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ABSTRACT

Magnetic fields have been included in cosmological simulations of galaxy formation only recently. In this paper, we develop a new
subgrid model for the turbulent dynamo that takes place in the supersonic interstellar medium in star-forming galaxies. It is based
on a mean-field approach that computes the turbulent kinetic energy at unresolved scales and modifies the induction equation to
account for the corresponding o dynamo. Our subgrid model depends on one free parameter, the quenching parameter, that
controls the saturation of the subgrid dynamo. Thanks to this mean-field approach, we can now model the fast amplification of
the magnetic field inside turbulent star-forming galaxies without using prohibitively expensive high-resolution simulations. We
show that the evolution of the magnetic field in our zoom-in Milky Way-like galaxy is consistent with a simple picture, in which
the field is in equipartition with the turbulent kinetic energy inside the star-forming disc, with a field strength around 10 nG at low
redshift, while at the same time strong galactic outflows fill the halo with a slightly weaker magnetic field, whose strength (10 nG)
is consistent with the ideal magnetohydrodynamic dilution factor. Our results are in good agreement with recent theoretical
and numerical predictions. We also compare our simulation with Faraday depth observations at both low and high redshifts,
seeing overall good agreement with some caveats. Our model naturally predicts stronger magnetic fields at high redshift (around
100 uG in the galaxy and 1 puG in the halo), but also stronger depolarization effects due to stronger turbulence at early time.
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1 INTRODUCTION

The origin of magnetic fields in the Universe remains an open ques-
tion in modern cosmology. Using Faraday rotation measurements
and synchrotron emission, it is possible to estimate the field strength
in nearby, present-day galaxies at roughly a few to a few hundred of
uG (Beck et al. 1996; Beck 2015). Using quasar absorption spectra, it
is also possible to estimate the field strength in more distant galaxies
(Widrow 2002). Surprisingly, the field strength appears higher in the
past than it is today (Bernet et al. 2008; Krause et al. 2009; Kim
et al. 2016). This poses severe constraints on theoretical models, as
any underlying magnetic dynamo mechanism must be very fast to
accommodate for these observations.

Traditional galactic dynamo theories are based on the large-
scale dynamo model (Larmor 1919; Cowling 1933; Parker 1955,
1970; Brandenburg & Subramanian 2005), where small-scale helical
motions work in tandem with large-scale rotation to drive the
amplification of the field. These models are justified for present-
day galaxies dominated by thin and quiescent spiral discs like our
own Milky Way. These large-scale dynamo models explain many
of the detailed observational properties of nearby galactic magnetic
fields. They are, however, not fast enough to account for the strong
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magnetic fields observed at high redshift in the direction of distant
quasars.

In addition, our understanding of the galaxy formation process
has evolved quite dramatically in the past decade, strengthening
the role of stellar feedback processes in driving strong galactic
outflows (Oppenheimer & Davé 2006; Scannapieco et al. 2012). This
change in the paradigm was motivated by the ubiquitous observation
of strong outflows in high-redshift galaxies (Steidel et al. 2010;
Schreiber et al. 2014) and their very disturbed morphologies. As
a consequence, we believe now that high-redshift gas discs are very
turbulent and thick, for which the large-scale dynamo picture does
not apply.

Many recent theoretical and numerical studies have shown that
high-redshift galaxies are in fact subject to a strong turbulent dynamo
(Becketal. 2012; Rieder & Teyssier 2016; Butsky etal. 2017; Pakmor
et al. 2017, 2020; Steinwandel et al. 2018, 2020). It is sometimes
called the small-scale dynamo because it amplifies the magnetic
field only at the injection scale of turbulence and below, while the
large-scale dynamo can amplify the field on larger scales. Note that
in most cases, the injection scale of turbulence is close to the disc
thickness. As a consequence, this scale is quite small at low redshift,
for which the typical disc thickness is around 100 pc, and it is quite
large at high redshift, where even dwarf galaxies have a disc thickness
as large as 1 kpc.

In Rieder & Teyssier (2016), we have simulated this turbulent dy-
namo in an isolated high-redshift dwarf galaxy. We have shown that
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indeed strong supernova-driven outflows can drive a fast turbulent
dynamo as soon as the spatial resolution is high enough. It is a well-
known property of the turbulent dynamo that the dissipation scale
has to be smaller than the kinetic energy injection scale by a factor of
at least 30. In other words, in order to power a magnetic dynamo, the
flow Reynolds number has to be larger than a critical value estimated
numerically around 30-60 (Brandenburg & Subramanian 2005).

In the context of numerical simulations, dissipation is provided by
local truncation errors, translating this into a resolution requirement.
Assuming a disc thickness of 1 kpc, this means we need a resolution
of at least 30 pc to see a turbulent dynamo. This is roughly
what was observed both in the idealized numerical experiments of
Rieder & Teyssier (2016) and in a zoom-in cosmological simulation
in Rieder & Teyssier (2017b). This is bad news for cosmological
magnetohydrodynamics (MHD). Although a spatial resolution of
20 pc for thick galactic discs is not impossible on modern architec-
tures, the situation is more critical for low-redshift, razor-thin discs.
Indeed, in this case, with a disc thickness of 100 pc, we obtain the
much more severe resolution requirement of 3 pc.

Note that many past MHD simulations of galaxy and galaxy cluster
formation suffer from this critical resolution problem (Dolag, Bartel-
mann & Lesch 2002; Dubois et al. 2010; Vazza et al. 2014; Rieder &
Teyssier 2017b; Martin-Alvarez et al. 2018). The consequence of
having a resolution that is too low is to obtain unrealistically a very
slow magnetic dynamo, if any (but see Vazza et al. 2017; Steinwandel
et al. 2022, for recent simulations at much higher resolution with
faster dynamos). In order to reach equipartition between the magnetic
energy and the other important energy densities, one has to start with
a high enough seed field. Unfortunately, if this initial seed field is too
strong, it has also unrealistically a strong impact on the collapse of
the first objects and spuriously affects their dynamics. The resulting
fine tuning of the adopted initial conditions is quite unsatisfactory.

The most popular model to explain the origin of seed magnetic
fields in the Universe is the Biermann battery process (Biermann
1950). Small velocity drifts between electrons and ions in the
presence of misaligned electron density and electron pressure gra-
dients generate microscopic currents and fields during the Epoch of
Reionization at the level of 1072° G (Kulsrud et al. 1997; Gnedin
2000; Attia et al. 2021; Garaldi, Pakmor & Springel 2021). This is
very far from 10° G observed in galaxies today and even 107* G
in the past. We therefore need a very vigorous turbulent dynamo and
cannot afford these limitations.

This motivates the design of a new subgrid turbulent dynamo
model that can overcome these problems. In the context of turbulence,
the mean-field theory provides an efficient framework to divide
the turbulence scales into (1) the resolved scales where turbulent
processes can be captured by the hydrodynamics solvers, thus
defining the mean field by the numerical solution, and (2) the
unresolved scales, defining the fluctuations with respect to the mean
that can only be accounted for by a subgrid model. Such a model
has been used to follow unresolved turbulence in galaxy formation
simulations (Braun et al. 2014; Semenov, Kravtsov & Gnedin 2016;
Kretschmer & Teyssier 2020) and to set the local star formation
efficiency. It can also be exploited to predict the line emission of the
CO molecule from the unresolved, dense molecular gas (Kretschmer,
Dekel & Teyssier 2022).

In this paper, we will exploit our subgrid scale (SGS) model for the
unresolved turbulence to inform a mean-field model for the induction
equation, allowing us to describe a turbulent dynamo, even if we lack
the necessary spatial resolution. The paper is organized as follows:
In Section 2, we describe the numerical methods, in particular
our subgrid turbulent dynamo model. In Section 3, we describe
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the methodology we used to compare our results to observations
of Faraday rotation. In Section 4, we describe in more detail the
cosmological zoom-in simulation of a Milky Way analogue that
will be used in Section 5 to analyse the amplification process and
the properties of the magnetic field at both high and low redshifts.
Finally, we discuss the implications of our results in Section 6.

2 NUMERICAL METHODS

We model the amplification of an initially weak and constant seed
field using a cosmological zoom-in simulation of a Milky Way-
like galaxy performed by the Adaptive Mesh Refinement (AMR)
code RAMSES (Teyssier 2002). The simulation contains a collisionless
fluid (made of dark matter and stars) and a magnetized gaseous
component, coupled through gravity. Beyond the traditional cooling
and ultraviolet (UV) heating of the gas, we model star formation
and stellar feedback using standard subgrid models. In this section,
we first describe the numerical methods for solving the ideal MHD
equations. Then, we introduce our subgrid turbulent dynamo model
for simulating the amplification and evolution of magnetic fields
across cosmic time. Finally, we list our various parameters used in
our galaxy formation model.

2.1 Ideal MHD solver

The dynamics of the baryonic component is described using the
equations of ideal MHD, written in conservative form as

op+V-(pu)=0, (D
d(pu)+V - (puu" — BB" + Py) = pg. )
QE+V-[(E4+Pyu—(u-BB)=T—A+pg-u, 3)
B -V x(@uxB)=0, 4)

where p is the gas density, g is the gravitational acceleration, pu is
the momentum, B is the magnetic field, £ = %,ou2 + pe + %Bz is
the total energy, I is the heating function, A is the cooling function,
and ¢ is the specific internal energy. Py is the total pressure given
by Pt = P + %Bz. We solve the ideal MHD system along with a
perfect gas equation of state:

P =(y — Dpe, (5)

where y is the adiabatic index. We also need to augment the system
with the solenoidal constraint

V-B=0. (6)

The four ideal MHD equations are solved using the second-order un-
split Godunov scheme (Fromang, Hennebelle & Teyssier 2006) based
on the MUSCL-Hancock scheme. The induction equation (equa-
tion 4) is solved using the constrained transport (CT) method
(Teyssier, Fromang & Dormy 2006), which keeps the divergence
of the magnetic field V - B = 0 down to machine precision.

2.2 Subgrid turbulent dynamo model

We now describe our model for the subgrid turbulent dynamo. It is
based on the so-called mean-field approach of subgrid turbulence (see
e.g. Schmidt & Federrath 2011, and reference therein), but applied to
the MHD equations. Mean-field electrodynamics was first formalized
over half a century ago (Steenbeck, Krause & Réadler 1966; Parker
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1970; Ruzmaikin, Sokoloff & Shukurov 1988) and has been used in
dynamo modelling ever since. Mean-field electrodynamics relies on
a scale separation between fluctuating and mean quantities. We thus
consider the decomposition

u=u+u, B=B+Vb, @)

where % and B are the mean velocity and magnetic fields (resolved
by the grid), while #’ and b’ are the fluctuations (unresolved by the
grid). Substituting equation (7) into equation (4) and averaging, we
obtain the mean-field induction equation,

OB

where
E=u xb )

is the electromotive force (EMF) corresponding to the fluctuations
only. Identifying the original MHD equation with the mean-field
terms only, we see that this new EMF act as a new source term for
the evolution of B. Unfortunately, we need an expression for £ in
terms of the mean field B, which is a standard closure problem at the
heart of mean-field theory (Brandenburg & Subramanian 2005).

In the two-scale approach (Moffatt 1978), one assumes that £ can
be expanded in powers of the gradients of the mean magnetic field,
which can be written as

_ 0 —
SiZOliij—f—ﬁijkiBj-f—..., (10)
Bxk

where «;; and B are known as the turbulent transport coefficients.
They depend on the stratification, angular velocity, etc. The simplest
case, which still captures the essence of the problem, is that
equation (10) is truncated after the first term

g,‘ = O(,‘_]'Ej. (11)

If the turbulence is homogeneous and isotropic, the tensor o;; takes
the form of «;; = a§;j, where « is a scalar and equation (9) becomes

£ =aB. (12)

Under certain conditions, o can be estimated using the average
subgrid kinetic helicity and the correlation time-scale of turbulent
eddies as
o= —Tcsﬂu v xw. (13)
This contribution of this term to the mean-field induction equation is
known as the o-effect in many dynamo models. Determining the
exact value for « is a field of research of its own (Cattaneo &
Hughes 1996, 2009; Brandenburg & Subramanian 2005; Ridler &
Rheinhardt 2007; Gressel et al. 2008; Gressel, Bendre & Elstner
2012). Some models propose a new mean-field equation to describe
the time evolution of «, other models adopt fixed analytical closed
forms. All these models are highly controversial and heavily debated
in the literature.

Here, we propose the following simple model for «, based on
the known value of the SGS (see Section 2.3) turbulent velocity
dispersion o

Emz\g
or =ormax |1 — ,01. 14
qKr

Because it depends on the unresolved turbulent velocity dispersion in
the subgrid turbulence model that will be described in Section 2.3, we
use the index T to outline its turbulent origin. In the previous equation,
Enag is the mean-field magnetic energy density defined by Epyg = g—ﬂ
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and the turbulent kinetic energy density, defined by K1 = %pa%. We
introduce a free parameter ¢ that controls the quenching of the subgrid
turbulent dynamo. Indeed, one can see easily that once the magnetic
energy density reaches a fraction of the turbulent kinetic energy, ar
goes strictly to zero and the subgrid turbulent dynamo vanishes.

The quenching parameter ¢ is the key parameter of our sub-
grid turbulent dynamo. It is closely related to the saturation of
the turbulent dynamo when the magnetic energy approaches the
turbulent kinetic energy and the back reaction of the Lorentz force
on the turbulent flow effectively stops the dynamo. Based on an
effective turbulent resistivity determined by the turnover time-scale
of turbulent eddies and the magnetic energy density, one can come
up with a scale-dependent saturation model and estimate the field
strength at saturation analytically (Schober et al. 2015). The saturated
field strength depends on the magnetic Reynolds number and the
type of turbulence, and it differs in the limits of large and small
magnetic Prandtl numbers (Schober et al. 2015). The ratio between
the saturated magnetic energy density and the turbulent kinetic
energy usually ranges from 0.1 per cent to 50 per cent (Schober et al.
2015).

Note that in our model, the subgrid turbulent dynamo only
augments towards smaller, unresolved scales the marginally resolved
turbulent dynamo in the simulation. It is therefore important to
choose a relatively low value of the quenching parameter so that
the resolved flow is able to take over and bring the field to higher
strength, possibly to equipartition. We explored various values of the
quenching parameter, as seen in Fig. 1, and decided to choose g =
1073 as our fiducial model (see more discussion later).

In order to restrict the subgrid turbulent dynamo to the supersonic
interstellar medium (ISM) in the galactic discs, we only allow at
to be non-zero in star-forming gas. We therefore use a density
threshold for the subgrid dynamo identical to the density threshold for
turbulent star forming gas, namely n; > 1072 Hcem ™3, as explained
in Section 2.3. This has an important consequence for the growth of
the magnetic field in the intergalactic medium. In our model, there is
no subgrid turbulent dynamo in the diffuse hot halo gas. This means
that in our simulations, strong magnetic fields outside of galactic
discs can only come from the pollution of galactic outflows, and not
from in situ (generally subsonic) turbulence. Note however that with
a higher resolution in the circumgalactic medium (CGM), we would
probably see an additional dynamo amplification of the magnetic
field in the low-density medium, as reported for example in Vazza
et al. (2017) and Steinwandel et al. (2022).

2.3 Subgrid models for galaxy formation physics

‘We model the unresolved turbulence using the SGS model proposed
recently to describe turbulent effects at the macroscopic scale
(Schmidt, Hillebrandt & Niemeyer 2005; Schmidt, Niemeyer &
Hillebrandt 2006; Schmidt & Federrath 2011). We introduce a new
equation for the turbulent kinetic energy Kt (Schmidt 2014; Semenov
et al. 2016; Kretschmer & Teyssier 2020), evolving it alongside the
other MHD conservative variables. In this formalism, turbulence
arises from the competition between a creation term due to large-
scale shear and a destruction term modelling the dissipation within
the turbulent cascade down to viscous scales (see Schmidt et al.
2006; Semenov et al. 2016; Kretschmer & Teyssier 2020, for more
details). The turbulent velocity dispersion ot can be calculated from
the turbulent kinetic energy by Kt = 3/2p02.

Another important subgrid model for galaxy formation simulation
is the star formation recipe. As many other past studies in the
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literature, we use the so-called Schmidt law, for which the star
formation rate density is defined as p, = exp/tx, wWhere p is the
gas density, t = /37 /(32Gp) is the local gas free-fall time and €
is the star formation efficiency per free-fall time. Traditionally, e is
chosen to be a constant usually close to 1 per cent. In addition, it is
required that the gas density is above a certain (resolution dependent)
density threshold. Additional criteria can be added such as the gas
temperature being cold enough or the flow being converging.

In our approach, €y is based on the turbulent state of the gas within
the cell. This is precisely the information that our SGS turbulence
model can give us. Integrating over the unresolved lognormal density
PDF, one can ask what is the fraction of unresolved molecular cores
that are gravitationally unstable and derive the star formation rate for
the entire computational cell. It depends on the cell virial parameter
ayi; and the turbulent Mach number M, both depending on ot
(Schmidt et al. 2006; Semenov et al. 2016; Kretschmer & Teyssier
2020). Because unresolved turbulence can vary from cell to cell, this
method allows for varying efficiencies that can span a large range of
values e = 0—100 per cent. This model is capable of producing both
very high star-formation efficiencies, typically during starbursts, as
well as very low efficiencies in quenched galaxies (see discussion in
Kretschmer & Teyssier 2020). This subgrid turbulent star formation
recipe is restricted to cells denser than ny > 1072 Hem™>. This
density threshold corresponds to the self-shielded gas (see below) that
can cool and develop sustained supersonic turbulence (see Schaye
2004, for a more in-depth discussion).

The last important ingredient of our simulation is the imple-
mentation of stellar feedback. In our model, individual supernova
explosions inject thermal energy of Esy = 10°'erg into the sur-
rounding gas only if the local cooling radius of the Sedov blast wave
is resolved. If the cooling radius is unresolved, which occurs usually
at high gas densities, we additionally inject the terminal momentum
of the blast wave in its snowplow phase into the surrounding cells
(Martizzi, Faucher-Giguere & Quataert 2015). Note that our star
particles are massive enough to spawn multiple (typically ~1000)
supernova explosions between 3 and 20 Myr after its birth.

In addition to these subgrid models, we use the traditional physics
for galaxy formation simulations, which include metal ejection
from supernovae, equilibrium H and He cooling and UV heating,
metal cooling, self-shielding of the gas at densities larger than
ng > 1072 Hem ™3 (Aubert & Teyssier 2010; Agertz et al. 2019;
Kretschmer & Teyssier 2020).

3 FARADAY ROTATION SYNTHESIS

Faraday rotation corresponds to the rotation of the plane of polariza-
tion of electromagnetic radiation propagating through a magnetized
plasma (Burke, Graham-Smith & Wilkinson 2019). The rotation
measure (RM) is defined as the ratio between the gradient of the
polarization angle x and the wavelength A%:
Ax

AN

If all the radiation received in the light beam undergoes the same
Faraday rotation, the gradient RM is equal to the Faraday depth ¢,
which is usually given by (Burn 1966)

% ne(z2)By(2) da
422 dz

RM = (15)

d(zs) = 8.1 x 105/ (16)

Here, ¢ is in units of rad m~2, the free electron density 7, in units
of cm ™2, the magnetic field projection along line of sight B in units
of G, and the patch increment per redshift g—é is in units of pc. zg
corresponds to the redshift of the background source.
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There are cases where mixing of emission at different Faraday
rotations occurs. One scenario is there may be several sources
along the line of sight. Moreover, real radio telescopes have finite
spatial resolutions. Inhomogeneous Faraday depth screens within
the telescope beam could cause that the emissions at different
Faraday depths are smeared indistinguishably. In such cases, the
overall polarization is reduced, which is often referred to as ‘Faraday
depolarization’ (Burn 1966; Gardner & Whiteoak 1966; Sokoloff
et al. 1998). The depolarization effect can lead to non-linearities
in the slope of Ay against AA?> and make the gradient RM poorly
defined.

The collected emission by real telescopes has been subject to
a distribution of Faraday depth, denoted by F(¢), where the only
exception is in the case of a uniform Faraday screen. Fortunately, F(¢)
can be estimated from radio polarization measurements using the
Faraday RM synthesis technique. Faraday RM synthesis transforms
the complex polarization representation

P (3%) = P (27) (), a7

where P is the polarized flux and x is the polarization angle, into a
complex Faraday depth distribution

F($) = % / T p (12) e 2 )2, (18)

o0

Here, the complex F(¢) can be expressed as
F(¢) = F($)e*"?, (19)

where F(¢) is the Faraday depth spectrum and its phase ¥ (¢) is
the initial phase of the polarization. In the simple case of only one
homogeneous intervener across the plane of sight, F(¢) would have
a single peak. The full F(¢) contains information about the structure
of the intervening system.

Kim et al. (2016) have used Faraday RM synthesis to obtain Fara-
day depth distributions and found correlation with Mg 11 absorption.
They have found strong random fields of the order of 10 pG in
the CGM. In their analysis, they used a number of parameters to
characterize the structure of Faraday depth spectrum F(¢). Two of
them are essential to our analysis: @ and opc. Pmax 1S the peak
position of the Faraday depth distribution after removing the Galactic
foreground contribution according to Oppermann et al. (2015) and
opc 1s obtained by fitting a Gaussian function to the primary
component of the Faraday depth distribution with the correction
for the intrinsic spread function arising from the finite wavelength
band width of the radio data (Kim et al. 2016). We will use these two
important observables in the next sections to compare our simulations
to existing Faraday rotation data.

4 COSMOLOGICAL SIMULATION

Our study is based on a cosmological zoom-in simulation that was
performed with the adaptive mesh refinement code RAMSES (Teyssier
2002). We first have run a low-resolution dark-matter-only N-body
simulation with a box size of 25 Mpc A~! containing 5123 particles,
using the standard Lambda cold dark matter cosmology parameters
obtained by Planck Collaboration et al. (2020). From this box, we
have selected several candidate haloes, targeting objects that have
a virial mass similar to the Milky Way, namely in the range M,;; =
(0.5-1.5) x 10'> M, where the virial mass was calculated according
to the definition of Bryan & Norman (1998). Additionally, we require
that these haloes are in relative isolation at z = 0 and that they
accumulate their mass mostly before z = 1 which excludes haloes
featuring late major mergers.

MNRAS 513, 6028-6041 (2022)
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Figure 1. Mass-weighted 2D histograms of the ratio of magnetic energy to turbulent kinetic energy versus gas density within Ry; at redshift z = 0. The three
panels show three different simulations with different values of the quenching parameter ¢ = 107>, g = 10~*, and ¢ = 1073, respectively. The straight horizontal
lines indicate the ratio above which the subgrid turbulent dynamo is quenched (see equation 14). The density threshold, ny > 1072 Hem ™ as discussed in

Section 2.2, is kept the same in all three cases.

4.1 Initial conditions

Using the MUSIC code (Hahn & Abel 2011), we have generated
higher resolution initial conditions around the selected haloes, where
the initial grid levels ranged from £y, = 7 t0 £haxini = 11. The
chosen maximum level for the initial grid £yaxini = 11 corresponds
to an effective initial resolution of 20483, which yields a dark matter
particle mass of mgy, = 2.0 x 10° Mg, and an initial baryonic mass
of Mpar = 2.9 x 10* Mg. These haloes have been studied in great
detail in a previous study (Kretschmer, Agertz & Teyssier 2020). In
this paper, we use the halo that gave rise to a large, Milky Way-
like disc and re-simulated it with MHD and all the above-described
subgrid models.

The maximum resolution during the course of the simulation
was set to £ = 19, with refinement levels progressively released
to enforce a quasi-constant physical resolution. We have used the
traditional quasi-Lagrangian approach as refinement strategy, where
cells are individually refined if more than eight dark matter particles
are present or if the total baryonic mass (gas and stars) exceeds
8 X my,. The highest resolution cells have sizes of Axpy, =
55pc, roughly constantly in physical units. Only the Lagrangian
volume corresponding to twice the final virial radius of the halo
was adaptively refined, the rest of the box being kept at a fixed,
coarser resolution to provide the proper tidal field.

The primordial magnetic seed field predicted by the linear pertur-
bation theory of the Biermann battery is very weak, around 10-% G
(Naoz & Narayan 2013). The non-linear evolution of the Biermann
battery during cosmological ionization fronts gives rise to slightly
higher field strength around 1072 G (Gnedin, Ferrara & Zweibel
2000; Attia et al. 2021). To mimic these weak seed fields, we have
initialized the magnetic field as a constant field parallel to the z-
direction with a strength of 1072 G in physical units. We postpone
to a future paper the study of different and more complex initial
magnetic field configurations.

4.2 Effects of the quenching parameter

In this section, we investigate the effect of varying the value of ¢,
the quenching parameter of our subgrid o dynamo. For this, we
have run a series of lower resolution MHD cosmological zoom-in
simulations of the same galaxy. We show in Fig. 1 2D histograms
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of the ratio between the magnetic energy and the turbulent kinetic
energy density versus the gas density for all the gas within R; at
redshift z = 0. At this late epoch, all the gas within the virial radius
has been magnetized above the subgrid dynamo saturation value
equal to ¢ (shown as the horizontal solid line in Fig. 1). The resolved
motions (both the resolved turbulence and the global rotation in the
disc) have managed in all cases to amplify the magnetic field 3—4
orders of magnitude further, but not much more, hence the need for
a subgrid dynamo.

With ¢ = 103, we manage to reach equipartition for the simulated
magnetic field, with a ratio of magnetic to turbulent kinetic energy
equal or even larger than one. Although using larger values for ¢
is in principle possible, we argue against it as it would lead to
unrealistically large field strengths close to equipartition everywhere.
The free parameter ¢q is determined by experimenting different values.
Note that the adopted value for ¢ is likely resolution dependent, as
many « dynamo models suggest, with the quenching parameter ¢
being inversely proportional to the magnetic Reynolds number. The
quench of dynamo will occur once the dynamo is a small fraction of
unresolved turbulent kinetic energy, which decreases with numerical
resolution.

For the high-resolution simulation, we have adopted the value
g = 1073 as our fiducial model. We also see in Fig. 1 that for this
value, the lower density gas is significantly above equipartition with
the turbulent energy. This is because in low-density gas, the thermal
energy is much larger than the turbulent kinetic energy. The magnetic
field there is mostly originating from galactic outflows and not from
the turbulent dynamo, in particular because we set « to be zero in
gas less dense than 1072 Hem ™3,

5 RESULTS

In this paper, we restrict our analysis to two different epochs: first
at the rather high redshift z = 4, with a typical example of a high-z
turbulent galaxy, and then at the relatively recent epoch z = 0.2, with
a typical example of a nearby quiescent and disc-dominated galaxy.
In both cases, we have generated Faraday depth maps according
to equation (16). Taking into account possible depolarization effects
caused by the telescope beam finite size, we produced maps of the two
key observables ¢ and o 4 of the Faraday depth spectrum and compare
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Figure 2. Mass-weighted 2D histogram of magnetic pressure versus gas density at redshift z = 4 (left) and z = 0.2 (right) within 10 R.;; using quenching
parameter ¢ = 10°. The two dashed lines show the magnetic pressure arising from compression alone (P o« p*?), normalized to the initial field (bottom dashed
line) and to the equipartition field (top dashed line). In each case, we show with a red cross the physical conditions at the centre of the galactic disc that was

used to normalize the upper scaling relation.

them with current radio observations. We have also computed radial
profiles of the magnetic field components to probe the topology of
the magnetic field in the final quiescent disc (see below).

5.1 Magnetic fields at high redshift

5.1.1 Magnetic phase space diagram

In our simulation, the initial seed field strength was set to a value
corresponding to the Biermann battery, namely 1072° G at z = 10.
This field then evolves due to expansion and gravitational collapse
alone, according to the expected frozen-in behaviour of ideal MHD,
following the scaling Py, = Pini(p/pini)”. We plot in Fig. 2 the
mass-weighted 2D histogram of magnetic pressure versus gas density
in a spherical region of radius 10 R,;;, centred on the most massive
halo at redshift z = 4 and z = 0.2. In the left-hand panel, we see
at z = 4 a lot of ‘pristine’ gas following the expected ideal MHD
scaling. Once gas collapses and sets into a star forming galactic disc,
the subgrid turbulent dynamo starts to amplify the field. The effect
of the subgrid dynamo can be seen in Fig. 2 as the different parallel
tracks, each track corresponding to a different progenitor galaxy at a
different stage of its own galactic dynamo.

The typical time-scale for the subgrid dynamo is quite fast, with
an e-folding time-scale equal to Ax/o 7. For a resolution of 100 pc
and a turbulent velocity dispersion of 30 kms~! (typical of dwarf
galaxies at that epoch), this gives a subgrid dynamo growth time-
scale of 3 Myr, much faster than the Hubble time. We see in Fig. 2
that these parallel tracks are restricted to a region of phase space to
the right of the vertical line defined by ny = 1072 Hem ™3, which is
our density threshold for the subgrid dynamo.

We finally show in Fig. 2 as a black dashed line the upper envelope
of our magnetic phase space diagram. This relation corresponds to
the same ideal MHD scaling as before, but this time normalized
to the equipartition field inside the dense ISM. To quantify further
this relation, we have adopted for the dense ISM typical values for
the density pgy and the magnetic field Pg, shown as the red cross.
We have checked that the magnetic pressure corresponds roughly to
the equipartition value with the subgrid turbulence where Py, >~ K.
The ideal MHD scaling in the upper envelope can be computed using

Py = Pgal(,o/pgal)%. This scaling law can be used to estimate the
magnetic field in the lower density gas of the galactic winds escaping
the galaxies. Note that the higher magnetic field strength observed
in our simulation below ny = 1072 Hem ™ is solely due to galactic
winds, as we have no subgrid dynamo there.

The right-hand panel of Fig. 2 shows the same phase space diagram
but this time at z = 0.2. At this late epoch, there is no pristine gas
left within 10 R,; of the main halo. The entire region has been
contaminated by the equipartition field of the galaxy transported
outside by galactic winds. Here again, we show the dense ISM
typical values as the red cross, and from there we draw a dashed
line following the ideal MHD scaling. We see that this simple model
describes quite well the upper envelope of the magnetic phase space
diagram. Note that the scaling relation at low redshift is almost two
order of magnitude lower than the same scaling relation at high
redshift, demonstrating that magnetic fields in our simulation are
stronger in the past than they are today.

5.1.2 Spatial distribution of the magnetic field

We now analyse the spatial distribution of the magnetic field in
and around our high-redshift galaxy. We show in Fig. 3 maps of
the projected gas surface density, density-weighted magnetic field
strength and density-weighted metallicity. The virial radius is shown
as the solid circle, while the central galaxy is shown as the dashed
circle. The field strength varies between 100 1G inside the galaxy to
1 uG outside in the halo. This is considerably more than for a typical
low redshift galaxy, and consistent with the fact that at high-redshift,
turbulence is high in the disc and outflows are strong in the halo.
The metallicity map confirms that most of the halo magnetic field
comes from metal-enriched material in the outflows. We find good
agreement between our results and the one published recently by
Pakmor et al. (2020), although they did not use any subgrid model for
the turbulent dynamo but started with a much higher initial seed field.

In Fig. 4, we plot the temperature, magnetic field strength, plasma
B, and turbulent velocity dispersion as a function of gas density within
the central galaxy, defined as a sphere of radius 10 per centRy;,. As
before, we have added a red cross in each phase space diagram to pick
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relation due to stretching and compression of the gas.

up a typical value for each physical property. We also show in the
magnetic phase space diagram a dashed line indicating the expected
ideal MHD scaling relation B o< p*3, normalized to the central values.
The dense ISM shows a combination of low temperature (around
100 K) and high magnetic field strength (100 pG) leading to g =~
0.01. In the warm ISM, g is closer to unity and becomes larger as
one enters the low density and hot gas associated with the outflows.
The typical physical conditions in the central region of our high-
redshift galaxy, as marked by the red cross, have a gas number
density of 100 Hem™3, a gas temperature of 100 K, and a plasma S
of 1072, The typical magnetic field strength in this region, around 100
uG, gives a magnetic pressure around 10~° barye. The typical one-
dimensional velocity dispersion is about 30 kms~!, which results
in a turbulent energy density of roughly 2 x 107 ergem™>. We
conclude that in the central region, the magnetic field is slightly
below equipartition (close to 0.5) and way above the quenching
parameter controlling the saturation of our subgrid dynamo.

5.1.3 Comparison to Faraday depth observations

Assuming that our simulated galaxy is located between an observer
and a distant quasar, the polarized electromagnetic emission of the
quasar will be affected by the magnetic field along the line of sight.
Using equation (16), we produce the Faraday depth maps shown in
Fig. 5. Note that the field of view in the right-hand panel is more
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extended than in Fig. 3 to show the cold streams connecting the halo
to the cosmic web. The Faraday depth in these filaments is quite
low, slightly below 0.1 rad m~2, while it rises to values larger than
1 rad m~2 in the inner halo. The left-hand panel shows a zoom-in
on the central galaxy, where the Faraday depth is quite large, going
beyond 1000 rad m~2 in some places. In this image, the magnetic
field appears as very turbulent, without a clear large-scale signal for
the Faraday depth. This means that at this redshift, the large-scale
magnetic field is negligible compared to the small-scale random
turbulent field.

As discussed in Section 3, we have modelled telescope beam finite
size effects, which can lead to a significant Faraday depolarization
in presence of such turbulent fields. The Very Large Array has a
maximal angular resolution of 2 arcsec in the L band (Thompson
et al. 1980). This corresponds to a spatial resolution of around 10 kpc
at z = 4. Hence, each pixel of the Faraday depth map in the right-hand
panel of Fig. 5 has been smoothed over a circular region of 10 kpc in
diameter. Within this circular region, we compute the mean Faraday
depth ¢ and the standard deviation o4 for each image pixel. The
radial profiles of ¢ and o, are shown in Fig. 6. We see that the
variance of the Faraday depth is almost everywhere one order of
magnitude larger than the mean, a clear signature of a small-scale
turbulent field for which depolarization is quite strong.

We would like to compare to the observations of Kim et al.
(2016), for which Faraday spectra of 49 unresolved quasars
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annuli. The purple shaded area covers 97 per cent of all the data and the grey shaded area shows the values observed by Kim et al. (2016).

have been collected and analysed using Faraday synthesis. They
found that strong depolarization is correlated with strong Mg1l
absorption lines, which is considered as a clear signature of
outflows in the inner halo. Our simulated galaxy supports this
picture of highly turbulent star-forming galaxies driving strong
outflows and powering a saturated turbulent dynamo. The ob-
served depolarization is the smoking gun for a turbulent
magnetic field.

More quantitatively, we show in Fig. 6 as a grey region the range
of the observed values for the mean and the variance of the ‘in
beam’ Faraday depths. Although we see a reasonable agreement
between our predictions and the observations, our simulated galaxy
produces Faraday depths that are systematically lower than the one
measured in this sample of 49 quasars. The main caveat in our
current analysis is that the observed haloes cover a large range of
redshifts and virial masses that do not match perfectly our single
simulated halo at z = 4. This would require a larger simulation
suite with multiple halo masses that goes beyond the scope of
this paper.

5.2 Magnetic fields at low redshift

After the last (major merger driven) starburst around z =~ 1.5,
the turbulent galactic environment settles into a quiescent, disc-
dominated phase. As a consequence of the lower gas surface density,
stellar feedback is not efficient anymore at launching outflows and
a razor-thin disc configuration emerges. The sequence of events
leading to the formation of this extended disc is described in great
detail in Kretschmer et al. (2020). The final state of our simulated
galaxy turns out to be similar to many large spiral galaxies found in
the nearby Universe.

We show in Fig. 7 the gas surface density with the disc face-on
and side-on, both at the halo scale for the right-hand panels and at
the central galaxy scale on the left-hand panels. The side-on view
shows that the gas disc is particularly thin and barely resolved by our
smallest 55 pc AMR cells. The face-on view reveals a weak spiral
within a flocculent disc. The disc looks very isolated at this late epoch,
with only a few low-mass satellites orbiting the halo. The gas in the
halo is very homogeneous, with only a few ram-pressure-stripped
tails following the satellites.

MNRAS 513, 6028-6041 (2022)
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Figure 7. Gas density integrated along the line of sight at redshift z = 0.2. The top row shows the face-on views of the disc and the halo while the bottom row

shows edge-on views.

The companion plots in Fig. 8 show the magnetic field strength
along the line of sight, weighted by density. The field is about 10 nG
in the disc and 100 puG in the nuclear region, in good agreement
with radio observations of the magnetic field in the Milky Way
that are consistent with an average field strength of 10 uG and a
much higher field strength towards the Galactic centre (Beck &
Wielebinski 2013). In the circumgalactic medium, we see a weaker
field of the order of tens of nG. In their AURIGA simulations,
Pakmor et al. (2020) have also obtained magnetic fields ranging
from a few pG to tens of uG inside the galactic discs and around
10 nG in the halo. Using an analytical approach, Beck et al. (2012)
designed a simple model for the magnetic field in the Milky Way
halo, with a field strength of about 1 uG in the centre down to
1 nG in the intergalactic medium, in good agreement with our
numerical results.

In Fig. 9, we show various phase space diagrams such as the
temperature, the magnetic field strength, the plasma S, and the
subgrid turbulent velocity dispersion versus the gas density in the

MNRAS 513, 6028-6041 (2022)

galaxy (defined as a sphere of radius 10 per cent R,;;). In the central
region of the disc, the gas is cold and dense with a temperature of
about 100 K and a density of about 10 Hcm™3, as shown by the
red cross in each panel. The velocity dispersion of the unresolved
subgrid turbulence is also quite small, around 10 kms™!, typical
of Milky Way-like galaxies. Note that the smooth appearance of
our gas disc suggests that our simulation does not have enough
resolution to capture any resolved turbulence in the disc, contrary
to its high-redshift counterpart. The magnetic field in the central
region peaks at about 20 uG (see the red cross in the figure),
resulting in a low plasma B ~ 1072 and a peak magnetic pressure
of about 2 x 107!! barye, in rough equipartition with the subgrid
turbulent pressure. This demonstrates again that the magnetic field is
getting lower at lower redshift because the turbulence in the disc is
decreasing, as the galaxy settles in a more quiescent mode. Note also
that the final field strength is much larger than the value required to
quench our subgrid dynamo, so that at late time our subgrid turbulent
dynamo is totally ineffective, as it should.
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Figure 9. Mass-weighted phase space diagrams of temperature, magnetic field strength, plasma 8, and velocity dispersion as a function of gas density within

10 per cent Ry;; at z = 0.2. The red crosses mark the typical values of these four variables in the central region of the disc. The dashed line shows the ideal MHD
2/3

B o p~~ scaling relation, normalized to the galactic central region, where the field is in equipartition with the subgrid turbulence.

We also produce mock observations of Faraday depth maps at depth of 20 rad m~2 for a face-on view of the disc. Faraday depth are
z = 0.2, shown in Fig. 10. These can be directly compared to much weaker in the halo with values of the order of 10~2 rad m~2.
the theoretical predictions of Pakmor et al. (2018), showing good Since the Faraday depth is sensitive to the magnetic field parallel to
agreement between the two sets of simulations with a typical Faraday the line of sight, the face-on view reveals a very turbulent field typical
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Figure 10. Faraday Depth map of the zoomed region at z = 0.2 as seen by an observer. The two rows show face-on and edge-on projected Faraday depth maps
of the simulated galaxy. The left column shows zoom-ins of face-on and edge-on Faraday depth maps of the halo.

of the vertical component B, while the side-on view shows a much
more prominent large scale field typical of the dominant toroidal
component By. A detailed study of M51 shows similar magnetic field
strengths and sign reversals on small scales (Fletcher et al. 2011).
In the circumgalactic region, the magnetic field fluctuations appear
on much larger scales. However, since the AMR resolution is quite
degraded outside the galactic disc, we probably underestimate the
amplitude of the small-scale fluctuations. Pakmor et al. (2018) also
found Faraday depth of the order of 0.1 rad m~? in the circumgalactic
medium, in good agreement with what we find here.

The topology of the magnetic field in the disc can be understood by
plotting each magnetic field component in cylindrical coordinates.
Fig. 11 shows that the magnetic field is dominated by the toroidal
component with a typical strength of around 10 pG. The orientation
of the toroidal field is strikingly the same across the disc. The field
strength of the vertical and the radial components is much weaker
than the one of the toroidal field. The vertical and radial components
also exhibit small-scale structures, with the field orientation flipping
multiple times at a given radius. We do not see field reversals in
the toroidal field at large radii, in disagreement with the findings of
Pakmor et al. (2018). We only see one toroidal field reversal around

MNRAS 513, 6028-6041 (2022)

the nuclear region. The vertical and radial components flip multiple
times across the mid-plane, while the toroidal field always aligns
with the same direction. We believe these results might be due to the
absence of resolved turbulence in the disc, leading to an abnormally
quiescent flow. This almost perfectly rotating disc leads to a large-
scale toroidal field significantly larger than both the vertical and the
radial component. A better spatial resolution would have triggered
more random motions, especially in the radial direction, leading to
more field reversals and a larger pitch angles for the field.

Fig. 12 further supports this conclusion, showing radial profiles
for each magnetic field component. Both the angle-averaged field
strength and the standard deviation are calculated in cylindrical shells
of thickness 1 kpc. The total magnetic field is clearly dominated
by the toroidal component, for which the large-scale contribution
dominates over the small-scale fluctuations captured by the variance.
One can also see that the toroidal field has the same orientation as
seen in Fig. 11, except one reversal at r = 0.5 kpc, which is located
outside the nuclear disc. For both the radial and vertical components,
the standard deviation is in general larger than the angle-averaged
value, which indicates that small-scale fluctuations dominate over
the large-scale average value.
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Figure 11. Magnetic field topology at z = 2. The face-on (top row) and edge-on (bottom row) density-weighted projections of the magnetic field components
in cylindrical coordinates. The columns show the radial field strength (left column), toroidal field strength (middle column), and the vertical field strength (right

column), respectively.
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Figure 12. Average magnetic field strength and standard deviation of the radial, toroidal, and vertical components in cylindrical shells as a function of radius.

The total field strength is plotted in black.

6 DISCUSSION

In this paper, we have performed a cosmological zoom-in simulation
of a Milky Way analogue, modifying the induction equation using a
mean-field approach with a simple subgrid turbulent dynamo model.
In an earlier series of papers (Rieder & Teyssier 2016, 2017a, b), we
have studied small-scale turbulent dynamo amplification of a very

small seed field driven by supernova feedback. These simulations
were based on the unmodified induction equation (equation 4). We
showed that in order to see a fast turbulent dynamo in a dwarf
galaxy, the spatial resolution has to be better than Ax >~ 10pc
(Rieder & Teyssier 2016, 2017b). This resolution requirement is
computationally prohibitive for simulations of large galaxies like
the Milky Way, not to mention entire periodic boxes. In this paper,
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we have demonstrated that our subgrid model allows to capture a
fast amplification of the field driven by unresolved turbulence on a
few Myr time-scale. This subgrid dynamo remains active until the
magnetic energy density reaches a small fraction (typically here ¢
~ 1073) of the subgrid turbulent kinetic energy, while the resolved
turbulent and rotational motions further amplified the field up to
equipartition.

In our model, the subgrid dynamo is restricted to dense gas (ny >
1072 H cm™?) defining the dense and supersonic turbulent ISM. This
means that magnetic fields in the intergalactic medium (IGM) can
only be of primordial origin (in our picture, the Biermann battery seed
fields) or polluted by galactic winds. This is in line with the model
proposed by Bertone, Vogt & EnBlin (2006). In their semi-analytical
model, the galactic winds are never entirely volume filling. Pockets
of pristine gas in cosmic voids unaffected by feedback processes
at z = 0 remain. In our zoom-in simulation, by z = 0, the entire
region within 10 R,;; of our Milky way-like galaxy has been polluted
by galactic winds with magnetic fields everywhere of the order of
1 nG. We have not found any pocket of pristine gas with a magnetic
field strength around 1072° G within this region. A definitive answer
would probably come from a larger periodic box simulation, although
resolving the formation of the entire range of halo masses down to
star-forming mini-haloes would prove particularly challenging.

In an attempt to compare to observations, we have computed the
Faraday depth of our halo at z = 4, creating mocks of the observations
performed in Kim et al. (2016). These are interferometric observa-
tions that probe the polarization properties of background quasars.
As discussed in Section 5.1, in our simulation, the CGM is filled with
highly turbulent and strongly magnetized gas powered by galactic
outflows. Although the level of depolarization in our simulation
agrees qualitatively well with the observations, we predict a weaker
overall Faraday depth. The main caveat here is that we only consider
a single galaxy, while observations span a large range of redshifts and
halo masses. A larger sample of simulated halo masses is therefore
required and will be the topic of a follow-up paper. We can also
compare to other theoretical predictions with similar halo masses,
such as the work of Pakmor et al. (2018). The agreement is quite good
with this AURIGA sample of Milky Way analogues, both inside the
star-forming galaxy and in the CGM around the galaxy. This supports
that the theoretical picture that emerges is robust: first, a saturated
turbulent dynamo augmented by large-scale rotation amplifies the
magnetic field close to equipartition, and second, galactic outflows
transport this equipartition field to the outskirts of the galaxies and
in the IGM. These two very different regions are connected to each
other by the ideal MHD scaling relation B o< p3.

At low redshift, the situation is radically different. The galaxy
ends up in a much more isolated environment. It features a large
and thin disc with weaker star formation and no visible outflows.
The subgrid (unresolved) turbulence is much weaker, as well as the
resolved turbulence. The disc is so thin that it is not clear if we
are resolving any turbulent vertical motion at all. As a result of this
dramatic evolution to this low-redshift quiescent state, the magnetic
field in and around the galaxy is much weaker than that in its high-
redshift progenitor, with a field strength of about 10 puG in the disc
and 10 nG in the halo. This is in good agreement with the simulation
of Pakmor et al. (2017, 2020), with some interesting differences in
the details that probably trace the different numerical methodologies.
In particular, our magnetic field is a factor of 2—4 weaker than that
in Pakmor et al. (2020), possibly a consequence of our less turbulent
halo gas.

We found that the magnetic field in the final disc is mostly toroidal,
a consequence of our resolved rotational motions in the late time
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evolution of the spiral galaxy. The lack of resolved turbulent motions
in our final razor-thin state probably leads to an underestimation of
the amplitude of the radial and vertical components of the field. Only
better resolved simulations will confirm this.

The very simple (probably simplistic) form we have adopted for
our o tensor (see equation 14) could be improved in many ways. One
could estimate the local, mean-field helicity and use it to provide a
more realistic form to the pseudo-scalar &. A more ambitious goal
would be to derive a new mean-field equation for o with source and
sink terms governing its evolution (see Brandenburg & Subramanian
2005, for a review of possible methods). It is unclear whether these
possible refinements in the theory would significantly change our
results. We believe that the most important aspect is to resolve
properly the turbulent motions on large scales (meaning here the
grid scale and above). We cannot claim that we achieved this at
low redshift, as discussed already multiple times, but we certainly
succeeded to fulfil this requirement at high redshift.

Another caveat of our model is how we set up the initial magnetic
field. We used a uniform field with a strength of 10~2° G, mimicking
the outcome of the Biermann battery during the epoch of reionization.
The topology of the Biermann generated fields is far more complex
(see Attia et al. 2021, for a recent study of the process). In the
context of the subgrid turbulent dynamo, the topology and coherence
length of the initial field are particularly important. Indeed, since in
our simple model « is a true positive scalar, the subgrid turbulent
dynamo amplifies the initial field parallel to itself. Any initial random
orientations will be preserved during the amplification process. In
principle, resolved turbulent motions will randomize the field close
to the grid scale and change its direction accordingly. Nevertheless,
exploring the effect of different initial field topology and coherence
lengths would clearly justify future studies.

7 CONCLUSION

We have designed a new subgrid turbulent dynamo numerical scheme
for galaxy formation simulations. It allows us to exponentially
amplify an initially very small field to equipartition strength at both
low and high redshifts, without having to either rely on a very high
and demanding spatial resolution or use unrealistically large initial
field strength values.

This subgrid dynamo exploits an SGS mean-field turbulence model
that describes creation and dissipation of turbulence below the grid
scale of the supersonic unresolved ISM.

The « term that enters the modified induction equation is assumed
to be proportional to the velocity dispersion of this unresolved
turbulence, and to a quenching term that models the saturation of
the subgrid dynamo. This quenching depends on one free parameter,
namely the quenching parameter g. This parameter has been cali-
brated to a fiducial value of ¢ = 10~ that must be adjusted when
changing the resolution.

These simulations support the simple picture of a strong magnetic
field in rough equipartition with the turbulent kinetic energy inside
galaxies and strong galactic outflows pushing the field outside of the
galaxy all the way into the IGM.

This gives rise to a field strength of around 10 pG in low-redshift
quiescent discs and 100 pG in high-redshift galaxies. The host haloes
contain a weaker field, about 10 nG at low redshift up to 1 pG at
high redshift. These values are consistent with observations at both
low and high redshifts. For the latter, strong depolarization of the
Faraday signal is expected due to turbulence.

Both the SGS subgrid model for turbulence and the subgrid
dynamo are available in the public version of the RAMSES code.
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We plan to perform other simulations in the near future to test
and further improve our model and explore its predictions at smaller
scales with idealized simulations of isolated galaxies and at larger
scales with simulations of galaxy clusters.
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