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ABSTRACT

A number of effects of low to medium strength (<2000 gauss
photospheric) magnetic fields on otherwise normal stars are proposed
and examined. We consider magnetic perturbations to the standard
stellar structure and evolutioﬁary calculations in the core, the deep
.envelope, and the extreme outer envelope in intermediate to high mass
stars.

In the stellar core the gas pressure probably far exceeds the
(82/810 magnetic field pressure term so that the only effect of such
a field may come from its inhibiting convection in the core. We
present isochrones of both convective and radiative core models of 2 -
5 M@‘

In the deep envelope, we may expect to see mixing of partially
nuclear processed material driven.by rising and falling magnetic flux
tubes. The effects of this mixing will be brought to the surface
during the deep convection phase of the star's tenure as a red giant.
We use this model to predict a signature for magnetic mixing based on
the CNO isotope and abundance ratios.

In the outer envelope the gas pressure is low enough that we
might expect to see a perturbation of the stellar structure due to the
magnetic field pressure itself. We calculate this perturbation under
several physical models for intermsdiate and high mass stars and
determine that sufficient magnetic field energy may be available in

viii
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the outer envelope to expand a star by about 26% over its unperturbed
radius.

Finally we consider the evidence for the existence of
non-magnetic neutron stars, concluding that while no non-magnetic
neutron stars have ever been positively identified, we have no
evidence that prevents the existence of at least as many non-magnetic

as magnetic neutron stars.



CHAPTER 1
INTRODUCTION

We define the appearance of stars by measuring a number of
their properties: their position on the H-R diagram, their spectra,
_their isotope abundance ratios, to name a few. We can describe this
appearance remarkably well in terms of standard evolutionary models
based only on initial composition and mass, as required by the
Russell-Vogt theorem. This is to say that we can do astrophysics.
There are some stars however which have observable properties which
differ both from those of their siblings and from those of standard
evoluticnary calculations. The Russell-Vogt theorem predicts that
there should be discrete, well defined models for each mass and
composition: one red giant, one main sequence star, one white dwarf
perhaps. What we actually see are many variations of each type of
star, all similar to their standard evolutionary calculation archtype,
but differing enough that we cannot explain their variations by simply
adjusting the mass and composition in our standard model.

Tt seems likely that some of this deviate behavior is caused
by one of more physical effects which are not included in the standard
theory. A few such effects are those of rotation, mass loss, binary
evolution, and magnetism. This dissertation describes some
perturbations on the standard theory which we might expect to arise
from a photospheric magnetic field of < 2000 gauss.

1



At this point: "Why magnetism and why 2000 gauss?" Magnetic
fields on stars are rapidly becoming an observable quantity.

Babcock's first (1947) pﬁotographic detection of a magnetic field on
78 Vir weighed in at about a kilogauss. Later, two channel
rphotoelectric polarimeters such as the one described by Landstreet et
al (1975) were used to measure kilogauss magnetic fields in 2Ap stafs
with an accuracy of a couple of hundred gauss. (Borra and Landstreet
‘1980). These same instruments were used to detect the presence of
megagauss fields on a few white dwarfs (Angel, Borra, and Landstreet
1981). The two most recent developments in the measurement of stellar
magnetic fields have been the development of the multiple slit
photoelectric magnetometer (Borra, Fletcher, and Poeckert 1981, and
Brown and Landstreet 1981) and the method of determing absolute field
strengths through Zeeman broadening of magnetically active lines
(Robinson, Worden, and Harvey 1980). The multiple slit magnetometer
has made possible the measurement of magnetic fields in some Ap stars
with uncertainties of only a few tens of gauss, less than 10 gauss for
some bright stars. FRobinson's method, while still havirng a detection
limit of a kilogauss, may be used to detect badly scrambled surface
fields whereas polarimetric methods are useful only in detecting
residual ordered fields.

From these recent observations, a pattern seems to be emerging
that f£inds that the probability of a main sequence star having an
ordered detectable magnetic increases with increasing mass. Wwhen
cooler stars (G and later) show fields, they seem to nearly always be

of the scrambled variety, detectable only with Robinson's technique



(Brown and Landstreet 1981). Since both white dwarfs and main
sequence stars seem to show distinct populations of magnetic objects,

threaded by about 1024

maxwells of magnetic flux, and non-magnetic
objects without detectable fields. This natural division into
magnetic and non-magnetic objects provides a textbook set of test and
control samples to test predicted results of stellar magnetic fields.
We chose 2000 gauss as a canonical photospheric magnetic field

" following observations such as those of Borra and Landstreet (1980)
for magnetic fields on Ap stars.

Then how might a magnetic field of this type affect the
appearence of a star? Does it explain observed phenomona in a natural
way, or is it riddled by so many free parameters and ad hoc
assumptions as to be useless? In terms of stellar structure a
magnetic field has two rather contradictory effects. As a
relativistic gas, its effect is to provide a 82/87T pressure
component and to move the polytropic exponent toward 4/3,
destabilizing the star. As a vector field however, its effect is to
prevent material from flowing across field lines, providing a source
of rigidity in the star's interior. The result may be compared to a
pile of soap bubbles which is at the same time more rigid but less
stable than its isomer, the puddle of dishwater.

We will investigate scenerios involving both the rigidity and
the instability of the soap bubbles. Possibly the most well known
destabilizing effect of a magnetic field is demonstrated by sunspots.

The additional 82/8?f magnetic pressure term allows material

threaded by magnetic flux to rise through surrounding material,



cooling adiabatically until the material surrounding the magnetic
element is enough warmer that the extra thermal pressure offsets the
additional magnetic pressure of the magnetic flux element. At this
point the material threaded by the magnetic flux will be significantly
cooler than the surrounding material, as in a sunspot. If this
magnetic element is buried deep inside the envelope of a star, ratﬁer
than being on the surface it will be heated by its surroundings and
"continue to rise. In zones of a composition gradient, this rising
flux element will have a composition different from that of the
surrounding material and this process will have the effect of mixing
the interior of the star at a rate characteristic of the speed with
which the flux element rises through its surroundings. This mechanism
has been proposed as a source of fuel to prolong the lives of blue
stragglers beyond their appointed times (Wheeler 1979). It has also
been proposed as a mechanism to account for the anomolous CNO isotope
and abundance ratios in some red éiants (Pearborn and Eggleton 1977).
In Chapter 2, we calculate mixing profiles for a 2.0 M@ star and use
these to predict observable CNO isotope and abundance ratios in red
giants under various initial assumptions.

If there is ever a situation where the magnetic field energy
is comparable to or exceeds the gas pressure, there is a possibility
that the magnetic field will have a major influence on the structure
of that region. A kilogauss field at the surface of a main sequence
star is such a situation. There are two classes of stars, the Ap's

and the O dwarfs, that are often associated with magnetic fields and

which show evidence for anomolously large radii. Chapters 3 and 4
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describe structural perturbations of a stellar envelope due to a
significant magnetic pressure at the photosphere in the context of
these anomolous, often magnetic stars.

Whether a magnetic field serves to stabilize a star by adding
to its rigidity, or to destabilize it by promoting mixing and lowering
the polytropic exponent, is a matter of the detailed gecmetry of the
field. Except for the possibility of scenerios where the magnetic
‘field at the photosphere superstabilizes an already radiative envelope
and allows molecular diffusion to generate surface abundance anomalies
in Ap stars, the rigidity of a magnetic field would seem to be
important only in regions that are unstable to thermal convection. 1In
Chapter 5 we assume that a strong primordial magnetic field can
inhibit core convection in intermediate mass stars and ask what
effects the radiative core might have on the star's evolution. By
computing detailed isochrones of both radiative and convective core
stars of the same age, we can compare our results directly to
observations of clusters. This will determine whether a few radiative
core stars in a cluster help to solve or only augment discrepencies
between observations and theoretical mo@els. An example of such a
discrepancy is the observed lack of a thermal timescale jump between
the main sequence and the shell burning branch described by Maeder
(1974) .

The underlying theme threading this dissertation is the

024 maxwells of'magnetic flux through a stellar

question of what 1
object can do toward explaining deviate behavior of the affected

object. In Chapter 6 we take the lead provided by Angel et al (1981)



when they suggest that magnetic white dwarfs and magnetic main
sequence stars have a common origin. If magnetic main sequence stars
beget magnetic white dwarfs and non-magnetic main sequence stars beget
non-magnetic white dwarfs then what of neutron stars? If magnetic
main sequence stars beget magnetic neutron stars and so forth then
where are the non-magnetic neutron stars? To show the existence of
both flux-less and 1024 gauss versions of all three kinds of stars,
‘main sequence, white dwarfs, and neutron stars would be strong
evidence that the surface fields of magnetic stars are coupled to the
interior fields and that the fields are primordial, rather than
generated at the core convection zone boundary.

The final chapter is an assessment of what we have done and
what to do next. Because this dissertation is the result of a
preliminary shotgun blast in the direction of magnetic fields in
otherwise normal stars, we will consider only the simplest models for
these effects which are physically justifiable. All of the
calculations are one dimensional and any force exerted by a bundle of
magnetic flux lines will be treated as a scalar pressure. Since many
magnetism problems are inherently multi-dimensional, this treatment
cannot always be expected to yield a definitive answer. However the
one dimensional treatment will yield an accurate energy balance for
the star and clearly point out those effects which are not worth

further consideration.



CHAPTER 2
MAGNETIC MIXING

Stars which have evolved from the main sequence to the giant
branch are observed to have 12C/13C ratios from =7 to ~25 (Lambert and
. Ries 1978). Evolutéonary calculations show that the deep convection
zone that forms as the star moves off the main sequence is adequate to

lower the 12C/BC ratio from the solar value of ~90 to the range 20 -

20, yet for this deep convection to lower the 12C/13C ratio to the
value observed for many stars would require an initial 12C/13C ratio
of about 20, a fact inconsistent with observations of the interstellar
medium (Dearborn, Bygleton, and Schramm 1976) . Nuclear processing can

13C to lower the ratio if a mechanism can be

produce enough additional
found that will remove 13C from the furnace before it is destroyed,
that is, before the CN cycle reaches a steady state (Dearborn and
Eggleton 1977).

ne such mechanism for mixing material is through magnetic
flux tubes, formed at the outer boundary of the core convection zone
(Gurm and Wentzel 1967). The magnetic field in these tubes, generated
by an|&2 dynamo and limited by energy equipartition with turbulent
motion, may be up to 105 gauss (Schussler and Pahler 1978) and exerts
an additional pressure (BZ/Swj which tends to buoy the flux tubes up.
If we consider the plasma that makes up the interior of the star to be

of very high electrical conductivity, the material permeated by the
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magnetic field is more or less locked onto the field lines and is
buoyed up along with the field lines. This mechanism will be active
in stars larger than ~1.5 MQ (lowest mass star having a core
convection zone) and smaller than ~2.0 M@ (so that the mixing time
scale is less than the main sequence lifetime: Schussler and Pahler
1978) . |

We shall consider the case in which magnetic mixing provides
" only a small perturbation on the overall stellar structure, hence
magnetic mixing will be active only when the star is stable against
convection. We shall also consider that this magnetic mixing begins
somewhat outside of the generating convection zone boundary. While it
is the convection zone that forms the magnetic field, actual material
transport will be inhibited by the molecular weight gradient which
exists in the vicinity of the convection zone boundary. We shall,
however, test different posible starting points for active magnetic
mixing.

To further examine this mechanism, we propose a magnetic
mixing model with the following features:

1) M=2.0 M@' This will givg the star sufficient time to
mix on the main sequence and is representative of stars for which the
mechanism is active.

2) The "magnetic luminosity" will be constant through the
star. We define magnetic luminosity as the amount of magnetic field
energy (BZ/Bﬁ) passing through a given closed surface per unit
time. Obviously this magnetic luminosity must be much less than the

total luminosity. In addition, some models will be considered in



which the magnetic luminosity is allowed to decay with radius due to
interference between adiabatically expénding flux tubes.

3) &Adopt B = 105 gauss at the base of the mixing zone as an
equipartition value with convective turbulence (Schussler and Pahler,
1978).

The fraction of mass in the flux tubes will be an input
parameter, This is a measure of the number of field lines in the
.star. As the tube rises, this fraction will change to maintain a
constant magnetic luminosity up to the limit that no more than one
half of the star can be inside flux tubes. This reflects the fact
that matter must sink and that the star cannot be overfilled with f£lux
tubes. We shall consider three cases: First, we will consider the
case in which no more than one half of the mass in any zone is
contained within flux tubes, the "unsaturated" case. Second, we will
consider a star where half of the mass is in flux tubes at the base of
the mixing region, and magnetic fiux is conserved as the tubes rise by
unlocking enough matter from the expanding flux tubes to keep the mass
fraction of the tubes at 0.5 ("saturated case"). Finally, we shall
consider the case where the material remains locked to the magnetic
field lines but enough of the expanding flux tubes are destroyed by
conversion into thermal energy to keep the total mass fraction of the
flux tubes down to 0.5. Since the magnetic luminosity is far smaller
than the total luminosity of the star, the effect of any energy
deposited in a zone by a disintegrating flux tube will be small
compared to the energy normally passing through that zone. However in

this case magnetic flux will not be conserved. 1In all cases, the
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thermal lifetime of the tube (random walk time out for a particle
starting at the center) turns out to be comparable to the length of
time the flux tube takes to reach the surface.

The depth of'magnetic mixing will be an input parameter. The
actual value depends in detail on the field production mechanism and
is quite uncertain. The molecular weight gradient places some |
restraints on the depth of mixing however, and some isotope ratios may
"be insensitive to this choice.

The radius of the flux tubes will be an input parameter. This
will determine the rise times of the flux tubes and is, at present,
totally unknown. We shall consider a range of values.

We shall exmine the effects of this mixing on the CNO isotope
ratios ¢ 12C/13C, 14N/15N, 160/170, 160/180) and abundance ratios (C/N
and C/0). Sufficient mixing will certainly have the effect of moving
the CNO isotope and abundance ratios toward their equilibrium values
at the base of mixing, that is, lbwering the 12C/13C ratio toward 3.5,
lowering C/N and C/0, and raising 14N/lsN. However, if mixing is slow
enough that the CN cycle is not allowed to reach equilibrium, it is
the manner of approach to equilibuium and not the equilibrium values
themselves that matter. In the context of magnetic mixing, each of
the isotope and abundance ratios will change in an identifiable way,
leaving a magnetic signature.

In the spirit of obtaining a magnetic signature, we shall bury
the flux tube radius as a free parameter by varying this parameter to
achieve a range of 12C/13C ratios between 3.5 and 23.5, leaving the

depth of mixing as the only free parameter. Having done this, we can
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associate a specific C/N, C/0, 14N/15N, 160/170, and 160/180 ratio

12C/l3c ratio for any depth of mixing; more importantly, we

with every
can choose a mixing depth that is consistent with any combination of
12C/13C and any other CNO isotope or abundance ratio, for example
C/N. Having done this, we will be able to make predictions of all of
the other CNO isotope and abundance ratios given only 12C/13C and C/N

to determine if magnetic mixing is a viable explanation of the

" observed ancmalies.-

Calculations

Since the magnetic mixing is severely impeded by a molecular
weight gradient, the mixing can have little effect on the structure of
a star. For this reason we used the technique described by Dearborn
and Hgleton (1977) where we first generate an evolutionary series of
models following only the hydrogen to helium reaction. These
structural models are then used as input for a code which follows the
detailed CNO reactions. The magnetic mixing is then treated as a
diffusion term in the nucleosysthesis "piggyback" code.

To determine the magnetic diffusion parameter, consider the
diffusion to be the amount of mass per init time moving through a mass

Zone

AaM, , (1)

9
]
CLlCL
ot =

where dM/dt = mass moving per unit time, AM = mass through which £flux

tubes move (mass in zone). We can then write



M = Fem)u, (2)

where F = fraction of total mass residing in flux tubes, u = velocity

of flux tubes,

Parker (1975) derives a rise velocity for magnetic £lux tubes

in a convectively stable environment by assuming that a magnetic flux

_element will rise, cooling adiabatically until a temperature

differential is established between the flux tube and its environment

that will exactly balance the original buoyancy of the f£lux tube:

dT/T = Bz/8ﬂP (3)

After this balance is established, the flux tube can only rise at a
rate proportional to the rate at which energy can flow into it £rom
its sourroundings. The result of this calculation is that the rise
velocity of the flux tubes may be written as:

B2 1

_ & 2
U=y VA om

75 (4)

where &4 and ¢ are factors of order unity, A = temperature scale

height, a = flux tube radius, and I = intensity of radiation.

When the material making up a flux tube is locked to the flux

12

lines, as in the case of a highly conductive plasma, we can define the

run of the field strength and flux tube radius throuwgh the star as:

B = By /P, (5)
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1/2
as= ao(fbAp\ . (6)

Thus,

F(4%r%p) uoh (7)

¢
0

and we may define the magentic luminosity as:

_ 2
l'..m = F(dEh/dV)u(QWr Ye (8)

where magnetic energy density dEm/dV = 52/8‘17.

Using this model, we may determine a diffusion parameter at
every point in a stellar interior either using equation (8) to
determine F for the unsaturated case or arbitrarily setting F = 0.5 in
the saturated case. In the saturated, magnetic flux conserving case,
we set F = 0.5 and use equation (8) rather than equation (5) to solve

for the run of magnetic field through the star.

Results

We ran nucleosynthesis models for the three cases described
above: the unsaturated case, the saturated flux-conserving case, and
the saturated non-flux-conserving case. We chose first to allow the
envelope to mix above a depth of 0.3 M from the center of the star
to simulate the case that mixing is uninhibited by the molecular
weight gradient outside of the core discontinuity and then depths of
0.5 M@ 0.6 M@' and 0.7 M@ from the center to simulate different degrees

of inhibition. We also considered models in which we varied the
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initial 12C/l3c ratio from 40 to 90 and the initial C/N ratio from 3
to 5.8 to test for sensitivity to these parameters.

Of these variations, we find the resulting isotope and
abundance ratios relatively insensitive to the starting abundance
ratios. Also, except in those cases where magnetic mixing extends all
of the way down to the convective core, the resulting isotope and |
abundance ratios are equivalent to within 10% regardless of the
" saturation case chosen. In all cases where the final 12C/13C ratio is
between 5 and 20, the required flux tube radius falls between 30 km
and 1000 km. In figures 1 - 5 we have plotted all of the CNO isotope
and abundance ratios that might be expected given various combinations
of 12C/13C ratios and magnetic mixing depths. The model is
absolutely insensitive to variations in the value BO = 1.0 % 105
since we have parameterized our results in terms of the final
12C/13C ratio. Any variation of the initial B field could be

compensated for by a corresponding variation of the initial flux tube

radius,

Discussion
From the models we have run, we see that the post main

sequence abundance ratios are consistent with those in stars having a

13

moderate nitrogen enhancement and little or no ~~C enhancement. Some

of these stars are (Lambert and Ries 1977)

2 Gem: CM =o0.9, 12/ = 16;

g Tau: C/N = 0.6, 12C/l3c = 19;

$ Tau: o/ = 0.9, 2/ 3¢ = 23;

fl
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e Tau: O = 0.9, Y2/ % = 22;

ol Tau: ¢/ = 1.0, L%c/13% = 20.

The models where mixing does not penetrate 0.5 M, are consistent with
e Oyg: CN =1.4, *2¢/Y%c = 11.5,

and approach the value for

4 Boo: ON =2.2, Y%c/MPc = 8.
The question that then comes up is how to justify mixing that begins
so far out from the convective core. However, the molecular weight
gradient due to the PP I chain extends out to ~1.0 M@' and the
mixing inside the gradient may be very slow because the flux tubes
must break free of the gradient.

By equating the fall time of an element in a molecular weight
gradient and the rise time of a magnetic flux tube, Kippenhahn (1974)

derives the following criterion for a molecular weight gradient to

suppress magnetic mixing:

P < 4«
A

r

%

where Py = magnetic pressure = 32/875,0 = molecular weight, and ¢

= function of state = 1 for a perfect das. For B = 105 gauss, P =

17 2

dyn cm 4, and ¢ = 1, a molecular weight discontunity of du/u

9

10

will bottle up the 10° gauss field.
9

=4 x 10;
At the end of the star's 107 year main sequence lifetime,

the molecular weight differs by a factor of 2 x 1073 Erom the

surface value as far out in the star as 1.3 M@' which is clearly too

far out for any useful mixing to occur. The next thing to consider is
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how quickly the gradient will form to see if the magnetic mixing will
inhibit its formation.

With no mixing, a molecular weight gradient forms rather
quickly in a stellar envelope. At a mass zone of 0.6 M® from the

center of our 2.0 M_ star, the molecular wieght gradient increases

o
at a rate of &t/ = 10”ll per year. Unless a magnetic field can mix

this area in less than about a hundred years, magnetic mixing will be
snuffed within the first few hundred yers of a star's lifetime.

9

Although 10 ° is a very small gradient and a hundred years

is a very short timescale this is not an impossible condition. The
stellar envelope need only be homogenized over the displacement
distance of a flux tube as described by equation (3). 2As a flux tube
rises adiabatically, its temperature drops by an amount:

dTB/T =dz {d In P / dz) Vé {9)

but the temperature of its environment drops by:

dTé/T =dz (d In P/ dz) V (10)

thus the temperature differential between the flux element and its

environment is:

dT/T = dz (é 1n P / dz) (Vé—V) (11)

Substituting from equation (3) we find the displacement distance to be
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_ H_(B%/8p)

(12)
(v -V)

where H is the pressure scale height, We can approximate the mixing
time by the time required for a flux tube to cross this displacement
distance, In Figure 6 we compare the time required to form a

=9 with the time required for

molecular weight gradient of da/w = 10
a flux tube of 105 gauss to disperse it. From this consideration,
“we might expect that a 2.0 My star with £lux tubes somewhat smaller
than 1000 km would be stable against megnetic mixing below about 0.6
M@ from the center and would mix above this height.

This sensitivity to the molecular weight gradient is actually
a very useful property of the modei. In the region in which 13C is
enhanced, the CN cycle has produced little or no helium. The major
contribution to the s gradient is from the helium produced via the PP
chain. In deeper regions, both the PP chain and the CNO cycle are
active in producing helium, and the increased mean molecular weight
provides a natural mechaenism for turning off this mixing.

This leads us to propose the following model for magnetic
mixing above 0.6 M@

1. Field generated at 0.3 M@.
2. Field buoyant on a thermal time scale above 0.6 Mgye

3. There is little mixing below 0.6 Mg because the star is
100% filled with flux tubes that are too heavy to float.

4, The flux can only rise as corresponding material floats off

the top. In this case, the time scale for rising may be so long that
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