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ABSTRACT

Our understanding of the process through which magnetic fields reached their observed strengths in present-day galaxies remains
incomplete. One of the advocated solutions is a turbulent dynamo mechanism that rapidly amplifies weak magnetic field seeds
to the order of ~uG. However, simulating the turbulent dynamo is a very challenging computational task due to the demanding
span of spatial scales and the complexity of the required numerical methods. In particular, turbulent velocity and magnetic fields
are extremely sensitive to the spatial discretization of simulated domains. To explore how refinement schemes affect galactic
turbulence and amplification of magnetic fields in cosmological simulations, we compare two refinement strategies. A traditional
quasi-Lagrangian adaptive mesh refinement approach focusing spatial resolution on dense regions, and a new refinement method
that resolves the entire galaxy with a high resolution quasi-uniform grid. Our new refinement strategy yields much faster magnetic
energy amplification than the quasi-Lagrangian method, which is also significantly greater than the adiabatic compressional
estimate indicating that the extra amplification is produced through stretching of magnetic field lines. Furthermore, with our
new refinement the magnetic energy growth factor scales with resolution following o Ax;}u{z, in much better agreement with
small-scale turbulent box simulations. Finally, we find evidence suggesting most magnetic amplification in our simulated galaxies
occurs in the warm phase of their interstellar medium, which has a better developed turbulent field with our new refinement

strategy.

Key words: MHD - turbulence — methods: numerical — galaxies: formation — galaxies: magnetic fields — galaxies: spiral.

1 INTRODUCTION

The interstellar medium (ISM) of every galaxy observed in the
local Universe is permeated by magnetic fields, with their magnetic
energy typically measured to be in approximate equipartition with the
thermal and turbulent components (Beck 2007, 2015). Due to their
considerable contribution to the energy budget, magnetic fields play a
fundamental role in regulating the structure and dynamics of the ISM
(Iffrig & Hennebelle 2017; Ji, Oh & McCourt 2018) as well as the
distribution of gas across its different phases (Kortgen et al. 2019).
Furthermore, magnetic fields intervene in other galaxy formation
processes such as gas fragmentation (Inoue & Yoshida 2019), star
formation (e.g. Padoan & Nordlund 2011; Zamora-Avilés et al.
2018), galactic winds (Bendre, Gressel & Elstner 2015; Grgnnow,
Tepper-Garcia & Bland-Hawthorn 2018; Steinwandel et al. 2019),
and can even affect their global size and kinematic properties (Martin-
Alvarez et al. 2020).

However, the origin of galactic magnetic fields remains unknown,
with two main alternatives prevailing: either an astrophysical or
a primordial origin. The first possibility assumes the formation
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of galaxies with extremely weak magnetic fields. These are then
amplified to the nG strengths measured by observations through a
combination of ISM-scale processes such as dynamo amplification
(Dubois & Teyssier 2010; Gressel, Elstner & Ziegler 2013; Pakmor,
Marinacci & Springel 2014; Martin-Alvarez et al. 2018) and/or
highly magnetized ejecta from stars and/or AGN (Butsky et al.
2017; Vazza et al. 2017; Katz et al. 2019). The second alternative is
that magnetic fields are of primordial nature. In this scenario strong
primordial magnetic fields (PMFs) are produced during the early
stages of our Universe (a classic review on the subject is given by
Widrow 2002), remaining strong until the post-recombination era.
These magnetic fields finally reach the order of ~ uG during the
collapse of matter perturbations at the onset of galaxy formation
(z 2 10; Lesch & Chiba 1995; Kandus, Kunze & Tsagas 2011).
Current observational constraints cannot rule out strong PMFs, but
provide a conservative comoving magnetic field strength upper limit
of By < 107° G, obtained by Planck Collaboration XIII (2015).!

Note how alternative observational probes such as ultrahigh energy cosmic
rays (Bray & Scaife 2018; Alves Batista & Saveliev 2021) or ultrafaint dwarf
galaxies (Safarzadeh & Loeb 2019) may provide more constraining limits,
although these still remain on the same approximate order of magnitude.
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Numerical studies offer a promising avenue to further understand
the origin and evolution of galactic magnetic fields, for example,
by studying the evolution of magnetic fields with different origins
(Garaldi, Pakmor & Springel 2021; Martin-Alvarez et al. 2021)
and predicting observables upon which strong PMFs may have an
impact on, such as galactic properties (Martin-Alvarez et al. 2020),
supermassive black hole masses (Pillepich et al. 2018), the population
of galaxies (Marinacci & Vogelsberger 2016), or cosmic reionization
(Sanati et al. 2020; Katz et al. 2021).

It is worth noting that lower limits for PMFs sufficiently high
to accommodate the magnetic fields observed in galaxies would
eliminate the need for astrophysical amplification. While some
lower limits have been proposed, e.g. based on the secondary GeV
emission from blazars (By 2> 107! G; Neronov & Vovk 2010)
various raised caveats to their validity still require further inves-
tigation (e.g. Broderick, Chang & Pfrommer 2012; Broderick et al.
2018). Additional skepticism regarding the existence of strong PMFs
emerges from theoretical models generally favouring the generation
of weaker PMFs By < 1072° G (see a review by Subramanian 2016).
None the less, most of the proposed lower limits still provide seed
magnetic fields too weak to directly attain the pG values expected
for galaxies. In conjunction, all of this hints towards an astrophysical
origin of magnetic fields in galaxies. One of the most popular
mechanisms to amplify such seeds to the observed strengths is the
small-scale turbulent dynamo (Beresnyak 2019). This dynamo has
two particularly attractive features. First, the ubiquity of turbulence
across galaxies, specially at high redshift (Forster Schreiber et al.
2009), facilitating amplification immediately after galaxy formation
(Martin-Alvarez et al. 2018). Secondly, its rapid amplification of
the magnetic field, on time-scales much shorter than the lifetime
of galaxies (Bhat & Subramanian 2013). Turbulent dynamo fast
amplification has been demonstrated numerically in turbulent box
simulations of the ISM (e.g. Schekochihin et al. 2002; Federrath
2016). Additional simulations of a magnetized ISM have also shown
that dynamo activity will affect and, in turn, be affected by the prop-
erties of the ISM multiphase medium (e.g. Evirgen et al. 2017, 2019).
However, galaxy formation simulations trying to resolve this dynamo
face the virtually impossible task of capturing a representative range
of the turbulent and magnetic dynamical spatial scales of interest.
Accurately simulating galaxy formation demands accounting for
cosmological environmental effects and accretion (i.e. ~Mpc scales)
while resolving the galactic ISM below the viscous scale (i.e. sub-
pc scales) and ideally down to the resistive scale. However, even
convergence of turbulence in the ISM cold phase may require spatial
resolutions below 0.1 pc (Kortgen, Federrath & Banerjee 2017),
far beyond the current capabilities of galaxy formation simulations.
Thus, present-day galaxy formation simulations cannot yet capture
the physical viscosity and diffusivity of the real ISM.

To better understand this mechanism of galactic magnetization,
various studies have reviewed the growth of magnetic fields in
isolated (Pakmor & Springel 2013; Rieder & Teyssier 2016; Stein-
wandel et al. 2019) and cosmological zoom-in galaxy simulations
(Pakmor et al. 2017; Rieder & Teyssier 2017b; Martin-Alvarez et al.
2018). In addition to the well-known dependence on resolution,
galaxy formation simulations find the growth of the magnetic
energy to depend on the stellar feedback employed, with stronger
prescriptions providing faster amplification rates, particularly at late
times of galaxy evolution (e.g. Rieder & Teyssier 2016; Suetal.2017;
Martin-Alvarez et al. 2018). Furthermore, a disparity of amplification
time-scales are found when using different numerical methods. This
is somewhat expected, as different methods of solving the magnetic
component do not necessarily converge to the same result (T6th
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2000; Balsara & Kim 2004). This disagreement is apparent both for
simple and complex problems (see a comparison of different methods
by Hopkins 2016, applied to multiple astrophysical problems). On
one side, Powell divergence cleaning (Powell et al. 1999) methods
appear to yield fast amplification in galaxy formation simulations
(Pakmor et al. 2014), whereas Dedner (Dedner et al. 2002) and
constrained transport (CT; Teyssier, Fromang & Dormy 2006) find
lower growth rates (Wang & Abel 2009; Rieder & Teyssier 2017b;
Martin-Alvarez et al. 2018). In its implementation of CT, Mocz
et al. (2016) explores how Powell and CT compare for an isolated
galaxy. Divergence cleaning (DC) methods have the advantage of
not requiring the use of a magnetic vector potential (Mocz et al.
2016) or the memory load associated with storing the magnetic
field across each cell interface (Teyssier et al. 2006). Instead of
strictly fulfilling the divergence constraint V.B= 0, DC relies
on maintaining the magnetic divergence under control, with the
reported per-cell average ratios of magnetic divergence to magnetic
field strength being on the order of ~10~'-1072. However, these
divergence ratios become locally higher in shocks and turbulent
flows, with divergence across resolution element sizes frequently
higher than the local magnetic field. Alternatively, CT methods
have the advantage of fulfilling V- B =0 to numerical precision,
which avoids spurious modifications of thermodynamical quantities
(Téth 2000). However, CT methods have a significantly higher
computational cost and produce considerably lower amplification
rates. This is the result of the high numerical diffusivity introduced
by the numerical solver used by these methods when discretizing
the spatial domain. Multilevel refinement strategies in particular
introduce artificial numerical diffusivity and viscosity at various
scales, each associated to a level of refinement. Consequently, it
is crucial to explore magnetic fields in galaxies both through the less
resistive DC methods as well as the divergence-less CT methods, and
to investigate whether both may ultimately provide similar answers
regarding the evolution of magnetic fields in galaxies.

To better understand the shortcomings of amplification in CT
galaxy formation simulations, we need to analyse not solely the
effects of spatial resolution, but also the employed refinement strate-
gies. Adaptive mesh refinement (AMR) has been a revolutionary
development for astrophysical simulations in the last decades, allow-
ing these to simultaneously resolve galaxies and their environment.
AMR is commonly configured to naturally focus refinement on the
densest structures, thus operating in a quasi-Lagrangian fashion.
This approach under-resolves the dynamics of the diffuse gas in
order to provide a lower computational cost. As an example, quasi-
Lagrangian refinement neglects a significant fraction of turbulence
and substructure that naturally occurs in the circumgalactic medium
(CGM) when employing a Mach number threshold refinement
strategy (Bennett & Sijacki 2020). A natural consequence of such
adaptive refinement schemes is that, as resolution is increased to
resolve denser structures, multiple dissipation scales are introduced
in both the magnetic and kinetic energy cascades. These dampen
turbulent and magnetic vector fields at several scales, which further
complicates analysis in resolution terms. Similarly, as refined gas
traverses refinement boundaries towards lower resolutions, infor-
mation regarding its small-scale structure is lost and cannot be
recovered. Contrarily to this approach, numerical simulations aiming
to study small-scale magnetohydrodynamical (MHD) turbulence
often employ uniform discretization of their spatial domain and thus
circumvent the aforementioned disadvantages (Jietal. 2018; Schober
et al. 2018; Evirgen et al. 2019).

In this work, we study the kinematic turbulence and turbulent
magnetic field amplification in high-resolution MHD cosmological

MNRAS 513, 3326-3344 (2022)
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zoom-in simulations of a Milky Way-like galaxy. We contrast the
quasi-Lagrangian AMR method with a new refinement strategy
which resolves the majority of the galactic volume using a fixed
spatial resolution, a.k.a quasi-uniform or quasi-Eulerian refinement.
This reproduces an almost Eulerian picture in which the region of
interest is resolved with a (virtually) uniform grid irrespectively of
the Lagrangian behaviour of the ideal MHD gas flow. We describe
our new refinement strategy and the simulation setup in Section 2.
Our main results are explored in Section 3. Finally, we conclude this
paper in Section 4 with a summary of our work.

2 NUMERICAL METHODS

The MHD simulations studied in this paper are generated using
our own modified version of the RAMSES code? (Teyssier 2002).
RAMSES discretizes the simulation domain into an octree AMR grid.
Simulations are evolved in time employing an Eulerian solver for
the baryonic gas coupled with the N-body components for the dark
matter and stellar components through gravity. Magnetic fields are
implemented in RAMSES using a CT method that models them as
cell face-centred quantities (Fromang, Hennebelle & Teyssier 2006;
Teyssier et al. 2006). As the typical magnetic diffusivity of the
interstellar and intergalactic mediums are negligible compared to
their numerical counterparts, we set the magnetic diffusivity in the
induction equation

B o N

§=Vx(vx3)+nv3 (1)
to n = 0. As a result of domain discretization, CT schemes naturally
introduce some degree of numerical resistivity in their solution of
the induction equation. Consequently, all diffusive effects in our
simulations are of numerical nature.

Our initial conditions (NUT; Powell, Slyz & Devriendt 2011)
feature a cosmological cubic box with 12.5 comoving Mpc per
side with a spherical zoom region of length 4.5 comoving Mpc
across. Inside the zoom region, we allow our refinement strategies
(presented in Section 2.1) to resolve the grid down to a maximum
physical resolution Axp,,, which we vary for different runs (our
suite of simulations is summarized in Table 1). We study a Milky
Way-like galaxy forming approximately at the centre of the zoom,
with a dark matter halo of virial mass M,;(z = 0) ~ 5 x 10" Mg,
This galaxy is the same system studied by Martin-Alvarez et al.
(2018). Stellar and dark matter particles have mass resolutions of
Mpy =5 x 10*Mg and M, >~ 5 x 10* M, respectively. Finally,
our cosmological parameters are selected following the WMAPS5
cosmology (Dunkley et al. 2009).

Along the lines of most galaxy formation simulations, we include
various subgrid prescriptions that capture the most important physi-
cal processes for galaxy formation. We model reionization as a UV
background initiated at z = 10 (Haardt & Madau 1996) as well as
metal cooling both above (interpolating CLOUDY tables; Ferland et al.
1998) and below (Rosen & Bregman 1995) a temperature of 10* K.
During the simulation and subsequent analysis, all gas is assumed
ideal and mono-atomic (i.e. with thermodynamical specific heat ratio
5/3).

We model star formation using our magneto-thermo-turbulent star
formation prescription (Kimm et al. 2017; Trebitsch et al. 2017;
Martin-Alvarez et al. 2020). This prescription transforms gas at the
highest level of refinement (Rasera & Teyssier 2006) into stellar

Zhttps://bitbucket.org/rteyssie/ramses/
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Table 1. Compilation of all simulations studied in this paper. From left to
right, columns indicate the simulation label, cell size at the maximum level of
refinement Axpay, refinement strategy, SN feedback employed, N° of active
cells (N;) at z =9 and z = 2 with Axcen < 320 pe.

Simulation AXmax Refinement SN N¢ (10%)
qLweak10 10pc qLag Weak 6,11
qLweak20 20pc qLag Weak 5,10
qLweak4( 40pc qLag Weak 4,9
qLweak80 80 pc qLag Weak 3,4
qLweak160 160 pc qLag Weak 0.6, 0.5
gqLweak320 320 pc qLag Weak 0,0
qLag10 10pc qLag Boost 6, 10
qLag20 20 pc qLag Boost 5,10
qLagd40 40pc qLag Boost 4,6
qLag80 80 pc qLag Boost 3,4
qLag160 160 pc qLag Boost 0.6, 0.5
qLag320 320 pc qLag Boost 0,0
qEul10f 10 pc qLag + qEul Boost 127, -
qEul20 20 pc qLag + qEul Boost 31,21
qEul40 40pc qLag + qEul Boost 9,8
qEul80 80 pc qLag + qEul Boost 4,4
qEul160 160 pc qLag + qEul Boost 0.6, 0.5
qEul320 320 pc qLag + qEul Boost 0,0

Note. 1: Due to its elevated computational cost, gEul10 is only evolved down
toz ~8.5.

particles, only in regions where the gravitational pull exceeds the
combined turbulent, magnetic, and thermal pressure. Where this
requirement is fulfilled, gas is converted into stars following a
Schmidt law (Schmidt 1959). We employ a local efficiency com-
puted according to magneto-thermo-turbulent properties of the gas
neighbouring the forming stellar particle. The functional form of this
efficiency is extracted and calibrated to simulations which model star
formation at significantly smaller scales (Padoan & Nordlund 2011;
Federrath & Klessen 2012). Stellar particles produce mechanical
supernova (SN) stellar feedback (presented in Kimm & Cen 2014;
Kimm et al. 2015) assuming a Kroupa initial mass function (Kroupa
2001). Each SN injects back to its host cell a corresponding gas and
metal mass fraction of ngy = 0.213 and 7yerars = 0.075, respectively.

We aim to investigate the dynamo amplification of the magnetic
field E’(r) occurring in the simulated galaxy due to the induction term
of the induction equation (equation 1). Due to the absence of source
terms, this equation requires introducing alternative sources or an
initially weak seed magnetic field in order to trigger any subsequent
dynamical amplification. For the sake of simplicity, and following
common practice (some of our previous work or by e.g. Stasyszyn,
Dolag & Beck 2013; Vazza et al. 2014; Pakmor et al. 2017), we
initialize the magnetic field as a uniform and homogeneous field.
We choose a comoving strength of By = 3 x 107° G, which is in
agreement with a magnetic field typically produced by a Biermann
battery (Pudritz & Silk 2002; Attia et al. 2021). We stress that this
magnetic field will not have enough time in our simulations to be
amplified to a kinematically important magnetic field. As a result,
we will review here the case of highest amplification possible (i.e.
no magnetic backreaction) for our numerical configuration. As a
word or caution, we do not dismiss the possibility that alternative
initial magnetic field configurations (e.g. one following a spectrum
of perturbations) may influence magnetic amplification, especially
during the early stages of the formation of our galaxy.
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Figure 1. Face-on views centred on the galaxy at z ~ 2. Panels are gas-density weighted projections of a cube with 16.5 kpc physical side. The rows compare the
quasi-Eulerian refinement run (gEul20, top) with the two quasi-Lagrangian refinement runs (qLag20, centre; gLweak20, bottom), all performed with maximum
physical resolution Axmax = 20 pc. From left to right, these panels show gas density pgas, magnetic energy density €pmyg, ratio of small-scale turbulent velocity
Vwrb OVET Vgire (see equation 4), and maximum cell resolution Axcey. The computation of small-scale turbulent velocity is described in Section 2.3. The
gEul20 simulation appears more diffuse and turbulent in its gas density and turbulent velocity ratio views than the corresponding quasi-Lagrangian strategy
simulations. Furthermore, more substructures can be found in its diffuse-warm phase. By z ~ 2, the ISM in the gEul20 also displays a higher magnetic energy

density pervading a larger fraction of the galaxy.

2.1 Quasi-Eulerian refinement

Domain discretization into finite resolution elements leads the mag-
netohydrodynamical solver to introduce numerical diffusivity and
viscosity in the solution of the magnetized fluid evolution (Teyssier
et al. 2006). Multi-level AMR refinement strategies in particular
artificially introduce numerical diffusivity and viscosity at various
scales, each associated with a new respective level of refinement. A
target mass-per-cell quasi-Lagrangian refinement strategy implies
that in the grid constructed by the AMR refinement across the
simulated galaxy, different gas phases and portions of the galaxy
are discretized using different spatial resolutions depending on the
mass distribution of gas, dark matter, and stars. The various resolution
levels in our galaxies are shown at z ~ 2 in the rightmost panels of
Fig. 1. As aresult of including multiple refinement levels, and thus not
employing a spatially uniform resolution, these simulations combine
different numerical viscous and resistive scales. These complicate an
analysis of the magnetic and turbulent properties of the system, and
imply that turbulent and magnetic energy is dissipated significantly
more than expected for the Axp,x employed. In our quasi-Lagrangian
strategy runs (second and third row in Fig. 1), we apply the
common criterion of flagging a cell for refinement whenever its

total mass is higher than that corresponding to eight dark matter
particles.

Due to our interest in turbulence and magnetic field amplification,
we implement an alternative refinement strategy that aims to refine
the entire galaxy to the target spatial resolution Axp.x. As aresult, the
studied galaxy is resolved with an almost fully Eulerian resolution
grid, reducing the number of relevant viscous and diffusion scales.
We identify regions of interest through a gas density threshold
on = 107> gcm™3, and enforce refinement to the maximum level
(i.e. cell side Axce is Axeen = Axma) Whenever the gas density
of a given cell fulfills pg > pn. Note that RAMSES expands the
refinement by nexpang times (where we conserve the default n¢xpang =
1) around cells marked for refinement and requires no refinement
discontinuities of more than one grid level per boundary (Teyssier
2002). The selected py, provides a reasonable compromise between
fully resolving the galaxy at Ax.; and having a pervasive refinement
of our computational domain. The galaxy resulting from this new
refinement strategy with Axp.x = 20 pc (gEul20) is shown in the
first row of Fig. 1 for z ~ 2. The central and bottom rows display
our standard quasi-Lagrangian AMR refinement runs gLag20 and
gLweak20, respectively. The rightmost panel of this figure shows
how the gas density refinement strategy resolves the majority of the

MNRAS 513, 3326-3344 (2022)
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Figure 2. Volume-weighted average cell size Axcen across the gas temperature (7gas)—density (pgas) phase space for gEul20 (left-hand panel), gLag20 (centre),
and gLweak20 (right-hand panel). Contours correspond to gas mass percentiles. The diagonal lines separate different ISM phases (following the definition
described in Section 3). The vertical yellow line marks pgas = pw. The major difference between the two refinement strategies is a larger portion of the warm

phase in the gEul runs being refined to the highest resolution Axpmgax.

galaxy with the target resolution Ax,,. Using the fiducial quasi-
Lagrangian AMR strategy provides a clumpier cell distribution,
with various boundaries between the different levels of refinement,
which are well-correlated with the mass distribution of the galaxy.
Consequently, the AMR focuses refinement on the cold and dense
phase while under-refining the warm and hot phases of the gas. Our
new scheme resolves the warm and cold phases within the galaxy
with approximately the same resolution. Outside the galaxy, mass
clumps are refined using the same quasi-Lagrangian strategy as the
simulations shown in the other panels.

2.2 Simulation suite

All simulations in this paper are summarized in Table 1. For the
low density gas every simulation employs the quasi-Lagrangian,
standard AMR refinement strategy. The runs that exclusively employ
this mass-targeted AMR refinement are labelled as either gLag or
qLweak in Table 1 and throughout this work. These two groups
of runs employ two different strengths of the stellar feedback:
the gLweak runs have the fiducial SN feedback specific energy
esn = Esnn/Msnn ~ 10 ergMg', while the gLag runs have a
moderately boosted feedback esn ~ 2 x 10% erg Mal. The second
subset of simulations includes the previously described density
threshold, quasi-Eulerian refinement strategy. These are labelled
qEul runs and employ the same feedback strength as the gLag runs.
Depending on their maximal physical spatial resolution reached,
AXmax = X pe, runs are named gLagX, glweakX, or gEulX. Our
study spans numerical resolutions from 320 pc down to 10 pc.
We note that the gEull0 simulation is only evolved down to z ~
8.5 due to its expensive computational cost. We find the additional
computational cost of gEul runs to be minor for resolutions below
80 pc. The cost of gEul20 is approximately double that of gLag20.
Finally, evolving gEull0 to z ~ 9 has an extreme cost (~4 times
the cost of running the gLag20 simulation to z = 2). Consequently,
we focus our refinement strategy comparison on the Ax,x = 20 pc
runs: gLweak20 , qLag20, and qEul20. Fig. 2 compares the volume-
weighted average cell size across the gas temperature—density phase
space for the two different refinement strategies. As we will show in
Section 3, the most important differences for magnetic amplification

MNRAS 513, 3326-3344 (2022)

emerge from gEul20 resolving a larger fraction of the warm phase
with higher resolution than the AMR runs. We review the magnetic
divergence (V - B = 0) for all our simulations in Appendix A.

2.3 Small scale turbulence computation

Turbulence is a multiscale, vectorial motion intrinsically present in
galactic gas flows, but interrelated with other kinematic quantities
such as bulk motions and organized rotation through the velocity
field. As a result, measuring turbulence is an intricate process. A
reasonable estimate of turbulence is to use the velocity dispersion.
Depending on the size of the region employed to compute this veloc-
ity dispersion, the resulting estimate is associated with turbulence at
an specific spatial scale.

As we are mostly interested in small-scale turbulence, we fix the
spatial scale at which this measurement is done (L) to a value
comparable with our resolution Ly, = 4AX . For each resolution
element and for each component i, we obtain the local mean velocity
v; inside a sphere of radius Ly, and then compute its turbulent
velocity field as the deviation from this mean. Therefore, we estimate
the small-scale turbulence velocity in each cell as

Vturb (['turb) = \/vtzurb,x + vtzurb,y + vtzurb,z ’ (2)
where for each component i of the fluid velocity in the cell v,
Vturb,i (‘Cturb) = |vi - 61 (['turb)l s (3)

where v; is the volume-weighted average velocity, unless explicitly
indicated.

The importance of the turbulent velocity can be gauged by
comparing it with the circular velocity v (), where the circular
velocity provides information about the depth of the gravitational
potential. The circular velocity at a distance r from the centre of the
galaxy is defined as

|GM
Ucire (}") = # . (4)

In this expression, M(r) is the total mass (gas, dark matter, and stars)
contained within the sphere of radius r. This approach facilitates
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Figure 3. Face-on views centred at the galaxy at z ~ 9. All panels are gas-density weighted projections of a cube with 10 kpc physical side. The rows compare
the quasi-Eulerian refinement run (¢Eul10, top) with the two quasi-Lagrangian runs (gLag10, centre; gLweakl0, bottom), all with maximum physical resolution
Axmax = 10 pc. Panels show from left to right gas density, magnetic energy density, turbulent energy density, and gas density colour-coded as inflowing (blue)
or outflowing (red). In the gEull0 simulation, filamentary inflows are much better resolved and additional turbulent substructure is found in the circumgalactic

region of the forming galaxy, generally identified as outflowing.

our comparison between small-scale turbulence in two different
refinement strategies. Finally, we note that all velocities employed
throughout this work are measured in the frame of the galaxy.

2.4 Halo and galaxy finder

We locate the studied galaxy and its halo with the HALOMAKER
software (Tweed et al. 2009). We apply this halo finder to the dark
matter component to obtain the location and properties of the dark
matter halo, and then find the centre and angular momentum of the
galaxy by re-running the halo finder on the baryonic mass instead (i.e.
gas and stars). To accurately position the galactic centre, we employ
the shrinking spheres method proposed by Power et al. (2003). For
most of our study, we will focus on the galactic region which we
define as the spherical volume centred on the galaxy with a radius
7ga determined by the virial size of the halo of rgy < 0.2 ry;.

3 RESULTS

We review how a quasi-uniform refinement across a galaxy and its
multiple gas phases affects its turbulent and magnetic properties
compared with an exclusively quasi-Lagrangian refinement strategy.

Therefore, we first review its general properties and appearance in
our two refinement strategies. Fig. 1 displays face-on views of the
qEul20, qLag20, and gLweak20 galaxies at z = 2. A similar set of
projections are shown at high redshift (z = 9) in Fig. 3 for our highest
resolution runs (Axm.x = 10pc; gEull0, qLagl0, and gLweakl0).
A first glance shows a larger amount of small-scale structure and
turbulence in the gFEul runs compared with the quasi-Lagrangian
ones. This is both within the ISM of the galaxy as well as for the
inflowing gas and filaments at high redshift.

3.1 The ISM with quasi-Eulerian refinement

The leftmost columns of Figs 1 and 3 present gas density projections.
At z = 2, the quasi-Eulerian refinement run has a large degree
of intermediate and small-scale structure that is not well-resolved
by the quasi-Lagrangian simulations, especially at densities below
Poas < 10722—-107%' gecm ™. One of the most striking differences is
the absence of a circumnuclear gas disc in gEul20, clearly present
in its gLweak20 counterpart, and to a lesser extent in gLag20. This
circumnuclear disc is found in the quasi-Lagrangian runs from the
time of the formation of the extended gas disc at z ~ 4 onward,
whereas for gEul20 it briefly forms at z ~ 3.5 after which it is
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destroyed by mergers and SN feedback. gLweak20 has a larger
amount of dense clumps and a higher fraction of dense gas, as
expected for a weaker SN feedback prescription. At z = 9, our
refinement provides a dramatically different view of the galaxy and
its environment. The filaments feeding the galaxy are much better
resolved, displaying a well-defined inflowing core. Disorganized
filamentary substructure surrounds the forming galaxy, where visual
inspection across snapshots reveals their formation takes place after
SN-driven outflows. This increased amount of substructure and
apparent turbulence at high and low redshift should have an effect
on the magnetic energy budget.

The second column presents the magnetic energy density €p,,.
At z = 2, the gEul20 run has a larger proportion of the galaxy
permeated by high magnetic energies than the quasi-Lagrangian runs.
Furthermore, the maps for this run also present a larger amount
of high magnetic energy densities at lower gas densities. For the
quasi-Lagrangian runs, the largest values of magnetic energy are
concentrated in the centre of the galaxy as well as in the densest
gas. At z = 9, we observe that the additional substructure in the
circumgalactic medium also has a higher magnetic energy density.
To do a qualitative review of the interaction between magnetic energy
and turbulence, we show our estimate of the small-scale turbulent
velocity vy divided by the circular velocity in the third column of
Fig. 1. While comparable in the inner ~1 kpc, the velocity ratio is
~0.5 dex higher in the outskirts of the gEu/20 galaxy gas disc than
in gLag20. Dense gas clumps have emphasized turbulent velocities
in all three runs (particularly clear for gLweak20), gEul20 has a
notably higher turbulent velocity in its diffuse ISM. Some regions
in these panels present saturated turbulent velocities (e.g. north-west
in gEul20 and centre of gLag20). These correspond to SN-driven
outflows, correlating with temperatures Ty, > 107 K (not shown). In
Fig. 3, we show the turbulent energy in the third column panels, as
the use of the circular velocity at large distances from the galaxy
becomes less appropriate. The projections clearly show how the
new substructure observed in the density panel of gEull0 has a
higher turbulent energy, which cannot be captured with the quasi-
Lagrangian refinement strategy. Finally, in the fourth panel of Fig. 3
we separate the gas into inflowing (blue coloured, radial velocity
v, < —10kms™!) and outflowing (red coloured, v, > 10kms™").
This separation reveals how the inflows in gEul have a better resolved
structure and how most of the additional structure observed in the
circumgalactic medium of this run is outflowing.

The substructure in the diffuse gas of the disc at z = 2 is better
appreciated in the Mollweide projections shown in Fig. 4. These
present projections of a 18 kpc radius sphere (r ~ 0.23rpy) centred
on the galaxy on to its external surface. We exclude the inner 1 kpc
to remove the circumnuclear disc, particularly prominent in the
projection of gLweak20. We align the north pole of the projections
with the baryonic angular momentum in the sphere. Gas in the
qEul20 run appears more turbulent and undergoing a higher degree
of mixing, with intermediate densities displaying a more filamentary
structure. In contrast, gLweak20 and to a lesser extent, qLag20,
contain a higher number dense clumps, and display smoother gas
in the disc.

We examine more quantitatively the effects of different refinement
choices on ISM quantities in Fig. 5. Panels display, from top left to
bottom right, gas density (pg,,) mass fraction, specific entropy (s)
mass fraction, mass-weighted turbulent velocity (Virb, mw), mass-
weighted warm phase turbulent velocity (Viurb, warm, mw)» Warm phase
turbulent velocity (Ui, warm) Volume fraction, and magnetic field (B)
volume fraction. For each quantity the solid line shows the median
probability distribution function (PDF), with the error bars indicating
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Figure 4. Gas density Mollweide projections as observed from the centre of
the galaxy at z = 2 for gEul20 (top), gLag20 (middle), and gLweak20 (bot-
tom), with the north pole aligned with the galactic angular momentum.
qEul20 run displays smaller clumps connected by a more intricate filamentary
network, whereas the ISM for gLweak20 is smoother. Due to its weaker SN
feedback, gLweak20 is permeated with more massive clumps than gEul20 and
qLag20.

the first and third quartile of data covering the redshift range 3 < z
< 2.

The gas density PDF has a similar shape in the two boosted
feedback simulations. All runs show a decreasing tail towards lower
densities caused by heating from SN feedback, with the correspond-
ing cells mostly located in the inner halo region, surrounding the
galaxy. The stronger feedback runs (¢gEul20 and gLag20) peak at
Poas ~ 1072 — 10723 gem™. Iffrig & Hennebelle (2017) studied an
isolated disc with a uniform grid of even higher resolution (~2 pc),
finding for their run without dynamically important magnetic fields
(BO run) a lognormal distribution that peaks approximately at
Paas ~ 1072 gecm™3, comparable to gEul20. The gLweak20 run in-
stead peaks at pg,s ~ 107! gem™. This reflects the aforementioned
increased presence of high density clumps in this simulation. Both
runs with stronger SN feedback have a second density peak at the
lower density of pgs ~ 3 x 107 gem™, not present for gLweak20.
‘We now analyse the specific entropy s to explore how our prescription
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Figure 5. Median probability distribution function for various physical quantities in the galactic regions (rga < 0.2 ryir) of gEul20 (red), gLag20 (green), and
qLweak20 (blue) during the last 1 Gyr of the simulation (3 < z S 2). Panels show the gas density mass fraction pg,s (top left), specific entropy s (top right),
mass-weighted small-scale turbulent velocity volume fraction (centre left), warm phase mass-weighted small-scale turbulent velocity volume fraction (centre
right), warm phase small-scale turbulent velocity volume fraction vy, warm (bottom left), and magnetic field volume fraction B (bottom right). Error bars
correspond to the first and third quartiles of the distribution over the studied time period. The specific entropy panel also shows our entropy-based division of
the ISM phases as dashed vertical lines (see the text for details). The gEul simulation shows a higher volume fraction of small-scale turbulence (particularly
in its variance) and mass fraction of warm phase gas than gLweak20, and gLag20 to a lesser extent. The presence of enhanced turbulence in the warm phase
is expected to produce more efficient turbulent amplification of the magnetic field. This is in agreement with the magnetic field in the bottom left-hand panel

displaying a higher strength for gEul20.

affects the distribution of gas across the phases of the ISM. As the
warm phase of the ISM is expected to be the preferential phase of
residence of the magnetic field in numerical MHD simulations of
galaxies (Evirgen et al. 2017), we are interested on whether our
prescription affects this phase. We divide the ISM into three phases
following Gent (2012) and Evirgen et al. (2017): cold and dense
(4.4 x 108 erg K™'s™! = seoiqa > ), warm (Seoid < § < Shot), and hot
and diffuse (s > spo; = 23.2 x 103 erg K~' s7!). These divisions are
shown as dashed vertical lines in the specific entropy panel of Fig. 5.
The mass PDF of the specific entropy illustrates some relatively
small ISM changes for the warm and hot phases. The gEu/20 run
has a slight increase of its warm phase volume compared with
gLag?20, at the expense of the hot and cold phase. Both of the runs
with stronger feedback show an expected drastic reduction of the
cold gas phase mass with respect to gLweak20. Interestingly, the
amount of gas in the cold phase is slightly decreased with our quasi-
Eulerian refinement scheme. Most of the cold gas mass in gLag20 and
qEul20 is transferred to the warm phase, with a minor contribution
to the hot phase.

Finally, mass-weighted turbulence and mass and volume-weighted
warm phase turbulent velocity panels also reflect a shift for gEul20 to-
wards higher turbulent velocities. While the median of turbulent
velocities are only midly higher for the quasi-Eulerian run at
all turbulent velocities vy, > Skms™', the error bars reveal how
turbulence is frequently significantly higher in this run compared
with the quasi-Lagrangian cases. We review turbulence in more

depth in Sections 3.3.3 and 3.3.4. This higher degree of turbulence
in gEul20 as well as the higher mass ISM fractions for the warm
phase, pose this run as more favourable for turbulent amplification.
Recall, Fig. 1 showed a higher magnetic energy density throughout
the volume of the galaxy, even though there were fewer dense gas
clumps, which through gas compression amplification (B o pg;)
could lead to a larger magnetic field. The bottom right-hand panel of
Fig. 5 confirms a more efficient amplification in gEul20. The quasi-
Lagrangian gLweak20 and gLag20 both have a narrow peak at B/B,
~ 5 x 10° with a tail towards higher magnetic fields. On the other
hand, the distribution for gEul20 peaks approximately at B/By ~ 2 x
10, with a less pronounced tail towards higher field strength than the
previous runs. The fact that gEul20 has reached a higher magnetic
field by z ~ 2 suggests that the new refinement has a higher impact on
the magnetic field amplification than the strength of stellar feedback
on our particular setup.

3.2 Magnetic energy growth

We now explore the magnetic field amplification in more detail by
studying the time evolution of the specific magnetic energy (&py,e) in
our two refinement schemes for different maximal resolutions Axp,y.
Throughout this work, specific energies are simply ex = Ex/Mgqs
with M,,, the total gas mass and Ex the total amount of energy X in
the studied region. Employing a specific energy allows us to easily
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Figure 6. Specific magnetic energy growth in the galactic region (rga <
0.2ryir) of the gEul (top), gLag (middle), and gLweak (bottom) runs
normalized to its value at the density perturbation turn-around point (r ~
0.15 Gyr). Note that the middle and bottom panels also show Axpax =
10 pc simulations that reach z = 2, whereas gEull0 is only evolved until
z = 8.5. qgEul simulations display a higher amplification of magnetic energy
per unit gas mass at each given resolution, but especially once Axmax <
80 pc. Furthermore, amplification increases dramatically faster with Axpax
for gEul runs compared with the scaling observed for quasi-Lagrangian
simulations. This is notable when comparing gEul20 with the higher Axpax
qLagl0 and gLweakl0.

decouple the growth of an extensive quantity (such as the energy)
from the natural mass growth of galaxies over time in cosmological
simulations as well as the volume fraction of the galaxy within the
studied region.

Fig. 6 shows the growth of the specific magnetic energy in the
galactic region. The most notable aspect is that gEul20 displays a
more pronounced growth, even when compared to higher resolution
runs gLagl0 and gLweakl0. During the accretion phase (approxi-
mately 0.3 Gyr < ¢ < 1.5Gyr), there is a clear correlation between
the growth of &y, and higher resolutions for Axy, regardless of
the SN feedback strength. gEull0 in particular (which was only

MNRAS 513, 3326-3344 (2022)

evolved to z ~ 8 due to its elevated computational cost), shows a
remarkably fast growth of magnetic energy. Martin-Alvarez et al.
(2018) discusses the correlation between &y,,, peaks and the main
progenitor undergoing merger events. However, such peaks are less
obvious in our gEul runs. For the gEul20 case, we only find some
evidence during the accretion phase for an extraordinarily chaotic
merger at 7 2, 8. Instead, the refinement strategy appears to have the
largest impact on the amplification in the accretion phase. However,
the two refinement approaches provide comparable energy growth
during the feedback phase (¢t > 1.5 Gyr). In this second period, the
amount of growth observed seems to have a higher dependence on
the strength of the SN feedback prescription. The gEul runs show
a clear increase of £y, and &y, growth with smaller cell sizes for
Axmax~

To better quantify the specific magnetic energy growth of our
different runs, we study the growth rates (') for each of our simu-
lations. T, is computed by fitting £mag(?) to the function aexp [T, (¢
— 1p)] over some period of time, where #; corresponds to the time a
given phase commences. The normalization parameter « is fixed to
£mag(to) at the start of the accretion phase to discard the amplification
due to collapse, and left free during the feedback phase. We adopt ¢
€[0.3,1.4] Gyr and 7 € [1.7, 3.3] Gyr for the accretion and feedback
phases, respectively. This ensures that the values of &, used are well
within each phase. Furthermore, it removes the sharp spike observed
in &mgg at z ~ 4 in gLweakl0, attributed to a merger (Martin-Alvarez
et al. 2018). Our measurements of I, (and their 3 o errors as shaded
bands) are shown in Fig. 7. In the accretion phase, our gEul runs have
higher growth rates for virtually all resolutions studied. Furthermore,
qLag and gLweak have approximately equal growth rates at each
resolution, as we find refinement strategy rather than SN feedback
strength to be more crucial in the amplification process at this
stage. Values for I', start to separate between the different sets
of runs for Axmax S 40 pc, suggesting that the standard quasi-
Lagrangian AMR refinement provides a reasonably homogeneous
coverage of the galaxy down to this resolution. This agrees with
Fig. 1, where all three galaxies are almost entirely covered by the
light blue shade corresponding to 80 pc; and Fig. 2, where most
gas at Ty S 3 X 10* K has Ay < 80 pc. The feedback phase
measurements show negative I", values for the lowest resolutions,
indicating that the amplification is not enough to sustain the growth
of magnetic fields. Therefore, magnetic energy per gas mass is now
decreasing due to numerical resistivity and reconnection, as well
as the accretion of pristine gas with lower magnetization. While
the difference is modest, runs with the stronger SN feedback provide
higher growth rates during this so-called feedback phase. Meanwhile,
the gEul refinement provides some additional amplification above
gLag, albeit minor and secondary when compared to the apparent
effect of boosting feedback strength.

One of the predictions for numerical simulations of turbulent mag-
netic amplification is a scaling of I, o< Re?, where y depends on the
properties of the velocity field. The maximum and minimum values
for y are obtained for incompressible (y = 0.5; Kolmogorov 1941)
and compressible turbulence (y = 0.3; Burgers 1948), respectively
(Schober et al. 2012). For a velocity field that is converged with
resolution,® upper and lower limits for y can be obtained by assuming
ideal Kolmogorov turbulence (Re oc Ax_#/3; Kritsuk et al. 2011)

max °
or a linear scaling of the hydrodynamical viscosity with resolution

3Kortgen et al. (2017) and Jin et al. (2017) find this convergence to occur in
the ISM for Axmax < 0.1 pc.
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Figure 7. Specific magnetic energy exponential growth factors I'; versus maximum resolution Axyax during the accretion (left-hand panel) and feedback
(right-hand panel) phases for the runs shown in Fig. 6. The period over which the growth factor is measured spans approximately the redshift range indicated
in its associated panel. Points and shaded bands correspond to the fit and associated 3o error. gEul simulations (red lines) display higher growth factors at
a given Axmax than quasi-Lagrangian runs (green and blue lines) for the accretion phase. The effect of the refinement scheme is more important during the
accretion phase, whereas it becomes comparable to the importance of boosting SN feedback during the feedback phase. Growth factors for gEul runs scale with
increasing Reynolds number following approximately I'; o Ax,}i,{z (red dashed lines), compatible with Kolmogorov turbulence with viscosity v o< Axmax. The
(green and blue dashes lines, respectively), as obtained by Federrath et al. (2011).

quasi-Lagrangian gLag and gLweak runs are better matched by I'; o< Ax

max

(Re oc Ax1/3; Rieder & Teyssier 2017a; Vazza et al. 2018), yielding

max °*
[ oc Ax;23 and Ty o Ax 13, respectively.

As the fiducial scenario, we illustrate by a dashed red line in
Fig. 7 the scaling I', oc Re'/? oc Ax,!/? (i.e. Kolmogorov turbulence
+ viscosity v &« Axpay; see also Beresnyak 2019), allowing it to
become negative due to the aforementioned dissipation observed
during the feedback phase. We note that the gEul runs follow well
this scaling, indicating that these simulations capture well turbulent
amplification. This is particularly important during the accretion
phase, as turbulent amplification is a well-known mechanism to
generate saturated magnetic fields starting from weak primordial
magnetic fields on time-scales that could be as short as several
hundreds of Myr (Schlickeiser 2012). Balsara et al. (2004) explore
magnetic energy growth in 200 pc turbulent boxes using a second
order Godunov scheme such as the one used here. Extrapolating
our growth rate during the accretion phase to the resolutions in
their turbulent boxes (i.e. 0.7-1.5 pc), the quasi-Lagrangian AMR
runs fall short of their amplification (I; ~ 10Gyr™' for 0.7 pc)
whereas the gEul runs extrapolation is comparable, on the order
of ', ~ 60 Gyr~! if we assumed a 0.7 pc resolution. Bendre et al.
(2015) also explore magnetic amplification in the ISM using the
NIRVANA code to run non-ideal MHD simulations with a similar
resolution to the one employed here (Axp.x ~ 8 pc). They find
comparable growth rates of I', ~ 3 — 8 Gyr ™, although we note that
they explore amplification towards saturation whereas we remain in
the kinematic regime. The quasi-Lagrangian refinement runs appear
to follow a different proportionality with Re when Axn.x < 80 pc,
with a scaling resembling the I", o« Re®? obtained by Federrath et al.
(2011). We include dashed lines with this alternative proportionality
for the gLag (green dashed) and gLweak (blue dashed) simulations.

When comparing our gEul with the glLag and gLweak runs,
the scaling observed with refinement markedly favours the new
refinement method both in terms of agreement with the expected
growth rate scaling (Beresnyak 2019), as well as in terms of reaching
higher amplification rates. As in previous work (Martin-Alvarez
et al. 2018), amplification is faster at very high redshifts, when
accretion is predominant, potentially driving turbulence directly
(Klessen & Hennebelle 2010), by promoting SN feedback (Hopkins,
Keres & Murray 2013), or through the promotion of gravitational

—0.3

instabilities (Elmegreen & Burkert 2010; Krumholz & Burkhart

2016). Importantly, this ‘accretion phase’ is the most crucial when
bridging the gap between weak primordial seeds and uG galaxy

magnetizations, especially due to the detection of magnetic fields of

such strengths at high redshift (Bernet et al. 2008). Assuming realistic

ISM viscosities and diffusivities, our results, in agreement with

previous work (e.g. Pakmor et al. 2014; Federrath 2016; Rieder &

Teyssier 2016), suggest that turbulent dynamo amplification should

saturate at z > 6, and potentially a few 100 Myr after galaxy

formation. This allows in turn for other processes to maintain and
reorganize magnetic fields during the remainder of the evolution of

galaxies (Chamandy, Subramanian & Shukurov 2013; Moss et al.
2013).
3.3 Turbulent dynamo amplification

3.3.1 Comparison with adiabatic magnetic compression

‘We now focus on understanding how our refinement scheme affects

other turbulent amplification signatures. One important contributor

to energy growth during the early stages of the formation of a galaxy
is the compression of magnetic field lines. As described, adiabatic-
compression amplification predicts a scaling of the magnetic field
strength with gas density B o< pg/?. We use this proportionality to
estimate the expected magnetic energy growth if it was to evolve
affected exclusively by this compressional process. For an individual
cell i the corresponding magnetic energy would be only a function

of its current density

) 4/3
Paasi(t) >) . )

(pgas,gal(t())

Here €,,, is the magnetic energy density, and (Xg(f)) indicates
an average of quantity X over the whole galactic region at fg.

€Conagi(t) = (€maggar(f))dx; (

We obtain the final estimate for adiabatic isotropic evolution of
the specific magnetic energy by summing the contribution from

each cell (Veenec,,,.i) to the total magnetic energy My,Cinag, and

divide it by the total gas mass in the region to obtain Cp,.. We

select fy as the time of minimum specific magnetic energy. This
corresponds to the turnaround of density perturbations, prior to
their collapse. We compare this estimate (dashed lines) with the
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Figure 8. Specific magnetic energy measurement (solid lines) and isotropic magnetic field adiabatic compression estimate (i.e. B> o pgés , see the text
description for Ci,g; dashed lines) in the galactic region (rga < 0.27vi). In accordance with turbulent amplification, runs with better resolution display larger
growths and separation above their compressional estimates (e.g. fig. 9 by Federrath et al. 2011). This increase is significantly enhanced for the gEul runs (top
row) when compared with their gLag (middle row) and gLweak analogues (bottom row).

evolution of the specific magnetic energy (solid lines) in each run
in Fig. 8. The adiabatic-compression estimates are similar across
all simulations. However, they appear to undergo some mild time
evolution for the quasi-Lagrangian AMR runs, slowly increasing
with time and growing in the interval z € [13, 2] by a factor of ~2
(gLag) or ~3 (gLweak), depending on the SN feedback. Conversely,
the estimates are remarkably constant for the gEul runs. When
comparing Cmye With the specific magnetic energy in each run, higher
resolutions lead to a larger deviation from the compression estimate,
as expected for dynamo amplification (Federrath et al. 2011; Sur
et al. 2012; Pakmor et al. 2017). At the lowest resolutions probed,
the specific magnetic energy is instead reduced progressively and
decreases below the compressional estimate. This latter effect follows
from two considerations: numerical resistivity dissipating magnetic
energy and the accretion of gas with lower specific magnetic energy,
which underwent an additional magnetization decrease prior to
accretion due to cosmological expansion diluting magnetic energy.
As noted by comparing the panels in Fig. 6, at a fixed AXpax, Emag
is always higher in the gEul simulations. Combined with lower

MNRAS 513, 3326-3344 (2022)

and more stable values for the compressional estimate, this leads
us to a larger separation between the values of ey, and Cpg,
signaling notably more significant non-compressional amplification
in these simulations. This is also in agreement with our discussion
of the gas density and magnetic field PDFs in Section 3.1. At
z = 2, specifically for Axy,x = 20 pc, gLweak20 has an &g, a
factor of ~20 above Cp,,, Whereas this goes up almost to 10% in
qEul20.

3.3.2 Amplification in the central region of the galaxy

Due to the prevalence of SN events, a deeper local gravitational
potential and a higher dispersion support of the stellar component,
central regions of galaxies show a higher degree of turbulence. We
review the specific magnetic energy growth within the central r <
1 kpc of the galactic region, where turbulence will sustain magnetic
amplification for longer. Fig. 9 shows the specific magnetic energy
in a fixed physical size sphere. Panels show during the feedback
phase (z < 4), the magnetic energy per unit mass to present some
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Figure 9. Time evolution of the specific magnetic energy within the central » < 1 kpc of the galactic region. Turbulence in the central region sustains magnetic
energy amplification for longer times. This is particularly notable for the gEul20 simulation, with amplification persisting throughout most of the feedback phase.
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Figure 10. Turbulent and thermal energy comparison for the galactic region
(rgal < 0.2ryjr) in each of our Axp, = 20pc simulations. From top to
bottom, we show gEul20, gLag20, and gLweak20 , respectively. Plot displays
our small-scale turbulence estimate volume (turbgg, solid dark lines) and
mass (turbgs, mw, dashed dark lines) weighted, a simple estimate for the
global turbulence (turbgirc, solid clear lines) and the thermal energy (solid
pale lines). Small-scale turbulence dominates in gEu/20 during the accretion
phase, reinforcing the claim that additional amplification during this period
is driven by a higher degree of small-scale turbulence.

mild growth in the gLag20 and gLagl0 simulations, and continued
amplification in the more turbulent gEu/20 simulation.

3.3.3 A turbulence-dominated ISM

Fig. 10 compares the turbulent and thermal energies in the ISM of
the simulated galaxies (qEul20, top; gLag20, middle; gLweak20,
bottom). We include an additional set of dashed lines (turbygi.)
that approximate the global turbulent energy by assuming that the
turbulent velocity for the gas in a cell i is Vi = |U;| — Veire. This
latter measurement provides a simple order-of-magnitude estimate of

the turbulence combining all galactic scales, which we use to compute
the specific energy &uwrb, veire. Comparing the dotted lines across
all three simulations reveals no important differences of the large-
scale turbulence. However, some changes appear when taking into
consideration our measurements of small-scale turbulence. While all
simulations have comparable small-scale turbulent energy density
Eurb, ss during the feedback phase, gEu/20 displays a higher turbulent
energy during the accretion phase, correlating well with the time
period when this simulation presents a faster magnetic amplification
rate. Interestingly, this simulation displays a more fluctuating time
profile for eum, ss, suggesting that the gEul scheme better captures
turbulence time-variability whereas the quasi-Lagrangian approach
may be losing significant turbulent substructure. When comparing
these turbulent energies with the specific thermal energy during the
accretion phase, we find gFu/20 to have a turbulence-dominated
ISM whereas for the other runs, the thermal and turbulent energies
are comparable. During the feedback phase, all runs have approxi-
mate equipartition between their small-scale turbulence and thermal
energies, suggesting that SN feedback is driving turbulence in this
later period of galaxy evolution. The mass-weighted and volume-
weighted small-scale turbulent energy measures are comparable in
all runs. The mass-weighted estimate remains slightly below the
volume-weighted one, except for the gLweak runs. The pg,s and vy
distributions shown in Fig. 5 reveal that this higher energy is derived
from the higher densities in the gLweak20 simulation, which also
displays a lower turbulent velocity distribution for vy, mw than the
other runs.

3.3.4 Magnetic amplification in the warm phase of the ISM

Here we study the turbulence in our Ax,x = 20 pc simulations, and
we show that the additional amplification observed in gEul20 cor-
relates with a higher degree of turbulence in its warm phase. The
top panel of Fig. 11 shows the specific small-scale (i.e. computed
as described in Section 2.3) turbulent energy in the galactic region.
The solid lines correspond to the specific energy across all phases,
whereas dashed lines correspond to its value considering solely gas
in the warm gas phase. While e, as measured in all-phases appears
higher in gEul20, the most striking difference between the two
refinement schemes is the oscillatory nature of the quasi-Eulerian
prescription, particularly during the accretion phase. gEul20 varies
from values comparable to gLag20 and gLweak20 to sharp increases
of about 1 dex. While these peaks are also present to some extent in
the other runs, they are less prominent and less frequent. Turbulence
in the warm phase is higher in gEul20 than its quasi-Lagrangian

MNRAS 513, 3326-3344 (2022)
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Figure 11. Top panel: All-phases specific turbulent energy (solid lines) and
warm phase-only specific turbulent energy (dashed lines) evolution in the
galactic region (rga < 0.27yi) for the gEul20 (red), gLag20 (green), and
gLweak20 (blue) runs. During the accretion phase, gEu/20 has higher specific
turbulence, particularly in the warm phase of the galaxy. During the feedback
phase, all simulations portray similar amounts of total turbulent energy, but
the runs with stronger SN feedback have a higher specific turbulent energy
in the warm phase, as shown in the middle panel. Middle panel: gEul20 to
qLag20 and gEul20 to gLweak20 warm phase specific turbulent energy ratio,
with sim20 replaced by gLag20 (green line) and gLweak20 (blue line).
Turbulence in the warm phase of gEul20 is higher than in the other two
runs. Bottom panel: Ratio of warm phase to total specific turbulent energy for
each of the three simulations. gEu/20 and gLag20 contain a stable fraction
of warm to total specific turbulent energy whereas this ratio decreases for
qLag20 throughout the feedback phase.

counterparts at virtually all times. This is more explicitly shown
in the middle panel of Fig. 11, which depicts the ratio of warm
phase turbulence between gEul20 and each of the gLag20 and
gLweak20 runs. Finally, we observe a growing divergence between
specific turbulence in the warm phase and all-phases during the
feedback phase (1 2 1.3 Gyr), particularly clear for gLweak20. We
show this in more detail in the bottom panel of Fig. 11, where the
ratio between the two is shown. This separation occurs to a lesser
extent in gEul20 and gLag20, and correlates well with the lower
amplification rates described in Fig. 7.

Interestingly, the relative turbulence of the warm phase progres-
sively decays in the gLweak simulations, whereas it only falls from
~70 per cent to ~50 per cent in the gEul and gLag runs. This suggests
that stellar feedback is crucial in driving turbulence during this
later stage of galaxy evolution, once most of the stellar mass and a
rotationally supported disc emerges (Martin-Alvarez et al. 2018). The
predominance of turbulence, particularly in the warm phase, supports
the argument that, at the very least in our numerical simulations, the
majority of the turbulent amplification in galaxy simulations takes
place in the warm phase of the ISM.

MNRAS 513, 3326-3344 (2022)

3.3.5 Magnetic and turbulent energies spectral study

A well-known signature of small-scale turbulent dynamo amplifica-
tion is the presence of an inverse cascade in the magnetic energy spec-
trum Epqe. Among scalings of £y, o< k% with o > 0, the case most
characteristic of turbulent amplification is that in which Kolmogorov
turbulence (with turbulent energy spectrum &y, k=313) yields « =
3/2 (Kazantsev 1968). This inverse-cascade emerges from magnetic
amplification below the viscous scale k, (where v is the numerical
viscosity) but above the magnetic dissipation scale k, (Schekochihin
et al. 2002). Numerical simulations such as the ones studied here
cannot typically capture most of these sub-viscous scales due to their
computationally limited spatial resolution and low Prandtl number
(typically Pm = v/n ~ 2). Thus, we expect amplification to take
place at the smallest scales resolved in our simulations. We assess
Emag and &y in all our runs.

We compute our energy spectra using a Fast Fourier transform
(FFT*) of uniformly discretized cubic boxes centred on the galaxy on
to which the AMR grid data is interpolated. Each of these cubes has a
physical size of Lggr ~ 2 (0.2 rpy) resolved with 512 cells per side.
This cube is then zero-padded up to 1024 cells per side. Appendix B
shows our magnetic energy spectra without zero-padding, briefly
discussing the impact of such padding. Our FFT assumes periodic
boundary conditions of this box. Appendix B in Martin-Alvarez
et al. (2018) discussed these boundary conditions and the influence
of galaxy morphology on the resulting spectra.

To facilitate comparison amongst our different runs, all spectra
are normalized to their k = 0 frequency. We show in Fig. 12 energy
spectra at z = 2. These have FFT resolutions of Axppyr ~ 66 pc
(Lgrr(z = 2) = 34 kpc). Rows show runs for increasing Axp,y for
qEul (top), gLag (middle), and gLweak (bottom) simulations. The
left-hand and right-hand columns show magnetic and kinetic energy
spectra, respectively, with line colouring shifting from higher to lower
resolution as the colour shade becomes lighter. In addition to the
kinetic energy spectra, we include as dot-dashed lines ‘turbulent’
energy spectra, for which we modify the toroidal component vy of
the velocity in each AMR grid cell to substract disc rotation vy =
Vg, 0 — Veire(r). These coordinates are defined aligning v, with the
angular momentum of the galaxy. Finally, at scales below twice the
resolution of a simulation (Les = 2AXmax = 27 /kres), line thickness
is thinned to indicate unresolved scales.

By z = 2, the galaxy has formed a rotationally supported disc.
We show with vertical lines in each plot the approximate size of
the gas disc (2rpisc) and its thickness (2/pisc) in the Ax ., = 20 pe
runs. While rpj is relatively unchanged with resolution, we find
hpise increases as the resolution is degraded. Finally, we include
an additional vertical black line at the Nyquist frequency (knyquist)-
In the left-hand column, runs with Axp,x < 80pc have magnetic
energy spectra that showcase inverse-cascades similar to those found
in turbulence simulations (e.g. Federrath et al. 2014), rising up to
their maximum at scales slightly below the thickness of the disc.
These are particularly prominent for the gEul runs. At k > kyeqx, the
spectra smoothly decay down to Anyquist-

The right-hand column of Fig. 12 shows the kinetic energy spectra.
We focus on the solid lines first. While all sets of simulations
present roughly three ranges, these appear better reproduced by
the gEul runs. We find an energy containing range extending to
approximately across the length of the disc. At scales k > 7/hpjs., a
Kolmogorov-like turbulent cascade appears with scaling « = —5/3

4We employ the FFTW library (http://www.fftw.org/).
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Figure 12. Galaxy energy spectra for cubic boxes of 34 kpc per side (~0.4 rpm) at z = 2, zero-padded. Left-hand and right-hand columns correspond to the
magnetic and kinetic energy spectra, respectively. Each row shows the spectra of the gEul (top), gLag (middle), and gLweak (bottom) runs. Line shade goes from
darker towards lighter as the resolution is decreased. For simulations with resolutions coarser than that of the FFT (i.e. 66 pc), line thickness is thinned beyond
kres = 7/ Axmax. We include physical length L along the x-axis as top ticks. The vertical solid lines denote important scales for the galaxy. From lower to higher
k these are the galaxy gas disc size (rpisc), gas disc thickness (ipisc), and the FFT Nyquist frequency (knyquist)- Finally, we include as dot-dashed lines kinetic
energy spectra from which we have approximately removed disc rotation (see the text). Magnetic energy spectra with gEul refinement display more pronounced

inverse-cascades, evidencing turbulent dynamo activity in our simulations.

for the gEul and gLag runs, but intermediate between Kolmogorov
and Burgers (¢« = —2) for gLweak. Amongst the gLweak runs,
gLweak20has the most Kolmogorov-like spectrum. At scales of a few
100 pc (k ~ 60 kpc™"), most energy spectra decay as o ~ k~'"*. The
kinetic energy spectra from which we have approximately removed
disc rotation (dot-dashed lines) portray a very similar picture to the
standard kinetic energy spectra (solid lines) at scales smaller than
disc thickness (k > 7/hp;s.). However, toward lower &, dashed lines
diverge from their solid counterparts, indicating that the reduction of
kinetic energy corresponds to the rotation of the disc predominantly
at these galactic scales. Interestingly, the gLweak runs have the lowest
ratio of turbulent to kinetic spectra at large k. This points towards a
lower degree of turbulence in these runs and more organized motions.
The separation between both types of lines is reduced once again

towards the very lowest k values (k < 0.3 kpc™'), as these are probing

scales beyond the size of the galaxy.

We re-explore the magnetic energy spectra at redshift z = 8.5 in

Fig. 13, for which gEul10 is also available. These FFT boxes feature

Axgpr(z = 8.5) ~ 4 pc (and size Lgpr(z = 8.5) = 2 kpc), zero-padded

to 1024 cells per side. At this stage, the 2rp;s. vertical black line is

indicative of the approximate size of the entire system, which has not

yet developed a rotationally supported disc. For runs with Ax ., <
80 pc, magnetic energy spectra for gEul,qLag and gLweak runs
display a weak inverse cascade to scales of about k ~ 20kpc™'.

None the less, there is a more pronounced accumulation of energy in

the gEul runs, with a steeper decay towards larger k values. At k >
kres all spectra decay as Enag o¢ k2. The highest quasi-Lagrangian
AMR refinement runs present bumps at scales comparable to the

MNRAS 513, 3326-3344 (2022)
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Figure 13. Magnetic energy spectra at z = 8.5 analogous to Fig. 12, but now
for regions 2 kpc on a side (~0.4 rpy) with FFT boxes centred on the galaxy.
The figure also includes spectra for our Axmax = 10 pc runs, which all have
reached z = 8.5. As for the feedback phase, our runs with gEul refinement
show a smoother and clearer inverse-cascade.

AMR level transitions, with a particularly prominent accumulation
of energy at scales k < k5. On the other hand, this only mildly occurs
for gEull0 in the gEul runs. Magnetic energy spectra appear to be in
agreement with the behaviour observed for growth factors in Fig. 7,
both during the accretion (Fig. 13) and feedback phases (Fig. 12).
We finally study the evolution of the kinetic and magnetic energy
spectra of our gEul20 simulation in Fig. 14, to show that magnetic
energy spectra develop an inverse-cascade and gain more power
with time. We generate these using cubes with a fixed physical size
of Lgpr ~ 2 (0.2 rpm(z = 2)) resolved with 512 cells per side, zero-
padded to 1024 cells per side. We normalize kinetic and magnetic
energy spectra to their k = 0 value at z = 12, to illustrate their
growth. Power in kinetic energy spectra increases ~2 dex from z =
12 to z = 2. As the turbulence remains approximately constant
(Fig. 10), we expect this to be dominated by the galaxy growing
in size and filling up the FFT box. Kinetic energy spectra maintain
approximately constant shapes through their evolution, with a higher

MNRAS 513, 3326-3344 (2022)
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Figure 14. Evolution of the kinetic (dashed lines) and magnetic energy
spectra (solid lines) for the galaxy in the gEul20 simulation. Magnetic energy
power at scales of ~ 1kpc grows approximately 6 dex during the studied
interval.

gain of power at small scales. Magnetic energy spectra gain a
larger amount of power through this time period, with their large
scale power increasing approximately ~4 dex. Our galaxy develops
an inverse-cascade shortly after z ~ 12, with its onset displacing
from k ~ 1kpc~! towards scales k < 0.1 kpc~!. Magnetic power at
scales of ~ 1 kpc (k ~ 10kpc™') grows more than 6 dex, suggesting
turbulent amplification.

3.3.6 A glance at the structure of the magnetic field

Finally, we perform a visual inspection of the magnetic field structure
in our gEul20 and gLweak20 galaxies at z = 2. We show mag-
netic field streamlines overplotted over the magnetic field strength
in Fig. 15. Thicker lines depict locally stronger magnetic fields.
qEul20 displays organized magnetic fields around the galaxy that
become increasingly turbulent at distances shorter than ~ 5 kpc. Such
a turbulent structure is in agreement with turbulent amplification. For
comparison, we also show the gLweak20 galaxy. This simulation has
a much lower growth factor (Fig. 7) and negligible amplification
at this stage of the feedback phase. Magnetic field lines for this
galaxy display an organized structure at galactic scales, and only
some turbulent lines within the central region of the projection.

4 CONCLUSIONS

In this paper, we have studied the evolution of the turbulent and
magnetic components of a Milky Way-like galaxy comparing a
conventional quasi-Lagrangian AMR refinement strategy with a new
density-threshold, quasi-Eulerian refinement method that resolves
the entire galaxy with an approximately uniform grid. Our simula-
tions were generated using our own modified version of the RAMSES-
MHD code (Teyssier 2002; Fromang et al. 2006), which computes
the evolution of the magnetic field using a CT method, divergence-
less down to numerical precision by construction. We explore a set
of simulations with this new refinement strategy (gEul) and two sets
with the fiducial quasi-Lagrangian AMR. The first of the two employs
an equal SN strength as the gFEul set (qLag), while the second one
probes factor of 0.5 weaker SN feedback (gLweak).

Departing from an extremely weak magnetic field at the beginning
of the simulations, we follow the evolution of the magnetic and
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Figure 15. Magnetic field lines plotted over the magnetic field strength for
the gEul20 (top) and gLweak20 (bottom) simulations. The simulation with
our quasi-Eulerian refinement strategy displays a more turbulent structure of
its magnetic field lines whereas the gLweak20 simulation illustrates a more
organized structure with magnetic fields coherent on galactic scales.

(small-scale) turbulent energies in the galaxy. Our main findings are
that:

(i) our quasi-Eulerian refinement strategy significantly increases
the specific small-scale turbulent energy in the galaxy, especially
within the warm phase.

(i) switching from a regular quasi-Lagrangian AMR strategy
to our new quasi-Eulerian refinement at a fixed maximal spatial
resolution leads to an increase of ~1 dex in the specific magnetic
energy in the galaxy (Fig. 6).

(iii) ata given spatial resolution, the growth of the magnetic energy
is always found to be higher for gEu/ runs than for their corresponding

Turbulent dynamo amplification in galaxies
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gLag and gLweak simulations (Fig. 7). Encouragingly, growth rates
also show better agreement with turbulent box simulations in terms of
their scaling with spatial resolution, especially during the accretion
phase.

(iv) the additional magnetic amplification in gEul runs takes place
even though the ISM is less dense and clumpy (Fig. 5). This combined
with the comparison of magnetic energy with the expected adiabatic
compression estimate (Fig. 8) indicates that the extra amplification
observed is not compressional in nature, but produced through
stretching of magnetic field lines.

(v) the gEul20 run attains a large increase of warm-phase tur-
bulence when compared with gLag20 and gLweak20 (Fig. 11).
The additional amplification is most likely the product of turbulent
dynamo action occurring in the warm gas phase, due to its significant
volume-filling fraction.

(vi) the magnetic energy spectra are consistent with the turbulent
dynamo amplification process regardless of the refinement method
adopted. However, at z = 2, the gEul runs have a more clear
concentration of magnetic energy at scales of ~1 kpc with an inverse
cascade towards larger scales (Fig. 12).

Due to their limited resolution, cosmological MHD simulations of
turbulent dynamo amplification in galaxies employing CT schemes
are far from reaching the magnetic field growth rates expected in
nature. None the less, refinement schemes such as the one used by
our gEul simulations are a promising approach for future numerical
experiments, opening a pathway towards the expected amplification
with increasing resolution. As galaxy formation simulations mature
into the new era where more realistic galaxies are generated, sophis-
ticated models are being developed to accurately capture important
processes such as star formation or stellar feedback at sub-galactic
scales. In a similar manner, unresolved turbulent magnetic field am-
plification can be modelled with sub-grid methods such as that imple-
mented for RAMSES by Liu, Kretschmer & Teyssier (2021). None the
less, with simulations commencing to better resolve the multiphase
ISM and capturing the physics of turbulence and magnetic fields, it is
equally important to adopt more sophisticated refinement strategies.
These are bound to make a significant difference in the modelling of
turbulent and magnetic properties of galaxies, as well as to provide
us with a better understanding of the kinematically complex structure
within the volume-dominant warm and hot phases of the ISM.
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Figure Al. Top: For all the octs (cubic groups of 23 cells) in each of our
simulations, solid (dashed) lines show the time evolution of the average
(maximum) oct dimensionless ratio between the magnetic field divergence
W . §| multiplied by resolution element size Axq and the local magnetic
field |1§|. For the computation of the octs divergence, we employ the cell-
centred magnetic field of each comprising cell. Bottom: Same as for the top
panel, but computing the relative divergence for all cells employing RAMSES
face-centred magnetic fields. The highest values for relative divergence are
frequently found in cells with low |I§\. To avoid X- and O-points where
|l§| = 0, we compute the total magnetic field for each cell in the bottom
panel using an extended kernel of 1 5Axcen- For both panels, red solid and
grey dashed lines delimit V. B / BI Axcenn = 1 and 0.1, respectively. Both
face-centred and cell-centred magnetic fields maintain negligible ratios of
magnetic divergence with respect to the local magnetic field. This is true for
average and maximum values of this quantity in all cells and at all times.

APPENDIX A: MAGNETIC DIVERGENCE
CONSTRAINT

We briefly review the magnetic divergence of our simulations
in Fig. Al. Here we show the maximal (dashed) and average
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(solid) divergence multiplied by cell length ratio to magnetic field
|§ B / §| Axcep for all cells in all simulations. The maximal relative
divergence ratio in all the runs is virtually always below the per cent
level. We note that the divergence-less behaviour of RAMSES holds
by construction for cell-centred magnetic fields. This is reflected in
the top panel of Fig. A1, where we show for each oct (i.e. group of
23 cells) its divergence to field ratio using the cell-centred magnetic
field components of each of its comprising eight cells. The numerical
magnetic divergence ratio value for all cells/octs with respect to their
magnetic field are negligible at all times. This holds not only for the
average value, but also for the maximum value found at all times
amongst all the studied cells (e.g. ~107 octs / 10® cells for gEul20).

APPENDIX B: THE EFFECT OF
ZERO-PADDING ON COSMOLOGICAL
MAGNETIC ENERGY SPECTRA

The inverse-cascade of power towards larger scales in magnetic
energy spectra is a characteristic signature of turbulent dynamo
amplification. An important consideration when exploring such
spectra in cosmological simulations is whether to employ a zero-
pad of the FFT domain (as shown in the main text or by e.g. Pakmor
etal. 2017). This padding will affect the shape of spectra at the largest

scales of the transform. While the disc-like morphology of the galaxy
provides some effective zero-padding, the periodicity assumed by the

Fourier transform leads to a higher power at large scales that when
the padding is included. Fig. B1 shows our magnetic energy spectra
at z = 2 (left-hand column; Fig. 12) and z = 8.5 (right-hand column;
Fig. 13) without the use of a zero-pad. The inverse-cascade appears
more masked without a zero-pad. These spectra are obtained using
the same physical regions as those presented in Section 3.3.5, now
using boxes with 1024 cells per side discretizing the same region
of interest (physical size Lggr ~ 2 (0.2rpy)). Due to the impact
observed due to zero-padding, we recommend careful consideration
when deciding whether a zero-pad is to be employed in the analysis
of galaxies in cosmological simulations.
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Figure B1. Galaxy magnetic energy spectra as in Fig. 12 (left-hand column) and Fig. 13, but without employing 0-padding. The absence of 0-padding leads to
flatter spectra towards larger scales, partially masking the inverse-cascade spectrum seen in Figs 12 and 13.
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