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Abstract
The emergence of active regions on the Sun is an integral feature of the solar dynamo
mechanism. However, details about the generation of active-region-scale magnetism and
the journey of this magnetic flux from the interior to the photosphere are still in question.
Shifting paradigms are now developing for the source depth of the Sun’s large-scale mag-
netism, the organization of this magnetism into fibril flux tubes, and the role of convection
in shaping active-region observables. Here we review the landscape of flux emergence theo-
ries and simulations, highlight the role flux emergence plays in the global dynamo process,
and make connections between flux emergence on the Sun and other cool stars. As longer-
term and higher fidelity observations of both solar active regions and their associated flows
are amassed, it is now possible to place new constraints on models of emerging flux. We
discuss the outcomes of statistical studies which provide observational evidence that flux
emergence may be a more passive process (at least in the upper convection zone); domi-
nated to a greater extent by the influence of convection and to a lesser extent by buoyancy
and the Coriolis force acting on rising magnetic flux tubes than previously thought. We also
discuss how the relationship between stellar rotation, fractional convection zone depth, and
magnetic activity on other stars can help us better understand the flux emergence processes.
Looking forward, we identify open questions regarding magnetic flux emergence that we
anticipate can be addressed in the next decade with further observations and simulations.
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1 Introduction

The Sun is a magnetically active star showing activity on a wide range of spatial scales
and field strengths. An active region is defined by the appearance of a dark feature at the
surface of the Sun in continuum white light observations. These features are associated
with concentrations of strong magnetic fields, and often develop into fully formed, stable
sunspots. Typical active regions consist of opposite polarity pairs that are predominantly
east-west aligned and have sizes ranging on the order of 10s to 100s of microhemispheres
with lifetimes ranging from about two days up to many weeks.
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The Sun’s coherent surface flux elements such as sunspots and active regions emerge
from the solar interior. However, how they arrive at the surface and their specific depth of
origin is not clear. Helioseismology has placed upper bounds on the amplitude and speed of
the flows at and below the surface prior to emergence (e.g. Birch et al. 2013), however any
unambiguous detection of flows above the background noise remains a challenge. There-
fore, numerical simulations of flux emergence through the surface of the Sun are critical to
reconciling the observations with the physics of the formation of active regions.

Originally, the paradigm of an idealized, magnetically isolated flux tube was invoked
to model magnetism giving rise to active regions. Here, it is assumed that the dynamo has
already managed to create magnetism at the base of the convection zone a priori. Stud-
ies employing this paradigm were first conducted using the thin flux tube approximation,
which treats physical quantities as averages over the tube’s cross-section (e.g. Spruit 1981;
Fan et al. 1993; Caligari et al. 1995). This was followed by 2D (e.g. Moreno-Insertis and
Emonet 1996; Fan et al. 1998) and 3D magnetohydrodynamic (MHD) (e.g. Abbett et al.
2001; Fan 2008) approaches to resolve the flux tube cross-section and twist of magnetic
field lines. As a body of work, these simulations suggest that magnetic buoyancy, the Cori-
olis force, and the twist of magnetic field lines in a tube play roles in the flux emergence
process and are responsible for many observed characteristics of active regions. Addition of
a convection velocity field further demonstrated that turbulent interior flows modulate flux
emergence, provided the magnetic field strength of the flux tube is not substantially super-
equipartition (e.g. Fan et al. 2003; Jouve and Brun 2009; Weber et al. 2011). However, this
paradigm of idealized flux tubes built by a deep-seated dynamo mechanism has been chal-
lenged by results from 3D global convective dynamo simulations. Some demonstrate that
toroidal wreaths of magnetism can be formed within the bulk of a stellar convection zone
(e.g. Brown et al. 2011; Nelson et al. 2011; Augustson et al. 2015; Matilsky and Toomre
2020). Either from these toroidal wreaths (Nelson et al. 2011, 2013) or more localized re-
gions of strong toroidal field (Fan and Fang 2014) within the magneto-convection, buoyantly
rising magnetic structures – possible starspot progenitors – are spawned. Results from both
idealized flux tube simulations and the buoyant magnetic structures built self-consistently
by dynamo action show similarities to active region observables, but there are also many
discrepancies. Further modeling work with direct comparison to active region observations
is critical to elucidate the true origin of active-region-scale magnetism.

The paradigm of the idealized, isolated flux tube mechanism for producing active regions
is thus now changing towards a more complete picture. A large part of the recent paradigm
shift was brought about from a statistical analysis of the flows associated with emerging
active regions (e.g. Schunker et al. 2016; Birch et al. 2019), emphasising the importance of
solar monitoring missions. Prior to instruments such as Helioseismic and Magnetic Imager
(HMI) onboard NASA’s Solar Dynamics Observatory (SDO) (Scherrer et al. 2012), with
high duty-cycle observations of the magnetic field and Doppler velocity at a cadence suffi-
ciently shorter than the time it takes an active region to emerge, it was not possible to gain
any statistical understanding of the emergence process in such detail. Similarly, monitoring
campaigns for stars e.g., Mt Wilson, Kepler, BCool, LAMOST, and TESS have increased
both the sample size and the time range of data, such that magnetic variability has been mea-
sured over multiple cycle periods on other stars. Although the level of precision and sam-
pling rate in such measurements are insufficient to amass emergence statistics for other stars
like we have for the Sun, they help to shape our view over general trends of active-region
formation in longitude and latitude, as well as the lifetimes of surface magnetic structures.

The longest record of the eleven-year activity cycle of the Sun is defined by the number
of sunspots, or cool, dark regions, visible on the Sun. Active regions are defined from this



Understanding Active Region Origins and Emergence. . . Page 3 of 32 63

visible darkening when they are assigned an active region number by the National Oceanic
and Atmospheric Administration. At the beginning of the solar cycle, sunspots appear at
latitudes around 30◦, and closer to the equator towards the end of the cycle, creating the
observed butterfly diagram. Besides simply defining the solar cycle, active regions are found
to have characteristics which correlate with the next solar cycle, suggesting that they are an
integral part of the dynamo process. For example, the average tilt angle of sunspot groups
over a solar cycle is anti-correlated with the amplitude of the next solar cycle (Dasi-Espuig
et al. 2010; Jiao et al. 2021), and large active regions that emerge across the equator (e.g.
Nagy et al. 2017) have a significant effect on the amplitude and duration of the subsequent
solar cycle. Thus, to fully understand the dynamo process, it is critical to understand how
active regions form.

Presumably the distribution of active regions on the surface of the Sun reflects the distri-
bution of the global toroidal field in the interior (Işık et al. 2011), and can provide a strong
constraint for their origin and the solar dynamo (e.g. Cameron et al. 2018). However, it can-
not be excluded that the dynamo also produces strong field at latitudes which do not become
unstable and rise to the surface. For other cool stars, the combined effects of rotation rate
and fractional depth of the convection zone can lead to a possible mismatch between ac-
tive regions on the surface and distributions of magnetic flux in the deeper interior due to
latitudinal deflection as bundles of magnetism rise. As a result, any one-to-one association
of observed surface field and the underlying dynamo in active cool stars is not necessarily
straightforward (Işık et al. 2011). While it is not currently possible to directly observe the
emergence of a starspot, it is possible to make proxy observations (e.g. from chromospheric
indices, spectropolarimetry, Zeeman–Doppler imaging and asteroseismology; Berdyugina
2005; García et al. 2010; See et al. 2016) to infer the distribution, size, lifetime and mag-
netic field strength.

In this paper, we attempt to paint a comprehensive picture of the possible flux emer-
gence process from generation of the active-region-scale magnetism in the deep interior to
its appearance on the photosphere. We begin in Sect. 2, where we describe observations of
the formation of active regions on the solar surface. These observations serve as inspiration
and constraints for models of the generation and rise of emerging flux, which we review
in Sect. 3. New observations are highlighted in Sect. 4, which support a more passive pro-
cess for active region emergence than was previously understood based on flux emergence
models. We then briefly review the role flux emergence plays in the solar dynamo process
in Sect. 5, and discuss flux emergence leading to starspots on other cool stars in Sect. 6. In
Sect. 7, we conclude with some recommendations as we move toward solving the active-
region-scale flux emergence puzzle.

2 Formation of Active Regions at the Surface of the Sun

Active regions are defined by the appearance of dark spots on the visible disk of the Sun in
white light, caused by strong, concentrated magnetic fields. The presence of this magnetism
renders the spots cooler, and therefore darker, than the surrounding photosphere. Active
region magnetic fields consist of roughly east-west aligned opposite polarity pairs, ranging
from 10 up to 3000 micro-hemispheres in size, and 1020 to 1022 Mx of magnetic flux. Known
as Hale’s Law, bipolar active regions typically emerge with the same sign of the leading
magnetic polarity in the same hemisphere, and the sign of the polarities are flipped in the
opposite hemisphere (Hale et al. 1919). At the end of each 11-year sunspot cycle, the polarity
orientation reverses for each hemisphere. In both hemispheres, active regions are roughly
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Fig. 1 Example of a typical active region, NOAA AR11072, emerging onto the surface of the Sun as observed
by SDO/HMI. The top row shows Postel projected maps of the continuum intensity, and the bottom row shows
maps of the line-of-sight magnetic field ±500 G. In this instance, 0 days corresponds to the emergence time
2010.05.20_17:12:00_TAI, and the maps are centred at Carrington longitude 316.43◦ and latitude −15.13◦ .
The east-west direction is x and the north-south is y. Hale’s Law, the formation of a sunspot in the leading
polarity, and Joy’s Law are evident

confined to toroidal bands of latitudes up to about 30◦. They appear at higher latitudes at
the beginning of each cycle and progressively closer to the equator over the duration of the
roughly eleven year cycle.

The leading polarity of an active region (in the prograde direction) also tends to be closer
to the equator than the following polarity (in the retrograde direction). This statistical feature
is known as Joy’s Law (Hale et al. 1919). Joy’s Law is often quantified by the ‘tilt angle’
of the line drawn between the centers of leading and following polarity regions with respect
to the east-west direction. Figure 1 shows the bipolar nature of a typical active region and
illustrates Joy’s Law, as the leading polarity of this southern-hemisphere active region is
tilted closer to the equator.

An active region develops from a small magnetic bipole and grows in size as more and
more magnetic flux emerges (e.g. Fig. 1). The flux-weighted centres of the polarities move
further apart, predominantly in the east-west direction during the emergence process. The
line-of-sight magnetic field observations show that magnetic field typically emerges as small
scale features near the flux-weighted centre of the active region, which then stream towards
the main polarities. Active regions have lifetimes on the order of days to weeks, where large,
high-flux active regions live longer than small, low-flux regions (e.g. Schrijver and Zwaan
2000). Within the active regions, sunspots can form with peak magnetic field strengths from
2000 to 4000 G (e.g. Solanki 2003). Generally, the leading-polarity spot of the bipolar pair
is larger and more coherent than the trailing-polarity region (see also Fig. 1). Active re-
gions also have a preferred hemispheric sense of magnetic helicity, as obtained from vector
magnetograms. The observations favor a left-handed (negative) twist of the field lines in the
northern hemisphere, and a right-handed (positive) twist in the southern hemisphere (e.g.
Pevtsov et al. 2001, 2003, 2014; Prabhu et al. 2020).

Having said how active regions typically form, there is a wide variation in characteris-
tics. When two or more polarity pairs emerge in the vicinity of one another, the polarities can
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Fig. 2 Duration of the
emergence process as a function
of the maximum mean unsigned
magnetic field 〈B〉max for each
emerging active region (light blue
points) and the blue diagonal line
is a linear fit with slope 19.5 ±
2.2 G/day. The blue horizontal
dashed line is the mean of
〈B〉max, 48.6 ± 2.9 G, and the
vertical dashed line is the mean
duration of emergence time 1.7 ±
0.1 days. The mean and
uncertainty values of 〈B〉max
bins with equal number of points
are shown in dark blue. See
Appendix 1 for details on how
the emergence time was
calculated

morph into the traditional bipolar structure during the emergence process, usually leading
to a more complex, multi-spot active region (e.g. AR 11158 in Schunker et al. 2019, Fig. 1).
It is also common to find active regions emerging into sites of existing magnetic field from
previous active regions, so-called ‘nests’ of activity (Castenmiller et al. 1986), where the
emerging magnetic field interacts via cancellation and superposition with the existing mag-
netic field.

Figure 2 shows that the duration of the emergence process until magnetic flux has stopped
increasing is, on average, linearly proportional to the maximum mean unsigned magnetic
field 〈B〉max (see Appendix 1 for details on how the emergence time was calculated). Given
that the maximum flux of an active region is known to directly correlate with the lifetime
(e.g. Schrijver and Zwaan 2000), our results are consistent with Harvey (1993) (Chap. 3,
Table III). Those results show that the “rise time” of active regions with a smaller maximum
area is 1-2 days and increases to 3-4 days for active regions with larger maximum area (Har-
vey 1993). Here, we specifically avoid the term “rise time” since it implies a physical rising.
What we are actually measuring is the time it takes magnetic flux to stop increasing in an
active region at the surface. Figure 2 shows that the relationship is, though with considerable
scatter, remarkably linear, with a slope of 19.5 ± 2.2 G per day.

As active regions are key observables for solar activity, any model of activity generation
must reproduce the observed characteristics of the active regions.

3 Models of Emerging Flux

If the active-region-scale magnetism described in Sect. 2 is generated by the underlying
dynamo, then it must somehow make its way from the subsurface large-scale magnetic field
to the surface. The appearance of active regions evokes the idea of rising ropes of magnetism.
We see arches of magnetic bundles extended above the Sun’s surface. At the footpoint of
these are sunspots. Within the Sun’s interior is where we think these bundles of magnetic
flux are born, which then rise and intersect with the photosphere to form sunspots. In this
section, we briefly review models and their outcomes which describe the formation of active-
region-scale magnetic structures and their rise to the photosphere (also see the reviews by
Fan (2021) and by Cheung and Isobe (2014)).
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3.1 Formation and Destabilization of Active-Region-Scale Magnetic Structures

The magnetism responsible for active regions is formed in the solar interior, however, the
exact physical location of magnetic field generation is not known with certainty. There is a
large body of work assuming that the magnetism giving rise to active regions is generated
and stored at the base of the convection zone in the weakly subadiabatic overshoot region
(e.g. Parker 1975; van Ballegooijen 1982; Moreno-Insertis et al. 1992; Rempel 2003). The
tachocline is the name given to the region of radial and latitudinal shear at the interface be-
tween the solidly rotating radiative interior and the differentially rotating convection zone.
Here it is thought that shear from differential rotation at the tachocline transforms poloidal
field into toroidal field, which is amplified until it is strong enough to become buoyantly
unstable. Then the magnetism subsequently rises through the convection zone to the pho-
tosphere. Beyond this shearing and storage mechanism, many studies of flux emergence,
assuming the magnetism is formed as ‘flux tubes’ in the overshoot layer or at the very bot-
tom of the convection zone, reproduce many properties of solar active regions (see 3.2).

Magnetic buoyancy instabilities have been considered as a means to initiate the rise of
magnetic flux bundles from the overshoot region (e.g. Spruit and van Ballegooijen 1982;
Spruit and van Vallegooijen 1982; Ferriz-Mas and Schüssler 1995; Caligari et al. 1995).
Magnetic buoyancy is the result of a buoyant force due to the presence of a concentration
of magnetism. Imagining this magnetism as a bundle or ‘tube’ of magnetic flux, there is a
pressure balance between the gas pressure outside the tube (Pe) and the sum of the gas pres-
sure (Pi ) and magnetic pressure (Pb) inside. The gas density of the tube can be reduced if
there is a condition of temperature equilibrium, allowing the tube to buoyantly rise (Parker
1955). Even if the tube is located in a subadiabatically stratified region and is in neutral
density with its surroundings, a perturbation (e.g., in the transversal direction) could result
in an undular instability that lifts part of the tube upward, creating an �-shaped loop, al-
lowing mass to locally drain down the legs of the rising loop apex and initiating a buoyant
rise. When considering thin flux tubes in mechanical equilibrium, their stability is primarily
determined by their magnetic field strength and the subadiabaticity of the overshoot region
(e.g. Caligari et al. 1995). It is found that the field strength of the flux tube must exceed the
equipartition value of ∼104 G by about an order of magnitude in order to develop unstable
modes at sunspot latitudes in less than ∼1 year.

Instead of considering isolated magnetic flux tubes built in the tachocline region, many
studies using multi-dimensional MHD simulations have focused on the formation of buoyant
instabilities within layers of uniform, horizontal magnetic field. (e.g. Cattaneo and Hughes
1988; Matthews et al. 1995; Fan 2001; Vasil and Brummell 2008, 2009). Indeed, it has been
shown that regions of velocity shear can generate tube-like magnetic structures or magnetic
layers (e.g. Cline et al. 2003)). Vasil and Brummell (2008) find that a velocity shear repre-
senting a tachocline-like shear can generate a strong layer of horizontal magnetic field. From
this self-consistently generated magnetic layer, buoyant structures resembling undulating
‘tubes’ arise due to magnetic buoyancy instabilities within the magnetic layer. However, the
shear required to develop the magnetic buoyancy instabilities of the magnetic layer is much
stronger and the magnetic Prandtl number is much larger than what is expected in the solar
tachocline (Vasil and Brummell 2009). In order to generate a twist of the magnetic field
within such rising magnetic ‘flux tubes’, as is found in active region observations, Favier
et al. (2012) showed that it was sufficient to add a weak inclined uniform field on top of
the unstable horizontal magnetic layer. Indeed, in this case, the unstable undulating tubes
interact with the overarching inclined field as they buoyantly rise and the field lines start to
wind around the tube axis, creating an effective twist in the magnetic structure.
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There is now a shifting paradigm regarding the location of active-region-scale magnetic
field generation. Recent global 3D magnetohydrodynamic (MHD) dynamo simulations have
compelling outcomes which suggest that active-region-scale magnetism need not be formed
at the base of the convection zone. In some, toroidal wreaths of magnetism exhibiting po-
larity cycles are built amid the magneto-convection without the need for a tachocline (e.g.
Brown et al. 2011; Augustson et al. 2015). Taking similar simulations but reducing sub-
grid-scale turbulent diffusion, Nelson et al. (2011, 2013, 2014) capture the generation of
buoyant magnetic structures arising from magnetic wreaths – possible starspot progenitors.
While typical azimuthal field strengths are a few kilogauss, buoyant loops are only spawned
in regions with super-equipartition localized fields. The global dynamo simulations of Fan
and Fang (2014) also exhibit super-equipartition flux bundles that rise toward the simulation
upper domain. A common trait of these dynamo-generated buoyant loops is that they are
continually amplified by shear and differential rotation as they rise. Unlike flux tube simu-
lations (see 3.2), these are not isolated magnetic structures. Yet recently, Bice and Toomre
(2022) found self-consistently generated flux ropes in a global 3D-MHD dynamo simula-
tion representative of an early M-dwarf with a tachocline. The majority of the ropes remain
embedded in the tachocline, while buoyant portions are lifted upward by longitudinally lo-
calized regions, or ‘nests’, of radial convection.

Taken together, these models and simulations of the formation and instability of buoyant
magnetic structures, possible starspot progenitors, ask us to reconsider the paradigm of iso-
lated magnetic flux tubes arising from the deep convection zone. However, as is the case with
all simulations, it is important to note that all the simulations discussed here are far removed
from the regime of real stars. For instance, thin flux tube models are very idealised and can-
not treat the near-surface layers, while the 3D MHD models covering the entire convection
zone do not yet reach magnetic Reynolds and Prandtl numbers of the solar convection zone.
Yet, these simulations reproduce the observed properties of active regions remarkably well
and give us a glimpse into the complex interplay of forces and mechanisms at work in stellar
interiors that conspire to generate magnetic structures and facilitate their journey toward the
surface.

3.2 The Flux Tube Paradigm

Isolated magnetic flux tubes in the convection zone have a long history of study because
they are convenient both analytically and computationally, and had until recently been able
to sufficiently explain the observed properties of active regions. In most studies, they are
given an ‘a priori’ magnetic field strength and flux – it is taken for granted that the dynamo,
via global or local processes, has somehow managed to create them - and usually assume
they have been formed at the bottom of the convection zone. There are two primary types of
flux tube simulations – the thin flux tube approximation (e.g. Spruit 1981; Fan et al. 1993;
Caligari et al. 1995; Weber et al. 2011) and global 2D/3D MHD simulations (e.g. Emonet
and Moreno-Insertis 1998; Fan et al. 2003; Fan 2008; Jouve and Brun 2009). The thin flux
tube approximation takes the flux tube as so thin that there is an instantaneous balance be-
tween the pressure outside the flux tube and the gas pressure plus magnetic pressure inside
the flux tube. All physical quantities are taken as averages over the tube cross-section, and
the tube is essentially a 1D string of mass elements, free to be accelerated in three dimen-
sions by bulk forces in ideal MHD, including buoyancy, magnetic tension, the Coriolis force
(in the co-rotating frame), and aerodynamic drag. In order to resolve the flux tube cross sec-
tion, 2D or 3D MHD simulations are used. These simultaneously solve the full set of MHD
equations, and in some cases, convection. They often use the anelastic approximation, where
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a background density variation is allowed in radius but in which sound waves are filtered
out from the system. This approximation is perfectly valid within the solar interior. But to
meet the grid resolution typical of these models, the flux tubes often have a flux too large
for most active regions (see Fan 2021).

Flux tube simulations have sought to explain the appearance of solar active regions, such
as their latitude of emergence, tilting action in accordance with Joy’s Law, and the general
trend of a more coherent, less fragmented morphology for the leading polarity of an active
region as depicted in Fig. 1. For all of these examples, flux tube simulations have pointed
toward the Coriolis force as the driver of the phenomenon. Consider three primary forces
acting on a flux tube cross-section in the frame of reference co-rotating with the medium
surrounding the tube: a magnetic tension force directed toward the Sun’s rotation axis, a
buoyancy force directed radially outward, and the Coriolis force acting on toroidal flows
within the tube. As the tube traverses the convection zone, conservation of angular momen-
tum drives a retrograde flow within the flux tube, resulting in a Coriolis force (as mentioned
above) directed inward toward the rotation axis.1 When the magnetic field strength of the
flux tube is strong (i.e. super-equipartition), the buoyancy force dominates and the flux tubes
rise radially from their original latitude at the base of the convection zone. As the initial field
strength of the flux tube is decreased, the outward component of buoyancy diminishes com-
pared to the inward component of the Coriolis force, and the resulting trajectory turns more
poleward, such that flux avoids emerging at lower latitudes (e.g. Choudhuri and Gilman
1987; Caligari et al. 1995). A fourth force acting on the flux tube, the drag force, is stronger
for flux tubes of lower magnetic flux. As a result, flux tubes with lower initial values of
magnetic flux around 1020–1021 Mx are able to rise more radially than those of 1022 Mx
(e.g. Choudhuri and Gilman 1987; D’Silva and Choudhuri 1993; Fan et al. 1993).

If portions of the flux tube remain anchored deeper down in the convection zone, it is
found within thin flux tube simulations that the material near the apex of a rising loop will
both expand and diverge (although still with net retrograde motion), leading to a Coriolis
force induced tilting of the loop toward the equator (D’Silva and Choudhuri 1993). Fol-
lowing the Joy’s Law trend, these simulations also show an increasing tilt of the flux tube
legs with increasing latitude of emergence (e.g. D’Silva and Choudhuri 1993; Caligari et al.
1995). This is expected if the Coriolis force is responsible for the tilting action, as the Cori-
olis force is proportional to the sine of the latitude. Additionally, the tilt angle is found to
increase with increasing magnetic flux at fixed field strength (Fan et al. 1994). Within thin
flux tube simulations, the retrograde plasma motion near the flux tube apex contributes to a
stronger magnetic field strength in the leading leg (in the direction of solar rotation) com-
pared to the following leg (e.g. Fan et al. 1993, 1994). It is noted that plasma is evacuated
out of the leading flux tube leg into the following leg. Owing to the condition of pressure
balance between the flux tube and its surroundings (Pi + Pb = Pe), this results in a stronger
magnetic field strength for the leading side of the loop compared to the following (Fan et al.
1993; Caligari et al. 1995). Here it is important to highlight that idealized flux tube simu-
lations of all varieties are very efficient at conserving angular momentum (e.g. Fan 2008;
Jouve and Brun 2009; Weber et al. 2011), yet studies utilizing local helioseismology rules
out the presence of retrograde flows on the order of 100 m/s, in favor of flows not exceeding
∼15 m/s (Birch et al. 2013). In comparison, the buoyantly rising magnetic structures within
the 3D convective dynamo simulations of Nelson et al. (2014) are weakly retrograde and are

1This effect is thought to be responsible for the predominance of high-latitude spots on rapidly rotating active
stars (see Sect. 6).
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actually prograde within the simulations of Fan and Fang (2014). Within these 3D convec-
tive dynamo simulations, and perhaps within the Sun itself, flux emergence processes may
deviate more from the ‘idealized’ flux tube paradigm than originally thought.

The twist of flux tube magnetic field lines in 2D and 3D MHD simulations has been
found to be important for the coherent rise of the tube and consistent tilt angles. This body
of work shows that if the magnetic field is not twisted enough along the flux tube axis,
the flux tube tends to break apart and lose coherence as it rises (see review by Fan 2021).
However, a radius of curvature in the rising �-shaped flux tube can partially mitigate this
(e.g. Martínez-Sykora et al. 2015). Essentially, a minimum magnetic field twist rate (i.e.
angular rotation of the magnetic field lines along the flux tube axis) is needed to counteract
vorticity generation in the surrounding plasma caused by the buoyancy gradient across the
flux tube’s cross section. As discussed in Sect. 4.3, active region magnetic fields have been
observed to have a preferred helical twist that is left-handed in the Northern hemisphere and
right-handed in the Southern hemisphere (Pevtsov et al. 2003). But, Fan (2008) finds the tilt
of the rising flux tube ends up in the wrong direction if the twist is of the observed preferred
hemispheric sign and strong enough to maintain coherence of the flux tube. If the twist of
the field lines is reversed in handedness, the tilt angle is of the correct sign. Reducing the
magnetic field twist per unit length also solves the hemisphere tilt problem, but then the tube
becomes less coherent and looses more flux as it rises.

The flux tube simulations mentioned previously in this section (3.2) do not consider the
impact of convection on the evolution of rising magnetism. However, it is absolutely clear
that convection modulates flux emergence when it is included, provided that the magnetic
field is not substantially super-equipartition (e.g. Fan et al. 2003; Jouve and Brun 2009;
Jouve et al. 2013; Weber et al. 2011, 2013b). Convective motions and magnetic buoyancy
work in concert to promote flux emergence. Convection destabilizes the tube at the base of
the convection zone, forcing parts to rise. As the tube bends, mass drains down the tube legs,
making the apex less dense than portions deeper down, and that part of the tube also rises
buoyantly. This, in combination with convective upflows, helps the flux tube to rise toward
the surface, while convective downflows can pin parts of the flux tube in deeper layers. By
embedding thin flux tubes in a rotating spherical shell of solar-like convection, Weber et al.
(2013b) investigated how convection statistically impacts flux tube properties that can be
compared to solar active regions. Taking all their results into consideration, they attempt to
constrain the as-of-yet unknown dynamo-generated magnetic field strength of active-region
scale flux tubes. They find that tubes with initial field strength ≥40 kG are good candidates
for the progenitors of large (1021–1022) Mx solar active regions.

In particular, Weber et al. (2013b) find that convection tends to positively contribute to
the Joy’s Law trend, especially for mid-field-strength flux tubes of 40–50 kG. These flux
tubes also take the longest time to rise due to the competing interplay of buoyancy and drag
from surrounding turbulent flows. By ‘increasing the Joy’s Law trend’, the authors refer to
a systematic effect that the addition of solar-like giant cell convection tends to boost the
tilt angle at the same emergence latitude compared to simulations not subject to a convec-
tive velocity field. This is attributed, in part, to the associated kinetic helicity within the
upflows. Taking all of the simulations together for tubes initiated ±40◦ degrees around the
equator with a magnetic flux of 1020–1022 Mx and initial field strengths of 15–100 kG, the
distribution of tilt angles peaks around 10◦ degrees. This is in good agreement with the
active region observations of Howard (1996) and Stenflo and Kosovichev (2012). Further-
more, similarly peaked tilt angle distributions are found for the buoyantly rising, dynamo-
generated loops from the 3D convective dynamo simulations of Nelson et al. (2014) and
Fan and Fang (2014). Perhaps this is indicative of similar processes at work in both these
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convective dynamo simulations and the thin flux tube simulations of Weber et al. (2013b) –
it is the turbulent, helical motion of convective upflows and the dynamics of the rising flux
bundles themselves that contribute to the tilt angles extracted here.

3.3 Beyond Idealized Flux Tubes

In Sect. 3.2, we introduced the idealized flux tube paradigm to describe the transport of
magnetism from the deep interior toward the surface. In Sect. 3.1, we noted that buoyantly
rising magnetic structures have been found to arise from simulations of extended magnetic
layers and form within wreaths of magnetism generated by dynamo action. In these latter
two examples of MHD simulations, the buoyantly rising magnetism is not in the form of
idealized, magnetically isolated magnetic flux tubes. While simulations of idealized flux
tubes are able to reproduce some properties of solar active region observables (see Sect. 3.2),
it may be unlikely that flux bundles rise within the convection zone entirely isolated from
other nearby magnetic flux structures or a background field. Here we review studies of flux
emergence that go beyond idealized flux tubes.

It is recognized that the presence of a background magnetic field and reconnection oc-
curring between various magnetic flux structures have implications for the flux tube’s evo-
lution and the complexity of active regions. For example, Pinto and Brun (2013) introduce
a twisted flux tube in a 3D spherical convection zone with an evolving background dynamo.
In comparison to the purely hydrodynamic case of Jouve and Brun (2009), the presence of
the background magnetic field introduces a ‘drag’ on the tube as it rises, which is dependent
on the orientation of the flux tube’s magnetic field with respect to the background field. In
particular, flux tubes with one sign of twist seem to rise faster than the ones possessing the
opposite sign. The favored handedness then depends on the preferred magnetic helicity sign
of the dynamo field. By embedding a twisted toroidal flux tube in an effectively poloidal
background magnetic field, Manek et al. (2018), Manek and Brummell (2021), Manek et al.
(2022) show that a particular sign of twist increases the likelihood of a flux tube’s rise
and aligns with solar hemispheric helicity rules of active regions. Indeed, as mentioned in
Sect. 2, observations show a tendency for active regions to possess a negative helicity in the
Northern hemisphere and a positive one in the Southern hemisphere, although this is not a
strict rule and only obeyed by only about 60% of active regions (Pevtsov et al. 2014).

Beyond the interactions between buoyant concentrations of magnetic field and the
dynamo-generated smaller-scale fields, it has also been argued that the reconnections be-
tween multiple buoyantly rising structures could have strong consequences on emerging
regions. In particular, these reconnections can be at the origin of complex active regions,
with strongly sheared polarity inversion lines and patches of positive and negative magnetic
helicity, indicating a high potential for flaring activity. Simulations of such processes were
conducted initially by Linton et al. (2001) in a Cartesian geometry and then by Jouve et al.
(2018) in a spherical shell including convection. In the latter, it was found that flux tubes
with the same sign of axial field and same twist could merge to produce a single active
region with a complicated structure and non-neutralized radial currents which could make
these regions more likely to produce flares. Fully compressible calculations by Toriumi et al.
(2014) were also performed to explore the possibility that the intense flare-productive active
region NOAA 11158 could be the product of interacting buoyant magnetic structures.

The global models which simulate the interactions between convective motions, large-
scale flows and more-or-less idealized, isolated magnetic flux tubes do not treat the upper-
most layers of the convection zone and thus do not model the photospheric emergence.
Firstly, the thin flux-tube approximation loses its validity above ∼0.98 R�, owing to the
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expansion of the tube apex to maintain pressure balance, to the extent that the tube radius
becomes comparable with the local pressure scale height. Secondly, the anelastic approxi-
mation also breaks down close to the photosphere where Mach number becomes of order
unity. At this point, as a caution to the reader, we have to remember that the outcomes from
these computational simulations serve only as touchstones for comparison to active regions.
Direct comparisons between the properties of observed active regions and the results of thin
flux tube simulations, as well as the magnetic bipolar structures produced at the top of the
computational domain of 3D anelastic simulations, may be misleading.

Compressible simulations including radiative transfer more closely approach the physics
occurring at the top of the convection zone. These simulations aim at understanding how
buoyant magnetic structures would make their way through the huge gradients of density
and temperature in this region. This work first started with Cheung et al. (2010) who used
the MURaM code (Vögler et al. 2005) to simulate the photospheric emergence of a highly
twisted semi-torus placed at the base of the computational domain (around 7 Mm below),
which was then gently brought towards the surface by an imposed radial velocity field of
1 km/s. This work was then extended to investigate the effects of other geometric structures
of magnetic fields introduced at the bottom of the domain. In particular, Chen et al. (2017)
used the flux concentrations produced by the convective dynamo simulations of Fan and
Fang (2014) as an input, with a significant rescaling of the magnetic flux contained in these
concentrations to have values at the photosphere compatible with typical active regions.
Subsequently, an active-region-like structure was formed.

Another example employing the MURaM code are the near-surface simulations of Birch
et al. (2016), where a half torus of magnetic field, without twist, is introduced through the
bottom boundary with varying speeds, up to the ∼500 m/s predicted rise speed of a thin
flux tube (Fan 2008). They found that the strong diverging flows at the surface for structures
rising quickly are incompatible with observations, which do not show a significant diverging
flow when they emerge.

Using the STAGGER code to model compressible, radiative MHD of the near-surface
Stein and Nordlund (2012) introduced an even less structured magnetic concentration by
only imposing a relatively weak untwisted uniform horizontal field of 1 kG at the bottom
boundary (at 20 Mm blow the surface). This field then rises towards the photosphere at the
convective upflow speed and self-organizes into a bipolar region with one coherent polarity
and one more dispersed polarity. Several observational aspects like the rise speed, the ab-
sence of a strong retrograde flow, and the asymmetry between the polarities are reproduced
in these simulations.

Other types of simulations of highly stratified turbulence also spontaneously produced
magnetic flux concentrations resembling active regions, albeit not at the spatial or flux scales
of real active regions, without the need to advect a well-defined magnetic structure at the bot-
tom of the domain. It is the case for example of simulations by Brandenburg et al. (2013)
and then Käpylä et al. (2016) where the Negative Magnetic Pressure Instability (NEMPI)
mechanism is invoked to explain the spontaneous clumping of magnetic fields into a co-
herent structure. The most important ingredients in such simulations seem to be the strong
density stratification and the large degree of turbulence. The formation of active regions
following such a mechanism would then imply that they are produced in the subsurface lay-
ers of the Sun where both strong stratification and turbulence exist. If it turns out that such
mechanisms are indeed at work in the Sun, this would completely revise our understanding
of the flux emergence process and its origin. However, it is yet unclear if the NEMPI would
still occur in more realistic conditions (Käpylä et al. 2016) or how observed active region
properties such as Joy’s Law might be reproduced via this mechanism.
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The flux emergence process spans many orders of magnitude of density scale heights.
Owing in part to this, it is difficult to get one singular simulation that tracks flux emergence
from its generation by the dynamo to its interaction with the photosphere. As described
above, some work has been done to ‘couple’ flux emergence simulations of the deeper in-
terior with those of a photosphere-like region. Hotta and Iijima (2020) performed the first
radiative MHD simulation of a rising flux tube in a deep convection zone, although without
rotation, up to the photosphere. A 10 kG flux tube is introduced at 35 Mm below the top
domain. Convection then modulates the flux tube, resulting in magnetic ‘roots’ anchored in
two downflows as deep as 80 Mm with a bipolar sunspot-like region forming at the apex of
the now �-shaped flux bundle. More realistic simulations like these, incorporating rotational
effects, will make it increasingly straightforward to directly compare to, and interpret, solar
observations.

4 Observational Constraints Supporting a Passive Active Region
Emergence

The formation of each active region is unique. Simulations of active region emergence, es-
pecially those in 3D with appropriate active-region-scale magnetic flux, are currently too
computationally expensive to build a statistically significant sample of flux emergence sce-
narios (although Weber et al. 2011, 2013b, have circumvented this somewhat by performing
simulations of thin flux tubes embedded within a time-varying 3D convective velocity field;
see Sect. 3.2). This limiting factor makes it especially important to have a comprehensive
sample of observed emerging active regions for comparison. Understanding the common
properties of the emergence process is the only avenue to constrain the common physics
behind flux emergence. There have been a number of statistical observational studies (e.g.
Komm et al. 2008; Kosovichev and Stenflo 2008; Leka et al. 2013; Birch et al. 2013; Barnes
et al. 2014; McClintock and Norton 2016) on the formation of active regions, but in this
paper we will focus on the observed characteristics that can place direct constraints on the
models. We refer to an ‘active’ emergence as being guided by the magnetic field, and ‘pas-
sive’ as being guided by the convection.

4.1 Geometry of the Flux Tube

There is an apparent asymmetry in the east-west proper motions of the two main active
region polarities as they emerge, with the leading polarity moving prograde faster than the
following polarity moves retrograde (e.g. Gilman and Howard 1985; Chou and Wang 1987).
Simulations have explained this as consistent with a geometrical asymmetry in the legs of
an emerging flux tube, where the leg in the prograde direction is more tangentially oriented
than the following leg which is more radial (see for example Fig. 5 of Jouve et al. 2013).
As this flux tube rises through the surface, the leading polarity moves more rapidly in the
prograde direction than the following polarity in the retrograde direction. Modeled within
the thin flux tube approach in particular, this asymmetry is due to the Coriolis force driving a
counter-rotating motion of the tube plasma so that the summit of the loop moves retrograde
relative to the legs (e.g. Moreno-Insertis et al. 1994; Caligari et al. 1995).

However, Schunker et al. (2016) showed that while there is an apparent asymmetry of
the leading and following polarity motion of the active region with respect to the Carrington
rotation rate, this east-west motion is actually symmetric with respect to the local rotation
speed following the differential rotation profile as described by Snodgrass and Ulrich (1990).
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Here, in Fig. 3 we show the separation velocities for 117 active regions (more than the sam-
ple in Schunker et al. (2016)) further supporting the initial results. The average motion of the
leading and following polarities in the first day after emergence is asymmetric with respect
to the Carrington rotation rate (Fig. 3, left), consistent with e.g. Chou and Wang (1987),
where the mean east-west velocity of the leading polarity in the first day after emergence
is 127 ± 14 ms−1 and the trailing polarity is −61 ± 10 ms−1. However, we emphasise that
the east-west motion of the polarities about the local plasma rotation speed is symmetric
(Fig. 3, right).

While not related to the east-west motion of the individual polarities, Weber et al. (2013b)
showed that by embedding thin flux tubes within solar-like convection, the average rotation
rate of the center between the flux tube legs can approach the surface plasma rotation rate.
However, this only occurs for strong flux tubes with initial field strengths of ≥60 kG, which
exceeds the magnetic field strength in equipartition with convection (∼10 kG) near the base
of the convection zone (see e.g. Weber et al. 2011). Furthermore, due to strong conservation
of angular momentum within the rising loop, the plasma flow at the apex of the loop is
substantially retrograde (see also Sect. 3.2), in contrast to observations (Birch et al. 2013).

Based upon these outcomes from observations and simulations, we suggest that any con-
straints placed on models of emerging flux tubes with geometrically asymmetric legs should
be carefully reconsidered. Care should also be taken when choosing the particular reference
frame to study the motion of the polarities.

4.2 Rise Speed of the Flux Tube

In the absence of convection, idealized thin flux tube simulations show an upward rise speed
of about 500 m/s at about 20–30 Mm below the surface (e.g. Caligari et al. 1995). To un-
derstand how this would manifest at the surface of the Sun, Birch et al. (2016) inserted a
half torus of magnetic flux with a rise speed of 500 m/s through the bottom boundary of
a three-dimensional, fully convective, near-surface simulation. This simulation produced a
strong horizontal outflow at the surface (about 400 m/s) as it emerged. Observations of the
surface flows during an emergence on the Sun do not show such a strong outflow signature,
but rather flow velocities that are consistent with a rise-speed less than ∼100 m/s, typical
of convective upflows in the near-surface layers. In agreement with the observations, a flux
tube that emerges naturally from a depth of 50 Mm within the radiative MHD simulations
of (Hotta and Iijima 2020) does not produce any significant outflow at the surface. However,
the rise speed of the flux tube is 250 m/s. This calls into question the traditional, idealized
flux tube picture and suggests that the convection has an influence on the near-surface emer-
gence process, but does not exclude thin flux tubes which may rise from the base of the
convection zone with a slower speed.

Hotta and Iijima (2020) suggest that the reason their flux tube forms such a convincing
active region structure is because it is initially placed across two coherent downflow regions.
The downflows effectively pin the ends of the flux tube down, so that the centre emerges as
a loop, implying that the influence of convection extends down to where flux tubes lie, and
even instigate the emergence process, supporting some of the global models. Such corre-
lations between rising (sinking) parts of flux tubes and upflows (downflows) were already
observed in models of emergence in the bulk of the convection zone (e.g. Fan et al. 2003;
Weber et al. 2011, 2013b) and in rising flux bundles generated within 3D convective dynamo
simulations (Nelson et al. 2011, 2013; Fan and Fang 2014). However, the work of Hotta and
Iijima (2020) shows that this interplay could also happen near the photosphere and highlights
the potential importance of convective motions to bring the observed magnetic structures to
the surface.
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Fig. 3 Left: The mean east-west velocity relative to the Carrington rotation rate of the leading (red crosses)
and trailing (black crosses) polarities over the first day after emergence for 117 active regions selected from
the Solar Dynamics Observatory Helioseismic Emerging Active Regions Survey (SDO/HEARS; see Table
A.1 in each of Schunker et al. (2016, 2019) for a full list of active regions in SDO/HEARS and Appendix 1
for a list of active regions that were excluded). The size of the symbols represents the size of the active
region (AR 11158 is the largest). The scatter is large; this emphasises the unique nature of each active region
emergence. The mean velocity of the leading polarity in the first day after emergence is 127 ± 14 ms−1 and
the trailing polarity is −61 ± 10 ms−1 . Right: The average velocities in bins of polewards and equatorwards
latitudes divided by the median latitude (dashed vertical lines) of the EARs. The black curve shows the
differential velocity of the surface plasma relative to the Carrington rotation rate. The uncertainties are given
by the rms of the velocities in each bin, divided by the square root of the number of EARs in the bin. This
figure is an updated version of Fig. 11 in Schunker et al. (2016) where the average speed of the leading
polarities was 121 ± 22 ms−1 and for the trailing polarities was −70 ± 13 ms−1. Full details of the method
to measure the east-west polarity speeds are described in Sect. 7 of Schunker et al. (2016)

4.3 Onset of Joy’s Law

Joy’s Law is the observed tendency of the leading polarity in predominantly east-west
aligned active regions to be slightly closer to the equator than the following polarity. The
angle these polarities make relative to the east-west direction is called the tilt angle, and it
increases with the latitude of the active region, strongly suggesting that Joy’s Law has its
origins in the Coriolis force. In some mean-field dynamo models, Joy’s Law is an important
characteristic where the tilt angle acts as a non-linear feedback mechanism (e.g. Cameron
et al. 2010).

Within the idealized flux tube paradigm, plasma near the rising flux tube apex will expand
and diverge. This results in a Coriolis force-induced tilt of the tube axis in the sense of Joy’s
Law that increases with latitude (see Sect. 3.2). In this picture, the tilt angle should be present
at the time of emergence. The tilt angle also depends on the flux and field strength of the
magnetism (e.g. Fan et al. 1994). A larger magnetic flux, �, increases the buoyancy of the
tube, and therefore the rise speed and effect from the Coriolis force, such that the tilt angle,
α, increases for fixed magnetic field strength B (↑ �B=fixed ⇒↑ α, or, the thicker the tube,
the larger the tilt angle). But larger magnetic field strength (for the same flux) increases the
magnetic tension of the flux tube, which decreases the tilt angle due to the domination of
tension over the Coriolis force (↑ B�=fixed ⇒↓ α, for fixed cross-sectional radius, see also
Işık 2015).
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Weber et al. (2013b) show that incorporating the effects of time-varying giant cell con-
vection systematically increases the tilt angles of rising flux tubes compared to the case
without convection, but does not necessarily reproduce the tilt angle trends as found in Fan
et al. (1994) (also see Sect. 3.2). However, they do note that there is a larger spread in tilt
angles at lower magnetic flux, as reported in some observations (e.g. Wang and Sheeley
1989; Stenflo and Kosovichev 2012). Taken together, these simulation results show that the
interplay of time-varying convection, the Coriolis force, magnetic tension, and buoyancy are
all factors that could influence the tilt angle of active regions on the Sun.

Schunker et al. (2020) measured the tilt angle of over 100 active region magnetic po-
larities throughout the emergence process, and found that on average, the polarities tend to
emerge east-west aligned (i.e., with zero tilt), albeit with a large scatter, and the tilt angle
develops during the emergence process. Moreover, Schunker et al. (2020) found that the
latitudinal dependence of the tilt angle arises only from the north-south motion of the po-
larities, and the east-west motion is only dependent on the amount of flux that has emerged.
They also found that there was not a statistically significant dependence of the tilt angle
on the eventual maximum magnetic flux of the active regions. Schunker et al. (2020) con-
clude that the observed Joy’s Law trend is inconsistent with a rising flux tube that has an
established, latitudinally dependent tilt angle as it rises to intersect with the photosphere. We
note that idealized thin flux tube models do not extend all the way to the surface (typically
≈0.98 R�) where convection becomes important, however in simulations of coherent mag-
netic structures rising through the near-surface convection, the surface signature still reflects
the orientation of the subsurface footpoints (e.g. Chen et al. 2017).

Another possibility to explain Joy’s Law is the conservation of magnetic helicity in a
flux tube as it rises through the surface (e.g. Berger and Field 1984; Longcope and Klapper
1997). The magnetic helicity is composed of the writhe, which measures the deformation
of the flux tube axis, and the twist of the magnetic field lines about the axis. Ideally, the
magnetic helicity is a conserved quantity, and changing one component necessarily requires
a change in the other. In some simulations, the twist of the magnetic field about the axis
of the flux tube is vital to it remaining coherent as it rises (e.g. Fan et al. 1998; Fan 2008).
Within the thin flux tube context, it is shown that the writhe developed by the evolving flux
tube can generate local magnetic field twist (Longcope and Klapper 1997; Fan and Gong
2000), a phenomenon which Longcope et al. (1998) term the � effect (see also Cheung
et al. 2017). However, this effect alone is not enough to account for the observed twist of
active regions (see Fan 2021). Indeed, this relationship between the twist of the magnetic
field and the writhe of the flux tube (related to the tilt of the active region) has been posited as
a means to explore the link between ‘kink unstable’ flux tubes and complex sunspot groups
that have polarity orientations opposite to Hale’s Law (e.g. Fuentes et al. 2003; Fan 2021).
While there have been multiple studies of the helicity and twist of the surface magnetic field
in active regions (e.g. Pevtsov et al. 2014, and references therein), the relationship between
the twist and writhe is still ambiguous. This is probably because observations do not have
access to the full three-dimensional structure of the magnetic field above the surface; only
proxies for the twist (e.g. Baumgartner et al. 2022) and estimates of the helicity can be
measured.

An interesting proxy for the global twist and writhe in active regions is the presence
of so-called magnetic tongues (see Fig. 4, left). These structures are due to the fact that
the polarities of active regions appear elongated in line-of-sight magnetograms during their
emergence (López Fuentes et al. 2000). The elongation is thought to be produced by the
line-of-sight projection of the azimuthal magnetic field at the peak of a twisted emerging
flux-tube as it emerges through the surface. Thus, it is a proxy for the net twist of the active
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Fig. 4 Left: Example of magnetic tongues observed by SOHO/MDI on the active region 9574. The blue
and red shaded areas correspond to negative and positive values of the line-of-sight magnetic field (in units of
gauss) and the black circles indicate the positions of the core flux of each polarity. Right: Example of magnetic
tongues simulated in a global 3D MHD model of a twisted �-shaped loop magnetic structure emerging close
the top of the spherical shell (here r = 0.9 R�). Red and blue colours correspond to positive and negative
radial magnetic fields and the arrows indicate the tongues of each polarity. ©AAS. Reproduced by permission
from Poisson et al. (2020) (left panel) and Jouve et al. (2013) (right panel)

region flux tube, and coupled to the orientation of the polarities (as a proxy for writhe), gives
a constraint on the magnetic helicity brought to the photosphere by the emergence process
(Luoni et al. 2011). As the emergence proceeds, the tongues will vanish as the peak of the
flux tube passes the surface and the legs of the flux tube remain. A less-biased measurement
of the tilt angle will then be accessible. Magnetic tongues have also been reproduced in
3D MHD simulations where a twisted flux tube emerges through the deeper solar interior
(e.g. Jouve et al. 2013, and Fig. 4, right) and closer to the photosphere (e.g. Archontis and
Hood 2010; Cheung et al. 2010). Again, a clear relationship can be established between the
direction of elongated tongues and the sign of the global active region twist, similarly to
what is found in observations (Poisson et al. 2022).

The cycle-averaged tilt angles of sunspot groups show anti-correlation with the amplitude
of the cycle (Dasi-Espuig et al. 2010; Jiao et al. 2021), also known as tilt quenching (see also
Jha et al. 2020). A surface mechanism that explains this phenomenon is driven by inflows
in the north-south direction towards active belts around the equator, effectively pushing the
latitudinal separation of active regions polarities closer together (Jiang et al. 2010; Cameron
and Schüssler 2012). In the idealized thin flux tube picture, the same effect is consistent
with enhanced cooling near the base of the convection zone, where the strong toroidal flux
is thought to be stored (Rempel 2003; Işık 2015): this cooling stabilizes the overshoot layer,
shifting the onset of the magnetic buoyancy instability to higher field strengths, which in-
creases the magnetic tension in the rising flux tube, which in turn quenches the tilt angle at
the emergence (Işık 2015). The magnitude of local cooling is proportional to the amount of
magnetic flux in the overshoot region. Global helioseismic estimation of the sound-speed
change from minimum to maximum of an activity cycle (Baldner and Basu 2008) implies a
degree of cooling at the base of the convection zone that is consistent with the rates required
to yield the observed cycle-to-cycle changes of the mean tilt angle.

An important task for future numerical simulations then is to decide to which extent Joy’s
law arises from (1) the latitude-dependent Coriolis force induced by diverging flows near the
tube apex below the surface (ie, angular momentum conservation of horizontally diverging
flows on a rotating fluid), (2) the interplay among twist, writhe and magnetic tension, and
(3) the convective flows, which impose the tilt on flux bundles.
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5 Flux Emergence and the Solar Dynamo

5.1 Crucial Role of Active Regions in Global Field Reversals

The magnetic flux that emerges through the photosphere in the form of bipolar magnetic
regions is likely to play a key role in recycling the global magnetic field of the Sun. The idea
that flux emergence as tilted bipolar active regions could play an active part in the dynamo
process dates back to the 1960s with the seminal works of Babcock (1961) and Leighton
(1969). Indeed, in the so-called Babcock–Leighton (BL) model, the large-scale poloidal
field owes its origin to the decay of sunspots at the photosphere. The leading polarity, closer
to the equator, partially cancels with the opposite polarity in the other hemisphere, leaving a
net flux to diffuse towards the pole to reverse the polar field of opposite sign. An important
ingredient has then been added to this model – the large-scale meridional flow observed in
the uppermost part of the convection zone (Gizon et al. 2020). These models including this
flow are known as flux-transport dynamo models and are reviewed in another article of this
collection (Hazra et al. 2023).

Recently, Cameron and Schüssler (2015) applied Stokes’ theorem on the meridional
plane of the Sun encompassing the convection zone to show that the net toroidal flux gener-
ated by differential rotation must arise solely from the magnetic flux emerging at the surface.
That surface flux mainly stems from the dipole moment contribution to the poloidal field of
the Sun, which the tilted active regions eventually produce in the course of an activity cycle
(Cameron et al. 2018). This theoretical finding highlighted the importance of flux emergence
in solar and stellar dynamo processes. Indeed, similar analysis has been conducted by Jeffers
et al. (2022) on two active K-dwarf stars followed by spectropolarimetry (ε-Eridani and 51
Cygni A) where, similarly to the Sun, a balance is found between the generation of toroidal
flux associated with the poloidal field threading through the stellar surfaces and the loss of
magnetic flux associated with flux emergence.

The latitudinal distribution and the tilt angle of emerging active regions thus seems to
be of utmost importance in determining the global axial dipole of the Sun. As discussed in
Sect. 4.3, cycle-averaged tilt angle of sunspot groups are reported to show anti-correlation
with the cycle strength (Dasi-Espuig et al. 2010; Jiao et al. 2021). This tendency has been
interpreted as a manifestation of nonlinear saturation of the solar cycle. Accordingly, the ef-
fect works so as to limit further growth of the toroidal flux of the subsequent cycle. It does so
by quenching the surface source for the global axial dipole moment through a lower average
tilt angle of active regions. To account for the systematic effect, two physical mechanisms
have been suggested: convergent flows towards emerged active regions, with the velocity
depending on cycle strength (Jiang et al. 2010; Cameron et al. 2010), or a deep-seated sta-
bilisation of flux tubes by cooling, the extent of which depends on the toroidal magnetic flux
(Işık 2015, see Sect. 4.3).

Although most global MHD dynamo simulations producing large-scale magnetic cycles
(e.g. Ghizaru et al. 2010; Nelson et al. 2013; Käpylä et al. 2012; Augustson et al. 2015; Hotta
et al. 2016; Strugarek et al. 2017) do not extend to the photosphere, the top magnetic field
boundary generally assumes a radial field or connects to a potential magnetic field. Thus,
magnetic flux that reaches the top boundary is allowed to thread through the surface, produc-
ing the necessary radial magnetic field distribution that is crucial for the generation of the net
toroidal flux (as described in Cameron and Schüssler 2015). However, what is still missing
in those simulations is the formation of explicit starspots at the photosphere. Global dynamo
simulations with more realistic near-surface layers and treatment of active-region-scale flux
emergence would be ideal to better understand the physics of the emergence process.
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5.2 Incorporating Flux Emergence in Babcock–Leighton Dynamo Models

Following the idea that flux emergence could play a key role in the dynamo process and
that full 3D MHD global models do not yet capture all the characteristics of flux emergence,
some works have been devoted to take prescriptions coming from 3D models of flux emer-
gence and incorporate them into 2D mean-field Babcock–Leighton model. This was done,
for example, in Jouve et al. (2010). Here, the idea was to take into account the fact that flux
tubes do not rise instantaneously to the surface (contrary to what is assumed in the standard
BL model) and that the rise speed is a non-linear function of the magnetic field strength.
They found that this small (but non-linear) delay in the rise time of flux tubes could produce
long-term modulation of the cycle amplitude and phase.

Recently, the idea of combining the outcomes of 3D flux emergence simulations and 2D
BL models has been used to produce new 3D flux-transport BL dynamo models, where ac-
tive regions would be formed according to the toroidal field self-consistently created by the
shearing of the poloidal field at the base of the convection zone (Yeates and Muñoz-Jaramillo
2013; Miesch and Dikpati 2014; Kumar et al. 2019; Pipin 2022; Bekki and Cameron 2023).
These new models are particularly promising to study the role of active regions in the re-
versal of the polar magnetic field in the Sun and possibly other cool stars. Indeed, one of
their advantages is that they are less prone to the caveat of 2D models of producing too
much polar flux compared to observations. Moreover, in the last two references cited above,
the non-linear feedback of the Lorentz force on the large-scale flows is taken into account
and the impact of flux emergence on differential rotation and meridional flows can then be
assessed. As further proof on the importance of active region tilt angles on the reversal of
the Sun’s poloidal field, Karak and Miesch (2017) find that introducing a tilt angle scatter
around the Joy’s Law trend in a 3D BL dynamo induces variability in the magnetic cycle,
promoting grand maxima and minima. Many improvements still need to be implemented
in these models, by incorporating statistics of flux emergence and characteristics of mean
flows even closer to observations for example and possibly by implementing data assimila-
tion techniques to construct predictive models for future solar activity (see recent review by
Nandy 2021, on this subject). Another improvement could also be to adapt these models to
other stars with various emergence characteristics. Nonetheless, simplified 3D BL models
are already very valuable tools to be used before full 3D MHD models of spot-producing
dynamos can be constructed.

6 Flux Emergence on Other Cool Stars

6.1 Some Clues from Observations

Most stars with outer convection zones are capable of generating strong magnetism leading
to starspots (e.g. Berdyugina 2005; Strassmeier 2009). The emergence of magnetic regions
on other stars is not directly observable, however the strength and distribution of magnetic
flux on the surface of stars can be inferred from observations such as light-curve variability,
(Zeeman-)Doppler imaging, and interferometry (see also van Saders et al. in this volume).
This is only possible for stars significantly more active than the Sun, and it would not be
possible to measure these properties treating the Sun as a star. The general trend for Sun-like
stars is that for a given effective temperature, the unsigned surface magnetic flux increases
with rotation rate until reaching a saturation point for faster rotators (e.g. Reiners et al.
2022). There is also a preference for faster rotators to exhibit higher-latitude spots (e.g.
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Berdyugina 2005), but some rapidly rotating stars and fully convective M dwarfs can exhibit
spots simultaneously at high and low latitudes (e.g. Barnes et al. 1998; Jeffers et al. 2002;
Barnes et al. 2015; Davenport et al. 2015).

It is then natural to wonder whether the observed trends of magnetic flux result from
a link between the generation of the large-scale toroidal magnetic field and the bulk ro-
tation rate. Stellar rotation and effective temperature also affects the amplitude, vorticity,
and turn-over time of the convection; in turn impacting the star’s differential rotation (i.e.
shear) profile (see e.g. Brun and Browning 2017, and references therein). Some mean-field
dynamos of the Sun incorporating a solar differential rotation profile find toroidal magnetic
field generation with equatorward propagation near the tachocline (e.g. Charbonneau and
MacGregor 1997; Dikpati and Charbonneau 1999; Dikpati and Gilman 2001). These sim-
ulations emphasized that the tachocline is a key physical component in the solar dynamo
mechanism. Yet, it is observed that even fully convective M dwarfs without tachoclines ex-
hibit starspots and the so-called magnetic ‘activity-rotation correlation’ (e.g. Reiners et al.
2014; Wright and Drake 2016; Reiners et al. 2022). Further, some 3D convective dynamo
models demonstrate that buoyantly rising magnetic flux structures can be generated within
the bulk of the convection zone (see Sect. 3.1). With the recent emphasis on the role that
convection plays (both local and mean flows) in active region emergence on the Sun (see
also Sect. 4), stars without tachoclines can offer some additional insights into how active-
region-scale magnetism is manifested.

The observed diversity in the 3D geometry (i.e. vector components) of stellar photo-
spheric magnetic fields poses another problem for numerical simulations of flux emergence.
Zeeman-Doppler imaging of cool stars indicate that the magnetic energy in the toroidal
component increases with the poloidal field for more active stars (See et al. 2015). Though
with large scatter, the observational relation is steeper than one-to-one scaling for stars with
masses above 0.5 M�, with a power index of 1.25 ± 0.06. The existence of a large amount
of toroidal flux on active stars provides valuable constraints for the theory of magnetic flux
emergence. Further analysis and interpretation by numerical simulations are needed to un-
derstand how such magnetic landscapes occur.

6.2 Modelling the Distribution of Activity on Stars: Hints from Simulations

6.2.1 Active Nests and Longitudes

We noted in Sect. 6.1 that the unsigned surface magnetic flux increases with the rotation rate,
for a given effective temperature. Whether this is due to increasing emergence frequency of
active regions or larger sizes of individual active regions is unclear. These two scenarios do
not exclude each other. An increased tendency for active regions to emerge near existing
sites of emergence, known as active nests, is another possibility (Işık et al. 2020, see also
van Saders et al. in this volume).

Observations indicate that manifestations of solar activity, including sunspots, coronal
flares, and coronal streamers, are distributed inhomogeneously in longitude (e.g. Jetsu et al.
1997; Berdyugina and Usoskin 2003; Li 2011). Some other cool stars and young rapid rota-
tors also exhibit these so-called ‘active longitudes’ (e.g. Järvinen et al. 2005; García-Alvarez
et al. 2011; Luo et al. 2022). The cause of active longitudes is still unknown, but a few
theories have been put forward. One simple suggestion is that a long-lived localization of
toroidal, amplified magnetic field at the base of the convection zone could spawn the onset
of a magnetic buoyancy instability, promoting a series of rising flux loops (e.g. Ruzmaikin
1998). Similarly, the convective dynamo simulations of Nelson et al. (2011, 2013) generate
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wreaths of magnetism within the convection zone that spawn buoyant bundles of flux when
localized regions exceed a threshold field strength. Although, this effect is perhaps more
closely related to the ‘active nest’ phenomenon described above.

Instead of relying on the localized enhancement of magnetic fields at particular longi-
tudes, Dikpati and Gilman (2005) show that MHD instabilities within a shallow water model
of the tachocline can produce simultaneous variations in the tachocline thickness and tip-
ping instabilities of the toroidal magnetic field there. A correlation between a ‘bulge’ in the
tachocline and a tipped toroidal band can force the magnetic field into the convection zone
where it will rise buoyantly. Weber et al. (2013a) present yet another alternate theory utiliz-
ing their thin flux tube simulations embedded in solar-like convection (Weber et al. 2011,
2013b), which shows that active longitudes might also arise from the presence of rotation-
ally aligned giant-cell convection. The simulations exhibit a pattern of flux emergence with
longitudinal modes of low order and low-latitude alignment across the equator. Essentially,
the extent of giant-cell upflows and the strong downflow boundaries form windows within
which rising flux tubes can emerge. Although, Weber et al. (2013a) use ‘active longitudes’
to refer to a longitudinal alignment of flux emergence rather than repeated flux emergence
at specific longitudes for multiple rotations. In reality, it is likely that both the amplifica-
tion of localized magnetic fields and the effects of convective flows (which can also amplify
localized fields) play a role in the active longitude and active nest phenomena.

Active longitudes have also been observed on stars in close binary systems (e.g. Berdyug-
ina and Tuominen 1998; Berdyugina 2005). In this case tidal forcing was shown to affect the
flux emergence patterns, leading to active longitudes on opposite sides of the star (Holzwarth
and Schüssler 2003). An exploration of the surface distribution of flux emergence for in-
creasing stellar activity level has now become a necessity for physics-based numerical sim-
ulations, to better understand how stellar activity patterns scale with the activity level and
the rotation rate.

6.2.2 Emergence Latitudes and Tilts

Although highly simplified, simulations employing the thin flux tube approximation have
been used as tools to explore the distribution of magnetic activity on stars with varying rota-
tion rates (Schüssler et al. 1996) and spectral types (Granzer et al. 2000). These models once
again point toward the importance of the rotationally-driven Coriolis force on flux tube dy-
namics (see also Sect. 3.2). The existence of high-latitude and polar spots on stars with more
rapid rotation and/or deeper convective envelopes can be explained by angular momentum
conservation of a rising flux loop, leading to an internal retrograde flow. In the co-rotating
frame, this effect would be experienced as an inward directed Coriolis force component to-
wards the rotation axis, with a magnitude that increasingly dominates the radially outward
buoyancy with more rapid rotation (Schüssler and Solanki 1992). The general trend is that
beyond four times the solar rotation rate, a zone of avoidance forms around the equator,
where no flux emergence occur (Işık et al. 2011, 2018). In these simulations, the initial field
strengths of toroidal flux tubes are assumed to be close to the analytical prediction of the
onset of magnetic buoyancy instability. This limits the initial field strengths to the range
80-110 kG for the solar model with the initial tube location at the middle of the overshoot
region below the convection zone. In a solar-type star rotating eight times faster, the range
is in 150-350 kG, so that rotation stabilizes the tubes at a fixed field strength, owing mainly
to angular momentum conservation (Işık et al. 2018, see Fig. 2). For rapidly rotating early
K dwarfs and subgiants, the equatorial band of avoidance is somewhat widened in latitude,
owing simply to the geometry of the convection zone boundaries: when the fractional depth
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Fig. 5 Geometry of three emerging flux loops with initial latitudes λ0 at the base of the convection zone and
emergence tilt angles α. Upper panels: The parts of the tube that are beneath the outer sphere (0.97 R�) are
shaded in grey, whereas the emerged parts are brighter. The colours denote the cross-sectional tube radius (the
redder the thicker). Lower panels: latitudinal and radial projections of the tubes. The horizontal line on the
radial profile corresponds to the location of the outer sphere (0.97 R�), where α is measured from footpoint
locations. The red arrows denote the apex of each tube. Işık et al., A&A, 620, A177 (2018), reproduced with
permission © ESO

of the convection zone increases (ie, towards cooler stars), the poleward-deflected tube apex
can emerge at even higher latitudes (Granzer et al. 2000; Işık et al. 2011).

The aforementioned simulations were based on the assumption that active-region pro-
ducing flux tubes were formed near the base of the convection zone in the overshoot region,
in the same way as for the idealized flux tubes in the Sun. It should be noted that in these
studies (Işık et al. 2011, 2018), thin flux tubes rise in the presence of a differential rota-
tion profile ��, which is kept constant with increasing stellar rotation rate. Taking notes
from the simulations of Weber et al. (2011, 2013b), it is likely that incorporating turbulent,
time-varying convective flows could modify these trends.

Thin flux tube simulations have also shown that the tilt angles near emergence generally
increase with the rotation rate (Işık et al. 2018). This is consistent with the Coriolis accel-
eration along the tube apex being proportional to the local rotation rate. An increase of the
tilt angle limits flux cancellation within the emerged bipolar regions and supports stronger
fields to accumulate at the rotational poles (see also Işık et al. 2007).2 The tilt angles are
not only larger in average than solar ones, but their variance is also larger, showing jumps at
some emergence latitudes. Such a jump is demonstrated in Fig. 5, which shows the detailed
geometry of the flux tube apex starting close to 45◦ latitude and emerging around 52◦. When
the initial latitude λ0 is above 46◦, the prograde part of the apex is intruded by a more east-
west oriented and broader peak, leading to a tilt angle of about 3◦. For λ0 < 46◦, the large-tilt
loop (38◦) emerges before the small-tilt loop. Possibly, such multiple-peaked adjacent loops
emerge on active stars at certain latitudes, leading to complex active-region topologies with
enhanced free energy deposits for the upper atmosphere.

M-dwarfs with masses ≤0.35 M� are fully convective, and so lack a tachocline. Yet, in at
least some ways, this magnetism is similar to that observed in Sun-like stars (see Sect. 6.1).
Weber and Browning (2016) embed the thin flux tube model within simulations of time-

2However, with the latitudinal distribution of emerging flux being confined to high latitudes, the stellar dy-
namo might not be dominated by the dipolar mode.
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varying giant-cell convection to explore flux emergence trends in fully convective M dwarfs.
Since there is no tachocline layer of shear, they introduce flux tubes at depths of 0.5 R	 and
0.75 R	 to sample the differing mean and local time-varying flows at each depth. A range
of initial flux tube field strengths of 30-200 kG are chosen. On the lower end (30 kG), this
encompasses magnetic fields that would not be too susceptible to suppression of their rise
due to turbulent downflows. On the upper end (200 kG), this excludes field strengths above
which the flux tubes would rise faster than they could plausibly be generated by large-scale
convective eddies (Browning et al. 2016). Convection modulates the flux tubes as they rise,
both promoting localized rising loops while suppressing the global rise of flux tubes (akin
to magnetic pumping) for those initiated in the deeper interior at lower latitudes (see also
Weber et al. 2017). Within these simulations, a robust result is a tendency for flux tubes
to rise parallel to the rotation axis (see Sect. 3.2 and the first paragraph in this section),
leading to a preference of mid-to-high latitude flux emergence. However, low latitude flux
emergence is found in special cases where the flux tubes are initiated closer to the surface
and are of strong magnetic fields, or of weaker fields and rise through regions of prograde
differential rotation near the equator.

7 Moving Forward

Active regions define the solar cycle, and in some models are an integral part of the trans-
formation of the toroidal field to the poloidal field (Sect. 5). Understanding their origins,
formation and distribution will place tight constraints on their role in the solar dynamo and
provide insights into these same processes in other cool stars. Typically, active-region-scale
magnetism has been modeled as buoyantly rising, fibril tubes originating in the deep interior
(Sect. 3.2). New observations and simulations now suggest a shifting paradigm away from
these idealized, isolated flux tubes toward a paradigm with a more complex, yet realistic,
interplay between rising bundles of magnetism and their surroundings.

Observations of surface magnetism demonstrate that active region flux emergence is a
more ‘passive’ process than was originally thought (Sect. 4). The upward rise of the mag-
netism as detected near the surface is typical of convective upflows, placing much less of
an emphasis on buoyancy in this region. However, it is not yet possible to say whether this
influence of convection over buoyancy is confined only to the near-surface regions, or if it
extends to the deeper origin of the magnetic structure.

In idealized flux tube simulations, the Coriolis force leads to a geometrical asymmetry
in the rising loop legs and a tilting action of these legs toward the equator. The former
has been used as an explanation for why the leading active region polarity moves prograde
faster than the following polarity moves retrograde. However, it is shown that the east-west
motion of active regions is actually symmetric with respect to the local rotation speed which
varies with latitude (as described by Snodgrass and Ulrich 1990, see Sect. 4.1). Further, the
observed Joy’s Law trend may not be consistent with the latitudinally-dependent tilt that the
legs of a flux tube acquire as it rises through the convection zone (Sect. 4.3). The examples
here and in the previous paragraph are observational constraints that are inconsistent with
thin flux-tube models.

No global convective dynamo models have yet been able to produce starspots, partly be-
cause they do not include a realistic surface layer. Yet, we know that the surface distribution
of emerging flux and the timing of their appearance is a key ingredient in Babcock–Leighton
flux-transport dynamo models. Indeed, these incorporate ingredients self-consistently gen-
erated in global convective dynamo models such as differential rotation and meridional cir-
culation. Also, they often assume that the primary region of magnetic field generation is
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at the tachocline. However, some convective dynamo simulations show that rising bundles
of magnetism can be built within the bulk of the convection zone. At present, the exact
generation region of active-region-scale magnetism and its strength is unknown. Learning
more about the distribution of starspots across stellar photospheres for both Sun-like and
fully convective stars may help to better constrain the origin of coherent magnetic structures
in the interior. Knowing how the patterns of flux emergence vary as a function of stellar
rotation and inferred surface differential rotation will also play a role in disentangling the
imprints of rotation, mean flows, and shearing regions on the flux emergence pattern.

To fully understand the extent to which flux emergence is a passive process, more strin-
gent constraints from observations are still needed. But to understand what is happening
below the surface, more simulations are critical. In particular, we suggest a strong emphasis
to be placed on developing simulations that connect near-surface simulations with deeper
flux emergence and dynamo models with fidelity. Further statistical analysis of solar active
region emergence properties dependent on, for example, the extremes of magnetic flux and
latitude, are also needed.

We conclude with some open questions regarding magnetic flux emergence in the Sun
and other cool stars, raised by the observational and theoretical understanding presented,
that we anticipate can be addressed in the next decade:

• What properties of active region formation are driven primarily by the influence of con-
vection?

• To what extent do the Coriolis force, convective flows, and tension, twist, and writhe of
the magnetic field contribute to the observed Joy’s law trend?

• What is the important physics that must be faithfully simulated to capture the observed
statistical properties of emerging active regions?

• In our Sun, where is the primary region of generation for active-region-scale magnetism -
the tachocline, near-surface, bulk of the convection zone, or some combination of these?

• Can signatures of the underlying dynamo be found in patterns of magnetic activity (as
reviewed here) on the photospheres of the Sun and other cool stars?

Appendix 1: Defining the Duration of Active Region Emergence

Here we describe how we computed the duration of the active region emergence process as
shown in Fig. 2.

Figure 6 shows the evolution of the mean unsigned magnetic field, 〈B〉 within the central
region of 49 Mm radius the map. The emergence time is defined as being 10% of the total
magnetic flux 36 hours after the active region was officially named (see Schunker et al.
2016, for more details). The maps are centred on the flux-weighted centre of the active
region about the time of emergence (for a detailed definition see Schunker et al. 2016;
Birch et al. 2016) for four example active regions from the Solar Dynamics Observatory
Helioseismic Emerging Active Regions survey (SDO/HEARS) (Schunker et al. 2016) which
contains a total of 180 active regions.

The emergence of an active region ends when all of the magnetic field has appeared
at the surface. We identified the time when the mean line-of-sight unsigned magnetic field
〈B〉 with a 5.3 hour cadence was a maximum. If the maximum occurred within three time
intervals (≈16 hours) of the end of the time series it is difficult to assess whether it is still
emerging (e.g. AR11103 in Fig. 6), and so we exclude these regions (35 in total). Otherwise,
we fit a quadratic to the 〈B〉 values between 8 hours (two time intervals) before and 13
hours (three time intervals) after the time when the maximum mean magnetic field 〈B〉max
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Fig. 6 Examples of the evolution of the averaged unsigned magnetic field within the central 49 Mm radius,
〈B〉, for four emerging active regions relative to the emergence time (blue). For AR11066, AR11072 and
AR11158 the orange curve shows the least-squares fit of a quadratic to the peak of the curve and the dashed
vertical line shows the time of the maximum value of the quadratic. Since the maximum value of 〈B〉 for
AR11103 occurs within the last 16 hours of the time series, we exclude it from our sample

occurred, and we defined the time of the maximum of the quadratic function as the end time
of the emergence process. There is no physical basis for fitting a quadratic, only that we
found it fit the peak reasonably well (see Fig. 6). The duration of the emergence process is
the difference between end of the emergence process and the emergence time.

List of 120 NOAA active region numbers included in Fig. 3: 11066, 11070, 11072,
11075, 11076, 11079, 11081, 11086, 11088, 11103, 11105, 11114, 11122, 11132, 11136,
11137, 11138, 11141, 11142, 11145, 11148, 11154, 11158, 11159, 11167, 11198, 11199,
11200, 11206, 11209, 11211, 11214, 11223, 11239, 11273, 11288, 11290, 11297, 11300,
11304, 11310, 11322, 11327, 11331, 11381, 11397, 11400, 11404, 11406, 11414, 11416,
11431, 11437, 11446, 11450, 11456, 11472, 11497, 11500, 11510, 11511, 11523, 11531,
11547, 11549, 11551, 11554, 11565, 11570, 11574, 11597, 11603, 11607, 11624, 11626,
11627, 11631, 11640, 11645, 11686, 11696, 11699, 11703, 11707, 11712, 11718, 11736,
11750, 11780, 11781, 11784, 11786, 11789, 11807, 11813, 11821, 11824, 11833, 11843,
11855, 11867, 11874, 11878, 11886, 11894, 11915, 11924, 11946, 11962, 11969, 11978,
11992, 12003, 12011, 12039, 12064, 12078, 12099, 12118, 12119.
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