnetic saturation levels, the toroidal case leads to the spontaneous
development of a central bar with stronger fields. This bar-driven inflows promote
centralized star-formation which enhances dynamo action in the central few kiloparsecs.
The final fields in the toroidal galaxy also reflect the direction they are initialized in,
with fewer field reversals within the disk. All three models produce magnetic spirals
with pitch angle distributions peaking near 10 degrees, but the toroidal model produces
slightly lower pitch angles. Our study demonstrates that formation of bars is sensitive
to the morphology of magnetic fields, either due to azimuthal fields suppressing radial

transport, or vertical fields enabling it through magnetic braking.

Keywords: Methods: numerical — MHD — ISM: magnetic fields
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4.1 Introduction

Magnetic fields are an important component of galaxies, particularly on the scale of the
Interstellar Medium (ISM). The fields within present-day galaxies are the product of bil-
lions of years of evolution acting on primordial seed fields. Their influence depends not
only on their strength and amplification processes, but also on their spatial configura-
tion. Our previous simulation work has explored the growth and regulation of magnetic
fields in late disk galaxies (Robinson and Wadsley; 2024; Robinson et al.; 2025), but
all used similar geometries for the initial magnetic field. It is of interest whether the
fields generated in those simulations always a natural outcome, or to what extent bias
was introduced by the setup. Understanding whether different initial geometries lead
to qualitatively distinct galactic outcomes is therefore a natural step in assessing the

robustness of MHD galaxy model predictions.

There are several different approaches for designing the initial fields in simulations.
In cosmological simulations, the initial setup is relatively straightforward: very weak
(B ~ 107%° Q) seed fields pointing uniformly in one direction(Rieder and Teyssier;
2017b). The subsequent billions of years of amplification by the small-scale dynamo
erase any memory of the original seed fields. Isolated galaxy simulations begin in an
already evolved state, and can therefore have more complicated field setups. Some
commonly used choices include uniform fields, (Steinwandel et al.; 2020; Wissing and
Shen; 2023) toroidal fields (Kortgen et al.; 2019; Ntormousi et al.; 2020; Wissing and
Shen; 2023; Wibking and Krumbholz; 2023), dipole fields (Rieder and Teyssier; 2017a;
Ntormousi; 2018), quadrupole fields (Rieder and Teyssier; 2016; Ntormousi; 2018), or
some combination of those. Approaches that begin with zero magnetic fields but inject
them during feedback have also been employed (Butsky et al.; 2017; Steinwandel et al.;
2020). Another option is to use random seed fields, but those are more often employed
in local shearing-box or cloud-scale simulations (Heitsch et al.; 2009; Mocz et al.; 2017)
where the focus is on turbulent dynamo growth, and they are not typically adopted for
full isolated galaxy disks. A constraint in designing the field configuration is maintaining
the divergence-free condition, (V - B= 0) while ensuring numerical stability; this is one

reason why relatively simple morphologies remain most commonly used.

A general rule of thumb when initializing fields is to start as weak as possible. Tur-
bulent dynamos will amplify the fields naturally, and beginning from a state of weak
fields will ensure they converge towards a realistic saturated state. However, in iso-

lated galaxies an important consideration is timescale. These types of simulation are
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often limited to ~1 Gyr of evolution due to the finite gas supply; after this point, the
ISM is no longer in a self-regulated steady state. Because of the limitations in time,
it is desirable for the fields reach their saturated state relatively quickly. If the weak
field persists on timescales comparable to 1 Gyr, the effect of the magnetic fields within
galaxy may not be felt until late into its evolution. This has motivated some groups to
start with field strengths reflecting a saturated, or near-saturated state (Kortgen et al.;
2019). The risk of this approach is that fields that are too strong may bias the results,
especially in ideal-MHD simulations where there is no way for excess magnetic energy
to be dissipated (Robinson and Wadsley; 2024). These design choices are especially im-
portant when testing large-scale dynamo action. These dynamos have slow growth rates
(e-folding time hundreds of Myr to a few Gyr) which is comparable to the total runtime

of the simulations (Brandenburg and Subramanian; 2005).

Observations provide valuable clues about the morphology of the saturated state
of galactic magnetic fields. The observations therefore provide us with a final state to
compare against, and it would be valuable to show, via simulations, that we can produce
them from a variety of reasonable initial states. Radio polarization mapping often reveals
ordered magnetic spirals in disk galaxies, but these organized fields frequently align more
closely with inter-arm regions than with optical arms. In cases like NGC 6946 and 1C
342, distinct “magnetic arms” emerge with high polarization fractions, likely driven by
dynamo-generated anisotropies (Frick et al.; 2000; Beck; 2015b; Wezgowiec et al.; 2016).
Studies of M31 and IC 342 have also uncovered large-scale field reversals and helical
flux loops, features associated with Parker instability and complex dynamo behavior
(Beck et al.; 2020). In edge-on galaxies, X-shaped halo fields are ubiquitous, suggesting
structured outflows or large-scale dynamo modes shaping field topology. Polarization
stacking of 28 nearby spiral galaxies confirms X-shaped morphologies are a widespread
feature (Krause et al.; 2020; Stein et al.; 2025).

Another reason to consider magnetic morphologies lies in their impact on angular
momentum transport within galactic disks. Magnetic fields exert stresses through their
tension and pressure, captured in the Maxwell stress tensor, that can redistribute an-
gular momentum both radially and vertically (Balbus and Hawley; 1998; Parker; 1979).
In practice, the most important component is the 7,4 stress, which links radial and
azimuthal field components (Hawley et al.; 1995; Kulsrud; 2005). Configurations with
strong toroidal fields tend to enhance angular momentum exchange within the disk plane,
thereby influencing the stability of bars and spiral arms (Machida et al.; 2013). Vertical

components, on the other hand, can provide vertical coupling between the disk and its
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surrounding halo, enabling angular momentum to be extracted through a process known
as magnetic braking. (Beck; 2015b; Pakmor et al.; 2020). In this way, the morphology
of the field is not just a technical detail of the setup, but a factor that can shape disk

structure, thickness, and long-term evolution.

Some simulations have studied the effectiveness of magnetic fields in transporting an-
gular momentum. Whittingham et al. (2023) studied this in the context of cosmological
MHD galaxy mergers, and found the transport of angular momentum by the fields sup-
pressed the formation of bars. Martin-Alvarez et al. (2020) studied magnetic braking in
galactic disks and found it to be capable of altering the sizes of young galactic disks.Kim
and Stone (2012) found that the inclusion of magnetic fields increased the mass-inflow
rates within already existing bars. These studies have highlighted that the morphology
of magnetic fields can subsequently effect the morphology of their host galaxy.

In this work we investigate whether the morphology of the initial magnetic field
can lead to qualitatively distinct galactic behaviors, or whether memory of the initial
geometry is erased by subsequent evolution. By comparing simulations initialized with
different configurations, we aim to clarify how sensitive galaxy-scale angular momentum
transport and magnetic support are to their initial conditions, with possible knock-on
effects on ISM structure and star formation regulation. The remainder of this paper is
organized as follows: In Section 4.2 we describe our numerical methods and simulation
setup, in Section 4.3.1 we present the results of the simulations, in Section 4.4 we make

conclusions and discuss the implications.

4.2 Methods

Our simulations largely follow the methodology described in Robinson and Wadsley
(2024) and Robinson et al. (2025). We use the adaptive mesh refinement (AMR) code
RAMSES (Teyssier; 2002) to solve the ideal magnetohydrodynamic (MHD) equations
with an HLLD approximate Riemann solver (Miyoshi and Kusano; 2005). RAMSES
enforces V - B = 0 via the constrained transport method (Evans and Hawley; 1988).
The gravitational dynamics of stars and dark matter are solved using a particle-mesh
approach (Hockney and Eastwood; 1981), and gas cooling and photoelectric heating are
included through the GRACKLE chemistry and cooling library (Smith et al.; 2017). Star
formation and supernova feedback follow the stochastic Schmidt-law and delayed-cooling

prescription of Agertz et al. (2011).
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The galaxy models are based on the spiral galaxy from Robinson et al. (2025) with
a dark matter halo, stellar bulge, and mixed gas-plus-stellar disk . The AMR grid
allows for a maximum spatial resolution of 9.15 pc. Each galaxy is evolved for 1 Gyr,
long enough to reach a quasi-steady state of self-regulated star formation before gas

depletion begins to dominate.

4.2.1 Initial Field Configuration

The main variable we test in this work is the initialization of the magnetic field. We
simulate three different magnetic field morphologies: uniform, toroidal, and dipolar. The
toroidal model is exactly the spiral galaxy from Robinson et al. (2025), with fields given
by

p(r,z) .

é = Bg €o (41)
Po

here €, is the unit vector in the azimuthal direction, Byp=0.85 uG, and pg = 1.15 x 10723

g cm 3. The uniform field is of the form

02
B = 09 (4.2)
0.01 uG 2

Note that the uniform field does not have any scaling with p, meaning the plasma beta
(B = Pihermal/ Pmag) varies greatly in different density regions. However, we have chosen
a relatively weak field strength to avoid large values of 5 above the disk. The dipole

field is defined using a vector potential

. p\2/3
A= BO <) Fé¢ (43)
Po
The field is then attained by B =V xA. The dipole field has both a vertical and radial
component, being primarily vertical near the disk midplane and bending radially above
the disk. We note that the dipole field only has an approximate p?/3 scaling; due to the
r dependence it has weaker fields in the central region and stronger fields in the outer
disk, compared to the toroidal model. All of the initial fields are visualized in Figures

4.1 and 4.2, face-on and edge-on respectively.
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FIGURE 4.1: Visualizations of the initial magnetic field in the x-y
plane (face-on). Background colour is scaled by the logarithm of
the magnetic field strength. The uniform model has no fields in the
x-y plane, so the dots represent field lines into the page.
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FIGURE 4.2: Visualizations of the initial magnetic field in the x-z
plane (edge-on). Background colour is scaled by the logarithm of
the magnetic field strength.

4.3 Simulation Results

4.3.1 Evolution and Bar Formation

All three galaxies begin their evolution with an initial starburst, followed by a more
quiescent phase. Initially, the evolution of each galaxy appears quite similar, but major
differences begin to appear at t=500 Myr. At this time, the toroidal model develops
a strong central bar in both the stars and gas, but the uniform and dipole galaxies do
not. This can be seen in Figures 4.3 and 4.4, which show projections of each galaxy’s
stellar surface density, star formation rate (SFR), gas surface density, and magnetic field
strength at t=0.4 Gyr and t=1 Gyr respectively. We choose these times to visualize the
galaxies before and after the formation of the bar. After 1 Gyr, the toroidal galaxy has
high surface densities of gas in the central region, which results in the star formation
becoming centrally concentrated. At this time the bar is visible in the stellar and gas
surface densities. Due to the transient nature of the spiral arms, the spiral structure is
different in the two snapshots, having more of a grand design (m=2) at t=1 Gyr. The
toroidal galaxy hosts stronger magnetic fields throughout the disk, seen in the bottom

Trow.

Figure 4.5 shows the star formation history of each galaxy. In each galaxy, star
formation peaks at 10 Mg /yr at t=100 Myr, followed by a gradual decline reaching 1
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FIGURE 4.3: Visualizations of stellar surface density (top row),
star formation rate surface density (second row), gas surface den-
sity (third row), and mass-weighted magnetic field strength (bot-
tom row) for each galaxy at t=400 Myr. Gas surface density and
magnetic field strength are calculated using gas within 1 kpc of the
midplane. SFR is calculated using all star particles that formed
during the previous 100 Myr.
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FIGURE 4.4: Visualizations of stellar surface density (top row), star
formation rate surface density (second row), gas surface density
(third row), and mass-weighted magnetic field strength (bottom
row) for each galaxy at t=1 Gyr. Gas surface density and magnetic
field strength are calculated using gas within 1 kpc of the midplane.
SFR is calculated using all star particles that formed during the
previous 100 Myr.
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FiGure 4.5: Total SFR for each galaxy. SFR is calculated by
summing the mass of stars formed in each time bin and dividing
by the bin size. Despite the differences in the distribution of star
formation, the total SFR history in each galaxy remains similar.

Mg /yr at t=1000 Myr. The star formation histories show regular bursty fluctuations in
all three galaxies, but the underlying trends do not vary significantly among the galaxies,

despite the differences in the distribution of star formation.

To further inspect the distribution of gas density and magnetic fields, we plot the
radial profiles of each throughout the 1 Gyr of evolution in Figure 4.6. The top row
shows the surface density of gas vs. radius. In the dipole and uniform galaxy, the
surface density steadily declines in the central 10 kpc of the disk as gas is converted
into stars. In the toroidal galaxy, differences in the gas surface density profile begin to
appear at t=450 Myr. Afterwards, the gas becomes increasingly centrally concentrated,
reaching surface densities of 100 Mg /pc? in the center at t=1 Gyr. The value is the
same as the t=0 gas surface density, despite the highest gas consumption occurring in

this region. This suggests the bar is driving inflows of gas into the galactic center.

The second, third and fourth rows of Figure 4.6 shows the radial profile volume-
averaged absolute value of radial, azimuthal and vertical field components respectively.
We examine the absolute values of the field to determine the relative importance of each
component, and leave the analysis of field reversals to section 4.3.3. In the toroidal

galaxy, the azimuthal component of the field is the strongest, reaching strengths of 1
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FIGURE 4.6: Radial profiles of gas surface density (top row), ra-
dial magnetic field strength (second row), azimuthal magnetic field
strength (third row), and vertical magnetic field strength (bot-
tom row). Magnetic field values are calculated using a volume-
weighted average of the absolute values of all cells within 1 kpc
of the disk midplane. This does not show field reversals, but the
overall strength of each component.
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FIGURE 4.7: Radial profiles of the mass-weighted average |z| value
of all gas in each galaxy at 5 times.

uG throughout the disk, followed by the radial component which reaches strengths of
0.8 uG, and the vertical field saturates at ~ 0.2 uG. In the dipole and uniform galaxies,
the radial and azimuthal component are similar, both reaching values of ~ 0.5 uG. The
toroidal galaxy also shows strong magnetic field growth in the central 2 kpc, reaching
strengths of ~ 10 uG by the end of the simulation. The toroidal galaxy has consistently
stronger fields throughout the disk than the other two galaxies, which shows the initial
conditions have changed the final saturated state of the fields, as well as the development

of a bar.

We now examine the thickness of the gas disk. Figure 4.7 shows the mass-weighted
average |z| of gas cells vs radius each galaxy, which we use as a measure of disk thickness,
as in Robinson and Wadsley (2024). At t=950 Myr, all three models have similar
thickness profiles, with the exception of the central 3 kpc of the toroidal model, where
the strong feedback in the central region has thickened the gas disk. At earlier times
there are more significant differences between the galaxies. Before 550 Myr, the toroidal
galaxy has the thinnest disk in the inner 3 kpc. Here the toroidal galaxy has a thickness
of 100 pc, compared to the other two cases which have thicknesses of 150 pc. This
may aid in the development of the bar because thinner disks are more unstable to bar
instabilities (Ghosh et al.; 2023). However, this is likely not the only reason it formed
a bar, because the dipole and uniform galaxies end up with final thicknesses of 50 pc in
the central 2.5 kpc, and yet do not form a bar. There are also differences between the
uniform and dipole galaxies in the final 500 Myr. The uniform galaxy reaches its final
thickness profile by t= 550 Myr, while the dipole galaxy does not until 950 Myr.

To further examine the development of the bar, we plot the surface density profiles
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formed stars (top row), and stars in the initial stellar disk (bottom
row) in the central 5 kpc during the development of the bar.
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within the central 5 kpc of the disk before the development of the bar, for both gas
plus newly formed stars, and stars from the initial stellar disk. At t=350 Myr, the gas
distributions of the dipole and uniform galaxies are centrally peaked, reaching surface
densities of 200 and 250 Mg, /pc? respectively. In contrast, the toroidal galaxy has cen-
tral surface densities of 125 M /pc?, and it peaks at r=0.5 kpc with a surface density of
175 Mg /pc?. While these differences may seem subtle, they are consistent with results
from Whittingham et al. (2023), which shows similar increases in central concentra-
tions stabilizing against bar formation in MHD galaxies. In this process, the increased
mass concentration generates strong inner Lindblad-resonances which suppress bar for-
mation. This begs the question of what causes the differences in central concentration.
The toroidal galaxy’s initial fields peak at the center and are purely azimuthal, meaning
magnetic tension acts strongly in the radial direction, preventing inflows. The results
from Whittingham et al. (2023) showed that magnetic fields stabilized against bar for-
mation in galaxies both with azimuthal and non-azimuthal dominated fields. However,
in our case we see azimuthal fields result in bar formation, while uniform and dipole
fields stabilize against it. Another possibility is that the vertical fields in the dipole and

uniform cases cause magnetic braking which drives mass inwards.

4.3.2 Magnetic field Evolution

We now examine the evolution of the fields during the simulations. Figure 4.9 shows the
total magnetic energy vs. time in each simulation. Values are calculated by summing
the total magnetic energy in the simulations domain. The toroidal galaxy shows fast
initial growth, followed by large-scale dynamo growth after t=500 Myr, as reported in
Robinson et al. (2025). The initial saturation at t=200 Myr is at a level a factor of five
higher than the dipole and uniform galaxies. They do not saturate until t=500 Myr,
and show no large-scale dynamo at late times. The fact that they saturate at lower total
energies means that the central star formation may be linked to higher saturation levels.
The dipole and uniform galaxies converge to similar saturation levels despite having over

an order of magnitude difference in their initial energies.

To examine the effect of the bar on the total energy evolution, Figure 4.9 also plots
the total energy excluding the central 3 kpc (dashed line). This shows that the late
time growth in the toroidal case is mostly contained to the central 3 kpc, near the bar.
Outside of 3 kpc, all three galaxies behave similarly, there is some growth from t=500-
1000 Myr, but with long growth timescales. The dynamo of Robinson et al. (2025)

depended on non-axisymmetric features driving radial flows. These results shows the
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FIGURE 4.9: Total magnetic energy evolution in each galaxy. Mag-
netic energy saturates in the dipole and uniform after 600 Myr.
The toroidal galaxy initially saturates at 200 Myr, but continued
dynamo growth begins around t=500 Myr. Dashed lines show the
total energy excluding the central 3 kpc.

bar plays a major role in that mechanism, likely because is has shorter timescales than

spirals, and is centrally concentrated.

The evolution of the cylindrical components of the magnetic field can be seen in
Figure 4.10, which plots their total angle-averaged power spectrum. In each galaxy,
each component grows throughout the 1 Gyr of evolution, but there is subtle differences.
The toroidal galaxy has stronger fields overall, but has a flat spectrum at large scales
in its azimuthal fields, which the dipole uniform galaxies do not. This excess power at
large scales is evidence that the initial fields have not been erased in the toroidal galaxy.
All three galaxies have more power in their z-component than in their radial component.
This contradiction with the weaker z-fields in Figure 4.6 is because the calculation of
the power spectrum was in a cube region that contains gas in the CGM above the disk,
which means the fields in the CGM are preferentially oriented in the z-direction. The
uniform galaxy shows increased power at large scales in its z-component than the dipole

case, which means some remnants of the original seed field may still remain in the CGM.

Additionally, none of the galaxies have continually diminishing power in the r-component

as seen in the no-spiral model of Robinson et al. (2025), which confirms the spirals sustain
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FIGURE 4.10: Fourier power spectra of the azimuthal, radial, and
vertical field components in each galaxy over time. Power spectra
are calculated in a cube of side-length 9.375 kpc centered on the
galaxy. Each line shows a different time, going from 50 Myr (light
shaded) to 1050 Myr (dark shaded)
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the radial fields as they are sheared out by differential rotation.
4.3.3 Final Magnetic Configuration

Toroidal Dipole Uniform
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FIGURE 4.11: Projections of azimuthal (top row), vertical (middle
row), and radial (bottom row) magnetic field components, of the
final magnetic field configuration at t=1 Gyr.

We now examine the final morphologies of the fields, to determine which of the
galaxies produce fields similar to those observed in galaxies. There are three major
observational results to compare to: magnetic spirals in the plane of the disk, field
reversals in the plane of the disk, and x-shaped fields in the CGM (Van Eck et al.; 2011;
Beck; 2015a; Krause et al.; 2020).
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FIGURE 4.12: By vs. r for each model at t=1 Gyr. Each line
represents a wedge region spanning 7/8 radians. In the toroidal
galaxy, the fields are primarily aligned in the positive direction,
which is the same direction as in the initial condition.

Face-on visualizations of the three cylindrical components at t=1 Gyr are shown
in Figure 4.11. The upper left panel clearly shows the strong azimuthal fields that
were generated in the toroidal galaxy, along with strong radial fields, both associated
with spiral arms. The toroidal galaxy also shows minimal field reversals compared to
the dipole and uniform galaxies. This is shown further in Figure 4.12, which plots the
volume-averaged azimuthal field strength as a function of radius in each galaxy. Because
the field reversals are non-axisymmetric, each line shows the radial profile of a wedge
region corresponding to 7/8 radians. The azimuthal field in the toroidal galaxy is clearly
biased towards the positive direction, even after 1 Gyr of evolution. The uniform and
dipole galaxy have fields in both the positive and negative ¢ direction, and show at least

two major reversals per wedge.

All of the models produce magnetic spirals, and we show an example of the fields
in the x-y plane in Figure 4.13. To the eye, all three cases appear, so we show a
single visualization and quantify differences between each case in the following figure.
The magnetic fields can be seen aligning with the spiral arms on average, with local
excursions near feedback events. To compare the magnetic pitch angles to those of the
density spirals, we calculate the pitch angle o of both the magnetic fields and the density
gradients. The pitch angle is defined as the angle between each vector and a line tangent
to a circle at its given radius. For the density spirals, we use the angle perpendicular to
the density gradient (rotated by 90 degrees), which gives the direction parallel to density
contours, which run along the spiral arms. We calculate both pitch angles on a pixel by

pixel basis, and plot histograms of the pitch angles in Figure 4.14. Because observations
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FIGURE 4.13: Face-on visualization of magnetic fields in the dipole
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show differences between magnetic pitch angle patterns within spiral arms and interarm
regions (Beck; 2015a), we separate the histograms into surface densities corresponding
to those regions. We define interarm regions as those in the surface density region
1 < ¥gas < 30, and arm regions as those in the range 30 < X, < 1000, where Y45 is in
units of Mg /pc?. On this plot, spirals appear as peaks in the pitch angle distribution.
The density spirals show a peak from 0-20 degrees in all cases, which we interpret as
a spiral arm with a pitch angle of 10 degrees. There is a corresponding peak at 170
degrees in each case. In the interarm regions, magnetic spirals match the density spiral
distribution more closely than within the spiral arms. The magnetic spirals in the dipole
and uniform galaxies show a preference towards 90 degrees, and the toroidal galaxy has a
preference to more tightly wound magnetic spirals. Within the arms, the signals become
noisier as local feedback events and self-gravitating regions have more complex structure.
The toroidal galaxy still has a preference towards being more tightly wound, but overall
the magnetic spirals have weaker signals in the arm regions. This is consistent with

observations that show the strongest magnetic spirals in interarm regions.

The magnetic fields extending above the disk are seen in Figure 4.15, which shows
magnetic field strengths volume average along the y-axis, and the directions of the field
in the x-z plane. The toroidal galaxy produces the strongest fields in the CGM, as the
strongly magnetized ISM gas is launched in outflows. The uniform galaxy clearly shows
an x-shaped field, and the toroidal galaxy shows one as well. The dipole galaxy does not.
In all cases, the magnetic fields in the CGM run parallel to density structures, meaning

the fields are likely dragged upwards in outflows.

4.4 Discussion and Conclusions

In this work, we have investigated the role of initial magnetic field configurations in
isolated galaxy simulations. Our results demonstrate that the morphology and strength
of the initial field can influence the subsequent dynamical evolution of the system. In
particular, the toroidal field geometry had stronger initial magnetic fields in the galactic
center, which led to the formation of a central bar. The toroidal case ended with more
magnetic energy overall, due to additional dynamo action driven by the bar instability,
and centrally concentrated star formation. In contrast, galaxies initialized with dipole
and uniform fields contained less magnetic energy overall and evolved toward lower, but
similar, saturation levels. This convergence suggests that the magnetic state of those
galaxies may be relatively robust to substantial variations in the initial conditions in the

absence of bar formation.
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Our results also indicate that bars and spirals affect dynamo growth in distinct ways.
The radial magnetic fields are sustained in both the barred and spiral galaxies, compared
to galaxies lacking such structures where they are efficiently sheared out (Robinson et al.;
2025). The sustaining of radial fields indicates large-scale dynamos may be active in the
galaxies without bars, albeit with slower amplification rates. In the toroidal model
that developed a bar, magnetic energy growth with e-folding timscales of ~ 600 Myr is
confined to the inner few kiloparsecs, suggesting the bar plays a primary role. These
results highlight the need to disentangle the relative roles of bars and spiral arms in

large-scale dynamos.

Some of the simulations produce fields that match observational constraints. All
three of them have density spirals with pitch angle distributions that peak at 10 degrees.
The magnetic spirals in the uniform and dipole galaxies follow that distribution, but
the toroidal galaxy produces preferentially lower pitch angles. The toroidal galaxy also
produces fewer field reversals. The toroidal and uniform galaxy shows evidence of X-
shaped fields in the CGM, while the dipole does not. Whether these results are consistent
and reproducible remain to be seen. The use of observational results remains essential for

developing predictive, physically grounded models of magnetic field evolution in galaxies.

Several open questions remain, such as how exactly the fields triggered the formation
of the bar. Gravity likely provides the dominant torque, but as discussed in Whitting-
ham et al. (2023), small changes in central concentrations of can trigger gravitational
instabilities. There are two plausible explanations for the fields increasing the central
concentration, either the strong azimuthal fields resist radial flows, triggering the bar in-
stability, or the vertical fields drove the inflow through magnetic torques, thus stabilizing
against bar instability. These scenarios could be tested with more initial configurations,
for example: would weaker toroidal fields still trigger bar formation, or is there a thresh-
old strength for such instabilities? There remain more questions as well, such as how
sensitive are the saturation levels to details of the initial topology. More extensive pa-

rameter studies, including additional field morphologies are still required.
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Chapter 5
Summary and Future Work

In this thesis, we have studied the magnetic fields within spiral galaxies. We model
the co-evolution of magnetic fields and star formation within isolated disk galaxies with
a variety of different setups using the AMR code RAMSES (Teyssier; 2002). Here we

summarize and synthesize our work, and present ideas for future progress in this field.

Magnetic fields are now recognized as a fundamental component of galaxies, influenc-
ing star formation and gas dynamics across a wide range of scales. The theoretical frame-
work for their evolution within galaxies is dynamo theory, with both small and large-scale
dynamos driven by turbulence in the ISM. Observationally, there is widespread evidence
for field strengths of 1-10 uG that are structured over 10 kpc scales, consistent with
dynamo theory. Numerical simulations have become indispensable tools for bridging
theory and observation by enabling controlled experiments on the role of magnetic fields
in galaxy formation and evolution. Questions remain about the sensitivity of dynamo
growth within the galactic environment, the detailed impact of magnetic fields in star
formation, and the ability of simulations to produce fields reflective of those observed in

nature. In each chapter of this thesis we answered some of those questions.

In Chapter 2, we simulated disk galaxies based on the Agora Isolated Galaxy (Kim
et al.; 2016) with the addition of magnetic fields of varying strength. Here we focused
on the combined role of magnetic fields and stellar feedback in limiting star formation
to produce a self-regulating ISM. We showed that magnetic fields can increase the disk
thickness, limit the size of superbubbles, contribute to the stability of the gas disk,
and consequently reduce star formation rates. Increasing the strength of the initial
fields decreased the overall star formation rates accordingly. We also saw evidence for
dynamo amplification that primarily occurred in the warm-phase ISM. We concluded
that beginning with weak fields allows the galaxy to produce a realistic steady-state ISM

where fields contribute significantly to the overall support, while beginning with strong
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fields (B > 1 uG at n ~ 1 ecm~3) locked the galaxy into unrealistic field configurations

that are set by the initial conditions.

In Chapter 3, we varied the structure of the galactic disk rather than the magnetic
fields, by simulating a galaxy with and without spiral arms. This requires a new initial
condition with a heavier stellar disk that is unstable to forming spirals. These simula-
tions were analyzed with an emphasis on the interplay between spiral arms and dynamo
amplification. The spiral arms gathered gas into high surface density regions, causing
the SFR to increase by a factor of 2.6 in the spiral galaxy. The extra star formation
caused the small-scale dynamo to be more effective and the fields saturated at higher
levels, resulting in volume-weighted averages of 1 uG. We also saw evidence of a slower,
large-scale dynamo in the spiral galaxy, with an exponential growth (e-folding time) of
600 Myr. We presented a novel large-scale dynamo mechanism in which the radial fields
generated by non-axisymmetric features power the amplification. The mean-fields that
were generated tended to align with the spiral arms and were coherent on scales of up
to 10 kpc.

In Chapter 4 we varied the initial morphology of the fields. We compared cases with
uniform, dipolar, and toroidal fields. The previous chapters had all assumed a toroidal
morphology. We found that the toroidal case formed of a central bar, which in turn
enhanced magnetic amplification. The dipole and uniform configurations did not form
a bar, but converged toward similar but lower saturation levels, suggesting a degree
of insensitivity to the initial conditions when bar formation does not occur. We also
compared the morphologies of the fields after 1 Gyr of evolution to those seen in ob-
servations of real galaxies. All three models produce magnetic spirals with pitch angle
distributions peaking near 10 degrees, but the toroidal model produced slightly lower
pitch angles. More detailed analysis is required to determine the exact interplay between
non-axisymmetric structure, magnetic fields, and angular momentum transport. An im-
portant question that remains is how exactly did the magnetic fields cause the formation
of the bar? It could either be that strong azimuthal fields inhibit any radial flows causing
the bar instability, or the vertical fields redistributed mass through magnetic torques,

thus stabilizing against instability.

Taken together, this thesis demonstrates that magnetic fields are deeply intertwined
with the dynamical state and morphology of galaxies. Not only do they play a pivotal
role in the determining the star formation rates and distributions, they can influence
the distribution of gas density, the size of superbubbles, and affect large-scale galaxy

morphology.
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We showed evidence for both small and large scale dynamos in our simulations.
While the small-scale dynamo behaviour is quite robust, there remains uncertainty in
modeling large-scale dynamos. Our models did not show evidence of the classical af)
dynamo being active, but rather a mechanism that depended on non-axisymmetric bars
and spirals that produce faster growth rates. Spiral driven dynamos therefore have
the potential to explain observations of ordered fields in young galaxies Geach et al.
(2023). However, they lack analytical theories that predict their behaviour. There is
some similarities between these dynamos and the spiral-driven GI dynamo that has
been applied in accretion disks Riols and Latter (2019), which shows a promising angle
to study them. However that exact mechanism is unlikely to be active in galaxies due

to its low Rjs regime.

There are some caveats that apply to all of our work. For one, there is physics relevant
to galaxy evolution that our simulations do not include. One that is directly relevant is
cosmic rays, whose dynamics are closely tied to those of magnetic fields. Cosmic rays can
contribute significantly to gas support (Semenov et al.; 2021), and their dynamics can
back-react onto the evolution of magnetic fields as well. There still remains uncertainty
regarding cosmic rays, especially concerning how to include them in galaxy simulations,

but they would be an interesting future direction.

A common theme in all of this work was the design of the initial conditions. We con-
ducted three separate studies that altered the initial field strengths, field morphologies,
and the spiral arms within the disk. Combining the results from each gives us insight
into how to design optimal simulations going forwards. Most importantly, we caution
against using fields that are too strong initially. Results from both Chapter 2 and 4
show that initially strong fields can bias the final outcome. The primary argument for
using strong initial fields is so that they quickly reach strengths near those observed
in real galaxies, since isolated galaxy simulations are meant to approximate an evolved
state from the beginning. However, non-ideal MHD cannot effectively dissipate energy,

making it possible to over-saturate the initial fields.

There are several interesting avenues for future work that address the constraints
of isolated galaxy simulations. All of our simulations have a time limit of about ~1
Gyr, because after that a substantial fraction of gas in the disk has been consumed. A
possible solution to this problem is a stellar feedback model that redistributes mass back
into the ISM. This would need to be designed in such a way that the gas is returned
smoothly throughout the ISM and does not cause runaway star formation. With such a

method, the simulations could be run for much longer which would allow starting with
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significantly weaker seed fields, and also allow for large-scale dynamos to fully develop.
While this method would technically break mass-conservation, it would approximate

smooth inflows of gas into galaxies which in reality, build up their mass over time.

Another interesting direction would be to study the role of galactic environment. All
of our simulations were perfectly isolated galaxies, but it is of interest how magnetic fields
affect galaxies in denser environments too. One approach is to put the isolated galaxy
setup into a wind-tunnel, which approximates the galaxy falling into a hot inter-cluster
medium. This would allow for the study of magnetic fields in different environments,
while also providing an inflow of gas to sustain star formation in the disk. There has
been some recent progress in this direction by Lee et al. (2025), who showed magnetized
ICM winds can strip gas from the disk more effectively than winds without magnetic
fields, aiding in the creation of so-called jellyfish galaxies. Even without wind tunnels,
the CGM is a region to refine in isolated galaxies simulations. Our models do not include
any material in the CGM initially which does not reflect the reality of most galaxies,

and it would be interesting to study magnetic effects in that environment too.

A final interesting direction is to go down in scale. There remain many questions
as to how magnetic fields affect cloud and bubble scale properties. Zhao et al. (2024)
used simulations similar to ours, but with a novel-zoom in method that allowed char-
acterization of a wide-range smaller scale ISM properties, while being informed by the
large-scale galactic fields and dynamics. It would be interesting to use methods such
as these to investigate the effect of magnetic fields in bubble and cloud populations.
With the advent of JWST there is now detailed superbubble populations that could be
compared against Watkins et al. (2023). The upcoming Square Kilometer Array will be
able to characterize magnetic fields in galaxies with unprecedented resolution, allowing

for further comparison against high-resolution simulations.
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