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A B S T R A C T 

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 ∼μG. Ho we ver, 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 e xtremely sensitiv e 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 ∝ �x −1 / 2 

max , 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. 
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 I N T RO D U C T I O N  

he interstellar medium (ISM) of every galaxy observed in the
ocal Universe is permeated by magnetic fields, with their magnetic
nergy typically measured to be in approximate equipartition with the
hermal and turbulent components (Beck 2007 , 2015 ). Due to their
onsiderable contribution to the energy budget, magnetic fields play a
undamental role in regulating the structure and dynamics of the ISM
Iffrig & Hennebelle 2017 ; Ji, Oh & McCourt 2018 ) as well as the
istribution of gas across its different phases (K ̈ortgen et al. 2019 ).
urthermore, magnetic fields intervene in other galaxy formation
rocesses such as gas fragmentation (Inoue & Yoshida 2019 ), star
ormation (e.g. Padoan & Nordlund 2011 ; Zamora-Avil ́es et al.
018 ), galactic winds (Bendre, Gressel & Elstner 2015 ; Grønnow,
epper-Garc ́ıa & Bland-Hawthorn 2018 ; Steinwandel et al. 2019 ),
nd can even affect their global size and kinematic properties (Martin-
lvarez et al. 2020 ). 
Ho we ver, the origin of galactic magnetic fields remains unknown,

ith two main alternati ves pre v ailing: either an astrophysical or
 primordial origin. The first possibility assumes the formation
 E-mail: smartin@ast.cam.ac.uk 
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f galaxies with extremely weak magnetic fields. These are then
mplified to the μG strengths measured by observations through a
ombination of ISM-scale processes such as dynamo amplification
Dubois & Teyssier 2010 ; Gressel, Elstner & Ziegler 2013 ; Pakmor,

arinacci & Springel 2014 ; Martin-Alvarez et al. 2018 ) and/or
ighly magnetized ejecta from stars and/or AGN (Butsky et al.
017 ; Vazza et al. 2017 ; Katz et al. 2019 ). The second alternative is
hat magnetic fields are of primordial nature. In this scenario strong
rimordial magnetic fields (PMFs) are produced during the early
tages of our Universe (a classic review on the subject is given by

idrow 2002 ), remaining strong until the post-recombination era.
hese magnetic fields finally reach the order of ∼ μG during the
ollapse of matter perturbations at the onset of galaxy formation
 z � 10; Lesch & Chiba 1995 ; Kandus, Kunze & Tsagas 2011 ).
urrent observational constraints cannot rule out strong PMFs, but
rovide a conserv ati ve comoving magnetic field strength upper limit
f B 0 < 10 −9 G, obtained by Planck Collaboration XIII ( 2015 ). 1 
ays (Bray & Scaife 2018 ; Alves Batista & Saveliev 2021 ) or ultrafaint dwarf 
alaxies (Safarzadeh & Loeb 2019 ) may provide more constraining limits, 
lthough these still remain on the same approximate order of magnitude. 
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umerical studies offer a promising avenue to further understand 
he origin and evolution of galactic magnetic fields, for example, 
y studying the evolution of magnetic fields with different origins 
Garaldi, Pakmor & Springel 2021 ; Martin-Alvarez et al. 2021 ) 
nd predicting observables upon which strong PMFs may have an 
mpact on, such as galactic properties (Martin-Alvarez et al. 2020 ), 
upermassive black hole masses (Pillepich et al. 2018 ), the population 
f 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 
o accommodate the magnetic fields observed in galaxies would 
liminate the need for astrophysical amplification. While some 
ower limits have been proposed, e.g. based on the secondary GeV 

mission from blazars ( B 0 � 10 −16 G; Neronov & Vovk 2010 )
arious raised caveats to their validity still require further inves- 
igation (e.g. Broderick, Chang & Pfrommer 2012 ; Broderick et al. 
018 ). Additional skepticism regarding the existence of strong PMFs 
merges from theoretical models generally fa v ouring the generation 
f weaker PMFs B 0 � 10 −20 G (see a re vie w by Subramanian 2016 ).
one the less, most of the proposed lower limits still provide seed
agnetic fields too weak to directly attain the μG values expected 

or galaxies. In conjunction, all of this hints towards an astrophysical 
rigin of magnetic fields in galaxies. One of the most popular 
echanisms to amplify such seeds to the observed strengths is the 

mall-scale turbulent dynamo (Beresnyak 2019 ). This dynamo has 
wo particularly attractive features. First, the ubiquity of turbulence 
cross galaxies, specially at high redshift (F ̈orster Schreiber et al. 
009 ), facilitating amplification immediately after galaxy formation 
Martin-Alvarez et al. 2018 ). Secondly, its rapid amplification of 
he magnetic field, on time-scales much shorter than the lifetime 
f galaxies (Bhat & Subramanian 2013 ). Turbulent dynamo fast 
mplification has been demonstrated numerically in turbulent box 
imulations of the ISM (e.g. Schekochihin et al. 2002 ; Federrath 
016 ). Additional simulations of a magnetized ISM have also shown 
hat dynamo activity will affect and, in turn, be affected by the prop-
rties of the ISM multiphase medium (e.g. Evirgen et al. 2017 , 2019 ).
o we ver, galaxy formation simulations trying to resolve this dynamo 

ace the virtually impossible task of capturing a representative range 
f the turbulent and magnetic dynamical spatial scales of interest. 
ccurately simulating galaxy formation demands accounting for 

osmological environmental effects and accretion (i.e. ∼Mpc scales) 
hile resolving the galactic ISM below the viscous scale (i.e. sub-
c scales) and ideally down to the resistive scale. Howev er, ev en
onvergence of turbulence in the ISM cold phase may require spatial 
esolutions below 0.1 pc (K ̈ortgen, Federrath & Banerjee 2017 ), 
ar beyond the current capabilities of galaxy formation simulations. 
hus, present-day galaxy formation simulations cannot yet capture 

he physical viscosity and dif fusi vity of the real ISM. 
To better understand this mechanism of galactic magnetization, 

arious studies have reviewed the growth of magnetic fields in 
solated (Pakmor & Springel 2013 ; Rieder & Teyssier 2016 ; Stein-
andel et al. 2019 ) and cosmological zoom-in galaxy simulations 

Pakmor et al. 2017 ; Rieder & Teyssier 2017b ; Martin-Alvarez et al.
018 ). In addition to the well-known dependence on resolution, 
alaxy formation simulations find the growth of the magnetic 
nergy to depend on the stellar feedback employed, with stronger 
rescriptions providing faster amplification rates, particularly at late 
imes of galaxy evolution (e.g. Rieder & Teyssier 2016 ; Su et al. 2017 ;

artin-Alvarez et al. 2018 ). Furthermore, a disparity of amplification 
ime-scales are found when using different numerical methods. This 
s somewhat expected, as different methods of solving the magnetic 
omponent do not necessarily converge to the same result (T ́oth
000 ; Balsara & Kim 2004 ). This disagreement is apparent both for
imple and complex problems (see a comparison of different methods 
y Hopkins 2016 , applied to multiple astrophysical problems). On 
ne side, Powell divergence cleaning (Powell et al. 1999 ) methods
ppear to yield fast amplification in galaxy formation simulations 
Pakmor et al. 2014 ), whereas Dedner (Dedner et al. 2002 ) and
onstrained transport (CT; Teyssier, Fromang & Dormy 2006 ) find 
o wer gro wth rates (Wang & Abel 2009 ; Rieder & Teyssier 2017b ;

artin-Alvarez et al. 2018 ). In its implementation of CT, Mocz
t al. ( 2016 ) explores ho w Po well and CT compare for an isolated
alaxy. Divergence cleaning (DC) methods have the advantage of 
ot requiring the use of a magnetic vector potential (Mocz et al.
016 ) or the memory load associated with storing the magnetic
eld across each cell interface (Teyssier et al. 2006 ). Instead of
trictly fulfilling the divergence constraint � ∇ · � B = 0, DC relies 
n maintaining the magnetic divergence under control, with the 
eported per -cell a v erage ratios of magnetic div ergence to magnetic
eld strength being on the order of ∼10 −1 –10 −2 . Ho we ver, these
ivergence ratios become locally higher in shocks and turbulent 
o ws, with di vergence across resolution element sizes frequently 
igher than the local magnetic field. Alternatively, CT methods 
ave the advantage of fulfilling � ∇ · � B = 0 to numerical precision, 
hich a v oids spurious modifications of thermodynamical quantities 

T ́oth 2000 ). Ho we v er, CT methods hav e a significantly higher
omputational cost and produce considerably lower amplification 
ates. This is the result of the high numerical dif fusi vity introduced
y the numerical solver used by these methods when discretizing 
he spatial domain. Multilevel refinement strategies in particular 
ntroduce artificial numerical dif fusi vity and viscosity at various 
cales, each associated to a level of refinement. Consequently, it 
s crucial to explore magnetic fields in galaxies both through the less
esistive DC methods as well as the divergence-less CT methods, and
o investigate whether both may ultimately provide similar answers 
egarding the evolution of magnetic fields in galaxies. 

To better understand the shortcomings of amplification in CT 

alaxy formation simulations, we need to analyse not solely the 
ffects of spatial resolution, but also the employed refinement strate- 
ies. Adaptive mesh refinement (AMR) has been a revolutionary 
evelopment for astrophysical simulations in the last decades, allow- 
ng these to simultaneously resolve galaxies and their environment. 
MR is commonly configured to naturally focus refinement on the 
ensest structures, thus operating in a quasi-Lagrangian fashion. 
his approach under-resolves the dynamics of the diffuse gas in 
rder to provide a lower computational cost. As an example, quasi-
agrangian refinement neglects a significant fraction of turbulence 
nd substructure that naturally occurs in the circumgalactic medium 

CGM) when employing a Mach number threshold refinement 
trategy (Bennett & Sijacki 2020 ). A natural consequence of such
daptive refinement schemes is that, as resolution is increased to 
esolve denser structures, multiple dissipation scales are introduced 
n both the magnetic and kinetic energy cascades. These dampen 
urbulent and magnetic vector fields at several scales, which further 
omplicates analysis in resolution terms. Similarly, as refined gas 
raverses refinement boundaries to wards lo wer resolutions, infor- 
ation regarding its small-scale structure is lost and cannot be 

eco v ered. Contrarily to this approach, numerical simulations aiming 
o study small-scale magnetohydrodynamical (MHD) turbulence 
ften employ uniform discretization of their spatial domain and thus 
ircumvent the aforementioned disadvantages (Ji et al. 2018 ; Schober 
t al. 2018 ; Evirgen et al. 2019 ). 

In this work, we study the kinematic turbulence and turbulent 
agnetic field amplification in high-resolution MHD cosmological 
MNRAS 513, 3326–3344 (2022) 



3328 S. Martin-Alvarez et al. 

M

z  

q  

w  

s  

T  

i  

t  

o  

O  

p

2

T  

o  

R  

S  

t  

m  

i  

c  

T  

i  

t  

i

t  

i  

t  

s
 

f  

s  

a  

(  

p  

s  

W  

w  

T  

(  

M  

o  

c
 

v  

c  

b  

m  

1  

D  

i  

5
 

f  

M  

h  

2

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 � x max , refinement strategy, SN feedback employed, N 

o of active 
cells ( N c ) at z = 9 and z = 2 with �x cell < 320 pc . 

Simulation � x max Refinement SN N c (10 6 ) 

qLweak10 10 pc qLag Weak 6, 11 
qLweak20 20 pc qLag Weak 5, 10 
qLweak40 40 pc qLag Weak 4, 9 
qLweak80 80 pc qLag Weak 3, 4 
qLweak160 160 pc qLag Weak 0.6, 0.5 
qLweak320 320 pc qLag Weak 0, 0 

qLag10 10 pc qLag Boost 6, 10 
qLag20 20 pc qLag Boost 5, 10 
qLag40 40 pc 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 

qEul10 ‡ 10 pc qLag + qEul Boost 127, –
qEul20 20 pc qLag + qEul Boost 31, 21 
qEul40 40 pc 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. ‡ : Due to its ele v ated computational cost, qEul10 is only evolved down 
to z ∼ 8.5. 
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oom-in simulations of a Milky Way-like galaxy. We contrast the
uasi-Lagrangian AMR method with a new refinement strategy
hich resolves the majority of the galactic volume using a fixed

patial resolution, a.k.a quasi-uniform or quasi-Eulerian refinement.
his reproduces an almost Eulerian picture in which the region of

nterest is resolved with a (virtually) uniform grid irrespectively of
he Lagrangian behaviour of the ideal MHD gas flow. We describe
ur new refinement strategy and the simulation setup in Section 2 .
ur main results are explored in Section 3 . Finally, we conclude this
aper in Section 4 with a summary of our work. 

 N U M E R I C A L  M E T H O D S  

he MHD simulations studied in this paper are generated using
ur own modified version of the RAMSES code 2 (Teyssier 2002 ).
AMSES discretizes the simulation domain into an octree AMR grid.
imulations are evolved in time employing an Eulerian solver for

he baryonic gas coupled with the N -body components for the dark
atter and stellar components through gravity. Magnetic fields are

mplemented in RAMSES using a CT method that models them as
ell face-centred quantities (Fromang, Hennebelle & Teyssier 2006 ;
eyssier et al. 2006 ). As the typical magnetic dif fusi vity of the

nterstellar and intergalactic mediums are negligible compared to
heir numerical counterparts, we set the magnetic dif fusi vity in the
nduction equation 

∂ � B 

∂t 
= 

� ∇ ×
(

� v × � B 

)
+ η � ∇ 

2 � B (1) 

o η = 0. As a result of domain discretization, CT schemes naturally
ntroduce some degree of numerical resistivity in their solution of
he induction equation. Consequently, all dif fusi ve ef fects in our
imulations are of numerical nature. 

Our initial conditions ( NUT ; Powell, Slyz & Devriendt 2011 )
eature a cosmological cubic box with 12.5 comoving Mpc per
ide with a spherical zoom region of length 4.5 comoving Mpc
cross. Inside the zoom region, we allow our refinement strategies
presented in Section 2.1 ) to resolve the grid down to a maximum
hysical resolution � x max , which we v ary for dif ferent runs (our
uite of simulations is summarized in Table 1 ). We study a Milky
ay-like galaxy forming approximately at the centre of the zoom,
ith a dark matter halo of virial mass M vir ( z = 0) � 5 × 10 11 M �.
his galaxy is the same system studied by Martin-Alvarez et al.
 2018 ). Stellar and dark matter particles have mass resolutions of
 DM 

� 5 × 10 4 M � and M ∗ � 5 × 10 3 M �, respectively . Finally ,
ur cosmological parameters are selected following the WMAP5
osmology (Dunkley et al. 2009 ). 

Along the lines of most galaxy formation simulations, we include
arious subgrid prescriptions that capture the most important physi-
al processes for galaxy formation. We model reionization as a UV
ackground initiated at z = 10 (Haardt & Madau 1996 ) as well as
etal cooling both abo v e (interpolating CLOUDY tables; Ferland et al.

998 ) and below (Rosen & Bregman 1995 ) a temperature of 10 4 K.
uring the simulation and subsequent analysis, all gas is assumed

deal and mono-atomic (i.e. with thermodynamical specific heat ratio
/3). 
We model star formation using our magneto-thermo-turbulent star

ormation prescription (Kimm et al. 2017 ; Trebitsch et al. 2017 ;
artin-Alvarez et al. 2020 ). This prescription transforms gas at the

ighest level of refinement (Rasera & Teyssier 2006 ) into stellar
NRAS 513, 3326–3344 (2022) 
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i  

o  

d

articles, only in regions where the gravitational pull exceeds the
ombined turbulent, magnetic, and thermal pressure. Where this
equirement is fulfilled, gas is converted into stars following a
chmidt law (Schmidt 1959 ). We employ a local efficiency com-
uted according to magneto-thermo-turbulent properties of the gas
eighbouring the forming stellar particle. The functional form of this
fficiency is extracted and calibrated to simulations which model star
ormation at significantly smaller scales (Padoan & Nordlund 2011 ;
ederrath & Klessen 2012 ). Stellar particles produce mechanical
upernova (SN) stellar feedback (presented in Kimm & Cen 2014 ;
imm et al. 2015 ) assuming a Kroupa initial mass function (Kroupa
001 ). Each SN injects back to its host cell a corresponding gas and
etal mass fraction of ηSN = 0.213 and ηmetals = 0.075, respectively.
We aim to investigate the dynamo amplification of the magnetic

eld � B ( t) occurring in the simulated galaxy due to the induction term
f the induction equation (equation 1 ). Due to the absence of source
erms, this equation requires introducing alternative sources or an
nitially weak seed magnetic field in order to trigger any subsequent
ynamical amplification. For the sake of simplicity, and following
ommon practice (some of our previous work or by e.g. Stasyszyn,
olag & Beck 2013 ; Vazza et al. 2014 ; Pakmor et al. 2017 ), we

nitialize the magnetic field as a uniform and homogeneous field.
e choose a comoving strength of B 0 = 3 × 10 −20 G, which is in

greement with a magnetic field typically produced by a Biermann
attery (Pudritz & Silk 2002 ; Attia et al. 2021 ). We stress that this
agnetic field will not have enough time in our simulations to be

mplified to a kinematically important magnetic field. As a result,
e will re vie w here the case of highest amplification possible (i.e.
o magnetic backreaction) for our numerical configuration. As a
ord or caution, we do not dismiss the possibility that alternative

nitial magnetic field configurations (e.g. one following a spectrum
f perturbations) may influence magnetic amplification, especially
uring the early stages of the formation of our galaxy. 
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Turbulent dynamo amplification in galaxies 3329 

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 ( qEul20 , top) with the two quasi-Lagrangian refinement runs ( qLag20 , centre; qLweak20 , bottom), all performed with maximum 

physical resolution �x max = 20 pc . From left to right, these panels show gas density ρgas , magnetic energy density εmag , ratio of small-scale turbulent velocity 
v turb o v er v circ (see equation 4 ), and maximum cell resolution � x cell . The computation of small-scale turbulent velocity is described in Section 2.3 . The 
qEul20 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 qEul20 also displays a higher magnetic energy 
density pervading a larger fraction of the galaxy. 
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.1 Quasi-Eulerian refinement 

omain discretization into finite resolution elements leads the mag- 
etohydrodynamical solver to introduce numerical dif fusi vity and 
iscosity in the solution of the magnetized fluid evolution (Teyssier 
t al. 2006 ). Multi-level AMR refinement strategies in particular 
rtificially introduce numerical dif fusi vity and viscosity at various 
cales, each associated with a new respective level of refinement. A 

arget mass-per-cell quasi-Lagrangian refinement strategy implies 
hat in the grid constructed by the AMR refinement across the 
imulated g alaxy, different g as phases and portions of the g alaxy
re discretized using different spatial resolutions depending on the 
ass distribution of gas, dark matter, and stars. The various resolution

evels in our galaxies are shown at z ∼ 2 in the rightmost panels of
ig. 1 . As a result of including multiple refinement levels, and thus not
mploying a spatially uniform resolution, these simulations combine 
ifferent numerical viscous and resistive scales. These complicate an 
nalysis of the magnetic and turbulent properties of the system, and 
mply that turbulent and magnetic energy is dissipated significantly 

ore than expected for the � x max employed. In our quasi-Lagrangian 
trategy runs (second and third row in Fig. 1 ), we apply the
ommon criterion of flagging a cell for refinement whenever its 
h  
otal mass is higher than that corresponding to eight dark matter 
articles. 
Due to our interest in turbulence and magnetic field amplification, 

e implement an alternative refinement strategy that aims to refine 
he entire galaxy to the target spatial resolution � x max . As a result, the
tudied galaxy is resolved with an almost fully Eulerian resolution 
rid, reducing the number of rele v ant viscous and diffusion scales.
e identify regions of interest through a gas density threshold 

th = 10 −24 g cm 

−3 , and enforce refinement to the maximum level
i.e. cell side � x cell is � x cell = � x max ) whenever the gas density
f a given cell fulfills ρgas > ρ th . Note that RAMSES expands the
efinement by n expand times (where we conserve the default n expand =
) around cells marked for refinement and requires no refinement 
iscontinuities of more than one grid level per boundary (Teyssier 
002 ). The selected ρ th provides a reasonable compromise between 
ully resolving the galaxy at � x cell and having a perv asi ve refinement
f our computational domain. The galaxy resulting from this new 

efinement strategy with �x max = 20 pc ( qEul20 ) is shown in the
rst row of Fig. 1 for z ∼ 2. The central and bottom rows display
ur standard quasi-Lagrangian AMR refinement runs qLag20 and 
Lweak20 , respectively. The rightmost panel of this figure shows 
ow the gas density refinement strategy resolves the majority of the
MNRAS 513, 3326–3344 (2022) 
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M

Figure 2. Volume-weighted average cell size � x cell across the gas temperature ( T gas )–density ( ρgas ) phase space for qEul20 (left-hand panel), qLag20 (centre), 
and qLweak20 (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 ρgas = ρth . The major difference between the two refinement strategies is a larger portion of the warm 

phase in the qEul runs being refined to the highest resolution � x max . 
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alaxy with the target resolution � x max . Using the fiducial quasi-
agrangian AMR strate gy pro vides a clumpier cell distribution,
ith various boundaries between the different levels of refinement,
hich are well-correlated with the mass distribution of the galaxy.
onsequently, the AMR focuses refinement on the cold and dense
hase while under-refining the warm and hot phases of the gas. Our
ew scheme resolves the warm and cold phases within the galaxy
ith approximately the same resolution. Outside the galaxy, mass

lumps are refined using the same quasi-Lagrangian strategy as the
imulations shown in the other panels. 

.2 Simulation suite 

ll simulations in this paper are summarized in Table 1 . For the
ow density gas every simulation employs the quasi-Lagrangian,
tandard AMR refinement strategy. The runs that e xclusiv ely employ
his mass-targeted AMR refinement are labelled as either qLag or
Lweak in Table 1 and throughout this work. These two groups
f runs employ two different strengths of the stellar feedback:
he qLweak runs have the fiducial SN feedback specific energy
 SN = E SNII /M SNII ∼ 10 50 erg M 

−1 
� , while the qLag runs have a

oderately boosted feedback ε SN ∼ 2 × 10 50 erg M 

−1 
� . The second

ubset of simulations includes the previously described density
hreshold, quasi-Eulerian refinement strategy. These are labelled
Eul runs and employ the same feedback strength as the qLag runs.
epending on their maximal physical spatial resolution reached,
 x max = X pc, runs are named qLag X, qLweak X, or qEul X. Our

tudy spans numerical resolutions from 320 pc down to 10 pc.
e note that the qEul10 simulation is only evolved down to z ∼

.5 due to its e xpensiv e computational cost. We find the additional
omputational cost of qEul runs to be minor for resolutions below
0 pc. The cost of qEul20 is approximately double that of qLag20 .
inally, evolving qEul10 to z ∼ 9 has an extreme cost ( ∼4 times

he cost of running the qLag20 simulation to z = 2). Consequently,
e focus our refinement strategy comparison on the �x max = 20 pc

uns: qLweak20 , qLag20, and qEul20 . Fig. 2 compares the volume-
eighted average cell size across the gas temperature–density phase

pace for the two different refinement strategies. As we will show in
ection 3 , the most important differences for magnetic amplification
NRAS 513, 3326–3344 (2022) 
merge from qEul20 resolving a larger fraction of the warm phase
ith higher resolution than the AMR runs. We re vie w the magnetic
ivergence ( � ∇ · � B = 0) for all our simulations in Appendix A . 

.3 Small scale turbulence computation 

urbulence is a multiscale, vectorial motion intrinsically present in
 alactic g as flows, but interrelated with other kinematic quantities
uch as bulk motions and organized rotation through the velocity
eld. As a result, measuring turbulence is an intricate process. A
easonable estimate of turbulence is to use the velocity dispersion.
epending on the size of the region employed to compute this veloc-

ty dispersion, the resulting estimate is associated with turbulence at
n specific spatial scale. 

As we are mostly interested in small-scale turbulence, we fix the
patial scale at which this measurement is done ( L turb ) to a value
omparable with our resolution L turb = 4 �x max . For each resolution
lement and for each component i , we obtain the local mean velocity
 ̄i inside a sphere of radius L turb , and then compute its turbulent
elocity field as the deviation from this mean. Therefore, we estimate
he small-scale turbulence velocity in each cell as 

 turb ( L turb ) = 

√ 

v 2 turb,x + v 2 turb,y + v 2 turb,z , (2) 

here for each component i of the fluid velocity in the cell v i 

 turb,i ( L turb ) = | v i − v̄ i ( L turb ) | , (3) 

here v̄ i is the volume-weighted av erage v elocity, unless e xplicitly
ndicated. 

The importance of the turbulent velocity can be gauged by
omparing it with the circular velocity v circ ( r), where the circular
 elocity pro vides information about the depth of the gravitational
otential. The circular velocity at a distance r from the centre of the
alaxy is defined as 

 circ ( r) = 

√ 

GM ( r) 

r 
. (4) 

n this expression, M ( r ) is the total mass (gas, dark matter, and stars)
ontained 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 ( qEul10 , top) with the two quasi-Lagrangian runs ( qLag10 , centre; qLweak10 , bottom), all with maximum physical resolution 
� x max = 10 pc. Panels show from left to right gas density, magnetic ener gy density, turbulent ener gy density, and gas density colour-coded as inflowing (blue) 
or outflowing (red). In the qEul10 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. 
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ur comparison between small-scale turbulence in two different 
efinement strategies. Finally, we note that all velocities employed 
hroughout this work are measured in the frame of the galaxy. 

.4 Halo and galaxy finder 

e locate the studied galaxy and its halo with the HALOMAKER 

oftware (Tweed et al. 2009 ). We apply this halo finder to the dark
atter component to obtain the location and properties of the dark 
atter halo, and then find the centre and angular momentum of the

alaxy by re-running the halo finder on the baryonic mass instead (i.e.
as and stars). To accurately position the galactic centre, we employ 
he shrinking spheres method proposed by Power et al. ( 2003 ). For

ost of our study, we will focus on the galactic region which we
efine as the spherical volume centred on the galaxy with a radius
 gal determined by the virial size of the halo of r gal < 0 . 2 r vir . 

 RESULTS  

e re vie w ho w a quasi-uniform refinement across a galaxy and its
ultiple gas phases affects its turbulent and magnetic properties 

ompared with an e xclusiv ely quasi-Lagrangian refinement strategy. 
herefore, we first re vie w its general properties and appearance in
ur two refinement strategies. Fig. 1 displays face-on views of the
Eul20 , qLag20 , and qLweak20 galaxies at z = 2. A similar set of
rojections are shown at high redshift ( z = 9) in Fig. 3 for our highest
esolution runs ( �x max = 10 pc ; qEul10 , qLag10 , and qLweak10 ).
 first glance shows a larger amount of small-scale structure and

urbulence in the qEul runs compared with the quasi-Lagrangian 
nes. This is both within the ISM of the galaxy as well as for the
nflowing gas and filaments at high redshift. 

.1 The ISM with quasi-Eulerian refinement 

he leftmost columns of Figs 1 and 3 present gas density projections.
t z = 2, the quasi-Eulerian refinement run has a large degree
f intermediate and small-scale structure that is not well-resolved 
y the quasi-Lagrangian simulations, especially at densities below 

gas < 10 −22 −10 −21 g cm 

−3 . One of the most striking differences is
he absence of a circumnuclear gas disc in qEul20 , clearly present
n its qLweak20 counterpart, and to a lesser extent in qLag20 . This
ircumnuclear disc is found in the quasi-Lagrangian runs from the 
ime of the formation of the extended gas disc at z ∼ 4 onward,
hereas for qEul20 it briefly forms at z ∼ 3.5 after which it is
MNRAS 513, 3326–3344 (2022) 
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Figure 4. Gas density Mollweide projections as observed from the centre of 
the galaxy at z = 2 for qEul20 (top), qLag20 (middle), and qLweak20 (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 qLweak20 is smoother. Due to its weaker SN 

feedback, qLweak20 is permeated with more massive clumps than qEul20 and 
qLag20 . 
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estroyed by mergers and SN feedback. qLweak20 has a larger
mount of dense clumps and a higher fraction of dense gas, as
xpected for a weaker SN feedback prescription. At z = 9, our
efinement provides a dramatically different view of the galaxy and
ts environment. The filaments feeding the galaxy are much better
esolved, displaying a well-defined inflowing core. Disorganized
lamentary substructure surrounds the forming galaxy, where visual

nspection across snapshots reveals their formation takes place after
N-dri ven outflo ws. This increased amount of substructure and
pparent turbulence at high and low redshift should have an effect
n the magnetic energy budget. 
The second column presents the magnetic energy density εmag .

t z = 2, the qEul20 run has a larger proportion of the galaxy
ermeated by high magnetic energies than the quasi-Lagrangian runs.
urthermore, the maps for this run also present a larger amount
f high magnetic energy densities at lower gas densities. For the
uasi-Lagrangian runs, the largest values of magnetic energy are
oncentrated in the centre of the galaxy as well as in the densest
as. At z = 9, we observe that the additional substructure in the
ircumgalactic medium also has a higher magnetic energy density.
o do a qualitative review of the interaction between magnetic energy
nd turbulence, we show our estimate of the small-scale turbulent
elocity v turb divided by the circular velocity in the third column of
ig. 1 . While comparable in the inner ∼1 kpc, the velocity ratio is
0.5 dex higher in the outskirts of the qEul20 galaxy gas disc than

n qLag20 . Dense gas clumps have emphasized turbulent velocities
n all three runs (particularly clear for qLweak20 ), qEul20 has a
otably higher turbulent velocity in its diffuse ISM. Some regions
n these panels present saturated turbulent velocities (e.g. north-west
n qEul20 and centre of qLag20 ). These correspond to SN-driven
utflows, correlating with temperatures T gas > 10 7 K (not shown). In
ig. 3 , we show the turbulent energy in the third column panels, as

he use of the circular velocity at large distances from the galaxy
ecomes less appropriate. The projections clearly sho w ho w the
ew substructure observed in the density panel of qEul10 has a
igher turbulent energy, which cannot be captured with the quasi-
agrangian refinement strategy . Finally , in the fourth panel of Fig. 3
e separate the gas into inflowing (blue coloured, radial velocity
 r < −10 km s −1 ) and outflowing (red coloured, v r > 10 km s −1 ).
his separation reveals how the inflows in qEul have a better resolved
tructure and how most of the additional structure observed in the
ircumgalactic medium of this run is outflowing. 

The substructure in the diffuse gas of the disc at z = 2 is better
ppreciated in the Mollweide projections shown in Fig. 4 . These
resent projections of a 18 kpc radius sphere ( r ∼ 0.23 r DM 

) centred
n the galaxy on to its external surface. We exclude the inner 1 kpc
o remo v e the circumnuclear disc, particularly prominent in the
rojection of qLweak20 . We align the north pole of the projections
ith the baryonic angular momentum in the sphere. Gas in the
Eul20 run appears more turbulent and undergoing a higher degree
f mixing, with intermediate densities displaying a more filamentary
tructure. In contrast, qLweak20 and to a lesser extent, qLag20 ,
ontain a higher number dense clumps, and display smoother gas
n the disc. 

We examine more quantitatively the effects of different refinement
hoices on ISM quantities in Fig. 5 . Panels display, from top left to
ottom right, gas density ( ρgas ) mass fraction, specific entropy ( s )
ass fraction, mass-weighted turbulent velocity ( v turb, mw ), mass-
eighted warm phase turbulent velocity ( v turb, warm, mw ), warm phase

urbulent velocity ( v turb, warm 

) volume fraction, and magnetic field ( B )
olume fraction. For each quantity the solid line shows the median
robability distribution function (PDF), with the error bars indicating
NRAS 513, 3326–3344 (2022) 
he first and third quartile of data co v ering the redshift range 3 < z

 2. 
The gas density PDF has a similar shape in the two boosted

eedback simulations. All runs show a decreasing tail towards lower
ensities caused by heating from SN feedback, with the correspond-
ng cells mostly located in the inner halo region, surrounding the
alaxy. The stronger feedback runs ( qEul20 and qLag20 ) peak at
gas ∼ 10 −24 − 10 −23 g cm 

−3 . Iffrig & Hennebelle ( 2017 ) studied an
solated disc with a uniform grid of even higher resolution ( ∼2 pc),
nding for their run without dynamically important magnetic fields
B0 run) a lognormal distribution that peaks approximately at
gas ∼ 10 −23 g cm 

−3 , comparable to qEul20 . The qLweak20 run in-
tead peaks at ρgas ∼ 10 −21 g cm 

−3 . This reflects the aforementioned
ncreased presence of high density clumps in this simulation. Both
uns with stronger SN feedback have a second density peak at the
ower density of ρgas ∼ 3 × 10 −25 g cm 

−3 , not present for qLweak20 .
e 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 ( r gal < 0 . 2 r vir ) of qEul20 (red), qLag20 (green), and 
qLweak20 (blue) during the last 1 Gyr of the simulation (3 � z � 2). Panels show the gas density mass fraction ρgas (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 v turb, warm 

(bottom left), and magnetic field volume fraction B (bottom right). Error bars 
correspond to the first and third quartiles of the distribution o v er 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 qEul simulation shows a higher volume fraction of small-scale turbulence (particularly 
in its variance) and mass fraction of warm phase gas than qLweak20 , and qLag20 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 qEul20 . 
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ffects the distribution of gas across the phases of the ISM. As the
arm phase of the ISM is expected to be the preferential phase of

esidence of the magnetic field in numerical MHD simulations of 
alaxies (Evirgen et al. 2017 ), we are interested on whether our
rescription affects this phase. We divide the ISM into three phases 
ollowing Gent ( 2012 ) and Evirgen et al. ( 2017 ): cold and dense
4 . 4 × 10 8 erg K 

−1 s −1 = s cold > s), warm ( s cold < s < s hot ), and hot
nd diffuse ( s > s hot = 23 . 2 × 10 8 erg K 

−1 s −1 ). These divisions are
hown as dashed vertical lines in the specific entropy panel of Fig. 5 .
he mass PDF of the specific entropy illustrates some relatively 
mall ISM changes for the warm and hot phases. The qEul20 run
as a slight increase of its warm phase volume compared with 
Lag20 , at the expense of the hot and cold phase. Both of the runs
ith stronger feedback show an expected drastic reduction of the 

old gas phase mass with respect to qLweak20 . Interestingly, the 
mount of gas in the cold phase is slightly decreased with our quasi-
ulerian refinement scheme. Most of the cold gas mass in qLag20 and 
Eul20 is transferred to the warm phase, with a minor contribution 
o the hot phase. 

Finally, mass-weighted turbulence and mass and volume-weighted 
arm phase turbulent velocity panels also reflect a shift for qEul20 to- 
ards higher turbulent velocities. While the median of turbulent 
elocities are only midly higher for the quasi-Eulerian run at 
ll turbulent velocities v turb > 5 km s −1 , the error bars reveal how
urbulence is frequently significantly higher in this run compared 
ith the quasi-Lagrangian cases. We re vie w turbulence in more 
epth in Sections 3.3.3 and 3.3.4 . This higher degree of turbulence
n qEul20 as well as the higher mass ISM fractions for the warm
hase, pose this run as more fa v ourable for turb ulent amplification.
ecall, Fig. 1 showed a higher magnetic energy density throughout 

he volume of the galaxy, even though there were fewer dense gas
lumps, which through gas compression amplification ( B ∝ ρ2 / 3 

gas ) 
ould lead to a larger magnetic field. The bottom right-hand panel of
ig. 5 confirms a more efficient amplification in qEul20 . The quasi-
agrangian qLweak20 and qLag20 both have a narrow peak at B / B 0 

5 × 10 3 with a tail towards higher magnetic fields. On the other
and, the distribution for qEul20 peaks approximately at B / B 0 ∼ 2 ×
0 4 , with a less pronounced tail towards higher field strength than the
revious runs. The fact that qEul20 has reached a higher magnetic
eld by z ∼ 2 suggests that the new refinement has a higher impact on

he magnetic field amplification than the strength of stellar feedback 
n our particular setup. 

.2 Magnetic energy growth 

e now explore the magnetic field amplification in more detail by
tudying the time evolution of the specific magnetic energy ( ε mag ) in
ur two refinement schemes for different maximal resolutions � x max .
hroughout this work, specific energies are simply ε X = E X / M gas 

ith M gas the total gas mass and E X the total amount of energy X in
he studied region. Employing a specific energy allows us to easily
MNRAS 513, 3326–3344 (2022) 
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M

Figure 6. Specific magnetic energy growth in the galactic region ( r gal < 

0 . 2 r vir ) of the qEul (top), qLag (middle), and qLweak (bottom) runs 
normalized to its value at the density perturbation turn-around point ( t ∼
0.15 Gyr). Note that the middle and bottom panels also show � x max = 

10 pc simulations that reach z = 2, whereas qEul10 is only evolved until 
z = 8.5. qEul simulations display a higher amplification of magnetic energy 
per unit gas mass at each given resolution, but especially once � x max ≤
80 pc. Furthermore, amplification increases dramatically faster with � x max 

for qEul runs compared with the scaling observed for quasi-Lagrangian 
simulations. This is notable when comparing qEul20 with the higher � x max 

qLag10 and qLweak10 . 
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ecouple the growth of an e xtensiv e quantity (such as the energy)
rom the natural mass growth of galaxies o v er time in cosmological
imulations as well as the volume fraction of the galaxy within the
tudied region. 

Fig. 6 shows the growth of the specific magnetic energy in the
alactic region. The most notable aspect is that qEul20 displays a
ore pronounced gro wth, e ven when compared to higher resolution

uns qLag10 and qLweak10 . During the accretion phase (approxi-
ately 0 . 3 Gyr < t < 1 . 5 Gyr ), there is a clear correlation between

he growth of ε mag and higher resolutions for � x max regardless of
he SN feedback strength. qEul10 in particular (which was only
NRAS 513, 3326–3344 (2022) 
volved to z ∼ 8 due to its ele v ated computational cost), shows a
emarkably fast growth of magnetic energy. Martin-Alvarez et al.
 2018 ) discusses the correlation between ε mag peaks and the main
rogenitor undergoing merger e vents. Ho we ver, such peaks are less
bvious in our qEul runs. For the qEul20 case, we only find some
vidence during the accretion phase for an extraordinarily chaotic
erger at z � 8. Instead, the refinement strategy appears to have the

argest impact on the amplification in the accretion phase. Ho we ver,
he two refinement approaches provide comparable energy growth
uring the feedback phase ( t > 1 . 5 Gyr ). In this second period, the
mount of growth observed seems to have a higher dependence on
he strength of the SN feedback prescription. The qEul runs show
 clear increase of ε mag and ε mag growth with smaller cell sizes for
 x max . 
To better quantify the specific magnetic energy growth of our

ifferent runs, we study the growth rates ( 	 ε ) for each of our simu-
ations. 	 ε is computed by fitting ε mag ( t ) to the function αexp [ 	 ε ( t

t 0 )] o v er some period of time, where t 0 corresponds to the time a
iven phase commences. The normalization parameter α is fixed to
 mag ( t 0 ) at the start of the accretion phase to discard the amplification
ue to collapse, and left free during the feedback phase. We adopt t
 [0.3, 1.4] Gyr and t ∈ [1.7, 3.3] Gyr for the accretion and feedback
hases, respectively. This ensures that the values of ε mag used are well
ithin each phase. Furthermore, it remo v es the sharp spike observed

n ε mag at z ∼ 4 in qLweak10 , attributed to a merger (Martin-Alvarez
t al. 2018 ). Our measurements of 	 ε (and their 3 σ errors as shaded
ands) are shown in Fig. 7 . In the accretion phase, our qEul runs have
igher growth rates for virtually all resolutions studied. Furthermore,
Lag and qLweak have approximately equal growth rates at each
esolution, as we find refinement strategy rather than SN feedback
trength to be more crucial in the amplification process at this
tage. Values for 	 ε start to separate between the different sets
f runs for � x max � 40 pc, suggesting that the standard quasi-
agrangian AMR refinement provides a reasonably homogeneous
o v erage of the galaxy down to this resolution. This agrees with
ig. 1 , where all three galaxies are almost entirely co v ered by the

ight blue shade corresponding to 80 pc; and Fig. 2 , where most
as at T gas � 3 × 10 4 K has � cell ≤ 80 pc. The feedback phase
easurements show ne gativ e 	 ε values for the lowest resolutions,

ndicating that the amplification is not enough to sustain the growth
f magnetic fields. Therefore, magnetic energy per gas mass is now
ecreasing due to numerical resistivity and reconnection, as well
s the accretion of pristine gas with lower magnetization. While
he difference is modest, runs with the stronger SN feedback provide
igher growth rates during this so-called feedback phase. Meanwhile,
he qEul refinement provides some additional amplification abo v e
Lag , albeit minor and secondary when compared to the apparent
ffect of boosting feedback strength. 

One of the predictions for numerical simulations of turbulent mag-
etic amplification is a scaling of 	 ε ∝ Re γ , where γ depends on the
roperties of the velocity field. The maximum and minimum values
or γ are obtained for incompressible ( γ = 0.5; Kolmogorov 1941 )
nd compressible turbulence ( γ = 0.3; Burgers 1948 ), respectively
Schober et al. 2012 ). For a velocity field that is converged with
esolution, 3 upper and lower limits for γ can be obtained by assuming
deal Kolmogorov turbulence ( Re ∝ �x −4 / 3 

max ; Kritsuk et al. 2011 )
r a linear scaling of the hydrodynamical viscosity with resolution
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Figure 7. Specific magnetic energy exponential growth factors 	 ε versus maximum resolution � x max during the accretion (left-hand panel) and feedback 
(right-hand panel) phases for the runs shown in Fig. 6 . The period o v er 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 3 σ error. qEul simulations (red lines) display higher growth factors at 
a given � x max 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 qEul runs scale with 
increasing Reynolds number following approximately 	 ε ∝ �x 

−1 / 2 
max (red dashed lines), compatible with Kolmogorov turbulence with viscosity ν ∝ � x max . The 

quasi-Lagrangian qLag and qLweak runs are better matched by 	 ε ∝ �x −0 . 3 
max (green and blue dashes lines, respectively), as obtained by Federrath et al. ( 2011 ). 
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 Re ∝ �x −1 / 3 
max ; Rieder & Teyssier 2017a ; Vazza et al. 2018 ), yielding

 ε ∝ �x −2 / 3 
max and 	 ε ∝ �x −1 / 3 

max , respectively. 
As the fiducial scenario, we illustrate by a dashed red line in

ig. 7 the scaling 	 ε ∝ Re 1 / 2 ∝ �x −1 / 2 
max (i.e. Kolmogorov turbulence 

 viscosity ν ∝ � x max ; see also Beresnyak 2019 ), allowing it to
ecome ne gativ e due to the aforementioned dissipation observ ed 
uring the feedback phase. We note that the qEul runs follow well
his scaling, indicating that these simulations capture well turbulent 
mplification. This is particularly important during the accretion 
hase, as turbulent amplification is a well-known mechanism to 
enerate saturated magnetic fields starting from weak primordial 
agnetic fields on time-scales that could be as short as several 

undreds of Myr (Schlickeiser 2012 ). Balsara et al. ( 2004 ) explore
agnetic energy growth in 200 pc turbulent boxes using a second 

rder Godunov scheme such as the one used here. Extrapolating 
ur growth rate during the accretion phase to the resolutions in 
heir turbulent boxes (i.e. 0.7–1.5 pc), the quasi-Lagrangian AMR 

uns fall short of their amplification ( 	 ε ∼ 10 Gyr −1 for 0.7 pc)
hereas the qEul runs extrapolation is comparable, on the order 
f 	 ε ∼ 60 Gyr −1 if we assumed a 0 . 7 pc resolution. Bendre et al.
 2015 ) also explore magnetic amplification in the ISM using the
IRVANA code to run non-ideal MHD simulations with a similar 
esolution to the one employed here ( � x max ∼ 8 pc). They find
omparable growth rates of 	 ε ∼ 3 − 8 Gyr −1 , although we note that
he y e xplore amplification towards saturation whereas we remain in 
he kinematic regime. The quasi-Lagrangian refinement runs appear 
o follow a different proportionality with Re when � x max < 80 pc,
ith a scaling resembling the 	 ε ∝ Re 0.3 obtained by Federrath et al.

 2011 ). We include dashed lines with this alternative proportionality 
or the qLag (green dashed) and qLweak (blue dashed) simulations. 

When comparing our qEul with the qLag and qLweak runs, 
he scaling observed with refinement markedly fa v ours the new 

efinement method both in terms of agreement with the expected 
rowth rate scaling (Beresnyak 2019 ), as well as in terms of reaching
igher amplification rates. As in previous work (Martin-Alvarez 
t al. 2018 ), amplification is faster at very high redshifts, when
ccretion is predominant, potentially driving turbulence directly 
Klessen & Hennebelle 2010 ), by promoting SN feedback (Hopkins, 
ere ̌s & Murray 2013 ), or through the promotion of gravitational
t

nstabilities (Elmegreen & Burkert 2010 ; Krumholz & Burkhart 
016 ). Importantly, this ‘accretion phase’ is the most crucial when
ridging the gap between weak primordial seeds and μG galaxy 
agnetizations, especially due to the detection of magnetic fields of 

uch strengths at high redshift (Bernet et al. 2008 ). Assuming realistic
SM viscosities and dif fusi vities, our results, in agreement with
revious work (e.g. Pakmor et al. 2014 ; Federrath 2016 ; Rieder &
eyssier 2016 ), suggest that turbulent dynamo amplification should 
aturate at z � 6, and potentially a few 100 Myr after galaxy
ormation. This allows in turn for other processes to maintain and
eorganize magnetic fields during the remainder of the evolution of 
alaxies (Chamandy, Subramanian & Shukurov 2013 ; Moss et al. 
013 ). 

.3 Turbulent dynamo amplification 

.3.1 Comparison with adiabatic magnetic compression 

e now focus on understanding how our refinement scheme affects 
ther turbulent amplification signatures. One important contributor 
o energy growth during the early stages of the formation of a galaxy
s the compression of magnetic field lines. As described, adiabatic- 
ompression amplification predicts a scaling of the magnetic field 
trength with gas density B ∝ ρ2 / 3 

gas . We use this proportionality to
stimate the expected magnetic energy growth if it was to evolve
f fected exclusi vely by this compressional process. For an individual
ell i the corresponding magnetic energy would be only a function
f its current density 

C mag ,i ( t) = 〈 εmag,gal ( t 0 ) 〉 dx 3 i 

(
ρgas,i ( t) 

〈 ρg as,g al ( t 0 ) 〉 
)4 / 3 

. (5) 

ere εmag is the magnetic energy density, and 〈 X gal ( t 0 ) 〉 indicates
n average of quantity X over the whole galactic region at t 0 .
e obtain the final estimate for adiabatic isotropic evolution of 

he specific magnetic energy by summing the contribution from 

ach cell ( V cell εC mag ,i ) to the total magnetic energy M gas C mag , and
ivide it by the total gas mass in the region to obtain C mag . We
elect t 0 as the time of minimum specific magnetic energy. This
orresponds to the turnaround of density perturbations, prior to 
heir collapse. We compare this estimate (dashed lines) with the 
MNRAS 513, 3326–3344 (2022) 
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Figure 8. Specific magnetic energy measurement (solid lines) and isotropic magnetic field adiabatic compression estimate (i.e. B 

2 ∝ ρ
4 / 3 
gas , see the text 

description for C mag ; dashed lines) in the galactic region ( r gal < 0 . 2 r vir ). In accordance with turbulent amplification, runs with better resolution display larger 
growths and separation abo v e their compressional estimates (e.g. fig. 9 by Federrath et al. 2011 ). This increase is significantly enhanced for the qEul runs (top 
row) when compared with their qLag (middle row) and qLweak analogues (bottom row). 
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volution of the specific magnetic energy (solid lines) in each run
n Fig. 8 . The adiabatic-compression estimates are similar across
ll simulations. Ho we v er, the y appear to undergo some mild time
volution for the quasi-Lagrangian AMR runs, slowly increasing
ith time and growing in the interval z ∈ [13, 2] by a factor of ∼2

 qLag ) or ∼3 ( qLweak ), depending on the SN feedback. Conversely,
he estimates are remarkably constant for the qEul runs. When
omparing C mag with the specific magnetic energy in each run, higher
esolutions lead to a larger deviation from the compression estimate,
s expected for dynamo amplification (Federrath et al. 2011 ; Sur
t al. 2012 ; Pakmor et al. 2017 ). At the lowest resolutions probed,
he specific magnetic energy is instead reduced progressively and
ecreases below the compressional estimate. This latter effect follows
rom two considerations: numerical resistivity dissipating magnetic
nergy and the accretion of gas with lower specific magnetic energy,
hich underwent an additional magnetization decrease prior to

ccretion due to cosmological expansion diluting magnetic energy.
s noted by comparing the panels in Fig. 6 , at a fixed � x max , ε mag 

s al w ays higher in the qEul simulations. Combined with lower
NRAS 513, 3326–3344 (2022) 

p  
nd more stable values for the compressional estimate, this leads
s to a larger separation between the values of ε mag and C mag ,
ignaling notably more significant non-compressional amplification
n these simulations. This is also in agreement with our discussion
f the gas density and magnetic field PDFs in Section 3.1 . At
 = 2, specifically for � x max = 20 pc, qLweak20 has an ε mag a
actor of ∼20 abo v e C mag , whereas this goes up almost to 10 3 in
Eul20 . 

.3.2 Amplification in the central region of the galaxy 

ue to the pre v alence of SN events, a deeper local gravitational
otential and a higher dispersion support of the stellar component,
entral regions of galaxies show a higher degree of turbulence. We
e vie w the specific magnetic energy growth within the central r <
 kpc of the galactic region, where turbulence will sustain magnetic
mplification for longer. Fig. 9 shows the specific magnetic energy
n a fixed physical size sphere. Panels show during the feedback
hase ( 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 r < 1 kpc of the galactic region. Turbulence in the central region sustains magnetic 
energy amplification for longer times. This is particularly notable for the qEul20 simulation, with amplification persisting throughout most of the feedback phase. 

Figure 10. Turbulent and thermal energy comparison for the galactic region 
( r gal < 0 . 2 r vir ) in each of our �x max = 20 pc simulations. From top to 
bottom, we show qEul20 , qLag20 , and qLweak20 , respectively. Plot displays 
our small-scale turbulence estimate volume (turb ss , solid dark lines) and 
mass (turb ss, mw , dashed dark lines) weighted, a simple estimate for the 
global turbulence (turb circ , solid clear lines) and the thermal energy (solid 
pale lines). Small-scale turbulence dominates in qEul20 during the accretion 
phase, reinforcing the claim that additional amplification during this period 
is driven by a higher degree of small-scale turbulence. 
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ild growth in the qLag20 and qLag10 simulations, and continued 
mplification in the more turbulent qEul20 simulation. 

.3.3 A turbulence-dominated ISM 

ig. 10 compares the turbulent and thermal energies in the ISM of
he simulated galaxies ( qEul20 , top; qLag20 , middle; qLweak20 ,
ottom). We include an additional set of dashed lines (turb vcirc )
hat approximate the global turbulent energy by assuming that the 
urbulent velocity for the gas in a cell i is v turb,i = | � v i | − v circ . This
atter measurement provides a simple order-of-magnitude estimate of 
he turbulence combining all galactic scales, which we use to compute 
he specific energy ε turb, vcirc . Comparing the dotted lines across 
ll three simulations reveals no important differences of the large- 
cale turbulence. Ho we ver, some changes appear when taking into
onsideration our measurements of small-scale turbulence. While all 
imulations have comparable small-scale turbulent energy density 
 turb, ss during the feedback phase, qEul20 displays a higher turbulent 
nergy during the accretion phase, correlating well with the time 
eriod when this simulation presents a faster magnetic amplification 
ate. Interestingly, this simulation displays a more fluctuating time 
rofile for ε turb, ss , suggesting that the qEul scheme better captures
urbulence time-variability whereas the quasi-Lagrangian approach 
ay be losing significant turbulent substructure. When comparing 

hese turbulent energies with the specific thermal energy during the 
ccretion phase, we find qEul20 to have a turbulence-dominated 
SM whereas for the other runs, the thermal and turbulent energies
re comparable. During the feedback phase, all runs have approxi- 
ate equipartition between their small-scale turbulence and thermal 

nergies, suggesting that SN feedback is driving turbulence in this 
ater period of galaxy evolution. The mass-weighted and volume- 
eighted small-scale turbulent energy measures are comparable in 

ll runs. The mass-weighted estimate remains slightly below the 
olume-weighted one, except for the qLweak runs. The ρgas and v turb 

istributions shown in Fig. 5 reveal that this higher energy is derived
rom the higher densities in the qLweak20 simulation, which also 
isplays a lower turbulent velocity distribution for v turb, mw than the 
ther runs. 

.3.4 Magnetic amplification in the warm phase of the ISM 

ere we study the turbulence in our �x max = 20 pc simulations, and
e show that the additional amplification observed in qEul20 cor- 

elates with a higher degree of turbulence in its warm phase. The
op panel of Fig. 11 shows the specific small-scale (i.e. computed
s described in Section 2.3 ) turbulent energy in the galactic region.
he solid lines correspond to the specific energy across all phases,
hereas dashed lines correspond to its value considering solely gas 

n the warm gas phase. While ε turb as measured in all-phases appears
igher in qEul20 , the most striking difference between the two
efinement schemes is the oscillatory nature of the quasi-Eulerian 
rescription, particularly during the accretion phase. qEul20 varies 
rom values comparable to qLag20 and qLweak20 to sharp increases 
f about 1 dex. While these peaks are also present to some extent in
he other runs, they are less prominent and less frequent. Turbulence
n the warm phase is higher in qEul20 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 ( r gal < 0 . 2 r vir ) for the qEul20 (red), qLag20 (green), and 
qLweak20 (blue) runs. During the accretion phase, qEul20 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: qEul20 to 
qLag20 and qEul20 to qLweak20 warm phase specific turbulent energy ratio, 
with sim20 replaced by qLag20 (green line) and qLweak20 (blue line). 
Turbulence in the warm phase of qEul20 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. qEul20 and qLag20 contain a stable fraction 
of warm to total specific turbulent energy whereas this ratio decreases for 
qLag20 throughout the feedback phase. 
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ounterparts at virtually all times. This is more explicitly shown
n the middle panel of Fig. 11 , which depicts the ratio of warm
hase turbulence between qEul20 and each of the qLag20 and
Lweak20 runs. Finally, we observe a growing divergence between
pecific turbulence in the warm phase and all-phases during the
eedback phase ( t � 1.3 Gyr), particularly clear for qLweak20 . We
how this in more detail in the bottom panel of Fig. 11 , where the
atio between the two is shown. This separation occurs to a lesser
xtent in qEul20 and qLag20 , and correlates well with the lower
mplification rates described in Fig. 7 . 

Interestingly, the relative turbulence of the warm phase progres-
ively decays in the qLweak simulations, whereas it only falls from
70 per cent to ∼50 per cent in the qEul and qLag runs. This suggests

hat stellar feedback is crucial in driving turbulence during this
ater stage of galaxy evolution, once most of the stellar mass and a
otationally supported disc emerges (Martin-Alvarez et al. 2018 ). The
redominance of turbulence, particularly in the warm phase, supports
he argument that, at the very least in our numerical simulations, the

ajority of the turbulent amplification in galaxy simulations takes
lace in the warm phase of the ISM. 
NRAS 513, 3326–3344 (2022) 
.3.5 Magnetic and turbulent energies spectral study 

 well-known signature of small-scale turbulent dynamo amplifica-
ion is the presence of an inverse cascade in the magnetic energy spec-
rum E mag . Among scalings of E mag ∝ k α with α ≥ 0, the case most
haracteristic of turbulent amplification is that in which Kolmogorov
urb ulence (with turb ulent energy spectrum E kin ∝ k −5 / 3 ) yields α =
/2 (Kazantsev 1968 ). This inverse-cascade emerges from magnetic
mplification below the viscous scale k ν (where ν is the numerical
iscosity) but abo v e the magnetic dissipation scale k η (Schekochihin
t al. 2002 ). Numerical simulations such as the ones studied here
annot typically capture most of these sub-viscous scales due to their
omputationally limited spatial resolution and low Prandtl number
typically Pm = ν/ η ∼ 2). Thus, we expect amplification to take
lace at the smallest scales resolved in our simulations. We assess
 mag and E kin in all our runs. 
We compute our energy spectra using a Fast Fourier transform

FFT 

4 ) of uniformly discretized cubic boxes centred on the galaxy on
o which the AMR grid data is interpolated. Each of these cubes has a
hysical size of L FFT ∼ 2 ( 0 . 2 r DM 

) resolved with 512 cells per side.
his cube is then zero-padded up to 1024 cells per side. Appendix B
hows our magnetic energy spectra without zero-padding, briefly
iscussing the impact of such padding. Our FFT assumes periodic
oundary conditions of this box. Appendix B in Martin-Alvarez
t al. ( 2018 ) discussed these boundary conditions and the influence
f galaxy morphology on the resulting spectra. 
To facilitate comparison amongst our different runs, all spectra

re normalized to their k = 0 frequency. We show in Fig. 12 energy
pectra at z = 2. These have FFT resolutions of � x FFT ∼ 66 pc
 L FFT ( z = 2) = 34 kpc). Rows show runs for increasing � x max for
Eul (top), qLag (middle), and qLweak (bottom) simulations. The
eft-hand and right-hand columns show magnetic and kinetic energy
pectra, respectively, with line colouring shifting from higher to lower
esolution as the colour shade becomes lighter. In addition to the
inetic energy spectra, we include as dot-dashed lines ‘turbulent’
nergy spectra, for which we modify the toroidal component v φ of
he velocity in each AMR grid cell to substract disc rotation v φ =
 φ, 0 − v circ ( r ). These coordinates are defined aligning v z with the
ngular momentum of the galaxy . Finally , at scales below twice the
esolution of a simulation ( L res = 2 � x max = 2 π / k res ), line thickness
s thinned to indicate unresolved scales. 

By z = 2, the galaxy has formed a rotationally supported disc.
e show with vertical lines in each plot the approximate size of

he gas disc (2 r Disc ) and its thickness (2 h Disc ) in the �x max = 20 pc
uns. While r Disc is relatively unchanged with resolution, we find
 Disc increases as the resolution is degraded. Finally, we include
n additional vertical black line at the Nyquist frequency ( k Nyquist ).
n the left-hand column, runs with �x max ≤ 80 pc have magnetic
nergy spectra that showcase inverse-cascades similar to those found
n turbulence simulations (e.g. Federrath et al. 2014 ), rising up to
heir maximum at scales slightly below the thickness of the disc.
hese are particularly prominent for the qEul runs. At k > k peak , the
pectra smoothly decay down to k Nyquist . 

The right-hand column of Fig. 12 shows the kinetic energy spectra.
e focus on the solid lines first. While all sets of simulations

resent roughly three ranges, these appear better reproduced by
he qEul runs. We find an energy containing range extending to
pproximately across the length of the disc. At scales k > π / h Disc , a
olmogorov-like turbulent cascade appears with scaling α = −5/3

art/stac1099_f11.eps
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Figure 12. Galaxy energy spectra for cubic boxes of 34 kpc per side ( ∼0 . 4 r DM 

) 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 qEul (top), qLag (middle), and qLweak (bottom) runs. Line shade goes from 

dark er tow ards 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 
k res = π / � x max . 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 g alaxy g as disc size ( r Disc ), gas disc thickness ( h Disc ), and the FFT Nyquist frequency ( k Nyquist ). 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 qEul refinement display more pronounced 
inverse-cascades, evidencing turbulent dynamo activity in our simulations. 
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or the qEul and qLag runs, but intermediate between Kolmogorov 
nd Burgers ( α = −2) for qLweak . Amongst the qLweak runs,
Lweak20 has the most Kolmogorov-like spectrum. At scales of a few 

00 pc ( k ∼ 60 kpc −1 ), most energy spectra decay as α ∼ k −11/4 . The
inetic energy spectra from which we have approximately removed 
isc rotation (dot-dashed lines) portray a very similar picture to the 
tandard kinetic energy spectra (solid lines) at scales smaller than 
isc thickness ( k > π / h Disc ). Ho we ver, to ward lo wer k , dashed lines
iverge from their solid counterparts, indicating that the reduction of 
inetic energy corresponds to the rotation of the disc predominantly 
t these galactic scales. Interestingly, the qLweak runs have the lowest 
atio of turbulent to kinetic spectra at large k. This points towards a
ower degree of turbulence in these runs and more organized motions. 
he separation between both types of lines is reduced once again 
owards the very lowest k values ( k < 0 . 3 kpc −1 ), as these are probing
cales beyond the size of the galaxy. 

We re-explore the magnetic energy spectra at redshift z = 8.5 in
ig. 13 , for which qEul10 is also available. These FFT boxes feature
 x FFT ( z = 8.5) ∼ 4 pc (and size L FFT ( z = 8.5) = 2 kpc), zero-padded

o 1024 cells per side. At this stage, the 2 r Disc vertical black line is
ndicative of the approximate size of the entire system, which has not
et developed a rotationally supported disc. For runs with �x max ≤
0 pc , magnetic energy spectra for qEul , qLag and qLweak runs
isplay a weak inverse cascade to scales of about k ∼ 20 kpc −1 .
one the less, there is a more pronounced accumulation of energy in

he qEul runs, with a steeper decay towards larger k values. At k >
 res , all spectra decay as E mag ∝ k −2 . The highest quasi-Lagrangian
MR 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 r DM 

) with FFT boxes centred on the galaxy. 
The figure also includes spectra for our � x max = 10 pc runs, which all have 
reached z = 8.5. As for the feedback phase, our runs with qEul refinement 
show a smoother and clearer inverse-cascade. 

A  

o  

f  

a  

b
 

s  

e  

w  

o  

p  

e  

g  

1  

(  

i  

a  

Figure 14. Evolution of the kinetic (dashed lines) and magnetic energy 
spectra (solid lines) for the galaxy in the qEul20 simulation. Magnetic energy 
power at scales of ∼ 1 kpc grows approximately 6 dex during the studied 
interval. 
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MR level transitions, with a particularly prominent accumulation
f energy at scales k � k res . On the other hand, this only mildly occurs
or qEul10 in the qEul runs. Magnetic energy spectra appear to be in
greement with the behaviour observed for growth factors in Fig. 7 ,
oth during the accretion (Fig. 13 ) and feedback phases (Fig. 12 ). 
We finally study the evolution of the kinetic and magnetic energy

pectra of our qEul20 simulation in Fig. 14 , to show that magnetic
nergy spectra develop an inverse-cascade and gain more power
ith time. We generate these using cubes with a fixed physical size
f L FFT ∼ 2 ( 0 . 2 r DM 

( z = 2) ) resolved with 512 cells per side, zero-
added to 1024 cells per side. We normalize kinetic and magnetic
nergy spectra to their k = 0 value at z = 12, to illustrate their
ro wth. Po wer in kinetic energy spectra increases ∼2 dex from z =
2 to z = 2. As the turbulence remains approximately constant
Fig. 10 ), we expect this to be dominated by the galaxy growing
n size and filling up the FFT box. Kinetic energy spectra maintain
pproximately constant shapes through their evolution, with a higher
NRAS 513, 3326–3344 (2022) 
ain of power at small scales. Magnetic energy spectra gain a
arger amount of power through this time period, with their large
cale power increasing approximately ∼4 dex. Our galaxy develops
n inverse-cascade shortly after z ∼ 12, with its onset displacing
rom k ∼ 1 kpc −1 towards scales k < 0 . 1 kpc −1 . Magnetic power at
cales of ∼ 1 kpc ( k ∼ 10 kpc −1 ) grows more than 6 dex, suggesting
urbulent amplification. 

.3.6 A glance at the structure of the magnetic field 

inally, we perform a visual inspection of the magnetic field structure
n our qEul20 and qLweak20 galaxies at z = 2. We show mag-
etic field streamlines o v erplotted o v er the magnetic field strength
n Fig. 15 . Thicker lines depict locally stronger magnetic fields.
Eul20 displays organized magnetic fields around the galaxy that
ecome increasingly turbulent at distances shorter than ∼ 5 kpc . Such
 turbulent structure is in agreement with turbulent amplification. For
omparison, we also show the qLweak20 galaxy. This simulation has
 much lower growth factor (Fig. 7 ) and negligible amplification
t this stage of the feedback phase. Magnetic field lines for this
alaxy display an organized structure at galactic scales, and only
ome turbulent lines within the central region of the projection. 

 C O N C L U S I O N S  

n this paper, we have studied the evolution of the turbulent and
agnetic components of a Milky Way-like galaxy comparing a

onventional quasi-Lagrangian AMR refinement strategy with a new
ensity-threshold, quasi-Eulerian refinement method that resolves
he entire galaxy with an approximately uniform grid. Our simula-
ions were generated using our own modified version of the RAMSES-

HD code (Teyssier 2002 ; Fromang et al. 2006 ), which computes
he evolution of the magnetic field using a CT method, divergence-
ess down to numerical precision by construction. We explore a set
f simulations with this new refinement strategy ( qEul ) and two sets
ith the fiducial quasi-Lagrangian AMR. The first of the two employs

n equal SN strength as the qEul set ( qLag ), while the second one
robes factor of 0.5 weaker SN feedback ( qLweak ). 
Departing from an extremely weak magnetic field at the beginning

f the simulations, we follow the evolution of the magnetic and
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Figure 15. Magnetic field lines plotted o v er the magnetic field strength for 
the qEul20 (top) and qLweak20 (bottom) simulations. The simulation with 
our quasi-Eulerian refinement strategy displays a more turbulent structure of 
its magnetic field lines whereas the qLweak20 simulation illustrates a more 
organized structure with magnetic fields coherent on galactic scales. 

(
t

t
w

t
r  

e

i  

q
a
t
p

e  

w
c
o
s

b
T
d  

v

d
a  

c  

c

t
a  

n  

o
e
w
i  

t
p
s
p  

m  

l
I  

e
T  

t  

u
w

A

W
t  

w
a
w  

C
S
(
I
e
I
l

D

T  

r

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/513/3/3326/6573881 by Bodleian Libraries of the U
niversity of O

xford user on 29 July 2022
small-scale) turbulent energies in the galaxy. Our main findings are 
hat: 

(i) our quasi-Eulerian refinement strategy significantly increases 
he specific small-scale turbulent energy in the galaxy, especially 
ithin the warm phase. 
(ii) switching from a regular quasi-Lagrangian AMR strategy 

o our new quasi-Eulerian refinement at a fixed maximal spatial 
esolution leads to an increase of ∼1 dex in the specific magnetic
nergy in the galaxy (Fig. 6 ). 

(iii) at a given spatial resolution, the growth of the magnetic energy 
s al w ays found to be higher for qEul runs than for their corresponding
Lag and qLweak simulations (Fig. 7 ). Encouragingly, growth rates 
lso show better agreement with turbulent box simulations in terms of 
heir scaling with spatial resolution, especially during the accretion 
hase. 
(iv) the additional magnetic amplification in qEul runs takes place 

ven though the ISM is less dense and clumpy (Fig. 5 ). This combined
ith the comparison of magnetic energy with the expected adiabatic 

ompression estimate (Fig. 8 ) indicates that the extra amplification 
bserved is not compressional in nature, but produced through 
tretching of magnetic field lines. 

(v) the qEul20 run attains a large increase of warm-phase tur- 
ulence when compared with qLag20 and qLweak20 (Fig. 11 ). 
he additional amplification is most likely the product of turbulent 
ynamo action occurring in the warm gas phase, due to its significant
olume-filling fraction. 

(vi) the magnetic energy spectra are consistent with the turbulent 
ynamo amplification process regardless of the refinement method 
dopted. Ho we ver, at z = 2, the qEul runs have a more clear
oncentration of magnetic energy at scales of ∼1 kpc with an inverse
ascade towards larger scales (Fig. 12 ). 

Due to their limited resolution, cosmological MHD simulations of 
urbulent dynamo amplification in galaxies employing CT schemes 
re far from reaching the magnetic field growth rates expected in
ature. None the less, refinement schemes such as the one used by
ur qEul simulations are a promising approach for future numerical 
xperiments, opening a pathw ay tow ards the expected amplification 
ith increasing resolution. As galaxy formation simulations mature 

nto the new era where more realistic galaxies are generated, sophis-
icated models are being developed to accurately capture important 
rocesses such as star formation or stellar feedback at sub-galactic 
cales. In a similar manner, unresolved turbulent magnetic field am- 
lification can be modelled with sub-grid methods such as that imple-
ented for RAMSES by Liu, Kretschmer & Teyssier ( 2021 ). None the

ess, with simulations commencing to better resolve the multiphase 
SM and capturing the physics of turbulence and magnetic fields, it is
qually important to adopt more sophisticated refinement strategies. 
hese are bound to make a significant difference in the modelling of

urbulent and magnetic properties of galaxies, as well as to provide
s with a better understanding of the kinematically complex structure 
ithin the volume-dominant warm and hot phases of the ISM. 
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igure A1. Top: For all the octs (cubic groups of 2 3 cells) in each of our
imulations, solid (dashed) lines show the time evolution of the average 
maximum) oct dimensionless ratio between the magnetic field divergence 
 

� ∇ · � B | multiplied by resolution element size � x oct and the local magnetic
eld | � B | . For the computation of the octs divergence, we employ the cell-
entred magnetic field of each comprising cell. Bottom: Same as for the top
anel, but computing the relative divergence for all cells employing RAMSES

ace-centred magnetic fields. The highest values for relative divergence are 
requently found in cells with low | � B | . To a v oid X- and O-points where
 

� B | = 0, we compute the total magnetic field for each cell in the bottom
anel using an extended kernel of 1.5 � x cell . For both panels, red solid and
rey dashed lines delimit | � ∇ · � B / � B | �x cell = 1 and 0.1, respectively. Both
ace-centred and cell-centred magnetic fields maintain negligible ratios of 
agnetic divergence with respect to the local magnetic field. This is true for

verage and maximum values of this quantity in all cells and at all times. 

PPEN D IX  A :  MAGNETIC  D I V E R G E N C E  

O N S T R A I N T  

e briefly re vie w the magnetic di vergence of our simulations
n Fig. A1 . Here we show the maximal (dashed) and average
solid) divergence multiplied by cell length ratio to magnetic field 
 

� ∇ · � B / � B | �x cell for all cells in all simulations. The maximal relative
ivergence ratio in all the runs is virtually al w ays below the per cent
evel. We note that the divergence-less behaviour of RAMSES holds 
y construction for cell-centred magnetic fields. This is reflected in 
he top panel of Fig. A1 , where we show for each oct (i.e. group of
 

3 cells) its divergence to field ratio using the cell-centred magnetic
eld components of each of its comprising eight cells. The numerical
agnetic divergence ratio value for all cells/octs with respect to their
agnetic field are negligible at all times. This holds not only for the
 verage value, b ut also for the maximum value found at all times
mongst all the studied cells (e.g. ∼10 7 octs / 10 8 cells for qEul20 ). 

PPENDI X  B:  T H E  EFFECT  O F  

E RO - PA D D I N G  O N  C O S M O L O G I C A L  

AGNETI C  E N E R G Y  SPECTRA  

he inverse-cascade of po wer to wards larger scales in magnetic
nergy spectra is a characteristic signature of turbulent dynamo 
mplification. An important consideration when exploring such 
pectra in cosmological simulations is whether to employ a zero- 
ad of the FFT domain (as shown in the main text or by e.g. Pakmor
t al. 2017 ). This padding will affect the shape of spectra at the largest
cales of the transform. While the disc-like morphology of the galaxy
rovides some ef fecti ve zero-padding, the periodicity assumed by the
ourier transform leads to a higher power at large scales that when

he padding is included. Fig. B1 shows our magnetic energy spectra
t z = 2 (left-hand column; Fig. 12 ) and z = 8.5 (right-hand column;
ig. 13 ) without the use of a zero-pad. The inverse-cascade appears
ore masked without a zero-pad. These spectra are obtained using 

he same physical regions as those presented in Section 3.3.5 , now
sing boxes with 1024 cells per side discretizing the same region
f interest (physical size L FFT ∼ 2 ( 0 . 2 r DM 

) ). Due to the impact
bserved due to zero-padding, we recommend careful consideration 
hen deciding whether a zero-pad is to be employed in the analysis
f 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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