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Abstract

Three aspects of magnetic white dwarf stars are studied to aid in the under-

standing of stellar evolution.

A survey of ~ 50 DC white dwarf stars was conducted in circular spectropo-
larimetry to search for magnetic fields R 30 kG. Four DC stars were discovered
with magnetic fields above 30 kG: G 111-49 with B, ~ —220 MG, G 183-35 with
Be = +6.8 £0.5 MG, G 256-7 with B, = +4.9 £ 0.5 MG, and G 234-4 with
Be = 4+39.6 £ 11.6 kG. A new magnetic DB white dwarf was also discovered, LB
8827 with B, = 1.0 £ 0.5 MG. A total of 15% of the white dwarfs in the survey
have a magnetic field > 30 kG. This value is far larger than the 2% of DA stars,
but more than half of the DC stars were originally misclassified. Only 5% of the
re-classified DC stars have magnetic fields above 30 kG.

Three magnetic stars from the DC white dwarf survey were re-observed to
investigate the possibility of rotation. Two are definitely rotating: LHS 1734 with
16 min < P < 1 yr and G 158-45 (=LHS 1044) with a probable period P ~ 11 hr
but a definite period P <1 d or P ~ a few days. G 183-35 might be rotating with
50 min ~ P < a few yr. From all the white dwarf rotations known, it is clear that
angular momentum is lost before a star becomes a white dwarf, but not clear that

the loss is greatly enhanced by magnetic fields.

The isolated magnetic white dwarfs G 99-47, KUV 813-14 (KUV 23162-1220),
and G 227-35 were observed in linear and circular spectropolarimetry and then
compared to calculated theoretical spectra to find a model for the magnetic field
strength and structure. The comparisons were to Stokes’ V/I (circular polariza-
tion) spectra in addition to total flux F), and these add many constraints to the
possible solutions. An off-centered dipole or a dipole+quadrupole configuration

best fits the observations.

The results of the survey and the modeling are consistent with the theory

that the magnetic Ap stars are the predecessors of magnetic white dwarfs.
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CHAPTER 1
Introduction

1.1 General Information on White Dwarfs

1.1.1 Discovery

Many of the bright stars we see are actually binary star systems with one
bright star and one dim star, and it was among a few of these systems that
the first white dwarfs were found: Sirius B, 40 Eridani B, Van Maanen 2. As
binary companions of nearby stars, their mass and luminosities could be accurately
determined; they were found to have low masses and low luminosities and therefore
thought to be red. However, when spectra were taken, they were found to be
blue objects (Sirius B: Adams 1915; 40 Eridani B: Adams 1914, Hertzsprung
1915; Van Maanen 2: van Maanen 1917). From the above data and the relation
L = 47r0‘T§ffR2, these stars were found to have radii smaller than expected for
“normal” stars; as Eddington described Sirius B in 1926: “Apparently we have a
star of mass about equal to the sun and of radius much less than Uranus. ..I think

it has generally been considered proper to add the conclusion ‘which is absurd.””

3 was considered absurd at this

The idea of matter as dense as 105 g cm™
time since an atom was believed to be a rigid sphere. However, the works of Fermi
(1926) and Dirac (1926), Fermi-Dirac statistics, were applied to white dwarfs by
Fowler (1926) and an explanation was found. Fowler claimed that the electron
degeneracy pressure inside a white dwarf is halting its gravitational collapse. This

was revolutionary at the time, but it is well established now as the solution to the

densities reached in a white dwarf.

Well over a thousand more white dwarfs have been identified (McCook and
Sion 1987) since that time, both with and without companions. White dwarfs are
intrinsically dim, thus only those close by or those located in binaries are identified.
Parallax surveys, proper motion surveys, and faint blue object surveys have been

the most fruitful ways of discovering new white dwarfs.
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1.1.2 Basic Description

A white dwarf is one of the end products of stellar evolution. It is a star
which no longer burns hydrogen, helium, or anything else; its luminosity is mainly
derived from thermal cooling. Its spectral shape is very nearly a black body for the
majority of its life. White dwarfs have been observed with temperatures > 60000
K (Sion et al. 1992) and < 6000 K (e.g., Bergeron, Ruiz, and Leggett 1992)
and they will eventually cool down enough to no longer be visible, approximately
ten gigayears after formation (D’Antona and Mazzitelli 1990, hereafter DM). The
theoretical maximum mass attainable is 1.4 Mg (using p. = 2, instead of 2.5, in
Chandrasekhar 1931), although no white dwarf has been identified as being that
massive (1.31 Mg has been reported by Schmidt et al. 1992 for PG 1658+441).
The average mass of DA white dwarfs has been measured at 0.56 Mg, evenly
distributed about this value with 75% of DA white dwarfs falling within £0.1 Mg
of 0.56 M (Bergeron, Saffer, and Liebert 1992). They typically have radii similar
to that of the earth (see below for further explanation). In fact, the more massive
a white dwarf is, the smaller its radius is (see Equation 1.6). Their mean densities
are on the order of 10° g cm™ and they are composed of electron degenerate

material, typically carbon and oxygen.
A white dwarf’s interior can be described by a polytrope. A polytrope is a
gaseous sphere whose pressure-density relation is

P=Kp" (1.1)

where K is a constant depending upon the actual make-up of the polytrope, v =

(n+1)/n and n is the polytropic index. If we define
p=Ag", (12)

where A is a scaling parameter and ¢ o temperature T, and use these values in

the equation for hydrostatic equilibrium,

dP GM, dM,
- 1.
dr p r2 o dr’ (1.3)
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we then have the following relations for the total mass and radius of a polytropic

star:
(n “l‘ 1).[&’ 12—n
R e (14)

where the ¢ is a dimensionless radius and are solved for by the Lane-Emden
equation (see, e.g., Clayton 1983). If 2.5x 107873 g cm™> < u—”e <7.3x105g cm™3
(lower limit is the non-degenerate/degenerate matter boundary and the upper limit
is the non-relativistic/relativistic degeneracy boundary), where p. is the electron
molecular weight, then the best polytrope is the non-relativistic degenerate n=1.5,

v = % polytrope. In this case,

MR® = —4r [i] & (- fl T IE = constant. (1.6)

This means that the heavier the white dwarf, the smaller the radius. For a white
dwarf with #—pe = 7.3 x 10% g cm™3, a relativistic electron degenerate polytrope

(n=3,v= %) is the best description. In this case,

K 2\?
M——47T[7TG] (=&} dg’s = 1.457 (?) Mg, (1.7)
K % 1 A _% 2 %
=|—| A73¢ =334 Rl e — = .
R [WG] AT3¢ =3.347 x 10 [106gcm_3] ( > km (1.8)

(values from Shapiro & Teukolsky 1983). For any mass greater than Equation 1.7,

gravity wins and a neutron star is born.

The atmosphere of a white dwarf is composed of non-degenerate and par-
tially degenerate layers of gas. This envelope can be approximated as a perfect
gas in radiative equilibrium; however, it is actually much more complicated than
this simple picture (DM). Using the approximation of a perfect gas in radiative

equilibrium, the depth of the atmosphere can be calculated by determining the
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depth at which the degenerate matter begins. If { = & where 7 = radius at which

degeneracy starts, then

G- _ 1) > 5.08 [Zj\ﬂ 7 ﬁ% (1.9)
where p is the mean molecular weight, and R, M, and L are in solar units (Motz
1970). Thus for a white dwarf of R = 107?Rg, M = 0.56 Mg, and L = 1072 L),
<% — 1) > 0.011 which means the atmospheric thickness is ~ 0.01Rwp. The

white dwarf atmosphere has a period of convection, which depends upon the tem-

perature of the star (see Section 1.1.5.3).

1.1.3 Rotation

One of the hardest characteristics to measure for a white dwarf is its rotation
period (I will refer to both rotation period and velocity, depending on which is
actually measured). Rotational velocities cannot be measured from line widths as
they are for main sequence stars, since the line broadening from the high surface
gravities (Stark broadening) is typically one or two orders of magnitude larger
than rotational Doppler broadening. There are 15 DA white dwarfs which have
line cores sharp enough to make rotational velocity measurements (Pilachowski &
Milkey 1987), and most of these measurements are not actual detections. Except
for this handful of stars, the only white dwarfs with measured rotation periods
are those with strong magnetic fields (> 10° G) and ZZ Ceti stars. These periods
fall into two categories: between hours and days (Liebert 1980) and what appear
to be longer than 100 years (Chanmugam 1992). The stars with fastest periods
are spinning very much slower than the maximum, or break-up, speed of v =
\/@ = 3.7 x 108, /(MMg)(RA;)_l cm/s, which corresponds to a period P = (£) =
2.7 (%)3(%)—1 s. It is very curious as to why there is a bimodal distribution
of rotational periods (velocities) in white dwarf stars. Section 1.2.3.2 and Chapter

3 discuss this in more detail.
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1.1.4 Spectral Types

When white dwarfs were first observed spectroscopically, they were identi-
fied as any other star would have been, e.g., as an “A” or “B” star (Schatzman
1958). Eventually, they were given this spectral type with a “D” placed in front
to denote degenerate, and extra subscripts were added at the end to denote other
qualities like polarization, e.g., DAp (Greenstein 1960). Some were classified by a
wavelength, e.g., A4135, to denote an absorption feature at this wavelength. Such
wavelengths were often unidentified. This started to get very complicated. Thus a
revised classification system was introduced about ten years ago (Sion et al. 1983)

and has been in use since then (see Table 1.1).
1.1.5 Evolution

1.1.5.1 From Main Sequence to White Dwarf

A star with an initial mass between ~ 0.08 Mg and ~ 8 Mg, shall eventually
become a white dwarf, assuming “normal” evolution (abnormal evolution includes
the evolution of systems involving mass transfer or contact binaries). The upper
limit is generally considered to be between 5 and 9 Mg and depends upon how
much convective overshooting is taken into account in the models; 8 M comes
from a moderate amount of overshooting (Meynet 1991). The lower limit is actu-
ally the lower limit on hydrogen burning, i.e., the smallest mass which can support
hydrogen burning. The inital mass is the biggest factor in determining the evolu-
tionary path a star will take; another major factor is whether the star is isolated

or in a binary — I shall be assuming isolation from now on.

For initial stellar masses between ~ 0.5 and ~ 8 Mg, the star will burn
hydrogen and then become a red giant. For initial masses £ 2 Mg, the helium
core is electron degenerate and the star will undergo a helium flash and burn
helium along the horizontal branch (HB). Then, if the remaining core mass 2 0.5
Mg, it will ascend the asymptotic giant branch (AGB), eject its envelope, become

a planetary nebula (PN), and finally become a white dwarf with a carbon-oxygen
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core. If the star’s core mass is < 0.5 M at the end of the HB (sdB and sdBO stars,
for field stars), the star will continue along the HB and evolve directly to a white
dwarf (see below). For initial masses 2 2 Mg, the helium core is non-degenerate
and therefore it can ignite helium on its own and burn it while on the HB. It then

follows a path similar to a star with a core mass 20.5 M.

While a star is on the giant branch or the AGB, it is believed to undergo
angular momentum transfer from the core to the envelope, and when the envelope
is blown off, the transferred angular momentum goes with it. If this or some other
means to remove some angular momentum did not exist, conservation of angular
momentum would cause the white dwarf to spin faster than its break-up velocity

(Villata 1992).

For initial masses between ~ 0.08 and ~ 0.5 Mg, the star burns hydrogen,
but becomes electron degenerate before helium can ignite, in the same way that
brown dwarfs never ignite hydrogen (Meynet 1991). The star then evolves directly
to the white dwarf region of the H-R diagram from the extreme horizontal branch
(Heber 1986, 1987). The actual processes involved in this direct evolution are
unclear. The probable scenario is that once all the core hydrogen has been burned
and the helium does not ignite, the radiation pressure decreases until it is much
lower than the gravitational pressure. Thus the star collapses until the electron
degeneracy pressure is equal to the gravitational pressure. Then, as helium white

dwarfs, they end their existence.

1.1.5.2 White Dwarf Cooling

Once a star reaches the white dwarf phase it has lost all its ability to produce
new energy, so instead it just releases all the energy it has left as it cools. The
original description of this process, e.g., Mestel (1952), uses residual ion thermal
energy as the only source of luminosi’ty for the white dwarf’s lifetime. For this
case, 1t can be easily shown that the time a white dwarf has been a white dwarf is

‘ 3 kTM
5 Am,L

(1.10)
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where T is the internal temperature:
L17
T=5x10" {M} (1.11)

(Mestel 1965), and A = baryon number. Mestel (1965) calculates the age of Sirius
B as 1.5x10% /A years. Shapiro & Teukolsky (1983) make the analogous calculation
to Equation 1.10, but add in the lattice potential energy and the latent heat of

crystalization. Their lifetime is a factor of ~ 3 longer than Mestel’s calculation.

The hot, newborn white dwarf takes some time to settle down. What this
involves is not fully understood although it does vary depending on which route
the star took to become a white dwarf (e.g., planetary nebula or sub-dwarf).
Eventually the white dwarf becomes dominated by neutrino cooling, at which
point all white dwarfs have the same thermal structure, regardless of evolutionary
path. This stage ends when log :L% ~ —1.5, which is about ~ 7 x 107 years after
the white dwarf was born (DM). At this point thermal cooling begins and Mestel’s
description is valid. When the interior temperature reaches the gas-liquid phase
boundary, Ty ~ 3 x 104p'§?Z% K (Z is the ion charge), the matter starts to liquify.
It continues to thermally cool, but “crystallizing” effects need to be added as well,

which cause the cooling time to increase over the previous stage of cooling by a

factor of 2 (t = £ :TZ’;Z:IL) When the interior has cooled down to the melting
point (log LL_@ ~ —3.8 for hydrogen envelopes, ~ —3 for helium envelopes; DM),
it begins to crystallize. The start and end times of the crystallization process
vary depending upon composition. To reach log LL@— = —4.5, the approximate
point of invisibility, a carbon core, medium opacity model takes ~ 8.7 x 10? years,
whereas an oxygen core, low opacity model will take ~ 3.5 x 10° years (DM). The
final phase, like the first, is very poorly understood. When the star reaches the
Debye temperature, p ~ 4 x 103\/5 K, it should undergo “fast” Debye cooling.
However, it is believed that this rarely, if ever, happens since the outer layers have

been cooling more slowly than the inner ones and the overall 0TD ratio is too small

for the “fast” cooling.
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1.1.5.8 Observed

It is not possible to follow one white dwarf as it evolves due to the brief
lifetime of humans. However, we can observe many white dwarfs of different
ages and determine a possible evolutionary path for all white dwarfs much in the
same way as we could attend a family reunion and determine the aging process
of humans by observing the infants through the elderly. For the humans, we can
just ask the age of each family member and determine a time line from that. For
the white dwarfs, we measure a temperature and piece together an approximate
time line where decreasing temperature is increasing age. For humans we might
look at size, strength, coordination, elasticity of skin, amount and color of hair as
a function of time to determine what aging does to the family in question. For
white dwarfs we observe composition (spectral type and abundances), luminosity,
magnetic field, and rotation (if possible). In both cases we are only observing the
exterior features. They are usually related to the interior features, although the
local environment will affect the exterior as well. For example, cousin Bob from
Phoenix will probably have more wrinkles at age 35 than cousin Tess from Buffalo
will due to increased sun exposure and dry air much in the same way a 10,000
K DZ white dwarf will have more calcium in its atmosphere than a 10,000 K DA
white dwarf due to accretion of local dust (see, e.g., Koester & Chanmugam 1990).
Thus although the interiors of the white dwarfs will all cool similarly, the exteriors

will act differently.

Originally it was thought that a white dwarf atmosphere was mainly hydrogen
(DA), helium (DB or DO), or a combination of the two (DAO, DAB), and as the
star cooled, the other constituents, e.g., carbon (DQ) and calcium (DZ), would
be seen as these atoms and molecules recombined and hydrogen and/or helium
lines became weaker. Finally, the star would be so cool that the spectrum would
appear continuous (DC) (Liebert 1980). However, the data do not allow these
parallel evolutionary tracks (Liebert 1991). Present theories claim that there is
settling in the atmosphere by atomic weight, thus slowly obscuring all elements

except hydrogen. In fact, there is a gap of DB stars from 45,000 K to 30,000 K.
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However, at about 30,000 K, convection begins in the atmosphere and the heavier
elements are dredged up. At this point DB stars are once again in existence.
Around 10,000 K, the convection goes deep enough in some stars to dredge up
carbon, thus introducing the DQ stars. DZ stars are thought to be products of
accretion of the local interstellar medium and these appear when enough material
has been accreted, typically around 10,000 K. As before, DC stars are believed to
be the end results for all white dwarfs. This occurs at around 11,000 K for DB
stars and below 4500 K for DA stars (see Chapter 2, Table 2.5 for examples; 4500

K is the coolest temperature of DA white dwarfs in the sample).

Schematically, white dwarf evolution can be seen on the H-R diagram. The
white dwarfs occupy the bottom, left-hand corner of the diagram. As they cool,
they will follow tracks of constant mass, travelling diagonally from the upper left

to the lower right.

1.2 Magnetic Fields in White Dwarfs

One of the topics not covered in the previous section was that of magnetic
fields. This is almost an entire field unto itself and I am treating it as such.
Again, I am only concerning myself with the isolated white dwarf. Also, the term
“magnetic white dwarf,” or MWD, will be used to refer to a white dwarf with a

surface magnetic field strength > 10® G (= 1 MG).

All stars have a magnetic field; however, we cannot measure it in most cases
because it is too weak. If there is no dynamo in the star to keep the magnetic
field going, it is expected to decay with time (see Appendix 1.A; our own sun has
a dynamo). Most calculations (e.g., Chanmugam & Gabriel 1972 and Fontaine,
Thomas, & Van Horn 1973) place the decay time in a white dwarf between 10?
and 10'! years. This happens to also be the approximate age of a white dwarf

when it has reached invisibility.
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1.2.1 Discovery

Minkowski (1938) analyzed a spectrum he took of the white dwarf Grw
+70°8247. He noticed wide absorption bands at ~ 4135 A and at ~ 4470 A,
but no absorption at the wavelengths expected for hydrogen, helium, carbon, or
any other element or molecule of which he could conceive. Kemp & Swedlund
(1970) and Kemp et al. (1970) made circular polarization measurements of Grw
+70°8247 and found ~ 3% circular polarization. This now explained the oddly
placed absorption features — they were due to hydrogen in a strong magnetic field.
Wickramasinghe & Ferrario (1988) modeled this star with a field strength of ~320
MG. Since that time more than 40 isolated white dwarfs have been identified as
having fields > 1 MG (Schmidt & Smith 1995; Putney 1995). Also, with the aid
of spectropolarimetry, fields < 1 MG are now being accurately identified (Schmidt
et al. 1992; Schmidt & Smith 1995; Chapter 2).

1.2.2 Origins

One of the big questions concerning magnetic fields on white dwarfs is “how
did it get there?” Present theories (e.g., Chanmugam 1992) suggest that they were
born with them, i.e., the magnetic field the star had during the main sequence
phase remained. This could explain the distribution of magnetic fields observed
(Chanmugam 1992). There are 4.0+1.5% of DA stars with magnetic fields between
30 kG and 1000 MG (Schmidt & Smith 1995).

Conservation of the magnetic flux, o« BR?, implies that a decrease in radius
will cause an increase in magnetic field strength. A magnetic Ap star has a surface
field strength on the order of 10* G, so if it decreases in radius by a factor of 100
between the main sequence and the white dwarf regime, it will have a surface
magnetic fleld strength on the order of 10® G. Similarly, if our own sun shrank
by a factor of 100 and kept its magnetic flux, it would have a field strength of
~ 10* G when it became a white dwarf. The present space density and death
rate of Ap stars, assuming they have not changed with time, are estimated to be

consistent with the observed space density of magnetic white dwarf stars (Angel,
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Borra, & Landstreet 1981). Thus Ap stars could be the progenitors of the magnetic
white dwarfs while the other main sequence stars are the progenitors of the white
dwarfs with far smaller fields strengths. However, it is possible that many rapidly
rotating main sequence stars have forced their magnetic fields below their surfaces
(Mestel & Moss 1977) and thus have inhibited our ability to accurately determine
the number of main sequence stars with relatively strong fields (2 10* G). On
the other hand, Liebert (1988) points out that the magnetic white dwarfs have
larger masses than the average as well as smaller tangential space velocities. This
points to the conclusion that the magnetic white dwarfs come from the more
massive progenitors, namely A and B stars. This dilemma may not be solved
until many more white dwarfs have their magnetic fields measured (thé surveys of
Schmidt & Smith and Putney (Chapter 2) have greatly improved these statistics)
and the space densities can be better determined for both white dwarfs and their

progenitors.

It has also been suggested that many of the white dwarfs are born with high
field strengths which decay before we can observe them. As previously mentioned,
calculations show that the magnetic field decays by about a factor of 2 during
the white dwarf’s lifetime (see Appendix 1.A for calculation). These calculations
are for the dipole field, a quadrupole or higher multipole field will decay faster
(Chanmugam 1992) and therefore only dipolar fields are expected on the oldest

white dwarfs.
1.2.3 Effects of a Magnetic Field on a White Dwarf

1.2.3.1 Gravity

An interesting effect that a strong magnetic field has on a white dwarf is to
increase the radius slightly. Chapter 7 of Shapiro and Teukolsky (1983) explains

this as “reducing” the the gravitational constant:

G'=G(1-96) (1.12)
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with
6

Tk (1.13)

where M = magnetic energy = §1; [ B*d*z and W = gravitational potential energy
1

= 3 [ p(x)®(x)d*z. A non-relativistic degenerate white dwarf will then have a

radius

R=R,(1-6)7"1, (1.14)
where R, = R(B = 0); an extreme relativistic degenerate star will have

36
— R, exp(———), 1.1
R = Roexp(z~) (1.15)
where n = polytropic index. The magnetic field will also increase the maximum

mass a white dwarf can have:
3
Moz = ]\/ICH(I + 55), (1.16)
where Mcy = %M@.

1.2.8.2 Rotation

As previously mentioned, the angular momentum is expected to be trans-
ferred from the core to the envelope of a post-main sequence star. If the star has
a strong magnetic field, then the field should aid in the transfer of the angular
momentum by coupling the core and the envelope (Schmidt & Norsworthy 1991).
Therefore, the stronger the magnetic field, the slower the white dwarf should be
rotating (adding to that the fact that magnetic Ap stars are rotating more slowly
than many other stars; Ryabchikova 1991). The rotation periods of magnetic
white dwarfs should also be slowing down as they cool due to magnetic braking
(Q = -@Z—g}?ﬁ, where B, = polar field, I = moment of inertia, and a =

angle between rotation and dipole axes). This implies that the older and stronger

a magnetic field that a white dwarf has, the slower it should be rotating.

Both of these effects might be true, but it is not entirely clear from the

observations. Figure 3.6 (Chapter 3) shows the distribution of rotation periods as
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a function of polar field strength for 16 magnetic white dwarfs and 15 non-magnetic
white dwarfs (see also Tables 3.3 and 3.4). There is almost a correlation between
high field and long period, except PG 1031+ 234 and RE J0317 — 853 have among
the highest field and the shortest periods. Similar discrepancies can be found, with
greater frequency, when comparing ages (temperatures) with the rotation periods
(see Figure 3.5). It is possible, but not likely (Schmidt & Norsworthy 1991), that
each of the stars which appear to be non-rotating either have periods £ 10 min
(present limit of time-resolution) or are rotationally symmetric with respect to the

magnetic field. In any case, the distribution of rotations is clearly not understood.

1.2.5.8 Absorption Features

The most noticeable effect of a strong magnetic field on a white dwarf is
the displacement, in wavelength, of the hydrogen, helium, etc., absorption (emis-
sion) features. This effect increases with increasing magnetic field strength from a
slight (linear) perturbation, to a stronger (quadratic) perturbation, to even larger
changes as the atom’s potential is dictated more and more by the magnetic forces
instead of the Coulombic forces. These changes in the spectrum make it possi-
ble to measure the magnetic field strength from the flux spectrum, as well as the

circularly polarized spectrum (see below).

For field strengths < 10° G, the magnetic field causes a small perturbation
on the atom’s potential. This effect is known as the linear Zeeman effect. This

causes a shift of the absorption lines of

= ——— N (gpm] — gpm}) (1.17)

(Condon & Shortly 1951), where g, = 1 + J(J+1)+25J(5I:]1))_L(L+l)7 B 1s magnetic

field strength, the primes refer to upper (double prime) and lower (single prime)
states, and n, m;, J, K, and L are quantum numbers. For transitions where
Am; = 0, the components are linearly polarized parallel to the magnetic field
when observing the field perpendicularly (i.e., looking at the equator of a stellar

!

dipolar field), they are also not shifted very far from the zero-field line (g L =497
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the line is not shifted at all). For transitions where Am; = +1 (the selection rules
only allow for Am; = 0, £1), the components are linearly polarized perpendicular
to the field when observing the field perpendicularly and circularly polarized when
observing the converging field (i.e., looking down the pole of a stellar dipolar field).
The transition due to Am; = 41 is shifted towards longer wavelengths and yields
one sense of circular polarization (a positive circular polarization when observing
the north magnetic pole; terms right- and left-handed circular polarization are
avoided due to the different conventions of optical and radio astronomers). The
transition for Am; = —1 is shifted towards shorter wavelengths and yields the
opposite sense of polarization. These polarizations lead to a distinct diagnostic
for identifying a magnetic field in a white dwarf even if the magnetic field is only
strong enough to broaden, but not split, an absorption feature (the gravitational
broadening is large, often obscuring the magnetic broadening, see Section 1.1.3).
The finer the resolution, the lower the magnetic field measurable. Figures 2.58

and 2.59 show stars with this effect.

As the magnetic field increases, it introduces a larger perturbation on the
atomic potential. This is known as the quadratic Zeeman effect and it becomes
noticeable or dominant for fields between ~ 10% and 107 to 10® G. This is still

treated as a perturbation, thus the absorption becomes

ZSA)\ob.ﬂer'ved = )\O + A/\linear + A/\quadratic (118)

and
2.2 2
B*e*ag 22y,
8m.c3hZ2"°

(Van Vleck 1932; Preston 1970), where Ay is the unshifted transition wavelength,

A)\quadratic N = (1 + ijIZ) (119)

a, = Bohr radius, Z is the atomic number, and n'* and m'j'2 are quantum numbers
of upper state. The polarization senses of these transitions are the same as for
the linear effect, since this effect is an addition to the linear effect. The quadratic
effect shifts all lines bluewards. For cases such as the Balmer series, the m;

dependence creates more than the three transitions Am; allows. Ha becomes
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15 separate transitions, H3 becomes 18, etc. Kemic (1974) has calculated the
transitions for Ha, HB, Hy, Hé, and several He II lines more precisely than the
approximation in Equation 1.19 for magnetic fields through 10" to 108 G (the
maximum field strength depends on the transition). Figure 2.37 is a prime example

of this splitting.

For both Zeeman effects, a magnetic field strength can be determined easily by
measuring the absorption feature wavelength and inverting equation 1.18 to solve
for B. The magnetic field of a star is not single valued, thus the magnetic field
calculated by this method is a mean field strength of the observable hemisphere.
The strength of magnetic field on the surface of a star with a centered dipolar
field will vary by a factor of two from the pole (highest value) to the equator. An
offset dipole or dipole4+quadrupole will vary by more than that. Models can be
calculated to find the field structure (see Chapter 4). However, an average field

strength is adequate for most purposes (see Chapter 2).

For fields above 107 or 108 G, the linear and quadratic Zeeman calculations
are insufficient to describe the transitions. This is because at these field strengths
the magnetic and Coulombic forces are similar in strength, but very different
geometrically. The magnetic forces are cylindrically symmetric and the Coulomb
forces are spherically so, making analytic formulae impossible. A theoretical group
in Tubingen, Germany, have calculated the transition wavelengths for hydrogen
for field strengths from 4.7 x 10 G to 4.7 x 1012 G (Forster et al. 1984, Wunner et
al. 1985). These calculations explain the inexplicable absorption bands Minkowski
saw in Grw +70°8247. Above 10° G the magnetic forces are dominant and the
equations become analytic again, but they will not be discussed here since no white

dwarf has been discovered in this regime.

The method for magnetic field determination in this regime is similar to that
of the Zeeman effect. Namely the wavelengths of the absorption features can be

matched to calculations and the best determinations are from models. Section
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2.4.2.1 discusses this procedure in more detail and Figure 2.14 is an example of a

star in this magnetic field range.

1.2.8.4 Continuum Emission Mechanisms

Most of the effects of a magnetic field on the continuum of a white dwarf are
manifested in the linear and circular polarization spectra as opposed to the total

flux spectrum. One feature that is expected in the flux spectrum is a cyclotron
eB

57> Which is in the near
(4

absorption line feature at the cyclotron frequency, v, =
infrared and optical for B> 10® G; however, no such absorption feature has yet
been positively identified (Angel 1978). The polarization effects are mainly due to
birefringence in the free-free and bound-free opacities (West 1989). Other effects
which need to be considered, particularly when making models, are the Faraday
and Voigt effects (Jordan, O’Connell & Koester 1991) and Thompson scattering
(Whitney 1991a,b; Chou & Chen 1990).

Bound-free absorption in a large magnetic field reacts to the fact that the
structure of the atom has changed, and the higher the field, the more drastic the
change. For field strengths < 10" G, Lamb & Sutherland (1974) give a simple
description of the bound-free transitions. The bound-free absorption coefficient
breaks up into three components corresponding to the three values the magnetic
quantum number, m;, can take. The effect is to create a rise to the red in polar-

1zation, depending upon field orientation:

VO) _ _4(“L)cosh, (1.20)
T w
T w

(Lamb & Sutherland 1974), where 7 = mean optical depth of the absorption

layer, § = angle between the direction of propagation and the magnetic field,

and wy = Larmor frequency = Q:nBc' For field strengths > 10!2 G, the entire

structure of the atom has changed such that it is almost a cylinder aligned with

the magnetic field (Rosner et al. 1984), as opposed to the classical sphere in the
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absence of a magnetic field. This causes an overlapping of continuum states and
therefore large dichroism in photoabsorption. For field strengths in between these
two extremes, fairly unrealistic approximations have been made while calculating
the cross-sections (Kara & McDowell 1981), namely the Coulomb forces have been
poorly represented, even though, for fields between 10® and 10° G, the Coulomb
forces play a large role. The physics behind these absorptions is poorly understood,
and therefore the polarization effects are even less so, although from what I've
read, I gather the basic continuum polarization shape is rising to the red with

discontinuities at multiples of the cyclotron frequency.

Bremsstrahlung absorption is affected by the presence of a large magnetic
field. In a magnetoplasma, the ordinary and extraordinary radiation modes prop-
agate separately. The cyclotron orbit of an electron has the same direction and
nearly the same shape as the extraordinary radiation mode, and therefore the elec-
tron absorbs the extraordinary mode more often than the ordinary mode. This
causes the bremsstrahlung absorption to be effectively polarized across the con-
tinuum. Kemp (1970) shows that the circular polarization o< “=, and the lin-
ear polarization o (22)? (Kemp 1977). West (1989) points out that magneto-
bremsstrahlung needs very high collision rates (w./v > 1, where v = collision
rate) which are found deep in the atmosphere of the white dwarf and therefore we

can only see this polarization after it has been reprocessed, perhaps repeatedly.

Cyclotron absorption is the quantized free-free absorption by an electron.
The electron, rotating around a field line, will absorb a photon of energy = nhuv,

(n = an integer) and move into a higher Landau state. This absorption is peaked

2kgT
mec?

around v, with a width %’i ~ |cos@]. The polarization produced exists

only in a frequency range Av around v, and can be described by:

V(9) _ 2cos 8 (1.22)

7  1+cos28’ o
.2

Pmaz(0) sin“ 6 (1.23)

7 _—1+C0829
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(Lamb & Sutherland 1974). West (1989) mentions that since the cyclotron ab-
sorption has a large cross section, we observe it from high in the atmosphere and

therefore it should be a strong narrow peak at the fundamental frequency.

There are a few other effects which should be considered when making a
complete description of the polarization of white dwarfs. The first is the Faraday
effect; this is due to the fact that the indices of refraction are different for left and
right circular polarization in the presence of a magnetic field. The position angle

of the linear polarization as a function of frequency and magnetic field:

o w wiwe

m: Z(n+—n_)= m (1'24)

(from Jordan et al. 1991) where | = path length and w, = plasma frequency
= /47 N.e? /m.. Another effect is the Voigt effect, which is a phase shift between
the electric field components parallel and perpendicular to the magnetic field.

What we see is a change in the ellipticity by an amount:

do w W;WE
dr ~—  2ckp (nj—ny)= 2wk p(w? — w?) (1.25)

(from Jordan et al. 1991) where kg = Rosseland absorption coefficient and 7 =
optical depth. A third effect is Thomson scattering in a magnetic field. In the zero
magnetic field case, Thomson scatter is the scattering of a photon off of an electron
with a cross section of op = 87 /3r2, where r, is the classical electron radius. In
a strong magnetic field, the cross section becomes a function of the cyclotron
frequency (see Whitney (1991a) for the dependence). This change in cross section
is due to the rotation of the electrons around the magnetic field. Whitney (1991b)
does many simulations of what happens polarimetrically as functions of angle from
the magnetic axis and w./w. The polarization seems to be highly dependent upon
viewing angle and can reach 100% polarization in some scenarios. Whitney does
point out, however, that this may not be very important in white dwarfs since

electron scattering is probably not significant in their atmospheres.

The effects of a strong magnetic field on a white dwarf continuum are not

well understood. Theorists have been using the above mentioned processes to
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try to simulate the conditions on white dwarfs with only limited successes (e.g.,
Jordan 1992, Wickramasinghe & Ferrario 1988). Portions of the observed polarized
continuum will be reproduced by the theoretical model but other regions will be
far off (see Chapter 4). The situation may soon change with the newly calculated

bound-free opacities from a group in Bochum, Germany (Merani, Main, & Wunner

1995).

1.3 Polarization Measurements

Spectropolarimetry shows both the continuum and the line polarizations,
which is useful for comparisons with models of field strength and orientation (e.g.,
Wickramasinghe & Ferrario 1988, Jordan 1992). Circular spectropolarization mea-
surements also allow measurements of field strengths lower than can be found with
flux-only measurements at the same resolution (Schmidt et al. 1992). Thus this
method was employed to increase the body of data known about magnetic fields

in white dwarf stars.

The details of spectropolarimetry data taking, data analysis, and the instru-
ments used can be found in Miller, Robinson, & Goodrich (1988), Goodrich (1991),
and Goodrich, Cohen, & Putney (1995). However, a brief description will be given
here to make this thesis more self-contained. The data taking and instruments are

described in more detail in Chapters 2 and 4.

1.3.1 The Polarimeter and Obtaining of Data

The polarimeter consists of a wave plate, either quarter-wave or half-wave,
which can be rotated to any angle, and a calcite prism which splits incoming
light into two parallel, orthogonally polarized beams. The wave plate is placed
above the beam splitter and they, in turn, are placed above the entrance slit of
the spectrograph. If a half-wave plate is used, a 45° rotation of the wave plate

will rotate the plane of polarization (linear) by 90 degrees. A quarter-wave plate
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converts the incoming light from circular to linear polarization and, for some wave

plate fast axis angles, linear to circular polarization.

Each Stokes’ parameter Q, U, V requires two observations with our polarime-
ter. For Q and U, the two observations are different by a 45° rotation of the
half-wave plate, and the initial U observation has a difference of 22.5° in the wave
plate angle from the initial Q observation. The V observation needs a 90° differ-
ence in quarter-wave plate angle and the first position is such that the fast axis of
the wave plate is parallel to the plane of polarization of one of the beam splitter
beams. Thus the two observations for each Stokes’ parameter produces 4 spectra,
which I will call 4,, A¢, B,, and B,. The A’s refer to the first observation, the B’s,
to the second, and the o refers to the ordinary ray, and the e, the extraordinary

ray.

1.3.2 The Equations Behind the Method

Light and optics, particularly polarized light, can be treated mathematically
using one of several different methods. One of the popular methods, and the one
used here, is Mueller calculus. Several textbooks describe the method in full (e.g.,
Shurcliff 1962). Simply put, it is a matrix method for describing the input and
output beams through optical equipment and the optical equipment itself. The

polarization of a beam of light can be described by the four Stokes’ parameters

I

Q

U

| %4

where

I=L+I,=1;,+;=Ip+ 1 =1+ I,, (1.26a)
Q=1 — I, =1, cos2fcos 26, (1.260)
U=1I,—1I; = I cos23sin 26, (1.26¢)

V=Igr—1I; =Isin2p, (1.26d)
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and (I, I,) are the intensities of pefpendicular to the propagation direction and to
each other, (I, I;) are the intensities 45° to (I, I,), (Ir,IL) are the intensities of
right and left circular polarization, (I, I,,) are the intensities of the polarized and
unpolarized light, 6 is the angle of the plane of polarization, and 3 is a measure
of ellipticity of the polarization, where r = tan™! 8 = axial ratio (f = 45° =
completely circular polarized, § = 0°= completely linearly polarized, and 0° <
B < 45° is elliptically polarized). Generally, linearly polarized light is described
by p (= /((Q*+U?)/I?) = the percentage polarization) and 6 (= £ tan™*(U/Q)).

Each optical element in the polarimeter can be described by a matrix. The
wave plate matrix, Mwyp =

1 0 0 0

cos?(26) + sin®(26) cos R sin(26) cos(20)(1 — cosR) — sin(26) sin R

sin(26) cos(20)(1 — cosR)  sin®*(26) + cos?(20)cos R cos(26)sin R
sin(26)sin R —cos(26)sin R cos R

o O O

(1.27)
where R is the retardance of the wave plate (90° for quarter-wave and 180° for
half-wave) and € is the angle of the wave plate fast axis. A half-wave plate is
used for linear polarization measurement (@ and U) and a quarter-wave plate for

circular polarization measurement (V). The beam splitter matrix is

1 +£1 0 O
1 1 0 0

Mps = 0 0 0 0 (1.28)
0 0 0 0

where the positive terms are for the extraordinary ray (e-ray), in calcite, and the
negative terms for the ordinary ray (o-ray). With these matrices we can calculate

the Stokes’ vector transmitted, S¢, through the polarimeter:
S = MpsMwpSy (1.29)

where Sy is the initial Stokes’ vector. The value actually measured by the po-
larimeter is Stokes’ parameter I;. It can be shown that from two observations an
initial Stokes’ parameter, say Vp, can be calculated by

Vo Si04) — Si(63)
Iy Si(04)+ Si(0B)

(1.30)
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for perfect wave plates, where Sy’s refer to either the e-ray or the o-ray, 64 is the
angle of the wave plate fast axis of the first observations, and #p is the angle of
the second observation. For @), 64 = 0° and 6 = 45°; for U, 64 = 22.5° and
fp = 67.5°; and for V, 64 = 45° and g = 135°. Equation 1.29 is not exact if
the wave plates are not perfect, i.e., if the retardance is not precisely 90° or 180°
at all wavelengths or the fast axis is not constant in wavelength. The corrections
needed are discussed in Miller et al. (1988), Goodrich (1991), and Goodrich et al.
(1995).

1.3.3 The Anaylsis

Each of the four observed spectra contains a lot of information. The four

spectra can be factored as follows:

Ae = IAPoge, (131&)
Ao = Iapoogo, (131b)
B. = Ippeoge, (1.31c)
Bo - IBpogo, (131d)

where I4 is the incoming intensity during the A observation, including sky vari-
ations and slit losses, Ig is similar except for the B observation, the p’s are the
fractions of polarization exiting the beam splitter for each sense, and the ¢’s are the
gains for each beam, which includes the efficiencies of the beam splitter, grating,
and detector for each polarization sense. A Stokes’ parameter can be calculated

for each beam:
_ Ae — B, _ IAPO - IBPQO
Ac+ Be  Iapo+ Igpgoy’

_ B, -4, _ Ippo — ITapgo
" Bo+A, Ippo+ Iapso’

(1.32q)

e

(1.32b)

These equations eliminate the gain factors g. and g, which, by experience, have

been found to be unstable during a night of observing. If there are, e.g., any sky
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transparency changes from observation to the next (clouds) or guiding problems,

I4 # Ip. In order to eliminate this problem, the following factor has been created:

AoAe  Ia
w = B.B. Ip (1.34)
This then gives the Stokes’ parameter calculation:
Po — P9o A —wB, wB, — A4,
V=" Yy, = Y, = 1.35
Po + Poo Ac +wB, wB, + A, ( )

Please note that V, and V, are not independent estimates of V' due to the use of
w. Assuming only photon shot noise and CCD readout noise in each of the four
observed spectra, o, the noise in the calculated Stokes’ parameter is

4w?

o (V,) = m[

A20%(B,) + B2o*(A,)]. (1.36)

Linear polarization has the added problem of the instrument Q and U rotated
with respect to the sky Q and U. This can be easily remedied:

Qsky | [ cos2¢ sin2¢] [Qins
[Uskj} - [—Sinzqﬁ 0052¢] [Uinsz] (1.37)

where ¢ is the angle between the instrument position angle and the sky position

angle.

It is possible to calculate a Stokes’ parameter with only one exposure, i.e., V' ~
(Ac—A4,)/(Ac+A,); however, this requires knowing the gain ratio g. /g, in advance.
This is not constant from night to night and not necessarily constant during a night
(it has been seen to vary slowly during the night). Therefore, two exposures are
needed for a Stokes’ parameter calculation. However, if something prohibits two
exposures for one object (e.g., sudden thickening of clouds, instrument failure),
it is possible to calculate a Stokes’ parameter for the object using the preceding

object’s gain ratio. This has been done for one object in Chapter 2.
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Table 1.1 White Dwarf Spectral Type Classifications

Symbol Definition

DA Only Balmer lines; no Hel or metals
DB Hel; no H or metals

DC Continuous, no lines deeper than 5%
DO Hell strong; Hel or H present

DZ Metal lines only, no H or He

DQ Carbon, either atomic or molecular

Extra Symbols

P Polarized (magnetic)

H Magnetic, no detectable polarization
X Peculiar or unclassifiable

\4 Z7 Ceti or other variable

number Number 1s 50400/T

Note: Letters can be used in conjunction to denote secondary characteristics
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Appendix 1.A

Derivation of Magnetic Field Decay Times in a White Dwarf

Starting with the Maxwell equations in the MHD approximation (%]-t)- < 47".]):

4 .
VxB=-7J, (1.41)
V-B =0, (1.A2)
10B
J=0E. (1.44)
Take the curl of (Al):
Vx(VxB):ﬁVxJ. (1.A5)
c
If o is constant, then
V(V-B)-V?’B = A v E, (1.46)
c
47 1.0B
— 2 e —_— )
VB . o C) 5 (1.A7)
47 OB
2 _— e —
VB 27 5 (1.A48)
since
B
2
VB ~ 2 (1.A49)
we have
0B c?
—~-——B .
ot  dmorz’ (1.410)
B(t) = Boexp(t/tp), (1.A11)
where
4
tp = —:—arz. (1.A12)
o2
The Wiedemann-Franz law estimates the electrical conductivity as
€ oV

(Mestel 1965), where v is the thermal conductivity. Mestel then calculates o ~
10'®p which yields t = 2 x IOIO(MME)(%)_I years. Using the more accurately
calculated values for o in Hubbard & Lampe (1969), Chanmugam & Gabriel (1972)
find ¢ ~ 10! years.



CHAPTER 2
Survey of DC Stars

Abstract

A survey of ~ 50 DC white dwarf stars was conducted in circular spectropo-
larimetry to search for magnetic fields 230 kG. Four DC stars were discovered
with magnetic fields above 30 kG: G 111-49 with B, ~ —220 MG, G 183-35 with
B, = +6.8 £ 0.5 MG, G 256-7 with B, = +4.9 £ 0.5 MG, and G 234-4 with
Be = +39.6 £11.6 kG. A new magnetic DB white dwarf was also discovered, LB
8827 with B, = 1.0 £ 0.5 MG. A total of 15% of the white dwarfs in the survey
have a magnetic field > 30 kG. This value is far larger than the 2% of DA stars,
but more than half of the DC stars were originally misclassified. Only 5% of the
re-classified DC stars have magnetic fields above 30 kG. Non-white dwarfs were
also observed: the two BL Lacs are unpolarized in circular polarization and an

extreme carbon star was discovered.

2.1 Introduction

Stellar evolution is a major astronomical topic. Since we, the scientists,
are unable to form a star and experiment with it in our labs to find out how it
evolves, we must resort to observing as many stars as possible and piece together
the evolutionary process from these data. As seen in Chapter 1, the evolution
of a star to the white dwarf stage and within the white dwarf star is mostly
understood. However, the existence of magnetic white dwarf stars could greatly

upset the present evolutionary scenarios.

The present theory on the formation of magnetic white dwarfs (MWDs) as-
sumes that there is not a large number of them (see Chapter 1). They are presumed
to be descended from magnetic Ap stars (where these evolved from should be the
topic of someone else’s thesis) mostly because the field strengths and the observed

number of each are consistent with this scenario.

30
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This does not solve all the problems MWDs impart to stellar evolution. One
such problem is the very wide spread of rotation periods. Some have rotation
periods of less than 3 weeks (typically a few hours to days (Schmidt & Nor-
sworthy 1991)) and others appear not to rotate at all (Grw+70°8247 has shown
no change since its first observation by Minkowski (1938)). There is no correla-
tion between rotation period and temperature (age) or between period and field
strength (Schmidt & Norsworthy). Chapter 3 discusses the topic of white dwarf

rotation in more detail.

The magnetic field’s importance to stellar evolution in general cannot be de-
termined until the relative distribution of field strengths is known. The only way
to know this distribution is to survey white dwarfs, in an unbiased manner, to look
for magnetic fields. Previous surveys for magnetic fields were typically broadband
circular polarization surveys, which measure the continuum polarization. These
surveys were only sensitive to strong magnetic fields (> 50 MG). Circular spec-
tropolarimetry is a more sensitive method, since it can measure the two oppositely
polarized o-components of the Zeeman split absorption features. Schmidt & Smith
(1995) were able to measure a magnetic field as low as 88 kG. Lower fields could
be achieved with much higher resolution, but this becomes impractical due to the

faint nature of most white dwarfs.

At present, 42 isolated white dwarfs are known to possess magnetic fields in
excess of 10° G and an additional three have fields stronger than 10° G (Schmidt
& Smith 1995; SS). The number of isolated white dwarfs known is probably over
1000, but that is not certain. Many of the magnetic white dwarfs discovered
recently have been found in quasar surveys or from UV or other high energy
surveys. However, until these surveys are complete, we only hear of the MWDs
found, not of the other white dwarfs found. This means that we do not have an
unbiased sample to work from. However, SS made a survey of DA white dwarfs

that is close to being unbiased. I have made a similar survey of DC white dwarfs.
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Sections of this chapter have been published separately as a Letter to the
Astrophysical Journal (Putney 1995). They are included in this chapter since this
is where they logically belong.

2.2 Survey

The survey sample was taken entirely from the McCook & Sion 1987 Catalog
of Spectroscopically Identified White Dwarfs. The catalog is a compilation of all
known surveys to that time and lists 1279 white dwarf stars. The surveys which
identified white dwarfs were typically proper motion surveys and faint blue object
surveys (usually searching for quasars). From the catalog, I chose all stars which
were identified as DC (or at least one of its identifications was DC), not listed as
a binary, had a magnitude < 16.5, and had a declination > —20°. The last two
criteria allowed for acceptable signal-to-noise in a one hour exposure at Palomar.
This left 52 stars, see Table 2.1. (Note: Many white dwarfs have more than one
name. I chose the earliest name that had a finding chart from which I could
identify the star, thus ensuring that I looked at the named object. Some objects
have come to be known in the literature by a different name and in these cases
both names will be used in the text.) Table 2.2 lists the other stars which were
observed. Table 2.3 lists more information on the observed objects from various

literature sources.

The initial sample was whittled down due to a variety of reasons. This left
46 stars in the final sample. After the survey was begun, two stars were identified
as BL Lac objects, LB 2449(=PG 1246+586) and PG 14244240 (Fleming et al.
1993). Ton 1137 has turned out to be a hot subdwarf rather than a white dwarf.
WD 0310+1853, LP 414-120, and Rwt 103 were not observed, but other stars were
observed in their stead. In McCook & Sion, WD 031041853 has the identical
coordinates to LP 414-120 (WD 0410+41853), except that the right ascension is
different by one hour. WD 031041853 also had LP 414-120 listed as an alternate
name, although all the other names that were listed for LP 414-120 were not
listed for WD 0310+1853. The nearest object to WD 031041853 of appropriate
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magnitude is LP 412-13. The only information available on LP 412-13 was from
Luyten (1979) which called it type m+. Even though this information indicated
that it is probably not a white dwarf, it was observed. It turned out not to be a
white dwarf, but rather a dM3 star. Due to confusion at the telescope, the objects
observed as LP 414-120 and Rwt 103 were not the expected white dwarfs. Instead,
three neighboring objects were observed (Putney 1 = object near LP 414-120;
Putney 2 = object near Rwt 103; and IRAS 0419344959, near Rwt 103). All these
objects will be described in more detail in section 2.5.3. In any case, this leaves 46
white dwarfs which were observed in circular spectropolarimetry. An additional 11
stars were observed, mostly to check on the reliability of the measurements. Three
were known, or expected, to have magnetic fields and be polarized (GD 90, LB
8827, and PG 1658+441). Five were expected to be unpolarized and were observed
to check the performance of the polarimeter. They were three flux standards
(G 191B2B, G 24-9, and G 138-31) and two random main sequence stars (SAO
59965 and SAO 61549). An additional three were accidentally observed (Putney
3, Putney 4, and Putney 5), i.e., they were supposed to be target stars, but were

neighboring ones instead. These 11 will also be discussed with the target objects.

2.3 Observations and Reductions

The majority of the observations were taken at the Palomar Observatory,
although a few were taken at the W.M. Keck Observatory. Table 2.4 summa-
rizes the observations. A brief weather description is given: clr=clear, fog=fog,
cldy=cloudy, and vedy=very cloudy. Several objects were observed more than
once because either the weather was poor the first time and the data were incon-
clusive, or a magnetic field was detected and further observations were needed to
check for rotation. Some of the stars with magnetic fields are known to be rotating,

and others may be as well, so the exposure start times are given for all objects.

Observations at the Palomar Observatory were taken on the Hale 200 inch
telescope using the polarimeter (Goodrich 1991) mounted on the double spectro-

graph (DBSP; Oke & Gunn 1982). A 300 g/mm grating was used in the blue
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camera, which yielded 2.2 A /pixel and a 316 g/mm grating in the red camera,
yvielding 3.1 A /pixel. This gives wavelength coverage from ~ 3700 A to ~ 8000 A.
The slit width was 2" The resolution was 12.6 A in the red and 11.7 A in the blue,
but the blue camera data have been smoothed to match the red resolution in the
figures. Details of the method used to take and reduce this circular polarization
data are in Goodrich et al. (1995). Briefly, the light first passes through a rotat-
able quarter-wave plate which converts any circular polarization into linear. Then
the beam passes through a calcite prism which splits it into two parallel, orthog-
onally polarized beams. Two observations are required for the Stokes’ parameter
V — the first observation with the wave plate fast axis at 45° to the axis of the
calcite prism, and the second at 135°. The four spectra produced from these two

observations are extracted and combined to produce the Stokes’ parameters V and

L

The Palomar polarimeter has gone through many changes since it was first
installed. Most of these were much needed improvements; however, one series
of changes, which were thought to be improvements, actually introduced errors
in polarization. Due to the design of the polarizing beam splitter (a modified
Glan-Taylor prism), each beam has a different path length in the prism, i.e., the
two emerging beams have different foci. This makes it impossible to focus both
beams at the same time on the CCD chip. To get around this, we first attached
a thin plano-convex lens to the prism where the e-ray (shorter path length beam)
emerged. However, this caused great changes in the illumination profile of that
beam and vignetting. Next, we removed the thin lens and tried a thick lens, with
a convex input and concave output, where the o-ray emerged (more details about
these lenses can be found in Goodrich 1991). This lens was in place during the
June 1993 observing run. This lens shifted the pupil which caused vignetting.
This vignetting introduced a polarization of up to 1%. The object’s position on
the slit, exposure length, and seeing conditions varied the magnitude of the effect.
Also, null polarization standards were not always measured as null (often 1%) and

polarization standards (in linear polarization) were often up to 1% different from
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the published value. We could find no way to correct for this, so we decided to
remove the lens entirely. For all observing runs after December 1993, a focus in
between the best focus for each beam is used in the spectrograph. Since then,
all null polarization standards have measured polarizations of less than 0.2% and
polarized standards (in linear polarization) are always measured at the published
value to within 0.1% or 0.2%. The errors introduced by the lens were either
constant in wavelength or a smoothly varying function of wavelength, i.e., no
feature resembling a line feature would appear. Thus the data from June 1993 have
much higher errors than the statistical errors calculated, but only the continuum

polarization shape and strength are affected.

The observations at the Keck Observatory 10 m telescope were taken with the
polarimeter (similar to the Palomar polarimeter; Goodrich et al. 1995) mounted
inside the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995). The
300 g/mm grating was used yielding 2.49 A /pixel and a wavelength coverage from
~ 3900 A to ~ 8900 A. The slit width was 1.0” The resolution was 11.1 A. We
used a new procedure to measure V, the “dual wave plate method” discussed by
Goodrich et al. (1995). A comparison of data taken of Grw+70°8247 at both
Palomar and Keck indicates that this method worked well, and a brief description
follows. A stationary quarter-wave plate is placed above a rotatable half-wave
plate. The quarter-wave plate converts the circular polarization to linear, which is
then analyzed with the half-wave plate in a method analogous to the method de-
scribed above for the Palomar data. However, there are two possible contaminants

to the data from Keck.

The first possible contaminant is due to cross-talk, i.e., a coupling between
the circular and linear polarization, in the dual wave plate method. If the incident
light contains any linear polarization, there may be a leakage into the circular
polarization measurement if either wave plate is not perfect. Numerical simulations
have shown that for V/I > p (= 1/(Q? + U?)/I?), the leakage is less than 0.02
V/I; for V/I ~ p, the leakage can be as high as 0.1 V/I; and for V/I < p, the
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leakage is large and possibly non-correctable (Goodrich et al. 1995). Tests with
Grw+70°8247 confirm these calculations.

The second possible contaminant of the data is second order blue light.
Presently the Keck LRIS has only one camera, although a second camera is
planned, which would make it similar to the Palomar DBSP. The existing camera
is the red camera, which is functional from about 3700 A to about 11000A. The
wavelength range used for the survey objects covered more than a factor of two in
wavelength and no order blocking filter was used. This led to second order light
contaminating the red end of the spectrum in all observations. However, due to
the low temperature of the white dwarfs observed (and therefore the relatively flat
spectral shape in the wavelength range in question), this effect is minimal. In all
objects except G 111-49, the continuum polarization was 0.0 & 0.1%, thus they do
not appear to be affected by 2nd order light. G 111-49 might have some effect,
but an analysis of Grw+70°8247 (a similar magnetic star) shows that the effect
is as high as 10% at 8000 A, i.e., not very large. Most nights, the flux standards
used at Keck were of similar spectral shape to the survey objects (in fact, they
were survey objects), so the flux shape of the target objects should have minimal
2nd order effect due to the flux standards. However, one night, 1994 December
31, the DAOQ star G 191B2B was used. This star decreases in F'y by more than a
factor of 30 from 3700 A to 8000 A. When using this as the flux standard, it was
clear from the flux calibrated spectrum of G 158-45(=LHS 1044) and LHS 1734
that 2nd order light was contaminating the spectrum of the flux standard. The
flux standards Feige 110 and G 191B2B have nearly identical continuum shapes.
Feige 110 was observed both with and without an order blocking filter during an
observing run at Keck in May 1995. From these two observations, a curve was
calculated to correct for the 2nd order light and used on the 1994 December 31
data.

There was a third problem with some of the data taken at Keck. The angle
of the spectrograph’s entrance slit must remain fixed to the sky for both exposures

of each object when taking polarization measurements (the linear polarization has
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a fixed angle to the sky). The optimal angle is the parallactic angle; however, this
cannot always be used (e.g., another star would fall on the slit if the parallactic
angle were used). If the star is at 1.0 airmasses, there is no effect. At any other
airmass, the star is differentially refracted along the parallactic angle, and the
higher the airmass, the stronger the effect. For high airmasses (1.8) the differential
refraction can be as far as 1" at 4000 A and at 7000 A. Combining this refraction
with a slit width of 1" means that blue and red light does not enter the slit. In
December 1994, both observations of G 158-45(=LHS 1044) and the observation
of Putney 2 were taken at slit position angles much different from the parallactic
angles. The effect can be seen in the observed spectra, i.e., depressions in the flux

at the red and blue ends of the spectrum.

The spectrophotometric standards of Oke (1990) were used for flux calibra-
tion. Corrections were made to the flux spectra for atmospheric H,O and O,

using the DC flux standards of Oke (1990) as templates.

2.4 Method to Determine E

There are several steps involved in accurately determining the magnetic field
strength of isolated white dwarfs. The first step is to determine which magnetic
field range the star isin: (1) > 50 MG, (2) 1 MG < B <~ 50 MG, (3) < 1 MG, or
(4) indeterminable. The second step is a determination of the effective magnetic
field, B., i.e., the mean line of sight component of the magnetic field (see, e.g.,
Landstreet 1992). The method for determinating B, is particular to the magnetic
field range and will be explained below. The last step is to calculate theoretical
model spectra and determine the whole surface magnetic structure of the star.
This has not been done for the stars in this survey; however, Chapter 4 makes
these calculations for three other magnetic stars. The effective field is, at most, a
factor of two below the actual dipolar magnetic field strength, so it is an adequate

measure for this survey.
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2.4.1 Range Determination

The field range determination uses a combination of the flux and circular
polarization spectra. The 1 MG < B <~ 50 MG field range is the easiest to
classify. This is the field range where the quadratic Zeeman effect is dominant,
thus the hydrogen or helium lines will be split into three (or more) components
with separations up to a few hundred Angstroms (e.g., Figure 2.1). In the ma-
jority of cases the three components will be visible as absorption features in the
flux spectrum. In a small fraction of cases the absorption features may not be
visible because the temperature is too low, or the abundance of the element in
question is too low (to allow the o components to be detectable), or the field
structure is such that the o or 7 components are too broad to be detectable in
flux. However, in all but two cases there is a positive circular polarization feature
for one o-component and a negative feature for the other component (a Zeeman
signature). The first exception to this rule is a star with a very low temperature
(T'X4000 K). A white dwarf this cold cannot form line features in either flux or
polarization. The second exception is rare, but possible. If the magnetic config-
uration of the star is an equator-on view of a centered dipole, the polarization
features will not be detectable. The probability of this occurring is about 0.79%*.
The Zeeman signature is especially useful in identifying magnetic fields in stars
with shallow ¢ components (e.g., PG 13124+099=PG 13124098, Fig. 2.29). The
continuum polarization in white dwarfs with magnetic fields between 1 and 50 MG
is typically < 0.5% (although 1% and greater has been observed). Combining this
with the fact that the two ¢ components have the same strength in polarization,
but opposite polarization senses renders searches in broadband (several hundred

A wide) circular polarization inconclusive.

! One out of 11 magnetic white dwarfs has a magnetic field consistent with a
centered dipole (Chapter 4). A viewing angle up to ~ £5° around the equator will
act like an equator on view. Thus P= (1/11)*(2n(cos 85° — cos 95°) steradians/4x

steradians).
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The B > 50 MG range is the next easiest range to classify. This is the mag-
netic field range where the magnetic and Coulombic forces in an atom are of similar
strength and therefore the results of detailed quantum mechanical calculations are
required to make line identifications. Also in this regime, the continuum will show
circular polarization, although it may be < 1% for equatorial or near equatorial
viewing angles of the stars with field strengths close to 50 MG. All stars with
continuum polarization stronger than 1% or a structured (not constant in wave-
length) polarization spectrum will fall in this category (e.g., Figure 2.14). These
stars may have absorption features in flux at wavelengths not usually associated
with hydrogen, helium, carbon, calcium, etc. A comparison of these features to
the above mentioned calculations may identify them as hydrogen in a very strong
magnetic field, e.g., Grw +70°8247 (Minkowski 1938, Kemp et al. 1970, Angel,
Liebert, & Stockman 1985).

Stars with no detectable features nor any continuum polarization are placed
in the indeterminable range. Since there is no continuum polarization, they cannot
have a field above ~ 20 MG.? Also, if there are no absorption features, then there
is no way to search for the Zeeman effect. For reasons explained in Section 2.4.2.4,
white dwarfs whose only absorption features are due to C, are placed in this

category as well.

The final category is for all the stars with identifiable absorption features,
e.g., H, He, or Ca, which are not visibly split into separate Zeeman components
(at the resolution of this survey). The magnetic field strength of these stars is less
than 1 MG. If the field is strong enough, a star in this category will have a distinct
Zeeman signature in circular polarization, e.g., WD 0009+501 (SS).

2 This number is determined by comparing the broadband circular polarization
measurements of several stars with field strengths > 1 MG from Angel, Borra, &
Landstreet (1981) to the field strengths of the same stars in the SS list of high
field stars. The 20 MG limit is conservative.
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2.4.2 Field Strength Determination by Individual Field Range

9.4.2.1 B> 50 MG

At the present time, precise measurements of the effective magnetic fields in
the range of B > 50 MG cannot be made. However, a good approximation can be

obtained.

This is the magnetic field range where the magnetic and Coulombic forces are
of comparable strength. An analytic solution is not possible here due to different
symmetries of the forces — magnetic forces are cylindrically symmetric and Coulom-
bic forces are spherically symmetric. A group in Tibingen, Germany, have made
numerical calculations of the transition wavelengths for several hydrogen lines from
4.7 MG to 4700 MG (Wunner et al. 1985; Ruder et al. 1994). No such calculations
have been published for helium. The curves of A as a function of B wander around
in wavelength, often by huge amounts, e.g., some of the Paschen 3 terms are in
the ultra-violet at 10° G. However, many of these transitions have extrema, or
“stationary points,” where a transition occurs at a particular wavelength, or over
a very small wavelength range (e.g., 50 A), for a large range of magnetic fields (e.g.,
100 MG; see the middle panel of Figure 2.14). A spectral feature may develop at
the wavelength of a stationary point if a large enough fraction of the star is cov-
ered with the corresponding magnetic field strength. The transitions which have
“stationary points” are typically those which correspond to the o_-components of
the Zeeman effect, although a few correspond to the w-components. The o-like,
and many 7-like, features are circularly polarized. A comparison of the flux and
circular polarization spectra to the curves of A vs. B yields the range of magnetic
field strengths on the observed hemisphere. Often the features are very shallow in
flux but very strong in polarization (see Figure 2.14). Some features are stronger
than others (usually noticeable in circular polarization) indicating that a larger
area of the star’s observed hemisphere is covered in the field strength responsible

for the feature. This must be taken into account when determining B., since B, is
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a weighted average of the observed field. This is not a precise measurement, but

it is descriptive and yields a starting point for calculating models.

There are cases in which the observed spectral features do not correspond to
any of the calculated hydrogen features, e.g., GD 229 (Schmidt, Latter, & Foltz
1991). The most likely explanation for this is that the atmosphere is dominated by
an element other than hydrogen. The most probable culprit is helium since helium
is the second most common element to dominate a white dwarf atmosphere (the
number of DB + DO stars in the McCook & Sion catalog outnumber the DZ +DQ
stars by a factor of about three). If this is the case, the field cannot presently
be determined, although lower limits can be found. This is due to the lack of
knowledge about helium in a strong magnetic field. Precise calculations of helium
lines have not been made for fields beyond that which causes quadratic Zeeman
splitting (20 MG; Kemic 1974; Ruder et al. 1994), but the star Feige 7 has split
hydrogen and helium lines in a field of about 35 MG (Martin & Wickramasinghe
1986; Achilleos et al. 1992). This means that helium can be identified to field
strengths of about 40 or 50 MG.

At present, the continuum polarization as a function of magnetic field
strength is not well understood. Kemp (1970) theorized that the continuum of
a stellar object, or even a plasma, with a magnetic field of 10° G or greater will
emit circularly polarized light proportional to magnetic field strength. Many cal-
culations have been made since then (e.g., Lamb & Sutherland 1974 and Merani,
Main, & Wunner 1995) which show that circular polarization in the continuum
exists and its strength and spectral shape is a function of magnetic field strength.
Thus we might expect that the continuum circular polarization will reveal the mag-
netic field strength through its spectral shape and intensity. However, this does
not work as expected. The reason for this is that the mechanisms which produce
the circular polarization are not understood well enough to be able to determine

the field strength directly from the continuum polarization (see Chapter 4).
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2.4.2.2 1 MG < B < 50 MG

Magnetic field determination is straight forward in this regime. A very quick,
reliable estimate to the observed field strength can be obtained by comparing the
wavelengths of the Ha (or Hp) triplet to calculations by Kemic (1974). Then,
depending on how accurate a value is needed, or how much time is allotted to the
task, another method can be used to get a more precise measure of the magnetic

field, including the structure of the field over the star.

The most precise field strength determination method is to run a magnetic
white dwarf atmospheric modeling code, e.g., the code described in Putney &
Jordan (1995) and Chapter 4. Such a computer program will yield the complete
magnetic structure of the star, i.e., the dipolar field strength, the viewing angle
of the star, and whether it is a centered dipole, or off-set dipole, and if offset, by
how much. This is the best method to use; however, it can take weeks or months

of running models to find one that fits well.

Less sophisticated modeling routines to find magnetic field strengths have
also been used, e.g., Bergeron et al. (1992), Greenstein & McCarthy (1985), and
Liebert, Angel, & Stockman (1975). These routines typically try to reproduce
the absorption features in flux only. They leave an ambiguity in the sign of the
magnetic field and can be as much as a factor of two incorrect since at least two
offset dipole models can be found to match a given flux spectrum and only the
polarization spectrum can break the ambiguity. Chapter 4 and Putney & Jordan

describe this problem in more detail.

Eventually, a sophisticated modeling program will be used on the stars found
in this survey, thus I felt that the method used in Putney (1995) is as accurate
as is needed for the survey objects, even though this method also produces values
up to a factor of two too low. The method is as follows. Using the wavelengths
and line strengths calculated by Kemic (1974), and the spectrograph line shape,
I calculated simple Gaussian curves as theoretical models of the Ha absorption

features, assuming the star’s field is single valued. I then matched the line centers
) g g
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of these curves to the data. The sense of the o-components in circular polarization
fixes the sign of the star’s magnetic field. If the o, shorter wavelength, component
has a negative sense, then the field is a north pole, or positive, field. If it has a

positive sense, then the observed field is negative, or south polar.

2.4.2.8 B<1 MG

This is the best understood regime, but in some ways it is the hardest one to
work in. This is the linear Zeeman region, with the quadratic Zeeman effect being
noticeable for the strongest fields. The transitions are understood for all elements
(see Chapter 1). Therefore, at the wavelength of each absorption line, the circular

polarization can be checked for the existence of the Zeeman signature.

Stenflo (1985) derives an equation for the circular polarization as a function
of wavelength and magnetic field for the wings of the line. The outcome of the

derivation is:

Vi AX [0 1 o 031
-2 = —Z 4+ (AN, 1
L~ L |ox "6 gw T (2-1)
where A\, = +.—5—¢A\?’B = the Zeeman splitting. ¢ is the landé factor, B is
4Tmec

the magnetic field, and %IT* is the spectral slope. Stenflo points out that only the

first term is needed if A\, < line width. Angel, McGraw, & Stockman (1973) use
the first term for their calculations of field strength in the Balmer lines and they
use ¢ = 1. Mathys & Stenflo (1986), in their work on Ap stars, use the effective

Landé factor:

9ei = 30e+ 00) + 10— g )T+ D = LL+1) (2

where g¢ (g.) are the Landé factors for the lower (upper) state and J; (J, ) are the
total angular momentum quantum numbers for the lower (upper) state. Beckers

(1969) lists the ge sy values for the transitions of astrophysical interest.

For all the stars which fall in this category, the following method was used to

determine a magnetic field strength. A Lorentzian was fit to the line in question

(hydrogen, helium, calcium, or sodium). % was calculated as (In — Inyan)/AN,



CHAPTER 2: SURVEY OF DC STARS 44

where AX is the dispersion of the spectrum. A linear least squares fit was per-

formed to
y=a-+ bz (2.3)
where
v
y = 7(/\) (observed), (2.4)
€ dl'1
=% a2 .
¢ 47rmec2g 2N (2:5)

a is the constant continuum polarization over the region, and b is the magnetic
field strength. This calculation was made over a small range in wavelength across
the line in question, e.g., 6500 A to 6800 A for Ha. If possible, several lines were
treated in this manner and the final magnetic field strength listed in Table 2.6 is
a weighted average of the individual field strengths.

For easy referral in later sections, I am calling this the Low Range method.

2.4.2.4 Indeterminable

In certain ways, this is the easiest regime. The objects which fall into this
category have no absorption features and no circular polarization, either in the
form of features or continuum. A null circular polarization for the data presented
is V< 0.2% (V< 1.0% for June 1993 and February 1994 data) or V< 0.5% with
the polarization in the red camera and blue camera having different signs (e.g.,
G 83-10). For the present survey, these objects are probably helium white dwarfs
which are too cool to show any helium absorption. All that can be said with
certainty about these stars is that they all have magnetic field upper limit of 20

MG, although the field is probably much lower in most cases.

The stars with molecular carbon bands and no polarization are also added
to this indeterminable category. As has been demonstrated with G 99-37 (Angel
& Landstreet 1974; Schmidt, Bergeron, & Fegley 1995), the C2 bands do not shift
via Zeeman effect until fairly high fields are reached (value unknown, but > 10

MG). G 99-37 has a continuum polarization of > 1%, varying as a function of
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wavelength, and it has the tell-tale Zeeman o features in circular polarization for
the CH feature only. From this feature Angel & Landstreet calculated a field
strength of 3.6 MG (but they expect that the dipolar field is more like 10 MG). It
is possible that 20 MG might be too high an upper limit for the DQ stars with a
null polarization, but their atmospheres are mainly helium (Wegner & Yackovich

1984) like most of the true DC stars.
2.5 Results

2.5.1 Overview

Each survey object is commented on individually below, in Section 2.5.2. The
non-survey objects are commented on in Sections 2.5.3, 2.5.4, and 2.5.5. Tables

2.5 and 2.6 list the general results for all the objects, as described below.

2.5.1.1 Spectral Type

Table 2.5 lists the McCook & Sion spectral type (when applicable; column
2) and the spectral type determined here (column 3). For the white dwarfs, the
spectral type follows the classification scheme of Sion et al. (1983) (see Chapter
1). For other objects the source is quoted in the text with the object, but typically

they were compared, by eye, with spectra from any of several atlases.

Of the non-white dwarfs, a few objects have no previous classification and, in
fact, have no previous name. These may be of some interest to non-white dwarf

stellar astronomers.

2.5.1.2 Temperature

The white dwarf temperatures were determined by matching the data to the
atmospheric grid points of Bergeron, Saumon, & Wesemael (1995) and an update
of the grid points from Bergeron (1995). The Bergeron et al. models consisted
of the broadband points UBVRIJHK for white dwarfs of temperatures 4000 to
10,000 K and atmospheric compositions of 100% hydrogen and 100% helium, for
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log g=17.5,8.0, and 8.5, and [He/H]=-1, 0, 1, and 2 for log ¢=8.0. My data cover the
BVRI range and in this range there is very little difference between the different
gravities and between 100% hydrogen and [He/H]=-1, 0. There was a problem in
fitting with these models, in that the model I band points tended to be too high for
the models of mostly hydrogen at the higher temperatures. According to Bergeron
(1995), they had already realized that the models did not take proper account of
the Paschen lines. He sent revised models of pure hydrogen and pure helium.
These unpublished models were the ones actually used to make the temperature
determinations. The hydrogen models cover Teg for 4000 K to 100,000 K, in
varying step sizes, and logg for 7.0 to 9.0, in steps of 0.5. The helium models
spanned the same gravities, but only went as high as T.g=30,000 K. These new
models also had multichannel UBGVRI points (e.g., Greenstein 1976a). These

values were used since the observed data are essentially this system.

There were many temperature ranges where one gravity was indistinguishable
from another because the spectral range was limited. Also, since high accuracy
was not needed (I only wanted a spectral type), no interpolation in between the
grid points was done. Thus the temperatures and gravities have an error of the
size of the grid spacings. The temperature grid spacings increased with increasing
temperatures. For hydrogen, the spacing was 500 K for T.g< 8000 K, 1000 K until
Teg=17000 K, and 5000 K for the rest. The helium spacings were similar. The
temperatures are in Table 2.5 (column 4) as well as the dominant atmospheric
constituent (column 5). A set of parentheses around an element implies that I

believe that it is a possible constituent.

2.5.1.8 Magnetic Freld

A magnetic field is determined for each white dwarf, if possible. The method
used for each object is described with the object. Table 2.6 contains the average
circular polarization measurements (red region, column 3, 6000 to 8000 A: blue
region, column 4, 3800 to 4600 A), as well as the calculated magnetic field for the

observed objects (column 5).
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2.5.2 Individual Survey Objects
G 158-45=LHS 1044=LP 704-1=PHL 6421

This object has Zeeman split Ha and Hf absorption lines. These split lines
were first detected by Bergeron, Ruiz, & Leggett (1992). They modeled it as an
offset dipole of By;=16.7 MG, T.=5820 K, and log g=8.15 in a pure hydrogen
atmosphere. I found that a helium atmosphere of Teg=6000 K and log ¢=8 ap-
proximated the star well, and matches the Bergeron et al. values within the errors
of the grid points I was using. The difference in composition is probably due to
the limited spectral range I was using. Using the method described in Sec. 2.4.2.2,
I determined an average effective field strength of 9.3+0.8 MG. This average i1s an
average of |B|, since, as can be seen in Table 2.6, half of the observations produced
a positive magnetic field and half a negative one. The difference between my value
and that of Bergeron et al. is due to their value being the strength of the star’s
dipolar field (and an offset one at that!) and mine is a hemispheric average (see

Section 2.4.2.2).

Six observations of this object were taken in the present survey, since a com-
parison of the first observation to the data of Bergeron et al. showed a shift in
the absorption line positions, which implied rotation. Chapter 3 will go into more
detail on the rotation of this and other objects with measured magnetic fields.
Figure 2.1 shows all six flux and circular polarization spectra. They are orga-
nized in time order with the earliest spectrum on top. The last two spectra, from
Keck, suffered severely from differential refraction of the Earth’s atmosphere; this

explains the difference in continuum shape from the other observations.
G 171-52=Gr 495

G 171-52 was first classified as a DC by Hintzen & Jensen (1979) and later
confirmed by Greenstein (1979, 1984a) and Sion, Kenyon, & Aannestad (1990).
As can be seen in Figure 2.2, there is a weak Ha feature, but no apparent Hf
feature. Greenstein (1984a) suggests that its atmosphere may contain helium and

hydrogen. Ifound that an atmosphere of hydrogen with Teg=5500 K and log ¢=8.0
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fits the continuum adequately, although the addition of helium to the atmosphere
should not be ruled out. Using the Low Range method on Ha, a magnetic field of
21.8 £46.5 kG was measured.

PG 0156+156

PG 01564156 is a true DC, as can be seen in Figure 2.3. PG 0156+156
was observed previously in circular polarization by Liebert & Stockman (1980).
They took broadband measurements, from ~ 3200 to ~ 8600 A, of V and found
V=-0.0032 £ 0.14%. I measured V, = —0.018 £ 0.030% and V; = +0.004 +
0.033%. The low values and change in sign lead me to conclude that this has a null
polarization and therefore the field is indeterminable. The best fitting atmosphere

I found was Teg=9750 K, any log g, and helium as the main constituent.
G 272-152

This object was classified as a DC by Liebert et al. (1979), but they added
the note that weak features could not be ruled out. They were right. As can be
seen in Figure 2.4, helium features are indeed present. I found an atmosphere of
helium, T.g>11000 K and any logg to be consistent with the continuum. Thus
I re-classify this object as DB4. Using the Low Range method on 4 He I lines, I
found a field of 25.1 4 30.5 kG.

PG 0210+168

This star was classified as a DC by Green, Schmidt, & Liebert (1986). Figure
2.5 shows that the spectrum is actually full of very narrow hydrogen, helium,
and metal lines. PG 0210+168 appears to be a composite spectrum of a late F
early G star and a white dwarf. The white dwarf is of type DC, although weak
H I or He I lines cannot be ruled out. I measured V, = +0.121 £+ 0.012% and
Vy = +0.183 £+ 0.021%. The polarization differs from zero near the red and blue
edges of the dichroic; this is a false polarization due to the dichroic in the blue

camera and the potato chip shaped CCD in the red camera. Using the Low Range
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method on Ha, Hf, and two He I lines, I measured a magnetic field of —0.0514+-2.4

kG on the non-white dwarf. The white dwarf has an indeterminable field strength.
LHS 1415=Gr 471=LP 710-47

This star has had a possible Ca II detection, but it was never confirmed nor
was there ever any hydrogen detected. Liebert & Strittmatter call it DF? with a
probable Ca II detection and it ends up in McCook & Sion (1987) as DC,DF?.
Figure 2.6 shows three observations of the star. There are no Ca II lines detected
in either of the two exposures which extend far enough into the blue. There
are, however, hydrogen Balmer lines through Hvy and possibly Hé. A hydrogen
atmosphere of Teg= 5250 K and log g=8.540.5 matched fine, although there is a
possibility of the atmosphere containing a substantial fraction of helium. Liebert &
Stockman (1980) measured a circular polarization of V= +0.002+0.10%. Table 2.6
lists the three separate polarizations measured in the present survey. The values
average to well under 0.1%, implying a null polarization. It should be noted that
the November 1994 V/I calculation for this star was made from only one exposure.
The V/I plot clearly shows the effect of the use of an improper ratio of the gains of
the two beams (see Section 1.3.3). Using the Low Range method on Ha, Hj, and
H~, an average magnetic field of —9.9 4+ 9.2 kG was measured from the September
and October data. The magnetic field strengths of the individual runs changed
drastically, implying either fluctuations around a low value, or measurements of a
rotating magnetic star (the September data is a 2.5 o result and the November
datais an 8 o result, but known to be faulty). More observations are required for

confirmation.

G 7-16=LHS 1617

G 7-16 1s another white dwarf with very narrow hydrogen absorption lines
(see Figure 2.7). An atmosphere of hydrogen, with possible helium, of T.g=5250 K
and any log ¢ fit the continuum. The continuum circular polarization is effectively
null (see Table 2.6). The Low Range method reveals a field of 4.1 + 9.5 kG f