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ABSTRACT

We study the effect of magnetic fields on a simulated galaxy and its surrounding gaseous halo, or circumgalactic medium (CGM),

within cosmological ‘zoom-in’ simulations of a Milky Way-mass galaxy as part of the Simulating the Universe with Refined

Galaxy Environments (SURGE) project. We use three different galaxy formation models, each with and without magnetic fields,

and include additional spatial refinement in the CGM to improve its resolution. The central galaxy’s star formation rate and

stellar mass are not strongly affected by the presence of magnetic fields, but the galaxy is more disc dominated and its central

black hole is more massive when B > 0. The physical properties of the CGM change significantly. With magnetic fields, the

circumgalactic gas flows are slower, the atomic hydrogen-dominated extended discs around the galaxy are more massive and the

densities in the inner CGM are therefore higher, the temperatures in the outer CGM are higher, and the pressure in the halo is

higher and smoother. The total gas fraction and metal mass fraction in the halo are also higher when magnetic fields are included,

because less gas escapes the halo. Additionally, we find that the CGM properties depend on azimuthal angle and that magnetic

fields reduce the scatter in radial velocity, whilst enhancing the scatter in metallicity at fixed azimuthal angle. The metals are

thus less well-mixed throughout the halo, resulting in more metal-poor halo gas. These results together show that magnetic fields

in the CGM change the flow of gas in galaxy haloes, making it more difficult for metal-rich outflows to mix with the metal-poor

CGM and to escape the halo, and therefore should be included in simulations of galaxy formation.

Key words: MHD – methods: numerical – galaxies: formation – galaxies: haloes – intergalactic medium – galaxies: magnetic

fields.

1 IN T RO D U C T I O N

The gaseous component of the dark matter-dominated haloes around

galaxies is also referred to as the circumgalactic medium (CGM).

It plays an important role in the formation of galaxies. Galaxies

grow by accreting gas from their surrounding haloes. Gas stripped

from galaxies or ejected from them by feedback is returned to the

CGM, thereby heating it and enriching it with heavy elements.

The physical properties of the CGM thus determine in part how

galaxies grow and evolve and they yield information about feedback

processes and their resulting outflows (e.g. van de Voort & Schaye

2012; Suresh et al. 2015). Understanding its properties, and how they

depend on different physical processes, is therefore vital for theories

of galaxy formation and for providing reliable predictions for and

interpretations of observations of the CGM (e.g. Putman, Peek &

Joung 2012; Tumlinson, Peeples & Werk 2017).

The gas around galaxies is known to have a range of temperatures

and metallicities (Werk et al. 2014; Prochaska et al. 2017; Lehner

⋆ E-mail: freeke@astro.cf.ac.uk

et al. 2019). These properties correlate with one another. For example,

cosmological simulations find that inflowing gas is cooler and denser

than outflowing gas, on average (e.g. van de Voort & Schaye 2012;

Ford et al. 2014). Simulated CGM properties also depend on halo

mass, on redshift, and on the implementation of feedback from

stars and supermassive black holes (van de Voort & Schaye 2012;

Suresh et al. 2015). The latter makes it a challenge for simulations to

reproduce observations of the cool, intermediate temperature, and hot

CGM (Hummels et al. 2013; Gutcke et al. 2017; Jakobs et al. 2018; Ji

et al. 2020). The consequences of additional physical processes on the

CGM are therefore being explored. Examples of such processes are

cosmic ray feedback and thermal conduction, which both depend on

the magnetic field strength and orientation (e.g. Barnes et al. 2019;

Buck et al. 2020; Ji et al. 2020). Here, we focus on the relatively

unexplored effect of the magnetic fields themselves and study how

they may change the physical properties of circumgalactic gas at low

redshift.

Magnetic fields are ubiquitous in the Universe (e.g. Beck &

Wielebinski 2013, and references therein) and are believed to be

important for a variety of astrophysical processes, such as for star

formation and for launching jets from protostars or black holes

C© 2020 The Author(s)
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To B or not to B 4889

(e.g. Tchekhovskoy 2015; Hennebelle & Inutsuka 2019; Girichidis

et al. 2020, and references therein). Star-forming disc galaxies are

also observed to have large-scale magnetic fields, not just in their

interstellar medium (ISM; e.g. Planck Collaboration XXXV 2016;

Han 2017), but also in regions around the disc (e.g. Haverkorn

& Heesen 2012; Han 2017). The interpretation of observations

of extraplanar magnetic fields is not straightforward, but their

orientation may indicate a correlation with the flow of gas in the

inner halo (Ferrière & Terral 2014).

State-of-the-art simulations of galaxy formation do not always

include magnetic fields (e.g. Dubois et al. 2014; Schaye et al. 2015;

Tremmel et al. 2017; Hopkins et al. 2018; Davé et al. 2019). However,

recently there has been a push to include them in cosmological

simulations, first as a diagnostic tool in comparison with observations

and secondly because they are required for additional physical

processes, such as cosmic ray transport and thermal conduction (e.g.

Dubois & Teyssier 2008; Pakmor et al. 2017; Rieder & Teyssier

2017; Marinacci et al. 2018; Martin-Alvarez et al. 2018; Hopkins

et al. 2020). In these simulations, the magnetic field is amplified

strongly by a turbulent dynamo in the ISM and pushed into the

CGM by galactic outflows. Some studies find that they do not

have an important dynamical effect on galaxies (Pakmor et al.

2017; Su et al. 2017; Hopkins et al. 2020), whereas others find

that they have can noticeably change certain galaxy properties,

such as galaxy sizes (Pillepich et al. 2018; Martin-Alvarez et al.

2020). Although different numerical methods and magnetic field

implementations may lead to different results, these seemingly

conflicting conclusions may be explained simply by the authors

focusing on different aspects of galaxy formation or on different

redshifts.

Studies agree that, on average, the thermal pressure dominates

over magnetic pressure in the CGM. However, even though not

dominant, magnetic fields may well be dynamically important (Ji,

Oh & McCourt 2018). Moreover, even though most of the halo

volume is filled with hot, diffuse gas with high thermal pressure,

some of the CGM is much cooler than the virial temperature and

can be dominated by magnetic pressure (Nelson et al. 2020). A

more in-depth investigation into how magnetic fields interact with

the multiphase CGM, especially at low redshift, is clearly warranted.

We therefore study the density, temperature, pressure, metallicity,

and radial velocity of the gas around a Milky Way-mass galaxy and

find substantial differences depending on the presence or absence

of magnetic fields, both in regions where the magnetic pressure is

dominant and where it is subdominant.

In this work, we use cosmological ‘zoom-in’ simulations of a

single Milky Way-mass halo with three different variations of the

subgrid physics and with enhanced resolution in the CGM as part

of the Simulating the Universe with Refined Galaxy Environments

(SURGE) project. We study the impact of the magnetic field on

properties of the CGM and the central galaxy. We show that the

gas flows in the halo are substantially altered by the inclusion of

magnetic fields, even on large scales where the magnetic pressure

is subdominant. The simulation method is briefly described in Sec-

tion 2. In Section 3, we present our results on magnetohydrodynamic

properties of the CGM. We summarize and discuss our findings

in Section 4. Appendix A shows results for standard resolution

simulations from which we conclude that our results are indepen-

dent of resolution. Appendix B compares results from standard

resolution simulations with different initial conditions to study halo-

to-halo variation. Finally, the full distribution of CGM properties

is shown in Appendix C. All length scales are given in proper

coordinates.

2 M E T H O D

This work is an extension of the Auriga project1 (Grand et al.

2017), which consists of a large number of zoom-in magnetohy-

drodynamical, cosmological simulations of relatively isolated Milky

Way-mass galaxies and their environments. We resimulate one of the

Auriga galaxies (halo 6) at standard mass resolution with additional

spatial resolution in the CGM.2 Halo 6 was chosen because the

central galaxy has properties that are reasonably similar to the Milky

Way. Additionally, it has a relatively compact zoom-in region, which

makes it one of the most efficient in terms of computational time.

Our simulations are part of the SURGE project (see also van de Voort

et al. 2019).

In order to check that our results are robust to changes in the

employed feedback model, we run three variations:

(i) the Auriga model without active galactic nucleus (AGN)

feedback, ‘Auriga noAGN’;

(ii) the Auriga model, ‘Auriga’;

(iii) the IllustrisTNG model, ‘TNG’.

The latter two models both include AGN feedback, but with different

implementations (see below).

All of the simulations were run with the latest version of the quasi-

Lagrangian moving mesh code AREPO (Springel 2010; Pakmor et al.

2016; Weinberger, Springel & Pakmor 2020) and assume a � cold

dark matter (�CDM) cosmology with parameters taken from Planck

Collaboration XVI (2014): �m = 1 − �� = 0.307, �b = 0.048, h

= 0.6777, σ 8 = 0.8288, and n = 0.9611. AREPO uses a second-

order finite volume scheme on an unstructured Voronoi mesh for the

gas. Dark matter, stars, and black holes are modelled as collisionless

particles. All of our models include ideal magnetohydrodynamics

(MHD; Pakmor & Springel 2013; Pakmor, Marinacci & Springel

2014) and use the Powell scheme for divergence control (Powell

et al. 1999). The relative divergence error is typically a few per cent

(Pakmor et al. 2020). Primordial and metal-line cooling with self-

shielding corrections (Rahmati et al. 2013; Vogelsberger et al. 2013)

and a time-dependent ultraviolet (UV) background (Faucher-Giguère

et al. 2009) are included as well. The fraction of atomic hydrogen

(H I) is calculated on-the-fly based on the UV background radiation,

the local radiation field from the AGN if included, and the self-

shielding approximation from Rahmati et al. (2013).

Stellar mass loss and metal return are included for core collapse

and Type Ia supernovae and for asymptotic giant branch stars based

on tabulated mass and metal yields (Grand et al. 2017; Pillepich et al.

2018, and references therein). We chose to inject mass and metals

ejected by a star particle only into its host cell, rather than into its 64

neighbours as done in the original Auriga and IllustrisTNG models,

but this change is unlikely to affect any of our results (only the 2σ

scatter in stellar abundances is slightly higher, as shown in van de

Voort et al. 2020).

The mass resolution of our cells is the same as in the standard Au-

riga simulations, i.e. the target cell mass for baryons is 5.4 × 104 M⊙
and dark matter particle masses are 2.9 × 105 M⊙. At z = 0, all cells

within 1 Mpc of the central Milky Way-mass galaxy are within

the ‘zoom-in’ region and therefore are refined to this target mass.

Additionally, following van de Voort et al. (2019), we limit the cell

volume to a maximum volume of (1 kpc)3 for cells within 1.2Rvir of

1https://wwwmpa.mpa-garching.mpg.de/auriga/
2Two other Milky Way-mass haloes (halo 12 and halo L8) are shown and

discussed in Appendix B.

MNRAS 501, 4888–4902 (2021)
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4890 F. van de Voort et al.

any halo more massive than 107.9 M⊙ and located within the ‘zoom-

in’ region. In this work, we define the virial radius, Rvir, as the radius

within which the mean overdensity is 200 times the critical density

of the Universe at its redshift, where Rvir ≈ 210 kpc at z = 0. The

total halo mass within this radius is 1012.0 M⊙ at z = 0.

The haloes are identified on-the-fly by running SUBFIND (Springel

et al. 2001; Dolag et al. 2009) at each of the 128 output redshifts be-

tween z = 47 and z = 0. Sufficiently massive friends-of-friends (FoF)

haloes are selected and ‘dyed’ with a passive ‘refinement’ scalar of

value unity. Between two consecutive outputs, the refinement scalar

is advected with the fluid. A cell is spatially refined (as described

in Springel 2010) if its refinement scalar is above 90 per cent of the

injected value. Because of inflows and outflows, the spatial spherical

refinement region becomes more deformed with time. The scalar is

therefore reinitialized at the next output redshift; see van de Voort

et al. (2019) for more details. For some of our results, we use SUBFIND

to identify bound substructures within FoF haloes in order to exclude

satellite galaxies and the gas associated with them, but this does not

impact our conclusions.

Star formation takes place stochastically in gas with densities

above n⋆
H = 0.11 cm−3 following Springel & Hernquist (2003).

This model was calibrated to reproduce the Kennicutt–Schmidt law

(Kennicutt 1998) in simulations without magnetic fields and was not

recalibrated for our simulations, even though some of them include

additional magnetic pressure. This is unimportant for most of the

galaxy’s evolution, because the magnetic pressure is subdominant

(see Pakmor et al. 2017). At low redshift, however, the magnetic

pressure becomes more important and may change the density profile

in the ISM somewhat. We will discuss this further in Section 3.2.

Generally, the entire gas cell is converted to a star particle, unless the

total mass exceeds the target mass resolution by more than a factor of

2, in which case only the target mass is converted to a star and the gas

cell is retained with reduced mass. Because the multiphase structure

of the ISM cannot be resolved at the resolution of our simulations,

this gas is placed on an effective equation of state. Here, the galaxies’

ISM is defined to be all of the star-forming gas (i.e. all gas with nH

> 0.11 cm−3).

All models include stellar feedback and the ‘Auriga’ and ‘TNG’

models include both stellar and AGN feedback, which result in

large-scale outflows (see Grand et al. 2017; Weinberger et al. 2017;

Pillepich et al. 2018 for details). The stellar feedback models are quite

similar in the different models. Briefly, ‘wind particles’ are launched

stochastically from the star-forming gas and are temporarily decou-

pled from hydrodynamic interactions, until they reach 5 per cent of

n⋆
H. The AGN feedback models differ substantially from each other.

The feedback in both AGN models is most efficient when the central

black hole has a low accretion rate. However, the implementations for

this ‘radio mode’ are quite different. In the case of ‘Auriga’, energy

from the AGN is added to the CGM as thermal energy, whereas in the

case of ‘TNG’, the energy is added directly around the supermassive

black hole (in the ISM) as kinetic energy. In the ‘TNG’ model, the

AGN-driven outflows interact with the ISM, escape the disc along

the path of least resistance, and are therefore more bipolar near the

disc than those in the ‘Auriga’ model.

For each of our three model variations we run two simulations,

one with and one without magnetic fields. This is done by using

an identical version of the code, but setting the seed magnetic field

to zero instead of the fiducial 1.6 × 10−10 physical G, which is

initialized as a uniform field at the start of the simulation, at z =

127. The simulation self-consistently follows the same ideal MHD

equations for the evolution of the gas regardless of whether or not

the magnetic field was seeded. Note that we do not expect galaxy

evolution to be affected by the exact value of the non-zero seed field

in our model (Marinacci & Vogelsberger 2016). Additionally, the

choice of using a simple uniform seed field instead of more physically

motivated seed fields is unlikely to matter at low redshift, as shown by

Garaldi, Pakmor & Springel (2020). We ran the same six simulations

with identical mass resolution, but without spatial refinement in the

CGM, for our resolution tests shown in Appendix A. We ran another

four simulations without spatial refinement to check whether our

results hold for other Milky Way-mass haloes besides halo 6, using

the initial conditions of halo 12 (Grand et al. 2017) and halo L8

(Grand et al. 2019). These are shown and discussed in Appendix B.

All of these simulations have differently timed outflows, driven by

starbursts or AGN, but each simulation shows the same qualitative

results. We therefore believe that our results do not depend on such

stochastic processes and likely hold in general for Milky Way-mass

haloes.

3 R ESULTS

We found that the CGM properties are most strongly affected by

the presence or absence of magnetic fields in the simulations without

AGN feedback (‘Auriga noAGN’; quantified in Sections 3.2 and 3.4).

We therefore use this model as our fiducial model, but show many

of our results for the other models as well. Even though there are

quantitative differences in the behaviour, the effect of the magnetic

fields is significant and qualitatively the same in all models.

3.1 A qualitative view

Images of density, temperature, pressure, metallicity, and radial

velocity in an infinitesimally thin slice through the CGM at z =

0 are shown in Fig. 1 for model ‘Auriga noAGN’. The galaxy was

rotated such that its angular momentum lies along the z-axis and

is therefore edge-on. The top panels show the gas properties in a

simulation without magnetic fields and the bottom panels in one

with magnetic fields.

The density is higher near the disc in the presence of B fields.

There are more dense, cool clumps just above and below the disc

and the cool gas in the plane of the disc between 20 and 50 kpc

is more puffed up. This is the case for all of our models. At larger

distances, the average density is similar, but the structure is quite

different. The simulation with magnetic fields shows more coherent,

filamentary structure everywhere in the halo, whereas the one without

B shows more fine-grained structure and appears more turbulent on

small scales, possibly because there is more mixing, as discussed

below. This is also the case for the other two models, although this

structure difference is slightly weaker in the ‘Auriga’ model, because

its feedback is less directional than in ‘Auriga noAGN’ or ‘TNG’.

The volume is dominated by hot gas and its average temperature is

slightly higher with magnetic fields. However, especially noticeable

are the large filaments of cool, yet relatively low-density gas in the

polar directions. This may be opposite to expectations given that this

is the direction of the outflow, which is generally hot. Because this

gas was (or is) part of a galactic outflow, it has a high metallicity,

which allows it to cool efficiently. Feedback can disrupt this cool

(but low-density) gas relatively easily, because it is located along

the bipolar outflow direction. Our simulations with AGN feedback

also show cool gas structures in the outflow direction, but they are

much less prominently visible. These low-density filaments do not

dominate the overall mass budget of cool gas (as shown quantitatively

in Appendix C).

MNRAS 501, 4888–4902 (2021)
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To B or not to B 4891

Figure 1. 400 × 400 kpc2 images of the gas in and around an edge-on Milky Way-mass galaxy at z = 0 in a simulation without magnetic fields (top panels)

and with magnetic fields (bottom panels). From left to right the panels show the gas density, its temperature, the total pressure (thermal pressure plus magnetic

pressure), the metallicity, and the radial velocity of the gas. The top (bottom) panels show the ‘Auriga noAGN’ simulation without (with) magnetic fields. All

panels show an infinitesimally thin slice through the centre of the galaxy. In general, the density exhibits smaller scale fluctuation without B. The cool gas in the

CGM (T < 105 K) has more coherent, filamentary structure with B. The pressure in the halo is also smoother with B. The metallicity is highest along the polar

direction in both cases, but the other regions of the CGM are much more enriched without B, indicating that the gas mixes more efficiently. The radial velocity

is strongly time variable, but generally shows more confined outflows when B > 0.

The pressure shown in the middle panels is the sum of the thermal

pressure and magnetic pressure. In the case of B = 0 it is therefore

equal to the thermal pressure. As seen before for the temperature, the

pressure is higher when magnetic fields are included, the pressure is

also smoother even in regions where the thermal pressure dominates

(see Fig. 2). This pressure structure clearly connects to similar

structure in the density and temperature images, which are also

smoother when B > 0.

The metallicity distribution is strikingly different. Along the polar

direction, the metallicity is high in both simulations. However, in the

case where B = 0, the metallicity is high in most of the halo volume.

In the simulation with B > 0, on the other hand, the metallicity in

the regions away from the poles is much lower. This is likely due to

reduced mixing of gas or due to outflows being more collimated along

the polar axis when magnetic fields are included or a combination of

both effects.

The right-hand panels show the radial velocity, where inflow has

negative and outflow has positive velocities. The radial velocity is

much more time variable than the properties shown in the other

panels, so the differences between top and bottom panels should not

be overinterpreted. It is clear that the outflows are bipolar in both

cases and correlate strongly with regions of high metallicity. The

velocities are usually higher when B = 0, although this is not the

case for all simulation outputs between z = 0.3 and z = 0, and is

quantified below in Fig. 6. The outflows are in general somewhat

more confined to the polar axes when magnetic fields are included.

This likely partially explains the difference in metal mixing.

The magnetic field (top panel) and β = PT/PB (bottom panel) of

the same simulation shown in the bottom panels of Fig. 1 (‘Auriga

noAGN’) are shown in Fig. 2. The magnetic field strength is clearly

bipolar, with larger field strengths along the polar axes than in the

plane of the disc, in qualitative agreement with Pakmor et al. (2020).

A turbulent dynamo increases the field strength in the galaxy after

which galactic outflows magnetize the halo. This explains the strong

correlation between areas of high magnetic field strength and high

metallicity, since metals also have their origin inside the central

galaxy and are expelled by outflows. Although the thermal pressure

dominates in most of the halo volume, the magnetic pressure can

dominate locally by up to two orders of magnitude, as can be seen in

the bottom panel. As seen above in Fig. 1, the CGM properties are

affected by the presence of B fields in the entire halo, including in

areas where the thermal pressure dominates.

3.2 Properties of the central galaxy and its halo

The central Milky Way-mass galaxy is shown in Fig. 3 as a face-

on and edge-on three-colour image (in K, B, and U band) for model

‘Auriga noAGN’ with B = 0 (left-hand panels) and B > 0 (right-hand

panels). Both galaxies are disc dominated with a substantial bulge

and have similar stellar mass and star formation rate. The galaxy

in the simulation without magnetic fields has a stronger bar and a

smaller disc than the galaxy with B > 0. These differences are robust

to changes in the galaxy formation model or CGM resolution. The

two additional haloes with different initial conditions, presented in

Appendix B, also exhibit a smaller disc when B = 0. However, the

bar strength can both increase and decrease, so this seems to vary

between different haloes. A larger sample of galaxies would be useful

to verify whether magnetic fields always increase the extent of the

stellar disc of Milky Way-mass galaxies. Our result is consistent

with Pillepich et al. (2018), who found that for Mstar � 3 × 1010 M⊙
galaxy sizes increased when including magnetic fields, based on a

larger sample of galaxies in a (25 Mpc)3 simulation volume. It is also
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4892 F. van de Voort et al.

Figure 2. 400 × 400 kpc2 images of the gas in and around an edge-on

Milky Way-mass galaxy at z = 0 in a simulation with magnetic fields. The

top panel shows the magnetic field strength, and the bottom panel shows

the ratio β between thermal pressure (PT = nkBT) and magnetic pressure

(PB = |B|2/8π) in an infinitesimally thin slice through the centre of the edge-

on galaxy. Even though thermal pressure dominates most of the volume, this

is not the case everywhere. The magnetic field is much higher than average in

the direction of the outflow (the polar direction). The combination of a higher

field strength and a lower temperature means that the magnetic pressure can

dominate over thermal pressure by one or two orders of magnitude.

Figure 3. 50 × 50 kpc2 face-on images and 50 × 25 kpc2 edge-on images

at z = 0 in K, B, and U band, which are shown by red, green, and blue colour

channels, respectively. Younger stars thus appear bluer. The left-hand (right-

hand) panels show the ‘Auriga noAGN’ simulation without (with) magnetic

fields. The galaxy is dominated by a star-forming disc and also has a bulge

composed of older stars. The disc is more extended in the case of B > 0 and

the bar is more prominent when B = 0.

consistent with Whittingham et al. (2020) who found an even larger

effect of magnetic fields on galaxy disc sizes after gas-rich major

mergers. Overall, the changes in the stellar distribution are small

enough that differences in the central galaxy are unlikely to have

a significant impact on the properties of the CGM. Any variations

in CGM properties due to magnetic fields are likely caused by the

presence of B fields in the CGM itself.

Several properties of the galaxy, its halo, and its central black hole

are listed in Table 1 for all of our models, where magnetic fields

are excluded (included) for the red (blue) entries. These simulations

were all run with 1 kpc spatial refinement in the halo. Simulations

with mass refinement only have very similar properties (see Table A1

in Appendix A). The first two columns indicate the galaxy formation

model used and whether or not magnetic fields were included.

The quantities listed are stellar mass (third column), black hole

mass (fourth column), ISM mass (fifth column), CGM mass (sixth

column), H I mass within the CGM (seventh column), star formation

rate (SFR; eighth column), and disc-to-total ratio (final column). The

latter was determined based on kinematic properties by calculating

the fraction of kinetic energy in ordered rotation (e.g. Sales et al.

2012), calculated as follows:

κrot = Krot/Ktot. (1)

Krot is the kinetic energy in rotation around the angular momentum

axis of the galaxy. This is calculated by summing over all star

particles within 30 kpc from the centre of the galaxy using each

particle’s mass, m, its specific angular momentum in the direction of

the angular momentum vector of the disc, jz, and its distance to the

angular momentum axis, Rxy:

Krot =
∑ 1

2
m

(

jz

Rxy

)2

. (2)

Ktot is the total kinetic energy of the stars within 30 kpc from the

centre, where v is the total velocity of each particle:

Ktot =
∑ 1

2
mv2. (3)

It can be seen from Tables 1 and A1 that the stellar mass, ISM

mass, and SFR do not change in a consistent way when adding B

fields, i.e. for some models they increase when B > 0 and others

they decrease. The same is true for the metallicity of the ISM. This is

despite the fact that the star formation model (Springel & Hernquist

2003) was not recalibrated when including magnetic fields, which

provide additional pressure in the ISM. This magnetic pressure is

subdominant at high redshift, but becomes more important towards

z = 0 (Pakmor et al. 2017). We do not believe that not recalibrating

the star formation model with regards to the additional pressure

of the magnetic fields will strongly impact our results, because

the differences in the stellar mass, ISM mass, and SFR due to the

inclusion of magnetic fields are small and not systematic.

Robust trends are present for black hole mass, CGM mass,

H I mass, and disc-to-total ratio. Simulations with magnetic fields

contain more massive central black holes, have more gas and more

atomic hydrogen in their haloes, and their central galaxies are

more disc dominated. This is consistent with Pillepich et al. (2018)

who simulated large volumes with the ‘TNG’ model and compared

simulations with and without magnetic fields. For Milky Way-mass

galaxies they also find more massive black holes, higher gas fractions,

and larger galaxy sizes. However, their stellar mass is more affected

by the presence or absence of B fields. This could be because they

simulated a larger sample of galaxies and our single galaxy may be an

outlier in terms of its stellar mass or it could be because the behaviour
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Table 1. Properties of the galaxy and halo at z = 0, unless otherwise stated, in our simulations with 1 kpc CGM refinement: galaxy

formation model, inclusion of B field; total stellar mass within 30 kpc from the centre (Mstar); mass of the central black hole (MBH); total

ISM mass within 30 kpc from the centre (MISM); total CGM mass (i.e. all non-star-forming gas within Rvir, MCGM); the total amount of H I

in the CGM (MH I); star formation rate averaged over z = 0.3–0 (SFR); and kinetic disc-to-total ratio based on κ rot (D/T, see equation 1).

Some of these properties are robust to the inclusion or exclusion of magnetic fields (Mstar, MISM, SFR), whereas others are clearly affected

(MBH, MCGM, MH I, D/T).

Simulation name B field log10 Mstar log10 MBH log10 MISM log10 MCGM log10 MH I SFR D/T

(M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙ yr−1) (κ rot)

Auriga noAGN No 10.85 – 9.90 10.56 9 6.6 0.62

Auriga noAGN Yes 10.90 – 9.94 10.76 10 6.1 0.71

Auriga No 10.69 7.33 9.76 10.71 9 3.5 0.58

Auriga Yes 10.68 7.54 9.55 10.75 10 2.9 0.74

TNG No 10.58 7.53 9.68 10.61 9 2.3 0.66

TNG Yes 10.63 7.75 9.82 10.77 10 3.6 0.78

Figure 4. 400 × 400 kpc2 images of the gas metallicity in and around a

Milky Way-mass galaxy at z = 0 in simulations without magnetic fields

(top panels) and with magnetic fields (bottom panels), similar to the right-

hand panels of Fig. 1. The left (right) panels show simulations run with the

‘Auriga’ (‘TNG’) model. In both these models, which have very different

AGN feedback implementations, the consequences of adding magnetic fields

are similar to their effect in the ‘Auriga noAGN’ simulation, shown in Fig. 1:

the metals are more mixed throughout the CGM without magnetic fields and

they remain more collimated in the direction of the outflows with magnetic

fields.

is different at lower mass resolution (by a factor of 44). Note that

most of the H I is located in the central 30 kpc for all our simulations,

which means that the H I content of the CGM is dominated by a

thick and extended non-star-forming disc surrounding the ISM of

the galaxy.

3.3 Galaxy formation model variations

In order to check whether our results are sensitive to changes in the

feedback model, we have repeated the experiment for the ‘Auriga’

model and the ‘TNG’ model, which differ by their implementation of

Figure 5. 400 × 400 kpc2 images of β, the ratio between thermal pressure

and magnetic pressure, in an infinitesimally thin slice through the centre of

the edge-on galaxy for model ‘Auriga (left-hand panel) and model ‘TNG’

(right-hand panel), similar to the bottom panel in Fig. 2. For all models, most

of the volume is dominated by thermal pressure. However, some of the gas in

the centre (the dense, extended gas disc around the galaxy) and in the outflow

direction is dominated by magnetic pressure. The area in which β ≪ 1 is

somewhat reduced in these models with AGN feedback as compared to the

simulation without AGN feedback (see Fig. 2).

AGN feedback, among other things (see Section 2; Grand et al. 2017;

Weinberger et al. 2017; Pillepich et al. 2018). The ‘TNG’ model also

uses a different set of yields than the Auriga model and stronger

stellar winds for low-mass galaxies (including for the progenitors

of the Milky Way), which results in a lower metallicity overall. The

resulting gas metallicity in a slice through the halo is shown in Fig. 4,

which can be compared with model ‘Auriga noAGN’ in the right-

hand panels of Fig. 1 (same colour scale). Although different in

detail, the similarities of the impact of magnetic fields are striking.

Comparing the simulations without B fields (top panels) to those with

B fields (bottom panels), each simulation set clearly shows a more

even spread of the metals throughout the halo when B = 0 and a

more confined high-metallicity region in the outflow direction when

B > 0, as seen before for the ‘Auriga noAGN’ model. The metal-rich

and metal-poor gas do not mix efficiently when magnetic fields are

included in the simulation, independent of feedback model.

The ratio between thermal and magnetic pressure, or β, in the

CGM is shown in Fig. 5 for models ‘Auriga’ and ‘TNG’. The total

area in the CGM where magnetic fields strongly dominate the pres-

sure is reduced when compared to model ‘Auriga noAGN’ in Fig. 2.
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4894 F. van de Voort et al.

The ‘Auriga’ model looks the most discrepant with somewhat less

ordered magnetic field structure, likely because its AGN radio-mode

feedback is initialized in random locations in the halo rather than in

the centre of the galaxy. However, there are many similarities between

models as well. The extended, thick disc around the galaxy is cool

and dense and has a large magnetic field strength, making it strongly

magnetic pressure dominated (β ≪ 1). Additionally, a biconical

structure is visible, similar to that seen for model ‘Auriga noAGN’.

Both the magnetic field strength and the metallicity are largest in the

outflow direction. Some of this high-metallicity gas cools to lower

temperatures and the low thermal pressure in combination with the

high magnetic pressure result in β ≪ 1 in these regions.

3.4 Quantifying the effect of magnetic fields

The difference between simulations with and without magnetic fields

is quantified in Fig. 6, which shows several CGM properties as

a function of galactocentric radius, RGC. Gas in the ISM and gas

associated with satellites have been excluded from these profiles.

From top to bottom, the panels show magnetic field strength,

radial velocity for inflow (negative velocities) and outflow (positive

velocities) separately, hydrogen number density, temperature, total

pressure (thermal plus magnetic), and metallicity. Simulations with

B = 0 are shown by the dashed curves and for B > 0 as solid

curves for models ‘Auriga noAGN’ (thick, blue curves), ‘Auriga’

(green curves), and ‘TNG’ (thin, red curves). To limit the impact

of stochastic processes, we show properties averaged over all 22

simulation outputs between z = 0.3 and z = 0, but this choice does

not affect our conclusions.

Differences caused by the presence or absence of B fields are

generally largest in the ‘Auriga noAGN’ model and smaller in the

two models with AGN feedback, which could indicate that additional

feedback reduces some of the effects of magnetic fields on the CGM.

Even though the magnitude of the effect of magnetic fields varies

between galaxy formation models, the simulations show the same

qualitative behaviour. Magnetic fields are clearly important for a

wide range of CGM properties in all of our simulations.

The strength of the magnetic field is reasonably similar in our three

models. The difference is largest, up to 0.3 dex, in the central 30 kpc

and in the halo outskirts. This means that the magnetic pressure

(PB = |B|2/8π) is up to 0.6 dex different in our models. However,

the quantitative change in properties with or without B does depend

on the feedback model. The simulation with the lowest magnetic

fields at large RGC (‘Auriga noAGN’) is affected more strongly in

some properties, e.g. outflow velocity and temperature, than the other

models. Although the strength of the field must be important for how

much the gas flows in the CGM are affected, strong feedback can

limit their influence somewhat. It is also important to note that the

strength of the magnetic field is much larger along the polar axes

than in the disc plane (see Fig. 2). The regions where the field is

relatively weak dominate the halo volume and therefore dominate

our spherical averages in Fig. 6.

The median radial velocity is negative at all radii: all of our haloes

are dominated by inflowing gas. Instead of showing this, we split the

gas into inflowing and outflowing gas to show both separately in the

second panel of Fig. 6. The lower (higher) curves show the median

for the gas with vrad < 0 (vrad > 0). For all our galaxy formation

models and at all radii, the gas is inflowing and outflowing faster

without magnetic fields. B fields thus slow down the flow of gas in

both directions.

The density profiles are fairly similar and at RGC > 50 kpc there is

no consistent trend in the different models when including magnetic

Figure 6. CGM properties as a function of galactocentric radius. Gas in

the ISM is excluded. The thick, blue curves show results from the ‘Auriga’

model without AGN feedback, the green curves show those from the ‘Auriga’

model, and the thin, red curves show those based on the ‘TNG’ model.

Solid (dashed) curves represent simulations with (without) magnetic fields.

We average over all snapshots between z = 0.3 and z = 0 and exclude

gas in the ISM and gas associated with satellites. The first panel shows the

volume-weighted root-mean-square magnetic field strength. The second panel

shows the mass-weighted median radial velocity separately for inflowing

(vrad < 0) and outflowing (vrad > 0) gas. The black, dotted curve shows

the dividing line for inflow and outflow at vrad = 0. The average hydrogen

number density is shown in the third panel. The fourth panel shows the

mass-weighted median temperature, and the fifth panel shows the volume-

weighted median pressure (thermal + magnetic), divided by the Boltzmann

constant. The mass-weighted median metallicity is shown in the final panel.

The presence of magnetic fields reduces the inflow velocity (making it less

negative) and outflow velocity, enhances the density in the centre, decreases

the temperature outside ≈50 kpc, increases the pressure, and decreases the

amount of mixing in the CGM resulting in steeper metallicity profiles.
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To B or not to B 4895

Figure 7. Cumulative mass and metal mass profiles of all the gas (ISM and

CGM) as a function of galactocentric radius averaged over z = 0.3–0. The

baryon fraction and metal fraction of the halo are reduced in the presence of

magnetic fields. The largest difference in mass within RGC is visible for the

innermost part of the CGM, for RGC = 25–50 kpc. The difference decreases

towards larger radii. Gas and metals are transported to large distances more

efficiently without magnetic fields.

fields. Closer to the galaxy, all models show higher densities when B

> 0. Note that our radial profiles are averaged over spherical shells,

whereas the gas at these lower radii is distributed in a thick disc (see

Fig. 1). This dense, cool, non-star-forming gas disc is more massive

when B fields are present. Cumulative mass profiles are shown and

discussed below (see Fig. 7).

Because the cooling curve of metal-rich gas peaks at intermediate

temperatures T = 105–5.5 K, the CGM is multiphase with a large

fraction of the gas at T ≈ 104 K (below which cooling is inefficient)

and at T ≈ 106 K (the virial temperature of a Milky Way-mass halo).

In the inner CGM, most of the gas is cool, whereas at larger radii,

most of the gas is hot in all our simulations. There is relatively little

gas at intermediate temperatures, which leads to a sharp increase at

RGC = 20–50 kpc in the mass-weighted median temperature profiles.

In all our models, the temperature of the halo gas is higher outside

R ≈ 50 kpc when including B fields. How much the temperature is

enhanced depends on the galaxy formation model.

As required by hydrostatic equilibrium, the gas pressure decreases

with galactocentric radius. However, in some of the simulations, the

pressure briefly increases at small radius, likely caused by a cooling

flow and thus a departure from hydrostatic equilibrium. Overall, the

thermal pressure dominates, but at small radii (RGC ≈ 25 kpc) the

magnetic pressure can be dominant over the thermal pressure, whilst

the dynamics are dominated by rotation and kinetic energy. In these

inner regions, the total pressure is higher with magnetic fields, even

though the thermal pressure is actually lower (not shown). At RGC �

50 kpc, Pthermal ≫ PB, but the total pressure is none the less higher

when B > 0. Because the temperature in the CGM is generally higher

in the presence of magnetic fields, its pressure is also somewhat

higher. In the inner 40 kpc, the average density is higher with B,

again leading to a higher pressure. Note that the temperature shown

is mass-weighted and its value therefore does not directly translate

directly to the volume-weighted pressure.

The differences in CGM metallicity for simulations with or without

magnetic fields are substantial. In the inner regions, the median

metallicity is higher when B > 0, whereas at RGC � 50 kpc, it is

significantly lower. This is likely caused by a combination of less

efficient mixing and more collimated metal-rich outflows, which

means that a larger fraction of the CGM remains metal poor. We

discuss this further below.

Cumulative profiles of the gas mass and metal mass in the gas

phase are shown in Fig. 7. This includes both the ISM and the CGM.

At radii where the CGM dominates (RGC � 25 kpc), the baryon

fraction and the metal fraction are reduced substantially when B >

0, by up to 0.5 dex. The difference is largest in the inner CGM,

at RGC = 25–50 kpc, and decreases towards larger radii. Outflows

move gas and metals to larger distances without magnetic fields.

Given that the stellar mass is similar with and without B fields, this is

unlikely caused by a change in feedback efficiency. Moreover, in the

simulations with AGN feedback, the black hole mass and therefore

the amount of energy put into winds driven by AGN is actually

higher with B fields. If this were important, we would expect that

simulations with B > 0 would have lower gas and metal fractions as

more material is pushed out, but we find the opposite result. From

this we can therefore confidently conclude that magnetic fields in the

CGM change the circumgalactic gas flows, work to reduce the mass

and metal outflow rate, and enhance the baryon fraction within the

virial radius.

The metal mass follows the same trend as the gas mass, although

the difference between simulations with or without B fields is

somewhat larger in the outer halo for the metal mass than for the

total gas mass. This is because metals in the CGM were produced

in the ISM and subsequently stripped from a galaxy or ejected in

an outflow (with large B). However, gas can be stripped or ejected

from galaxies (with large B) and accreted from the IGM (with small

B). Accretion from the IGM is especially important at large radii.

The metals are thus more closely associated with highly magnetized

regions than the gas in general. In the halo outskirts, the total metal

mass is therefore affected somewhat more strongly by magnetic fields

than the total gas mass.

3.5 Angular dependence, scatter, and mixing

The properties of the CGM in the plane of the disc are quite different

from those along the polar direction, which is clearly visible in Fig. 1

and which has been quantified for a statistical sample of simulated

galaxies by Péroux et al. (2020). We therefore study the angular

dependence of the radial velocity and the metallicity and their scatter

for gas between RGC = 50 and 100 kpc in Fig. 8, where we define the

azimuthal angle to be 0◦ in the disc plane (major axis) and 90◦ in the

direction of the angular momentum vector (minor axis). We again

average over all 22 snapshots between z = 0.3 and z = 0 to reduce the

effect of variability in the outflows. We exclude gas associated with

satellites. The thick curves show the median for a simulation without

(dashed, red curves) and with (solid, blue curves) magnetic fields.

The 16th and 84th percentile (1σ scatter) ranges are shown by the

shaded areas and the thin curves show the 98th and 2nd percentiles

(2σ scatter). Note that we calculated this in 3D (using segments of
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4896 F. van de Voort et al.

Figure 8. Angular dependence of the radial velocity and metallicity for the

‘Auriga noAGN’ simulations with magnetic fields (solid, blue curves) and

without magnetic fields (dashed, red curves) for the CGM gas with RGC =

50–100 kpc averaged over z = 0.3–0. Gas associated with satellites has been

excluded. The plane of the disc, or major axis, lies at an angle of 0◦ and the

polar direction, or minor axis, lies at 90◦. Thick curves show the median and

thin curves the 2σ scatter, while the shaded regions indicate the 1σ scatter.

Both simulations show a clear angular dependence: the majority of the gas

is inflowing in the disc plane and outflowing in the polar direction and the

metallicity increases towards the polar axis. The scatter in radial velocity is

smaller, whereas the scatter in metallicity is larger with magnetic fields. Less

variation in velocity means that the gas flows are more collimated and more

variation in metallicity means that the gas mixes less efficiently.

cones) and the angular dependence is likely somewhat weaker in

2D due to projection effects. Because the bin size is fixed at 2◦, the

number of resolution elements included in the bin decreases towards

larger azimuthal angles (because the cone subtended gets narrower).

Bins close to the polar axis are therefore noisier than those near the

disc plane.

The radial velocity increases from the disc plane, where the gas

is predominantly inflowing, to the angular momentum axis, where

it is mostly outflowing. This trend exists for all our simulations,

independent of feedback model or magnetic fields, in agreement

with Péroux et al. (2020). The scatter, however, does depend on the

inclusion of magnetic fields and is smaller when B > 0. Simulations

without magnetic fields have both stronger inflows and stronger

outflows, as also shown in Fig. 6. Magnetic fields slow down the

circumgalactic gas flows and also keep inflowing and outflowing

regions more collimated, as evidenced by the reduced scatter.

The metallicity also increases from the disc plane to the polar

axes, as was the case for the radial velocity, again in agreement with

Péroux et al. (2020). The scatter, however, is substantially larger when

including magnetic fields. The distribution is not Gaussian, since the

scatter to low metallicities is much larger than to high metallicities.

Patches of gas with low metallicity are much more common when

magnetic fields are present. This is likely due to inflowing gas and

outflowing gas mixing less efficiently in the presence of B fields.

The reason for reduced mixing may be that the presence of magnetic

fields suppresses hydrodynamic instabilities in the CGM and thus

reduces mixing, as also found in small-scale simulations (Berlok &

Pfrommer 2019; Sparre, Pfrommer & Ehlert 2020). However, this

may be surprising, because the field strength is relatively low in the

plane of the disc and the thermal pressure dominates strongly over the

magnetic pressure (see Fig. 2). It is also possible that the metallicity

difference is seeded at smaller scales near the galactic disc. In this

region, the magnetic field is strong and able to confine outflows into

cones along the polar axes and to inhibit outflows in other directions.

Without magnetic fields, outflows could have a larger probability

of escaping at an angle away from the poles and reach further into

the halo. Follow-up work is needed to determine whether changes in

direction of the outflows or suppression of hydrodynamic instabilities

in the CGM are the dominant process responsible for reducing the

amount of metal mixing.

Observations of CGM absorption line systems have found a wide

distribution of metallicities, both at low and high redshift (e.g.

Fumagalli, O’Meara & Prochaska 2016; Prochaska et al. 2017;

Lehner et al. 2019; Zahedy et al. 2019). This appears to be in

better agreement with our simulation that includes magnetic fields,

although a more detailed comparison – where the observational

sample is matched – is necessary to draw any strong conclusions.

An azimuthal dependence of various gas properties and their scatter

could potentially be explored with observations of absorption lines

in quasar spectra when the orientation of the galaxy nearest to the

absorbing cloud is known (e.g. Kacprzak, Churchill & Nielsen 2012;

Kacprzak et al. 2015; Martin et al. 2019; Schroetter et al. 2019).

Such a comparison could help determine how collimated the gas

flows are and how well the CGM is mixed. However, even though all

our simulations show the same trend with azimuthal angle, there are

some quantitative differences depending on galaxy formation model,

which will need to be taken into account when using simulations to

help interpret observational data. Furthermore, a larger sample of

simulated galaxies will be necessary to study the level of halo-to-

halo variation. Finally, the results presented in this paper include

all the gas, whereas absorption-line observations are sensitive to gas

in a particular ionization state. A more detailed study will thus be

needed for a fair comparison to observations, which we leave for

future work.

4 D I SCUSSI ON AND C ONCLUSI ONS

We studied the effect of magnetic fields on the CGM in cosmological,

magnetohydrodynamical simulations of a Milky Way-mass galaxy

using the moving mesh code AREPO. This work is part of the SURGE

project. We used three variations of the galaxy formation model, i.e.

the Auriga model without AGN feedback, the Auriga model, and the

TNG model and added extra spatial refinement to the CGM, so that

its resolution was 1 kpc or better. Each simulation was run with the

standard seed magnetic field (i.e. ≈10−10 G initialized at z = 127)

and repeated with the seed field set to zero (i.e. without magnetic

fields) in order to understand the importance of magnetic fields for

setting the properties of the CGM. The main conclusions from this

work are as follows.

(i) Certain bulk properties of the central galaxies are unaffected

by the inclusion of magnetic fields: the stellar masses, ISM masses,

and SFRs are similar when B = 0 and B > 0 and there is no general
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trend. However, the galaxy is more disc dominated and the central

black hole is more massive when B fields are included. This is

the case for all of our models and for both standard simulations

and simulations with CGM refinement. The extended H I disc

surrounding the galaxy is much more massive in the simulations with

B > 0.

(ii) The properties and structure of the CGM are affected by the

presence or absence of magnetic fields, even in regions where the

thermal pressure dominates over the magnetic pressure. Although

there are quantitative differences for different galaxy formation mod-

els, all our simulations show the same qualitative effect. Magnetic

fields increase the density in the inner CGM and the temperature

in the outer CGM. The structure of the CGM also changes, with

more elongated filaments when B > 0. Magnetic fields increase

the total pressure and reduce pressure variations, resulting in a

smoother CGM structure. B fields furthermore decrease the amount

of mixing between metal-poor and metal-rich gas. This is likely

because the bipolar outflows are more collimated when magnetic

fields are included and because the radial velocity of both inflowing

and outflowing gas is substantially reduced.

(iii) The fact that the gas flows are slower when B > 0 also has

important implications for the amount of mass and metals present

within the CGM. The presence of magnetic fields increases both the

gas fraction and the metal mass fraction inside the halo. When B

fields are excluded, the outflows more easily escape the halo and

push more metal-rich material out beyond the virial radius.

(iv) The radial velocity and metallicity have a clear angular

dependence. Most of the gas is metal-rich and outflowing in the

angular momentum direction (along the minor axis) and metal-poor

and inflowing in the plane of the disc (along the major axis). This

is the case for both with and without B fields, although the angular

dependence of the metallicity is somewhat stronger when B > 0.

The scatter in CGM properties is also affected by magnetic fields.

Their inclusion decreases the scatter in radial velocity and increases

the scatter in metallicity, which indicates that the gas flows are more

collimated and that the CGM less well mixed.

(v) We repeated our simulations without additional CGM refine-

ment and found very similar results (see Appendix A). We therefore

conclude that our conclusions are robust to changes in resolution. The

most noticeable change due to resolution is seen for the metallicity

of the CGM, which is more affected by the presence of magnetic

fields at higher resolution. This is likely caused by reduced numerical

mixing at higher resolution. It is therefore possible that even our high-

resolution simulations are underestimating the impact of magnetic

fields on metal mixing in the CGM.

Because we see the same effect in all of our simulations, i.e.

in eight pairs of simulations in total, independent of resolution (see

Appendix A) or exact initial conditions (see Appendix B) and because

the results shown are averaged over all 22 simulation outputs between

z = 0.3 and z = 0, we are confident that none of our conclusions are

caused by random stochastic processes, such as the specific timings

of outflows or galaxy mergers. We wish to emphasize, however,

that we have only studied haloes with Mhalo = 1012 M⊙ at low

redshift and more work is needed to determine whether or not

magnetic fields affect the CGM for different halo masses and at higher

redshifts.

Although our simulations are well converged within the kpc-

scale resolution regime of cosmological simulations, any structure

(e.g. shocks, clumps, turbulence, and vorticity) on scales below

our resolution cannot be resolved. It is therefore possible that

our simulations underestimate the amplification of the magnetic

field due to small-scale processes (e.g. Inoue et al. 2013; Ji et al.

2016). Additionally, because we did not include cosmic rays, certain

instabilities that could lead to further magnetic field amplification

are also not included (e.g. Bell 2004; Beresnyak, Jones & Lazarian

2009). Larger magnetic field strengths could potentially increase

their effect on the CGM beyond what we see in our cosmological

simulations.

Idealized studies can reach orders of magnitude higher resolution

and resolve much smaller clouds or filaments and thinner interfaces

between the hot and cool gas than the cosmological simulations

presented here. Such simulations find that magnetic fields can

enhance the survival of cool, relatively dense gas, substantially

change its morphology, and reduce its mixing with the surrounding

hot, diffuse gas (e.g. Dursi & Pfrommer 2008; McCourt et al. 2015; Ji

et al. 2018; Berlok & Pfrommer 2019; Gronke & Oh 2020; Liang &

Remming 2020). Increased magnetic tension as magnetic field lines

are swept up has been shown to result in a decrease of the relative

velocities of clouds and their background medium (e.g. Dursi &

Pfrommer 2008; McCourt et al. 2015; Gronke & Oh 2020). These

results are at least in qualitative agreement with our findings of larger

cool gas masses, slower velocities, and less mixing in our Milky

Way-mass halo when magnetic fields are included.

Using non-ideal MHD instead of ideal MHD would likely not have

any effect at the current resolution of our cosmological simulations,

where numerical dissipation of the magnetic fields dominates. Re-

gardless, the difference between including and excluding magnetic

fields is likely substantially larger than the changes expected from

including non-ideal MHD terms. Given the sizable variation seen

between our three different galaxy formation models, we believe

that uncertainties in CGM properties due to uncertainties in feed-

back modelling exceed those from not including non-ideal MHD.

We reiterate that, although the level of change due to magnetic

fields varies between galaxy formation models, each of our models

exhibits qualitatively similar and non-negligible effects of including

B fields.

We have shown that magnetic fields change the flow of cir-

cumgalactic gas and its physical properties, such as its density,

temperature, and pressure. They are also important for other physical

processes not yet included in our simulation suite. Examples of

these processes are thermal conduction (e.g. Sharma, Parrish &

Quataert 2010; Armillotta, Fraternali & Marinacci 2016; Brüggen

& Scannapieco 2016; Li et al. 2020) and cosmic ray feedback (e.g.

Simpson et al. 2016; Butsky & Quinn 2018; Chan et al. 2019; Wiener,

Zweibel & Ruszkowski 2019), which primarily act along magnetic

field lines. These additional processes may also affect the CGM and

its embedded galaxies and will be explored in future work. Here,

we have shown that magnetic fields have a significant impact on

the CGM and therefore should be included in simulations of galaxy

formation.
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Brüggen M., Scannapieco E., 2016, ApJ, 822, 31

Buck T., Pfrommer C., Pakmor R., Grand R. J. J., Springel V., 2020, MNRAS,

497, 1712

Butsky I. S., Quinn T. R., 2018, ApJ, 868, 108
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Ford A. B., Davé R., Oppenheimer B. D., Katz N., Kollmeier J. A., Thompson

R., Weinberg D. H., 2014, MNRAS, 444, 1260

Fumagalli M., O’Meara J. M., Prochaska J. X., 2016, MNRAS, 455, 4100

Garaldi E., Pakmor R., Springel V., 2020, MNRAS, preprint (arXiv:2010.0

9729)

Genel S. et al., 2019, ApJ, 871, 21

Girichidis P. et al., 2020, Space Sci. Rev., 216, 68

Grand R. J. J. et al., 2017, MNRAS, 467, 179

Grand R. J. J. et al., 2019, MNRAS, 490, 4786

Gronke M., Oh S. P., 2020, MNRAS, 492, 1970
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APP ENDIX A : R ESOLUTION TESTS

In order to test for resolution effects, we have repeated our six

fiducial simulations without CGM refinement (i.e. the standard

simulation method with mass refinement only). The difference in

CGM resolution depends on the density of the gas. Gas with densities

nH > 0.0017 have the same resolution as before. At lower densities

the mass resolution remains the same, which means that the spatial

resolution worsens substantially without CGM refinement. Because

the density generally decreases with galactocentric radius, the ISM

and innermost CGM are treated in the same way in both refinement

methods, but the resolution of the CGM at RGC > 20–30 kpc

is, on average, worse with mass refinement only. The resolution

difference increases towards larger radii. At RGC = 200 kpc, the

mass resolution of our spatially refined simulation is two orders of

magnitude better than standard simulations with mass refinement

only. In this appendix, we reproduce some of our main results based

on the mass refinement only simulations to show that the impact

of magnetic fields described above are robust to changes in CGM

resolution.

Table A1 is the equivalent of Table 1 for the standard resolution

simulations rather than those with 1 kpc spatial refinement. Owing

to the chaotic nature of galaxy formation, we do not expect results

to be identical. Stellar masses are within 0.04 dex of one another

for the simulations with different refinement methods and black

hole masses within 0.07 dex, consistent with expectations from the

butterfly effect (Genel et al. 2019). The differences and similarities

between properties with and without magnetic fields described

in Section 3 are reproduced by the simulations without CGM

refinement. Specifically, the presence of magnetic fields leads to

higher black hole masses, CGM masses, and H I masses, but no

clear trend in ISM masses and SFRs, and an increase in disc-to-total

ratio.

The properties of the CGM in our simulations with mass re-

finement only are shown in Fig. A1, which can be compared to

those in Fig. 6. The minor differences between the two figures are

likely primarily due to the stochastic nature of galaxy formation,

given that the curves are based on a single halo (though averaged

over 22 simulation outputs from z = 0.3 to z = 0). The important

thing to note is that the changes in CGM properties caused by the

presence of magnetic fields are very similar even at this lower spatial

resolution in the CGM. As seen previously for our main simulations:

with B fields both gas inflows and outflows have lower velocities,

the density is higher in the inner CGM (at RGC � 50 kpc), the

temperature is lower at RGC � 50 kpc, the (thermal + magnetic)

pressure is higher, and the metallicity is lower at RGC � 50 kpc.

We therefore consider our results converged with respect to CGM

resolution.

The magnitude of the changes due to magnetic fields varies with

galaxy formation models and is generally largest for ‘Auriga noAGN’

and smaller for the two models with AGN feedback, as also found

for our CGM refined simulations. This could be due to additional

feedback mitigating some of the effects that magnetic fields have on

the circumgalactic gas flows. We therefore again find that the results

are qualitatively unchanged for the various galaxy formation models.

There is one noticeable change with resolution when comparing

the bottom panels of Figs A1 and 6. The difference in metallicity

between simulations with and without magnetic fields is somewhat

larger in the higher resolution simulations. This could be because

numerical mixing is reduced in our spatially refined simulations. It is

therefore possible that the influence of magnetic fields on the CGM

metallicity will continue to increase with improved resolution.

Figure A1. Profiles of CGM properties as in Fig. 6, but for simulations with

standard resolution (i.e. mass refinement only).
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Table A1. Properties of the galaxy and halo at z = 0, unless otherwise stated, in our simulations with standard resolution: galaxy formation

model, inclusion of B field; total stellar mass within 30 kpc from the centre (Mstar); mass of the central black hole (MBH); total ISM mass

within 30 kpc from the centre (MISM); total CGM mass (i.e. all non-star-forming gas within Rvir, MCGM); the total amount of H I in the

CGM (MH I); star formation rate averaged over z = 0.3–0 (SFR); and kinetic disc-to-total ratio based on κ rot (D/T, see equation 1). The

effect of magnetic fields on these properties at standard resolution is very similar to those in our simulations with CGM refinement (see

Table 1). We therefore consider these results robust to changes in CGM resolution.

Simulation name B field log10 Mstar log10 MBH log10 MISM log10 MCGM log10 MH I 〈SFR〉 D/T

(M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙ yr−1) (κ rot)

Auriga noAGN No 10.82 – 9.82 10.48 9 4.9 0.62

Auriga noAGN Yes 10.91 – 9.82 10.79 10 6.0 0.70

Auriga No 10.70 7.39 9.71 10.64 9 3.6 0.62

Auriga Yes 10.71 7.51 9.45 10.75 10 3.7 0.71

TNG No 10.61 7.46 9.68 10.61 10 2.6 0.73

TNG Yes 10.59 7.72 9.62 10.74 10 2.2 0.76

APPENDIX B: H ALO-TO -HALO VARIATION

In order to get an idea of the variation between different haloes,

we ran two additional sets of simulations at standard resolution (i.e.

mass refinement only) as in Appendix A. Halo 6 is our fiducial halo

on which our main results are based. Halo 12 is also part of the

original Auriga suite and its properties are described in Grand et al.

(2017), along with those of halo 6. Halo L8 is part of an extension

of the original suite to slightly lower halo masses and described in

Grand et al. (2019) and van de Voort et al. (2020). We ran each halo

twice, once with and once without magnetic fields, both using model

‘Auriga noAGN’. Some of the resulting galaxy and halo properties

are listed in Table B1.

For all three haloes, the differences between the simulations with

or without magnetic fields, which we identified previously based

solely on halo 6, are reproduced. With B > 0, the total CGM mass,

the H I mass in the CGM, and the disc-to-total ratio of the central

galaxy are all higher than when B = 0. We therefore conclude that

these results are likely robust for Milky Way-mass haloes, although a

larger sample would be useful to test this further. The new haloes 12

and L8 also show an increase in stellar mass, ISM mass, and SFR, but

we previously saw several counterexamples in our other simulations

(see Tables 1 and A1), so we do not consider these changes to be

robust.

Fig. B1 quantifies the CGM properties of the three different Milky

Way-mass haloes as a function of galactocentric radius, as before

in Figs 6 and A1. There are noticeable differences between the

three haloes, but here we focus on their similarities. All three haloes

show the expected decrease in volume-weighted root-mean-square

magnetic field strength with galactocentric radius. With magnetic

fields included, the inflow and outflow velocities are lower, on

average. The central 50 kpc of the CGM is denser when B > 0

for all three haloes. In the outer CGM, the median temperature of

the gas is somewhat higher when magnetic fields are included. The

total (thermal + magnetic) pressure is higher in the entire halo when

B > 0. For each of the three haloes, the simulation without magnetic

fields shows an almost flat metallicity profile out to 200 kpc from the

central galaxy. With magnetic fields, on the other hand, there is a clear

decrease, resulting in much lower median metallicities in the outer

CGM for each halo. This shows that our conclusions from the main

body of this work, based on high-resolution simulations of halo 6,

are qualitatively reproduced and do not depend purely on the initial

conditions chosen. We therefore conclude that our results appear to

be robust for Milky Way-mass haloes, based on this small sample.

Table B1. Properties of the galaxy and halo at z = 0, unless otherwise stated, in our simulations with standard resolution: halo identifier from the Auriga suite

(Grand et al. 2017, 2019), inclusion of B field; total mass within Rvir (Mhalo); total stellar mass within 30 kpc from the centre (Mstar); total ISM mass within

30 kpc from the centre (MISM); total CGM mass (i.e. all non-star-forming gas within Rvir, MCGM); the total amount of H I in the CGM (MH I); star formation

rate averaged over z = 0.3–0 (SFR); and kinetic disc-to-total ratio based on κ rot (D/T, see equation 1). The same qualitative change in properties caused by the

inclusion of magnetic fields is seen for all three haloes. Although this is still a limited sample of haloes, it shows that the effects of magnetic fields do not depend

purely on the chosen initial conditions. We therefore conclude that our findings are likely robust for Milky Way-mass haloes.

Simulation name B field log10 Mhalo log10 Mstar log10 MISM log10 MCGM log10 MH I 〈SFR〉 D/T

(M⊙) (M⊙) (M⊙) (M⊙) (M⊙) (M⊙ yr−1) (κ rot)

Halo 6 No 12.01 10.82 9 10.48 9 4 0.62

Halo 6 Yes 12.04 10.91 9 10.79 10 6 0.70

Halo 12 No 12.04 10.94 10 10.54 9 12 0.60

Halo 12 Yes 12.07 11.01 10 10.77 10 19 0.67

Halo L8 No 11.92 10.76 10 10.59 10 7 0.70

Halo L8 Yes 11.96 10.91 10 10.74 10 11 0.74

MNRAS 501, 4888–4902 (2021)
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To B or not to B 4901

Figure B1. Profiles of CGM properties as in Fig. A1 for three different

haloes: halo 6 (thick, blue curves), halo 12 (green curves), and halo L8 (thin,

red curves). All haloes were simulated with the ‘Auriga noAGN’ model with

B > 0 (solid curves) and B = 0 (dashed curves).

APPENDIX C : PRO BA BILITY DENSITY

F U N C T I O N S

The distribution of CGM properties in a 20-kpc thick shell centred on

the main galaxy, at galactocentric distances between 90 and 110 kpc,

is shown as probability density functions (PDFs) in Fig. C1 for

all six simulations with CGM refinement. Those with (without)

magnetic fields are shown as solid (dashed) curves for models

‘Auriga noAGN’ (thick, blue curves), ‘Auriga’ (green curves), and

‘TNG’ (thin, red curves). We show properties in a relatively thin

shell to emphasize the scatter at ‘fixed’ galactocentric distance. Gas

associated with satellites has been excluded. To reduce the impact

of stochastic processes, we show properties averaged over all 22

simulation outputs between z = 0.3 and z = 0. Below we describe

the (qualitative) commonalities between all pairs of simulations

(i.e. with and without magnetic fields) and have verified that the

same behaviour is seen for our standard resolution simulations

(shown in Appendix A) and for the two simulations with different

initial conditions (shown in Appendix B). We therefore believe

the described differences are robust to moderate changes in galaxy

formation model, resolution, and initial conditions.

The distribution of the magnetic field strength (top, left-hand

panel) is relatively broad, spanning more than an order of magnitude.

It also shows a tail towards low values. A small hint of a bimodality

is visible, most prominently for simulation ‘Auriga noAGN’. The

higher values correspond to the gas located along the angular

momentum vector of the galaxy, where the gas has been enriched

by outflows emanating from the central galaxy. The lower values

correspond to the gas located away from the cones of outflowing gas,

as can also be seen in Fig. 2.

The radial velocity distribution (middle, left-hand panel) is more

peaked when B > 0 and much broader when B = 0. High inflow

and outflow velocities are more likely to be found in simulations

without magnetic fields. The peak of the distribution shifts to higher

(less negative) velocities in all three galaxy formation models when

magnetic fields are included.

The density distribution (bottom, left-hand panel) peaks at low

densities and exhibits a prominent tail towards higher densities for

all of our simulations. When B > 0 the distribution has a stronger

peak at low values. The three galaxy formation models show some

differences, but all show a decrease in the importance of the high-

density tail when magnetic fields are included.

The distribution of temperatures (top, right-hand panel) is bimodal,

showing a peak at the minimum CGM temperature (there is no

radiative cooling below 104 K in our simulations) and around the

virial temperature of the halo (Tvir ≈ 106 K). The peak at high

temperature is stronger and shifted to slightly higher temperature

when magnetic fields are included in the simulations, whilst less of

the gas is at intermediate temperatures (104.2 � T � 105.5 K). Even

though it is tempting to conclude from Fig. 1 that magnetic fields

increase the amount of cool to intermediate-temperature gas, because

of the low-temperature filaments that are clearly visible in the image,

the opposite is true. The cool filaments have a reasonably low density

and the amount of cool gas actually decreases when B > 0. This is

likely connected to the decrease in the amount of relatively dense

gas as seen in the bottom, left-hand panel.

The pressure distribution (middle, right-hand panel) confirms our

conclusion based on the smoother appearance of the pressure in

Fig. 1. When magnetic fields are included, the distribution of pres-

sures becomes more strongly peaked, thus showing reduced scatter

at ‘fixed’ distance from the central galaxy. This reduction of pressure

variations proves that the CGM is indeed smoother when B > 0.
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The metallicity distribution (bottom, right-hand panel) is strongly

affected by the inclusion of magnetic fields. When B = 0 the

metallicity is strongly peaked at relatively high metallicities, whereas

for B > 0 the distribution is much wider and has a much larger

contribution of low-metallicity gas. This is consistent with what we

found in Fig. 8, i.e. the metals are more evenly distributed throughout

the CGM without magnetic fields and less well-mixed when magnetic

fields are included.

All of these properties taken together indicate that including

magnetic fields results in a smoother CGM (less variation in density,

temperature, and pressure at fixed galactocentric radius), where

outflows and inflows are slower (outliers in the radial velocity

distribution are strongly reduced) and the gas mixes less efficiently

(enhanced scatter in the metallicity distribution at fixed galactocentric

radius).

Figure C1. Probability density functions (PDFs) for properties of the CGM at 90 < RGC < 110 kpc for our high-resolution simulations with (solid curves)

and without (dashed curves) magnetic fields for the three different galaxy formation models (as in Fig. 6). The left-hand column shows the magnetic field

strength (top), the radial velocity (middle), and the hydrogen number density (bottom). The right-hand column shows the temperature (top), pressure (middle),

and metallicity (bottom). The distributions of radial velocities, densities, and pressures are narrower in the presence of magnetic fields, whereas the metallicity

distribution is broader. The temperature distribution of the hot gas is also narrower and the importance of intermediate-temperature gas is reduced when B > 0.

Including magnetic fields results in a smoother CGM (less variation in density, temperature, and pressure) with slower outflows and inflows (reduced scatter in

the radial velocity distribution) and less efficient mixing (enhanced scatter in the metallicity distribution at fixed galactocentric radius).

This paper has been typeset from a TEX/LATEX file prepared by the author.
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