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ABSTRACT

The interstellar medium in the Milky Way’s Central Molecular Zone (CMZ) is known to be strongly magnetised, but its large-scale
morphology and impact on the gas dynamics are not well understood. We explore the impact and properties of magnetic fields in
the CMZ using three-dimensional non-self gravitating magnetohydrodynamical simulations of gas flow in an external Milky Way
barred potential. We find that: (1) The magnetic field is conveniently decomposed into a regular time-averaged component and an
irregular turbulent component. The regular component aligns well with the velocity vectors of the gas everywhere, including within
the bar lanes. (2) The field geometry transitions from parallel to the Galactic plane near z = 0 to poloidal away from the plane. (3)
The magneto-rotational instability (MRI) causes an in-plane inflow of matter from the CMZ gas ring towards the central few parsecs
of 0.01−0.1 M⊙ yr−1 that is absent in the unmagnetised simulations. However, the magnetic fields have no significant effect on the
larger-scale bar-driven inflow that brings the gas from the Galactic disc into the CMZ. (4) A combination of bar inflow and MRI-driven
turbulence can sustain a turbulent vertical velocity dispersion of σz ≃ 5 km s−1 on scales of 20 pc in the CMZ ring. The MRI alone
sustains a velocity dispersion of σz ≃ 3 km s−1. Both these numbers are lower than the observed velocity dispersion of gas in the
CMZ, suggesting that other processes such as stellar feedback are necessary to explain the observations. (5) Dynamo action driven by
differential rotation and the MRI amplifies the magnetic fields in the CMZ ring until they saturate at a value that scales with the average
local density as B ≃ 102 (n/103 cm−3)0.33 µG. Finally, we discuss the implications of our results within the observational context in the
CMZ.
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1. Introduction

The Milky Way’s Central Molecular Zone (CMZ) is a ring-like
∼3 × 107 M⊙ accumulation of molecular gas within Galacto-
centric radius R ≃ 200 pc (Morris & Serabyn 1996; Henshaw
et al. 2023). It is generated by the Galactic bar, which efficiently
transports gas from Galactocentric radius R ≈ 3 kpc down to
R ≈ 200 pc (Sormani & Barnes 2019; Hatchfield et al. 2021). The
CMZ is the most extreme star-forming environment in the entire
Milky Way and has emerged in the last decade as an important
astrophysical laboratory to study the physics of the interstellar
medium (ISM) and star formation (Henshaw et al. 2023).

The CMZ is permeated by a strong magnetic field that is
likely to play an important role in the dynamics of the ISM
and in the process of star formation (Ferrière 2009; Morris
2015; Butterfield et al. 2024). However, many aspects of the
magnetic field configuration are poorly understood. For exam-
ple, it is unclear whether the CMZ is immersed in a pervasive
|B| ≳ 1 mG field (Morris & Yusef-Zadeh 1989; Morris 2006),
or whether the magnetic field drops to |B| ∼ 100 µG or less
in the more diffuse inter-cloud medium (Tsuboi et al. 1985;
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Yusef-Zadeh & Morris 1987; Lang et al. 1999a,b; LaRosa et al.
2005; Ferrière 2009; Yusef-Zadeh et al. 2022) while reaching
mG strengths only inside very dense gas (Schwarz & Lasenby
1990; Killeen et al. 1992; Plante et al. 1995; Uchida & Guesten
1995; Marshall et al. 1995; Yusef-Zadeh et al. 1999; Pillai et al.
2015).

The large-scale geometry of the magnetic field is also
unclear. Observations show that the magnetic field in the dense
and cold ISM is oriented predominantly parallel to the Galactic
plane (in projection on the plane of the sky), while the mag-
netic field in the more diffuse ISM, including a population
of prominent filamentary structures known as non-thermal fil-
aments (NTFs, Yusef-Zadeh et al. 1984; Tsuboi et al. 1986;
Heywood et al. 2022), is predominantly perpendicular to the
Galactic plane (Novak et al. 2003; Chuss et al. 2003; Nishiyama
et al. 2010; Mangilli et al. 2019; Guan et al. 2021; Hu et al.
2022b,c; Butterfield et al. 2024; Paré et al. 2024). This can
be appreciated for example in Fig. 6 of Guan et al. (2021),
which shows a change in the observed magnetic field geometry
as the fractional contribution of synchrotron radiation (tracing
ionised gas) and thermal dust emission (tracing cold neutral
gas) varies with frequency, or in Fig. 1 of Nishiyama et al.
(2010), which shows that B is prevalently parallel to the Galactic
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plane at latitudes |b| < 0.4◦, where the dense gas dominates
their measurements, and becomes perpendicular to the Galactic
plane at |b| > 0.4◦, where the diffuse ionised gas dominates the
measurements. This might point to the presence of two sepa-
rate magnetic field systems, one predominantly perpendicular
and one predominantly parallel to the plane (Morris 2015). It
is presently unclear how the two systems relate to each other and
what is their three-dimensional geometry.

Since the CMZ is a star-forming nuclear ring similar to
those that are commonly found at the centres of barred galaxies
(Mazzuca et al. 2008; Comerón et al. 2010; Ma et al. 2018), it is
reasonable to expect that its magnetic field system shares many
similarities with those of other nuclear rings. Measurements
have been performed for a handful of galaxies (for a review,
we refer to e.g. Beck 2015), the best studied example probably
being NGC 1097 (Beck et al. 2005; Tabatabaei et al. 2018;
Lopez-Rodriguez et al. 2021; Hu et al. 2022a). These mea-
surements lead to the following general conclusions: (i) The
magnetic field lines inferred from radio polarisation maps of
synchrotron-emitting gas in the bar region surrounding the
nuclear ring are approximately aligned with the gas streamlines.
In particular, the magnetic field in the bar lanes that transport
the gas towards the nuclear ring is approximately parallel to the
lanes in the frame co-rotating with the bar (e.g. Fig. 2 of Beck
et al. 2005). (ii) The magnetic field in the ring spirals towards
the centre with a relatively large pitch-angle both in radio and
far-infrared polarisation maps (e.g. Fig. 1 of Lopez-Rodriguez
et al. 2021). The pitch-angle and general geometry of the mag-
netic field inside the ring are tracer dependent (Lopez-Rodriguez
et al. 2021; Hu et al. 2022a), which is reminiscent of the Milky
Way, where as mentioned above the projected orientation of the
field near the mid-plane depends on the tracer. Measurements of
the magnetic field in dense molecular gas are currently not
available for external galaxies (Lopez-Rodriguez et al. 2021).
(iii) The equipartition magnetic field in synchrotron-emitting
gas in the nuclear ring of NGC 1097 is ∼60 µG, which is of the
same order of magnitude as similar estimates for the diffuse gas
in the CMZ (LaRosa et al. 2005; Morris 2006; Yusef-Zadeh
et al. 2022).

The effects of the magnetic fields on the dynamics of the
ISM in the CMZ are also poorly understood (e.g. Morris 2006,
2015). Magneto-hydrodynamic (MHD) instabilities are believed
to be one of the primary mechanisms for mass and angular
momentum transport in astrophysical accretion discs (Balbus &
Hawley 1998). A back-of-the-envelope calculation suggests that
the magneto-rotational instability (MRI; Balbus & Hawley 1991)
should transport gas in the CMZ at a rate given by:

Ṁ = 3αM⊙ yr−1

(

M

5 × 107 M⊙

)

(

σ

15 km s−1

)

(

h

40 pc

) (

R

100 pc

)−2

,

(1)

where M is the total gas mass of the CMZ, σ is the gas velocity
dispersion, h is the gas scale-height, R is the Galactocentric
radius, α is the Shakura & Sunyaev (1973) coefficient which we
have assumed to be determined by the MRI, and we have inserted
typical CMZ values in the denominators. Assuming α ≃ 0.01,
the predicted inflow rate is Ṁ ≃ 0.03 M⊙ yr−1. This value would
be significant, because at this rate the entire circum-nuclear disc
(CND; Genzel et al. 1985; Mills et al. 2017; Hsieh et al. 2021),
which is the closest large gas reservoir to SgrA* with a mass
of MCND ∼ 5 × 104 M⊙ (Etxaluze et al. 2011; Requena-Torres
et al. 2012), would build up on a rather short timescale of

MCND/Ṁ ∼ 1.7 Myr. However, simple order-of-magnitude
estimates such as these are inherently limited. The MRI-driven
transport is traditionally studied in the context of Keplerian,
weakly magnetised accretion discs (e.g Balbus 2003), and
it is much less understood in the context of non-Keplerian,
non-axisymmetric potential of the Galactic centre (Kim &
Stone 2012), and in the cold ISM regime with small plasma β
that is relevant there (Kim & Ostriker 2000; Kim et al. 2003;
Piontek & Ostriker 2007; Jacquemin-Ide et al. 2021). Therefore,
it is currently unclear how effective MRI-driven transport is
in the Galactic centre, and how important it is compared to
other effects such as redistribution of angular momentum due to
stellar feedback (Tress et al. 2020).

There have been a number of theoretical studies of magne-
tised gas flow in barred galaxies, which can broadly be divided
in two groups. The first group uses dynamo theory to follow the
evolution of magnetic fields using an approximate set of equa-
tions in a prescribed velocity field (e.g. Otmianowska-Mazur
et al. 2002; Moss et al. 2001, 2007). The velocity field can
be taken for example from purely hydrodynamical simulations
of gas flow in barred galaxies (e.g. Athanassoula 1992). This
approach is computationally fast but requires assumptions on
how velocity fluctuations act on the magnetic fields on unre-
solved scales and ignores the back reaction of the magnetic
field on the gas. The second approach uses the full set of MHD
equations without approximations. For example, Kim & Stone
(2012) performed MHD simulations of barred galaxies, finding
that magnetic fields can enhance inflows and that the bar poten-
tial plays a role in dynamo action. However, their simulations
are two-dimensional and therefore unable to capture the poten-
tial effects of poloidal fields and other dynamical processes that
may be important in three dimensions. Suzuki et al. (2015) and
Kakiuchi et al. (2024) performed three-dimensional MHD simu-
lations of gas flow in the innermost few kiloparsec of the Milky
Way, but they assumed an axisymmetric potential and neglected
the presence of the Galactic bar. Moon et al. (2023) run semi-
global MHD simulations of nuclear rings in an axisymmetric
potential subject to a prescribed mass inflow rate, and found that
magnetic fields can drive radial flows from the ring inwards and
that they can suppress star formation in the ring. However, to the
best of our knowledge, a global sub-pc 3D MHD simulation of
gas flow in a barred potential is still missing.

In this paper we use global 3D MHD simulations of gas flow
in a Milky Way barred potential to address the following open
questions:

– How do magnetic fields affect the gas morphology in the
CMZ? (Sect. 3).

– What is the geometry of the magnetic field in the CMZ and
in the surrounding bar region? (Sect. 4).

– Do magnetic fields drive turbulence? (Sect. 5).
– How are magnetic fields amplified and maintained? (Sect. 6).
– Do magnetic fields enhance the bar-driven inflow from the

Galactic disc to the CMZ? Do magnetic fields drive a nuclear
inflow from the CMZ towards the central few parsecs?
(Sect. 7).

The aim is to study magnetic fields and their effect on the gas
dynamics. We therefore deliberately choose not to include the
gas self-gravity, nor any type of star formation and stellar feed-
back. Such additional processes would make it very difficult to
isolate the contribution of magnetic fields for example in driv-
ing turbulence or changing the probability density function of
the gas. Studying these processes and their (possibly non-linear)
interaction with the magnetic fields is an important avenue for
future work.
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This paper is structured as follows. In Sect. 2 we describe our
numerical methods. Sections 3–7 are dedicated to addressing the
open questions listed above. We sum up our results in Sect. 8.

2. Numerical methods

We run three-dimensional MHD simulations of gas flow in the
inner regions of the Milky Way using the moving-mesh code
AREPO (Springel 2010; Pakmor et al. 2016; Weinberger et al.
2020). The simulated gas disc covers the entire region within
Galactocentric radius R = 5 kpc. We assume ideal MHD which is
generally an excellent approximation for the ISM (e.g. Marinacci
et al. 2018a) and use the standard MHD implementation con-
tained in AREPO, which has been previously employed for galaxy
simulations and tested against a number of standard test prob-
lems including the development of the magneto-rotational insta-
bility (e.g. Pakmor & Springel 2013; Marinacci et al. 2018b). The
equations we solve are:

∂ρ

∂t
+ ∇ · (ρv) = 0 , (2)

∂(ρv)
∂t
+ ∇ · (ρvv + PI + T) = −ρ∇Φ , (3)

∂ (ρe)
∂t
+ ∇

[

(ρe) v + (PI + T) · v
]

= ρ
∂Φ

∂t
− L , (4)

∂B

∂t
= ∇ × (v × B), (5)

where ρ is the gas density, v is the velocity, P is the ther-
mal pressure, I is the identity matrix, B is the magnetic field,
T = B2/(8π)I − BB/(4π) is the Maxwell stress tensor under the
approximation of non-relativistic ideal MHD, Φ is the exter-
nal gravitational potential, ρe = ρeth + ρv

2/2 + B
2/(8π) + ρΦ is

the total energy per unit volume, which is the sum of the ther-
mal (ρeth), kinetic (ρv2/2), magnetic (B2/(8π)), and gravitational
(ρΦ) contributions, and L is the net cooling (or heating) rate
per unit volume. Magnetic field divergence errors can arise as a
result of the discretization of the MHD equations. In Appendix F
we checked that these are always under control and do not
dominate the dynamics of the ISM.

The gas is assumed to flow in an externally imposed Milky
Way barred potential. The potential is identical to that used in
Ridley et al. (2017) and is described in detail in Section 3.2 of
that paper (their Fig. 4 shows the rotation curve). The bar rotates
rigidly with a pattern speed Ωp = 40 km s−1 kpc, consistent with
recent determinations for the Milky Way (e.g. Sormani et al.
2015b; Portail et al. 2017; Sanders et al. 2019; Li et al. 2022;
Clarke & Gerhard 2022). This places the (single) inner Lind-
blad resonance (ILR) calculated in the epicyclic approximation
at RILR = 1.1 kpc and the corotation resonance at RCR = 5.9 kpc.
This potential was chosen to allow direct comparison with previ-
ous simulations in Ridley et al. (2017) and Sormani et al. (2018)
that used the same potential. We did not include gas self-gravity
nor the consequent star formation in this paper as we aim to
isolate the effects of the magnetic fields from other competing
effects on the dynamics of the ISM.

We run simulations using two different thermodynamic
setups. The ‘isothermal’ simulations used an isothermal equation
of state

P = c2
sρ, (6)

where cs is a constant that we set to either cs = 1 km s−1 or
cs = 10 km s−1 (representative of ‘cold’ and ‘warm’ ISM). In

the isothermal simulations, L = 0 in Eq. (4). We note that the
isothermal approximation does not correspond to a physical situ-
ation where there is no heating and cooling. Instead, it means that
cooling and heating always exactly balance in such a way that the
gas temperature is kept constant (e.g. Klessen & Glover 2016).
For example, the energy released in shocks is instantaneously
radiated away in the isothermal approximation.

The ‘chemistry’ simulations used the adiabatic equation of
state

P = (γ − 1)ρeth, (7)

where γ = 5/3 is the adiabatic index. These simulations account
for the chemical evolution of the gas using an updated version
of the NL97 chemical network from Glover & Clark (2012),
which is based on the work of Glover & Mac Low (2007a,b)
and Nelson & Langer (1997). This network solves for the non-
equilibrium abundances of H, H2, H+, C+, O, CO, and free
electrons. The heating and cooling contained in the term L in
Eq. (4) are calculated on-the-fly by the network based on the
instantaneous chemical composition of the gas and taking into
account a number of processes, including radiative cooling, heat
released by the formation of H2 on dust grains, and an averaged
interstellar radiation field (ISRF) and cosmic ray ionization rate
(CRIR). The ISRF is set to the standard value G0 measured in
the solar neighbourhood (Draine 1978) diminished by a local
attenuation factor which depends on the amount of gas present
within 30 pc of each computational cell. This attenuation factor
is introduced to account for the effects of dust extinction and H2
self-shielding and is calculated using the TREECOL algorithm
described in Clark et al. (2012). The value was chosen originally
as it was similar to the typical observed separation of OB stars
in the Solar neighbourhood. Although in the dense CMZ envi-
ronment the separation might be smaller, we choose to keep the
same value here for consistency with previous simulations (Tress
et al. 2020). The cosmic ray ionisation rate (CRIR) is fixed to
ζH = 3 × 10−17 s−1 (Goldsmith & Langer 1978). Although these
values are typical for the Solar neighbourhood and likely too
small for the CMZ (Clark et al. 2013; Oka et al. 2019), we expect
this to have little effects on the dynamics of the gas discussed
in this paper. Indeed, Sormani et al. (2018) (we refer also to the
discussion in Section 2.3 of Tress et al. 2020) have shown that
the strength of the ISRF and CRIR do not affect the large-scale
dynamics of the gas in the Galactic Centre region significantly.
The main effect is to modify the amount of gas in different ISM
phases since cosmic rays and UV photons dissociate and ionise
molecular gas. Increasing the ISRF and CRIR has an effect on
the dynamics (and on the MRI and inflow rates) that is similar
to increasing the effective sound speed of the gas. To check this,
we have run some exploratory simulations with higher ISRF and
CRIR, and we found that the dynamical behaviour of these sim-
ulations is similar to the high-cs simulations discussed below in
Sect. 3. A more complete study of the effects of varying the ISRF
and CRIR is outside the scope of this work.

Finally, we imposed a numerical temperature floor Tfloor =

20 K on the simulated ISM. Without this floor, the code would
occasionally produce anomalously low temperatures in cells
close to the resolution limit undergoing strong adiabatic cool-
ing, causing it to crash. The chemical network is the same as
used in Sormani et al. (2018) and Tress et al. (2020), and more
details can be found in Section 3.4 of the former or Section 2.3 of
the latter. Figure 1 shows the typical density-temperature phase
diagram in our chemistry simulations.
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Fig. 10. 3D visualisation of the magnetic field lines in our fiducial
CHEM_MHD simulation at t = 176 Myr. The field lines are constructed
by starting at a given set of points, and following the field lines until they
close on themselves or leave the domain to go to infinity (field lines
cannot ‘end’ within the domain because ∇ · B = 0, i.e. they behave like
velocity streamlines in an incompressible flow). In the top panel we use
a set of starting points distributed on a hexagonal prism centred on the
Galactic centre and whose faces are located inside the gas ring, roughly
midway between the centre and the CMZ gas ring. In the bottom panel
we use a set of starting points located near the end of the ‘bar lanes’, just
outside the CMZ ring. The blue solid surface represents an isodensity
surface at n = 100 cm−3.

larger due to the presence of fluctuations perpendicular to the
ring (Figs. 4 and 8); (ii) it is not clear to what extent our fig-
ures, which display the magnetic field in all gas components, are
representative of synchrotron-emitting gas. A proper comparison
will require synthetic observations of the synchrotron-emitting
gas and a more careful comparison with observations, which is
outside the scope of this paper.

The fact that the magnetic field is parallel to the bar lanes
emerges spontaneously from the global flow in our simula-
tions, and justifies the assumption of Moon et al. (2023), who
injected the magnetic field parallel to the velocity vectors into
the computational box in their semi-global simulations.

4.3. Magnetic field strength as a function of density

The top panel in Fig. 17 shows the strength of the B field as a
function of total gas density in our fiducial CHEM_MHD simu-
lation. We find that the magnetic field scales approximately as

B = 102 µG

(

n

103 cm−3

)k

, (20)

Fig. 11. Same as Fig. 10, but for the time-averaged magnetic and density
fields shown in Fig. 9. This figure clearly illustrates that the streamlines
are parallel to the bar dust lanes, and the regularity of the time-averaged
field.

Fig. 12. Similar to Fig. 10, but using the time-averaged magnetic field as
in Fig. 9 and a set of starting points that are located approximately 30 pc
above the plane. The streamlines in this spiral up vertically, illustrating
the transition from toroidal to poloidal magnetic field.

where k = 0.33. This scaling can be approximately understood
as follows. Consider expansion or contraction of gas under the
assumption of flux freezing. We can distinguish the following
three limiting cases (described for example in Section 3.3.1 in
the book of Kulsrud 2005):

B ∝ ρ1 if the expansion or contraction is perpendicular to B;
(21)

B ∝ ρ0 if the expansion/contraction is parallel to B; (22)

B ∝ ρ
2
3 if the expansion or contraction is isotropic. (23)
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Appendix A: Conservation of angular momentum

and mass transport

In this appendix we derive equations for the transport of angular
momentum and mass. Our treatment mostly follows Balbus &
Papaloizou (1999) and Moon et al. (2023).

An equation for the angular momentum transport can be
obtained from Eq. (3). Multiplying the azimuthal component of
Eq. (3) by R using standard cylindrical coordinates (R, ϕ, z) and
rearranging gives:

∂(lz)

∂t
+ ∇ · FJ = −ρ

∂Φ

∂ϕ
, (A.1)

where

lz = ρRvϕ , (A.2)

FJ = R

(

ρvϕv + Pêϕ −
Bϕ

4π
B +

B2

8π
êϕ

)

. (A.3)

The quantity lz is the angular momentum per unit volume, while
FJ is the flux of angular momentum, which is the sum of con-
tributions due to bulk motions of the gas, pressure forces, and
magnetic forces. The term ρ∂Φ/∂ϕ is a source term represent-
ing the changes in angular momentum due to torques from the
external potential. When ρ∂Φ/∂ϕ = 0, Eq. (A.1) implies that the
total angular momentum is conserved. Indeed, the only agent
that can change the total angular momentum in our simulations
is the external bar potential. We note that the angular momen-
tum per unit volume lz does not contain any contribution due
to magnetic fields. This is because, although electromagnetic
fields can in general carry angular momentum, this contribution
is neglected in ideal MHD since it is of order (v/c)2 with respect
to the angular momentum contained in the gas.

The angular momentum flux in the radial direction is:

FJR = R
(

ρvϕvR + TRϕ

)

, (A.4)

where

TRϕ = −
BϕBR

4π
, (A.5)

is the component of the Maxwell stress tensor defined in Sect. 2.
When (A.4) is integrated over the surface of a cylinder of radius
R, it gives the flux of angular momentum through the surface of
the cylinder. The term ρvϕvR quantifies the angular momentum
flux carried by gas that is physically crossing the surface R, while
TRϕ is the contribution due to magnetic torques. Equation (29) in
the main text is obtained by integrating Eq. (A.1) over the volume
of a cylinder of radius R0 and using the divergence theorem.

We now relate these quantities to the mass accretion rate.
Expanding Eq. (A.1) in cylindrical coordinates, integrating in
both the vertical (z) and azimuthal (ϕ) direction, and assum-
ing that the boundary terms in the vertical direction vanish, we
obtain:

∂⟨lz⟩

∂t
+

1

R

∂⟨RFJR⟩

∂R
= −⟨ρ

∂Φ

∂ϕ
⟩ , (A.6)

where

⟨X⟩ =
1

2π

∫ 2π

0

dϕ

∫

X dz , (A.7)

denotes the vertical and azimuthal average of a physical quantity
X. Integrating and averaging the continuity equation (2) in the
same way gives:

∂⟨ρ⟩

∂t
+

1

R

∂

∂R

[

⟨RρvR⟩
]

= 0 . (A.8)

Next, we decompose the velocity as

v = v0êϕ + u , (A.9)

where

v0(R, t) =
⟨ρvϕ⟩

⟨ρ⟩
, (A.10)

is the average rotation velocity and u represents the fluctuations.
Substituting (34) into (A.6), using (A.4), (A.1), and the averaged
continuity equation (A.8), and using the fact that ⟨ρuϕ⟩ = 0 by
our definition of v0, we obtain

R⟨ρ⟩
∂v0

∂t
+ ⟨ρuR⟩

∂(Rv0)

∂R
+

1

R

∂⟨R2ρuRuϕ⟩

∂R
+

1

R

∂⟨R2TRϕ⟩

∂R
= −⟨ρ

∂Φ

∂ϕ
⟩ ,

(A.11)

Equation (A.11) can be rewritten in a more illuminating form as:

Ṁ = ṀM + ṀR + ṀG + Ṁt , (A.12)

where

Ṁ = −2πR⟨ρuR⟩ , (A.13)

is the total mass accretion rate at radius R, and

ṀR = 2π

[

∂(Rv0)

∂R

]−1
∂⟨R2ρuRuϕ⟩

∂R
, (A.14)

ṀM = 2π

[

∂(Rv0)

∂R

]−1
∂⟨R2TRϕ⟩

∂R
, (A.15)

ṀG = 2πR

[

∂(Rv0)

∂R

]−1

⟨ρ
∂Φ

∂ϕ
⟩ , (A.16)

Ṁt = 2πR2

[

∂(Rv0)

∂R

]−1

⟨ρ⟩
∂v0

∂t
. (A.17)

The first three terms are the contributions due to Reynolds,
Maxwell, and gravitational stresses respectively, while the last
term is related to changes in the average rotation velocity with
time, which are typically small and can be neglected in a
quasi-steady state.

Appendix B: Resolution study

We perform a resolution study to see how the magnetic field
strength at saturation and the inflow rate depend on the numer-
ical resolution. Figure B.1 shows that the saturation magnetic
field strengths are relatively insensitive to numerical resolution.
In contrast, the MRI-driven inflow rate decreases as the resolu-
tion is increased, and does not appear to be converged even at
the highest resolution we can afford. We can therefore only put
an upper limit to the MRI-driven inflow rate.
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