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We review the current status of studies on accretion and protoplanetary disks of young
stars with large-scale magnetic fields. Observational data on magnetic fields of the
disks are compiled and analysed. Modern analytical and numerical MHD models of
protoplanetary disks are discussed. The mechanisms of angular momentum transport
via turbulence, magnetic tensions and outflows are outlined. We consider the influence
of Ohmic dissipation, magnetic ambipolar diffusion, magnetic buoyancy, and the Hall
effect on the evolution of the magnetic flux in disks. Modern MHD models of accretion
disks show that the magnetic field can influence the structure of protoplanetary disks.
We argue that the available observational data on the magnetic fields in protoplanetary
disks can be interpreted within the framework of fossil magnetic field theory. We
summarize the problems of the modern theory of accretion and protoplanetary disks
with magnetic fields and also outline the prospects for further research.
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1 Introduction

Observations in infra-red (IR), optical, ultraviolet (UV) waves and X-rays (XR) in-
dicate that young stars are surrounded by gas—dust accretion disks. IR-excess in the
spectral energy distributions of young stellar objects (YSO) is a sign of the dusty
disk around the star, while UV- and XR-excess points to the process of gas accre-
tion onto the stellar surface (see review by Hartmann et al., 2016). Optical and
IR-imaging allows us to conclude that the accretion disks are geometrically thin with
disk’s thickness-to-radius ratio of <0.1. During the period of 1-10 Myr, mass accre-
tion rate onto the young star decreases from ~107% to 1072 My yr~!, and mass of
the disk correspondingly decreases. Modern instruments with high-spatial and spec-
tral resolution, like The Atacama Large Millimeter/submillimeter Array (ALMA),
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Very Large Telescope (VLT) and James Webb Space Telescope (JWST), allow us to
study structure of the accretion disks of young stars with unprecedented details. Such
studies have found that substructures in the form of concentric rings and spirals are
ubiquitous in the accretion disks (Andrews et al., 2018). Observed substructures can
be interpreted as signs of ongoing planet formation process in disks. In recent years,
direct evidences of the protoplanets forming in the disks appeared (Boccaletti et al.,
2020). Therefore, one can conclude that, during their evolution, accretion disks of
young stars evolve into protoplanetary disks (hereafter PPDs), which are analogues
of the protosolar nebula.

Elaborating a theory of planet formation requires the development of models of ac-
cretion and protoplanetary disk evolution that take into account a variety of physical
and chemical processes characterized by a wide range of spatial and temporal scales.
One of the main components of the PPD models is the magnetic field. On the one
hand, star formation theory predicts that the accretion disks of young stars are born
with a large-scale fossil magnetic field, which is supported by contemporary observa-
tional data (see reviews by McKee and Ostriker, 2007; Dudorov and Khaibrakhmanov,
2015). On the other hand, the efficiency of angular momentum transport in disks de-
pends on the strength and geometry of the magnetic field (see reviews by Papaloizou
and Lin, 1995; Lesur, 2021).

In this paper, we compile and analyse observational data on the magnetic field
strength and geometry in PPDs (section 2), as well as review current state of the
theory of the evolution of PPDs with magnetic field (section 3). Specific attention
is paid to the origin of the magnetic field (section 3.1), role of MHD effects in mag-
netic field evolution (section 3.2) and mechanisms of angular momentum transport
(section 3.3). Main results achieved in the field of MHD modelling of the accretion
and protoplanetary disks are also presented (section 3.4). As a summary, we outline
main problems and perspectives in both observations and theory (section 4). The re-
view focuses on low- and intermediate-mass young stars, namely T Tauri and Herbig
Ae/Be stars, although some complementary information concerning young high-mass
stars is also briefly discussed.

2 Observations

Let us consider pathways to study the magnetic fields in PPDs observationally.

Outflows and jets. Outflow phenomena are just as ubiquitous, as accretion in
YSOs (see Frank et al., 2014). Outflows can be divided into two groups: slow, wide-
angle molecular outflows with speeds up to 30 km/s, and fast collimated molecular
and/or atomic jets with speeds of 100-1000 km/s. In many cases fast jets are en-
closed in slow outflows (e.g. Mundt and Fried, 1983; Arce and Goodman, 2002). In
such cases, the wide-angle outflow can be interpreted as a slowly expanding cavity
produced by the propagation of the fast jet into the interstellar medium (see Bally,
2016). The outflows are usually bipolar, but there are also examples of one-sided
flows (Codella et al., 2014). Several mechanisms have been proposed for the formation
of the outflows, each requiring the presence of a magnetic field of specific strength and
geometry in the disk (e.g., Pudritz and Ray, 2019, see also next section). According
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to numerical simulations, fast collimated jets probably form in the disk regions clos-
est to the central young star, while slower outflows emanate from the disk at greater
distances (Machida et al., 2008). Therefore, outflows and jets are indirect evidence of
the presence of the magnetic field in accretion disks and PPDs. Synchrotron radia-
tion in protostellar jets of high-mass protostars indicates the presence of the magnetic
field in the jet, while linear polarization in molecular lines (Goldreich-Kylafis effect)
allows us to probe the magnetic field geometry and strength in the jets of low-mass
protostars (Lee, 2020).

Masers. The region of jet interaction with interstellar medium is characterized by
the formation of multiple shocks. The conditions in the post-shock region may be
favourable for the formation of class I methanol masers, OH and H2O masers (e.g.,
Elitzur et al., 1989; Sobolev et al., 2005; Voronkov et al., 2006), which are therefore
considered as an instrument for studying the outflows in both low- and high-mass
YSOs (e.g., Gomez et al., 1995; Furuya et al., 2003; Moscadelli et al., 2006; Voronkov
et al., 2006; Kalenskii et al., 2013; Ladeyschikov et al., 2022). Masers trace the gas
kinematics in the outflow, which can be used to test MHD models of the outflows and
draw conclusions about the magnetic field in the region of the outflow (Moscadelli
et al., 2022). Measurements of the Zeeman splitting in OH and HoO maser lines
give information about magnetic field strength in the outflow (Sarma et al., 2002;
Vlemmings, 2008; Goddi et al., 2017).

Polarization mapping. Polarization mapping allows us to study the magnetic field
geometry in the interstellar medium.

The first polarization studies of the regions near T Tauri stars have found evidence
of the large-scale magnetic field aligned perpendicular to the disk planes (Tamura and
Sato, 1989). Such a magnetic field can be attributed to the outflows from the disks.
The derived magnetic field direction corresponds to the large-scale magnetic field of
the surrounding molecular cloud, which is an evidence that the magnetic field of YSOs
is genetically linked to the magnetic field of the parent molecular clouds.

The ALMA interferometer’s capability enables us to make spatially resolved po-
larization maps of PPDs and to study their magnetic fields (Bertrang et al., 2017;
Brauer et al., 2017). The polarization mapping of several disks around T Tauri and
Herbig Ae/Be stars with spatial resolution of 50 au has revealed magnetic fields with
complex geometry in the disks (Li et al., 2016, 2018). Interpretation of the polariza-
tion maps is complicated due to the effects of self-scattering and radiation anisotropy.
The maps of the polarization emission at wavelengths A ~ 1 mm are well described
by the models taking into account the self-scattering by the dust grains of maximum
size amax ~ A/27 (Kataoka et al., 2015).

Zeeman effect. The magnetic field strength in YSOs can be studied using Zeeman
effect measurements in different emission lines (e.g., Lankhaar and Teague, 2023),
as well the Chandrasekhar-Fermi method. The observed Zeeman broadening of the
optical emission lines in the spectra of T Tauri stars corresponds to the magnetic
fields of 1-3 kG (Johns-Krull, 2007; Yang and Johns-Krull, 2011). Donati et al. (2005)
reported the first detection of the Zeeman broadening of the emission lines from the
inner region of FU Ori accretion disk, indicating the presence of a magnetic field with

(©2024 Astronomical and Astrophysical Transactions (AApTr), Vol. 34, Issue 2



142 KHAIBRAKHMANOV

strength of 1 kG at the radial distance r = 0.05 au from the star. Zeeman splitting
measurements of CN molecular lines are another promising tool for estimating the
magnetic field strength. Vlemmings et al. (2019) attempted to detect the Zeeman
effect in the CN emission from the TW Hya disk. The authors found no signs of the
Zeeman splitting, which sets an upper limit on the magnetic field strength of 8-107% G
at a distance 42 au from the star. Harrison et al. (2021) used a similar approach and
found upper limits of 0.087 G for the toroidal magnetic field and of 0.061 G for the
vertical magnetic field in the disk AS 209.

Remnant magnetism of the solar system meteorites. Asteroids and comets
in the Solar system are made of material and/or contain inclusions that were formed
during the formation of the Solar system. Therefore, measurements of the remnant
magnetisation of meteorites as well as small bodies in the Solar system give indirect
estimates of the magnetic field strength in the protosolar nebula. The study of me-
teorites of various types shows that the magnetic field in the region of r = 1-7 au
can vary in the range of 0.02-1 G. Comparing the formation time of different mete-
orite inclusions allows us to speculate about the evolution of the magnetic field in the

Table 1 Observational constraints on the magnetic field strength in YSOs.

Object B, G r, au Method Refs
Young stars

Taurus/Auriga (1.12-2.9) -10? ~0.01 Zeeman Johns-Krull (2007)
region broadening

in Ti lines
Orion Nebula (1.3-3.14) -10? ~0.01 -//- Yang & Johns-Krull
Cluster (2011)
Herbig Ae/Be 37-222 ~0.01 Zeeman Kholtygin et al. (2019)
stars splitting

Protosolar nebula
Ordinary 0.54 +£0.21 1-3 Remnant Fu et al. (2014)
chondrites magnetism
Volcanic <0.06 2-3 -//- Wang et al. (2017)
angrites
Carbonaceous 1.08 £0.15 3-7 -//- Butler (1972)
chondrites
-//- 0.021 +0.015 -//- -//- Cournede et al. (2015)
-//- <0.08 £0.043 -//- -//- Fu et al. (2020)
-//- 1.01 +£0.48 -//- -//- Borlina et al. (2021)
-//- >0.4 -//- -//- Fu et al. (2021)
-//- <0.009 -//- -//- Borlina et al. (2022)
Comet 67P <0.03 15-45 Direct Biersteker et al. (2019)
Protoplanetary disks

Fu Ori 1000 0.05 Zeeman Donati et al. (2005)

broadening
TW Hya <8.107* 42 Zeeman Vlemmings et al. (2019)

in CN
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region of terrestrial planet formation in the protosolar nebula (Borlina et al., 2022).

Moreover, measurements with the Rosetta Magnetometer and Plasma Monitor
have shown that comet 67P/Churyumov—Gerasimenko (67P) has a surface magnetic
field of less than 0.03 G, which could be attributed to the magnetic field in the
protosolar nebula in the region of 15-45 au from the protosun (Biersteker et al.,
2019).

Analysis of the observational data Data on the magnetic field strength in PPDs
are compiled in Table 1. The table lists object name (column 1), magnetic field
strength (column 2), corresponding distance from the star (column 3), method of
measurement (column 4), and references (column 5).

Although the data collected correspond to different objects, some general con-
clusions can be made based on Table 1. The data indicate that the magnetic field
strength in PPDs decreases with distance from the star raging from ~1 kG near the
stellar surface to 1074-103 at several tens of au.

3 Theory

3.1 Origin of the magnetic field in disks

Analysis of the observational data presented in section 2 leads to the conclusion that
accretion and protoplanetary disks of young stars have a large-scale magnetic field.
The origin of this magnetic field is naturally explained within the framework of mod-
ern theory of star formation. According to the theory, stars form as a result of
gravitational collapse of protostellar clouds, which are cold, dense cores of interstellar
molecular clouds (see review by McKee and Ostriker, 2007). ISM polarization map-
ping and Zeeman splitting measurements of OH lines in protostellar clouds indicate
that the clouds are threaded by a large-scale galactic magnetic field with typical mag-
netic field strength of 1074-107° (see recent review by Cruthcer and Kemball, 2019).
Numerical simulations of star formation in the protostellar clouds have shown that the
magnetic flux of the clouds is partially preserved during star formation. Therefore,
the magnetic field of young stars and their accretion disks is of fossil nature (Dudorov,
1995; Dudorov and Khaibrakhmanov, 2015).

Cyclonic turbulence or convection (so-called a-effect) together with differential
rotation (Q-effect) may lead to the dynamo-generation of the magnetic field from
a small seed field. The dynamo-generation of the magnetic field supports magnetic
field of T Tauri stars after the onset of convection in star interior (Dudorov, 1995).
Hydromagnetic dynamo could also operate in turbulent accretion and protoplanetary
disks under certain conditions (Brandenburg et al., 1995; Gressel and Pessah, 2015;
Moss et al., 2016). The fossil magnetic field can be a seed field for the dynamo.

3.2 MHD effects

In order to analyse the influence of the magnetic field on the dynamics of PPDs, let
us consider the following system of MHD equations:
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dp
i . = 1
SV (V) = 0, (1)
d B? 1
pY = V(p+r ) +pgt—(B-V)B+dive, (2)
dt 8w 4
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E = VX((V+VAD)XB)+VX(nODvXB)+

Vx( c ((VxB)xB))+Vx(vaBt). (4)

dmene

Equation of motion (2) includes gas and magnetic pressure gradients, stellar grav-
ity g, magnetic tensions (the third term on the right-hand-side) and turbulent stresses
described by the stress tensor ¢’ (o}, in the index notation, indices ¢ and k number
the spatial directions, see Landau and Lifshitz (1984)). The turbulent stresses are
treated following Shakura and Sunyaev (1973), who suggested to replace the viscous
stress tensor with the turbulent one. This assumption reflects the fact that the tur-
bulence acts as an anomalous viscosity. Accurate justification of this idea has been
done later in the works on the turbulence driven by the magnetorotational instability
in disks (see Balbus and Hawley, 1998; Shakura, 2018). Turbulent stress tensor in
the model of Shakura and Sunyaev (1973) is estimated as: oy, = —ap, where non-
dimensional parameter o < 1 describes the efficiency of turbulence. Corresponding
kinematic turbulent viscosity is vy = acsH, where ¢ is the sound speed, H = ¢/ is
the scale height of the disk, Qy is the keplerian angular frequency. It should be noted
that, generally speaking, small-scale magnetic field tensions are also incorporated into
a. Mean accretion rates observed in PPDs are of 1078 M, /yr, which corresponds to
a = 0.01 (see, e.g., Hartmann et al., 2016).

Equation of heat transfer (3) describes the thermal structure of the disk with
temperature T and specific entropy s. The first term on the right-hand-side of (3)
represents gas heating due to dissipation of turbulence, the second term describes
the heat losses due to radiation energy flux from the disk F. In the optically thick
case (e.g., Zel’dovich and Raizer, 1967; Shakura, 2018),

c
F———% Ve 5
3XRr 5)

where YR = krp, kR is the Rosseland mean opacity, € = aT* is the radiation energy
density, a is the radiation constant. Value I' accounts for additional heating sources,
for example, Ohmic and ambipolar heating.

Induction equation (4) is written taking into account magnetic ambipolar diffu-
sion with speed vap, Ohmic dissipation characterized by diffusivity nop (also known
as magnetic viscosity), the Hall effect (the third term on the right-hand-side), and
magnetic buoyancy characterized by buoyancy speed vg.

Stationary speed of magnetic ambipolar diffusion is determined as (see Spitzer,
1978; Dudorov et al., 1989),

(VxB)xB

6
47TRin ’ ( )

VAD =
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where Ri, = pinning (ov)i, is the the coefficient of friction between ions and neutrals,
Win is the reduced mass for ion and neutral particles, n; and n, are the ion and
neutral number densities respectively, (ov)i, = 2 x 1072 em3 s71 is the coefficient of
momentum transfer in collisions between ions and neutrals. In the linearised case,
magnetic ambipolar diffusion can be described with a diffusivity

B2
MAD = pe (7)
. e . 1,
Ambipolar diffusion leads to plasma heating at the volume rate I'ap = -vipRin

2
(Scalo, 1977).

Ohmic diffusivity is determined as (e.g, Alfven, 1950)

2

c
pr— 8
oD 47T0'e7 ( )
where )
€e°ne
p— 9
Te MeVen | )

is the conductivity, e is the electron charge, n. is the electrons number density,
m,e is the mass of the electron, and ve, = (0v)enny is the mean collision rate be-
tween electrons and neutral particles. The rate of momentum transfer in electron-
neutral collisions, (0v)en, can determined by fitting experimental data (see Appendix
in Sano et al., 2000). Ohmic dissipation heats the plasma at the volume rate ['op =
oD 2
i (rotB)~.
T
The Hall effect in the linearised case can be described with the coefficient

_ cB
= dmene

(10)

Magnetic buoyancy is introduced via magnetic buoyancy velocity vg. It is consid-
ered that magnetic buoyancy instability causes toroidal magnetic field By = {0, B, 0}
to split onto separate magnetic flux tubes (Parker, 1979). The flux tubes rise from
the region of runaway magnetic filed generation and carry away the excess of mag-
netic flux. The buoyancy speed can be estimated by equating the buoyancy and drag
forces, which gives vg = v, where vy is the Alfvén speed (see also Khaibrakhmanov
and Dudorov, 2017). Magnetic buoyancy in the accretion disks can be represented by
the diffusivity ng = vg H (Campbell, 1997).

Several non-dimensional parameters are usually introduced to characterize the
relative role of various MHD effects.

o Magnetic Reynolds number:
Ry = 20, (11)
n
where vy is the typical gas speed, Lg is the typical spatial scale, 7 is either
Ohmic or ambipolar diffusivity. The magnetic Reynolds number is a ratio of
the induction term to the diffusion term in the induction equation (4). The

case Ry > 1 corresponds to perfect conductivity. In this case, the magnetic
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flux is conserved, and the magnetic field is tightly coupled to the plasma flow
(frozen in plasma). This regime is commonly referred to as an ideal MHD. In
the opposite case, R, < 1, a small conductivity leads to a violation of the flux
freezing condition and a dissipation of the magnetic flux. Under such conditions,
Ohmic dissipation and magnetic ambipolar diffusion operate (non-ideal MHD
regime).
e Plasma beta
8mp
P=p
is the ratio of gas pressure to the magnetic pressure. Electromagnetic force
influences the plasma flow dynamics in the case when 8 < 1. We will call
further such case as dynamically strong magnetic field. In the opposite case,
B > 1, magnetic field is kinematic one.

(12)

e The Hall parameter (or magnetization parameter):
Ba = WaTa, (13)

where w, is the gyrofrequency for particles of type ‘a’, 7, is the typical time
of the collisions between the particles of type ‘a’ and other particles. The Hall
parameter is the ratio of gyrofrequency to collision frequency and characterizes
the degree of plasma anisotropy with respect to the magnetic field direction.
In the case B, > 1 collisions between particles occur so frequently that the
cyclotron rotation of charged particles ceases, and the plasma conductivity is
isotropic. In the opposite case, each charged particle is tightly coupled to a
specific magnetic field line, and the plasma conductivity is highly anisotropic.

Table 2 lists main MHD effects and corresponding ranges of non-dimensional pa-
rameters.

Table 2 MHD effects and corresponding non-dimensional parameters.

Effect Conditions

Flux freezing Rn>1

Ohmic dissipation Rm <1, (Be, i) K 1
Magnetic ambipolar diffusion Rn <1, (Be, 3)) > 1
Magnetic buoyancy g1

Hall effect Be>1, 0k 1

In the case of R > 1, the magnetic field is frozen in gas, and runaway generation
of the magnetic field is possible. Under such conditions, a magnetic field can be
generated up to the so-called equipartition value, which is characterized by plasma
B ~ 1. In accretion and protoplanetary disks, such conditions prevail in the innermost
region of the disk, where the ionization fraction and conductivity are high due to the
thermal ionization of alkali metals. Magnetic buoyancy is a main mechanism limiting
the runaway generation of the toroidal magnetic field in this region (Dudorov and
Khaibrakhmanov, 2014; Khaibrakhmanov and Dudorov, 2017).
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Ohmic dissipation and magnetic ambipolar diffusion operate in the limit of small
magnetic Reynolds numbers. Ohmic dissipation prevails over ambipolar diffusion in
the non-magnetized plasma, when the Hall parameters for both electrons (8,) and
ions (B;) are small. Magnetic ambipolar diffusion is efficient in the opposite case of
magnetized plasma, when B, > 1 and ; > 1. It consists in the joint drift of electrons
and ions, which are tightly coupled to the magnetic field, through the neutral gas with
drift velocity vap. Collisions between charged and neutral particles moving relative
to each other lead to the decay of the currents and the magnetic field dissipation. The
Hall effect operates in the intermediate case, when electrons are magnetized (8, > 1),
while ions are not (8; < 1). The Hall effect is the drift of plasma in the direction
perpendicular both to the magnetic field and electric field. It corresponds to the
case when the electron gas is frozen in plasma. It should be emphasized that Ohmic
dissipation and ambipolar diffusion are dissipative MHD effects leading to magnetic
flux decay and corresponding plasma heating. The Hall effect is non-dissipative, which
can only lead to transformation of magnetic field geometry. It can operate both in
poorly and fully ionized plasma.

In order to compare the relative role of Ohmic dissipation, magnetic ambipolar
diffusion, and the Hall effect in PPDs, let us write down the ratios of correspond-
ing coeflicients (see Khaibrakhmanov et al., 2017). Ratio of ambipolar to Ohmic

diffusivities:

2

TIAD mi + my B

— =B | — |, (14)
Nob mp n

where m; and m,, are the ion and neutral particle masses, respectively.
Ratio of the Hall coefficient to the Ohmic diffusivity:

M _ g, o <B> | (15)

7loD n

to the ambipolar diffusivity:

-1
Mg (2) (16)

TIAD mi + My n

Expressions (14-16) show that the relative role of the MHD effects depends on
the magnetic field strength and the gas density. In Figure 1, we plot corresponding
domains of dominant MHD effects in the B — n plane. The ratios were evaluated
following Khaibrakhmanov et al. (2017) and using the approximate formula for the
electron-neutral friction coefficient (ov)e, from Sano et al. (2000). Figure 1 shows
that Ohmic dissipation is the dominant dissipative MHD effect in the highest density
regions (domains ‘H>O>A’ and ‘O>H>A’). In contrast, magnetic ambipolar diffu-
sion operates in low-density regions with strong magnetic fields (domains ‘A>H>0’
and ‘H>A>0’). At the same time, the Hall effect operates in the domain of inter-
mediate gas density (‘H>A>0’ and ‘H>0>A’). We emphasize that the Hall effect
is not dissipative and in this sense can act together with Ohmic dissipation in region
‘H>O>A’ and together with ambipolar diffusion in domain ‘H>A>Q’. The Hall effect
leads to the transformation of the magnetic field geometry in these domains, while
magnetic diffusion causes magnetic flux dissipation and plasma heating.
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107
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n [ecm™3]

Figure 1 Regions of dominant MHD effects in the B — n plane (‘A’: magnetic ambipolar
diffusion, ‘O’: Ohmic dissipation, ‘H’: the Hall effect). Thick line depicts dependence B(n)
predicted by the MHD model of Dudorov and Khaibrakhmanov (2014) for typical parame-
ters.

We also plot dependence B(n) in the accretion disk of the solar mass T Tauri
star calculated using the MHD model of Dudorov and Khaibrakhmanov (2014) for
typical parameters. Figure 1 shows that all three MHD effects could operate in the
accretion disks. Resulting strength and geometry of the magnetic field is discussed
later in section 3.4.

It should be noted that, generally speaking, turbulent diffusion has to be taken
into account when considering the magnetic field evolution. Turbulent diffusivity n;
is connected to the turbulent viscosity via the turbulent magnetic Prandtl number,
Pry, = v¢/n. The value of the magnetic Prandtl number in accretion discs is highly
uncertain. Let us estimate 7 for the case Pry, = 1, which is considered a realistic
value in MHD turbulence (see Guilet and Ogilvie, 2014, and references therein). Using
the typical gas temperature at » = 1 au from the analytical solution of Dudorov and
Khaibrakhmanov (2014), one obtains

—1/2
_ 9 ( « T o 2 M 2 _—1
=76 10 (0.01) (2401{) (1au> 1M, em”s™. (17)

The turbulent diffusivity enters the induction equation linearly similar to Ohmic
diffusivity. In the simplest case, the latter value depends on the ionization fraction,
T & Ne /Ny, only. For (ov)e, ~ 1078 cm? s71, we have

1
op = 2.8 x 1018 (mails) em?s71, (18)

where we used typical value z(r = 1au) ~ 10~ from the analytical solution of Du-
dorov and Khaibrakhmanov (2014). The comparison of (17) and (18) shows that
the Ohmic dissipation dominates over the turbulent diffusion, nop > 7, inside the
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‘dead’ zone, r ~ 1 au, with low ionization fraction,  ~ 107'°. The turbulent diffu-
sivity could be of the order of Ohmic diffusivity in the innermost region of the disk,
r < 0.1 au, where T > 1000 K and z > 1075, Reyes-Ruiz and Stepinski (1996)
came to a similar conclusion and showed that the role of turbulent diffusion depends
strongly on Pry. Generally speaking, the consideration of the turbulent diffusion
requires us to take a-effect and the dynamo generation of the magnetic field into
account.

3.3 Angular momentum transport

Main equation. Let us consider the connection between the magnetic field and the
angular momentum transport in disks. The equation of angular momentum evolution
can be written as

oI, 190 0 10 (5, 9B, B,
ot + ror (roeL2) + 0z (v-l2) = ror (r Trg 7 47 +
0 (rB.B
i (M ) , (19)

where I, = pru, is the angular momentum per unit volume, v = {v,, v,, v,} and
B = {B,, By, B.} are the magnetic field and velocity vectors in cylidrical coordinates,
respectively.

The second term on the left-hand-side of equation (19) describes the advection of
the angular momentum with the gas flow in the radial direction (accretion), the third
term corresponds to the momentum flux in the vertical direction (outflows).

The first term on the right-hand-side (under the sign of the radial derivative)
corresponds to the torques acting on the gas in the disk plane, namely: turbulent
stresses (o< 0y,,) and magnetic tensions (o< B.B,/4m). The term proportional to
B, B, /4w in equation (19) comes from large-scale magnetic field tensions, the effect
of which on the evolution of angular momentum in accretion disks have not yet been
fully investigated.

The second term on the right-hand side describes vertical extraction of the angular
momentum by the torque connected with large-scale magnetic tensions BB, /4.
This magnetic torque is tightly connected to the outflows from the surface of the
disk (see, e.g., recent review by Lesur, 2021).

Role of the turbulence. Turbulence in PPDs is probably of MHD nature, al-
though purely hydrodynamic instabilities are not excluded as a source of the turbu-
lence (see Lesur et al., 2023). MHD turbulence can be generated due to the mag-
netorotational instability (MRI, Velikhov, 1959; Chandrasekhar, 1960; Balbus and
Hawley, 1991). The MRI develops under conditions of 8 > 3 and Avgr1 < H, where
AMRI = 27n/va is the most unstable wavelength, va is the Alfvén speed. Both local
and global numerical simulations in the ideal MHD limit confirmed the prediction
of the linear theory (e.g., Stone et al., 1996; Flock et al., 2013). The turbulent re-
distribution of the angular momentum in the disk plane causes gas to accrete with

speed

3Vt
N —=— 2
v 2r (20)
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equivalent to mass accretion rate
M = 37,5, (21)

where ¥ is the gas surface density.

Accretion and protoplanetary disks exhibit complex ionization structure due to
non-uniform distribution of the ionization sources (Gammie, 1996). The innermost
regions of the disk are well ionized due to the thermal ionization of alkali metals.
Surface layers of the disk and its periphery are effectively ionized by cosmic rays,
as well as by XR- and UV-radiation from the star. The attenuation of the external
ionizing radiation leads to the formation of a region with a low ionization degree,
z < 1072, and efficient Ohmic dissipation near the midplane of the disk. As a
consequence, this region is characterized by damped MHD turbulence (Gressel et
al., 2015) and reduced magnetic field strength (Dudorov and Khaibrakhmanov, 2014,
see also previous paragraph). In absence of dust grains, the turbulent mixing can
homogenize the gas in the vertical direction keeping the ionization fraction at the
level sufficient for the activation of the MRI (Inutsuka and Sano, 2005).

Numerical simulations that take into account non-ideal MHD effects have shown
that the MRI is also damped near the surface of the disk above the ‘dead’ zone and
partly at the disk periphery due to the effect of magnetic ambipolar diffusion (Bai
and Stone, 2013).

Therefore, MHD turbulence can be damped at least in some parts of PPDs. This
conclusion is partially supported by recent measurements of molecular line widths in
submm-wavelengths in several PPDs. The analysis of the turbulent broadening of the
lines revealed turbulent speeds vy < 0.15¢s, which corresponds to a < 0.02 (see
recent review by Rosotti, 2023).

Role of the outflows. The theory of MHD outflows was developed by Blandford
and Payne (1982) in application to the accretion disks of black holes and by Pudritz
and Norman (1986) in application to the disks in YSOs. The basic idea is that
strengthening of the magnetic field near the surface of the disk due to differential
rotation creates a magnetic torque (third term on the left-hand-side in (19)), which
transports angular momentum from the gas in the disk to the medium above the disk.
Extraction of the angular momentum from the surface layers of the disk allows gas
to accrete with speed

o ~ D2 (22)
27‘(‘91(2
equivalent to mass accretion rate
M =~ er* B., (23)
Vk ®

where B[; is the azimuthal component of the magnetic field near the surface of the
disk, v = Qur is the keplerian speed.

Gas near the surface of the disk can flow out of the disk if it can escape the potential
well determined by gravitational and centrifugal forces. In the case of ‘cold’ gas, for
which thermal energy is much smaller than the kinetic energy, this corresponds to a
condition that the poloidal magnetic field lines are inclined by more than 30 degrees to
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the axis of rotation (see, e.g., reviews by Spruit, 1996; Lesur, 2021). In the opposite
case of a ‘hot’ gas, which is heated efficiently by external radiation, this condition
is less strict. Bai et al. (2016) suggested the term ‘magneto-thermal wind’ for the
latter case. Further acceleration of the gas along the magnetic field lines is caused
by the vertical magnetic pressure gradient, as in the mechanism proposed by Uchida
and Shibata (1985). The inertia of the gas above the Alfvén point, where flow speed
equals local Alfvén speed, leads to the collimation of the outflow at further distances.
The degree of collimation depends on the radial distribution of the poloidal magnetic
field in the disk (see review by Pudritz and Ray, 2019).

Outflows are very efficient at extracting angular momentum from the disk in the
sense that the specific angular momentum stored in the gas at the Alfven point 74
is (where the outflow speed equals the Alfven speed) (ra/ro)® times larger than the
specific angular momentum of the gas in the disk at a radial distance rg from the
star. In the case, when the accretion is driven solely by the outflows with the outflow
rate My, one has for the accretion rate M ~ (ra /rg)? My. Models of MHD outflows
predict that (ra/ro)® > 3/2, i.e. only a small fraction of gas is needed to flow out of
the disk in order to provide accretion.

Both local and global MHD simulations of PPDs found that the outflows form
in a broad range of underlying disk conditions (Bai and Stone, 2013; Lesur et al.,
2014; Gressel et al., 2015, 2020). Based on the predictions of the simulations and the
observed universality of outflows in YSOs, it is now widely accepted that this mecha-
nism may be as important as turbulence in the evolution of the angular momentum in
PPDs. However, direct comparison of model predictions with observations is difficult
due to insufficient knowledge of the large-scale magnetic field distribution in disks.

Comparison of angular momentum transport mechanisms. Relative roles of
different angular momentum transport mechanisms can be analysed using correspond-
ing time scales. Let us estimate the time scales for the following limiting cases: a)
‘dead’ zone, where the magnetic field is not strengthened due to the action of Ohmic
and ambipolar diffusions, so that (B,, B,) < B, (see also discussion of Figure 1
above); b) a region of efficient magnetic field generation, in which all three magnetic
field components can be comparable (i.e. outside the ‘dead’ zone), B, ~ B, ~ B..
Turbulent redistribution of the angular momentum takes place on a ‘viscous’ time

scale: )

2 H

ty=— ~al <> ti, (24)
Vg T

where ¢, = Q !is a dynamical time scale.
Magnetic tensions in the plane of the disk redistribute the angular momentum on

a time scale )
4l 1 H\
tp, = ~-B— ti.- 25
"~ B.B, % ( 7‘) k (25)

Approximate equality in (25) is derived under assumption of efficient magnetic field
generation, B, ~ B,. From (24) and (25) we conclude that the magnetic tensions in
the plane of the disk dominate over turbulent stresses outside the ‘dead’ zone, if

5<100<001)_1. (26)
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Relation between the radial magnetic tensions and turbulent stresses inside the ‘dead’
zone, where the radial and azimuthal magnetic field components are not generated
due to strong diffusion, depends on the values of corresponding magnetic Reynolds
numbers.

Vertical magnetic tensions act on the time scale of

4rI, H 1 _ (H\ '
tBZ ~ — = 7/8 <7~) tk. (27)

Second approximate equality in (27) is derived for the conditions outside the ‘dead
zone’, B, ~ B,. Comparison of (25) and (27) shows that

1/ H
tg.~ = — | tpr, 2
B 2(7")3 (28)

i.e. vertical magnetic tensions (causing outflows) dominate over radial ones, since
H < r. On the contrary, B, < B, and radial tensions are dominant inside the
‘dead’ zone.

3.4 MHD models of the PPDs

One of the major uncertainties in the theory of accretion and protoplanetary disks is
the distribution of the large-scale magnetic flux threading the disk. The strength and
geometry of the magnetic field depend on the interaction of induction amplification
and diffusion. Accretion leads to the magnetic field dragging towards the star, i.e.
strengthening of the vertical magnetic field component B, and generation of the
radial component, B,.. This process is opposed by the outward radial diffusion of B, .
Furthermore, differential rotation generates B, and B, from B,. In the geometrically
thin disk, B, and B, diffuse mainly in the vertical direction.

Lubow et al. (1994) formulated a simple 1D kinematic model of poloidal magnetic
field advection/diffusion in turbulent accretion disks. They found that turbulent
diffusion prevents significant magnetic field dragging in the accretion disks charac-
terised by a realistic value of the turbulent magnetic Prandlt number of order unity.
Bisnovatyi-Kogan and Lovelace (2007) and Guilet and Ogilvie (2013) pointed out
that the dragging can still be efficient because the turbulent diffusivity in the vertical
direction is non-uniform, and some layers of the disk may not be turbulent. Guilet
and Ogilvie (2014) have found stationary distribution of B, described by a self-similar
power-law radial profile with the power-law index ranging from 0 for efficient diffu-
sion to —2 for efficient advection. The latter value is consistent with the analytical
solution of Okuzumi et al. (2014), which was derived in a similar problem statement.
The profile B, o< r~2 is an expected result of magnetic flux freezing in the disk with
an initially uniform magnetic field. Shu et al. (2007) took into account that the ten-
sions of poloidal magnetic field slow-down the gas rotation, and derived an analytical
solution B, o 7~ /8 for the stationary turbulent accretion disks with fixed degree
of sub-keplerian rotation.

Reyes-Ruiz and Stepinski (1996) calculated the magnetic field in accretion disks
using a kinematic approximation, taking turbulent diffusion and Ohmic dissipation
into account. They pointed out that differential rotation can lead to the generation

(©2024 Astronomical and Astrophysical Transactions (AApTr), Vol. 34, Issue 2



MAGNETIC FIELDS OF PROTOPLANETARY DISKS 153

of a strong azimuthal magnetic field component. The authors also found that a non-
uniform radial profile of the ionization fraction and Ohmic diffusivity in viscous PPDs
leads to non-monotonic radial profiles of magnetic field components with minimum
magnetic field strength in the region of the ionization minimum.

Based on the theory of the fossil magnetic field, Dudorov and Khaibrakhmanov
(2014) developed a MHD model of the accretion disks with a large-scale magnetic
field (see also Khaibrakhmanov et al., 2017). The model is based on the approxima-
tions of Shakura and Sunyaev (1973). A stationary geometrically thin disk in mag-
netostatic and centrifugal equilibrium is considered. The thermal structure of the
disk is simulated taking into account turbulent heating, as well as heating from the
radiation of the central star and the interstellar CR. The magnetic field is calculated
taking into account Ohmic dissipation, magnetic ambipolar diffusion, magnetic buoy-
ancy and the Hall effect. The ionization structure of the disk is modelled taking into
account radiative recombinations and recombinations on dust grains, ionization by
CR, XR and radionuclides. The main parameters of the model are the mass accretion
rate M, the turbulence parameter «, the characteristics of dust grains and ionizing
radiation, and the opacity parameters. The model predicts that magnetic field scales
with surface density, B, o X, in the ideal MHD case. This solution reduces to the
radial profile B, o< r—2 in the particular case of a uniform disk. Simulations of the ac-
cretion disk structure using the model have shown that the combination of all relevant
MHD effects results in non-uniform magnetic field distribution and complex magnetic
field geometry in PPDs. The magnetic field is quasi-toroidal, B, 2 (B, B.), in the
innermost region, 7 < 0.3-0.5 au, where thermal ionization operates. The runaway
growth of the toroidal magnetic field is limited by the magnetic buoyancy in this
region. Initial poloidal magnetic field geometry is preserved, B, > (B,, B,), due
to efficient Ohmic and ambipolar diffusion within the ‘dead’ zone at 0.3 < r < (10—
20) au for typical parameters. The magnetic field can be quasi-radial, B, ~ B,, or
quasi-toroidal at the periphery of the disk, r > 20 au, depending on the dust grain
parameters and ionization sources.

Long-term global multidimensional numerical simulations of PPDs evolution tak-
ing into account all MHD and ionization/recombinations effects, as well as radiation
transfer, are still challenging due to the limitations on the time steps in correspond-
ing numerical schemes. Local shearing-box approximation is often used to study the
evolution of the PPDs taking into account Ohmic dissipation and magnetic ambipolar
diffusion (Simon et al., 2013), as well as the Hall effect (Lesur et al., 2014). It is impor-
tant to note that the local simulations cannot properly handle the vertical boundary
conditions and to study the actual geometry of the magnetic field in the disk (e.g.,
see discussion in Lesur, 2021). Current global 2D and 3D simulations that consider
extended regions of the disk have focused primarily on the regions of efficient Ohmic
and/or ambipolar diffusion. To facilitate the computations, simplified ionization—
recombination models and/or prescribed diffusivities were implemented. Evidence
has been found that the MHD effects can lead to the formation of substructures in
PPDs (Béthune et al., 2017; Suriano et al., 2018; Riols et al., 2020). Cui and Bai
(2021) have also shown that both magnetically driven outflows and MHD turbulence
can contribute to angular momentum transport in ambipolar diffusion dominated re-
gions. The most sophisticated models to date combined non-ideal MHD modelling
with complex ionization models (Bai, 2017) and radiative transfer calculations (Wang
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Figure 2 Comparison of the observational constraints and theoretical predictions on the
magnetic field strength in PPDs. Observational data are taken from Table 1: ‘TTS’: surface
magnetic fields in T Tauri stars, ‘FU Ori’: magnetic field strength in the FU Ori disk,
‘meteorites’: estimates based on the measurements of the remnant magnetism of solar system
meteorites, ‘67P’: magnetic field of the comet 67P/Churyumov—Gerasimenko, ‘CN’: upper
limit on the magnetic field strength in the TW Hya disk based on non-detection of Zeeman
splitting in CN lines. Panel a: radial profile of the magnetic field strength computed with the
help of MHD model of Khaibrakhmanov et al. (2017) for different dust grains sizes and fixed
mass accretion rate M = 1078 My yr~? (‘no dust’ corresponds to the case of absent dust
grains). Dashed lines with labels depict characteristic slopes. Panel b: analogous profiles for
different accretion rates and fixed dust grain size of 0.1 pum.

et al., 2019; Gressel et al., 2020). It was found that the MHD outflows can be the
main drivers of angular momentum transport under the considered parameters.

Fossil magnetic field strength in PPDs. Let us analyse the strength of the
fossil magnetic field in the accretion disk of a typical solar-mass T Tauri star. In
Figure 2, we plot radial profiles of B, calculated using the model of Khaibrakhmanov
et al. (2017) for various dust grains radii and mass accretion rates. The turbulence
parameter is fixed, @« = 0.01. The ionization parameters correspond to the fiducial
run in Khaibrakhmanov et al. (2017). Observed constraints on the magnetic field
strength compiled in Table 1 are also shown for comparison.

Figure 2(a) shows that, in the case of absent dust grains, fossil magnetic field
strength in the disk is maximum. According to our simulations, the ionization fraction
does not fall below 107''-10710 the magnetic field is frozen in the gas, and its
strength is proportional to the gas surface density, Bf o< 3. Such a situation occurs
also in the case of large dust grains, aq > 1 mm (Khaibrakhmanov and Dudorov,
2022). In this case, magnetic field strength decreases from ~50 G near the inner edge
of the disk, r;, = 0.05 au, to 3 G at » = 3 G, and down to 0.01 G at the disk’s
outer edge, rout = 140 au. The typical slope of the B(r) profile is —3/8 in the region
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0.3 < 7 < 10 au, and it is more steep, By oc r~ 13, at the periphery of the disk.

Recombinations of electrons on dust grains reduce the ionization fraction and
consequently the magnetic field strength. Figure 2(a) shows that the magnetic field
strength in the case of dust grains with an average size of 0.1 um is 2 orders of
magnitude lower than B;. In this case, the typical magnetic field strength is of 0.1 G
at 1 au and of 1073 au near the outer edge of the disk. The ‘flat’ profile of B(r) in the
region 0.3—1 au is explained by the evaporation of the icy mantles of the dust grains
and corresponding decrease of the rate of recombinations on dust grains.

According to Figure 2(a), the increase in dust grains size leads to an increase in
the magnetic field strength. This can be illustrated by the following analytic solution
derived by Dudorov and Khaibrakhmanov (2014) taking magnetic ambipolar diffusion
into account:

¢ aqg \%/ a \1/16
B, = 0.024G . — .
(10_17 s7! 0.1pm 0.01
M O M N e s 2
10-8 Mg, /yr <1M@> (H) ’ (29)

1/

where £ is the ionization rate. Solution (29) shows that B o< ag ?, which is a conse-

quence of the corresponding solution for the ionization fraction, x a(li/ %. Observa-
tions and theoretical modelling show that the evolution of PPDs is characterized by
the growth of dust grains up to 1 mm in size (see review by Testi et al., 2014). During
evolution, large dust grains sediment toward the midplane of the disk and undergo
radial drift toward the star. Analysis of Figure 2(a) suggests that the evolution of
dust grains sizes and distribution in the disk will lead to corresponding changes in
the magnetic field strength. In particular, dust grain growth leads to an increase in
the magnetic field strength.

The innermost region of the disk, » < 0.3 au is characterized by a large ionization
fraction caused by thermal ionization of alkali metals. In this case, the magnetic field
profile is frozen in gas.

Figure 2(b) shows that it is not the shape of the radial profile B(r) that changes
with varying mass accretion rate, but rather the profile as a whole ‘shifts’ towards
the star with decreasing M. This is because the disks with greater accretion rates
are hotter and denser, and their inner boundary is closer to the star. The increase in
temperature increases the innermost region of thermal ionization and frozen magnetic
field. For example, this region occupies r < 1 au in the case of M = 1077 Mg yr~,
while it is completely missing in the case of M = 1072 My yr~!. According to ob-
servations, the mass accretion rate decreases during the evolution of the PPD (see
Hartmann et al., 2016). Our results suggest that the fossil magnetic field strength
also decreases over time.

Our simulations show that under typical parameters magnetic field strength at
the inner edge of the disk, r ~ 0.05 au is 2100 G, which is close the stellar dipole
magnetic field at this distance. We interpreted this as a consequence of the common
fossil nature of these fields. Estimates of the magnetic field strength based on remnant
magnetisation of meteorites range widely between ~ 2-1072 and 1 G in the region of
terrestrial planets r = 1-7 au. Such scattering could be a reflection of the diversity
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and/or evolution of conditions in the protosolar nebula. This could be particularly
related to the changes in accretion rate (and therefore age) and dust grain radius.

Another approach to analyse the magnetic field in PPDs is to estimate the mag-
netic field strength required to provide observed accretion rates by magnetically driven
outflows (e.g., see Wardle, 2007). The expression (23) gives B,B, = Muy/r?, which
corresponds to the lower estimate for the magnetic field strength

M VRO N\ e e
B>009| ——+— — G. 30
- 1078 Mg yr—1! <1M@) (lau> (30)

Solution (29) and estimate (30) give similar values close to r ~ 1 au, proving consis-
tency of different approaches and indicating the comparable role of turbulence and
outflows in terms of the efficiency of angular momentum transport.

Dynamical influence of the magnetic field on the structure of the disk.
The MHD models discussed above predict that the magnetic field strength varies
significantly across the disk and the corresponding value of plasma beta for typical
parameters is in the range 102-10°. Such a magnetic field is kinematic, i.e. it has
no influence on the structure of the disk. Nevertheless, even such a small magnetic
field plays a key role in the disks’ dynamics, since the development of the MRI is only
possible in regions with g > 3.

Khaibrakhmanov and Dudorov (2022) have shown that in the case of large dust
grains, aq > 1 mm, and increased ionization rate, M > 1077 Mg yr—t, a dynamically
strong magnetic field, § ~ 1, can be generated in the innermost regions of the disk
and at its periphery. In such a case, magnetic tensions slow down the gas rotation
speed by 0.5-1% compared to the keplerian speed. This ‘magnetic’ deceleration is
greater than or of order of the hydrodynamic deceleration caused by the radial gas
pressure gradient. The model predictions are consistent with modern observations of
several PPDs, which indicate the sub-keplerian rotation in the outer regions of the
disks with a maximum deviation of up to several percent of vy (Pinte et al., 2018;
Dullemond et al., 2020; Teague et al., 2021).

Sub-keplerian rotation is usually considered to be the cause of the radial drift of
dust grains and small bodies in PPDs (Weidenschilling, 1977). We conclude that the
speed of radial drift increases in the region of a dynamically strong magnetic field,
which could influence the process of formation and evolution of planetesimals.

The magnetic field can be dynamically strong in the surface layers of the disk,
where the gas pressure is low. As a result, the magnetic pressure gradient affects
the vertical structure of the disk, reducing or increasing the thickness of the disk
depending on the surface conditions (Ogilvie and Livio, 2001; Lizano et al., 2016;
Khaibrakhmanov and Dudorov, 2022).

The thermal structure of the disk can also be influenced by MHD effects. In the
region of large currents, Ohmic and ambipolar heating lead to additional heating of
the gas. Following the approach of Shu et al. (2007), Lizano et al. (2016) found that
Ohmic heating dominate over viscous heating in disks with large accretion rates, such
as in FU Ori. Mori et al. (2019) performed local MHD simulations of the innermost
region of a PPD for fixed 3 = 102-10°, low gas opacity, £ < 0.5 cm? g~!, and found
that the Ohmic heating affects the gas temperature only in the surface layers of the
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disk. Khaibrakhmanov and Dudorov (2019) have shown that Ohmic and ambipolar
heating increase the temperature of the disk near the borders of the ‘dead’ zone by
10-100 K. Béthune and Latter (2020) concluded that these MHD effects influence the
temperature of the disk at r = 0.5—4 au in the case of sufficiently high gas opacity,

k>0.1 cm? g7t

4 Summary

Analysis of modern observations shows that the accretion and protoplanetary disks of

young stars have a large-scale magnetic field. The magnetic field plays an important

role in the evolution of PPDs, and its influence is largely determined by magnetic

field strength and geometry. The observational data obtained so far are scanty and

mostly indirect, therefore theoretical MHD models of PPDs are of great importance.
Key predictions of the MHD models of PPDs are the following.

e MHD effects cause complex geometry of the magnetic field and significant vari-
ations in its strength across the disk. Contemporary observational data are
consistent with the predictions of the fossil magnetic field theory, although they
are scanty and largely indirect.

e The magnetic field can be dynamically strong affecting the vertical structure of
the disk and the rotation speed of the gas. The Ohmic and ambipolar heating
can increase the gas temperature. Above dynamical effects can lead to observ-
ably verifiable consequences: variations in the disk thickness, increase in the
radial drift speed of dust grains and even planets, stabilization of gravitational
instability, etc.

The following problems and perspectives in both observations and theory can be
outlined to date.

e It is a significant and challenging task to separate the roles played by the mag-
netic field, radiation scattering, and geometrical effects in the polarization of the
disk’s thermal emission (Ohashi et al., 2018; Lee et al., 2018). de Langen and
Tazaki (2023) found that near-infrared circular polarization can also be useful
for studying the magnetic field structure and dust properties at the disk surface.

e Zeeman splitting measurements of the CN molecular lines are a perspective
instrument for studying the magnetic field strength in PPDs (Khaibrakhmanov
et al., 2021; Lankhaar and Teague, 2023).

e Models of PPDs have to take into account the evolution of angular momentum in
the disk also taking into account the combination of turbulence and the tensions
of a large-scale magnetic field in different regions of the disk. Empirical models of
the disks with magnetically driven outflows have recently been presented (Suzuki
et al., 2016; Tabone et al., 2022). The models use a parametrization of the
outflow properties similar to the a-parametrization of turbulence. Such an
approach makes it possible to study the long-term evolution of PPDs and predict
observable differences between the disks characterized by turbulence or outflow-
driven angular momentum transport.
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e Although there is evidence that the hydromagnetic dynamo operates in disks
(Hawley et al., 1996; Gressel and Pessah, 2015), its role in magnetic flux trans-
port in PPDs is not yet fully understood. So far, the magnetic field generation
by (a—)-dynamo has only been studied in the kinematic approximation (Moss
et al., 2016). In this context, the relationship between the small-scale turbulent
and large-scale magnetic fields in PPDs requires further investigation.

e The evolution of the magnetic flux of the disk, its dissipation at later stages of
disk evolution (transition and debris disks), magnetic fields of protoplanets are
open questions.
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