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1 Introduction

Stellar magnetism has largely been ignored in past work on stellar formation and evolution.
Magnetism has been assumed to be negligible to many cases and stars has been studied under the
assumption that gravity is the dominant force acting on an object. This approach has been wildly
successful, stellar evolution models are able to predict a stars properties and progression along
and off the main sequence with great accuracy. Despite this success magnetic fields still play an
important role in many aspects of a stars life. During star formation magnetism helps mediate the
collapse of molecular cloud and helps the accretion of material into a protoplanetary disk. During
the main sequence lifetime of a star magnetic fields create a stellar wind that regulates spin down,
mass loss, and transports angular momentum. Magnetic fields also influence the spin rate of various
stellar zones inside a star. While gravity may still be the dominant force driving stellar evolution
magnetism still plays a key role [2].

Stellar magnetism is far from a solved field, we are still lacking a comprehensive theory of
magnetism that can predict the magnetic field of a given star at a point during its evolution.
A reason for this is that magnetic field are difficult to model, while gravitational forces depend
on one parameter (the mass), magnetism depends on many factors such as mass, stratification,
rotation rate, and even the history of the object. Current numerical methods of modelling magnetic
field are also computationally expensive compared to gravity alone. Despite this there are two
main theories as to the origin of these field: dynamo action and fossil field theory. These will be
discussed in greater detail in the following sections of this paper. It should be noted that these are
complementary, not competing theories.

Stellar magnetism is a large field and this paper will not attempt to review all of it. This paper
will highlight the importance of magnetic fields and discuss areas of a stars evolution in which
magnetic fields play a vital role. We will then work through and discuss the theory behind the
origin of magnetic fields. There are many other interesting areas that will not be heavily touched
upon including observations of the sun, observations of other stars (main sequence or otherwise),
and numerical simulations (mostly magnetohydrodynamic (MHD) simulations). Many excellent
review articles exist that cover these topics in great depth including Brun and Browning (2017)[2],
Ferrario et. Al (2015) [6], Cole (2017) [5], and Langer (2013) [7].

2 Importance of Magnetic Fields

A stars life is mostly described by the mass of the star. Just by knowing the mass of a star as-
tronomers can accurately determine its properties and evolution both on and off the main sequence.
This does not mean that magnetism is or other properties of stars (such as chemical composition)
have no impact, they are just so called ”second-order” effects [2]. In an effort to show the role
magnetic fields play we will summarize aspects of stellar evolution that are especially impacted by
magnetic fields.

2.1 Mass Loss

It is well know that stars lose mass over their lifetime. Stellar winds as well as other outflows are
common for many stages of a stars life. The rate at which stars lose mass varies greatly depending
on a stars mass as well as current evolutionary stage, and even the stellar environment [16]. Current
mass loss rates for the sun are measured at around 10−14M�/year [9].

While solar winds is the dominant form of mass loss for the sun this is not the case for more
active stars. Transient mass loss events for these stars play a significant role where flares and coronal
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mass ejections associated with these events may be the primary driver of mass loss. Estimates of
active low-mass stars show rates of order 10−11M�/year, a factor of 1000 higher than the mass loss
rate of the sun [13].

Models of solar winds have shown that thermal pressure alone is not high enough to account for
observed speeds of stellar winds. Magnetism is believed to play a role, injecting energy into particles
at the stellar surface. This gives the particles enough energy to escape the stellar gravitational field
and become wind [4].

2.2 Spin Down

It is also well know that stars spin down over time. As stars lose mass over time conservation
of angular momentum causes the star to lose angular velocity. Magnetism plays a role in this
by driving the stellar mass loss rate. There is also a second effect that further causes a star to
spin down: magnetic torque between the star and ejected mass. Stellar winds consist of charged
particles moving away from the star. These charged particles will interact with the stellar magnetic
field. This interaction will create a torque on both the ejected mass as well as the star itself, further
causing the star to spin down [14].

When stars are on the main sequence their spin down rates are known to follow the Skumanich
relation [15]:

Ω(t) ∝ t−1/2, (1)

where Ω(t) is the stellar angular velocity. Stars do not instantaneously begin to follow this relation
once they reach the main sequence. The time it takes for a star to ’latch on’ to the Skumanich
relation is a function of mass. Stars of similar mass to the sun take less than a Gyr to obey this
relation, while lower mass stars may take longer [2].

An interesting side note is that the above Skumanich relation is able to provide an estimate of
stellar mass. For stars of a certain mass range at a given age, the spread in rotation rate is believed
to be small so that a measurement of the angular velocity can provide an accurate estimate as to
its age. This is called gyrochronology and age estimates for cool stars have been able to determine
stellar age estimates to within 10% error [10]

3 Field Generation

We now want to talk about how magnetic fields are generated and maintained, which is a
essentially a review of dynamo theory as it relates to stars as well as a discussion on how field
can be ”frozen in” and amplified over time. It is important to note that these two theories are
not independent of one another. These two theories can coexist peacefully. It is expected that the
expected magnetic field from both theories will contribute to the total magnetic field of a star.

3.1 Dynamo Theory

3.1.1 Conditions Needed For Dynamos to Occur

Specific conditions are needed for a dynamo to develop, all of which are expected to be found
in star. Turbulent motion is believed to be very abundant in both convective and radiative regions.
Large scale shear is needed and present due to a star differentially rotating, with rotation speed
depending on latitude. This differential rotation also imparts helicity on the star. Finally low
diffusivity is stars is favourable for dynamo action. As these conditions are present we can use
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dynamo theory to explain how a rotating, electrically conductive fluid is able to give rise to magnetic
fields and convert kinetic energy to magnetic energy.

3.1.2 Basic Dynamo Equations

Starting with Faraday’s Law induction:

∇×E = −∂B

∂t
. (2)

We can use Ohm’s law in a moving medium to find E and substitute this into the above equation:

j = σ[E + v×B]→ E =
j

σ
− v×B, (3)

B

∂t
= ∇× (v×B)−∇× j

σ
. (4)

For non-relativistic material we also know the relation between current density:

c

4π
∇×B = j, (5)

∴
∂B

∂t
= ∇× (v ×B)−∇× (η∇×B) = ∇× (v ×B) + η∇2B, (6)

where η = c/4πσ. For the second equality it was assumed that η is constant over space. From this
equation we see that if there is no velocity in the fluid then the field will decay away. In the limit
of no diffusion (η = 0) we have the ideal MHD limit. In this regime magnetic field lines are ”frozen
in” to the fluid. If the fluid is compressed they are compressed, if the fluid expands then they are
diluted [2].

3.1.3 Estimates of Magnetic Field Strength

Equation (6) should be able to be solved to determine the shape and strength of the magnetic
field over time, however this is typically hard to do. The velocity field v must be known as
well as the magnetic field B at some point and the diffusivity η. Instead we can make various
approximations to get bounds on the strength of magnetic fields. In the next section we will follow
another approximation in order to determine the shape of the magnetic field.

The first, very rough, estimate assumes that the magnetic energy density will reach an equilib-
rium with the kinetic energy process that is building the field. Under the assumption of a closed
system a firm bound on the final magnetic energy would be the initial kinetic energy [2]. The as-
sumption of a closed system is a poor approximation as astrophysical dynamos are far from being
closed systems.

A commonly used estimate is that in the late time stages the final magnetic field energy strength
will approximately be equal to the energy of the turbulent flow field. While this approximation
can be arrived at through crude approximations it has primarily been found through magnetohy-
drodynamic (MHD) simulations [2].
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3.1.4 Mean Field Theory

We would also like to find an estimate of the magnetic field shape. To do this a method called
Mean Field Theory is used which used the assumption that not all spatial scales of magnetism
have the same impact, instead the large scale magnetic field will be solved by paramaterizing the
effect of smaller scale fields and flows. The derivation in this section is largely taken from Brun
and Browning (2017)[2].

To start we will write the magnetic and velocity fields as fluctuations about some mean value:

B = 〈B〉+ b’, (7)

V = 〈V〉+ v’, (8)

where 〈b’〉 = 〈v’〉 = 0. We can now average equation(6) using these:

∂〈B〉
∂t

= ∇× (〈V〉 × 〈B〉+ 〈E〉 − η∇× 〈B〉), (9)

we have defined 〈E〉 = 〈v’× b’〉, this is the mean electromotive force from small-scale turbulence.
We want to link this small scale actions with the larger action, to do so we write a Taylor expansion
for 〈E〉 around the field 〈B〉:

E = a · 〈B〉+ b · ∇〈B〉+ · · · , (10)

where a and b are tensors. These tensors can be split into symmetric and anti-symmetric parts.
The symmetric parts can then be assumed to be dominant so that this can be written in the form:

Ei = αij<Bj>+ βijk
∂<Bj>

∂xk
+ · · · , (11)

where α and β are the symmetric parts of the tensors a and b. We can take the simplest case for the
coefficients where αij = αδij and βijk = βεijk, δij and εijk are the Kronecker symbol and Levi-Cita
Symbol respectively [12]. Applying this to the mean field induction equation shown above we find:

∂〈B〉
∂t

= ∇× (〈V〉 × 〈B〉+ α〈B〉 − (η + β)∇× 〈B〉). (12)

In this equation the first term is the effect that large scale motions have by stretcing and moving
the field. These large scale motions can occur from differential rotation, in which case this is called
the Ω effect. The second term is due to cyclonic turbulence or tilted active regions, this is called
the α effect. The last term is diffusion where β is the effective diffusivity. In the following sections
we will qualitatively explore the shape these effects have on the large-scale stellar magnetic field.

3.1.5 Omega Effect

The Omega Effect is due to the first term from equation (12). In this case differential rotation
causes a velocity field that stretches stellar magnetic fields to a greater degree near the center of
the star than at the edges. Poloidal magnetic fields in the star become stretched and twist around
transforming into toroidal magnetic fields. This action is shown in figure (1). The Omega Effect
serves to transform one large scale field into a different orientation. In the sun this effect is known
to take about 8 months to wrap the magnetic fields once around itself.
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3.1.6 Alpha Effect

The α dynamo is caused by the second term in equation(12). This terms causes the twisting
of magnetic field line, giving rise to its name as α looks like a twisted loop. In the alpha effect
vertical convective motions cause upwards flows that act to twist toroidal fields out of place. This
motion will generate an electromotive force, and thus and electric current in the direction of the
original field, this will create a circular magnetic field encircling it. Figure (2) illustrates this effect
showing loops formed out of a toroidal field. The loops formed in the alpha effect can combine as
well as disconnect and break off from the toriodal field. This process allows the toroidal field to be
converted back into a poloidal field.

The source of vertical convective motions remains a source of debate. Originally convection
occurring in the stellar interior was believed to be the source, however when compared with data
from the sun the timescales of this phenomena were an order of magnitude too small. Other possible
reasons may be due to the Coriolis force in the sun as well as effects from rotation of rising ”tubes”
of magnetic field that originate deep within the stellar interior [3].

An interesting consequence of the alpha effect is its explanation in explaining sunspots and
coronal ejections. As can be seen in figure (3), the alpha effect can create loops that puncture the
stellar surface. The locations of the ejections of the loops from the stellar surface are believed to
be the cause of sunspots. Further evidence is that sunspots are observed to occur in pairs with
reverse polarity, was would be expected from magnetic field lines exiting and entering the surface
of the sun. Matter may also follow these magnetic field lines, these field lines can further twist and
”pinch off” causing the magnetic field lines and associated charged particles following the field lines
to be ejected from the star, explaining coronal ejections.

3.1.7 Alpha-Omega Dynamo

A popular dynamo used to explain stellar magnetic fields is the Alpha-Omega dynamo. An
important distinction between the previous sections being effects while the following section being
a dynamo is that the previous describe methods in which one field component is converted into
another. In the Omega effect poloidal field lines are converted to toroidal field lines, and the
reverse happens in the alpha effect. The Alpha-Omega dynamo is a combination of these two
effect, allowing the original poloidal field to be regenerated, albeit with different features or a
change in field strength caused by the additional kinetic energy that goes into generating this field.
This conversion back to the original field with allowed amplification is the distinction between an
effect and a dynamo.

As previously mentioned, the Alpha-Omega dynamo is the combination of both the Alpha and
Omega effects creating a closed dynamo cycle. This is shown in figure(4) where an original poloidal
magnetic field is shown in (a). Differential rotation in panels (b) and (c) causes this field to undergo
the Omega effect twisting these field lines into a toroidal magnetic field as shown in (d). The alpha-
effect then breaks the symmetry of the toroidal field in which loops are created. These loops then
coalesce creating the original poloidal field as well as the new toroidal and alpha components as
seen in (f). This process constitutes dynamo cycle amplifying the original magnetic field strength
[8].

3.2 Fossil Field Theory

There is another popular process in which stellar magnetic fields could be build and maintained
over stellar lifetimes. The Fossil Field theory is a way in which a relic field can be compressed and
amplified into a much stronger magnetic field. Interstellar medium has observed magnetic field of
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order of a few Gauss. This magnetic field can get ”frozen” into molecular clouds that collapse to
form stars. The structure of these magnetic fields is expected to remain similar due to isotropic
collapse but the magnetic flux will become greatly compressed causing an increase in field strength.
The same process will occur in stars evolving off the main sequence and becoming degenerate stars.
In this case the process will occur at a much faster rate, albeit with large amounts of mass loss.
We will present an order of magnitude calculation as the strength of this resultant field. We know
that the trapped magnetic flux will be approximately the magnetic field multiplied by the surface
area of some surface at radius r, or F ∼ Br2. We also that the mass enclosed in this volume be be

M ∼ ρr3 where ρ is the average density enclosed. This can be rewritten as r2 ∼
(
M
ρ

)2/3
. We can

substitute this back into the flux magnetic field relation to find B ∼
(
F
M

)2/3
ρ2/3 or: [12]

Bf
Bi
∼

(
Ff

Mf

)2/3
ρ
2/3
f(

Fi
Mi

)2/3
ρ
2/3
i

∼
(
ρf
ρi

)2/3

. (13)

Here we have said that the mass is conserved, in reality there will be some mass loss however as this
is an order of magnitude calculation this mass loss will not drastically effect the results, ex. for a
star collapsing to a white dwarf we start with an initial star with mass up to ∼ 8 M� that collapses
into a white dwarf of mass 1.4 M�. The difference is a factor of ∼6 that is ignored in order of
magnitude estimates. Using similar approximations and reasonable estimates of the mass-to-flux
ratio, work by Mestel(1999) [11] found that strengths of 10-100kG can be found in protostellar
cores. While this is much larger than values measured in the sun of order 1G there are observed
stars, namely Ap and Bp stars, where magnetic fields in this order of magnitude can be found.
Additionally similar calculations yield magnetic fields of order 107 − 108G in white dwarfs, and of
order 1012G or higher in neutron stars. In these stars it is unlikely that dynamo effects play a large
role in the observed fields, instead the magnetic fields can be explained as the fossil relics left over
from their protogenors [12].

These fossil field once generated are believed to have decay times of the same order of magnitude
as the lifetime of stars such as the sun. As such without other dissipation effects the generated
fossil field should remain for the lifetime of all but the least massive stars. While the natural decay
time is long enough for the magnetic field to be maintained it has been postulated that convection
and dynamo effects occurring in stars such as the sun would be able to cause the decay time to be
much shorter, allowing the initial fossil to be able to decay to observed values. Ap and Bp stars
would not have this convection mechanism that allows the field decay in shorter times, resulting in
the higher observed magnetic field strengths [2].

It should also be noted that fossil fields and dynamos are not two independent theories, the
origins of magnetic fields in stars is likely due to a combination of both. In particular, dynamo
effects require a non-zero initial magnetic field in order to occur. Fossil fields could provide the
initial ’seed’ fields that are then transformed by dynamo effects in stars.

4 Conclusion

Magnetic fields are also not the driving force being a stars evolution, this remains gravity. This
does not mean that magnetic fields are unimportant. This paper discussed cases in which magnetic
fields play a role in a stars behaviour including mass loss and spin down. This paper also reviewed
dynamo as well as fossil field theory as possible explanations for the origins of magnetic fields.
It should be noted that there are many other areas to explore related to stellar magnetism that
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were not touched upon, namely observations of solar and stellar magnetic fields as well as MHD
simulations used to model magnetic fields.

Stellar magnetic fields is far from a closed area. Despite having many successes in being able
to predict observations of stellar magnetic fields there still lacks a complete theory in which fun-
damental properties of a star such as mass, age, etc. would be able to be used to tell an observer
a stars magnetic field strength and shape. Stellar magnetic fields remains an active research area
with a magnitude of open questions yet to be solved.

7



A References

[1] Gemma Diana Ruth Attrill. Low coronal signatures of coronal mass ejections. University of
London, University College London (United Kingdom), 2008.

[2] Allan Sacha Brun and Matthew K Browning. Magnetism, dynamo action and the solar-stellar
connection. Living Reviews in Solar Physics, 14(1):4, 2017.

[3] Paul Charbonneau. Dynamo models of the solar cycle. Living Reviews in Solar Physics, 7(1):3,
2010.

[4] Ofer Cohen and Jeremy J Drake. A grid of mhd models for stellar mass loss and spin-down
rates of solar analogs. The Astrophysical Journal, 783(1):55, 2014.

[5] Elizabeth Cole et al. Stellar magnetism in theory and observation. Report Series in Astronomy,
2017.

[6] Lilia Ferrario, Andrew Melatos, and Jonathan Zrake. Magnetic field generation in stars. Space
Science Reviews, 191(1-4):77–109, 2015.

[7] N Langer. Magnetic fields in stars: origin and impact. Proceedings of the International
Astronomical Union, 9(S302):1–9, 2013.

[8] JJ Love. Reversals and excursions of the geodynamo. Astronomy & Geophysics, 40(6):6–14,
1999.

[9] DJ McComas, RW Ebert, HA Elliott, BE Goldstein, JT Gosling, NA Schwadron, and RM Sk-
oug. Weaker solar wind from the polar coronal holes and the whole sun. Geophysical Research
Letters, 35(18), 2008.

[10] Søren Meibom, Sydney A Barnes, Imants Platais, Ronald L Gilliland, David W Latham, and
Robert D Mathieu. A spin-down clock for cool stars from observations of a 2.5-billion-year-old
cluster. Nature, 517(7536):589–591, 2015.

[11] L. Mestel. Stellar magnetism. 1999.

[12] Henry K Moffatt. Field generation in electrically conducting fluids. Cambridge University
Press, Cambridge, London, New York, Melbourne, 1978.

[13] Rachel A Osten and Scott J Wolk. Connecting flares and transient mass-loss events in mag-
netically active stars. The Astrophysical Journal, 809(1):79, 2015.
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B Plots

Figure 1: Diagram showing the effects differential rotation has on transform poloidal fields into
toroidal fields, known as the Ω dynamo. Figure taken from Atrill (2008)[1]

Figure 2: The alpha effect twists the toroidal field producing loops as seen. Figure taken from
https://solarscience.msfc.nasa.gov/dynamo.shtml
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Figure 3: Diagram showing the effect an alpha dynamo has in creating loops that protrude from
the stellar surface. These loops can explain sunspots as well as coronal ejections. Figure taken
from Mofatt (1978)[12]
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Figure 4: An poloidal magnetic field is shown in panel (a). Differential rotation in (b) and (c) create
the Omega effect twisting these field lines into a toroidal magnetic field shown in (d). The alpha-
effect then creates loops in this toroidal field. These loops coalesce creating the original poloidal
field as well as the new toroidal and alpha components shown in (f). This process constitutes
dynamo cycle amplifying the original magnetic field strength. Figure taken from Love (1999) [8]
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