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Abstract

This thesis is a spectropolarimetric survey of broad absorption line quasi-stellar objects
(BAL QSO). We observed 36 BAL QSO at low resolution with the 5 m Hale Telescope at
Palomar Observatory and the 10 m Keck Telescopes at the W. M. Keck Observatory.

The continuum, absorption trough, and emission line polarization of BAL QSO were
studied in detail, yielding clues about the geometrical structure of gas in the inner regions
of quasars. BAL QSO have, on average, higher polarization than other quasars, reinforcing
the view that they are normal quasars viewed from a more equatorial aspect. However,
there is a wide distribution of polarization values, which may be due to intrinsic differences
in the geometry or optical depth to scattering. No correlations are found among emission
line or broad absorption line properties and continuum polarization, suggesting that these
properties are regulated by internal differences unrelated to viewing angle. The continuum
polarization of BAL QSO is weakly wavelength dependent after correction for emission line
dilution. In most objects, the polarization rises to the blue, suggesting that dust scattering
or absorption may be important.

Broad emission line photons are polarized less than the continuum; and the position
angle of the electric vector is rotated with respect to the continuum. The semi-forbidden C
ITI} emission line is polarized differently than the C IV emission line in some cases, suggesting
resonance scattering in the C III] emission line region. Resonantly scattered photons from
the broad absorption line region are detected at high velocities red-ward and blue-ward of
the C IV line center in the spectra of some objects. These photons are negatively polarized
with respect to the continuum photons, showing that the broad absorption line region and
the continuum scattering region are oriented perpendicular to each other.

The polarization increases in the BAL troughs, due mainly to partial coverage of the
central source by the broad absorption line region. Partial coverage of the continuum and
broad emission line clouds leads to difficulties in determining the true optical depth of
the BAL outflow. The geometry of the intervening BAL clouds is skewed with respect

to the continuum scattering region, which results in position angle rotations in the BAL.

The variation of polarization with velocity in the BAL is consistent with a non-radial,
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accelerating outflow of ionized gas. Our polarimetry observations are consistent with a
model which unifies BAL QSO and non-BAL QSO. The BAL wind appears to occupy a
narrow range of equatorial latitudes. When we view a QSO through this outflow, we see

the characteristic troughs in BAL QSO.
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Chapter 1 Introduction

Many galaxies contain active galactic nuclei (AGN), which appear to be powered by ac-
cretion onto a super-massive (M ~ 108M) black hole. The most powerful AGN are the
quasi-stellar objects (QSO), which have luminosities in the range 10%* — 10%® erg/s. They
out-shine their host galaxies by factors of up to 10%. It is important to understand the
workings of these most luminous objects in the universe because they provide a laboratory
to study high-energy physics and also because they may play a crucial role in the formation
and evolution of galaxies.

Spectroscopy has yielded advances in our understanding of QSO, but it is often difficult
to separate the various spectral components. The spectrally distinct components in the UV-
optical spectra of QSO include the blue featureless continuum (FC), the broad emission lines
(BEL), the broad absorption lines (BAL), and sometimes narrow absorption lines (NAL).
However, the broad nature of many features makes it difficult to measure them accurately.
There are many overlapping broad lines which makes identifying and measuring individual
lines difficult. These blends, especially of Fe II emission, are extensive in the UV part of
the spectrum and make it very difficult to define a continuum level. Spectropolarimetry
provides a way of disentangling spectral components which have distinct polarization.

The study of QSO is hampered by the small angular sizes of the central optical and
ultraviolet emitting regions. Recently, reverberation mapping has yielded a rough estimate
of the size of the BEL region (BELR), which is about 0.1 pc (3 x 1017 ¢cm) across (Kaspi
et al., 1996). It is at present impossible to resolve these regions directly; it would require
space-based interferometry with a resolution of less than 10~ arcseconds. The size of the
continuum emitting region is much smaller, of order the Schwarzschild radius of Rg ~ 10~°
pc.

The reverberation mapping technique measures the delay between broad line and con-
tinuum variations, using it to determine a characteristic distance between the continuum
source and broad line clouds. In principle, the response curve (transfer function) of the BEL

can tell us about the shape of the BELR (Peterson, 1993), but the promise of this tech-

nique has not yet been fully realized. Spectropolarimetry is a complimentary technique to
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reverberation mapping. In reverberation mapping, the transfer function is symmetric with
respect to rotations around the line of sight, so it is not possible to determine the position
angle between a BEL cloud and the central source. The polarization transfer function is
sensitive to the scattering angle, but not to distance from the central source.

In principle, it would be possible to map the position of a scattering electron to within a
4 point degeneracy using the combined techniques of reverberation and spectropolarimetry.
If a pulse came from the central source and was scattered into the line of sight by an
electron, the time delay between the direct and scattered signal would confine the location
of the electron to a paraboloid with the source at its focus. The polarization level of the
scattered light would define a cone with the source at its apex, and the position angle of the
polarization would determine the scattering plane. The intersection of these three surfaces
would give four possible points for the location of the electron.

The remaining degeneracies are due to the symmetry between left and right scattering
and between front and back scattering. The degeneracy between front and back scattering is
broken if the scatterers are dust grains instead of electrons. If the pulse is monochromatic, it
would also be possible to determine the line of sight motion of the scattering particle relative
to the central source. This is equivalent to the technique of Doppler radar tomography,
which is used to map the surfaces of planets.

Spectropolarimetry by itself only gives limited information on the spatial distribution
of plasma in quasars. We can determine the symmetry axis of the distribution in the plane
of the sky from the electric vector position angle. We can also use the polarization level to
make a rough estimate of the departure from circular symmetry. The polarization of the
scattered light is generally diluted by an unknown amount of direct light, which depends on
the optical depth of the scattering material and obscuration by intervening material. This
makes it difficult to separate geometrical and optical depth effects on the polarization. The
wavelength dependence of the continuum polarization can give us clues about the amount
of obscuration and also the nature of the scattering particles.

We can learn about the radial distribution of the BELR and BALR by comparing the
emission and absorption line polarization to the continuum polarization. If the emission
line and continuum polarization are the same, it suggests that the sources of radiation are
unresolved relative to the scattering region. However, if the line polarization is lower than

the continuum polarization, it suggests that the BELR is larger than the scattering region.
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Similarly, polarization variations across the BAL indicate that the BALR has a similar size
scale to the to the scattering region.

While spectropolarimetry yields new information on the spatial distribution of material
in QSO, it can not provide a full 2-D map in the plane of the sky. The polarization
and mean electric vector direction are spatially integrated quantities and do not yield a
unique distribution of scatterers. We have studied a moderately large sample of BAL
QSO, which are presumably viewed from a variety of perspectives, to gain a more complete
understanding of the 3-D distribution of matter in QSO. However, our sample of 36 objects

is still not enough to separate object to object differences from viewing angle effects.

1.1 Unification

AGN are classified by their characteristics in various wave-bands. The primary distinction
is between radio-loud and radio-quiet objects. Another important distinction is between
objects with broad emission lines (type 1), and those without (type 2). There has been
much success recently in unifying various types of AGN by considering orientation effects
(Antonucci, 1993; Urry & Padovani, 1995). The radiation pattern from the nucleus is highly
anisotropic and wavelength dependent—very strong along a polar axis and weak along the
equator. Hence the classification of AGN is highly aspect-dependent.

In type 2 objects, the equatorial view of the nucleus is obscured by dusty molecular
clouds arranged in a disk or torus. The resultant anisotropy in the ultraviolet continuum is
seen in the ionization cones of Seyfert galaxies (e.g., Pogge, 1988; Wilson et al., 1993) and
radio galaxies (e.g., Jackson et al., 1996). The nucleus can also be viewed indirectly in light
reflected by electrons and dust along the disk axis. Galaxy-size reflection nebulae coinciding
with the ionization cones have been seen in a number of radio galaxies (e.g., Ogle et al.,
1997). Scattered broad lines have been detected in Seyfert 2s (Antonucci & Miller, 1985;
Tran, 1995), ultra-luminous infrared galaxies (ULIG, Hines et al., 1995; Goodrich et al.,
1996), and narrow-line radio galaxies (NLRG Ogle et al., 1997; Tran et al., 1998). Type 1
objects (Seyfert 1s, BLRG, and QSO) have directly visible BEL and are presumably viewed
through an opening in the center of the disk.

While many type 2 AGN contain hidden type 1 AGN, it is not known if all type 1

objects have equatorial obscuration. It is very difficult to identify type 2 counterparts to
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radio-quiet QSO because of their radio silence and heavy obscuration; only a few examples
are known. The best hope for detecting these objects is in the far infrared or hard X-rays.
Perhaps the ULIG are examples of the most luminous QSO viewed in the equatorial plane.

About 12% (Weymann et al., 1991) of all radio-quiet QSO (RQQ) have broad absorption
lines (BAL) in their spectra indicating a fast (up to 0.1 c or greater) outflow. These
are the broad absorption line quasi-stellar objects (BAL QSO). Sowinski et al. (1997)
list 304 QSO (plus 133 candidates) with associated absorption lines or BAL. The BAL
phenomenon appears to be confined to luminous radio-quiet objects and does not appear
in Seyfert galaxies or radio-loud QSO. However, low-velocity intrinsic absorption systems
are commonly seen in all subtypes of type 1 AGN.

The question of whether or not BAL QSO can be unified with other types of QSO has
important implications for the structure and physics of AGN. It has been suggested that
BAL QSO are viewed at an intermediate angle which skims the accretion disk or torus.
This transition region is likely to be heavily affected by obscuration. It is also interesting
as a transition zone between regions of inflow and outflow.

At this point, we define some terminology which is used to describe the geometry of
the broad absorption line region. The global covering fraction f is the fraction of solid
angle covered by the BALR as seen from the central continuum source. This parameter is
important for understanding the global geometry of the BALR, and for QSO unification.
The local covering fraction f; is the fraction of direct sight-lines to the observer from the
emission source which are covered by BAL clouds. When the local covering fraction is less
than one, we speak of partial coverage of the continuum, BEL, or scattering region. The
local covering fraction depends on both the patchiness of the BALR and the viewing angle.

The following sections examine the many clues that have been gathered on the geometry
and other physical parameters of BAL QSO. The evidence suggests that BAL QSO are
normal radio-quiet QSO viewed from a special angle. Despite this general agreement on
the nature of BAL QSO, a number of fundamental parameters remain undetermined. The
geometry of the BAL region is not well constrained by observations, and estimates of its

distance from the central continuum source range from 0.1-500 pc (e.g., Turnshek et al.,

1988).



1.2 Ultraviolet Spectra

BAL QSO typically show high ionization BAL from the Lyman series H I A1216, 1026; the
lithium-like ions C IV A1549, N V A1240, and O VI A\1034; and the sodium-like ions Si IV
A1397 and S VI A939. The strength of these lines is determined by the elemental abundances
and ionization state of the gas. Many other transitions from a range of ionization states
have been identified with the Hubble Space Telescope (HST), including those of C III, N
IILNIV,NV,01III, O IV, and O V (Korista & Arav, 1997).

The BAL ions are presumably photoionized by far-ultraviolet and soft X-ray flux from
the central continuum source. Unfortunately, the shape of the ionizing continuum is not well
observed, and may be heavily modified by its passage through the BALR. For high redshift
objects, the continuum blue-ward of Lya is also heavily absorbed by intervening absorption
systems. Ultraviolet spectra of a few objects have been taken down to 550 A (22.5 eV) with
HST (Korista et al., 1992; Korista & Arav, 1997) and demonstrate that the continuum is
still strong at this short wavelength. As discussed below, BAL QSO are relatively weak in
soft X-rays (0.1-1 keV). It is likely that this is due to a high intrinsic column density along
the line of sight.

Hamman et al. (1993) show that the BAL trough shapes are insensitive to the geometry
of the BALR outflow, so it is difficult to distinguish between polar and disk configurations
using the absorption line profiles. They also use the ratio of C IV emission to absorption
equivalent widths, along with detailed modeling of scattered light from BAL outflows, to
derive a conservative 20% upper limit to the global covering factor of the BAL region
(Hamman et al., 1993). A low global covering fraction keeps the BAL from filling in with
resonantly scattered photons. This suggests that BAL QSO appear as non-BAL QSO from
most directions. However, there are ways to avoid this conclusion if the scattered photons
are preferentially absorbed in some directions.

Weymann et al. (1991) find that the emission line properties of BAL QSO are quite
similar to those of non-BAL QSO, and suggest that all radio quiet QSO contain a BAL
outflow. However, they find small differences between BAL and non-BAL QSO emission
lines which this does not explain. There is a 25% enhancement of N V emission relative

to non-BAL QSO and a correlation between Fe II emission strength and BAL equivalent

width. Hamman et al. (1993) suggest that the profile of the N V excess is too narrow to be
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accounted for by resonance scattering in the BALR, and that the excess is due instead to
anisotropic emission from the NV BEL clouds. The variation in line emission with viewing
geometry might be caused by shadowing or limb-brightening effects.

The similarity of BAL QSO spectra to non-BAL QSO spectra is consistent with the
hypothesis that most QSO have outflows and would show BAL if viewed along a line of
sight intersecting the BALR. If this is true, then the mean global covering fraction of the
BAL region must be about 10%, equal to the fraction of QSO that show broad absorption
lines (Weymann et al., 1991). Selection effects could exclude or reduce the number of
objects viewed from a given perspective and lead to an overestimate of the BALR covering
fraction. This would occur if there was an obscuring torus blocking equatorial views or if
dust or electrons in the BALR caused attenuation of the central source (Goodrich, 1997).

The relative position of the BELR and BALR along the line of sight can be inferred
from the absorption of the BEL by the BAL. The N V A1240 BAL usually cuts into the
Lya A1216 BEL, and the C IV BEL is sometimes cut on the blue side by the C IV BAL.
In troughs where the residual flux at the emission line location is reduced below the flux
of the unabsorbed red side of the BEL, the blue wing of the BEL must be absorbed. This
means that the BALR is at least partly external to or co-spatial with the BELR (Turnshek
et al., 1988). In some cases, residual line emission is seen in troughs which are otherwise
saturated (e.g., PHL 5200). This is due to incomplete coverage of the BELR by the BALR.
Unless there is a fortuitous alignment, the size of the BELR must be larger than the size of
an individual BAL cloud.

Some BAL velocity profiles provide strong evidence that radiative acceleration is im-
portant to the dynamics of BAL outflows. Radiative acceleration explains the “ghost of
Lya” seen in some C IV troughs (Arav et al., 1994) and perhaps the double trough phe-
nomenon (Turnshek et al., 1988; Weymann et al., 1991). The Lya emission line must
provide a significant fraction of the radiation pressure to leave its imprint on the dynamics
of the BAL outflow. Clouds which are in resonance with Ly« receive an extra push and are
accelerated to higher velocities, leaving a dip in the optical depth profile. Another exam-
ple of line-locking is seen among Si IV absorption systems in BAL QSO 1303+308 (Foltz
et al., 1987). However, it seems unlikely that the low equivalent width Si IV BAL has an

important influence on the dynamics of the flow.

Weymann et al. (1991) quantify the differences in BAL QSO troughs in terms of
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their “balnicity” (trough equivalent width) and detachment (between emission line and
absorption trough) indices. Troughs are also characterized by their multiplicity (number of
sub-troughs per BAL) and velocity width. The variety of trough morphologies could either
be due to intrinsic differences or differences in viewing angle and line-of-sight.

Multiple and detached troughs may indicate non-radial multiple BAL outflow compo-
nents (Arav, 1996). It is difficult to understand these features in terms of a radial outflow,
especially since the trough components do not appear to accelerate. The multiple compo-
nents have been explained in terms of streamers which rise perpendicular to the accretion
disk then are swept into a radial direction by radiation or ram pressure. It is also possi-
ble that there is some tangential deflection due to the centrifugal force of a rotating disk.
In this model, a BAL QSO with troughs that start at zero velocity must be viewed on a

near-equatorial line of sight which passes close to the foot points of the streamers.

1.3 BAL Trough Saturation

Determinations of BAL column densities usually assume that trough depth gives a direct
measurement of BAL optical depth, but this is likely to be incorrect. Korista et al. (1992)
find residual intensity in the Si IV trough of 0226-1024, even though a doublet ratio of
unity indicates that the trough is optically thick. Arav (1997) also points out that the
optical depths of the C IV, N V, and O VI troughs are identical within uncertainties. This
coincidence is unlikely given the possible range of abundances of these ions. A number of
objects (e.g., 0105-265) have smooth-bottomed, saturated troughs with a residual flux of
about 10%. Keck HIRES observations of BAL QSO (e.g., 0226-1024, Barlow, 1994) have
shown that the troughs are smooth and do not break up into narrower lines, so the residual
intensity in saturated troughs is not a resolution effect.

What is the source of the residual flux in the troughs? Spectropolarimetry of 0105-265
and PHL 5200 by Cohen et al. (1995) shows that the residual flux is highly polarized,
indicating a scattering origin. They suggest this could be light scattered by electrons or
resonantly scattered in the BALR. It is often pointed out that the residual flux in the
troughs is about 10%, which would be expected if the BALR has a 10% global covering

fraction. In addition to scattered light, there may be direct contributions from the partially

covered central continuum source and BELR. A similar effect is seen in associated absorption



systems (e.g., Barlow & Sargent, 1997).

Saturated BAL are useless for determining the column densities, ionization and abun-
dances of the BALR. There is some hope of using the unsaturated portions of the troughs
to perform this type of analysis (Arav, 1997). Great care must be taken because the local
covering fraction of the continuum and BEL by the BALR. is probably velocity dependent.
Changes in optical depth can be mimicked by changes in local covering fraction. Past stud-
ies of BALR ionic abundances have ignored these effects, and typically give incredibly high
metalicities (up to 200 times solar, Turnshek (1997)). Hamman (1998) suggests that the
strength of the P V BAL in PG 12544047 is due to high column densities instead of high
metal abundance, and that the C IV trough must therefore be saturated.

Traditional limits on the column density, electron density and radial extent of the BALR
argue for a small volume filling factor (< 107°) for BAL clouds (Weymann et al., 1985;
Barlow, 1993). Such a small filling factor would require a confining wind or magnetic field
to keep the BAL clouds from dispersing. The column density and electron density used in
these estimates depend on the optical depths measured from saturated BAL. The estimated
electron density also depends on the shape of the photoionizing continuum and distance from
the central source, which are not well known. In addition, the radial extent of the BALR

is not well constrained.

1.4 Continuum and Trough Variability

Variability has been detected in the troughs of several BAL QSO (Foltz et al., 1987;
Turnshek et al., 1988; Barlow et al., 1989, 1992; Barlow, 1993). The trough depth can
change by 10% on a time scale of one month in the QSO rest frame. Barlow (1993)
monitored 23 objects over a period of 3 years (1 year, rest frame), and 15 of these showed
significant variation in the BAL. Since most of these objects were only observed at two
epochs, it is probable that all BAL troughs are variable.

Barlow et al. (1989) suggest that trough depth variations are due to changing ionization
in response to continuum intensity variations. Because of the short recombination time, and
the light travel time across the BALR, the continuum and trough variations in the line of

sight appear to be nearly simultaneous. In most objects, the C IV trough depth decreases

in response to an increase in the UV continuum (Barlow, 1993). This implies that the
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C 1V abundance falls in response to a high, increasing ionization parameter. However,
the variation observed in the UV continuum is not nearly enough to account for the large
changes in ionization parameter inferred from trough variability. The far UV continuum
must be changing more than the continuum at 1000 A .

While variability has been seen in BAL optical depth, variability has not been detected
in the velocities of distinct trough components. Instead, all objects have preserved their
unique trough velocity structures. The radial acceleration time scale of these features must
be longer than 10 years (30 years in the observed frame). The lack of acceleration suggests
that the main velocity components are from standing features in the BALR flow instead of
discrete clouds. This is consistent with a non-radial outflow picture, where BAL flux tubes
cross the line of sight. The time scale for variation in the velocity structure is then the time
for the flow tubes to move across the line of sight. In this case, we would expect to see old
components disappear completely and new ones appear at a different velocity.

There are cases where there is no apparent correlation between the trough and continuum
variability. We suggest that in these cases, the trough variation is due to a variation in
the BAL density, not in the photon flux from the central source. When blobs (density
enhancements) of material flowing through a BAL flow tube cross the line of sight, the
corresponding BAL sub-trough deepens. This idea can be tested by watching for the effect
to propagate across a sub-trough. If the blob angular sizes are larger than the angular
size of the central continuum source, then there will be a uniform dimming for most of the
duration of the eclipse event. A much better sampling of BAL trough variation will be
necessary to test this hypothesis.

Trough variability gives additional evidence for partial coverage of the central source.
The deep portions of the C IV trough of CSO 203 must be saturated since they do not vary
at all when the Si IV trough and the shallow portions of the C IV trough vary (Barlow
et al., 1992). The residual flux at the bottom of the C IV trough is about 15%, indicating

a local covering fraction of 85%.

1.5 Polarization

A survey of 142 bright QSO (Stockman et al., 1984) shows that the great majority (99%)

have low polarization (LPQ, P < 3%). While there are no large polarimetric surveys
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of high-redshift QSO, the small number which have been observed appear to be LPQ as
well (e.g., Antonucci et al., 1996; Impey et al., 1995). The small fraction of QSO with
high polarization (HPQ, P > 3%) are mostly blazars, which emit optical synchrotron light
boosted by relativistic motion in a jet pointed close to the line of sight. There is one peculiar
object, OI 287, a radio-loud quasar which shows high, steady polarization at a level of 7%.
This object may be polarized by scattering in a thin accretion disk (Goodrich & Miller,
1988; Rudy & Schmidt, 1988). BAL QSO make up the remainder of the HPQ class, but
not all BAL QSO are highly polarized. The source of BAL QSO polarization is the main
concern of this thesis.

The source of polarization in LPQ is a subject of current debate (e.g., Webb et al.,
1993). UV-optical emission from QSO (the big blue bump) is commonly thought to be
dominated by thermal emission from an accretion disk (e.g., Sun & Malkan, 1989). It
was originally predicted that emission from an accretion disk should be highly polarized
(up to 12%) due to scattering (Lightman & Shapiro, 1975; Chandrasekhar, 1960). The
polarization should also be perpendicular to the disk axis for an optically thick disk. When
observations showed that the polarization of QSO is low and sometimes parallel to the radio
axis, this weighed heavily against the standard accretion disk model.

Another prediction of the accretion disk model is that the Lyman edge (912 A ) should be
seen in absorption in total and polarized flux. The absorption edge should be accompanied
by a drop in polarization (e.g., Laor et al., 1990) since scattered rays should be more
heavily absorbed than direct rays. Recent HST observations of QSO with partial Lyman
edges do not show the expected effect. Instead, the UV polarization of some QSO rises
steeply blue-ward of 800 A (Koratkar et al., 1995).

Various de-polarizing mechanisms have been suggested, including Faraday rotation in a
strong magnetic field, hydrogen absorption opacity, and gravitational lensing effects (Laor
et al., 1990; Blaes & Agol, 1996). Antonucci et al. (1996) give a concise review of these
and other schemes to reduce the UV polarization while maintaining the geometrically thin,
optically thick accretion disk model. However, none seem to reproduce the observations.
It has recently been suggested that there is no big blue bump (Mushotzky, 1997). UV
observations by HST along with ROSAT soft X-ray observations show that the continuum
may be better parameterized by a power law short-ward of 1000 A (Laor et al., 1997).

It is likely that the UV emission from QSO is not emitted from a geometrically thin
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accretion disk, since it lacks the predicted polarization. One possible alternative is emission
from a puffed up ion torus. Such a source would be nearly spherically symmetric and have
low polarization. The polarization we do see could come from scattering by material far
from the central source, such as the BEL clouds.

It is useful to compare the polarization of quasars to that of radio galaxies. Antonucci
(1984) finds that radio galaxies can be split into two classes based on their polarization prop-
erties. The first class consists of narrow-line radio galaxies (NLRG) with high polarization
perpendicular to the radio axis. In these objects the central continuum source is obscured
and the nuclear spectrum is seen in highly polarized scattered light. The second class con-
sists of broad-line radio galaxies (BLRG) with low polarization. It has been claimed that
the polarization is parallel to the radio axis (as expected from scattering in an optically thin
accretion disk) in these objects, but recent high-quality spectropolarimetry (Cohen et al.,
1998) casts doubt on this. The source of the low polarization in BLRG is not understood
but is probably similar to the source of polarization in LPQ. The polarization of the broad
emission lines is different from the polarization of the continuum in both LPQ and BLRG,
suggesting that the scattering regions are close to the center in the low-polarization, type
1 objects, perhaps associated with the BELR.

It has been suggested that BAL QSO are more highly polarized than other QSO because
they are viewed from the equatorial plane. This is based on a few highly polarized objects,
and has not been rigorously tested. It is necessary to make a polarimetric survey of BAL
QSO and non-BAL QSO at the same redshift to test this claim. Most polarimetric surveys
of QSO are skewed to bright, low redshift objects, while BAL QSO are readily identified at
redshifts z > 1.6, where the C IV BAL comes into the optical range. Our survey of BAL
QSO improves the statistics of the BAL QSO polarization distribution, and we test the
contention that high polarization is due to viewing angle in Chapter 4.

Spectropolarimetry has been published for a small number of BAL QSO (e.g., Stockman
et al., 1981; Glenn et al., 1994; Goodrich & Miller, 1995; Cohen et al., 1995; Schmidt et al.,
1997). These studies reveal that the BEL have lower polarization than the continuum. The
continuum polarizations of BAL QSO rise slightly to the blue, and the polarized continuum
flux can be represented by a smooth curve (e.g., Cohen et al., 1995). This thesis extends
these results to a much larger sample of objects, and looks for systematics in the polarization

properties of BAL QSO.
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While scattering by electrons or dust is the most likely cause of polarization in BAL
QSO, other sources are not completely ruled out. The other candidates are synchrotron
emission and selective absorption by aligned dust grains. The synchrotron source would
have to be steady, unlike the highly variable sources observed in blazars. Polarization by
dust transmission is unlikely since it is typically accompanied by a large degree of reddening,

which is not seen in most QSO.

1.6 Low-Ionization BAL QSO

A small subset of BAL QSO (10%) have (in addition to their high-ionization BAL) large
equivalent width low ionization BAL such as those from the sodium-like ions Na I A5894,
Mg IT A2798, and Al ITI A1858. These low-ionization BAL are also weakly present in most
objects which are classified as high-ionization BAL QSO (e.g., Mg II absorption in PHL
5200). The distinction between low and high-ionization BAL QSO is therefore ill-defined.
The deep low-ionization troughs may simply be due to high column density instead
of a low ionization parameter. Objects with high column density BAL show saturated
Si IV and C IV troughs and moderately deep Al III absorption. There need not be any
physical separation between the low and high ionization gas. Even in objects such as 0059-
2735, where there appears to be a definite velocity difference between the low-velocity, low-
ionization BAL systems and high-velocity, high-ionization BAL systems (Wampler et al.,
1995), this could simply be due to saturation of the lines at low velocity. At velocities where
C 1V is unsaturated, absorption from the less abundant low-ionization species disappears.
While the distinction between high and low-ionization BAL QSO has been exaggerated,
the difference in column densities may be connected to other observables. There appears to
be a correlation between strong low-ionization emission and strong low-ionization absorption
(Weymann et al., 1991). This suggests a physical association between the low-ionization
BALR and BELR, but may also be due to a secondary correlation with viewing angle.
Boroson & Meyers (1992) find the low-ionization BAL QSO in their sample to be unusually
weak [O III] emitters. It is unknown if this is true of BAL QSO in general or just low-
ionization BAL QSO. This does not necessarily rule out QSO unification scenarios since

a large portion of the [O III] emission may be emitted anisotropically. The amount of

reddening associated with the BALR is quite low, even in objects with strong low-ionization
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BAL. However, there appears to be an excess of low-ionization BAL QSO among warm IR-
selected QSO (Boroson & Meyers, 1992). This runs contrary to the unification hypothesis
if the IR emission at 25 pm is emitted isotropically.

The differences between low and high column density BAL QSO could simply be due
to viewing geometry. There are likely to be both random and systematic differences in
BAL depth which depend on the line of sight through the BALR. This is hinted at in the
complicated velocity structure of the BAL troughs in individual objects. We would expect
the optical depth to increase towards the equator in models where the BAL is ablated off
an accretion disk. On the other hand, there may be object-to-object intrinsic differences
in the BALR optical depth. Perhaps these differences are related to the age of the QSO.
Young objects might be in the process of expelling a dense cocoon of gas, while older objects
have cleared this material away through radiation pressure. Distinguishing between the the
intrinsic and geometric scenarios would require a comparison of the isotropic properties of
large samples of high and low column density BAL QSO.

An even smaller fraction (1%) of BAL QSO show associated narrow absorption lines
(NAL) from a variety of low-ionization species, including transitions from meta-stable states.
These objects are sometimes referred to as Fe Il Lo-BAL (Becker et al., 1997) because of the
large number of Fe II NAL. The continuum emission in these objects is quite red, perhaps
from extinction by dust (Sprayberry & Foltz, 1992). A large fraction of these objects have
been discovered via the FIRST radio survey, which suggests that there is an observational
bias against them in optical QSO surveys. This may be due to extinction and reddening.

Brotherton et al. (1997) present spectropolarimetry of two Fe II Lo-BAL objects
(FIRST 0840+3633 and FIRST 1556+3517). The polarization of FIRST 0840+3633 is
quite similar to that of high-ionization BAL QSO, dropping in the BEL and rising in the
BAL. The polarization of FIRST 1556+3517 (the only known radio-loud BAL QSO) is
extremely high (15% at 1800 A ). Unlike other BAL QSO, the emission lines are polarized
and the polarization drops in the absorption troughs (see Chapter 4). This object is quite

extreme in its properties, and its connection to other types of BAL QSO is unknown.
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1.7 Radio Properties

About 10% of optically selected, high redshift QSO are radio-loud (Stocke et al., 1992). The
distribution of the ratio of radio to optical flux (R) is bimodal, though there is some overlap
between radio-loud and radio-quiet quasars (Kellermann et al., 1989) at the logR = 1
dividing line. The physical mechanism which causes the dichotomy between radio-loud
and radio-quiet quasars is currently unknown. Blandford & Znajek (1977) hypothesize
that radio jets are powered by extraction of spin energy from a super-massive black hole.
This mechanism requires a spinning black hole and a magnetized accretion disk. Wilson &
Colbert (1995) suggest that only rapidly spinning holes formed by the merger of binary black
holes have enough angular momentum to produce a highly collimated radio jet. This merger
hypothesis could also explain why radio-loud quasars are only found in disturbed elliptical
hosts. Radio-quiet quasars could be produced by less dramatic merger and accretion events
which leave a slowly spinning black hole.

Stocke et al. (1992) find that optically-selected, high-ionization BAL QSO are exclu-
sively radio-quiet, with radio/optical flux ratios log R < 1.0. Conversely, there are no radio-
loud objects with broad absorption lines (except for FIRST 155643517, a Fe II Lo-BAL).
Objects with powerful radio jets do not contain BAL outflows, and vice versa. Because
BAL QSO radio emission is so weak, there is little information on its spatial distribution.
This makes it difficult to determine a fundamental symmetry axis for these AGN.

While there are no radio-loud BAL QSO, a large fraction (4/6) of radio-moderate (0.2 <
log R < 1.0) QSO in the sample of Francis et al. (1993) are BAL QSO. Note that neither
the radio emission nor optical emission from QSO is isotropic and aspect-independent.
Obscuration and beaming of the optical emission and beaming of the radio emission could
all contribute to the excess number of radio-moderate BAL QSO, and may do so in concert.
Goodrich (1997) suggests that the optical flux is suppressed in BAL QSO by scattering in
the BALR. The opposite contention is that the radio flux is more highly beamed in BAL
QSO than in other radio-quiet QSO. However, a simple beaming model over-predicts the
number of radio-moderate QSO (Francis et al., 1993). If excess radio emission is an intrinsic

property of some BAL QSO, then the BALR must have a large covering fraction in such
objects.
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1.8 X-ray Properties

The 0.2-2 keV X-ray spectra of bright, low-redshift QSO (BQS Survey) are well represented
by a power law with a, = 0.9 — 2.0 (Laor et al., 1997). Laor et al. (1997) also find no
evidence for a spectral break or soft X-ray excess. As discussed above, this runs contrary
to the standard model of a thermal big blue bump powered by viscous dissipation in an
optically thick accretion disk.

While about 50% of Seyfert galaxies show absorption features due to ionized warm
absorbers, only ~ 5% of QSO show such features (Laor et al., 1997). For a larger sample
of QSO with detected X-ray flux, Green et al. (1995) measure optical to X-ray indices in
the range oo, = 1.3 — 1.7. There is a tendency for a,, to increase with QSO luminosity.
This may be due to enhanced absorption in the more luminous objects (Green, 1997b).
BAL QSO are under-luminous in soft X-rays relative to non-BAL QSO, and most have lower
limits of ape > 1.8 (Green & Mathur, 1996; Green, 1997a). So if BAL QSO/non-BAL QSO
unification is correct, then a large column of gas must hide the central X-ray source in BAL
QSO. Green & Mathur (1996) suggest that the intrinsic (unabsorbed) X-ray spectra of
BAL QSO and non-BAL QSO are similar since their UV emission line spectra are similar.

Only two BAL QSO have actually been detected in X-rays (both are in our polarization
survey). PHL 5200 is bright enough for spectral observations with ASCA. Mathur et al.
(1995) find a column density of Ny = 1.3 x 102cm~2 in PHL 5200, with a,, = 1.5. Green
& Mathur (1996) similarly derive a column of Ng = 1.2 x 10%%cm~2 and a,, = 1.98 in 1246-
0542 from the total hard X-ray counts, assuming an intrinsic a; = 1.5. These estimates of
the column density also assume absorption by neutral gas with solar abundances, and should
be increased if the gas is highly ionized. In contrast, typical estimates of the column density
from the UV BAL are of order Ny = 102°cm~2, for an jonization parameter logU = -1
(Hamman et al., 1993).

The large discrepancy between the UV and X-ray determinations of Ny can be reconciled
if the BAL gas is highly ionized and the UV BAL are saturated (e.g., Hamman, 1998).
However, it is also possible that the UV and X-ray absorbers lie in separate zones and are
only indirectly related. For example, the X-ray absorber could correspond to BEL clouds

which shield the UV-absorbing BALR. It is important to establish the connection between

the UV and X-ray absorbers. If the UV and X-ray absorption is caused by the same gas,
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then X-ray measurements will give powerful diagnostics of the physical conditions in the
BALR, including column density and ionization state (e.g., Mathur, 1994).

One way to test for the equivalence of the UV and X-ray absorbers is to search for
a scattered soft X-ray component. If the absorbers are the same, we expect to see a 10%
residual scattered flux at the saturated X-ray absorption edges, similar to the residual flux at
the bottom of the BAL troughs. This will require much more collecting area than is available
in current telescopes. An even more ambitious project would be to measure the polarization
at the photoionization edges. This would help to distinguish between the electron scattering
and resonance scattering models for the BAL trough polarization. The resonance scattering
model predicts that the edges should be unpolarized, while the electron scattering model
predicts that they should be polarized like the BAL troughs. X-ray polarimetry may also

allow a distinction between electron and dust scattering.

1.9 Physical Models

The standard model that has emerged is that BAL QSO are normal radio-quiet QSO ob-
served through an out-flowing disk wind. The most contentious aspect of this model is the
filling factor and ionization of the wind. The two competing models are the clumpy and the
smooth wind models. In the clumpy model, a spray of BAL cloudlets is ablated off the ac-
cretion disk and flows outward along and is confined by magnetic field lines. In the smooth
model, a continuous wind of much higher column density and ionization flows from the disk.
The smooth wind models are favored by recent X-ray observations and also are appealing
because there is less of a problem with pressure confinement of the BAL clouds. While disk
wind models are popular, there is still room for consideration of alternate geometries.

An accretion disk or torus of molecular gas provides a natural source for the BAL wind.
However, the disk must be warped or flared so that its surface is exposed to the central
continuum source. The BAL gas could then be ablated from the disk by UV radiation. A
similar physical process has been observed in the Orion (Johnstone et al., 1996) and Helix
nebulae, where a central FUV source evaporates gas from molecular gas condensations
such as protoplanetary disks (proplyds). Similar processes are also seen in comets. The

evaporated gas flows out from the reservoir at the sound speed and is ionized at an ionization

front. Subsequently, radiation pressure (on ions and/or dust) drives the ionized gas away



17
from the central source, giving rise to cometary tails.

The continuous disk wind model proposed by Murray et al. (1995) is physically well
motivated. However, it invokes a somewhat ad-hoc “hitchhiking” gas component to shield
the outflow from soft X-rays. The hitchhiking gas is supposédly entrained by the outflow.
However, it seems that the shield needs to be in place before the BAL plasma can be
radiatively accelerated. It is possible that protrusions from the molecular disk could serve
as shields and foot points of BAL streamers. Alternatively, dense stellar blobs would be
naturally self-shielding. If the radiative acceleration is due mainly to dust (Scoville &
Norman, 1995) instead of ions, then the ionization parameter is not as relevant to the
dynamics.

The nature of the gas reservoir supplying the BALR outflow is unknown. Does it consist
of many discrete sources such as proplyds, planets (Dar, 1997), AGB winds (Scoville &
Norman, 1995), or novae (Shields, 1996) (stellar hypothesis); or is the reservoir the accretion
disk or an obscuring torus? In the stellar hypothesis, we expect the sources (stars) to be
distributed more or less isotropically around the central continuum source. In the disk/torus
wind hypothesis, the outflow should be confined to the equatorial plane in the case of a thin
disk or to some intermediate range of inclination for a torus. In all cases, the global covering
factor must be < 10%. Polarization can potentially be used to discriminate between the
different viewing geometries since it depends on inclination angle. The BELR and BALR

may derive from the same source so their properties may be intimately connected (e.g.,

Murray et al., 1995).

1.10 Organization of Thesis

This thesis addresses a number of questions about the structure and physics of BAL QSO.
The primary observational goal is to determine the source of polarization. A large sample
of objects is studied to address the distribution and wavelength dependence of BAL QSO
continuum polarization as a function of spectral properties and determine if there is a
common polarizing mechanism.

High S/N Keck observations are used to investigate the details of the polarization spectra

and to study the structure and gas dynamics in BAL QSO. Multiple sources of polarized

light in the spectra of active galactic nuclei (AGN) probe the structure along multiple lines



18
of sight. This makes it possible to constrain the spatial distribution of various components,
including the central continuum source, broad emission line region (BELR), and broad
absorption line region (BALR). The polarization variation across the BAL is used to study
the geometry of the BALR as a function of velocity, giving clues to the dynamics of the
outflow. The geometries of the scattering and broad absorption line regions are studied to
discriminate between polar and equatorial outflows.

Spectropolarimetry of 20 BAL QSO with the W. M. Keck Telescope is presented in
Chapter 2. The observational techniques are described in detail, and a brief description
of the individual objects is given. In addition, the continuum polarization and equivalent
widths of spectral features are tabulated.

Spectropolarimetry of 24 BAL QSO with the Hale Telescope is presented in Chapter 3.
The observations and calibrations are discussed and continuum polarizations are tabulated.
Individual objects are briefly discussed.

In Chapter 4 we investigate the continuum polarization properties of BAL QSO. We
study the polarization distribution, and compare it to the polarization distribution of non-
BAL QSO. A simple unification model and axisymmetric scattering geometry are used to
explore the connection between BAL QSO and non-BAL QSO. We study the effects of
dilution by broad Fe II emission on the wavelength dependence of the polarization and
derive spectra of the unpolarized emission line components. We compare the wavelength
dependence of the polarization with predictions for electron and dust scattering. The effects
of opacity sources in the scattering medium are also considered. Finally, we tabulate the
BEL and BAL equivalent widths in total flux and look for correlations with the continuum
polarization.

In Chapter 5 we examine the polarization of the broad absorption lines and broad emis-
sion lines. We present polarization and equivalent width measurements for the BEL and
BAL. We find and discuss evidence for resonance scattering and partial continuum cover-
age in a number of individual objects with high S/N. The amount of resonantly scattered
polarized light is measured and used to estimate the global covering fraction of the BALR.
The implications of our polarimetry for the structure of the BELR, BALR, and scatter-
ing regions are explored. The dynamics of the BALR are also studied using the velocity

dependence of the polarization in the BAL troughs.

Chapter 6 summarizes the results of this thesis, and puts them in the context of models



19

of the structure of the BELR and BALR. Finally, we suggest further experiments which

would increase our knowledge of the structure and physics of QSO.
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Chapter 2 Keck Spectropolarimetry

We observed 20 BAL QSO with the W. M. Keck 10 m telescopes. The objects were selected
primarily (15/20) from the sample of Weymann et al. (1991). Our Palomar BAL QSO
survey was used to select objects with detectable polarization for re-observation at higher
S/N with Keck. However, the Palomar survey was not finished until after the Keck survey,
which means that a few polarized objects were omitted from the Keck sample. Other objects
not in the Palomar survey were selected for observation at Keck because they are bright or
have high polarization.

A summary of the observations is given in Table 2.1, including IAU and alternate desig-
nation, redshift, visual magnitude, UT date, exposure time, and spectrograph slit position
angle. Total exposure times range from 1 to 6 hr, for an average of 2.2 hr per object. Results
for 0105-265 and PHL 5200 are presented by Cohen et al. (1995), but are discussed in
additional detail in this thesis.

2.1 Spectroscopy

Spectropolarimetry was taken with the Low Resolution Imaging Spectrograph (LRIS, Oke
et al., 1995) and polarimeter combination. A 300 groove/mm grating with a dispersion
of 2.49 A per pixel gave a resolution of 10 A. This translates into a velocity resolution of
600 km/s in the C IV A1549 BAL for a QSO at redshift z = 2.2. Hence the C IV doublet
separation of 500 km/s is unresolved in our spectra. This resolution is sufficient for studying
the polarization of the broad emission lines and troughs in BAL QSO, which typically span
10,000-30,000 km/s. Higher resolution spectropolarimetry is only useful for the brightest
QSO (V < 17.0) since it requires a S/N per spectral bin of at least 100 to detect polarization
at the level of 1%.

The detector is a 2048x2048 pixel charge coupled device (CCD) manufactured by Tek-
tronix. It has an inverse gain of 2 electrons per data number and a read noise of approxi-

mately 6 electrons. The maximum efficiency of the spectrograph plus CCD combination is

approximately 40% at the blaze angle of the grating.
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IAU Name z Mag UT date t(sec) PA
0019+0107 UM 232 2123 177 072995 6240 315
121595 6000 354
004340048 UM 275 2.146 184 102994 10800 305 np
0059—-2735 1.593 18.0 123094 6240 20
072895 6240 0
0105—-265 3.488 173 080394 3600 0

1028 94 3600 0
110694 3600 33.4 np

0137—0153 UM 356 2234 178 121795 6000 227 np

014640142 UM 141 2,892 177 110694 3600 60.6 np
121595 4800 50

0226—1024 2256 169 123194 6000 45

100596 7200 181.5
1006 96 7200 181.5 np

0759846508 IRAS 0.148 14.5 012895 2400 45
084243431  CSO 203 2130 173 110694 3600 270 np
121795 6000 160 np
0856+1714 2.327 189 110794 3600 283 np
0903+1734 2.773 174 041796 4800 90
0932+5006 1.911 169 121595 6000 215
121241445 1626 174 051996 7200 0 np
12354-0857 2.887 175 052096 3600 50 np
1246—0542 2.226 164 123094 7050 315
1331-0108 UM 587 1.874 17.2 051996 1680 57 np
1333+2840 RS 23 1.910 18.7 012895 4800 270

041796 6000 100
1413+1143  Cloverleaf 2.545 16.8 051996 3600 68 np
152445147 CSO 755 2.88 17.0 041796 3600 132
2225-0534 PHL 5200 1.980 179 080394 3600 180

102894 3600 35

Table 2.1: Keck observation log. The columns are 1) IAU designation, 2) Name, 3) red-
shift, 4) visual magnitude, 5) date, 6) exposure time, and 7) spectrograph slit PA. Non-
photometric nights are marked “np,” indicating clouds or fog. Data for columns 3 and 4
are primarily from the NASA Extragalactic Database (NED).
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The spectra cover the observed wavelength range of 3800-8300 A . This corresponds to
the rest wavelength range between Lya and Mg IT A2798 for a z = 2.2 QSO. The C IV 1549
line is the most useful for our study because the BAL is typically deep enough to show a
large polarization signature and it is well isolated from other emission and absorption lines,
including intervening Lya absorption systems. There is some possibility of confusion from
intervening Mg II and Fe II metal line absorption systems, which are apparent in at least
ten of our sample objects; but these always have equivalent widths which are much smaller
than the BAL equivalent width. The C IV BAL is visible in all but two of our objects,
which are at redshifts z < 1.6 and display absorption from low-ionization species.

Slit widths of 1 and 1.5 arc seconds were used to match the atmospheric seeing, and the
pixel scale was 0.2 arcsec/pixel. The useful slit length is only 30 arcsec in LRIS polarimetry
mode because of vignetting by the beam splitter. We expect that the contribution of
extended emission from the narrow line region and starlight from the host galaxy within the
slit aperture is negligible. There are a few cases where foreground galaxies serendipitously
fell in the slit, but they were never close enough to the BAL QSO to contaminate its
spectrum (except for the galaxy which lenses 1413+1143). Indeed, there is no evidence
for narrow emission lines or stellar photospheric lines in any of our spectra. The relatively
narrow slit widths along with variable seeing conditions yield large uncertainties in the
absolute photometry, however we are only interested in relative fluxes.

The spectrograph slit was set at the mean parallactic angle for most observations. This
resulted in a minimum loss of light from differential atmospheric refraction. However, the
differential slit losses were still significant—up to 20% between the blue and red ends of
the spectra. This is seen in the ratio of spectra taken at different epochs. Without large
aperture photometric data, we can not correct for differential refraction in our spectra. It
is important to consider this uncertainty when analyzing the color of the flux spectra, but
it does not affect the polarization.

The slit orientation on the sky was held constant during each set of observations to
avoid mixing the Stokes parameters. Because the Keck Telescope has an altitude-azimuth
mount, this was accomplished by rotating the spectrograph. Observations were scheduled
to avoid close passage to the zenith, where the telescope has difficulty tracking reliably.

When multiple observations were taken over the span of several hours, the slit PA was set

to the parallactic angle at the midpoint of the series of observations. All observations of an
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object on the same night were taken at the same slit PA to allow co-addition of multiple
sets. When observations from different nights were taken with different slit PA, the Stokes

parameters were averaged after calibration to the sky coordinate system.

2.2 Polarimetry

The performance of the LRIS polarimeter and the robustness of the reduction techniques are
discussed by Cohen et al. (1997). The polarimetry module is inserted directly below the slit
mask in the spectrograph. It is a dual-beam instrument which separates and simultaneously
measures two orthogonal polarization senses using a calcite beam splitter. The beam splitter
is a modified Glan-Taylor prism using blocks of Ultran-30 for focus equalization in the two
beams (Goodrich, 1991; Goodrich et al., 1995). The spectra of the two beams are recorded
side by side on the CCD chip. Simultaneous measurement of the ordinary and extraordinary
beams nearly eliminates the effects of atmospheric transparency and seeing variations on
the calculated Stokes parameters.

The second active component of the polarimeter is a half-wave plate. The half-wave
plate has a retardance of 180 degrees and serves to reflect the polarization vector about the
fast axis. Rotating the half-wave plate 45 degrees rotates the PA of the input electric vector
by 90 degrees. This swaps the ordinary and extraordinary beams, allowing a correction for
the gain difference along the two optical paths and for the gain difference at two locations
on the CCD chip. Rotating the half-wave plate by 22.5 degrees allows an independent
determination of the Stokes parameters (Q, U). A complete set of observations is taken at
four half-wave plate settings (0, 45, 22.5, and 67.5 degrees). This yields eight spectra (one
per beam) which are used to compute the flux (F) and Stokes parameters.

The Stokes parameters (Q, U) completely characterize the linear polarization. The cir-
cular polarization, given by the Stokes parameter V, is negligible for QSO. If the intensities
of the ordinary and extraordinary rays are X and Y, respectively, then the total flux and

normalized Stokes parameters are given by
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F=Xo+Yy= Xy5+ Y5 = Xoo5 + Yao5 = Xg75 + Yer5 (2.1)
Xo—Yy Yy — Xgs
Q=—%—"="F (2.2)
_ Xoos —Yao5  Yer5 — Xers
U= = — = (2.3)

where the subscripts give the position angle of the half wave-plate. Note that we measure
Q@ and U twice each, and take the average of the two measurements. However, these two
measurements are not independent, since they are used to compute the gain ratios between
the beams.

The above equations assume that the instrumental gains are equal for the two beams
and the atmosphere doesn’t vary. In practice, the fluxes X and Y are corrected for the
geometric mean G of the gain ratio between the two beams and the ratio of atmospheric

transparencies ). For the @ observations (and similarly for U),

[ XoXss5

G = 2.4

YoYss (24)
[ XoYo

Q= 2.5
Xa5Ys5 (25)

The fractional polarization P and position angle PA of the electric vector are computed

from the Stokes parameters via

P= V@I (26)

PA = %arctan(U/Q) (2.7)

Measurements of (@), U) and the derivative quantities fractional polarization and posi-
tion angle (P, PA) are subject to a number of biases when the number of photons is small
(Clarke et al., 1983; Naghizadeh-Khouei & Clarke, 1993). P is a positive definite quantity,
and therefore does not obey Gaussian statistics. @ and U do obey Gaussian statistics,
except at very low S/N. It is therefore preferable to rotate (¢}, U) by a fit to the continuum

PA curve instead of calculating a de-biased P (Simmons & Stewart, 1985). This is only
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possible when the PA is a slowly varying function of wavelength. Where there are PA rota-
tions across the emission and absorption lines, the polarization will be underestimated by

this method; then it is necessary to inspect both @ and U to determine the line polarization.

2.3 Data Reductions

Data reductions were done on a SUN Sparcstation with VISTA! image processing software.
Cosmic ray events were eliminated interactively from the CCD frames using a 5 x 5 median
filter. Pixels which deviated by more than 30 were rejected and replaced by the median
value. It was often necessary to iterate this procedure to eliminate cosmic rays with long
tracks that covered several pixels. It was sometimes impossible to remove cosmic ray tracks
which fell on the object spectra, and these are flagged in the spectra as “hits.” Noise
introduced by cosmic ray events is a serious problem at the Keck Observatory, perhaps due
to its high altitude. To help identify and mitigate contamination from cosmic rays, the
observations were typically split into two sets.

The CCD frames were de-biased using an average value from the over-scan region of the
CCD image. The bias voltage level of the CCD amplifier was typically 1000 data numbers
(DN). No corrections were made for dark current since the thermal noise in the liquid
nitrogen cooled CCD dewar is negligible.

All object frames were divided by a flat field to remove small spatial variations in the
CCD response. Flat field corrections help ensure proper sky subtraction and flux calibration.
Note that in the case of negligible sky background, the flat field cancels out of the equation
for the Stokes parameters, which involves the ratio of fluxes. Hence the polarization is quite
insensitive to flat-fielding. However, accurate flat-fielding is necessary for accurate relative
flux calibration. Series of flat fields were generated using a halogen lamp internal to the
spectrograph. Though the illumination of the spectrograph by the internal lamps is slightly
different from the sky illumination, this effect is small and outweighed by the convenience
of internal flats. A median of several flat field exposures was taken to provide a high S/N
flat devoid of cosmic-ray features. The final flat was divided by a polynomial fit along the
spectral direction to remove slow variations due to the spectrum of the halogen lamp.

The object spectra were extracted using 3-6 arcsec wide windows centered along a spline

'VISTA was originally developed by R. J. Stover and T. R. Lauer in 1982. It is primarily used at Lick
Observatory. The current version is maintained by John Holtzman (email holtz@nmsu.edu).
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fit to their centroids on the CCD chip. The width of the window was chosen to include
most of the flux, as judged by eye from cross-cuts of the spectra. The centroids tend to
wander, probably due to spectrograph flexure, over the course of a night. Night sky spectra
were extracted from windows on both sides of the object window, averaged, scaled, and
subtracted from the object spectra. Noise spectra were calculated from the photon statistics
of the object and sky spectra. The flux and noise spectra from the eight beams for each set
of observations were used to compute the Stokes parameters and their uncertainties. The
propagated noise spectra agree well with the pixel-to-pixel variance, and we are confident
in their accuracy.

Spectra were wavelength calibrated and re-binned to a linear scale before computing the
Stokes parameters. We used Ne, Ar and Hg+Kr internal lamps to determine the wavelength
scale. We typically used a third order polynomial fit to the wavelengths of a large number
of arc lines to characterize the scale. Unfortunately, there are few arc lines at the blue end
of our spectral range (3800-50004 ), so the relative uncertainty in the scale is somewhat
larger (up to 0.1 A) there. However, this is completely adequate given the low resolution of
our spectra and the broad width of QSO lines. Spectra were also corrected for zero-point
offsets due to spectrograph flexure using the night sky spectra.

All spectra were de-redshifted using the nominal redshift values given in Table 2.1, and
the flux spectra were binned by 5 A (rest) before calculating the Stokes parameters. Binning
fluxes first reduces the biases that can be introduced by noisy data and enhances the signal-
to-noise ratio S/N of the Stokes parameters. The total flux spectra are presented un-binned

to show maximum spectral resolution.

2.4 Flux Calibrations

Flux spectra were corrected for extinction using the prescription of Hayes (1970). We used
an average extinction curve for Mauna Kea, measured at UKIRT (Beland et al., 1988).
There were often variable cirrus clouds, so the absolute flux calibration of the spectra are
generally only good to within 50%.

Flux calibrations were made using spectrophotometric standards (Oke, 1990). The

standards are hot stars with substantial flux at 3800 A and weak photospheric absorption

lines. The standards had to be dim enough not to saturate the CCD in a 1 second exposure
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time. We interpolated over stellar and atmospheric absorption features in the standard and
observed flux curves then took the ratio to get the flux calibration curve. The final curves
were smoothed by 20 wavelength bins to increase the S/N.

BAL QSO observations were taken without an order-blocking filter, and there may be
contamination by second-order blue light red-ward of 7000 A . The magnitude of this effect
(Putney & Cohen, 1996) is less than 1.8% of the flux at the blue end of the spectrum (3500-
4500 A ). All flux standards were observed both with and without a GG-495 order-blocking
filter to avoid contamination by second-order light in the flux calibration curve. This was
necessary because the contamination can be large in the hot, blue flux standards.

Contamination due to second order light in the BAL QSO is minimal. The continua are
not nearly as blue as in the flux standards, rising less than a factor of 3 over the observed
wavelength range. This translates to an error of 5% in flux at the red end of the spectrum
of the bluest object. Since the polarization in BAL QSO rises to the blue (Chapter 4), this
could lead to a polarization error of 0.082%. There is a potentially larger effect from the
Lya emission line showing up in second order at 2432 A . This falls in a fairly uninteresting
region of the spectrum, away from major emission and absorption lines.

Flux spectra were corrected for atmospheric absorption in the telluric bands (02 A,
B, and v; and H20), using templates derived from the flux standards. The absorption
templates were scaled and smoothed to give the best correction. Scaling in the range 0.9-

1.1 was typical and served as an adjustment for changing atmospheric conditions.

2.5 Polarization Calibrations

UV and IR polarizers were used to determine and correct for the position angle (PA) ro-
tation of the half-wave plate fast axis with wavelength. This required observations of a
bright star through the polarizers, which induced nearly 100% linear polarization at a con-
stant PA. The half-wave plate is super-achromatic (Goodrich, 1991), designed to give a
retardance close to 180 degrees over a large wavelength range. However, this design in-
troduces a wavelength-dependent rotation into the instrumental PA curves with amplitude
+4.8 degrees. The PA correction curve (Figure 2.1) was measured on several occasions and

averaged to obtain a curve with relative uncertainty of < 0.2 degrees at all wavelengths.

All observations were corrected by a spline fit to this average curve.
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Figure 2.1: Keck PA calibration curve, showing rotation of the half-wave plate fast axis
with wavelength.

The PA of the electric vector is measured from north to east. The PA offset between
the half-wave plate coordinate system and the sky coordinate system was determined for
each run using polarized standard stars. We used HST standards from the list of Schmidt
et al. (1992), who use scattered moonlight as their primary PA standard. B and V-band
polarizations of the standards were measured by averaging over the bands 3950-4900 A and
5050-5950 A | respectively. Some of the standards show curvature in their PA spectra,
amounting to 1-2 degrees over the range 3800-8900 A . The PA variation within the B or
V band is less than 0.5 degrees, and the error introduced by not considering the shape of
the Johnson filter curves is less than 0.2 degrees. In principle, the B and V band PA could
be computed more accurately if we had the instrumental response curves for the Schmidt
et al. (1992) observations.

It was necessary to establish a set of secondary and tertiary standards which were
dim enough to view with the Keck Telescope and covered the sky. We have listed our
polarized standard stars in Table 2.2. The PA values of the tertiary standards were set by
minimizing the difference between PA offsets determined from all secondary standards over
a number of observing runs. The absolute PA calibration is internally consistent to +0.6
degrees. This is commensurate to random uncertainties as large as 0.4 degrees published

for the secondary standards. All of our standards have polarization curves approximated

by a Serkowski et al. (1975) function, indicating an interstellar and not an intrinsic origin
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Star Band P% o PA o

HD 155528 V  5.00 0.17 92.61 0.37
HD 245310 B 4.38 0.004 145.97 0.40
VICyg12 V  9.16 0.06 116.41 0.13
Hiltner 102 V518 0.10 73.20 0.80
HD 251204 V498 0.05 151.60

Table 2.2: Polarized standard stars. The mean Keck polarization and PA measurements of
standard stars are given in columns 3 and 4. No PA uncertainty is listed for HD 251204,
because it was observed on only one occasion.

Star Date Q% U%
G191B2B 1294 0.052 0.009
1295 -0.050 -0.045
1096 0.002 0.037
BD +28 4211 795 -0.069 -0.079
1096 0.033 -0.111
BD +323739 795 0.057 -0.096
mean 0.004 -0.048
o 0.05 0.06

Table 2.3: Null polarization standard stars. Three null standards were observed on a number
of observing runs. We list the Stokes @ and U parameters, which are typically < 0.1%.

for their polarization. Interstellar polarization is unlikely to be variable since it is the
integrated effect of a long column of Galactic dust. We excluded standards which appear
to show polarization variability from our calibration set. Another potential source of error
is precession of the celestial coordinate system, which can amount to 1 degree in 100 years
(Hsu & Breger, 1982).

Null polarization standards (Schmidt et al., 1992) were observed on several occasions
(Table 2.3), and were always found to be null to within 0.1% (4000-7000 A ). The standard
deviation of all null observations was (0g, oy)= (0.05%,0.06%). There was no evidence
for systematic instrumental polarization effects, so no instrumental polarization correction
was required. The lack of instrumental polarization indicates near-perfect alignment and
uniform reflectivity of the primary and secondary telescope mirrors.

A prevalent concern in polarimetry is contamination of the Stokes parameters by fore-

ground and intervening dust. Polarization can be induced by selective absorption by mag-
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netically aligned dust grains. Interstellar dust polarization in the Galaxy should have only
a small effect on the Stokes parameters since all objects have a Galactic latitude of b > 30
degrees. Table 2.4 gives the Galactic latitude for each object in the Keck and Palomar
samples. The maximum interstellar polarization P,,,, was estimated using the prescription
of Serkowski et al. (1975) and the extinction values of Burstein & Heiles (1984), which are
listed in NED?. We used the formula P, = 9E(B — V) = (9/4)Ap to convert from ex-
tinction values to polarization. The maximum expected interstellar polarization is typically
less than 0.2%.

We also list the polarization P;, position angle PA,, distance d, and separation df of
the closest field star within 5 degrees of each QSO from Matthewson & Ford (1970). This
is at best a crude estimate of the interstellar polarization in the direction of the QSO. Some
of these stars are too close to the observer to sample the total dust column in the Galactic
disk. Ideally, we would like to take spectropolarimetry of several stars within a few arc
minutes of the QSO which have large spectroscopic distances (> 0.5 kpc). Then it would
be possible to make a reliable correction for the interstellar polarization. The number of
observations required for this would be prohibitively large and impractical for this thesis.
We consider any measured QSO polarization greater than 0.2% to be intrinsic to the QSO.
However, we also investigate the possibility of interstellar contamination in objects which
show rotation of the electric vector PA with wavelength (Chapter 4).

Another possible source of dust polarization is the interstellar medium of intervening
galaxies. Many of the BAL QSO in our sample show intervening metal absorption line
systems. Typically, the impact parameter of these systems is large, so we don’t expect a large
amount of extinction and associated dust polarization. QSO with damped Lya absorbers
at small impact parameters typically have an extinction at 1500 Aof 4 < 0.1 magnitudes
(Pettini et al., 1997). We expect even less extinction and negligible interstellar polarization
from the lower column density metal absorption line systems. However, 141341143 is lensed

by a foreground galaxy, so dust absorption by the lensing galaxy may be a consideration.

*NED is the NASA Extragalactic Database, operated by IPAC.
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IAU Name b Praa% P% PAs d(kpc) do

0019+0107 UM 232 -60.6 0.11 0.11 96.6 0.100 0.97
0021-0213 -64.0 0.18 0.25 113.6 0.087 0.22
0025—-0151 -63.8 0.18 0.25 113.6 0.087 0.96
0043+0048 UM 275 -61.8 0.02 0.29 784 0.229 3.02
0059-2735 -87.6 0.18 0.10 133.3 0.115 2.26
0105-265 -86.2 0.05 0.10 133.3 0.115 3.90
011940310 -58.6 0.09 0.08 156.6 0.229 0.67

0137-0153 UM 356 -61.9  0.11 0.08 1285 0.182 1.52
014540416 UM 139 -65.5  0.25 0.30 128.4 0.316 1.60
014640142 UM 141 -57.7 000 0.30 1284 0.316 3.31

0226-1024 -61.6  0.02 e e

0759846508 IRAS 32.1 0.32 e e

084243431 CSO 203 375 0.18 e e
0846-+1540 32.9 0.20 0.02 350 0.063 2.82
08561714 35.7 0.11 0.02 35.0 0.063 3.78
0903+1734 37.5 0.16 0.03 86.0 0.016 2.81
093245006 46.5 0.07 0.01 1150 0.017 1.94
101140906 48.5 0.07 0.06 82.7 0.066 1.80
121241445 4.7 0.27 0.03 116.0 0.052 0.58
1231+1320 75.4 0.11 0.06 740 ... 2.80
1232+1325 75.5 014 005 T40 ... 291
123540857 71.3 0.00 0.02 39.0 0.060 1.88
1235+1453 77.1 0.11 022 760 ... 2.47
124340121 63.9 0.00 0.22 760 ... 2.47
12460542 56.9 009 026 459 0380 2.25
1331-0108 UM 587 59.7 0.11 0.04 9.0 0.029 0.81
1333+2840 RS 23 80.0 0.00 0.08 104.0 ... 1.11
141341143 Clover 64.8 0.00 010 57.0 0.105 1.41
1442—-0011 51.2 029 015 91.0 0.035 2.33
144340141 52.5 027 0.05 780 0.036 0.44
152445147 CSO 755  52.1 0.07 e e

170045153 PG 37.8 0.05 v e e
2154—-2005 -496 0.09 0.09 6.5 0.229 1.42
2201-1834 -50.6  0.16 0.08 1759 0.437 1.29
2225—-0534 PHL 5200 -49.6 0.38 0.44 160.5 0.087 2.23
2350—0045A -59.9 027  0.10 1289 0.060 2.59

Table 2.4: Interstellar polarization. Columns 3 and 4 give the Galactic latitude b and upper
limit to the interstellar polarization Ppqy. Pras iS computed from the Galactic extinction
as described in the main text. Columns 5 and 6 give the polarization P, and electric vector
P A, of a nearby interstellar probe star. The probe star distance d (in kpc) from the observer

and angular distance df (in degrees) from the BAL QSO is given in Columns 7 and 8.
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2.6 Continuum and BAL Polarization Measurements

Table 2.5 lists the continuum polarizations for the Keck BAL QSO sample. We measured
the continuum polarization in two narrow wavelength bands (1600-1840 A and 1960-2200 A ,
rest) and one broad wavelength band (4000-8600 A , observed). The narrow bands are on
either side of the C III] A1909 emission line, where the contamination from Fe II and other
emission lines is relatively low. The broad-band measurements in the observed frame are
presented for comparison with “white light” polarization values in the literature. The polar-
ization P was estimated by rotating the Stokes parameters by the angle 2P A, determined
from a cubic spline fit to the PA curve. (The Stokes prarameters become (Q' = P,U’' = 0)
in the rotated coordinate system.) P was then averaged over the appropriate pixels in the
spectrum, which introduced negligible bias in the high S/N continuum observations. The
mean broad-band PA is listed in column 9. Objects with significant PA rotations in the
continuum are indicated by an “r” in the last column. Polarization values are given as
percentages and P A values are given in degrees.

BAL polarization values are listed in Table 2.6. The velocity, rotated Stokes parameters,
and PA rotations were determined at the point in the trough at which Q’ is a maximum.
For most objects, the PA in the trough agrees with the PA in the continuum to within the
measurement uncertainties. Therefore the rotated Stokes parameter @’ is a good estimate of
the polarization P. The listed trough polarization values and uncertainties are for 5 A bins.
Binning inevitably reduces the peak trough polarization, but provides a more reliable value
because of reduced noise (see Chapter 5).

Small but significant P A rotations are seen in the BAL troughs of 0226-1024, 1246-0542,
and 1524+5147. P A rotations are seen in the troughs of other objects after averaging over
several bins. PA rotations in the BAL are of interest because they indicate an asymmetry
in the geometry of the BALR relative to the continuum scattering region. In general, the
peaks in Q' and U’ can be at different trough velocities. However, since there is a tendency
for the polarization to peak where the trough is the deepest, Q' and U’ usually peak at
similar velocities. The error made in estimating the trough polarization from Q' is less than
0.2% for most objects because the PA rotations are small. In objects where the BAL PA
rotates by more than 10 degrees, both Q' and U’ must be inspected for a full description of

the trough polarization (e.g., 141341143, Chapter 5).
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TAU Name % + P% + P.% + PA +
001940107 UM 232 094 0.03 1.10 0.03 0.98 0.02 35.0 05 r
004340048 UM 275 0.05 0.04 011 0.04 0.11 0.06 ...
0059-2735 1.58 0.10 1.62 0.06 149 0.02 1712 0.3
0105—265 1.45 0.05 .. e 241 0.08 1348 1.2
0137—-0153 UM 356 1.06 0.07 0.81 0.08 1.09 0.05 56.0 1.3
014640142 UM 141 112 0.03 115 0.08 1.24 0.02 133.1 05

0226—1024 1.80 0.02 1.73 0.02 181 0.01 1671 0.2
0759846508 IRAS ... L709 0.005 123.05 0.08 r
084243431 CSO 203 0.52 0.02 055 0.03 0.51 0.01 27.1 0.6
0856-+1714 088 013 091 0.10 1.02 0.10 1657 28
0903+1734 0.52 0.04 044 0.05 0.67 0.02 62.9 0.6
093245006 1.20 0.02 119 003 111 0.02 168.7 05 r
1212+1445 205 006 188 0.06 1.49 0.03 17.3 0.6
123540857 276 0.06 2.65 0.09 253 0.07 25.1 0.7
1246—0542 1.31 0.02 1.11 0.02 1.26 0.01 1324 0.1
1331-0108 UM 587 1.76 0.13 1.55 0.09 156 0.14 33.8 2.2
133342840 RS 23 5.41 0.11 5.61 0.07 467 0.02 1615 0.1
141341143  Clover 1.49 0.04 124 008 152 0.04 55.7 0.9

1524+5147 CSO 755 3.56 0.03 3.42 0.05 349 0.01 98.6 0.1
2225-0534 PHL 5200 4.98 0.05 4.63 0.06 4.26 0.02 1620 02 r

Table 2.5: Keck continuum polarization measurements. P; and P, are the continuum
polarization measurements in two narrow wavelength bands (1600-1840 A and 1960-2200 A ,
rest) to either side of C III] A1909. P. and PA are the broad-band (unfiltered) polarization
and PA (4000-8600 A , observed). Objects with significant continuum PA rotations are
indicated with an “r.” Uncertainties are listed as standard deviations of the mean within the
given band. They are are slightly larger than the formal uncertainty from photon statistics,
due to polarization variation within the wavelength bands. There is no measurement of P,
or P, for 07598+6508 because of its low redshift, and no measurement of P, for 0105-165
because of its high redshift. UM 275 is unpolarized, so we list P = \/Q2 + U? instead of
P = @'; and the PA is highly uncertain, so we don’t list it.
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IAU Name Umaz Q% £ U% + dPA
0019+0107 UM 232 -9500 4.8 1.1 0.5 1.2 -3
0059—-2735 -2500 4.3 1.6 -15 1.7 -10
0105—-265 -12400 105 33 -09 35 -2 r
0137—-0153 UM 356 -5600 6.5 3.8 2.3 3.9 10
014640142 UM 141 -16300 4.3 1.3 -12 1.3 -8 r
0226—1024 10500 7.3 14 19 07 7(3) r
084243431 CSO 203 -10500 2.9 0.7 -1.0 0.7 -9
085641714 -8500 8.0 6.5 1.3 6.4 5
0903+1734 -12400 5.2 2.5 2.7 2.5 14
093245006 -14300 2.7 1.2 -0.2 1.3 -2
121241445 -11400 4.3 1.6 -26 1.8 -16 r
123540857 -4600 3.3 1.5 0.5 1.5 4
1246—-0542 -15300 6.3 03 -13 04 -6(2) r
1331-0108 UM 587 -3700 90 118 -80 11.0 -21
133342840 RS 23 -4600 8.5 1.6 1.3 1.6 4 r
1413+1143 Clover -5600 11.5 8.5 12.3 104 23 r
1524+5147 CSO 755 -12400 6.0 04 -13 04 -6(2) r
2225—0534 PHL 5200 -8500 101 19 -15 1.9 -4 r

Table 2.6: C IV BAL trough polarization. The peak trough polarization Q' is measured in
the C IV trough (1400-1549 A ), except for 0059-2735 (Mg II). U’ is listed for the velocity
Umaz Where Q' peaks. v, is measured with respect to the peak of the C IV BEL. The
formal uncertainties are calculated from photon statistics. dPA is the difference (in degrees)
between the trough and continuum P A, measured at the polarization peak. Significant BAL
PA rotations are flagged with an “r.”
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2.7 Polarimetry—General Results

The polarization in BAL QSO is stronger than in non-BAL QSO, but is weak in absolute
terms. Most of the 20 BAL QSO in our Keck sample have moderate (for QSO) continuum
polarizations (P = 1 — 3%). There are only 3 highly polarized QSO (HPQ, P, = 3 — 6%),
2 of which were already known to have high polarization. Four objects have very low
polarization (P, < 1%). The polarization distribution is discussed in detail in Chapter 4,
and tested against a QSO unification model.

The wavelength dependence of the continuum polarization in BAL QSO is weak. Most
(14/20) show a rise in polarization to the blue. Six BAL QSO show the polarization dilution
signature of broad Fe II line emission between 2260 A and 2800 A . This contributes to, but
doesn’t completely account for, the wavelength dependence of the polarization (Chapter
4). Of the remaining objects, 4 have a flat polarization spectrum, one (UM 232) has
polarization rising to the red, and one object is unpolarized (UM 275). A few objects (4)
show variation of continuum PA with wavelength. The largest continuum P A rotations are
seen in 0019+0107 and 0932+5006. We consider the implications of the weak wavelength
dependence in the continuum polarization in Chapter 4.

The polarization is greater in the BAL than in the continuum for all objects (17/17
which have measurable C IV BAL). There are also PA rotations across the BAL of 11
objects. In some objects there are additional PA rotations of the opposite sign near the
BAL and in the wings of the associated BEL (Chapter 5). The polarization variations across
the troughs can be attributed to polarized light scattered around the BALR. The dominant
effect is from partial coverage of the continuum scattering region, but there are some cases
where a small amount of resonantly scattered light from the BALR is also present. The
location and nature of the scatterers will be discussed in detail in Chapters 4 and 5.

In general, the BEL are polarized at a lower level than the continuum and to first order
do not show up in polarized flux. A closer look shows small rotations and residual polarized
flux across some emission lines in some objects (Chapter 5). Most notably, C I11] is polarized
in 2225-0534 and 0019+-0107. Weakly polarized C IV photons are also detected in a few

objects. The line polarization is used as a diagnostic of the geometry of the BAL, BEL,

and scattering regions in Chapter 5.
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2.8 Individual Objects

The spectra of 20 BAL QSO are presented in Figures 2.2-2.21. The four panels show
the flux F), polarization Q’, polarized flux Q' x F, and position angle (PA) . When
viewing polarimetry data, it is useful to think of the total flux (panel 1) as mainly due to a
direct, unpolarized component plus a small fraction of scattered light. The scattered light
spectrum is well represented by the polarized flux (panel 3). The scaling between the total
scattered flux and the polarized flux depends on the polarizing efficiency and optical depth
of scatterers. The polarization (panel 2) is just the ratio of panels 3 and 1, so does not
contain any independent information. Short descriptions of the spectra are given below.
Selected objects are discussed in more detail in Chapters 4 and 5.

1. 001940107 (UM 232). The continuum polarization drops rapidly blue-ward of
2000 A . This is unique to UM 232 since all other objects have P flat or rising to the blue.
There is a PA rotation across the continuum corresponding to the drop in polarization.
This strongly suggests at least two sources of polarized light. We consider the possibility
of interstellar contamination in Chapter 5. There is a characteristic rise in polarization in
the C IV trough, in spite of the rapidly falling continuum polarization at the position of
the line. The C III] A1909 emission line shows up strongly in polarized flux, while the other
BEL do not. This effect is also seen in PHL 5200 (see below), and may be due to reso-
nance scattering in the BELR. The difference in line and continuum polarization supports
an intrinsic explanation for the polarization.

2. 0043+0048 (UM 275). This object is remarkable for its deep double troughs. The
polarization is null, with a formal 20 upper limit of 0.2%. The BAL troughs do not show
any significant polarization signature and the broad emission lines are unpolarized as well.
The lack of polarization indicates a high degree of symmetry in the continuum emitting
region and a low optical depth to scattering throughout the nuclear regions. The C IV
troughs are unusually deep for a BAL QSO, but there still appears to be residual flux at
the bottom of the troughs. There are weak Mg II and Al III BAL, which suggests that the
C IV troughs are saturated. The lack of trough polarization and deep troughs may indicate
a BALR with low global covering fraction which contributes little to the scattered lux. The

broad emission lines have unusually narrow profiles.

3. 0059-2735. This was the first object discovered in the extremely rare class of Fe II
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low-ionization BAL QSO (Hazard et al., 1987). The polarization increases in the Mg I and
Al IIT BAL. There are possible PA rotations in these BAL but they have low significance.
The similar polarization behavior in the BAL of low-ionization and high-ionization BAL
QSO0 suggests that they share a similar geometry. As we argued in Chapter 1, it is likely
that the ionic species with low and high ionization are co-spatial and the appearance of
low-ionization BAL is primarily due to high optical depth. Most BEL, including Fe IT and
Mg II are unpolarized, which is also similar to the high-ionization BAL QSO.

In contrast to the BAL, the polarization decreases in the narrow absorption lines (NAL),
including Fe II, NiII, Co II, and Zn II. As a result, the NAL appear deeper in polarized flux
than in total flux. (See Chapter 4 for more detail.) This is especially apparent in the Fe II
UV 8 lines red-ward of C IV. The NAL clouds must have a significantly different geometry
from the BALR. We attribute the low polarization in the NAL to dilution by unpolarized
emission lines, especially Fe II. The low local covering fraction of the Fe II BELR by the
NALR suggests that the NAL clouds are located close to and perhaps intermingled with the
BELR. The Fe II UV 2 NAL shows a possible 10 degree rotation in PA, but the Fe II UV 1
NAL does not. This may be another effect related to the polarization of the underlying Fe
I emission line component, and probably has nothing to do with the particular transition
where the rotation occurs. Perhaps the rotation is maximum at the wavelength of the Fe II
UV 2 line because this is where the Fe IT emission line flux peaks. This explanation requires
the Fe II emission to be polarized at a low level and at a different position angle from the
continuum.

4. 0105-265. This is the highest redshift object in our sample, with z = 3.488, so it
shows the largest number of absorption troughs. The spectropolarimetry was presented by
Cohen et al. (1995). The troughs are wide, smooth and deep, similar to those of PHL 5200
(see below). The continuum polarization rises steadily to the blue and the PA is constant
across the entire spectrum, even in the troughs, blue-ward of Lya, and below the wavelength
of the Lyman edge (912A ). The lack of a strong Lyman edge feature in direct or scattered
flux suggests that both the BALR and scattering region are highly ionized.

There is a high contrast between the continuum and BAL polarization levels, with
P, = 1624+ 0.07% and P, ~ 10%. P increases in all of the troughs, including C IV,
Si IV, N V/Lya, Ly3/O VI and S VI. Four of the troughs have nearly identical residual

flux, suggesting that they are saturated. However, the peak trough polarization values do
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not follow the trend of the continuum polarization. The troughs are almost completely
detached, so they are not contaminated by the BEL.

5. 0137-0153. This BAL QSO has low polarization and the spectra are somewhat noisy.
The troughs have a complex morphology with several subcomponents, including a deep
narrow component at low velocity. The continuum polarization increases to the blue. P
increases in the C IV and Si IV BAL troughs, especially in the deep narrow component.
The polarization drops at all of the emission lines and they do not appear in the polarized
flux spectrum. The spikes seen in the polarized flux and PA spectra at 1250 A are probably
due to a cosmic ray event.

6. 0146+0142 (UM 141). This object is distinguished by high-velocity absorption ex-
tending past 0.12c. The Si IV emission line appears to be completely occulted by the C IV
BAL. There is a strong absorption feature at 1072 A which may be a P V BAL (Barlow,
1993). The continuum polarization is wavelength independent. P rises in the NV/Lya
BAL, and the C IV BAL. P is above the continuum level at the wavelength of the Si IV
BAL, but there is no distinct polarization rise in the deepest portion of this BAL. There is a
hint of a polarization increase in the P V BAL, which if real would confirm its identification
as a BAL. The spectrum is too noisy to determine the polarization at the O VI BAL. The
PA rotates by ~ 10 degrees in the Lya/N V, C IV, and Si IV troughs. P decreases at the
emission lines, but there is residual polarized emission line flux in O VI/LyB, N V/Lyc,
and C IV. However, the semi-forbidden C III] BEL does not appear in polarized flux. The
difference between the polarization of the permitted and semi-forbidden BEL is discussed
in Chapter 5.

7. 0226-1024. This is the brightest high-z BAL QSO in our sample, with V = 16.9. It has
several distinct sub-components to its BAL. 0226-1024 was the target of further observations
to study the polarization behavior at higher resolution with the 600 groove/mm grating.
These observations are presented and discussed in Chapter 5, and confirm and extend the
results of the lower resolution observations presented here.

The continuum polarization rises to almost 2% in the blue and the continuum PA is
independent of wavelength. P increases to 7% in the C IV BAL and to 4% in the Si IV
BAL. P does not rise in the sub-trough with lowest outflow velocity, suggesting that the
corresponding BAL cloud covers the polarized light source more completely than the higher

velocity BAL systems. The low-velocity associated absorbers have a different geometry and



39

may have a different origin from the other BAL clouds. This is discussed in more detail in
Chapter 5. There are P A rotations of 15 degrees in the BAL due to partial coverage of the
polarized continuum source. PA rotations in the opposite direction outside of the troughs
indicate the presence of resonantly scattered flux.

There is a large peak in polarized flux just red-ward of the N V BEL. It is difficult to tell
if this peak belongs to the polarized continuum or BEL because the continuum is not well
defined at its wavelength. A similar peak is seen in BAL QSO 1524+4-5147. These features
and the excess N V emission in BAL QSO may be due to Rayleigh scattering by neutral
hydrogen. (See Chapter 4 for details.) P dips across all broad emission lines, including Fe
II. There are deficits of polarized flux at the locations of the Ly, Si IV, and C IV BEL,
indicating that the BEL are polarized nearly perpendicular to the continuum. This may be
an important clue to the geometry of the BELR.

8. TRAS 07598+6508. This is a low-redshift object with strong Fe II emission and a
weak Na [ BAL. The continuum polarization and polarized flux rise to the blue, but there
are few windows in the spectrum which are not heavily contaminated by broad emission
lines. We confirm the rise in P in the Na I BAL seen by Hines & Wills (1995), and also find
a PA rotation across the BAL. The PA rotates away from the BEL value, suggesting that
the Fe II BEL is absorbed to a greater extent than the continuum. This is also consistent
with the unusually large polarization rise across the shallow BAL.

Our high S/N observations reveal that the BEL are polarized at a low level and at a
PA different from the continuum. The PA rotates in one direction in the red wing and
line core and in the opposite direction in the blue wing of Ha, an effect which is commonly
seen in broad line radio galaxies (Cohen et al., 1998). The PA rotations are seen out to a
velocity of +£12,000 km/s in the line wings. Most of the line flux contributes to a positive
rotation across the Fe II line blends.

9. 0842+3431 (CSO 203). This BAL QSO has narrow, detached BAL troughs including
a weak Al IIT trough. The continuum polarization is low (P, = 0.51 4 0.01) and rises to
the blue. P rises to 3% in the C IV BAL, a large contrast to the continuum polarization.
The polarization drops at the N V emission line and there is no evidence for BEL in the
polarized flux spectrum.

The trough depths vary between the two observational epochs, by up to 60% in the
deepest portion of the C IV trough. The Si IV, C IV, and Al IIT troughs all show variability.
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The peak C IV trough polarization is the same for both epochs within the uncertainties.
The continuum polarization varies by (~ 0.2%) between the two epochs. Variations in
the polarized flux spectrum should lag the continuum variations if light is scattered in the
BELR. Trough variability was also reported for this object by Barlow et al. (1992) over the
years 1989-1991.

10. 0856+1714. The BAL are deep and show several sub-components, similar to 0226-
1024. There is weak Al IIT absorption. The polarimetric data are very noisy since the
object is faint and there were clouds. They are only useful for an estimate of the continuum
polarization, which rises to the blue.

11. 0903+-1734. The troughs of this BAL QSO are deep and show several sub-components.
There are two intervening metal absorption systems. The continuum polarization is low and
the polarization spectra are quite noisy. P rises in the C IV, Si IV, and Lya/N V BAL
troughs and there is a large contrast between the trough and continuum polarization. P
drops in the broad emission lines, but the spectra are too noisy to provide accurate BEL
polarization measurements.

12. 09324-5006. This object has multiple distinct BAL sub-troughs which are well
separated in velocity. There are low equivalent width Mg II and Al III BAL which show
the same velocity structure as the C IV trough. However, the relative depths of the sub-
troughs are different for the C IV and low ionization lines. The sub-trough at -13,600 km /s
is anomalously shallow in C IV relative to its counterpart in the other ions. This could be
a result of either velocity-dependent ionization or saturation of the C IV trough.

P rises in the multiple Si IV and C IV troughs, but the low-ionization troughs are too
shallow to affect the polarization. The polarization rises by only a factor of 2.3 in the deep
portion of the C IV trough, a small contrast relative to other objects in our sample. In
polarized flux, the anomalous C IV sub-trough is significantly weaker than in total flux.
This strongly suggests that the shallowness of this trough is due to an excess of scattered
light. It is likely that this particular sub-trough covers a smaller fraction of the scattering
region than the other sub-troughs. The effect of this is not seen in the low-ionization troughs
because they are far from saturation and the scattered flux represents a small fraction of
the residual flux.

The polarized continuum flux is reddened below 2000 A , which is similar to 00194-0107.

The reddening is accompanied by a 15 degree PA rotation across the continuum, another
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effect seen also in 00194-0107. The reddening and PA rotation may be due to preferential
and patchy absorption of the scattered flux by dust in the scattering region.

13. 1212+1445. The C IV BAL of this object has three narrow components at low ve-
locity and a broad component at high velocity. The lowest velocity component is extremely
narrow and unresolved in our spectrum, and cuts into the peak of the BEL. The narrow
components are visible in the weak Al IIT and Mg II BAL. The continuum polarization rises
strongly to the blue and there is a ~ 10 degree PA rotation red-ward of C IV. The other
BEL are unpolarized and the polarization dilution signatures of the Fe II blends and C III]
are prominent.

The polarization changes drastically in magnitude and position angle across the broad
portion of the C IV BAL trough. It appears that the narrow low velocity components do
not participate in this behavior. The polarization drops below the continuum level at a
velocity of -14,300 km/s and the P A rotates wildly (by as much as 120 degrees) at the same
velocity. For this object, Q' is not a reliable estimate of P in the trough because of the large
PA rotation. Therefore, we use P = W in the vicinity of the trough, and P = Q'
elsewhere. The net effect is that the high velocity BAL is deeper in polarized flux than in
total flux and is also blue-shifted. The P A rotation begins in the red wing of the C IV BEL
at +6000 km/s, strongly suggesting a resonantly scattered component to the C IV flux.

14. 1235+0857. This object has deep, narrow, low-balnicity troughs which cut into the
broad emission lines. In addition there is a weak broad component which extends to -24,100
km/s and has a ragged profile containing at least 7 sub-troughs. There is a weak Al III
doublet at a velocity of -4100 km/s which corresponds to the blue end of the deep C IV
trough. As in 093245006, there is a suggestion of velocity-dependent covering fraction or
velocity-dependent ionization.

The continuum polarization is moderately high (P, = 2.53 + 0.07%) and constant with
wavelength. The BAL have no discernible effect on the polarization, suggesting that they
uniformly cover the continuum sources and BELR. P drops in both the red and blue wings
of the BEL, including the portion which is absorbed by the BAL. Most of the BEL do not
appear in the polarized flux spectrum, but there is an emission spike at the wavelength of
O VI/Ly@B which is probably due to noise. The BEL profiles are nicely recovered in the
unpolarized flux spectrum (Fig. 4.6), which shows that they are uniformly absorbed by the

BAL. The apparent PA rotations in the BAL troughs are not significant since they occur



42

where the absorption lines go nearly black, and do not appear in the shallower Si IV BAL.

15. 1246-0542. This is the brightest high-redshift object in our sample. The BAL
troughs consist of a shallow component which extends from v = 0 — 0.08¢ and a deep
component centered at -17,400 km/s. Closer inspection reveals a number of narrower sub-
troughs in the shallow region of the trough. There are weak Al III and Mg II BAL, also
centered at -17,400 km/s. There are two intervening metal absorption line systems.

The continuum polarization rises steadily to the blue and the polarized continuum flux
closely follows a power law with o = 0.2. The broad emission lines have low polarization
with PA perpendicular to the continuum and are only weakly present in the polarized flux
spectrum (Chapter 5). The polarization rises from 1.3% in the continuum to 7.2% in the
C IV BAL, a large contrast. The BAL are shallow in polarized flux and appear to be blue-
shifted. This indicates a very small local covering fraction of the polarized light source by
the BALR. The local covering fraction is also highly dependent on outflow velocity. The
blue-shift is a projection effect due to the different geometry of the direct and scattered
rays. This is discussed in detail in Chapter 5.

16. 1331-0108. This low-ionization BAL QSO was observed for a short time to determine
the continuum polarization, which is moderate. There is very strong Fe II emission, which
seems to be common in objects with strong low-ionization BAL. The deep Al III trough has
a smaller velocity range than the C IV trough; it is missing the high-velocity absorption
tail. The Mg II trough is not as deep as the Al III trough and has an indistinct high velocity
edge because it is partially filled in with Fe II emission. Due to the short exposure time,
there is little information about emission line and trough polarization.

17. 133342840 (RS 23). This classic object has P-Cygni line profiles. The BEL have
unusually large equivalent widths for a QSO. We observed RS 23 on the suggestion of R.
Goodrich, who hypothesized that large BEL equivalent widths may be an indicator of high
polarization and attenuation of the continuum (Goodrich, 1997). This is indeed the most
highly polarized object in our Keck sample, polarized up to 6% in the continuum.

The polarization rises by only 4.5% in the C IV trough, not nearly as dramatic a rise
as in other BAL QSO such as 0105-265. This is consistent with a picture where the direct
continuum light is attenuated and the spectrum is dominated by scattered light. Further

absorption of direct light by the BALR has small effect on the polarization. Dilution by

the low-polarization C IV BEL and resonantly scattered photons from the BALR also serve
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to reduce the trough polarization. There is a +10 degree PA rotation in the C IV trough
from selective absorption of the scattered continuum light.

Other than C IV, the BEL are not polarized and do not show up in the polarized
flux spectrum. There is a -10 degree PA rotation in the blue wing of the C IV BEL,
in the opposite direction from the trough PA rotation. In addition, there is negatively
polarized flux in the red wing of C IV from photons resonantly scattered in the BALR.
The complicated polarization spectrum across the C IV line results from multiple sources
of scattered light,

18. 1413+1143 (Cloverleaf). This object is lensed into a quadruple source by an inter-
vening galaxy (Magain et al., 1988). This complicates the analysis of the spectra, but may
also prove to be a useful tool for studying the structure of this BAL QSO. The line profiles
are P-Cygni like, but the troughs show more velocity structure than RS 23 (see above) and
the C IV trough is nearly black. There is a weak Al IIIl BAL and a number of intervening
metal-line absorption systems.

The polarization properties of 141341143 have been reported by Goodrich & Miller
(1995), including evidence for variable continuum polarization. In spite of the variability,
they suggest a scattering origin for the polarization. The continuum polarization rises to the
blue and the continuum PA is constant with wavelength. The polarization rises strongly in
the BAL troughs, including Lya, N V, Si IV, C IV, and perhaps P V. P reaches 17% in the
C IV trough, but this is highly biased by the low S/N in the deep portion of the trough.
There is a consistent 15 degree P A rotation across all BAL.

The permitted BEL are polarized at a lower level than the continuum, while the semi-
forbidden C III] line is unpolarized. This is opposite to the BEL polarization behavior in
2225-0534 and 00194-0107, where only the C III] BEL is polarized. The permitted lines in
141341143 are probably polarized by scattering in the same region as the continuum, and
the scatterers must be relatively cold to preserve the BEL width.

19. 152445147 (CSO 755). This is a very bright BAL QSO with multiple, shallow
troughs. Its polarization properties were first reported by Glenn et al. (1994). The
continuum polarization is high (3.5%) and rises to the blue. The BAL and BEL profiles
are quite different from those of the other two HPQ in our Keck sample (PHL 5200 and RS
23). The BAL of CSO 755 are detached, narrow, and shallow, while the BAL of the other

HPQ have deep P-Cygni profiles. The BEL have normal equivalent widths, in contrast
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to the high equivalent width BEL of the other HPQ. This argues against the continuum
attenuation model for the high polarization in CSO 755. As we discuss further in Chapter
4, there is no indication of a correlation between BAL and BEL properties and continuum
polarization in our sample as a whole.

The polarization rises by only 1-2% in the Lya and C IV troughs, because they are
not very deep. There is no polarization increase in the two low-velocity associated absorp-
tion systems because they cover the polarized light source more completely than the other
absorption systems. In addition, the low-velocity systems only partially cover the BELR.

There is a 5 degree P A swing across the N V BAL, but not across C IV. In addition, the
polarized flux peaks in the red wing of N V. As in 0226-1024, this may be due to polarization
by Rayleigh scattering in the Lya BEL. There is a small deficit of polarized flux in the red
wings of all permitted lines because they are polarized at a low level, perpendicular to the
continuum.

20. 2225-0534 (PHL 5200). Results on this object were reported by Cohen et al. (1995).
It is the prototypical BAL QSO, and like most prototypes is not well representative of its
class. Its BEL have extreme equivalent widths like 1333+2840 (see above). This may be
indicative of an attenuated continuum seen primarily in scattered light. Its deep, broad
BAL start at 0 km/s and absorb the blue wing of the BEL. There is a modest Mg II BAL
corresponding to the deepest (probably saturated) portion of the C IV trough.

PHL 5200 is the second-most highly polarized BAL QSO in the Keck sample with P
rising to 5% in the blue. This is another sense in which it is an extreme example of its class.
The continuum PA is roughly constant with wavelength. The polarization increases to 10%
in the BAL, indicating an excess of scattered light which is unabsorbed by the BALR. This
is one of the first objects where this phenomenon was detected.

P drops in the emission lines, including the blended Fe II features, but dilution by Fe
IT is insufficient to completely account for the wavelength dependence of the continuum
polarization (Chapter 4). There is residual polarized flux and a small PA rotation at the C
ITI] BEL. However, the C IV BEL is completely unpolarized. The difference in polarization
between C III] and C IV has been attributed to resonance scattering in the low-optical

depth C III] line (Cohen et al., 1995).
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Figures 2.2-2.21.

Keck spectropolarimetry of 20 BAL QSO. From top to bottom the four panels display (1)
total flux Fj, (2) polarization fraction (rotated Stokes parameter Q'), (3) polarized flux
Q' x F, and (4) position angle (PA) §. Total and polarized flux are plotted in units of
1071¢ erg/s/cm?/ A . Prominent emission lines are indicated in the top panel of Figure 2.2,
and tick marks above the other figures identify the same set of lines. The horizontal line
in panel 4 is the mean PA which is listed in Table 2.5. Except for Figure 2.3, the formats
of Figures 2.2-2.21 are the same. In Figure 2.3, we display Fy and the unrotated Stokes Q
and U parameters only, since UM 275 is unpolarized. Individual objects are discussed in

the text.
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Chapter 3 Palomar Spectropolarimetry

3.1 Sample Selection

A spectropolarimetric survey of BAL QSO was undertaken at Palomar to obtain continuum
polarization measurements for a large sample of objects. The Keck survey (presented in
Chapter 2) was originally intended to provide follow-up high S/N BAL and BEL polarization
measurements of polarized objects from the Palomar survey. This strategy was partly
successful, and 8 BAL QSO from the Palomar survey were re-observed at Keck. Because of
poor weather at Palomar and good weather at Keck Observatory, 12 additional BAL QSO
were observed at Keck. In cases of overlap between the two surveys, the high S /N data
from Keck surpass the Palomar data in quality. The net result is that we have continuum
polarization measurements of 20 objects from Keck and 16 objects from Palomar.

A total sample of 24 BAL QSO was observed with the Double Spectrograph polarimeter
on the 5-m Hale telescope to determine their polarization spectra. Of these, 21 were selected
from the (Weymann et al., 1991, WMF) sample of 40 BAL QSO. This was augmented by 3
other BAL QSO which fit into gaps in the observing schedule. The WMF sample was derived
from the LBQS and a number of other surveys. This sample is useful because it contains
most of the well-studied bright BAL QSO accessible from northern latitudes. However, due
to haphazard selection and serendipitous discovery of most BAL QSO, the sample should
not be considered uniform or complete. This heterogeneity, along with optical selection
effects can insert biases (which are discussed in Chapter 4) into a systematic analysis of
BAL QSO polarization.

The latitude of Palomar Observatory restricts observations to declinations § > —30
degrees. All objects have galactic latitudes b > 30 degrees, so interstellar polarization is
typically less than 0.2%. (See Chapter 2 for a table of estimated interstellar polarization.)
The visual magnitudes of the objects ranges from V=15.4-18.5.
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IAU Name z Mag UT date t(sec) PA
0021-0213 2.293 185 101796 7200 0 np
0025-0151 UM 245 2.075 18.1 101896 3600 25 np
0043+0048 UM 275 2.146 184 102794 3600 25
0059—-2735 1.593 18.0 102794 5400 0
0119+0310 NGC470D8 2.10 18.1 101896 3600 30 npnw
0137-0153 UM 356 2234 17.8 112495 6480 30 np
014540416 UM 139 2.028 18.2 101796 6000 20 np

0226—-1024 2.256 16.9 102794 3600 10
0846+1540 2912 179 101896 3360 305 npnw
0903+1734 2773 174 112495 6000 310 np
093245006 1.911 169 112395 7500 220 np
101140906 2262 17.3 022396 7200 10 np
121241445 1.626 17.4 051296 3600 20
123141320 2383 17.9 051296 6000 45
123241325 2361 18.0 022396 6000 0 np
123540857 2.887 17.5 051396 3600 34
123541453 2.686 18.4 051396 7800 30
1243+0121 2.790 18.1 022396 5400 30 np
1442—-0011 2.216 18.0 051296 6000 35
144340141 2444 18.2 051396 7200 35
170045153 PG,IRAS 0292 154 051396 2400 130 nw
2154-2005 2.029 18.1 102794 3600 0
2201-1834 1.814 175 112595 5400 20 np
10 17 96 5400 5 np
2350—-0045 1.624 185 101896 7200 10 np

Table 3.1: Palomar observation log. The columns are 1) IAU designation, 2) Name, 3)
redshift, 4) visual magnitude, 5) date, 6) exposure time, and 7) spectrograph slit PA. Non-
photometric nights are marked “np,” indicating clouds or fog. Objects not in the Weymann
et al. (1991) sample are marked “nw.” Data for columns 3 and 4 are primarily from the
NASA Extragalactic Database (NED).
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3.2 Observations and Data Reductions

The methodology of observation and data reduction is largely the same for the Palomar
and Keck samples, and is primarily described in Chapter 2. Here we concentrate on the the
issues which are peculiar to the Palomar data. BAL QSO were observed for 60-90 minutes,
depending on their magnitude and polarization. Polarization spectra are measured with an
accuracy of 0.06-0.7% in 50 A (rest) bins.

The Palomar observations are summarized in Table 3.1. Spectropolarimetry was taken
with the Double Spectrograph (Oke & Gunn, 1982) on the 5-m Hale Telescope. This system
uses a dichroic filter to separate the blue and red portions of the spectra. Separate gratings
are used to disperse the spectra in the blue and red arms of the spectrograph. This has the
advantage of extending the available spectral range and optimizing the grating efficiency in
each part of the spectrum. The dichroic filter has the additional advantage of blocking out
second-order blue light in the red portion of the spectrum. The disadvantage of the Double
Spectrograph is that there are twice as many spectra to reduce for each object.

We used the D55 dichroic filter, which splits the spectrum at 5500 A . The transmit-
tance of the dichroic is better than 90% red-ward of 5500 A . This means that only a small
fraction of the photons are lost to the dichroic filter. Some spurious polarization effects
are introduced near the wavelength of the split which are difficult to calibrate out. Note
that the polarization distortions are even greater for the D52 dichroic, so we did not use
it. We set the gratings on the blue and red side to exclude the region of the dichroic split,
so there is typically a 200 A gap in our spectra. For most objects, this gap falls in between
the C IV and C III} BEL. However, the gap falls in the C IV BAL region for three objects
(0903+1734, 1235+1453, and 1243+0121), and on the C III] emission line for two objects
(0932+5006 and 2201-1834).

We used a 300 groove/mm grating blazed for maximum efficiency at 3990 A for the blue
spectra. This gave a dispersion of 2.17 A per pixel at the focus of the blue camera. We
used a 316 groove/mm grating blazed at 7500 A , which gave a dispersion of 2.46 A per pixel
in the red spectra. The wavelength coverage was typically 3600-5400 A in the blue and
5600-8100 A in the red. The Double Spectrograph can be used down to 3100 A in the UV,

but the low efficiencies at wavelengths less than 3600 A are not adequate for polarimetric

observations of faint QSO.



69

The spectrograph slit had a 2 arcsec aperture and a useful (un-vignetted) length of 35
arcsec in polarimetry mode. We used a wider slit at Palomar than at Keck because of the
worse seeing. The spectral resolution was 6 A in the red and 8 A in the blue, slightly better
resolution than in the Keck observations.

The polarimeter in the Double Spectrograph is an earlier version of the one at Keck. It
is a dual-beam instrument with rotating half-wave plate analyzer. The calcite beam-splitter
has a slightly different design from the Keck beam-splitter. The main difference is that there
is no focus compensation between the ordinary and extraordinary beams. The foci of the
cameras were typically set at a compromise position between the optimal foci of the two
beams. The polarimeter sits above the dichroic in the optical path, so it serves both the
blue and red arms of the spectrograph.

The detectors in the blue and red cameras were both 800x800 pixel CCDs. The blue
detector suffered from dead columns and transient gain variations near the blue end of the
spectrum. In addition, there was a jump in the efficiency in a segment of one beam due
to an experimental coronene application on a localized portion of the chip. We located our
spectra on chip locations with the best cosmetics, but the flux spectra may still be afflicted
by nonlinearities at a level of 5% in localized wavelength regions. In fact, the flux standards
of Oke (1990) were taken with the Double Spectrograph and suffer from some of the same
defects. These glitches in the system efficiency were at a low enough level to cause negligible
damage to the polarization spectra.

The red camera CCD chip suffered from a warped surface, which caused focus variations
along the spectra. We set the focus to provide the sharpest image along the largest possible
wavelength range. These focusing difficulties should not affect the polarimetry (except for
lowering the S/N) since focusing and seeing variations are mitigated by the dual-beam
method. During the last year of our observing program (1995-1996), the red camera was
upgraded to a 1024x1024 pixel CCD and other changes were made to its optics. Since the
completion of our program, the blue camera has also been upgraded. The upgrades of the

blue and red cameras have removed the problems of multiple detector flaws and some of

the focusing difficulties.
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3.3 Flux and PA Calibrations

The Palomar calibration procedures are quite similar to the Keck procedures, except they
were made separately for the blue and red sides of the spectrograph. The following is a
quick recapitulation of the general calibration procedures. (See Chapter 2 for a detailed
discussion.) Flux calibrations were made using the standards of Oke (1990). Spectra were
corrected for absorption by the atmospheric oxygen and water bands. The flux spectra are
all well-matched across the dichroic split, which enhances confidence in our flux calibrations.

The PA correction curve was determined using observations of bright stars through a
UV Polaroid. The PA zero-point was determined using broad band polarimetric standards
(Schmidt et al., 1992). There appears to be a 3 degree discrepancy between the Palomar
and Keck observations of secondary standard Hiltner 102. The origin of this discrepancy
is unknown, so the data from the two telescopes were calibrated independently. However,
a comparison of Palomar and Keck BAL QSO PA values does not reveal any apparent
systematic differences in the PA zero point. Before PA correction, the polarization data

were corrected for instrumental polarization, which is discussed in the next section.

3.4 Instrumental Polarization

There is a large instrumental polarization correction for the Palomar observations taken
after 10/94. Figure 3.1 shows the mean instrumental polarization curves for 11/ 95-10/96 ,
derived from observations of null polarization standards. The curves are displayed in instru-
mental coordinates for a slit position angle of PA = 0 degrees. The blue curve is corrected
for an extra reflection at the dichroic filter, which is equivalent to a 90 degree rotation
of the half-wave plate. All data were corrected by fitting splines to the raw instrumental
polarization curves and subtracting them from the Stokes parameters. The instrumental
polarization correction is of the same magnitude as the typical BAL QSO continuum polar-
ization, so it is important to use accurate curves. The instrumental polarization rises from
0.6% at 8100 A to 2% at 3700 A . Except for some noise just blue-ward of the dichroic split,
the curves match across the dichroic split.

The instrumental polarization varied less than 0.2% from run to run, and the small

variations were probably due to weak polarization in the null standards. The one excep-

tion is the 10/94 observing run, where there was no measurable instrumental polarization.
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Typically 2 or 3 null standards were averaged to obtain the correction curve for each run,
reducing the effect of slight interstellar polarization in some standards. It is assumed that
the correction is additive and does not depend on the true polarization of the object. This
is similar to interstellar polarization correction, where the intervening dust can be approx-
imated by a single partial-polarizing screen. The second-order corrections are less than the
linear correction by a factor of the object polarization P. (Goodrich, 1986), so are of order
0.01% in our observations. We checked the accuracy of the correction by comparing Palo-
mar and Keck observations of the same objects. These agree to within the uncertainties
of the measurements, giving confidence in the correction (see Fig. 3.2). However, residual
instrumental polarization effects may give rise to some of the rotations seen in the blue PA
spectra of a few objects (See, e.g., Fig. 3.4).

The Double Spectrograph and polarimeter are mounted on a ring at Cassegrain focus.
When the instrument is rotated by the angle 6§, the PA of the instrumental polarization
rotates by 26 in instrumental coordinates. This means the source of instrumental polariza-
tion is not the instrument, but either the primary or secondary mirror of the telescope. The
10/94 observing run showed little or no instrumental polarization. It is possible that clean-
ing and subsequent realignment of the telescope secondary mirror is to blame for the large
increase in instrumental polarization between 10/94 and 11/95. If the secondary mirror is
not aligned perfectly normal to the primary mirror, then the projection of the secondary will
be slightly elliptical and induce a net polarization. This is also the reason why polarimetry
must be done at Cassegrain instead of Naysmith focus.

The chromatic nature of the instrumental polarization suggests that it is not simply due
to misalignment. Another possibility is spotty re-aluminization of the primary mirror. If the
surface of the primary mirror is not evenly aluminized, this can induce a net polarization.
The wavelength dependence could come from tarnished spots which selectively absorb blue
light. In fact, re-aluminization of the 200 inch primary at Palomar is a very tricky business,
and sometimes gives less than uniform coverage. There is similar difficulty with instrumental
polarization in Lick Observatory spectropolarimetry (Martel, 1996), which is also due
to irregular aluminization of the telescope mirrors. The wavelength dependence of the
instrumental correction is somewhat different at Lick; it does not increase monotonically
to the blue as at Palomar. Also, the magnitude of the effect is somewhat less (~1.5%) at
Lick.
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Figure 3.1: Mean Palomar instrumental polarization correction fraction for Stokes Q and
U parameters. Note that these are in instrumental coordinates, not sky coordinates.
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3.5 Continuum Polarization

As we did for the Keck data, we measured the continuum polarization of the Palomar
BAL QSO in two continuum bands, one on either side of C III] A1909 (1600-1840 A and
1960-2260 A ). These regions are relatively free from contaminating emission lines and give
a good estimate of the continuum polarization. For most objects, only one of these two
bands was available and the other fell in the dichroic gap. Except for a few observations
which were heavily affected by clouds, we were able to measure continuum polarization with
an uncertainty of < 0.3%. This approaches the level of the uncertainty in the instrumental
polarization curve.

The results of our continuum polarization measurements at Palomar are presented in
Table 3.2. The polarizations of the BAL QSO in the Palomar sample are similar to the
polarizations in the Keck sample, ranging from 0.2-3.5%. We have identified one new HPQ
in the sample-1232+1325, with P, = 3.5 + 0.2%. This is a low-ionization BAL QSO, with
BEL and BAL properties that are quite dissimilar from the other HPQ in our total sample.
Several objects (8/24) are rated as polarization non-detections, and have Q/og < 3 and
U/oy < 3. We list Q and U only for these objects, since P and PA are biased at low S /N.

We present a comparison of polarization and PA values for objects measured both at
Palomar and Keck in Figure 3.2. All of the measurement pairs are within 2o of the equality
line. There is no indication of gross systematics or variability between the two sets. We
study the continuum polarization variability in Chapter 4, to help determine the source of
polarized radiation.

The continuum polarizations of the Palomar BAL QSO are only weakly wavelength-
dependent. For many objects, the S/N in the polarization spectra are not great enough to
detect the ~ 0.5% variation which we typically see across the Keck polarization spectra.
In retrospect, Palomar spectropolarimetry can only measure the wavelength dependence in
the brightest and most highly polarized objects, which we typically re-observed at Keck.
However, we did not know the wavelength dependence of BAL QSO polarization would be
so weak before we began this project. The observations are useful in ruling out polarizing
mechanisms such as Rayleigh scattering, which would induce a polarization P ~ A~%. The

analysis of the polarization wavelength dependence in Chapter 4 concentrates on the Keck

data. However, the addition of eight objects from the Palomar sample helps to bolster the
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case that polarization wavelength dependence is weak in all BAL QSO. We would also like
to stress that spectropolarimetry was essential to ensure that the continuum polarization

values would not be contaminated by emission lines and absorption lines.
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Figure 3.2: Comparison of Palomar and Keck polarization measurements. Note that there
are no systematic differences between the two data sets. Also, there is no evidence of
intrinsic variability between the sets.

3.6 Individual Objects

Polarized BAL QSO (and a few interesting unpolarized BAL QSO) are discussed individu-
ally in this section. Polarized BAL QSO are shown in Figures 3.3-3.11. Spectropolarimetry
of objects which were observed at Keck are presented in Chapter 2. We show the Palomar
flux spectra of these objects in Figure 3.12, which typically reach further into the blue
than the Keck flux spectra. For example, the Palomar spectrum of 0059-2735 shows the
entire C IV BAL, which was not accessible at Keck. The flux spectra of the polarization
non-detections are displayed in Figure 3.13.

1. 0025-0151 (UM 245). This object has very shallow BAL troughs, punctuated by
narrow absorption components. The C IV BAL varied between 11 /95 and 10/96. The
presence of variability in such a weak BAL suggests that weak BAL may be missed in

some QSO, depending on the BAL equivalent width in the discovery spectrum. This would

decrease the apparent BAL QSO fraction. The polarization is low, and may increase to
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IAU Name P% + P% + PA £+
0025—-0151 UM 245 ... ... 0.570.16 1089
0059—2735 1.450.17 .. ... 168 8
0137—-0153 UM 356 ... ... 0.460.13 7115
01454+0416 UM 139 ... ... 2140.10 1261
0226—-1024 ... 1.840.10 1661
0903+1734 0.53 0.06 ... ... 62 6
093245006 1.170.30 1.250.07 1721
1011+0%06 .l 2.000.08 1322
121241445 217034 ... ... 241
1231+1320 ...l 0.170.08 91 14
1232+1325 ...l 3.49 0.19 92 3
12354-0857 216 0.15 ... ... 21 2
123541453 0.75 0.13 ... ... 175 12
124340121 1.680.20 ... ... 136 4
1700+5153 PG,IRAS ... ... 1.07 0.04* 531
21542005 .l 0.90 0.17 142 8
IAU Name Q=+ U+ band
011940310 NGC470D8 0.34 0.16 0.00 0.20 2
0021-0213 0.28 0.12 -0.42 0.23 2
0043+0048 UM 275 0.12 0.19 0.06 0.19 2
084641540 0.30 0.33 0.01 0.36 1
1442—-0011 0.63 0.66 -0.50 0.38 2
144340141 0.80 0.33 0.29 0.27 2
22011834 0.16 0.07 0.000.12 2
23500045 -0.58 0.53  0.09 0.30 1

Table 3.2: Palomar continuum polarization measurements. The objects are split into po-
larization detections and non-detections (top and bottom sections). P; and P, are the
polarizations in two narrow wavelength bands (1600-1840 A and 1960-2260 A | rest) to ei-
ther side of C III] A1909. (* 170045153 was measured in the band 3700-4100 A , rest.) PA
is the electric vector position angle in degrees. For most objects, only one of the two bands
is available, due to the dichroic split. Stokes @ and U are listed for the objects which are
undetected in polarized flux (< 30).
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the blue. The PA spectrum is quite noisy and the apparent rotation in the blue is not
statistically significant. The PA only settles on a significant value once the polarization
rises above the noise threshold. The true PA may be 90 degrees, a value 20 away from that
given in Table 3.2. This would cause a small underestimate of the polarization.

2. 014540416 (UM 139). This object has a trough which is similar in shape and depth
to 1246-0542. There is a deep main trough superimposed on a broader trough of moderate
depth. However, the main trough is less detached from the BEL in 0145+0416. The
continuum polarization is moderate and may rise to the blue. There is a strong continuum
PA rotation from 126 degrees in the red to 98 degrees in the blue. The rotation starts
blue-ward of the C III] BEL, similar to the rotations in 0019+0107 and 093245006 (see
Chapter 2). However, it is not accompanied by a red polarization spectrum like 00190107
(Figure 2.2).

A strong PA rotation requires at least two sources of polarized light with different PA
and different spectral slopes. The maximum interstellar polarization is 0.25%, which could
only cause a PA rotation of < 2.4 degrees. We conclude that the PA rotation is due to
multiple polarizing agents intrinsic to the QSO. Perhaps there is a competition between
electron scattering in the BELR and dust scattering in a warped torus, which is tilted with
respect to the symmetry axis of the BELR.

3. 0846+1540 (Fig. 3.13). The data for this BAL QSO are noisy, and the polarization
is low. It has low equivalent width associated absorption line (AAL) systems, which do not
qualify as BAL using the WMF balnicity criterion (Weymann et al., 1991). We observed
it during a scheduling gap to see if objects with narrow or weak associated systems have
polarization properties similar to BAL QSO. This question is not answered by viewing
a single object, especially since this one has a P < 0.8% (20) upper limit. With such a
polarization, it could fit into either the BAL QSO or non-BAL QSO polarization distribution
(Chapter 4).

If a moderate or high polarization QSO with AAL could be found, it would be useful to
determine the trough polarization at Keck. If the polarization showed a rise in the trough,
the intrinsic nature of the system would be confirmed. This would be a difficult observation
since the AAL troughs are shallow and narrow and would show only a small polarization
effect. In addition, some of the BAL QSO in our Keck sample show low-velocity AAL which

do not affect the polarization. If this is true of all AAL, then spectropolarimetry would
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demonstrate that AAL have a different geometry and a larger local covering factor than
BAL.

4. 101140906 (Fig. 3.5). This is a low-ionization BAL QSO, with a prominent Al
IIT BAL and unusually strong Al III BEL. There are two intervening metal absorption
line systems, one of which falls on the C III]/Al III BEL. The continuum polarization is a
moderate 2% and shows no significant variation with wavelength. The marginal PA rotation
at the blue end of the spectrum is of low significance. Both the total flux and polarized
flux spectra are redder than spectra of typical high-ionization BAL QSO, suggesting dust
extinction and reddening. There can only be a small difference between the reddening of
the direct and scattered flux, otherwise there would be a large polarization wavelength
dependence.

5. 1231+1320. This is another low-ionization BAL QSO with a strong Al III BAL
and a large ratio of Al III/C III| emission. The spectrum is extremely unusual for a BAL
QSO, for a number of reasons. There are multiple high velocity sub-troughs in Al III, C
IV and Si IV, with the highest velocity sub-trough the deepest. The Si IV and C IV BAL
overlap because of their large velocity ranges. The Si IV BAL appears to be deeper in
some of its sub-troughs than the C IV BAL. This would imply an unusually low ionization
state. However, some of the extra depth in the Si IV trough may be due to extremely
high velocity C IV absorption. The Lya/N V BEL is quite weak. This could be due to
reddening of the spectrum, or absorption of the BEL by the Si IV BAL. Unfortunately,
while the flux spectrum of 1231+1320 is quite interesting, the polarization is very weak and
only marginally detected at P> = 0.17 & 0.08. Such a low polarization is only seen in two
other BAL QSO-0043+0048 and 2201-1834, which don’t have much else in common with
1231+1320.

6. 1232+4-1325. This is a low-ionization BAL QSO, which like 101140906 and 1231+1320,
has a strong Al III BAL and a large Al IIT/C III] BEL flux ratio. The C IV and Lya /NV
BAL are saturated and go nearly black in the low velocity portion of the trough, which is
reminiscent of 0059-2735 (Fig. 3.12). However, unlike the other low-ionization BAL QSO in
our sample, there is no indication of reddening in the flux spectrum and the strong Lya/N V
BEL is more characteristic of a high-ionization object. The Si IV trough shows sub-structure
at high-velocity which is not apparent in the C IV BAL because of its saturation.

This object officially qualifies as an HPQ, with continuum polarization P = 3.54 0.2%.
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This makes it a rare QSO in three senses-BAL, lo-ionization, and HPQ. It definitely deserves
further study with the Keck Telescope. Unfortunately, we were not able to fit this object
into our Keck observing schedule. Now there are four known high polarization BAL QSO
(RS 23, PHL 5200, CSO 755, and 1232+1325). Their BEL and BAL show a wide range of
properties, suggesting that high polarization is independent of these (Chapter 4).

It is difficult to determine the wavelength dependence of the continuum polarization
of 123241325 from our Palomar data because there are very few continuum windows in
the spectrum. The polarization is roughly constant from 1700-2350 A and there is no PA
rotation. There are also hints that P drops in all of the BEL.

7. 123541453. This object has unremarkable flux and polarization spectra. The polar-
ization is low and wavelength-independent. The interesting deep part of the C IV BAL is
lost in the dichroic split between the red and blue spectra.

8. 1243+0121. The ragged velocity profile of the C IV BAL is similar to that of 0137-
0153 (Fig. 3.12), with the deep portion of the trough only slightly detached from the BEL.
There is a deep O VI/HSB BAL. The continuum polarization is moderate and wavelength-
independent. The polarization drops at all of the BEL, though this is of low significance in
each instance.

9. 1700+5153 (PG, IRAS). This low-redshift BAL QSO has Mg II and high ionization
BAL in the observed UV (e.g., Pettini & Boksenberg, 1985). There is no evidence of a Na
I BAL. PG 1700+5153 belongs to a class of QSO with strong Fe II emission and extremely
weak [O III] emission, which includes 0759846508 (Boroson & Meyers, 1992). This is one
of the few known low-redshift BAL QSO, which are difficult to identify because the BAL
are in the UV. It is bright and nearby, allowing us to take high S /N spectropolarimetry of
it from Palomar. The continuum polarization is low (1.1%), and increases weakly to the
blue. This is the same behavior seen in the UV spectra of high-z BAL QSO, making it an
extremely broad-band phenomenon which covers a range of at least 900-6400 A . P drops in
Hp and the Fe IT emission lines, so they do not show up in the polarized flux spectrum.

There is a moderate PA rotation (12 degrees) across the continuum. This may be partly
due to interstellar polarization, which can be as large as 0.3% at the Galactic latitude of
1700+5153 (b=37.8 degrees). Depending on the orientation of the interstellar polarization,
it could cause a rotation of up to 7 degrees. It is necessary to measure a nearby interstellar

polarization probe star to determine the proper correction.



79
This is one of the very few BAL QSO which is bright enough and near enough to have a

resolved radio structure, which consists of two point sources separated by 1 arcsec at a PA
of roughly 100 degrees (Kellermann et al., 1994). This can neither be considered parallel
nor perpendicular to the PA of the optical polarization vector at PA = 53 degrees. This
is contrary to the suggestion of Goodrich & Miller (1995), who claim that the polarization
PA and radio axis are parallel in PG 1700+5153, which would be evidence for scattering
in the equatorial plane. If the radio structure is due to a weak double-lobed jet, it is likely
that it is not well collimated and may not give a reliable indication of the spin axis of the
central black hole. The misalignment of the radio jet and polarization axis is therefore not
surprising and may not be fundamental to the QSO structure.

Ground-based and HST images have shown that there is an interacting companion
galaxy to the QSO (Stockton et al., 1998, and references therein), located 2 arcsec to the
north at PA ~ (0 degrees (roughly perpendicular to the radio axis). Keck spectroscopy by
Canalizo & Stockton (1997) shows a strong starburst component in the companion, which
may be indirectly related to the QSO activity, and has a flux ~ 1000x weaker than the
QSO. We see no evidence of this stellar component in our spectrum, which is not surprising
given its faintness and location on the edge of our slit.

10. 2154-2005. This object has very weak BAL which appear to have varied in depth
from the spectra of Weymann et al. (1991). The C IV BAL is shallower in our spectrum.
This is similar to the case of 0025-0151, which also has weak variable BAL. The continuum
polarization is low and rises gradually to the blue, and the P A is independent of wavelength.
2154-2005 has typical BAL QSO polarization characteristics in spite of its unusually weak
BAL.

11. 2201-1834 (Fig. 3.13. This is an unusual BAL QSO in several ways. First, the spec-
trum is highly reddened. There aren’t any low-ionization BAL, which are typically present
in reddened BAL QSO. The C IV BAL has a very low equivalent width (16.3 A ), which
is also atypical of reddened BAL QSO. Finally, the continuum has very low polarization
(P = 0.16 & 0.07), which is unexpected for an object with high extinction. Perhaps we are
viewing a normal high-ionization BAL QSO through a foreground dust screen which is not
directly connected to the AGN phenomenon, such as dust in the host galaxy ISM. The dust

grains are not aligned, or they would induce a measurable polarization.
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Figures 3.3-3.11.
Palomar spectropolarimetry of 9 BAL QSO. From top to bottom the four panels display
(1) total flux F), (2) polarization fraction (rotated Stokes '), 3) polarized flux Q' x F', and
4) electric vector position angle 6. Total and polarized flux are plotted in units of 1016
erg/s/cm?/ A . Prominent emission lines are indicated in the top panel of Figure 3.3, and
tick marks in the other figures identify the same set of lines. The continuum PA from

Table 3.2 is indicated by a horizontal line. Individual objects are discussed in the text.
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Chapter 4 QSO Continuum Polarization

4.1 Chapter Outline

This chapter discusses the continuum polarization of BAL QSO and its origins. The distri-
bution and wavelength dependence of the continuum polarization are examined and com-
pared to simple scattering models. The polarization distribution is connected to the ge-
ometry of the broad absorption line region and unification with non-BAL QSO. The wave-
length dependence of the polarization may be due to a number of factors. We evaluate the
wavelength dependence in terms of electron scattering, dust scattering and reddening, and
dilution by unpolarized emission lines. We look for correlations between polarization and
BEL and BAL properties to see if there is a dependence on viewing angle.

The continuum polarization measurements in this chapter were made with the Keck and
Hale telescopes. The observational and measurement techniques are described in Chapters 2
and 3. In this chapter we present some additional measurements of polarization wavelength
dependence, BEL and BAL equivalent widths, and continuum polarization variability.

It is thought that the low static polarization of quasars, with the exception of blazars,
is due to scattering by material in the nuclear environment (e.g., Stockman et al., 1984).
The location of the scatterers is uncertain, but can be constrained by comparing line and
continuum polarization. Emission and absorption line polarization are studied in detail in
Chapter 5. One result from that chapter is that the scattering region is located at a radius
comparable to that of the broad emission line and absorption line regions. The results
from Chapters 4 and 5 are interdependent, but we split them up to focus separately on the

continuous and emission line scattering processes.

4.2 Introduction—Scattering

The most conclusive proof of scattering in AGN comes from polarimetric imaging of the

extended emission regions in Seyfert 2 and NLRG. In these objects, the electric vectors

show a centro-symmetric pattern which is explained by scattering of a central continuum
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source by a reflection nebula. The extended nebulae are biconical and roughly aligned with
the radio axis, so the net polarization vector is roughly perpendicular to the radio axis.
In the unification scenario, type 1 Seyferts and BLRG are simply type 2 objects viewed
from a pole-on orientation. However, the light from these objects is dominated by nuclear
emission, and the relatively weak emission from the extended regions is swamped. Imaging
polarimetric techniques do not yet have significant dynamic range to detect the extended
scattering regions in type 1 objects. Polarimetric images show that the sources of polarized
flux in type 1 objects are concentrated in the unresolved nucleus. Since information on the
spatial distribution of the polarized flux is lacking for unresolved Seyfert 1 and QSO nuclei,
we can not be certain that it has a scattering origin and must resort to indirect arguments
involving the spatially integrated polarization.

The spatially integrated continuum polarization depends on the geometry of the scat-
tering region, its optical depth, and the nature of the scatterers. These aspects of the
scattering phenomenon are considered below and compared with the polarimetric data.

Geometry is important because the orientation of the polarization vector is always per-
pendicular to the plane of scattering, and the magnitude of the polarization vector depends
upon the angle between the incident and scattered rays. Greatest polarization will be seen
for photons which are side-scattered at 90 degrees, and least polarization for those which
are forward or back-scattered (0 or 180 degrees). The total amount of scattered light is
proportional to the global covering fraction of the light source by the scatterers. There
1s a competition between scattered flux and polarization in the following sense. A spheri-
cal distribution of scatterers gives maximum coverage of the source and the most scattered
light, but the net polarization of this configuration is zero because of its symmetry. A single
scattering cloud with small covering fraction can yield scattered light with a polarization
approaching 100%, but the intensity of the scattered light relative to the direct light will
be low.

Polarized flux increases linearly with optical depth for optically thin scattering, when the
number of scatterings per photon is much less than one. Depending on the geometry of the
scattering configuration, multiple scattering can either decrease or increase the polarization

of the scattered light. Additional opacity sources may become important for large column
densities of gas, and will alter the relative intensities of the direct and scattered flux in

a wavelength-dependent fashion. In cases where multiple scattering is important, it is
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necessary to run Monte Carlo simulations to get a reliable estimate of the polarization
(e.g., Wood et al., 1996).

The nature of the scatterers is fundamental to the scattering process in two respects.
First, if the scattering cross-section is a function of wavelength, then the fraction of scattered
polarized flux will be wavelength dependent. Second, the scattering phase function and
radiation pattern is dependent on quantum physics in the case of atoms and molecules and
on optical interference and absorption in the case of dust grains. It has proved very difficult
to determine the type of scatterers responsible for the continuum polarization in AGN,

though examples of both electron and dust scattering have been claimed.

4.3 Polarization Distribution of BAL QSO

Figure 4.1 shows the polarization distribution for the combined Palomar and Keck BAL
QSO samples (34 objects). Two low-redshift objects are excluded from this plot because
their polarizations were measured in the rest optical, not rest UV. Continuum polarization
values are from Tables 2.5 and 3.2, using the greater of the two values (Py, P,) in the two
rest UV continuum bands (1600-1840 A and 1960-2260 A ). Objects are placed in 0.5% polar-
ization bins, and 20 polarization non-detections are indicated by the flag 'n.” Uncertainties
in the polarizations are < 0.3% for all but two objects, so there should not be much leakage
between adjacent bins.

The BAL QSO polarization distribution peaks at low polarization and there is a high-
polarization tail out to 6%. The distribution is smooth and there is no indication of separate
high and low-polarization populations. There is a 1.20 difference between the number of
objects in the 0-0.5% and 0.5-1.0% bins, which has low significance. There is significant
positive bias in the polarization values of the two non-detections in the 0.5-1.0% bin, so they
may move to the 0-0.5% bin with better S/N measurements. There are 4 objects (12%)
with high polarization (HPQ, P > 3%), 13 objects (38%) with moderate polarization (MPQ,
1% < P < 3%), and 17 objects (50%) with low polarization (LPQ, P < 1%).

There may be a selection bias towards objects with high polarization in our total sample.
In particular, the objects 2225-0534 (PHL 5200), and 1524+5147 (CSO 755) were observed

at Keck because they were known to have high continuum polarization. The objects 0105-

265 (P = 1.4%) and 1246-0542 (P = 1.3%) were also known to be polarized. If we restrict
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our attention to the Weymann et al. (1991) (WMF) sub-sample, which was not selected
for polarization, the HPQ fraction is 11%, which is essentially the same as the 12% HPQ
fraction in the total sample. Similarly, the MPQ fractions are 46% and 41% in the subsample
and total sample, respectively. Any selection bias towards high polarization is therefore not
apparent when we compare the two samples, and is less than the uncertainty due to Poisson
statistics.

The incompleteness of our sample is also a cause for concern, since we may have inad-
vertently selected objects for characteristics which correlate with polarization. In fact, no
such correlations exist, as we discuss in Section 4.16. The initial sample was selected from
the WMF sample of 40 BAL QSO, 37 of which survived our magnitude and declination
selection criteria. We observed 28 objects from this list, for a completeness of 76%. Given
an 11% HPQ fraction, it is likely that we missed one HPQ from the complete list. If we
didn’t miss any HPQ, then the HPQ fraction drops to 8%.
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Figure 4.1: QSO continuum polarization distributions. The top panel shows the distribution
of BAL QSO polarization measurements from this thesis (34 objects). The bottom panel
shows the polarization distribution of the non-BAL QSO (NBAL) sample (36 objects), taken
from the literature. Objects which are not detected in polarized flux at the 20 level are
indicated by the flag “n.” There is a large number of non-detections in the NBAL sample.
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4.4 Comparison with Non-BAL QSO Polarization Distribu-

tion

If BAL QSO and non-BAL QSO are distinguished by viewing angle, then it should be pos-
sible to match their polarization distributions. There have only been limited spectropolari-
metric observations of high-redshift non-BAL QSO (e.g., Antonucci et al., 1996) because of
their faintness and low polarization. There have been large broad band-polarization surveys
of bright QSO, but these contain relatively few high-z objects and have large (0.5-1.0%)
polarization uncertainties. However, we shall compare the polarization measurements of
non-BAL QSO which are available in the literature to our results for BAL QSO.

First we compare our BAL QSO polarization distribution (BAL sample) with a combined
sample (NBAL) of high-redshift non-BAL QSO measured by Stockman et al. (1984) and
Antonucci et al. (1996) (SMA and AGG). The BAL and NBAL polarization distributions
are shown in Figure 4.1. Objects with polarization P < 20p are indicated as non-detections
with the letter “n.” There is a much larger fraction of non-detections in the NBAL sample
than the BAL sample. The NBAL sample contains 1 (3%) HPQ, 6 (17%) MPQ and 29
(80%) LPQ.

The SMA sample consists of 142 bright radio and optically-selected QSOs (m, < 17)
from the catalog of Burbidge et al. (1977). The broad-band polarizations are measured in
white (un-filtered) light. We chose a subsample of all 24 non-BAL QSO with z > 1.5. Most
of these objects are LPQ, and there are no known blazars. The typical uncertainties in
the SMA polarization measurements are 0.2-0.7%, which is comparable to the uncertainties
in our Palomar polarization measurements, but much larger than the uncertainties in the
Keck measurements.

The AGG sample is a heterogeneous collection of bright high-z QSO chosen for spec-
tropolarimetric measurement. There is a bias towards objects with detectable polarization
and with weak radio cores because AGG were looking for objects with polarized accretion
disk emission. As we will see, this bias only reinforces our conclusions below. We use
the broad-band polarizations tabulated by AGG which cover various wavelength ranges be-

tween 912 and 3000A. The polarization uncertainties are 0.03-0.5%, generally smaller than

the uncertainties in the SMA sample.

A Kolmogoroff-Smirnoff (K-S) test shows that the probability that the BAL and NBAL
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samples were chosen from the same polarization distribution is 0.27%. There is therefore a
significant difference between the BAL and NBAL polarization distributions. A Chi-squared
test comparing the binned BAL and NBAL distributions gives x2/DF = 15.1/9.0, with a
probability of 9% that the BAL and NBAL were drawn from the same distribution. The
difference in the binned distributions is apparent from the much larger width of the BAL
distribution in Figure 4.1. The Chi-squared test gives a lower significance than the K-S test
because information is lost in binning the data.

The K-S test treats all polarization measurements equally, regardless of their S/N and
whether or not they are formal non-detections. This is appropriate as long as the po-
larization uncertainties in the two samples are similar, otherwise there will be differential
smearing between the two distributions. However, since the K-S test measures the maxi-
mum difference between the two cumulative distributions, it is most sensitive to differences
in the medians of the distributions and less sensitive to outliers (e.g., Press et al., 1992).
The median of the BAL polarization distribution is 1.13% and the median of the NBAL
distribution is 0.5%, so non-BAL QSO are more weakly polarized than BAL QSO.

While the BAL and NBAL polarization distributions are significantly different, this
could in principle be caused by sample selection effects or different observation techniques
in the two samples. The first concern is that the errors in the Keck polarimetry are much
smaller than in the broad-band polarimetry of SMA, and there are a large number of non-
detections in the NBAL sample. Since the BAL distribution is broader than the NBAL
distribution, the true difference between the widths of the two distributions must be even
larger than the observed difference, reinforcing the conclusion that BAL QSO are more
highly polarized than non-BAL QSO.

A second worry is that the band-passes used for the BAL and NBAL polarization mea-
surements are different. As we discuss in Section 4.7, there is a weak but significant variation
of continuum polarization with wavelength in BAL QSO; the polarization can vary by a
factor of two per octave of wavelength. In addition, emission line dilution, especially by
blended Fe II broad lines, can reduce the polarization by up to a factor of two. There is a
similar wavelength dependence of the polarization in the SMA sample (Stockman et al.,
1984), with the polarization rising weakly to the blue. A great advantage of spectropo-
larimetry over previous broad-band continuum polarization studies is that it allows us to

measure the polarization in a narrow band which is fixed in rest wavelength. In order to
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compare our results with broad-band measurements, we study the effect of bandpass choice.

There are two conflicting color corrections to the polarization. First, the narrow-band
measurements generally have higher polarization than the broad-band measurements in ob-
jects where there is strong dilution by line emission. Second, for objects with polarization
rising strongly to the blue, broad-band measurements blue-ward of 1600 A will give higher
polarization than measurements in the narrow bands near C III] A1909. The best way to as-
sess the net effect on the BAL QSO polarization distribution is to compare the narrow-band
and broad-band polarization distributions. However, there is no easy accounting for the dif-
ferent wavelength-dependent efficiencies used in the broad band polarization measurements
by SMA.

The NBAL sample includes a roughly even mix of radio and optically selected objects.
It is questionable to compare the polarization of radio-loud and radio-quiet QSO for two
reasons. The first reason is that some radio-loud quasars may contain polarized mini-blazar
components in their spectra, while BAL QSO probably do not. The second reason is that
there may be fundamental differences between the geometries of radio-loud QSO and BAL
QSO0. As discussed above, the median polarization of the NBAL sample is less than the
median polarization of the BAL sample, and except for one object, all radio loud QSO in
the NBAL sample have P < 1.4%. This argues against a significant blazar contribution to
the polarization. If the RQ and non-blazar RL QSO have the same polarization mechanism,
such as scattering, then we have made a fair comparison between the BAL and NBAL
samples.

In spite of the caveats discussed above, we conclude that BAL QSO have more highly-
polarized continuum emission than non-BAL QSO. This conclusion would be greatly strength-
ened by high S/N spectropolarimetry of a large sample (> 30) of optically selected non-BAL
QSO. This would eliminate the uncertainties due to wavelength-dependent polarization,
mixing radio-loud and radio-quiet objects, and the large number of non-detections in the
NBAL sample. However, this is difficult work and the low-polarization values of non-BAL

QSO make line-polarization studies not as fruitful as for BAL QSO.
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4.5 Axisymmetric Scattering Geometries

The polarization of an optically thin axisymmetric scattering geometry can be computed
analytically using the formalism introduced by Brown & McLean (1977) in their study
of Be stars. In this treatment, light is scattered by a tenuous envelope centered on an
illuminating point source. This formalism has been adopted by Miller & Goodrich (1990)
and Goodrich & Miller (1994) to explain the polarization of Seyfert galaxies. We repeat
this analysis for QSO using the following equations. The polarization of the scattered light

is given by
sin?4
P= —r» 4.1
T 2 + sin?4 ( )
where
1+x
= 4.2
@=1"3, (4.2)
and
_ [ Sl ppPdrdp (43)

= J [n(r,p)drdp

are shape parameters which are integrals over the spatial distribution of scatterers. The
density distribution of the scatterers with radius r and g = cosi is n(r, ). For optically
thin scattering in an axisymmetric geometry, the polarization increases with inclination
2

from the pole as sin”1i.

The net polarization of the scattered (F) plus direct (Fy) continuum flux is then

_ Py x F;
—Fd+Fs

Fy )
F;+ F

= 27(1 — 3) sin? §( (4.4)

where 7 is the optical depth to Scattering.

The polarization distribution can give information about the geometrical distribution
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of the BALR around the central source. If the polarization is due to scattering by an
axisymmetric structure such as an ionization cone or accretion disk, it will be maximum
when viewed from the equatorial plane of this structure, and zero when viewed from the
poles. If the geometry and optical depth of the scattering region were known, it would be
possible to determine the viewing angle for each object. Alternatively, if the distribution of
viewing angles were known, it would be possible to learn about the geometry and optical
depth of the scattering region.

In the simplest case, the axis of symmetry of the scattering region corresponds to the
fundamental axis of the quasar (if such an axis exists). We assume that the fundamental axis
is defined by the angular momentum of the central black hole. In fact, the fundamental axis
of a radio-quiet QSO is poorly defined. The radio jets are very weak compared to the jets in
radio-loud QSO, and are difficult to detect. The next-best marker of the fundamental axis
is the ionization cone. This assumes that there is a opaque structure, such as an obscuring
torus, which collimates the radiation from the central source into oppositely directed cones.
Even if this is the case, there is no guarantee that the angular momentum vector of the
torus will line up with the angular momentum vector of the black hole.

Consider an ensemble of identical axisymmetric QSO oriented randomly on the sky,
within some range of viewing angles i; — ¢2. The range of viewing angles corresponds to
lines of sight to the continuum source which are not occulted. For example, non-BAL QSO
may be confined to a polar cone (i; = 0, 42 < 60 degrees) and BAL QSO to an equatorial
wedge (i3 > 60, i2 = 90 degrees). Assume that on average there are no preferred viewing
directions inside this range. Regardless of the detailed geometry and the specific values of
i1 and 12, there are always more objects viewed at high inclination because there is more
solid angle there. Therefore the distribution of viewing angles N (i) peaks at i = i, and
the polarization distribution N(P) peaks at P = P(i3) = Pq,. (Fig. 4.3, model §). The
observed polarization distributions for non-BAL and BAL QSO fail to match this type of
distribution; instead they peak at low polarization.

Since the BAL QSO polarization distribution does not peak at high polarization, it is
likely that object-object differences in viewing angle are small. In other words, the BALR
occupies a small inclination range and has a small covering fraction. This is consistent with

the QSO unification hypothesis. The width of the observed distribution is then mainly due

to intrinsic object-object variation in scattering efficiency, scattering geometry, or continuum
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dilution. In that case, we can use the observed BAL QSO polarization distribution to
compute the polarization distribution expected for non-BAL QSO under the unification
hypothesis. We use a simple model where non-BAL QSO are visible from 0 — 4; degrees,
BAL QSO are visible from i; — 42 degrees, and obscured QSO (QSO 2) have 1 = is — 90
degrees (Fig. 4.2). We assume that the BAL coverage is smooth so that the global covering

fraction is given by

f = cosiy — cosiog (4.5)

Non-BAL QSO are viewed from a polar direction, while BAL QSO are viewed at an
intermediate inclination. This is a common representation of the unification model, where
the outflow is axisymmetric. We have generalized the model by including an obscuring
torus of opening angle i3. If all QSO contain a smooth BAL outflow which covers 10% of
the central continuum source, then the BAL phenomenon will only be visible from a small
range of angles. This implies that the geometrical variation of the polarization among BAL
QSO0 is small. For example, if the BAL flow is equatorial, covering i = 84 — 90 degrees,
the polarization will only vary by a factor of 0.99 from the equator to the top edge of the
flow. Including an obscuring torus or accretion disk in the unified model changes the global
covering fraction inferred from the BAL QSO fraction. Since some of the solid angle around
the central source is excluded by obscuration, the global covering fraction is less than the
BAL QSO fraction.

We assume that all orientations are equally likely, so the probability distribution of
inclination is P(i) = sini. The polarization distribution of non-BAL QSO is obtained by

integrating over the inclination range (i = 0 — 41) in which they are visible.

Sln2 22

Nypar(P / Npar(P(i2) P )smzdz (4.6)

where Np 1, (P) is the BAL QSO polarization distribution. Note that this assumes sin? 11

s 2 . . . > . . . . .
sin” ¢z, which is true for a BALR which covers a narrow inclination range. The polarization

of a non-BAL QSO is smaller by a factor sin? i/ sin 4y than the corresponding BAL QSO.
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Figure 4.2: Simple unification model.

The BAL wind inclination i3 is a free parameter which we can fit to the observed non-BAL
QSO polarization distribution.

We fit the unification model (Equation 4.6) to the data using a x? test. We varied i
and constrained i; by forcing the global covering factor to be f = 0.1. Figure 4.3 shows the
best-fitting model in comparison to the observed NBAL polarization distribution. There is
a 92% probability that the polarization distributions match. This means that the observed
BAL QSO and non-BAL QSO polarization distributions are consistent with the simple
unification scenario. Remember that a we found a 9% likelihood that the binned BAL and
NBAL polarization distributions were the same (Section 4.4). Therefore the unification
model gives a definite improvement to the match between BAL and NBAL polarization
distributions.

Unfortunately, the inclination i3 of the BAL wind is not well constrained because of the
small number of objects and bins in the polarization distributions. Table 4.1 gives x?2, the
number of degrees of freedom, and the probability that model and observed non-BAL QSO
polarization distributions are the same for i5 =45, 60, and 90 degrees. The three models
are plotted in Figure 4.3. A BAL wind inclination of 60 degrees gives the best match to
the data, but the other inclinations are also consistent. Note that the model distributions

shift to lower polarization as iy is decreased. This happens because the non-BAL QSO are

confined to smaller inclinations and the polarization decreases most rapidly near the polar
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ia 41 x° DF Prob.
45 36 4.14 8 0.85
60 53 454 10 0.92
90 84 826 11 0.69

Table 4.1: x? fits of the unification model to the non-BAL QSO polarization distribution.
Columns 1 and 2 list the maximum and minimum inclinations of the BAL wind, constrained
to give a smooth global covering fraction f = 0.1. Columns 3 and 4 list x? and the number
of degrees of freedom for the fits, and column 5 gives the probability that 2 /DF will exceed
the measured value. Therefore high probabilities indicate a good fit. A BAL wind with
inclination range © = 60 — 53 degrees gives the best match between the model and data,
however the other fits are also acceptable.

axis. Alternatively, we can use the lowest polarization bin with the largest number of ob jects
to discriminate between the models. Since there are 18 objects in this bin, the uncertainty
due to counting statistics is +4 objects. This is similar to the predicted difference between
each of the models. A 3o discrimination between each of the models would require a sample
of about 180 non-BAL QSO, which would be costly in terms of observing time, but feasible

using broad-band polarimetry.

4.6 Selection Effects

There may be an observational selection effect against highly polarized BAL QSO if they are
either intrinsically dimmer, or partially obscured. Goodrich (1997) points out that there is
a natural connection between high polarization and obscuration of the unpolarized central
continuum source. This effect is prominent in radio galaxies, where the central source is
blocked by dusty molecular clouds and the continuum is dominated by the fainter scattered
component. The putative dusty torus serves as an occulting bar, blocking out the glare of
the unresolved central regions.

In BAL QSO, obscuration could be provided by dust or electrons associated with the
BAL wind (Goodrich, 1997). This is an attractive scenario for a number of reasons.
First, if the BAL gas is ablated off the accretion disk or torus, then it is reasonable to

expect that dust is carried along with the gas. Second, X-ray observations of BAL QSO
indicate that the column of gas along the line of sight is much greater than that estimated

from measurements of UV BAL optical depths. A large column of ionized gas may provide
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Figure 4.3: QSO Polarization distributions. The top panel compares the best fit unification
model (iz = 60 degrees) to the observed NBAL polarization distribution. The bottom panel
shows the distributions derived for a variety of BAL wind inclinations (i2 = 45, 60, and
90 degrees), assuming the BAL polarization distribution holds for equatorial views. The
model labeled § assumes a d-function at P = 4.75% for the intrinsic BAL QSO polarization
distribution, and i2 = 60 degrees. This gives an NBAL distribution which peaks at high
polarization and does not match the observations.
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sufficient optical depth for electron scattering and attenuation of the central source. If there
is dust obscuration, then the highly polarized objects should be reddened; attenuation by
electrons would be grey.

Krolik & Voit (1998) recently suggested that the anisotropy of emission from an accre-
tion disk could serve a purpose similar to obscuration by intervening dust or electrons. It
is expected that a hot accretion disk should appear dimmer along the equator than from
the poles because of the smaller projected surface area and limb-darkening effects. If BAL
outflows are equatorial, then BAL QSO will appear dimmer than if BAL outflows are polar.
However, as we discussed at length in Chapter 1, the accretion disk model has serious diffi-
culties matching the spectropolarimetric data for QSO. This aside, anisotropic disk emission
could introduce a strong selection effect against objects viewed from the equator.

Both the obscuration and anisotropic disk radiation possibilities would have an impact
on the inferred covering fraction of the BALR. They would serve the same purpose as a
dusty molecular torus. Goodrich (1997) and Krolik & Voit (1998) suggest that the BALR
covering fraction could be as large as 50%, instead of the 10% that is inferred from the BAL
QSO fraction. Dim objects viewed from the equator would be missed from flux-limited
samples. The resonance scattering limits derived by Hamman et al. (1993) from the ratio
of emission to absorption equivalent widths would not necessarily be violated. The large
covering fraction of the BALR would be counteracted by the weaker continuum emission in
the direction of the equatorial wind (Krolik & Voit, 1998).

If there is significant continuum anisotropy (due to disk emission or dust obscuration) in
QSO, then the objects in our BAL sample would tend to be viewed at the minimum possible
angle at which the line of sight still passed through the BALR (i.e., s = i1). In addition, the
polarization would drop faster than sin?i, due to dilution by beamed continuum towards
the poles. Our models in Section 4.5 would have to be modified for orientation-dependent
selection effects in the magnitude-limited BAL and NBAL samples. Since the available data
are not sufficient to distinguish different BAL wind inclinations in the simple model, they
will certainly not be sufficient to distinguish between various limb-darkening and obscuration
models. A better way to deduce the angular dependence of the continuum radiation would

be to search for and study type 2 QSO with extended reflection nebulae like those seen in

narrow-line radio galaxies.
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4.7 Wavelength Dependence

Here we discuss the observed wavelength dependence of the polarization, before correction
for line dilution. Table 4.2 gives the spectral indices for the total and polarized flux spectra
and the ratio P,/ P, of blue to red continuum polarization. The spectral indices a were
measured between blue (b) and red (r) bands and are defined by F, « v~°. For objects
with 1.5 < 2 < 2.0, b is red-ward of C IV (1575-1600 A ) and r is red-ward of Mg II (2900-
2925 A ). For objects with z > 2.0, b is red-ward of N V (1275-1300A ) and r is red-ward
of C III] (2225-2250 A ). These bands were chosen to minimize contamination from BEL
and BAL. The formal uncertainties in a(F) are < 0.1, so the errors are dominated by
systematic effects including possible BEL and BAL contamination. The uncertainties in
a(PF) are much larger and dominated by photon noise in the narrow continuum bands.
We have included objects from the Keck sample with z > 1.5, except for UM 275, which is
unpolarized.

As was noted in Chapter 2, the polarization rises to the blue for most objects (Py/ P, =
1.0 — 2.2). Consequently, the polarized flux is bluer than the total flux (a(PF) < a(F)).
Two objects (123540857 and 1333+2840) have flat polarization spectra, and one object
(00194-0107) has polarization falling sharply blue-ward of 2000 A . The redshift range of
the full sample gives a wavelength coverage of 1300-2900 A for our continuum polarization
measurements. This large wavelength coverage helps to constrain the polarizing mechanism
in BAL QSO. In Figure 4.4, we plot P, against P, to graphically demonstrate the “color”
of the polarization spectra. Simple Thomson (or grey) scattering with no emission line
dilution is represented by the line with unity slope. We also plot the trend expected for
optically thin dust scattering with a cross section that goes as A™1. Several objects fall near
this line, but we must be wary because the data are not corrected for Fe II line dilution,
which can bluen the polarization spectrum (Section 4.8). A similar wavelength dependence
is seen in the polarization of non-BAL QSO (Stockman et al., 1984), who suggest a dust

scattering origin.
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IAU a(F) ao(PF) + P/P. +
001940107 0.4 3.2 1.0 0.22 0.13
0059—-2735 1.8 14 0.2 129 0.14
0137—-0153 1.4 0.0 0.5 217 0.64
014640142 0.6 -0.2 0.7 159 0.58
0226—-1024 0.9 04 0.3 136 0.17
084243431 0.5 0.0 0.4 131 0.28
0856+1714 1.4 0.2 0.7 196 0.76
0903+1734 1.1 0.8 1.0 1.11 0.63
0932+5006 0.5 0.5 04 175 040
1212+1445 1.2 0.7 04 137 0.35
1235+0857 1.3 1.5 02 092 0.12
1246—-0542 1.0 -0.1 0.2 181 0.23
1331-0108 2.1 1.8 0.4 121 0.29
133342840 1.2 1.2 0.1 099 0.08
141341143 0.8 -0.2 04 1.72 042
152445147 1.0 0.5 0.1 130 0.06
2225—0534 1.8 0.9 0.1 176 0.13

Table 4.2: Blue and red continuum polarization measurements. The two-wavelength spec-
tral indices in total and polarized flux are listed in columns 2 and 3. The ratio of blue to red
polarization is listed in column 5. The wavelength bands for these measurements depend
on the redshift of the object, and are given in the main text.
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Figure 4.4: Polarization color dependence. Blue polarization P, is plotted vs. red polariza-
tion P, to show the continuum polarization wavelength dependence in BAL QSO. The two
lines represent Thomson scattering (P, = P,) and a A~! polarization law (B, = 1.8P,). Fe
IT dilution correction vectors are plotted for objects which have them (Section 4.9). Only
one object (0019+0107) has a red polarization spectrum.
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4.8 FEmission Line Dilution

The wavelength dependence of the continuum polarization provides important clues to its
origin. However, it is often difficult to distinguish between the effects of dilution by an unpo-
larized component and a true wavelength dependence of the polarizing agent. For example,
in Seyfert 2 galaxies (Tran, 1995) the polarization appears to rise to the blue because of
dilution by red unpolarized starlight. After correcting for starlight, the polarization level
is independent of wavelength in most Seyfert 2s, suggesting that electron scattered light
dominates the polarized flux.

Cohen et al. (1995) suggest that the rise in polarization to the blue in BAL QSO PHL
9200 is mainly due to dilution by broad Fe II emission. There is a broad bump extending
red-ward of 2200 A in the total flux spectrum which is absent in the polarized flux spectrum.
This so-called “little blue bump” is commonly identified with a complex of blended Fe II
emission lines (e.g., Wills et al., 1985). Most of the UV spectral region in quasars is
contaminated by Fe II emission lines. (See Fig. 2.17 for an extreme example.) There can
also be a strong Balmer continuum component which adds to the blend of emission lines.

It is readily apparent from looking at the Keck polarization spectra in Chapter 2 that the
BEL do not share the same polarization as the continuum. For most objects the polarization
drops in the BEL, but the BEL polarization is not necessarily zero. We wish to study the
polarization of the continuum separately from the emission lines. The flux F and polarized

flux PF can be decomposed into continuum and line components:

PF = P.F, + PF (4.8)

where F and Fj are the continuum and line fluxes and P, and P, are the corresponding po-
larizations. The problem is that there is no unique decomposition. There are two equations
in four unknowns, so to solve them it is necessary to make some assumptions about the
form of the line and continuum flux or the wavelength dependence of the line and contin-

uum polarization. This would not be difficult if the emission lines were well separated from

one another. In that case a continuum could be fit to F and PF by interpolating between
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continuum windows. However, the BEL in our spectra are hopelessly blended together
(especially the Fe II BEL) and there are few (if any) continuum windows.

The simplest assumption to make is that the BEL are unpolarized (P, = 0) and the
continuum polarization is wavelength independent (P, = constant). Of course, this defeats
the purpose of trying to determine the wavelength dependence of the polarization. But,
it allows us to decompose the flux into line and continuum components. The continuum
polarization must be at least as great as the maximum polarization observed away from
the BAL, P. = P, ;42. Using this value for the continuum polarization yields the minimum

amount of diluting line flux

Fy=F — PF/P, o (4.9)

The error in the line flux caused by assuming P. = P, 4, is given by

AFl_P(l P,
F P

) (4.10)

Figures 4.5-4.7 show the unpolarized line flux for the Keck BAL QSO computed from
Equation 4.9. In most cases, the decomposition appears to be reasonable in the sense that
the unpolarized flux is dominated by emission lines identified in the total flux spectrum
(c.f., 1524+4-5147). Also notice that the unpolarized flux in the BAL troughs is negative
because the trough polarization is greater than the continuum polarization.

It is clear for a few BAL QSO that the 2-component model with constant continuum
polarization and unpolarized lines is inadequate. The simple model fails drastically for
001940107, which has an unpolarized blue continuum component below 2000 A . While
dilution by a blue continuum component could explain the rapid fall in the polarization
below this wavelength, the correspondence between the drop in continuum polarization and
PA rotation (Fig. 2.2) point instead to a real wavelength dependence in the polarizing
mechanism.

There are four objects in the Keck BAL QSO sample which might be better decomposed

mto a continuum component with polarization increasing to the blue plus an unpolarized
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line component. These are 0105-265, 1212+1445, 1246-0542, and 2225-0543, which show
unusually red unpolarized flux components in the simple decomposition (Figs. 4.5-4.7).
This is a qualitative judgment, since we have no knowledge of the intrinsic range in color
displayed by the Fe II emission bump and the range in Fe II/C III] intensity ratios. Perhaps
reddening is important along the line of sight to the Fe II BELR and is present in varying
amounts from object to object.

Are there are other possible sources of dilution in addition to the BEL which could
contribute to the wavelength dependence of the polarization? Such a component would
have to be extended with respect to the scattering region to dilute the polarization, and
would also have to have a relatively mild wavelength dependence. This is analogous to the
so-called “FC2” component which dilutes the continuum polarization in Seyfert 2 and radio
galaxies. In these objects, the direct continuum light is mostly obscured so that the relatively
faint extended continuum emission (probably from hot young stars) can compete with the
scattered light and cause a reduction in the net continuum polarization. It is unlikely
that a stellar source of continuum emission, even from a nuclear starburst, can contribute
significantly to the total flux from a quasar. Lyman and Balmer continuum emission from
the BELR, on the other hand, may be an important component in the quasar spectrum,

and should have similar polarization to the broad emission lines.
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4.9 Fe II Template Fitting

In the last section, we decomposed the flux into line and continuum components by assuming
constant polarization for the continuum and unpolarized lines. Another way to decompose
the flux is to use an emission line template for F; and a polynomial (or power-law) curve for
F.. The intensities of these components can be fit to the total flux spectra. If we assume
that the emission lines are unpolarized (P, = 0), then the continuum polarization can be

derived by dividing the polarized flux spectrum by the continuum fit

PF F
— =P.+ PF— =P, 4.11
Fc c + ch ( )

If the emission lines are polarized, then the error in P. equals the line polarization
multiplied by the emission line fraction. This error is small in most cases, judging from
the lack of emission lines in most polarized flux spectra. (See Chapter 5 for a discussion of
polarized emission lines.)

We use the unpolarized flux of 1333+2840 (RS 23) as our emission line template. This
assumes that RS 23 has a wavelength independent continuum polarization so that the
decomposition in the previous section is valid. While there is no guarantee that the po-
larization of RS 23 is wavelength independent, it appears to have a relatively flat spectral
index and a smooth polarized flux spectrum between 1600 and 3000 A . It also has a large
Fe II content and high polarization, which makes it ideal for constructing an Fe II template.

A BEL template was made by fitting a power law to the Stokes flux with a = 0.75 and
scaling by 1/ P, ez, Wwhere P, ez = 0.062 is the maximum observed fractional polarization
blue-ward of C III}. The scaled power law fit was subtracted from the total flux to give the
unpolarized flux spectrum. This is equivalent to the flux decomposition from Section 4.8,
but has much lower noise because we fit a smooth curve to the polarized lux. The systematic
error in the line flux that comes with assuming constant polarization is given by Equation
4.10. The value for P ., was determined by assuming there is no line emission in the
continuum window from 1820-1840 A . If there is residual Fe II emission in this continuum

window, we underestimate P, 1z and the emission line flux. However, using a greater value

for Pemae gave worse results in the Fe II fitting below.

An Fe Il template was derived from the BEL template by interpolating across prominent
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non-Fe II BEL. The Fe II emission underneath the C III]/Al III, Mg II, He II, and O 111
BEL was interpolated with a straight line. The flux decomposition and resultant Fe II

template are shown in Figure 4.8.
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Figure 4.8: (a) Decomposition of RS 23 into polarized power law continuum and unpolarized
emission lines. Curves 1, 2, and 3 are the continuum F,, continuum plus Fe I, and total
flux F. 4+ F; . (b) Comparison of uncorrected (4) and dilution-corrected (5) fractional
polarization. No correction is made blue-ward of C IV. The horizontal line is at P, =0.062.

A third order polynomial (F f;;) plus Fe II template fraction were fit simultaneously

to each Keck BAL QSO with spectrum extending past 2650 A (11 objects). The other
objects in the Keck sample can not be properly fit because the Fe IT bump is not in their

spectra. We used a modified version of the procedure by Tran (1995), which was written
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to fit and subtract host galaxian starlight from AGN spectra. The redshift of either Fe II
UV 191 or Mg II low ionization BEL was used to align the spectra with the Fe II template
when available, since these lines are thought to better represent the QSO rest frame. In
some cases the low ionization BEL redshift is significantly different from the C III] redshift,
a well known phenomenon (e.g., Weymann et al., 1991). The Fe II fraction (2255-2650 A )
and the RMS deviation of the fits are given in Table 4.3.

The polarization spectra were multiplied by the factor F/F, i to correct for line di-
lution. The corrected polarization spectra are presented in Figure 4.9. The polarization
spectrum of 133342840 is not included in the figure because it was used to construct the
Fe II template. BAL QSO 004340048 is not included because it is unpolarized, and the
polarization spectrum of 1331-0108 is too noisy for the polarization correction to be useful.
We plot the Fe II dilution correction vectors for the (3/9) objects which have corrections
AP, > 0.1% in Figure 4.4.

The emission lines (Except for C III] in two cases) are properly corrected for and little
trace of them remains in most polarization spectra. This confirms our assumption that the
BEL are mostly unpolarized. The wavelength-averaged Fe II fraction ranges from 6-31%,
corresponding to a line dilution factor of 0.94-0.76 in the observed polarization. The fit is
poor (RMS> 4%) and the fit Fe II fraction appears to be too low in two cases (0932+5006
and 1331-0108), apparently because the Fe II template is not the right shape. The extreme
widths of the BEL in 084243431 give them little contrast against the continuum, and so
the Fe II fraction may also be underestimated in this object. It is easier to identify and
separate the Fe II emission component in objects with relatively narrow lines, such as RS
23.

The result of our Fe II template fitting is that the continuum polarization is still wave-
length dependent for some BAL QSO after correcting for line dilution. Four of eight objects
show a distinct rise in polarization to the blue (0226-1024, 121241445, 1246-0542, and 2225-
0534). Three of these are objects which did not appear to be well-fit by a constant continuum
polarization in Section 4.8. BAL QSO 0019+0107 shows a drop in polarization to the blue
even after correction for line dilution. The other three objects (0137-0153, 084243431, and
0932+5006) show a wavelength-independent polarization after correction, but the first of

these has a noisy spectrum and the other two of these were not fit well by the Fe IT template.

We conclude that there is some weak intrinsic wavelength dependence in the continuum
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polarization. We discuss the implications of this in detail below. The best candidates for
source of the wavelength dependence are scattering by large dust grains and differential
dust absorption of the direct and scattered rays.

The results of this section depend strongly on the RS 23 emission line template. The
template was derived by assuming the intrinsic continuum polarization of RS 23 is wave-
length independent, which is not necessarily true. If the true continuum polarization of RS
23 rises to the blue, then the template Fe II flux is overestimated in the red. This would
tend to reduce the Fe II fraction in the fits to other objects, and cause a false reddening of
their dilution-corrected polarization spectra.

It is possible that the Fe II broad line ratios differ from object to object, either from
reddening or ionization differences. For QSO which have heavily reddened BEL (relative to
RS 23 and their own continua), the polarization would be over-corrected for line dilution
in the blue, causing a false bluing of the polarization. One way around this dilemma is
to take greater S/N spectropolarimetry so that every peak in the Fe IT blend stands out
distinctly in dilution of the polarization spectra. We approach the necessary S/N in the
most highly polarized bright BAL QSO in our sample, and are encouraged to see no residual
line dilution features in the corrected polarization spectra of these objects.

Another method to construct a line template is to model the Fe IT emission and red-
dening in each object using a photoionization code. Progress has been made in this task by
Wills et al. (1985), but the physical conditions and ionizing SED are not yet well enough un-
derstood to make theoretical line templates of the required accuracy. The relative strengths
of the Fe II UV multiplets vary with conditions in the line-emitting gas. Wills et al. (1985)
find that the strengths of the Fe II and Balmer continuum components depend on a num-
ber of factors, including intrinsic reddening, Balmer continuum absorption, and resonance

fluorescence. The broad line widths can also have an impact via radiative transfer effects.
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TIAU Fell + RMS% P.. =+
00194-0107 0.111 0.009 3.5 1.09 0.07
004340048 0.207 0.013 3.0
0137—-0153 0.203 0.008 2.4 0.73 0.21
02261024 0.184 0.012 3.9 1.78 0.08
0842+3431 0.059 0.010 3.4 0.42 0.08
093245006 0.092 0.012 4.6 0.85 0.19
121241445 0.179 0.005 1.8 1.94 0.48
1246-0542 0.132 0.011 3.7 1.01 0.11
1331-0108 0.193 0.013 4.5 2.37 0.55
133342840 0.305 ... 0.1
2225-0534 0.186 0.010 2.3 4.56 0.34

Table 4.3: Fe II and continuum fits. Columns 2 and 3 give the Fe II fraction averaged over
the wavelength range 2255-2650 A . The root-mean square deviation for the fit is listed in
column 4. The Fe II-corrected red polarization P, . is listed in column 5.
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Figure 4.9: BAL QSO polarization corrected for line emission. The emission lines were fit
using the RS 23 Fe II template and the procedure described in the text. Note the residual
polarization in the C III] BEL of UM 232 and PHL 5200. Also note how the polarization
spectra of four objects rise to the blue. The horizontal lines are drawn at the continuum

(1) polarization level tabulated in Table 2.5.
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4.10 Fe II Dilution in 0059-2735

The low-ionization BAL QSO 0059-2735 is a special case where emission line dilution is
essential to understanding the polarization spectrum. The flux and polarized flux spectra
are chopped up by a plethora of narrow absorption lines (NAL) and BAL, complicating
the interpretation. Figure 4.10 shows an expanded view of the 0059-2735 spectra. As
noted in Chapter 2, the NAL are deeper in polarized flux than in total flux, and the NAL
polarization seems to vary unpredictably from one absorption feature to the next. This
Is contrary to what is observed in the BAL of this and most other objects, where partial
coverage of the polarized light source causes polarization to rise in the troughs. Two other
Lo-BAL QSO show similar polarization behavior in their NAL. The polarization drops in
all NAL of FIRST 155643517, while it rises in some NAL and drops in other NAL of FIRST
0840+3633 (Brotherton et al., 1997). For both of these objects, the polarization of the
NAL never rises above the polarization of the continuum.

We hypothesize that the wavelength-dependent polarization across the NAL in Lo-BAL
QSO is merely a result of BEL dilution of the continuum. In the case of FIRST 155643517,
the polarization drops to 0% in the NAL because they completely absorb the polarized
continuum source and have a local continuum covering factor of 100%. The residual flux
in the NAL is from unpolarized emission lines, including Fe II. In 0059-2735 and FIRST
0840+3633, some NAL are saturated, but the polarization doesn’t drop to 0% because
the local continuum covering factor is < 100%. Our polarimetry is reinforced by high
resolution observations of 0059-2735 (Wampler et al., 1995, WCP), which show that many
of the NAL components are saturated, but have a range of non-zero residual flux levels.
WCP also suggest that the residue may be Fe II line emission. In the case of unpolarized

BEL, the polarization level in the NAL is given by

1
P=Pd=P— (4.12)

1+
B Fol-fitfie”

Zt 4.1
Fo Fogl—fotfor (4.13)

In Equation 4.12, d is the line dilution correction. In Equation 4.13, F}, and F, are

the unabsorbed line and continuum flux, f; and f, are the local line and continuum covering
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factors, and 7 is the optical depth of the NAL. Note that P < P., which is consistent with
the observations.

We can make progress in deciphering the polarization spectrum by studying the unpo-
larized line flux Fj (computed via Equation 4.9 in Section 4.8). We tried a range of values
Peymaz = 0.018 — 0.025, and P, = 0.022 gave the best results. Figure 4.11 shows the unpo-
larized flux component in 0059-2735, which shows many of the same emission line features
as the RS 23 BEL template in the bottom panel. This confirms that the polarization drop
in the NAL is due to dilution by unpolarized line emission. The polarization decreases in
the various NAL by the dilution factor d in Equation 4.12.

In addition to Fe II, strong C IV and Mg II BEL are seen in the unpolarized flux
spectrum. This is particularly striking in the case of C IV, which is quite weak in the total
flux spectrum. In fact, the C IV BEL unpolarized flux is greater than the total lux at the
same wavelength. This means that C IV is polarized perpendicular to the continuum, which
is quite different from all the other unpolarized BEL in the spectrum. This suggests that
the C IV BEL photons are resonantly scattered by an equatorial BALR. The contribution
from resonantly scattered continuum photons must be relatively small since the C IV BEL
is quite narrow. The C IV BEL in the unpolarized flux spectrum extends from -2900 km /s
at the bottom of the C IV BAL to 4400 km/s. The peak is redshifted by 2200 km/s with
respect to the peak in total flux; which makes sense if the flux in the blue wing is absorbed
by the near-side BAL clouds. Resonance scattering is considered in detail in Chapter 5.

The C IIT] BEL is present in the total and unpolarized flux spectra but is quite weak
compared to Mg II, and Fe III. This suggests that the high-ionization BEL are largely
obscured, while the low-ionization BEL are not. This requires stratification of the BELR,
which is seen also in the reverberation mapping of Seyfert 1 galaxies.

There is no indication of the Fe II NAL in the unpolarized line spectrum (Fig. 4.11),
but they are plainly present in the polarized continuum flux spectrum (Fig. 4.10). This
suggests that the NAL cover at most a small fraction of the BELR (f; << 1) and a large
fraction of the direct and scattered continua (f. ~ 1). The NAL at 2393 A has local covering
fraction f; = 0.7, assuming it is saturated. There are a few narrow dips in the unpolarized
flux spectrum, but we could not identify these with absorption lines in the high-resolution
spectrum of WCP, so they are probably just noise.

The Mg II, Al IT and Al III BAL are present in the unpolarized line spectrum, and the
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Mg II and Al IIl BAL have negative unpolarized flux. This is partly due to the excess
polarized continuum flux in the BAL, an effect seen in other objects such as 0226-1024
(Fig. 4.5). In other words, we underestimated P, in the bottom of the BAL by using the
continuum value, and therefore underestimated F;. The blue wings of the Mg II and Al
III BEL may be partially absorbed, as in C IV. We expect that the resonance scattering
contribution to these lines is much lower than in C IV, and most of the flux comes directly
from the low-ionization BELR.

We require five separate lines of sight to explain the flux spectra and polarization be-
havior in 0059-2735-two lines for continuum, and three for the BEL. The unpolarized and
polarized continua are both absorbed by the NAL and BAL, but to different degrees. The
low-ionization BEL are absorbed by the BAL, but not the NAL. The high ionization BEL
are highly obscured, perhaps by dust; the weak remainder of the BEL is absorbed by the
BAL, but not the NAL. The C IV BEL is resonantly scattered by the far side of the BALR
and comes booming through in polarized flux. We can infer that the NAL clouds have
a smaller local covering fraction than the BAL clouds; they only absorb the direct and
scattered continuum, which have relatively small angular extent. The continuum scattering
region is extended, since it is only partially covered by the BAL clouds. The low-ionization
BELR has the largest angular extent, but is still partially covered by the BAL. We discuss

the geometry in more detail in Chapter 5.
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Figure 4.10: BAL QSO 0059-2735. Panels 1, 2, and 3 display the flux, polarized flux and
PA. Note that the emission lines are absent in the polarized flux spectrum and the NAL
are deeper in polarized flux than in total lux. In the bottom panel, there are P A rotations

in the BAL and NAL.
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Figure 4.11: 0059-2735. The total flux is in panel 1. The unpolarized flux in panel 2 was
computed by scaling the polarized flux by 1/ P, 1naz and subtracting it from the total lux.
Several Fe II emission features are present, as well as Mg II and C IV emission lines. The
unpolarized flux in panel 2 has a similar shape to the RS 23 BEL template in panel 3,
demonstrating that the NAL polarization variations are due to line dilution. Also note that
the NAL are not apparent in panel 2, so the BEL are not absorbed by the NAL.
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4.11 Electron Scattering

Electrons are the simplest scattering particles, and behave as dipole oscillators in the non-
relativistic regime. Optically thin Thomson scattering leads to a polarization which is
independent of wavelength. However, wavelength-independent polarization is not unique
to Thomson scattering and can be copied by large dust grains over fairly wide wavelength
intervals. Electron scattering is likely to dominate in regions of the nucleus which are
exposed to and completely ionized by hard continuum emission from the central source.
However, dust may exist at radii smaller than the dust sublimation radius if it is shielded
by a large column of gas, such as may be present in the accretion disk which feeds the
nucleus.

There is evidence for scattering by warm (T ~ 3 x 105K) electrons in the broadening
of scattered emission lines in NGC 1068 (Miller et al., 1991). Some radio galaxies, such as
Cygnus A (Ogle et al., 1997) show extremely broad scattered emission lines. It is unknown
whether the large line widths in these radio galaxies are due to thermal broadening by the
scatterers or motion intrinsic to the broad emission line region.

The BAL QSO in our sample with wavelength-independent continuum polarization may
be polarized by Thomson scattering in the BELR or BALR. An optical depth 7., = 1
requires an electron column density of N. = 1.5 x 10?*cm™2. This greatly exceeds the
column densities derived for the BALR from the depths of UV BAL. However, as we noted
in Chapter 1, these estimates may be unreliable. In addition, X-ray observations yield much
larger column densities, Ng ~ 1023cm™2. With a high ionization parameter, this would give
an optical depth to electron scattering of 7., ~ 0.1, which is the right order of magnitude

for optically thin scattering.

4.11.1 Scattering in the Broad Absorption Line Region

The first possibility is that the scattering occurs entirely in the BALR. This is attractive
because it naturally leads to partial coverage of the polarized continuum by the BAL clouds.
For the geometry of Figure 4.2 and a constant electron density, we can compute the polar-

ization due to electron scattering in the BALR using Equation 4.4. The shape parameter

is obtained from Equation 4.3,
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For our best fit model with i3 = 60, i1 = 53 degrees, we get v = 0.30. If we assume
that the scattered light is a small fraction of the direct light (which is true for the optically
thin case), and a viewing angle of i = 60 degrees, then we get P = 1.5% for 7., = 0.1. If
there is indeed a sufficient optical depth to electron scattering in the BALR, then it is easy
to produce the observed continuum polarization within the unification scenario. Note that
the scatterers will produce a significant grey attenuation of the direct continuum (10% for
Tes = 0.1) since they lie in the line of sight.

The continuum polarization distribution is readily understood if it is produced by elec-
tron scattering in the BALR. There is likely to be a significant range in BALR column
densities and scattering optical depths. For objects with Ng < 1.5 x 10?2 and 7, < 0.01,
the polarization will be very low (P < 0.15%) and not detected in our survey. In this
context, the extremely low polarization of UM 275 (P, = 0.11 & 0.06%) can be accommo-
dated into an equatorial BALR model with little difficulty. Here we are only considering
scattering on the scale of the BALR. The lack of polarization of the light emitted by the
central continuum source in UM 275, before it is scattered by the BALR, is still mysterious
and will be discussed in more detail below.

The upper limit to the BAL column density is set by Thomson attenuation. First of
all, we are not likely to detect objects with 7.s > 1 because they are attenuated. Perhaps

more importantly, Thomson-thick clouds will not be accelerated to high speeds by radiation

pressure.

4.11.2 Scattering in the Broad Emission Line Region

One clue to the nature and location of the scatterers comes from the low BEL polarization
(see Chapter 5), which suggests that the scattering region is internal to or coincident with
the BELR. The continuum may be scattered by electrons in the BELR. The geometry
of the BELR is not well constrained, but may be similar to that of the BALR (Murray
et al., 1995, MCG). We know that the BELR lies at least partly interior to the BALR. A

plausible scenario is that the BAL wind is swept outward from the BELR. In this model, the
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BELR could provide the large X-ray absorbing column which shields a lower column density
BALR, as required by the dynamical calculations of MCG. The polarization calculations
for an optically thin (7.; < 1) BELR are identical to those for an optically thin BALR. The
main difference between the two models is the coverage of the electron scattering region by
the BALR. The BELR need not lie along the line of sight to the continuum. An alternate
geometry for the BELR would put it at an intermediate elevation where it is only partly
occulted by the BALR. The BELR may be composed of chaotically orbiting clouds with
a low volume filling factor, but it is more likely to induce a high continuum polarization
if it is organized in a jet or a disk structure. The column density of the BELR is not as
well constrained in such models. For some viewing angles a BELR cloud could occult the
continuum source, and might reveal itself as a narrow associated absorber.

Korista & Ferland (1997) calculate the albedo of ionization-bounded BEL clouds, in-
cluding the effects of Thomson scattering, Rayleigh scattering in the wings of Lya by H
I, and the ionization edges and absorption breaks of a number of ions. The relative con-
tributions of Rayleigh and Thomson scattering are determined by the ionization level in
the cloud. These models predict an albedo which increases slowly to the blue from 3650
to 1600 A, corresponding to decreasing absorption below the Balmer jump. This nicely
matches the slow rise in polarization to the blue seen in our BAL QSO observations.

From 1600 to 1100 A the albedo can increase dramatically, approaching unity in the
vicinity of the Lya resonance (Korista & Ferland, 1997, KF). We may see a hint of this
effect in 6 BAL QSO (0146+0142, 0226-1024, 0856+1714, 133342840, 1524+5147, and
1235+0857). These objects show a moderate rise in the polarized continuum flux between
C IV and Lya, which appears to peak in the red wing of N V. Unfortunately, this effect is
masked at the peak of Lya by residual BEL polarization and N V absorption.

The albedo blue-ward of Lya should be significantly reduced by C I, O I, and H1I
absorption edges (KF), but this effect is difficult to measure because of intervening and
associated absorption in this region. In the one object (0105-265) for which there is data
below the Lyman limit (912 A ), the polarization persists at a level of 2-4%. This indicates
that absorption edges do not significantly modify the polarization, consistent with a highly
ionized scattering region. Another important prediction of scattering in ionization-bounded
BEL clouds is a drop in albedo at the Balmer jump. This should be readily visible near
3646 A in polarized low-z BAL QSO. We do not see this effect in PG 1700+5153, which
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suggests that neutral hydrogen opacity is not large in the scattering region.

While the rise in polarization near Lya is suggestive of weak Rayleigh scattering in some
BAL QSO, and the rise in continuum polarization to the blue could be attributed to neutral
hydrogen opacity, the lack of a polarization signature at the absorption edges is difficult to
reconcile with scattering by a low-ionization cloud. It instead appears that the scattering

region must be highly ionized, and the scattering dominated by electrons.

4.11.3 Scattering in an Accretion Disk

Theorists have long predicted that a thermally radiating accretion disk should produce
continuum light polarized at a level of up to 12% (Chandrasekhar, 1960) in the case of
electron scattering. More realistic disk models include opacity effects due to hydrogen
and other ions which modify the wavelength dependence of the polarization and tend to
reduce its magnitude. General relativistic effects are also important since the UV-optical
radiation originates within 10Rg of the central black hole (Laor et al., 1990). Shorter
wavelengths are generally emitted closer to the black hole where gravitational effects are
stronger. Gravitational lensing tends to de-polarize the radiation by rotating the plane of
the electric vector. Laor et al. (1990) predict wavelength dependent polarizations of 1-5%,
with polarization rising to the blue in the UV region due to decreasing absorption opacity,
and a significant drop in polarization near the Lyman edge.

As with the BELR scattering model above, we expect the Lyman edge feature to be
prominent in the polarization spectrum of an accretion disk. Since it is not seen in our
data, or spectropolarimetry of non-BAL QSO (Koratkar et al., 1995), it is unlikely that
the polarization wavelength dependence in BAL QSO is due to hydrogen opacity. As we
argued above, the scattering region must be optically thin and highly ionized if electrons
are the scattering agent. It is difficult to reconcile this with optically thick accretion disk
models.

If the continuum polarization were produced entirely in the accretion disk, at a radius
of 10Rg, then the polarized light source would appear point-like at the scale of the BALR.
It would be completely covered by the BALR, and the polarization would not vary across

the BAL due to partial coverage of the continuum source. In this scenario, the extra
scattered polarized flux in the BAL would have to come entirely from resonance scattering

in the BALR. This conclusion can be avoided if the BALR. consists of very small cloudlets
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(r ~ 10'cm) with local covering fraction i<l
Optically thin and thick accretion disks are distinguished by the position angle of the
scattered continuum. An optically thin disk produces polarization aligned with its axis,
while a thick disk is polarized in the plane of the disk. This effect can lead to PA rotations

in the continuum in the presence of wavelength-dependent opacity sources.

4.12 Dust Scattering

In this section we explore the possibility that the wavelength dependence of BAL QSO
polarization is due to dust scattering. Since the scattering regions are of the same size
scale as the BELR and BALR, the dust has to survive the harsh conditions and energetic
radiation field in the nucleus. First we review the evidence for dust in AGN, then we

consider the wavelength dependence of dust scattering.

4.12.1 Evidence for Dust in AGN

There is a large body of evidence pointing to significant amounts of dust in AGN. One reli-
able dust indicator is the Balmer decrement (ratio of Ha to Hp3). Recombination generally
leads to a ~ 3:1 Balmer decrement in photoionized nebulae (Osterbrock, 1989). In the
presence of dust, this ratio is increased by reddening. Extended emission line imaging of
radio galaxies such as Cygnus A (Jackson et al., 1998) indicates an extensive amount of
dust. Continuum reddening is also apparent in a large number of radio-loud quasars (e.g.,
Masci, 1997). This evidence for dust is somewhat indirect since it requires knowledge of
the intrinsic, un-reddened spectral energy distribution. Samples selected optically for blue
continua, such as the LBQS, are biased against red objects with a lot of dust extinction.

Strong mm-FIR emission (above the extrapolated synchrotron component) has been
detected in several high-redshift AGN, including radio galaxies and BAL QSO (e.g., Hughes
et al., 1997). This emission appears to be thermal and its source is dust, heated either by
a starburst or the nuclear continuum source. The estimated dust masses are in the range
108 — 10° My, but are subject to large uncertainties (Hughes et al., 1997). It is unknown
if the dust is located in the nucleus or extended star-forming regions, but in any case it
is plausible that dust can provide a significant optical depth to scattering in high-redshift
AGN.
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In the extended scattering regions of narrow line radio galaxies, dust is preferred over
electrons. Dust has a typical scattering efficiency per unit mass of 6 x 10% times that of
ionized gas, and for a Galactic dust-to-gas ratio, the efficiency of dust scattering is about
400 times greater than electron scattering (Dey et al., 1996). Especially in distant radio
galaxies with scattering regions several kpc in extent, an enormous mass of gas (~ 101
solar masses) would be required for electron scattering (Dey et al., 1996).

Dust is a necessary component in unified AGN models. In these models, a dusty molec-
ular torus obscures the central regions from an equatorial perspective. The torus serves to
collimate the radiation from the AGN and also serves as a source of fuel for the central
engine. While there is strong evidence for unification in a number of Seyfert and radio
galaxies, and a handful of ultra-luminous infrared galaxies, it has by no means been demon-
strated that all AGN are unified. In particular, the absence of a detected population of
type 2 QSO makes it unclear if there is a dusty torus in any type 1 radio-quiet QSO. If an
obscuring torus is a fundamental component of QSO, then it is likely that dust is accreted
from the more extended regions and funneled along with the molecular gas down into the
central regions.

The survival of dust in the interior regions of QSO is an important problem. The harsh
radiation field can heat dust to its sublimation temperature, which is in the range 1400-1750
K for graphite and silicate grains. At a given radius from the central continuum source,
small grains are hotter than large grains. Large grains will therefore survive closer in to
the central source than small grains. Hence we might expect a grey dust scattering albedo
near the inner edge of the dusty torus. Laor & Draine (1993) note that the outer edge of
the broad emission line region is about the same as the dust sublimation radius. So the

question is: does the dusty torus or the dust-free ionized inner region scatter the most light?

4.12.2 'Wavelength Dependence

Dust scattering provides a possible explanation for the wavelength dependence of QSO
continuum polarization. Dust is a catch-all word for small particles which can range in size
from 1073 — 10 microns. Dust has a complex wavelength-dependent scattering efficiency,
absorption efficiency, and phase function. The wavelength dependence of the dust albedo
and absorption depend on its chemical composition and distribution of dust grain sizes (e.g.,

Laor & Draine, 1993). If the dust consists of mostly large grains (10 microns), then the IR to
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X-ray scattering and absorption efficiencies are essentially grey. If the dust instead consists
of small grains (10 A ), then the scattering efficiency decreases to the red as A% (Rayleigh
scattering). Intermediate size dust grains which are larger than 0.1 pm can impose a weak
wavelength dependence on the scattering efficiency and polarization.

Depending on the composition of the dust, there may be resonant absorption features
in the UV. For example, graphite has a prominent absorption feature which has been used
to explain interstellar absorption at 2175 A . Evidence for such a feature is not present in
our data, and has been elusive in most extragalactic observations. The presence of dust
features in the scattered light spectrum depends sensitively on the geometry and optical
depth to scattering (Manzini & di Serego Alighieri, 1996). There is a competition between
scattering and absorption; at wavelengths where there is enhanced absorption, scattering
is also enhanced. Both UV absorption and IR emission features from dust are small if the
dust grains are large. This would help explain why the 2175 A absorption and SiC emission

features are not seen in AGN.

4.13 Dust Absorption

In addition to its role as a possible scattering agent in QSO, dust may cause significant ex-
tinction and reddening. Differential reddening between the scattered and direct continuum
light could introduce a wavelength dependence to the polarization. This is suggested as a
possibility by Goodrich & Miller (1995) and Hines & Wills (1995). In this scenario, the
scatterers are electrons along the axis of the QSO. If the direct ray is reddened by dust
and the scattered rays are not, then the continuum dilution will decrease and the polariza-
tion will increase to the blue. As we discuss in Chapter 5, the polarized scattered light is
absorbed to a lesser extent than the direct light by the BALR. If there is dust associated
with lines through the BALR, then the direct continuum would naturally be more highly
extincted and reddened than the scattered continuum. The dust could either be mixed in
with the BAL clouds or belong to a separate phase. This is a natural scenario if BAL QSO
are viewed on dusty lines of sight which skim the accretion disk or torus.

Sprayberry & Foltz (1992) have shown that the red colors of low-ionization BAL QSO

can be explained by absorption from SMC-type dust or silicates. Some of the deepest

troughs are seen in the low ionization broad absorption line objects, which have the reddest
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continua of all BAL QSO. However, high-ionization BAL QSO show little evidence for
reddening relative to non-BAL QSO. This is readily explained if there is a correlation
between BAL optical depth and dust optical depth. Low-ionization BAL QSO have greater
BAL and dust optical depths and greater reddening than high-ionization QSO. Hines &
Wills (1995) correct for Fe II dilution in IRAS 07598+6508 using the I Zw 1 template of
Boroson & Green (1992). The corrected polarization spectrum rises to the blue, consistent
with a A~ wavelength dependence. After Fe II correction, the increase of polarization
to the blue may be completely accounted for by decreasing dilution by the unpolarized,
reddened, direct continuum. We have observed this same object with higher S/N at Keck
and confirm the conclusions of Hines & Wills (1995).

Another possible source of continuum polarization is dichroic absorption by magnetically
aligned dust grains. This would imprint a characteristic spectral shape on the polarization
(Serkowski et al., 1975). It would also be accompanied by strong extinction and reddening
by the same dust grains. Sufficient reddening is only observed in a small number of Lo-BAL

QSO, so dichroic absorption is probably not a large contributor to the polarization in most

BAL QSO.

4.14 Continuum PA Rotations with Wavelength

A few BAL QSO show PA rotations with wavelength in the continuum. This may indicate
the presence of multiple sources of continuum polarization. We concentrate on the most
conspicuous rotators in our Keck sample, which are 001940107, and 0932+5006. These two
objects show P A rotations in the continuum of > 10 degrees, away from the noisy edges of
the spectrum.

Galactic interstellar polarization by magnetically aligned dust grains is one possible
culprit. The maximum PA deviation due to interstellar polarization P;, for an object with

intrinsic polarization P is given by

P's
(AB)maz = 0.5 arctan(%) (4.15)

The maximum PA deviation was estimated using the maximum interstellar polarization
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IAU (AO)maw  AB(obs) =
0019+0107 7.2 133 5.0
0932+5006 0.6 80 26

Table 4.4: Interstellar PA rotation. Maximum PA rotations due to absorption by Galactic
dust are listed in column 2. The observed P A rotations and their uncertainties are listed in
columns 3 and 4. Interstellar contamination can not fully account for the observed rotations.

Pis = Pz (estimated in Table 2.4). The PA variation with wavelength was determined
from a Serkowski curve (Serkowski et al., 1975) which peaks near 5450 A in the observed
frame. The differential change from 4050 A to the peak of the Serkowski curve is approxi-
mately APpqz = 0.12Pn,q,. Using this and P.()\) in Equation 4.15, we tabulate (A8)mqqe
for 00194-0107 and 0932+5006 in Table 4.4. The maximum interstellar polarization effect
is inadequate to account for the PA rotations observed, so some of the PA rotation must
be due to an extragalactic source.

It is possible that the PA rotation is due to absorption by aligned dust grains in the
QSO host galaxy or the QSO itself. The Serkowski formalism was derived for wavelengths
A > 3100 A and for Galactic dust, so it may not apply to the UV spectra of QSO. However,
both 0019+0107 and 093245006 have normal UV spectral indices (a = 0.4 and 0.5), which
are not far from the canonical o = 0.7 (Francis et al., 1991, and references therein). They
are actually bluer than most BAL QSO in our sample, which have a mean UV spectral
index of @ = 1.1 £ 0.5. There is therefore no indication of an extra amount of reddening in
the total flux spectra of these objects.

The PA rotation in 0019+0107 coincides with a rapid drop in polarization blue-ward of
2000 A (Fig. 2.2). It appears that the main source of scattered light is extincted and a weaker
source with a different PA takes over. Note that the wavelength dependence must come
from extinction of the scattered light since dust scattering efficiencies are flat or increase
to the blue in the UV spectral region. We have not been able to positively identify the
opacity source which is responsible for the absorption of scattered light in 001940107, but
dust outside the scattering region is a possible candidate. In particular, small dust grains
(~ 0.01pm) have an absorption cross-section which peaks near 1200 A (Laor & Draine,
1993), and might survive outside of the BELR. This model is somewhat awkward because

it requires more dust along the scattered line of sight than the direct line of sight. However,
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this is the only object in a sample of 34 high redshift BAL QSO which has a red polarization
spectrum. There may be a fluke dust cloud along the scattered line of sight. This model can
be tested with UV polarimetry; the polarization should recover blue-ward of 1200 A (rest).

The PA rotation in 093245006 is more difficult to explain, because the polarization has
a flat wavelength dependence (Fig. 2.13). Two sources of polarized radiation with different
spectra and different PA would have to conspire to give a constant polarization. Laor et al.
(1990) predict PA rotations due to general relativistic effects near the central black hole
in QSO. These occur if the polarization is produced by scattering in a thermally emitting
accretion disk. The rotations in this model increase with frequency because higher energy
photons are emitted closer to the black hole. However, this effect should amount to < 3

degrees in the 1300-3000 A interval of our spectrum.

4.15 Continuum Polarization Variability

We did not undertake a variability monitoring campaign for this thesis, but seven objects
were observed on more than one epoch, separated by intervals of 2 months to 2 years. The
S/N of the Keck continuum polarization measurements is high enough that we can detect
polarization variations at the level of 0.1% in some objects. Table 4.5 breaks down the
polarization of the multi-epoch observations, listing P; and PA; (1900-22OOA) for each
epoch. Four out of seven BAL QSO have P and PA variations of < 3o, and we do not
consider them variable. The remaining three (001940107, 0105-265, and 0226-1024) are
variable at the > 30 level (99.73% confidence). The change in the percentage polarization
ranges from 0.15-0.44%, and the change in PA ranges from 3.4-7.6 degrees for the variable
objects.

Continuum flux in the variable BAL QSO can not be dominated by a blazar component
since the polarization is low and varies by only a small fraction of a percent. A mini-blazar
component is still a possibility. Synchrotron emission from relativistic electrons spiraling in
a magnetic field is thought to be responsible for the high and variable polarization seen in
blazars. All blazars are strong radio sources, and many show apparent superluminal motion
in their radio jets. Flares in optical flux and polarization appear to be connected to activity

at other wavelengths, including the radio, and may be associated with the ejection of new

components in the radio jet. Lower level mini-blazar activity is seen in some quasars.
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BAL QSO are radio-quiet for the most part, with radio-to-optical flux ratios of less
than unity. It therefore seems unlikely that the blazar mechanism is operating in BAL
QSO. While BAL QSO are radio-quiet, they aren’t necessarily radio-silent. Francis et al.
(1993) find an excess of BAL QSO among radio-moderate (0.2 < logR < 1.0) objects.
However, they also find that relativistic beaming models are inconsistent with the observed
distribution of radio-to-optical flux ratios. It is possible that attenuation of the optical flux
relative to the radio is responsible for increasing the log R values in BAL QSO (Goodrich,
1997).

A second explanation for the polarization variability is dilution by variable emission
lines. Variability in the blended Fe II lines could mimic continuum variability. However,
the variability extends uniformly over the entire range of the spectrum in 001940107 and
0226-1024, ruling out variable BEL dilution.

If the continuum polarization is due to scattering, which is most likely the case, then
variability in the scattered flux will be delayed with respect to variability in the direct
continuum flux. It may be possible to use this effect to do reverberation mapping of the
scattering region (as discussed in Chapter 1). In this model, we would expect the polariza-
tion to return to its equilibrium value after a light-crossing time of ~ 0.1 yr (rest frame).
Motions within the scattering region may also change its configuration on a time scale of
~ 1 yr. Variable ionization and electron density are unlikely to be a large effect in a highly

ionized scattering region, but may be important for scattering in a partially ionized region.

4.16 Line and Polarization Correlations

We measured the rest equivalent widths (REW) of the BEL and BAL of all objects in the
Keck and Palomar samples. We used a low-order spline fit to the continuum, which was
conservative in the sense that it gave a lower limit for the flux in the Fe II line blends. Knot
points were set at continuum windows, including but not restricted to 1680-1710 A , 1820-
1840 A, 1960-1990 A , and 2640-2700 A . The BEL REW were measured at a velocity width
of 16,200 km/s, and include only flux above the continuum level. Half REW (HREW) were
measured for the red side of the C IV BEL, since the blue side is often contaminated by
C IV absorption. The NV/Lya and Al III/C III] BEL blends are measured as single lines.

The BAL REW were measured from 0-29,400 km /s, and include only absorption below the
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IAU UT Date Pl% + PA1 + APl + APA;[ +
0019+0107 072995 087 0.04 326 1.1

121595 126 0.04 402 1.2 0.39 0.06 7.6 16 v
0059-2735 123094 166 0.12 1704 1.7

072895 148 0.11 1722 33 0.18 0.16 1.8 3.7
0105-265 080394 1.72 0.09 1324 1.8

102894 151 0.10 1384 29 -0.21 0.13 6.0 3.4

110694 128 0.08 1355 2.7 -0.44 0.12 3.1 3.2 v
0146+0142 110694 1.12 0.05 130.1 1.7

121595 1.15 0.05 1354 1.1 0.02 0.07 5.3 2.0
0226-1024 123194 1.80 0.02 167.8 04

100596 195 0.01 171.2 0.2 0.15 0.02 3.4 04 v
0842+3431 110694 0.56 0.03 21.7 1.7

121795 049 003 285 1.8 0.07 0.04 6.8 2.5
1333+2840 012895 5.63 0.11 1605 0.5

041796 561 0.06 161.3 04 -0.02 0.13 0.8 0.6

Table 4.5: Continuum polarization variability. BAL QSO observed on multiple epochs
are listed, along with their polarization measurements P; and PA; in the 1600-
1840 A continuum band. (133342840 was measured in the 1960-2200 A band because of
a contaminating cosmic ray event in the other band.) The changes in polarization AP,
and in position angle APA; are given with their uncertainties. Objects which are variable
at a level of > 30 are indicated with a 'v’.
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continuum level.

Table 4.6 lists the results of our REW measurements for Lya/N V, Si IV, and C IV
BAL, and the Lya/N V, Si IV, C IV, and Al III/C III) BEL. The Keck values are listed in
precedence of the Palomar values because they have higher S /N. A number of measurements
are missing either because the BEL or BAL was out of the range of our spectra or fell near
the dichroic split.

We searched for correlations between pairs of observables using the non-parametric
Spearman correlation coefficient. We expect one chance correlation out of 30 tests for a
Spearman probability of 3.3%; we found 5 correlations which are more significant than
this. The significant correlations among the BEL and BAL equivalent widths are listed in
Table 4.7. A low probability (P, or Py < 3.3%) indicates that the correlation is present
at a high confidence level. The only significant correlations which we found were between
pairs of BEL equivalent widths and between pairs of BAL equivalent widths. For example,
the REW of the Si IV BAL correlates strongly with the REW of the C IV BAL, and the
HREW of the C IV BEL correlates with the REW of the C III]/Al III BEL. We plot these
two most highly significant correlations in Figure 4.12.

The BEL-BEL correlations are not surprising; they tell us that the amounts of emission
from two different ions in the BELR are related. The BAL-BAL correlations are consistent
with the hypothesis that the absorption from different ions comes from the same clouds.
This was already known, since the BAL of different ions share similar velocity structure. If
the C IV BAL are saturated, then there will still be a correlation with the REW of the Si
IV BAL because Si IV and C IV have the same velocity widths.

We searched for correlations between the BAL or BEL properties and the polarization of
BAL QSO. If viewing geometry is the main discriminant between BAL and non-BAL QSO,
it may also be important in the classification of BAL properties. For example, we might
expect BAL QSO viewed from an equatorial aspect to have the deepest BAL and greatest
polarization. This would lead to a positive correlation between BAL equivalent width and
continuum polarization. On the other hand, if BAL QSO are viewed from a Very narrow
range of angles, then variation in BAL depth and polarization may be unrelated. The BEL
properties of BAL QSO and non-BAL QSO show only subtle differences (Weymann et al.,
1991, WMF). The strongest correlation found by WMF was between the Fe II emission

strength and balnicity (C IV BAL equivalent width), and they suggested that these two
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Lya/NV Lya/NV SiIV SiIV CIV CIV Al II1/CIII]

TAU BAL BEL BAL BEL BAL BEL BEL
0019+0107 - 8.07 3.19 2295 13.20 37.65
0021-0213 25.18 23.95 1.39 5443 9.89 32.53
0025—-0151 .- e 16.49 1.78 19.21 11.14 32.53
004340048 42.61 18.05 6.15 41.31 6.02 32.92
0059-2735 e e e, 66.63 2.26 11.04
0105—-265 71.28 70.74 2171 598 51.49 9.12 35.18
011940310 - e 9.27 3.56 2452 4.20 33.09
0137—-0153 68.62 16.25 4.31 44.58 8.79 38.83
014540416 e e 26.30 5.09 38.37 16.30 32.26
014640142 51.07 63.90 15.16 0.26 34.21 9.83 22.45
0226—-1024 61.57 25.88 246 52.09 7.24 33.28
0842+3431 - e 10.81 292 25.03 7.45 22.80
0846+-1540 22.45 55.37 ... .. L. 12.55 37.66
085641714 34.65 29.59 3.83 65.95 4.45 29.25
090341734 60.03 24.63 30.34 0.07 6574 5.66 27.04
093245006 . 25.88 0.06 43.57 4.01 27.44
1011+0906 51.13 3526 0.03 4846 4.17 34.78
121241445 e e e e, 3.39 20.79
1231+1320 32.41 42.64 056 26.64 3.99 27.23
123241325 73.25 65.16 45.06 9.89 59.47 9.67 51.42
123540857 51.08 38.39 10.81 1.65 28.29 15.08 33.31
1235+1453 40.27 99.32 1436 5.63 .. 14.92 59.07
1243+0121 51.17 66.25 16.55 ... ... 24.16 64.11
1246—-0542 v e 15.02 3.70 31.60 4.96 30.97
1331-0108 v e, 19.02 44.47 6.99 20.13
133342840 e e 8.43 20.44 20.95 45.42
141341143 49.20 37.99 2042 9.09 33.90 2238 35.21
1442-0011 53.23 21.31 545 36.10 11.94 45.37
144340141 46.87 55.10 15.23 3.93 46.55 ... 54.49
152445147 35.19 54.58 3.77 5.12 20.02 7.07 30.22
2154—-2005 89.10 1032 5.62 17.30 13.51 39.44
2201-1834 v e, 740 16.32 6.19 ...

2201-1834 v e, 11.86 11.04 6.96 ...

2225-0534 v e, 10.87 53.54 19.83 54.80
2350—-0045 v e e 5.27 39.44

Table 4.6: BAL and BEL equivalent widths. Rest equivalent widths (in A) are given for
the BAL and BEL in our Keck+Palomar sample. REW are listed for all lines but the C
IV BEL, for which we list the HREW instead. Uncertainties are dominated by continuum
placement, not photon noise.
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varl var2 N Ts P% P;%
Lya/N V BAL SiIV BAL 10 0.794 0.61 1.72
Lya/N V BEL AITII/CIII] BEL 20 0.630 0.29 0.60
Si IV BAL C IV BAL 24 0.729 0.005 0.048
Si IV BEL AITII/CIII) BEL 28 0.485 0.89 1.2

C IV BEL AlTII/CIII) BEL 32 0.656 0.005 0.026
Lya/N V BAL P 11 0.291 385 35.8
Lya/N V BEL 20 0.263 26.2 25.1
Si IV BAL 26 0.055 79.1 78.4

C IV BAL 30 0252 179 174
C IV BEL 34 0274 117 115

P
P
Si IV BEL P 30 0.150 42.8 41.8
p
p
Al III/C III) BEL P 33 0.098 588 58.0

Table 4.7: BAL, BEL, and polarization correlations. The two variables are listed in columns
1 and 2. The number of objects, Spearman coefficient Ts, and probabilities are listed for
significant correlations among BEL and BAL REW in the top half of the table. Low P, and
P; indicate a low probability that the correlation occurred by chance, and therefore high

significance. There are no significant correlations of line REW with continuum polarization
P in the bottom half of the table.

quantities could be related via viewing angle.

We find no significant correlations between the BEL or BAL equivalent widths and
the continuum polarization. Table 4.7 gives the Spearman coefficients and probabilities
for correlation between P and the various REW. It is possible that the intrinsic object-
object variation in the BAL and BEL properties swamps any dependence on geometry. In
addition, the BAL and BEL are known to be variable, while polarization variability is weak
(Section 4.15). This suggests that the polarization is not directly linked to the BEL and
BAL intensities, but the polarizing mechanism could still reside in the general vicinity of
the BELR or BALR.

There is no correlation between polarization and C III] REW (Figure 4.12 and Ta-
ble 4.7). Goodrich (1997) suggests that the large equivalent width of C ITI] and high polar-
ization in PHL 5200 is due to attenuation of the unpolarized central continuum source. He
correctly predicts that RS 23 has high polarization, from its large C III] REW. However,
this trend does not hold for objects with lower polarization. The other HPQ in the sample
(1232+1325, and CSO 755) do not have BEL with unusually large REW.
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Figure 4.12: BEL, BAL, and polarization correlations. Panel 1 shows the strongest corre-
lation between the REW of two BAL. Panel 2 shows the strongest correlation between the
REW of two BEL. Panel 3 demonstrates that there is no correlation betweer BAL QSO
continuum polarization and Al III/C III] REW.
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4.17 Conclusions

The polarization distribution of BAL QSO is not dominated by viewing angle effects. In
addition, there are no correlations between BEL and BAL equivalent widths and polariza-
tion. This is consistent with a small range of BAL QSO viewing angles. The large range of
continuum polarization reflects a large range in scattering optical depths or geometries. The
polarization distributions of BAL QSO and non-BAL QSO are consistent with the unifica-
tion hypothesis. The median BAL QSO polarization is greater than the median non-BAL
QSO polarization because BAL QSO are viewed from a more equatorial aspect. Further
constraints on the BAL wind inclination from the polarization distribution will require high
S/N polarimetric observations of a much larger sample of non-BAL QSO. Selection effects
due to obscuration and anisotropic continuum emission may also be important.

The wavelength dependence of the continuum polarization is weak in most objects.
Dilution by unpolarized emission lines can account for part of the wavelength dependence.
The constant polarization in some objects can be accounted for by Thomson scattering.
The remaining weak wavelength dependence in the other objects is likely due to scattering
by large dust grains or differential dust absorption between the scattered and direct rays.
The polarization spectra are useful for separating the unpolarized BEL spectrum from the
polarized continuum. This technique gives clues about the different spatial distributions
of the high and low ionization BELR and scattering regions. The polarization variations
across the NAL of 0059-2735 are due to dilution by unabsorbed BEL photons. In addition,
there is evidence for resonant scattering of C IV BEL photons by the BALR in 0059-2735.

There are significant PA rotations with wavelength in the continuum of 001940107
and 0932+5006. This may be due to absorption of scattered light by small dust grains in
0019+0107. No satisfactory explanation was found for the PA rotation in 0932-+5006.

Weak continuum polarization and PA variability were found at a levels of AP < 0.5%
and APA < 8 degrees. We favor a reverberation model for the variability, where there is a
delay between variations of the direct and scattered flux. This may be used in the future
to determine the characteristic size of the scattering region via the reverberation mapping
technique.

There are several possible scattering locations, corresponding to various structures in

the standard AGN model. These include (in order of increasing distance from the center):
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the central accretion disk where the thermal continuum is produced, the broad emission
line region, the inner edge of the dusty torus, and the BALR. The results of this chapter are
consistent with electron scattering in a highly ionized region such as the BELR or BALR.
We discriminate between these two possible scattering regions in Chapter 5, which covers

the BEL and BAL polarization of BAL QSO.
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Chapter 5 BAL QSO Absorption and Emission Line

Polarization

5.1 Introduction

We observed 36 BAL QSO with the Keck and Hale Telescopes to study their continuum and
line polarization. The results of the continuum polarization study were presented in Chapter
4. We suggested that electron scattering in the BALR or BELR polarizes the continuum,
and that BAL QSO are more highly polarized than non-BAL QSO because they are viewed
from a more equatorial aspect. In this chapter we concentrate on the trough and emission
line polarization. We have observed 7 BAL QSO with sufficient accuracy to make a detailed
study of polarization in the BAL troughs.

Early studies of BAL QSO polarization were limited to broad band measurements of
the continuum polarization (e.g., Stockman et al., 1984). Heroic efforts, requiring exposure
times of up to 16 hours were made to measure the emission line and trough polarization
with 3-m class telescopes (Goodrich & Miller, 1995). These observations indicated that
the emission lines were polarized at a lower level than the continuum, but gave only hints
of interesting polarization behavior in the BAL (Stockman et al., 1981; Glenn et al., 1994).
With the advent of the Keck Telescope, it has become possible to measure the polarization
of the residual light in the BAL with reasonable exposure times. Cohen et al. (1995) found
that the polarization rises in the troughs of 0105-265 and 2225-0534 (PHL 5200). This
showed that the polarized light is absorbed to a lesser extent than the unpolarized light
by the BAL clouds. The velocity dependence of the polarization also indicated complex
phenomena at work, possibly the result of multiple sources of scattered light.

We explore two possible explanations for the high trough polarization, suggested by
Cohen et al. (1995). The first possibility is that the BALR only partially covers the
polarized continuum source from the observer’s point of view. The second possibility is
that resonantly scattered polarized light from the BALR partially fills in the BAL. In both
cases, light is scattered by particles in a region which has an angular extent comparable

to the BALR. Some of the light is scattered around the BAL clouds and is absorbed to a
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lesser extent than the direct continuum light. This extra polarized scattered light fills in
the troughs, causing the polarization to rise above the continuum polarization level. An
equivalent statement is that in the troughs there is less dilution of the polarization by direct
continuum light, which is attenuated more than the scattered flux.

The distinction between the two explanations for the trough polarization is subtle but
important. In both cases, the first scattering may be followed by subsequent scatter-
ing/absorption in the BALR. In that sense, both processes are affected by what we call
partial coverage. Some of the scattered rays may miss the BALR entirely, but some may
suffer additional attenuation by the BAL clouds. It is difficult to observationally distinguish
between scattered continuum and resonantly scattered light in the absorption troughs. Both
resonance scattering and partial coverage of the continuum can produce modulation of the
polarization and position angle with outflow velocity in the BAL. Probably both partial
continuum coverage and resonance scattering effects are occurring at some level, and we
would like to determine their relative importance for the trough polarization.

The best location to look for a unique signature from resonantly scattered light is red-
ward of the BEL, where there is no absorption. This requires high S/N since the polarization
is dominated by the continuum in this region. Resonantly scattered light should be confined
to a region within +3 x 10* km/s of the BEL, and its profile determined by the geometry
and velocity structure in the BAL outflow (Hamman et al., 1993). Resonantly scattered
light must be present because it is resonance scattering which creates the BAL. The amount
of resonantly scattered light is primarily determined by the covering fraction of the BALR,
which is thought to be roughly f = 0.1. However, resonantly scattered light will escape
preferentially in the direction of minimum optical depth, which may not be along the line
of sight if the BAL are optically thick or directed non-radially.

While the BEL generally have lower polarization than the continuum, they are not com-
pletely unpolarized. In this chapter, the BEL polarization is analyzed to put constraints on
the size and geometry of the BELR. There are several possible sources of BEL polarization,
mcluding electron and dust scattering in the BELR or BALR, and resonance scattering in
the BELR or BALR. If BEL photons are scattered by electrons or dust in the same region
as the continuum photons, then their polarization is reduced by geometric dilution (e.g.,
Goodrich & Miller, 1995). Geometric dilution occurs when the scattering region is smaller

than or of comparable size to the source of photons. There is cancelation of polarization due
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to the large angular size of the source and a reduction in polarization due to the reduced
solid angle covered by the scattering region relative to the source. We can use this idea
and our BEL polarization measurements to make a rough estimate of the size of the BELR

relative to the scattering region.

5.2 BEL Polarization

We measured the rest equivalent widths (REW) of the BEL and BAL in polarized flux.
We used a similar procedure and the same velocity intervals which we used to measure the
REW of the lines in total flux (see Chapter 4). The BEL REW were measured at a velocity
width of 16,200 km/s, and the BAL from 0-29,400 km/s. A low-order spline was used to
fit the continuum. This was actually somewhat easier for the polarized flux than the total
flux because there are few BEL in polarized flux.

In Table 5.1, we list the REW in polarized flux of the Lya/N V, C IV, and Al III/ C
ITI] emission lines of BAL QSO with significant line polarization (> 20 significance). We
also list the red hal-REW of C IV, since the blue side is contaminated by absorption in
many cases. There is also contamination of the Lya/N V BEL by the BAL, which can
masquerade as negatively polarized flux. Individual cases are assessed below.

There are three objects (0226-1024, 1246-0542, and 13334-2840), which show significant
polarized emission on the red side of C IV. Two other objects (0059-2735 and 1413+1143)
also have polarized C IV emission, but their REW measurements were compromised by their
narrow width and ill-defined nearby continua. The HREW in Q' x F are in the range of -3
to -8 A, while the HREW in U’ x F are not significant (< 0.6 A ). Negative REW correspond
to negatively polarized flux, so the PA of the C IV BEL electric vector is perpendicular
to the PA of the continuum. Figure 2.8 shows this effect in N V, C IV and perhaps Si IV
in 0226-1024. The shape and velocity range of the negatively polarized line flux matches
that of the BEL in total flux. The HREW in total flux from Chapter 4 for these same
objects range from 5 to 20 A | so the BEL are polarized at a level of roughly one half of the
continuum polarization. The remaining objects in Table 5.1 show possible polarization in
Lya and C IV, but it is difficult to evaluate because of BAL contamination.

Four objects show polarized C III] emission, but no significant polarization in the per-

mitted lines. The detection of polarized C III] in 1413+1143 is contaminated by a cosmic
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ray event, and should not be trusted. The detection is questionable in 0059-2735 because
of the difficulty of setting the continuum level amongst a forest of NAL. The remaining two
objects (001940107 and 2225-0534) show strong polarized C ITI] BEL which are readily
apparent in their polarized flux spectra (Fig. 5.1). The PA of the C ITI] BEL is rotated
from the continuum PA in both cases. The C III] full widths at half-maximum (FWHM)
are somewhat broader in polarized flux (12,000+2500 km/s) than in total flux (6900 km /s),
but the difference has only marginal (20) significance. If the scatterers are electrons, this
puts an upper limit on the electron temperature of 1.4 x 10° K.

It is remarkable that objects with strong C IIT] polarization have unpolarized C IV
emission, and vice versa. A possible explanation is that C IV BEL photons are polarized by
resonance scattering in in the BALR (Section 5.12), while C II1] is polarized by resonance
scattering in the BELR. We do not have enough objects to tell if the two phenomena are
truly anti-correlated; it is just as likely that they are independent. If polarized C IV is
resonantly scattered by the BALR, then its orthogonality to the continuum PA indicates
that the BALR is oriented perpendicular to the electron scattering region. This would be
the case if the BAL outflow is equatorial and the electrons are distributed in plasma along
the symmetry axis of the QSO. We discuss additional evidence for resonance scattering in
the BALR below .

Resonance scattering of the C III] emission in the BELR of 2225-0534 was suggested
by Cohen et al. (1995), using the prediction of Lee (1994). C III] is the only emission
line in our spectra which may have low enough optical depth (r = 1 — 10) to preserve the
polarization of photons emerging from the BEL clouds. Now that we have found a second
object with polarized C III], the case for resonance scattering is strengthened. It is also
significant that the PA of the C III] BEL is different from the PA of the continuum in both
objects, suggesting a similar polarizing mechanism. However, 001940107 has an unusually
red polarization spectrum, and there is a hint of polarized C IV emission. There is a WOorTy
that wavelength dependent absorption by dust could lower the polarization of C IV relative
to C III] (see Section 4.14).

An alternate explanation of the line polarization is that all BEL are scattered by the
same distribution of particles (e.g., electrons), but the various BEL sources are distributed
in different locations with respect to the scatterers. For example, the C IV BEL could

be distributed in a disk and polarized perpendicular to the axis by electron scattering in
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Lya/NV £ CIV + CIV (red) =+ AIILI/ CII +

0019+0107 @' .. 159% 70 8.0 5.0 221 * 8.3
U’ 5.1 7.3 4.5 5.3 20.5 * 8.6
0059-2735 Q' -2.5 2.3 0.7 3.4
U’ 2.9 2.2 13.8 * 3.4
0146+0142 @' 6.6 6.7 -6.7 6.7 -6.3 4.4 -3.2 12.2
U’ 13.9 * 6.8 5.6 6.7 4.20 4.3 -0.6 11.9
0226—-1024 Q' e 9.0% 2.0 -5.4 * 1.5 2.8 3.4
U’ -1.2 2.0 0.1 1.4 4.0 3.3
1246-0542 Q' e SBTF LT -2.8 * 1.2 -1.6 3.0
U’ 0.2 2.1 -0.6 1.4 0.9 3.5
133342840 Q' ... -10.0* 1.6 -8.2 % 1.3 -2.8 2.3
U’ 3.2 1.6 0.2 1.3 2.3 2.3
1413+1143 Q' 5.3 5.5 6.3 4.8 24 4.2 -16.5 * 8.1
U’ -0.8 6.0 -3.1 5.6 -2.6 4.9 1.3 9.8
152445147 Q' -11.1* 19 -64* 1.7 -2.0 1.1 -5.5 3.1
U’ -2.6 1.8 36* 1.7 3.9* 1.1 -1.1 3.1
2225-0534 Q' -1.6 1.3 -1.6 1.2 12.5 * 24
U’ -0.4 1.3 -0.4 1.2 4.9 * 2.4

Table 5.1: Polarized BEL. The polarized REW (in Aof Q' x F and U’ x F) of Lya/N V,
C 1V, and Al III/C III] are listed for objects with significantly polarized lines. Lines with
significant polarization (> 20) are indicated with an asterisk. Several lines are polarized
perpendicular to the continuum (Q' < 0 and U’ ~ 0).

the corona of the disk. In this geometry, the continuum would be polarized parallel to
the axis by virtue of its central location. The skewed PA of the C III] BEL is not easily
accounted for in this scenario unless it comes from a different radius in a warped disk. We
evaluate the evidence for electron scattering and resonance scattering of the BEL in detail

in Section 5.12.

5.3 C IV BAL Polarization

Figure 5.2 displays peak C IV trough polarization P, vs. continuum polarization P, =
Py (measured in the 1600-1840 A band, Table 2.5). The peak trough polarization and its
uncertainty are measured in 5 A bins. The large uncertainties and scatter in the trough

polarization values are in part due to the small number of photons per bin. There appears

to be a limit to the peak trough polarization of about 10%. Excluding objects which have



150

n
o

Illllllllllll]

IIIIIIlIIlIIIIIIlIIIllI!IIIIIIIII

0019+0107 (UM 232)

01III|IIII|IIlllIIII|III!|IIII|IIII|IIII
1400 1500 1600 1700 1800 1900 2000 2100 2200

25Illllllllllllllllll‘llilllllllllllllll

2225-0534 (PHL 5200)

Illllllllll![|

IIIlIllII

L1 1 l I T | I I | | S | | I | | I | | 1 1 | L1}t
1400 1500 1600 1700 1800 1900 2000 2100 2200
MA)

Figure 5.1: Polarized C III] BEL. BAL QSO 0019+0107 and 2225-0534 show polarized C
ITI} emission. We have scaled the spectra by spline fits to the continuum to put the total
and polarized flux (noisier curve) on the same scale. Note that C III] is polarized nearly as
highly as the continuum in 0019+0107, but at a significantly lower level in 2225-0534.
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Py < 20, the highest polarization in any C IV BAL is P, = 10.5 + 3.3% in 0105-265.

There is no correlation between the peak trough and continuum polarization. The Spear-
man correlation coefficient for the two variables is only 0.282, with a significance of 26%.
There are no cases where the peak trough polarization is less than the continuum polariza-
tion, which puts a lower bound on the trough polarization of P, = P.. The lower bound on
the trough polarization could in principle introduce an artificial correlation between P, and
P,, but the scatter in our data overwhelms this effect.

It is possible to contrive a geometry where the trough polarization is less than the
continuum polarization. For example, if we view the central source through a hole or weak
spot in the BALR, the scattered continuum may be more highly absorbed than the direct
continuum. Alignment with such holes must be rare, if they exist. In addition, BAL QSO are
selected for large optical depths along the line of sight to the central source, so it is unlikely
that the scattered rays would be on average more highly absorbed. A reduced polarization
in the trough could also be achieved if the resonantly scattered photons were unpolarized
or polarized perpendicular to the continuum photons. This is in fact seen in 133342840
(Section 5.8). In principle, it is also possible obtain 100% trough polarization with a suitable
arrangement of scatterers and absorbers. The 10% maximum trough polarization provides
another constraint on the geometry of the the scattering region and BAL outflow.

We measured the peak trough polarization in the wavelength band containing C IV
absorption (Table 2.6). This measurement is plagued by a number of problems. Since the
polarization peaks near the minimum in the trough, the photon numbers are small, and the
uncertainty is high. Peak trough polarization measurements are biased high by their very
nature since we are choosing to measure the bin with greatest polarization. This is especially
true of low S/N observations. The spectral bins with the highest and lowest polarization
are typically the ones with the greatest deviations from their true polarization values. For
example, 085641714 has P; = 8.0 + 6.5%. The uncertainty is high because the object is
faint and was observed through clouds, and because the peak polarization was measured in
the most uncertain bin. Even objects with high S/N continuum observations can have very
deep or truly black troughs (e.g., 1413+1143 and 0059-2735) so that the polarization is not
well measured at the trough minimum.

We could improve the S/N in the trough by using larger wavelength bins. This would

tend to lower the peak polarization for two reasons. First, the noise bias would be reduced.
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Second, the polarization peak would be washed out by the reduced resolution. This can be
carried to the extreme by measuring the polarization over the entire C IV trough.

Table 5.2 lists the equivalent widths of the C IV BAL in polarized flux (@' x F and
U’ x F). Figure 5.2 plots the C IV REW in polarized flux vs. the C IV REW in total flux.
The BAL REW are negative, indicating absorption. We have left the sign to distinguish
between absorption of positively polarized flux and emission of negatively polarized flux.
Out of 16 objects, 11 have REW of equal or smaller absolute magnitude in polarized flux
than in total flux. In other words, there is less net absorption of polarized scattered flux
than of direct light. Of the remaining objects, 3 have polarized REW which are within 1o
of their REW in total flux, and 2 (1333+2840 and 2225-0534) have polarized REW which
have greater magnitude than the REW in total flux.
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Lya/NV + SiIV 4+ CIV +

0105-265 Q' -52.8 4.2 0.3 3.3 -31.9 43
U’ -7.4 46 -76 35 -91 46
0137—-0153 Q' 77 184 6.3 181
U’ 46 193 1.3 18.7

0146+0142 Q' -27.4 79 -176 56 -19.7 5.6
U’ -14.0 81 -71 56 -11.9 55

02261024 Q' e =131 21 413 1.7
U’ 3.2 2.0 0.2 1.6
084243431 @' e 237 87 -225 6.6
U’ e =132 86 -10.0 6.6
0856+1714 @' . =313 169 -65.2 16.6
U’ 23.8 161 -6.9 16.0

0903+1734 Q' -29.0 149 -225 134 -31.8 126
U’ 53.4 15.0 321 135 471 127

0932+5006 Q' we.. =340 7.3
U’ 3.0 7.4
1235+0857 Q' -48.6 6.3 -11.6 3.6 -33.2 44
U’ 2.5 6.3 2.2 3.6 1.9 44
1246—-0542 @’ ... 68 19 76 14
U’ 7.5 23 -24 1.7
1331-0108 Q' ... =526 32.0
U’ w210 294
1333+2840 Q' e =296 2.1
U’ .. =82 21

1413+1143 Q' -56.3 74 -241 43 -36.1 4.6
U’ 9.9 82 113 48 129 5.3
1524+5147 Q' -30.0 1.8 1.1 1.2 -135 14

U’ 4.0 1.7 -23 12 -02 14
2225-0534 Q' .. =569 1.8
U’ e =29 19

Table 5.2: BAL equivalent widths in polarized flux. The REW (in Aof Q' x F and U’ x F)
of Lya/N V, Si IV, and C IV BAL are listed. They are measured with respect to the
continuum in Q' x F. Three objects (0059-2735, 121241445, and 07598+-6508) are at low
redshift, so the C IV BAL are only partially or not at all accessible. 004340048 has no

significant polarized flux, and is also omitted from the table. The uncertainties in the REW
are derived from photon statistics.
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Figure 5.2: C IV BAL vs. continuum polarization. In the top panel, peak trough polar-
ization (%) is plotted against continuum polarization for 18 objects. The polarization is
greater in the trough than in the continuum for all objects. As a result, we see in the
bottom panel that the REW of most C IV BAL are smaller in polarized flux than in total
flux. (Negative REW indicate absorption.)
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5.4 BAL Spectropolarimetry

Spectropolarimetric observations of BAL QSO are presented in Chapters 2 and 3. Only
the Keck observations in Chapter 2 have sufficient S /N to be useful for BAL polarization
studies. The trough polarization is significantly greater than the continuum polarization in
15/20 of the BAL QSO observed at Keck. The BAL QSO 0105-265, 0226-1024, 1246-0542,
1333+2840, 1413+1143, 152445147, and 2225-0534 show the most convincing polarization
increases in the trough. In the following sections we discuss the C IV BAL and BEL
polarization of these objects. For each object, we present normalized flux, rotated Stokes
Q' and U’ polarization parameters with error bars, and normalized polarized flux Q' x F
(Figs. 5.3- 5.10). The continua were fit by a low order spline (which was also used to
measure the line REW) and divided by it.

The maximum trough depth varies from object to object. In objects with shallow,
unsaturated troughs, the polarization remains low in the trough because of dilution by
direct continuum light. The best objects to study are those with fairly deep troughs with
saturated portions (e.g. 0105-265). The polarization in the saturated portion is a good
estimate of the polarization of the scattered light since there is little dilution by direct
continuum. The signature of a saturated trough is a flat bottom, but this can be mimicked
by unsaturated absorption. On the other hand, information about the velocity profile of
the BALR can only come from the unsaturated portions of the trough. The larger the
range in optical depth, the more information can be extracted from the trough polarization
spectrum. Trough detachment from the BEL is also important when studying the trough
polarization. Troughs which are well separated from the BEL are not contaminated by BEL
emission, so they are easier to interpret. However, it is also important to study low velocity
absorption which can give a handle on the geometry of the BELR.

Some caution must be observed when interpreting the polarized flux spectra of BAL QSO
because polarized flux can be either positive or negative. Negatively polarized flux is due
to photons with electric vector PA perpendicular to the continuum PA. If there are equal
amounts of negatively and positively polarized flux, the net polarization is zero. Spatially
selective absorption of scattered flux can in principle induce absorption line polarization in

objects which have zero net continuum polarization (Section 5.14). Ideally, we would like

to distinguish between absorption of positively polarized flux and emission of negatively
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polarized flux. In practice, this can be done by identifying emission or absorption features in
polarized flux with corresponding emission or absorption features in total lux. For example,
if absorption features line up in total and polarized flux, then we can be fairly confident
that there is absorption of positively polarized flux. However, if an absorption feature in
polarized flux matches an emission feature in total flux, then it is likely that there is emission
of negatively polarized flux. Similarly, there can be absorption of negatively polarized flux
or emission of positively polarized flux.

It is difficult to distinguish between emission and absorption features in the BAL because
the continuum is not well defined. In our interpretation of the BAL polarization spectra,
we will assume that the velocity profile of the resonantly scattered light is in general much
smoother than the velocity profile of the BAL absorption. This is justified by the following
argument (and also by the data presented below). If the BAL outflow covers a large enough
solid angle for resonance scattering to be an important source of polarized flux, then the
line of-sight velocity of outflow will be smeared out by projection effects. Variation in the
velocity profile along different lines of sight will also smear out the profile of the resonantly
scattered light. On the other hand, if the BAL outflow only covers a small fraction of
the continuum source, then resonance scattering will not contribute significantly to the
polarized flux. So any polarization features due to resonance scattering should have large
velocity widths and only slow velocity dependence. Any sharp features in the BAL which

are localized in velocity will be interpreted as absorption features.

5.9 0105-265

0105-265 has a smooth, wide C IV absorption trough which we divide into four segments
for discussion purposes (Fig. 5.3). The lowest velocity segment (1) is centered at roughly
-9200 km/s. Segment 2 extends from -12000 to -17000 km /s, and is the deepest, most highly
polarized portion of the trough. The third segment is a gradual ramp out to -22,000 km/s
and the fourth segment runs into the red wing of Si IV at roughly -25,000 km/s. Segments
3 and 4 are shallow and have low polarization.

The polarization in the C IV trough of 0105-265 was discussed by Cohen et al. (1995).
P rises to a maximum of 10.5 + 3.3% at a velocity of -12,400 km/s. This is 6.6 times the

continuum polarization red-ward of the C IV emission line. There is therefore considerably
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more absorption in total flux (REW= —51 A ) than in polarized flux (REW= -32+44),

That means that scattered light accounts for an extra 19 A in polarized flux at the bottom
of the BAL. This amount of resonantly scattered lux would be easily detected to the red of
the C IV BAL in Q' x F, yet none is seen. The HREW of the C IV BEL in polarized flux is
~2+4 A, anon-detection. It seems unlikely that resonantly scattered flux would be confined
to velocities where there is C IV absorption. We expect to see resonantly scattered flux
red-ward of -6000 km/s, unless it is obstructed by a second scattering surface. We therefore
conclude that electron (or dust) scattered continuum photons, and not resonantly scattered
photons, are responsible for the high trough polarization. The resonantly scattered flux is
below our detection threshold.

Trough segments 1 and 2 appear to be less saturated (i.e., the velocity structure has more
contrast) in polarized flux than in total flux. The significance of this result is low considering
that it hinges on a 2-3% (10) dip in polarization at -10,600 km/s which coincides with the
split between segments 1 and 2. Reduced saturation in polarized flux would indicate that
the optical depth is lower for the average scattered continuum ray than for the direct rays.
It would also verify the hypothesis that the troughs are smooth in total flux because they
saturated.

There is a possible rotation in the PA of the electric vector across the trough. This
shows up as residual polarization in the Stokes U’ parameter. The coordinate system was
rotated so that U’ = 0 across the continuum region, so any extra polarized flux in U’ is
peculiar to the BAL or BEL. The rotation in individual pixels is insignificant (U’ = 3+4%),
but seven out of eight pixels rotate in the same direction. The REW of this feature in U’ x F
is 9.1 + 4.6 A, which is marginally significant. As in Q’, the polarization feature in U’ is
confined to the trough, which strongly suggests that it is the result of partial coverage of
the electron scattering region instead of resonance scattering. Some parts of the continuum
scattering region are selectively covered by asymmetric BAL clouds, causing a PA rotation
in the residual polarized flux.

0105-265 is the highest redshift object in our sample (z = 3.488), so it has the greatest
number of high ionization absorption troughs available for study. Unfortunately, all of the
troughs blue-ward of the Ly« emission line are contaminated by intervening absorption sys-
tems. The intervening lines should not effect the polarization since they should have equal

equivalent widths in total and polarized flux. P rises in the Si IV, Lya/N V, Ly3/0 VI,
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Lyy/C Il and Lye/S VI troughs (Fig. 2.5). In principle, high-resolution spectroscopy could
be used to model and remove the intervening absorption lines. High resolution spectropo-
larimetry could also be used, but is beyond the capabilities of even the Keck Telescopes.

There is an additional problem of overlapping absorption troughs, such as Lya/N V and
Ly3/0 VL
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Figure 5.3: 0105-265 C IV BAL. Panels 1-4 show the normalized total flux, rotated Stokes
@', rotated Stokes U’, and normalized polarized flux (Q' x F). Sub-trough segments dis-

cussed in the text are labeled in panel 1.
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5.6 0226-1024

We observed BAL QSO 0226-1024 for 1.7 hours with the 300 groove/mm grating, and
these observations were presented in Chapter 2. We re-observed it for 4 hours with the 600
groove/mm grating to study the details of the trough and line polarization. This object
is ideal for study because it is one of the brightest and shows fairly strong polarization,
PA rotations, and multiple troughs. In addition, it has been studied in detail with HST
(Korista et al., 1992). The spectropolarimetry of the C IV BAL is shown in Figure 5.4.
The spectra are presented in velocity bins of 74 km/s, and have a resolution of roughly 300
km/s. A preliminary analysis is presented by Ogle (1997); here we expand on those results.

For the purpose of discussion, we break up the C IV trough into 6 sections, numbered
from low to high speed. Segments 1-3 are narrow and well defined; segment 4 is broad and
composed of at least 3 components; and segments 5 and 6 blend together in the high-velocity
tail of the trough. The wavelength ranges and peak polarizations of each of these segments
are listed in Table 5.3. The polarization peaks at 9% in the deepest trough segment (number
2), and is more than 20 above the 1600-1800 A continuum polarization in segments 3-6. The
continuum polarization is rising to the blue, so it is difficult to tell if the polarization in the
shallow segments 5 and 6 is greater than the local (1400 A) continuum polarization. In any
case, trough segments 2-4 show significant enhancements in polarization. Trough segment
1 shows no significant polarization increase even though it is deeper than segment 3. The
net effect of the polarization increase in segments 2-4 is that the C IV BAL is shallower
and less saturated in polarized flux than in total flux. In particular, the velocity structure
in trough segment 4 is more apparent in polarized than in total fux. (Compare panels e
and f.)

The polarization spectrum of 0226-1024 is complicated. There is evidence of partial
continuum coverage in the BAL, polarized BEL, and resonance scattered flux red-ward of the
BEL. It is difficult to establish a continuum baseline in the Q' x F\ spectrum because of the
deep BAL. However, it is easy to distinguish between resonantly scattered flux and scattered
continuum in the U’ x Fj spectrum. The scattered continuum shows up as positively
polarized flux and is restricted to the BAL. Resonantly scattered light is negatively polarized

and dominates away from the BAL.

Resonantly scattered light shows up as negatively polarized flux in U’ x F both red-ward
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segment A vikm/s) Q% =+ v(km/s) U'% =+

1 1524-1536  -4200 24 04  -3900 0.7 0.5
1493-1509  -9800 8.9 2.8 -9500 46 2.0
1482-1493  -12100 39 04 -12100 24 04
1444-1482  -16500 7.2 1.0 -17300 3.5 0.9
1431-1444 -22200 3.0 04 -21700 0.5 0.4
1414-1431  -23600 28 04 -24300 09 04

S U W N

Table 5.3: 0226-1024 C IV BAL sub-trough polarization measurements. Peak polarization
values are listed for the sub-troughs 1-6 discussed in the text

and blue-ward of the C IV BEL (Figure 5.4, panel g). The resonantly scattered features
are indicated with the label “r” and the scattered continuum features are labeled “c” in
panels d and g. The red polarized flux extends to +13,000 km/s, well past the red wing
of the C IV BEL, and has a rest equivalent width (REW) of 4.0 + 0.4 A. The REW was
measured relative to the polarized (Q') continuum in a 216 A wide band red-ward of C IV.
The uncertainty was determined by varying the red end of the extraction window. We can
not reliably measure the REW of the resonantly scattered flux blue-ward of C IV because
of BAL partial coverage effects.

It is remarkable that away from the BAL the resonantly scattered flux displays a broad
plateau. This plateau does not extend to the highest BAL velocities on the blue side of
C IV (-25,000 km/s) nor to corresponding velocities on the red side. On the blue side,
this is complicated by partial BALR coverage effects. The shape and velocity extent of the
resonantly scattered flux profile is consistent with resonance scattering in an out-flowing
BALR. The most highly polarized flux comes from photons which are side-scattered by
BAL clouds which are moving across the line of sight and have low projected velocities.
Clouds with greatest projected velocity are moving most directly towards and away from
the observer. The polarization of light back and forward-scattered from these clouds is
zero, so the highest velocities (~ 25,000 km/s) are not seen in the polarized flux spectrum.
It is difficult to distinguish between bipolar and equatorial outflow purely on the basis of
the profile of the polarized resonantly scattered flux. Lee & Blandford (1997) calculate
the expected profiles for bipolar and equatorial outflow using a Monte Carlo method. The

residual flux and polarization in the BAL are similar for the two models (about 10%).

For a bipolar outflow, the red scattered flux might be blocked by the accretion disk. If
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there is an optically thick accretion disk in the vicinity of the BALR, then the detection
of red resonantly scattered flux in 0226-1024 definitively rules out a strictly bipolar model
(12 < 45 degrees in Fig. 4.2). If we accept the conclusion that the BALR is non-bipolar,
then some of its streamlines must be inclined from the pole by more than i; = 45 (see
Fig. 4.2). Note that a non-bipolar outflow isn’t necessarily equatorial.

The maximum intensities of the resonantly scattered polarized flux U’ x F., s and electron
scattered polarized flux U’ x F,, are similar (U’ x F = 6.0 + 0.1 x 10 Berg/s/cm?/ A ).
However, U’ x F,; dominates over U’ x F,;, in the BAL. This is evidenced in the BAL
by the PA rotation away from the PA of the resonantly scattered light (Figure 5.4, panel
d). Partial coverage of the scattered continuum source is the primary explanation for the
polarization rise in the troughs. The effects from resonantly scattered light are secondary.

The PA rotations in the BAL are naturally explained if the flow crosses the line of
sight at an angle to the axis of the scattering region (Section 5.14). The PA in the troughs
is driven away from the PA of the obscured electron scattered light. PA rotations could
therefore indicate a misalignment between the axes of the BAL outflow and the electron
scattering region. Alternatively, they may be due to peculiar convolutions or gaps in the
Sobolev surfaces of the BALR (e.g., Lee & Blandford, 1997).

Sub-trough 1 shows peculiar polarization behavior relative to the the other sub-troughs.
As we noted above, Q' does not rise in this sub-trough, suggesting that the corresponding
BAL cloud completely covers both the direct and electron-scattered continuum sources
(Section 5.14). However, the sub-trough does show up in U’ x F as absorption of the
resonantly scattered flux (Fig. 5.4). This effect is subtle, and it is difficult to tell if the BAL
cloud is truly blocking all of the resonantly scattered light at this velocity, or if there is
an asymmetry in the coverage of the electron scattering region. If the former is true, then
the BAL cloud must have a larger angular size than the low-velocity BALR. In addition,
sub-trough 1 is seen in the unpolarized flux spectrum of N V and C IV (Fig. 4.5), indicating
that it also covers the BEL.

Sub-trough 1 breaks up into a number of narrower components at high resolution, while
the other troughs remain smooth (Keck HIRES data of T. Barlow and V. Junkkarinen,

private communication). This is another clue to the unique nature of this absorption system,
suggesting that it does not belong to the main BAL flow. A number of BAL QSO show low-

velocity absorption systems that are narrower than the main BAL trough, yet are still broad
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(e.g., 1524+5147). We discuss a possible geometry for these systems in Section 5.10. Similar
(but weaker) low velocity associated absorption systems are seen in radio-loud quasars. It
would be useful to search for a polarization increase in these associated absorbers with
spectropolarimetry to determine if they behave the same as the low-velocity systems in
BAL QSO. This will be difficult because non-BAL QSO have low polarization and the
associated absorbers have small equivalent widths.

The Lya/N V, Si IV, and C IV BEL show up in Q' x F as a flux deficit (Fig. 2.8
and Fig 5.4, panel f). This means that the permitted BEL are polarized with PA roughly
perpendicular to the continuum PA. The polarized C IV BEL flux could be from resonantly
scattered continuum, but the velocity profile of the polarized BEL in Q' x F is similar to
the velocity profile in F, and dissimilar to the velocity profile of the resonantly scattered
flux in U’ x F (Figure 5.4, panels f and g). Another clue is that the C IV line is red-shifted
in polarized flux by 1000 km/s. In addition, C III] is not polarized (Fig. 2.8). This suggests
that we are seeing photons from the C IV BELR resonantly scattered by the BALR. An
alternate possibility is that the C IV BEL is scattered by electrons but the C IIT] BEL is

not. This would require a special geometry. (See Section 5.12.)
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Figure 5.4: C IV BAL of 0226-1024 (z=2.246). (a,e) Total flux. (b,c) Fractional Stokes Q'
and U’. (d) Position angle; the mean continuum PA indicated by the line is 171 degrees.
(f,g) Stokes polarized flux Q' x F and U’ x F. The total and polarized flux spectra are
normalized to a continuum level of 1.0. Features due to resonance scattering are labeled

“r,” while those due to partial coverage of the scattered continuum are labeled “c.”
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5.7 1246-0542

1246-0542 has very high signal to noise data and a strong polarization signature in the broad
absorption line trough (Fig. 5.5). There are three main sub-trough components. There is
a low-velocity shallow absorption sub-trough (1) from -5800 to -11,500 km/s which has
additional substructure, an intermediate velocity deep sub-trough (2) from -11,500 km/s
to -19,300 km/s, and a high velocity shallow sub-trough (3) which extends to at least -
25,000 km/s. The detached nature of the BAL suggests that the central continuum source
is viewed through a non-radial segment of the outflow. Otherwise, we would see absorption
at 0 km/s.

The polarization rises to about 2% in the shallow sub-troughs, and to a peak of 6.3+0.3%
in the deep intermediate velocity sub-trough. The polarization is greater on the red (low
speed) side of the trough than on the blue side of the trough for a given trough depth. This
is seen even better in the unbinned data (Figure 5.13).

There is a marked difference between the REW of the C IV BAL in total flux (-31.6 A)
and in polarized flux (-7.6+1.4 A ). The excess polarized flux in the BAL has a REW of 24 A ,
which is much larger than the red HREW of the C IV BEL (—2.8 +£ 1.2 A). It is therefore
very difficult to account for the extra flux in the BAL by resonance scattering. This is one
of five objects in which the C IV BEL is measurably polarized, at a PA perpendicular to
the continuum (Sections 5.2, 4.10; and Fig. 5.5, panel 4). If this is resonantly scattered
light, then the ratio of resonantly scattered light in the BEL to the extra electron scattered
light in the trough is 0.12 £ 0.05. There is little doubt in this case that resonantly scattered
light does not contribute significantly to the BAL polarization.

There are marginally significant PA rotations, especially in the deep, intermediate ve-
locity C IV BAL. These rotations can be seen in the U’ spectrum (Fig. 5.5, panel 3), and
they line up with the BAL in Q' x F (panel 4). The localization of the PA rotations to
the BAL suggests that they are due to asymmetric coverage of the scattered continuum by
BAL clouds.

The intermediate velocity sub-trough (2) shows up in polarized flux, but the minimum
is blue-shifted by 1,000 km/s. The trough minimum is at -16,300 km/s in total flux, and
at —17,300 km/s in polarized flux. There is an even larger shift (-2,000 km/s) at the

red and blue edges of the trough, which is indicated by the dotted lines in Figure 5.5.



166

The shallow sub-troughs 1 and 3 at low and high speed do not appear in polarized flux.
The difference in the trough velocity structure strongly supports electron scattering over
resonance scattering. It is unlikely that the velocity profile of resonantly scattered light
would have the right shape to fill in the BAL just so.

For most electron scattering geometries, the scattered lines of sight should have a larger
impact parameter than the direct line of sight. Larger impact parameter typically means
less absorption of the scattered ray. In addition, if the BAL flow accelerates outward, then
scattered lines of sight at large impact parameter will miss the low velocity absorption at the
base of the outflow. The velocity shift between the BAL in polarized and unpolarized light
is enhanced by the non-radial nature of the flow, which increases the projected velocity
gradient. The BAL velocity structure in polarized light is therefore neatly explained by
electron scattering in the BELR or BALR coupled with an outwardly accelerating BAL

flow. (See Section 5.14 for a more detailed discussion.)
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Figure 5.5: 1246-0542 C IV BAL. Panels 1-4 show the normalized total flux, rotated Stokes
Q’, rotated Stokes U’, and normalized polarized flux (Q' x F). Sub-trough segments dis-

cussed in the text are labeled in panel 1.
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5.8 133342840 (RS 23)

The C IV line in 13334-2840 has a P-Cygni profile, with strong absorption in the blue wing
(Fig. 5.6). The large equivalent width and sharply peaked profile of the BEL is unusual
for BAL QSO. From the shape of the BEL, it appears that the BAL starts at 0 km/s,
but this depends on the blueshift of the C IV BEL relative to the rest frame. The BAL
doesn’t dip below the continuum level until a velocity of -2600 km/s. It is likely that the
BEL is only partially covered by the BAL and fills in the BAL to some extent. There
is shallow absorption in the blue wing of the C IV BAL, which extends to -25,000 km/s.
Unfortunately, there was an intense cosmic ray event which contaminated the spectra from
-17,400 km/s to -14,400 km/s.

There is an interesting interplay between polarization effects in the emission and ab-
sorption lines (Fig. 5.6). The polarization rises to 8.5 + 1.6% at -4800 km/s. This is only
20 above the maximum continuum polarization value of 5.4%, but occurs in two adjacent
bins. Also, the polarization increases by 4.5% above the local continuum, which is highly
significant. The peak C IV BAL polarization in 133342840 is not much smaller than the
10% polarization seen in the most highly polarized troughs of 0105-265 and 2225-0534, but
it is unusual that the contrast between the continuum and trough polarization is so small.
As we discuss below, a number of effects are probably conspiring to reduce the trough
polarization.

The polarized flux spectra show a very strong contribution from light resonantly scat-
tered by the BALR on the red side of the C IV BEL (Fig. 5.6, panel 4). There is a dip
in Q" x F from 0-12,000 km/s. This feature may extend to even higher velocities because
the slope of the spectrum changes from negative to flat at 24,000 km /s (see also Fig. 2.18).
Altogether, the polarized flux spectrum gives the impression of a large dip centered on the
C IV BEL and extending 24,000 km/s in either direction. The red wing HREW of this
feature is —~13.1 + 2.1 A. The net REW of the C IV BAL is larger in polarized flux than in
total flux (—30 £ 2 vs. -20.4 A), in spite of the polarization rise at trough minimum. This
indicates that the REW of the blue resonantly scattered polarized flux is about 10 + 2 A .

The red “absorption” feature in Q' x F is too broad to be caused by gas in the BELR,
confirming the BALR as its origin.

The red resonantly scattered photons are polarized roughly perpendicular to the con-
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tinuum since Q' x F' is negative and there is no significant red emission in U’ x F (Fig. 5.6,
panels 4 and 3; and Table 5.1). This is similar to the polarized BEL in 0226-1024 and
1246-0542. However, for 133342840 we are certain that we are seeing photons from the
central continuum source which are resonantly scattered by the BALR, not just scattered
photons from the BELR. The BALR and electron scattering structures must be roughly
perpendicular to each other. For example, the BALR may be equatorial and the electron
scattering region perpendicular to it in a polar outflow. The electrons could reside in the
BELR or perhaps a more tenuous and highly ionized phase. The perpendicular nature of
the two scattering regions probably rules out electron scattering of the continuum in the
BALR. A polar location for the electrons also nicely explains why the BALR only partially
covers the scattered continuum.

There are highly significant PA rotations across the blue side of the C IV BEL and
across the deep portion of the C IV BAL, from 0 to -14,400 km/s. The Stokes U’ flux is
negative blue-ward of -5100 km/s and positive red-ward of this velocity (Fig. 5.6, panel
3). The net effect is a -10 degree PA rotation across the red wing of the C IV BEL and
a +10 degree PA rotation in the BAL (Fig. 2.18). It is difficult to discern if the rotation
is from resonantly scattered light or partial absorption of the polarized continuum by the
BALR. The PA rotation switches sign near the trough minimum, so it is plausible that the
geometry of the BAL streamer crossing the line of site changes at this critical velocity. In
that case, the ratio of polarized continuum flux in @’ x F and U’ x F would depend on the
angle the streamer makes on the plane of the sky with respect to the electron scattering
region.

13332840 shows the most convincing signature of BALR resonance scattering of all the
objects in the sample. It is also the object with the greatest continuum polarization, and
has a distinctive BEL and BAL velocity profile. These may just be coincidences, especially
in light of our conclusions from Chapter 4. In that chapter we found no correlation between
continuum polarization and line equivalent width. Apparently, there is a large variance
in the properties of the electron scattering region which overwhelms any dependence on
viewing angle. In spite of this, it is possible that 1333--2840 is viewed at an optimal angle
to see continuum and resonance scattering polarization effects. For example, we may have

a line of sight which is nearly perpendicular to the polar axis.
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Figure 5.6: 133342840 C IV BAL. Panels 1-4 show the normalized total flux, rotated Stokes
@', rotated Stokes U’, and normalized polarized flux (Q' x F)
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9.9 141341143

1413+1143 is well known as the Cloverleaf, a quadruple lensed BAL QSO. We show its
flux and polarization spectra in Figure 5.7. Its polarization characteristics are somewhat
peculiar for a BAL QSO, and this may be related to the fact that it is lensed. Goodrich &
Miller (1995) claim that the continuum polarization is variable over the period 1985-1994,
with P = 1.2—2.7% and PA = 48 — 64 degrees. They also measure non-zero polarization in
the emission lines at a PA which is consistent with the continuum, suggesting a scattering
origin for both. While we do see indications of low-level polarization variability in other
objects, it is at a level of < 0.4% (Section 4.15).

If polarization variability is intrinsic to the QSO, then it may reflect changes in the dis-
tribution of scattering material or light travel-time effects (Section 4.15). In this case, the
polarization of all four of the lensed components should track one another, and there should
be consistent delays between component pairs. Alternatively, the polarization variability
could be due to microlensing and the motion of the lens across the source. This would
indicate that the polarization is highly sensitive to the viewing geometry, since the images
are separated by only 1 arcsec. Microlensing effects should be independent in the four
components. A third possibility is polarization by dust in the lensing galaxy. The polariza-
tion would be static in each component, but the polarization of the combined components
would depend strongly on spectrograph slit location and seeing. It is feasible to distinguish
between the three possibilities with high resolution imaging polarimetry monitoring.

Our Keck observations of the continuum polarization are consistent with those of Goodrich
& Miller (1995). We find P = 1.49 + 0.04 and PA = 56.8 4 0.6 degrees in the continuum.
We can not add much to the question of polarization variability with a single epoch of ob-
servations, but our measurement in 1996 June is consistent with no variation greater than
lo from the 1994 June data (Goodrich & Miller, 1995, GM).

The CIV and Lya /N V emission lines are present as positive spikes in the polarized flux
spectra (Figs. 5.7, 2.19). However, their REW have low formal significance (5 — 6+ 4A).
Since GM found polarized C IV at a level of 50, we will assume that it is truly present. It
is likely that we underestimate the REW of the narrow C IV line by using a wide window

(16,200 km/s) which includes the BAL on the blue side and noisy continuum on the red

side; 1t would be better to use a 8000 km/s window. As we noted in Section 5.2, the C III]
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polarization measurement was contaminated by a cosmic ray event. Positively polarized
C IV BEL are unusual in our sample. More typical are negatively polarized BEL, which
can in some cases be connected to resonance scattering in the BALR. The narrow widths of
polarized BEL in 141341143, along with their similar PA to the continuum suggest that the
BEL and continuum are scattered by the same (cool) electrons. The reduced polarization
of the BEL relative to the continuum may be due to spatial dilution.

P is not well measured (o = 8%) in the deepest part of the C IV BAL (-4700 to -5700
km/s). However, the polarization rises convincingly in the shallower portions of the trough
from -1800 to -3700 km/s and -6600 to -9600 km/s. The rise in individual wavelength bins
has low significance (~ 1o), but is present in 6-8 bins. The polarization returns to the
continuum value of 1.5% in the high speed tail of the trough.

Because the polarization increase is localized to the deep, low speed portion of the C
IV BAL, the shape of the trough is smoothed out in polarized flux. The low-speed portion
of the trough is de-emphasized with respect to the high speed portion. The shallow blue
wing of the trough is relatively more prominent in polarized flux than in total flux. This
is similar to the 2225-0534 C IV BAL (Fig. 5.10), and is consistent with a BALR local
covering factor that increases with velocity. However, the high velocity absorption may also
be enhanced by negatively polarized, resonantly scattered flux, as in 1333+2840. This a
strong possibility, considering the similarity of the BEL and BAL profiles in 141341143 and
13334-2840. The data for 1413+1143 are noisier, which may cause us to miss the expected
resonance scattering feature red-ward of the C IV BEL.

There are unusually strong P A rotations (~ 20 degrees) across the C IV and Si IV BAL
in 141341143 (Fig. 2.19). This is also apparent in Figure 5.7 (panels 2 and 3), where the
Stokes Q" and U’ polarization are of equal strength in the C IV trough. A PA rotation
this large means that Q' x F underestimates the total polarized flux (P x F) by a factor
of 0.77. The C IV REW in U’ x F is 13+ 5A | while the REW in Q' x F is —36 + 5 A .
Like in other objects, the PA rotations are restricted to the trough, so we attribute them

to partial coverage of the electron scattering region.
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Figure 5.7: 1413+1143 C IV BAL. Panels 1-4 show the normalized total flux, rotated Stokes
Q', rotated Stokes U’, and normalized polarized flux (Q' x F)
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5.10 152445147 (CSO 755)

The C IV BAL in 152445147 is shallow, so the polarization effects in it are quite small
(Fig. 5.8). However, this is a very bright BAL QSO with high S/N data and there is a
significant detection of the polarization rise in the deepest sub-trough. There are multiple
sub-troughs centered at the following velocities: 1) -800, 2) -4800, 3) -6700, 4) -14200, 5)
-17300, 6) -20300, and 7) -24000 km/s.

The polarization rises to a maximum of 6.0 + 0.4% on the red side of sub-trough 4. The
polarization at the sub-trough minimum is P = 5.2 + 0.5%. There is therefore a hint that
polarization decreases to the blue in this trough. This is a marginal result, but it agrees
with the trend seen in other objects (e.g., 1246-0542). There are 1o increases in polarization
in sub-troughs 3, 5, and 6, and no increases in the low-velocity sub-troughs 1 and 2. The
deepest sub-trough (4) is significantly shallower in polarized flux than in total Aux.

The low velocity sub-troughs 1 and 2 provide interesting constraints on the geometry of
the BELR, low velocity BALR and scattering region. These narrow sub-troughs are deeper
in polarized flux than in total flux, but they don’t reveal themselves in the polarization
spectrum (Fig. 5.8, panels 2 and 3). This means that absorption systems 1 and 2 cover the
direct and scattered continuum sources equally, unlike the higher velocity BAL cloud 4. The
geometry of the various emission regions and absorbing clouds is sketched in Fig. 5.9. In
addition, sub-troughs 1 and 2 are much weaker in the unpolarized flux spectrum (Figure 4.7),
so the corresponding clouds cover only a small fraction of the Lyo, N V and C IV BELR.
This suggests that the BELR has a larger angular size on the sky than the electron scattering
region (which is also consistent with the low BEL polarization). Absorption systems 1 and
2 must also be intrinsic to the quasar; intervening systems would cover all emission sources
equally. This is similar to the behavior seen in the narrow low velocity sub-trough 1 of
0226-1024 (Figure 5.4). The angular size of the electron scattering region is intermediate
between the angular sizes of the high and low velocity BAL clouds.

An unusual feature of 152445147 is absorption on the red side of the C IV BEL peak
(sub-trough 1). Glenn et al. (1994) measure a redshift of 500 km/s for this feature relative
to the peak. We have used a nominal redshift of 2.88, which puts the onset of the C IV BAL

at 0 km/s. However, it is apparent from our spectra (Fig. 5.8, panel 2) that the dilution

feature from the C IV BEL reaches minimum polarization at -800 km/s, which matches
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the velocity of sub-trough 1 to within 1 velocity bin. This means that the C IV BEL is
centered at -800 km/s and sub-trough 1 has a velocity relative to this of 0 km/s. This,
along with the polarization behavior discussed above, strongly suggests that sub-trough 1
is due to absorption by gas directly associated with the BELR. In addition, it means we
should revise the C IV redshift of 152445147 to 2.877.

Several BEL are seen in the unpolarized flux spectrum of 152445147 (Fig. 4.7). The
dilution signature of Si IV can be seen as a dip at at -28,850 km/s in Figure 5.8 (panel
2). There also appears to be a small residual of negatively polarized flux from Si IV at
this velocity (panel 4). The corresponding negatively polarized flux in C IV is seen weakly
red-ward of sub-trough 1. It is not necessary to invoke resonantly scattered flux from the
BALR for these features, since they do not extend past the wings of the C IV BEL. However,
if they are due to resonance scattering, then this is yet another case where the resonantly
scattered light is polarized perpendicular to the continuum.

There are small (5 degree) PA rotations across the deepest C IV sub-trough. These
are due to 1% residual polarization spikes in U’ (Fig. 5.8, panel 3). These are of marginal
significance, but may be real since they correspond to the deepest part of the trough. There
is a spike in U’ at 2000 km/s on the red side of the BEL; this may be due to a weak cosmic
ray event since it covers only one bin and doesn’t line up with any feature in the total flux
spectrum.

There is a steepening of the polarized flux spectrum blue-ward of the Si IV BEL (Fig.
2.20). The polarized flux begins to rise above the apparent continuum level at 1397 A and
peaks at 1261 A. The peak wavelength corresponds to a bump in the total flux spectrum
on the red wing of N V. This may be due to Rayleigh scattering in the wings of Lya (see
Chapter 4). There is also a significant PA rotation of +5 degrees across the Lya/N V
BEL and BAL (Fig. 2.20). It is peculiar that a similar feature is not visible in the C IV
region. The PA rotation may also be from Rayleigh scattering in Lya, or it may be due to

resonantly scattered N V and Lya photons.
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Figure 5.8: 152445147 C IV BAL. Panels 1-4 show the normalized total flux, rotated
Stokes Q', rotated Stokes U’, and normalized polarized flux (Q' x F). Sub-trough segments
discussed in the text are labeled in panel 1.
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to observer

electron scattering region

Figure 5.9: 152445147 model. This diagram shows the geometry of the low and high
velocity BAL clouds. The low velocity cloud 1 completely covers the electron scattering
region but only partially covers the BELR. The high velocity cloud 4 only partially covers
the electron scattering region because the outflow is non-radial and accelerating outward.
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5.11 2225-0534 (PHL 5200)

2225-0534 has a large equivalent width C IV BEL, which is cut at 0 km/s by the C IV BAL
(Fig. 5.10). The BEL profile and lack of detachment of the BAL from the BEL are similar
to 1333+2840 and 1413+1143, but the deep portion of the C IV BAL extends to a much
higher velocity (-15,400 km/s) in 2225-0534. We have labeled 5 distinct features in the BAL
(at (1) -2700 km/s, (2) -5600 km/s, (3) -7500 km/s, (4) -8900 km/s, and (5) -14400 km/s).
Features 1, 2, 4 and 5 are sub-troughs. Feature 3 is a region of reduced absorption which is
discussed by Turnshek et al. (1988).

The trough polarization of 2225-0534 is discussed by Cohen et al. (1995) (C95). These
same data are presented in Figure 5.10. The polarization reaches a peak of 10.1 + 1.9%
at a velocity of -8400 km/s. This value is 2% lower than the value given by Cohen et al.
(1995), because we have binned the data more. The trough polarization is greater than the
continuum polarization in the velocity range -4000 to -11,500 km/s (sub-troughs 2 and 4).

C95 noted that the polarization peak in the C IV BAL is quite a bit narrower than the
width of the trough, even though the trough has a fairly flat bottom. They suggested that
the polarization is diminished in the low speed portion of the trough by residual flux from
the C IV BEL. We affirm that suggestion by noting that the red wing of the BEL extends
to at least 7400 km/s, while the BAL polarization reaches its maximum at -7500 to -8500
km/s. Note that the diluting power of the C IV BEL is enhanced in the trough because
the BAL absorbs a smaller fraction of the BEL than the continuum. C95 suggested that
the polarization drops at high speeds because the high speed BAL clouds more completely
cover the scattered continuum than the lower speed clouds at -8500 km/s. This effect is
difficult to judge in the binned spectra because it covers a narrow velocity range.

C95 also discussed a 10 degree P A rotation near the peak in polarization and associated
it with feature 4 in the total flux spectrum. This is also visible as an excursion of in the U’
spectrum (Fig. 5.10, panel 3) of —0.04 & 0.02%. This has only marginal significance, but
extends over two wavelength bins. Similar rotations were discussed above for a number of
objects, and they appear to be due to partial coverage of the electron scattering region.

There is a hint of negatively polarized flux in Q' x F from 0 to 18,000 km/s (Fig. 5.10,
panel 3). This feature has a REW of —4.2 + 194, a marginally significant detection.

However, this measurement depends heavily on the continuum fit.
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Figure 5.10: 2225-0534 C IV BAL. Panels 1-4 show the normalized total flux, rotated
Stokes Q', rotated Stokes U’, and normalized polarized flux (Q' x F). Sub-trough segments

discussed in the text are labeled in panel 1.
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5.12 BEL Polarization Sources

There are 5 objects in our sample with significantly polarized permitted BEL (Section 5.2).
The extremely broad, high velocity component of the polarized C IV flux in 0226-1024 and
1333+2840 is due to photons from the central continuum source resonantly scattered at a
large range of velocities in the BALR. There is also a narrower component with a velocity
width and profile shape comparable to the C IV BEL in 0059-2735, 0226-1024, 1246-0542,
1413+1143, and 1524+5147. We call the extremely broad component “resonantly scattered
continuum” and the narrower component “scattered BEL,” to distinguish the origins of the
scattered photons.

In this section we consider two possible sources of BEL polarization which seem equally
plausible. The BEL could be polarized by electron scattering, resonance scattering in the low
velocity BALR, or both. We consider the extremely broad resonantly scattered continuum
feature separately in the next section. Figure 5.11 presents our best model of the nuclear
environment in QSO, based on the commonly favored equatorial outflow model. We show
the relative dispositions of the continuum source, BELR, and BALR (not all to scale). The
various direct and scattered rays are labeled 1-6.

First we consider the arguments for electron scattered BEL. The polarized BEL flux is
greater than the (undetected) resonantly scattered continuum flux in 0059-2735, 1246-0542,
1413+1143, and 15244-5147. This suggests that the resonantly scattered BEL component
is also weak and the electron scattered component is strong. However, detection of the
resonantly scattered continuum component may be hampered by its extremely broad width
relative to the BEL.

Since the C IV BEL profile is not greatly broadened in polarized flux, scattering by hot
electrons can not explain the reduced polarization in the BEL relative to the continuum.
The particles which scatter the BEL must be cold or massive (i.e. cool electrons, C IV ions,
or dust). The lower polarization and different PA of the C IV BEL relative to the continuum
suggests that the BEL clouds are distributed in a region larger than the electron scattering
region. This reduction in polarization (relative to a point source) due to scattering of an
extended source is called spatial dilution. The Fe II and C III] BEL may be completely

unpolarized in most objects because they lie at a larger distance from the electron scattering

region than the C IV, Si IV, and N V BELR. The C III] BEL photons are only polarized
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in two objects (001940107 and 2225-0534). As we discussed in Section 5.2, this may be
due to resonance scattering in the moderate optical depth C III] BELR, and is probably
unrelated to the polarization of the other BEL. The C IV BEL is polarized parallel to the
continuum in 1413+1143. This could occur if the C IV BELR had a smaller radius than
the continuum scattering region.

Next we consider the arguments for resonantly scattered BEL. If the BEL photons
are resonantly scattered by C IV ions in the BALR, then we don’t have to worry about
temperature broadening because the ions are relatively massive and move slowly. The width
of the line is roughly preserved by resonance scattering if the velocity field of the BELR is
isotropic. However, the line will be skewed to the red since the BAL outflow is redshifted
in the rest frame of the BELR (Krolik & Voit, 1998). A redshift of 1000-2000 km/s is seen
in the scattered C IV BEL of 0059-2735 and 0226-1204.

In 4/5 objects, the BEL polarization is perpendicular to the continuum polarization.
This is consistent with resonance scattering in the geometry of Figure 5.11, where both the
BELR and low-velocity BALR sit near the equatorial plane. Note that the BEL will only
be scattered in the low velocity base of the BAL outflow. We find resonance scattering
in the BALR a more appealing explanation for the C IV BEL polarization than electron
scattering. Resonance scattering invokes a relatively simple geometry and cleanly explains
the difference between the C III) and C IV BEL polarization.

BAL QSO IRAS 07598+6508 has polarized Ha, Na I, and Fe II emission lines (Fig. 2.9.
There is a strong (20 degree) PA rotation between the blue and red wings of the BEL. Ha
must be polarized by dust or electrons. It is not a ground-state transition and therefore
can not be resonantly scattered in the BALR. It would be useful to observe the C IV
line polarization of this object to see if it is similar to Ha. It would also be useful to do
polarimetry of the UV lines in Seyfert 1 galaxies. This might indicate variations in the
geometry of the various line-emitting regions.

Seyfert 1 galaxies generally have more highly polarized BEL than BAL QSO. Goodrich
& Miller (1994) and Martel (1996) find striking polarization variations and PA rotations
across the Balmer emission lines in Seyfert 1s. They attribute these effects to scattering
on the size scale of the BELR. Similar phenomena are observed in broad-line radio galaxies
(Cohen et al., 1998). The difference in line polarization between Seyfert 1s and QSO suggests

that the BELR and scattering regions in Seyfert 1s can not be simply scaled up to match
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QSO. Perhaps the BELR is smaller relative to the the scattering region in Seyfert 1s than
in QSO.
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Figure 5.11: Scattering model. The BELR and BALR are located near the equator, and the

electron scattering region is located along the polar axis. The central continuum source is
the small circle at the center, not drawn to scale. The various direct and scattered rays are
as follows: 1) direct continuum, 2) electron scattered continuum, 3) direct BEL, 4) electron

scattered BEL, 5) resonantly scattered BEL, and 6) resonantly scattered continuum. The
top drawing is a side view (observer to the right side). The bottom drawing is in the plane
of the sky, and shows selected polarization vectors for the 4 scattered rays. Note that

scattered rays from the bottom half of each drawing may be obscured by an accretion disk

in the equatorial plane.
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5.13 BALR Resonance Scattering

The BAL troughs are produced by scattering resonant photons from the continuum source
out of the line of sight. Some photons originally directed away from the observer are
scattered into the line of sight. The flux of resonantly scattered photons is determined
primarily by the global covering factor of the BALR, but also by the shape and velocity
profile of the outflow. So far, it has been impossible to detect resonantly scattered photons
in the total flux spectra of BAL QSO because the intensity of the scattered light is low and
it is difficult to separate from the BEL emission.

We have found strong evidence for resonantly scattered photons in the polarized flux
spectra of two BAL QSO (0226-1024 and 1333+2840). We see polarized line flux which
extends more than 12,000 km/s to either side of the C IV BEL, at much higher velocities
than are present in the BELR. In other words, the velocity profile of the resonantly scattered
flux is much broader than the BEL profile. We are therefore confident that the photons
are scattered in the BALR. The intensity of the resonantly scattered flux is weak (~ 4 x
10~ 8erg/s/cm®/ A ), and the red HREW in polarized flux is 4-13 A .

Two lines of evidence suggest that the BALR is equatorial and not bipolar. First, in
Chapter 4 we showed that BAL QSO are more highly polarized than non-BAL QSO. The
continuum polarization distributions of BAL QSO and non-BAL QSO are also consistent
with the unification of these two classes of object. We concluded that non-BAL QSO
are viewed from a polar perspective, while BAL QSO are viewed from a more equatorial
perspective. Second, we see the resonantly scattered continuum flux extending to the red
side of C IV. These photons should be blocked by the accretion disk if it is extensive enough
and the BALR is bipolar. However, we expect to see these photons back scattered from the
far side of the outflow in the case of an equatorial wind.

Hamman et al. (1993) (HKM) put limits on the resonantly scattered flux in BAL QSO
by comparing the equivalent widths of the BEL and BAL in total lux. We can improve on
this now that we have actually measured the equivalent width of the resonantly scattered
light, and have a better grasp on the geometry of the outflow. We assume the simple
unification geometry presented in Chapter 4. In this geometry, the BAL flow is confined

to a range of inclinations ¢ = 4; — iy, and equatorial views are obscured by a torus with

opening half angle ¢3. In the case of isotropic continuum emission and isotropic scattering,
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the global covering fraction f can be estimated from the total fux spectrum using

W,
=2f' =2-"°
f=21 WgaL

(5.1)

where Wg 4y, is the BAL equivalent width and W,.; is the equivalent width of the resonance
scattering feature. The factor of 2 accounts for the absorption of 50% of the resonantly
scattered flux by the accretion disk. A covering fraction of f' is derived if there is no
accretion disk. It is assumed that no scattered photons are destroyed along any other
directions and that W,, and W4z, are independent of viewing angle through the BALR.
This is not necessarily the case in an optically thick flow.

The equivalent width of the trough (W4 1) must be corrected for scattered flux which
partially fills in the BAL. The blue resonantly scattered contribution to this correction is
W,s.b/ Prs and the electron scattered contribution is Wes t/ P.;¢. In addition, our measure-
ments of the equivalent widths W, and Wes,+ in polarized flux must be scaled to correct
for the different polarizations of the resonantly scattered and electron scattered light. The

modified equation to estimate the global covering fraction from the polarized flux is

2P(Wrs,r + Wrs,b)

= 5.2

Wear + oWy p + p2Wes s (5:2)
Pes

= 5.

P= P, (5:3)
PBS

= 4

P2 Pes,t (5 )

W, and W, are the equivalent widths of the red and blue resonantly scattered polarized
flux and W, ; is the equivalent width of electron scattered polarized flux in the trough. The
polarization of the electron scattered continuum is P, and the polarization of the resonantly
scattered continuum is P,,. P, ; is the mean polarization of the electron scattered light in
the trough, which may be velocity-dependent. The ratio p2 ~ 1 depends on the details of
the scattering and BALR geometries (Section 5.14).

We measured Wy, and Wysr for the C IV BAL in 0226-1024 and 133342840 (Ta-
ble 5.4). We assume that the magnitudes of the blue and red resonantly scattered flux

are roughly the same W, ~ Wysr. We estimated the total scattered contribution to the
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flux in the trough (W = Wisp + West) from the difference between the trough REW in
total and polarized flux. However, the intrinsic polarizations of the electron scattered fux
and resonantly scattered flux (P,, and P,;) can not be directly measured since we can not
identify these components in the total flux spectrum. The best we can do observationally
is to estimate Pes ~ 10% from the maximum trough polarization.

The polarization of the resonantly scattered light P, is determined by the geometry of
BAL outflow and by the angular momentum of the resonance transition. Lee & Blandford
(1997) find P ~ 15% at the bottom of the C IV (J = 1/2—-1/2,3/2) trough for a poloidal
equatorial flow. Transitions with J = 1 — 0 should have much higher polarization (~ 50%).
Unfortunately, the J = 1 —0 transitions (e.g. C III A977 and Al III A977) are generally out
of the wavelength range we observe, or they are not strong enough to give a polarization
signature. Since the maximum C IV trough polarization and the polarization of resonantly
scattered light from the BALR are roughly equal, p ~ 1 in Equation 5.2.

The estimated global covering fractions of the BALR in 0226-1024 and 133342840 are
listed in Table 5.4. We find a 25% covering fraction for 0226-1024 and an unphysical 181%
covering fraction for 13334-2840. If we do not assume half of the resonantly scattered flux
is obscured by an accretion disk, then we get f' = 13% for 0226-1024 and f = 90% for
1333+2840. The estimate is so large for 1333+2840 because the C IV BAL equivalent
width is small and there is a large amount of resonantly scattered flux. We may have
underestimated W ; for 133342840 because the resonantly scattered flux and electron scat-
tered flux have opposite signs and may partially cancel in the BAL polarized flux spectrum
(Section 5.8). This may have lead to an overestimate of the covering fraction.

The parameter p is a large source of uncertainty in our estimate, and may vary by a factor
of two depending on the exact parameters chosen for the electron and resonance scattering
regions. Our values of f' compare favorably to the values which HKM derive from their
line-fitting of 0226-1024 (f' = 10%) and 133342840 (f’ = 90%). (Note that HKM do not
assume half of the resonantly scattered flux is absorbed.) This consistency is encouraging,
and indicates that the amount of resonantly scattered flux is strongly constrained by the
depth of the low speed (|v| < 12,000 km/s) portion of the trough (HKM). It also suggests
our assumptions that p >~ 1 and py ~ 1, are not far off the mark.

Two other uncertainties in our estimate of the BALR global covering fraction are impor-
tant to consider. First, the REW of the C IV BAL in total flux is probably highly dependent
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on the observer’s line of sight through the BAL. It is unlikely that the particular pattern
of multiple troughs and their depths are preserved as the line of sight is rotated in azimuth
or altitude. The C IV BAL REW range from 19-66 A in our sample, which must be partly
attributable to a range of viewing angles. Therefore, line of sight effects can potentially
introduce a factor of 3.5 uncertainty in the denominator in Equation 5.2.

Second, the assumption of isotropic scattering in the BALR may also be an over-
idealization if the BALR is optically thick. This means that the amount of resonantly
scattered flux is likely to depend on viewing angle, lending uncertainty to the numerator of
Equation 5.2. However, the profile of the resonantly scattered light is probably less sensitive
to viewing angle than the BAL REW, since it is integrated over the entire flow. Also, as
we saw in Chapter 4, BAL QSO may be viewed from a very narrow range of inclinations.

Keeping in mind the large uncertainties in our estimates of the global covering fraction,
what are the implications for the unification of QSO and non-BAL QSO? 0226-1024, with
f = 25%, would appear as a non-BAL QSO from most directions. It is consistent with
the unification hypothesis and a global BALR covering fraction of f ~ 0.1. 13334-2840 ,
however, does not easily fit into this scheme. Its P-Cygni profile and large flux of resonantly
scattered continuum photons are consistent with a more spherical outflow. On the other
hand, the high polarization of the continuum and a polarized resonance scattering feature
require a non-isotropic distribution of scatterers. We may view 133342840 from near the
equatorial plane so that the underside of the BAL flow is not obscured by the accretion disk
and f’ is a better estimate of the global covering fraction than f. Our dilemma may also
be alleviated if p has a low value (e.g., p = 0.1), or if we are looking through a weak portion
of the flow. Finally, we did not detect the resonantly scattered continuum flux in our very
high S/N observations of 1246-0542 and 1524+5147, implying a low global BALR covering
fraction in these objects. (The 20 upper limits are f < 0.14 and f < 0.30, respectively.)

5.14 BALR Partial Continuum Coverage and Dynamics

While resonance scattering effects are important for determining the covering fraction and
geometry of the BALR, they only affect the polarized flux at a detectable level in a few ob-
Jects. The C IV BEL polarized HREW range from undetectable (< 2 A) to 8 A (Table 5.1).

This leads us to believe that the strong polarization effects in the C IV BAL of most BAL
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BAL QSO WBAL Wrs,r * Ws,t == f
0226-1024 52.09 40 04 108 1.7 0.25
133342840 2044 134 2.1 9.2 21 181

Table 5.4: BALR global covering fraction estimates for 0226-1024 and 1333+2840. We
tabulate our measurements of the C IV BAL REW in total flux (Wg4yz), red HREW of
resonantly scattered polarized flux (W, ,), and REW of polarized scattered flux in the C

IV BAL (W,.). The global covering factor estimated from Equation 5.2 is listed in column
7.

QSO must be caused by partial coverage of the electron scattering region.

In the partial continuum coverage model (Fig. 5.12), electron (or dust) scattering is
responsible for the polarization in the continuum and in the BAL, and resonance scattering
can be neglected. In this section, we are primarily discussing rays 1 and 2 in Figure 5.11. The
polarization rise in the troughs is due to obscuration of the direct unpolarized continuum
by the BAL clouds. The polarized scattered rays are on average obscured less than the
direct rays. Some scattered rays may miss the BALR entirely if the scattering region has a
larger angular diameter than the BALR.

We can estimate the velocity-averaged local BALR coverage of the scattering region by
taking the ratio of the C IV BAL REW in polarized and total flux. The local covering factor
measured in this manner spans the range f; = 0.24 — 1.4, with 1246-0542 on the low end
and 133342840 on the high end. Covering factors greater than 1 indicate contamination by
BEL in the total flux spectrum or negative resonantly scattered flux in the polarized flux
spectrum. If the partial coverage is in two dimensions, the corresponding ratio of BALR
and scattering region angular sizes for this range is 8par/0cs = 0.5 — 1.0. This is a crude
approximation, since the ratio of polarized and total REW will also depend on the geometry
and optical depth of the scattering region, as we show below.

If the angular size of the scattering region were much smaller than the angular size of
a BAL cloud (6.s << 0par), then scattered light and direct continuum would be equally
absorbed; if it were much bigger, then the BAL would not appear in the polarized flux
spectrum. The large range in f; strongly suggests that the BAL clouds and scattering region

have a similar angular extent. By clouds, we mean regions of the BAL flow which contribute

to the optical depth in a given sub-trough velocity range v + Av, not necessarily spatially
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Figure 5.12: Partial continuum coverage model. We are viewing the BAL QSO in the
plane of the sky. The central continuum comes from the point source C. The continuum
is scattered by electrons in the region A+B and the polarization vectors are perpendicular
to the radius from C. The dark region B represents a projected Sobolev surface where the
continuum is obscured by the BALR in the velocity range v £+ Av.

discrete clumps. In a diverging flow, there will naturally be an angular coherence length
OpaL, outside of which the projected velocity has dropped by more than Av = vsinfg.ay.

In the general case, the BALR coverage is some function of velocity f;(v). This coverage
is determined by the intersection of the Sobolev surfaces with the cylinder of sight to the
scattering region. In the Sobolev approximation, resonance scattering occurs at a single
surface then the photons escape without further scatterings. The Sobolev surfaces are the
loci of constant projected velocity along the line of sight, and depend in detail on the
geometry and velocity law of the outflow.

Figure 5.12 shows a sketch of the continuum coverage by a hypothetical Sobolev surface.
In this model, the central continuum source C emits unpolarized UV-optical radiation, which
is scattered by a cloud of electrons (A+B) in the inner regions of the QSO. The intervening
BAL clouds and their projected Sobolev surfaces B completely cover the central source C
and a portion of the electron scattering region. The remaining portion (A) of the electron

scattering region is unobscured. The local covering fraction is therefore f; = B/(A + B).

Nothing further is assumed about the 3-D configuration of the electron scattering cloud or
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BAL clouds. Adding up the polarized flux and dividing by the total flux gives equations
for the normalized Stokes parameters (F, Q, U) as a function of BALR optical depth (7),

which contain 4 free parameters (a, b, c, d):

Fops 14+ ce ™™
F = = 5.5
Fops(T =0) 1+c (5:5)
a-+be "
=27 5.
@ 14+ce 7 (5.6)
d(l—-e™")
i (5:7)
1 d(l—e™7)
PA = 5 arctan W (58)
(a,d) = (Qa,Uy,) (5.9)
p— QB (5.10)
€A
1
c=-tcB (5.11)
€A

where (Q4,U4) and (QB,Up) are the Stokes parameters of the integrated scattered flux
from regions A and B in Figure 5.12, for 7 = 0. The electron scattering efficiencies are €4
and ep. Note that we set Ug,p = 0 since we choose the zero point of our PA coordinate
on the sky to match the continuum PA.

This is a purely empirical model. A calculation of the Sobolev surfaces for various
outflow models is outside the scope of this thesis. The model parameters (a,b,c,d) depend
on the geometry of the scattering region and Sobolev surfaces and the electron scattering

efficiencies. The area-averaged electron scattering efficiencies are given by

€A = faTa (5.12)

€ = fBTB (513)

in the case of optically thin scattering. The area-averaged global covering fractions of the
electron scattering region are f4 and fg, and the corresponding electron scattering optical

depths are 74 and 75. Note that ¢4 and €p can range from 0.0-1.0,s0 1 < ¢ < co.

It is instructive to consider two limiting cases of our model. The limiting case (e4 << 1
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and b,c >> 1) corresponds to complete coverage of the electron scattering region, and
Q = b/c = egQp/(1 + €p) is constant for all 7. If this is true at all velocities, then
the polarization is equal to the continuum polarization across the entire trough. The low
velocity absorption systems in 0226-1024 and 1524-+5147 provide a very nice demonstration
of this, and have (Q,U) = (Q., U,).

In the other extreme, the BAL covers very little of the electron scattering region and
only absorbs the central continuum (e4 = 1, eg = 0, ¢ = 1). For this geometry, the
polarization in the BAL (Q = Q4/(1 + ce™ ")) approaches the polarization of the electron
scattered light as 7 — oo. The residual flux in the trough is entirely scattered light and
the dilution from the central source is negligible. This is likely the case in objects such as
0105-265 which have saturated troughs with P; >> P..

Note that BAL PA rotations are a natural consequence of the partial coverage model
when the projected symmetry axes of the electron scattering region and BAL cloud are not
aligned (d # 0). This would be true if there is any global deviation from axisymmetry in
the BAL flow or scattering region. The BAL PA rotations may be a clue that there is a
warp in the accretion disk. On the other hand, it could be a purely local phenomenon due
to random structure or non-radial motion in the BAL clouds intersecting our line of sight.

The parameter b is constrained by the continuum polarization, Q. = (a+b)/(1+c). We
can further constrain the parameters if we assume that the trough is saturated (r — 00)
where the polarization reaches its maximum (Qy,U;). In this case, (a,d) = (Qa,U,4) =
(Qt,Ut). That leaves c as the only free parameter. As we discussed above, ¢ is related to
the local covering factor f; (c is small for low coverage, large for complete coverage).

BAL QSO 1246-0542 shows an interesting velocity dependence in its C IV BAL coverage,
as we discussed in Section 5.7. The main sub-trough (2) is shifted by -2000 km/s in polarized
flux relative to total flux. The polarization is greater in the low-speed portion of the
trough than the high-speed portion of the trough (Figure 5.13). The Q'(F) curve shows an
hysteresis at the trough depth where the polarization peaks. (Note how the points progress
in a counter-clockwise direction around this loop with increasing |v|.) This effect is seen in
a number of other objects in our sample, and indicates a transition from from low to high
fractional coverage of the electron scattering region. There is a cluster of data points in
the velocity range -15,500 to -16,500 km/s (8 bins), which have a residual trough flux of
F =10.19-0.20 and Q' = 5.4 — 7.1%. This indicates that the BAL is saturated at a flux
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level of 20% in this velocity range, and virtually all of the residual flux is from the electron
scattering region.

We can parameterize the local covering fraction as a function of velocity by comparing
the polarization with our partial continuum coverage model. The transformation between
model parameter ¢ and fi(v) depends on the particular density distribution and shape of
the scattering region, and on the shapes of the Sobolev surfaces, so it is velocity dependent.

We calculated model Q(F') and U(F) curves (Equations 5.5-5.11) using the following
constraints for 1246-0542: Q. = 1.4% and (Q:,U) = (7%, 1%). Note that we used our
unbinned data, which has better velocity resolution (600 km/s) and slightly higher peak
polarization than the binned data. Figure 5.13 shows a comparison of the model to the data
in two portions of the 1246-0542 C IV BAL. The polarization in the BAL rises as central
source C is absorbed (decreasing residual flux F). It is remarkable that the polarization
trend in the rapidly falling and rising portions of the trough matches the model quite
well. This shows that the partial coverage model is a good description of BAL polarization
behavior.

The high and low speed portions of the BAL are fit by Q(F) curves with different model
parameters (Table 5.5). The parameter c is a factor of 2.1 greater at high speed (|v| > 16, 000
km/s) than at low speed (|v| < 16,000 km/s). This indicates that the local covering factor
fi(v) generally increases with velocity. It is difficult to tell how the coverage progresses in
the deepest portion of the BAL because it is saturated. There is also a systematic positive
excursion from the trend in the range F = 0.6 — 0.8 (—v—=18,500-23,300 km/s) which
may indicate that the covering fraction falls again at the highest velocities.

The simplest way to explain the velocity dependence of f; in 1246-0542 is with an ex-
panding and accelerating outflow which covers a polar electron scattering region (Fig. 5.14).
Note that there must be a non-radial component to the flow because the BAL is detached
from the BEL. We suggest that this component is in the polar direction, away from the
accretion disk. The polar velocity component may be due to magnetic stresses (Emmering
et al., 1992), or a gas pressure gradient away from the disk. Arav (1996) suggests a similar
model where there are separate BAL flow tubes for each sub-trough. In that case, maximum

coverage of the polarized continuum source can occur at an intermediate velocity in each

sub-trough.
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model a b C d
1 0.07 -0.01 3.3 -0.01
2 0.07 0.04 6.9 -0.01

Table 5.5: Model fits to 1246-0542 polarization. Models 1 and 2 are representative of
the polarization behavior in the low (Jv] < 16,000 km/s) and high-speed (|v| > 16,000
km/s) sections of the C IV BAL. Model parameters (a, b, c, d) from Equations 5.5-5.11 are
described in the text. The larger ¢ parameter in model 2 indicates a larger local covering
fraction f; at high speeds.
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Figure 5.13: 1246-0542 polarization model fits. This figure plots the polarization (Q',U’) in
the C IV BAL of 1246-0542 vs. residual trough flux F, for -28,000< v < 0 km/s. Adjacent
velocity bins are connected by lines. Trough depth increases to the left. We have plotted
two curves (1 and 2) from the partial coverage model which best match the polarization
in the low and high-speed sections of the BAL. The parameters for these curves are given

in Table 5.5. The polarization is greater in the low-speed section of the BAL at any given

trough depth. Also note that the deviation of U’ from 0 indicates a PA rotation in the
deepest part of the BAL.



195

o
X
)

to observer

)
)

‘4
)
)

(LKA
AUXKARRY

X RAEANA
K XKIXRAIOCKNNHK)
o%““.&o"oo&&o%o:::

AWAWA

Y,

X

QRLLREN .
9,
)

)
y

\ .‘l"d‘*”.

)

(8

Y
Y
Y,

)

)
)

\

(
ooo

S

Y

¥

QA

5
G

&0
00

LR
QR

BRI
QRN
QXKD
R
SRR

0/,.

)
)

&

&
(0

&
e

X
Q)

Y

Y
Y

%
(X

K

S

¢
o

X

ooo

o..

B
e o
LR

X/

0,.:..

N,

X

VYT AR
i ...“"““.“.”wﬁﬁ..:
RO
o

§
K
XXX
SRR
(R0

s
2
)

(XXX

(X
(A

AR

v

0

(A
g

o
A

"
i
Vel
1k

TR

)

AR
XX
SRR
OO
RN,

5
X

XX

X

0
(3
i

()
&
(X

X

b

(XKD
(AR
ROUER
e

RRNRINR

00,.,.".“.“.“.“.“.“.“.“..
%&&“&*&%ﬂ
&&&%@‘ XX
“00

"
S
R

LK

5

:.:o
P

A
.“....“.::
Tk

O
Y,
Y
:0.:00:- .v‘v
ke

5y

..
&
o
%)
%

%
N

00
S

5
X
2
b
%

0
OB
KGR

e

XX
A
(0

XY

(2

(X
s
{3
(3
(X

O
()
0

0
(X
&
)
X/

"
o0
e

X
(X

A
)

(3
&
5
X
A

b
e
5

0
XK
(A0

()
¢

XX

o“’

i
(
)
)

(X
X
X
X
)

X

XA
o,

X

Q
Y

8

(X

o

A

B

)
3
)
5

)
%

L

accrection disk

(XX

S
W
X
.““.

.&0

O
(XX
o%.w‘
¢
(XAXXX
i

)
W,
%
%,
W;

)

3,
(X
i
o.o

)
)
)
)
S
)

P

9
(X
X
3
XX

Q
W
Y
)
Y

.

(R
RN

A
<X
5
)
A
W%
MY
5
s
oy

&
X

BALR
Figure 5.14: A non-radial, outwardly accelerating BAL outflow is ablated from the accretion

disk. Partial coverage of the electron scattering region A+B by the Sobolev surfaces B

increases with outflow velocity. The central continuum source is C, and the observer is

located to the right. See Figure 5.12 for the observers point of view.

electron scattering region
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5.15 BAL Optical Depth

This thesis has emphasized the importance of partial coverage of the continuum and line
sources by the BALR. Partial coverage introduces a host of potential difficulties in deter-
mining the optical depth of the BAL due to filling in by extended sources. A significant
portion of the total flux in the bottom of a trough is electron scattered continuum light.
The minimum fraction of scattered light in the BAL is given by the maximum trough po-
larization, which can be 10% or larger. Troughs that appear to have an optical depth of
2-3 may actually be saturated, making measurements of the true optical depth impossible.
However, some portions of the trough may be truly optically thin, making it possible to
separate the scattered and direct contributions to the flux. Typically there is less excess
polarization in the high speed tail of the BAL trough, indicating that the contribution of
scattered flux is less important. At high velocities there is also less contamination by the
BEL.

Determination of the true optical depths in the troughs is important for determining
the ionization and metal abundances in the BALR. Previous measurements have yielded
extremely high abundances (10-100 times solar), but these have not taken into account
saturation and scattered light. It is likely that the abundances derived from the BAL
troughs are in error because they underestimate column densities in optically thick troughs
and consequently underestimate the total hydrogen column Ny and ionization parameter.

While the BAL troughs show less saturation in polarized flux, it is probably not prudent
to estimate ionization and abundances from the optical depths in polarized flux. For one,
the scattered flux is integrated over lines of sight which pass through a mix of optically thick
and optically thin clouds. Another problem is that contributions from resonantly scattered
flux can contaminate the BAL. However, spectropolarimetry can be useful as a tool for
determining what portions of the BAL are saturated and what portions are unsaturated
and safe to use in abundance determinations. In addition, broad band polarimetry can be
used to select objects with very low polarization (P < 0.5%), for which it is likely there is

less contamination from scattered light in the BAL.
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5.16 Conclusions

The broad emission lines in BAL QSO have very low polarization. A few objects have BEL
polarized at a detectable level, and at a PA different from the continuum. The C IV, Si IV,
and Lya/N V BEL are polarized differently from the C III) BEL, which suggests that they
are resonantly scattered in the BALR. This is reinforced by their polarization perpendicular
to the continuum, and a 1000 km/s redshift of the C IV BEL in polarized flux. The C I17]
BEL in 0019+0107 and 2225-0534 may be polarized by resonance scattering in the BELR.

We have found evidence of resonantly scattered continuum flux in the polarized flux
spectra of BAL QSO 0226-1024 and 1333+2840. The small REW of the resonance scattering
feature in 0226-1024 and the low upper limits in several objects are consistent with a low
BALR global covering fraction (f < 0.30). However, the estimated covering fraction for
133342840 is near unity. This estimate may be compromised by anisotropic scattering and
an equatorial viewing angle, which is suggested by the high polarization.

The resonance scattering feature extends past 12,000 km/s on the red side of the C IV
BEL in 0226-1024 and 1333+ 2840. These extremely high velocities verify that it originates
in the BALR. Resonance scattering in the red wing of C IV is more consistent with an
equatorial outflow than a polar outflow if there is an opaque equatorial accretion disk. The
resonantly scattered continuum photons in 133342840 are polarized perpendicular to the
continuum PA, indicating that the BALR and electron scattering regions are separate and
oriented orthogonally.

In most BAL QSO, the trough polarization is dominated by partial coverage of the
electron scattering region, and the resonantly scattered flux is below our detection level. The
partial coverage of the electron scattering region ranges from f; = 24—100%, indicating that
the scattering region and the BAL clouds have similar angular sizes. There is strong evidence
for velocity-dependent BALR coverage of the electron scattering region in our polarization
spectra. In particular, our analysis of 1246-0542 indicates that the local covering factor
increases with outflow velocity. This is consistent with a non-radial, expanding flow which
arises in an accretion disk and is accelerated outward by radiation pressure. In addition, PA
rotations in the BAL of several objects are consistent with the partial continuum coverage

model. These rotations indicate a misalignment of the symmetry axes of the scattering

region and intervening BAL clouds.
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The narrow BAL sub-troughs at low velocity in 0226-1024 and 152445147 belong to a
different class of absorption systems, which completely cover the electron scattering region,
but only partially cover the BELR. This suggests that they may originate near the base of
the outflow, and are closely associated with the BELR. They may be BEL clouds above the

plane of the accretion disk seen in absorption against the continuum sources.
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Chapter 6 Summary and Outlook

6.1 Results

e BAL QSO appear to be normal QSO viewed from a more equatorial direction, through
a large column of highly ionized gas. They have higher average continuum polarization
than non-BAL QSO because they are viewed at low latitudes. The polar BAL outflow
model is ruled out. BAL QSO show a large intrinsic range in polarization (0 — 6%)
which is probably due to to a large range in electron scattering optical depths. The
continuum polarization distribution of BAL QSO matches the polarization distribu-
tion of non-BAL QSO if the unification hypothesis is true and BAL QSO are viewed
over a narrow inclination range. The lack of correlation between line equivalent widths

and continuum polarization is also consistent with this model.

e The wavelength dependence of the continuum polarization is very weak, consistent
with scattering from electrons and a pinch of dust. Dilution of the polarization by
Fe II emission lines can account for some, but not all of the wavelength dependence.
Absorption of the direct continuum by dust may also serve to bluen the polarization
spectrum. There are only weak indications of neutral hydrogen opacity features, so

the scattering medium must be highly ionized.

e The BEL in most BAL QSO are polarized at a very low level, indicating that the
electron scattering region is smaller than the BELR. The C III] BEL is polarized in
only two objects, possibly by resonance scattering in the BELR. The perpendicular
polarization of the C IV BEL relative to the continuum suggests that it is resonantly

scattered in the BALR.

* Resonantly scattered continuum is detected at high velocities (0-24,000 km/s) in two
BAL QSO. We see continuum and BEL photons resonantly scattered from the far side
of the BAL outflow. This is consistent with an equatorial outflow model. The low
flux of resonantly scattered continuum suggests a global covering fraction f < 30%

in several objects. Our large estimate for the covering fraction in 1333+2840 may be
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due to anisotropic scattering effects in the BALR.

e High polarization and P A rotations are general features of the BAL. These are caused
by partial coverage of the electron scattering region by the BAL clouds. The partial
coverage phenomenon is consistent with a polar location for the scattering electrons.
The velocity dependence of the partial coverage confirms that the BAL flow has a non-
radial component and that it is accelerating and expanding outward. This appears
to be a general result in the sub-troughs of a number of objects, though we focused
on 1246-0542. Some relatively narrow BAL at low velocity completely cover the
continuum sources, but not the BELR. This suggests that they are located near or in
the BELR. It is also an independent confirmation that the BELR is larger than the

electron scattering region.

6.2 Future Directions

Now that we have detected resonantly scattered emission from BAL QSO, the challenge
is to better constrain the global BALR covering fractions. This will require a detection of
the resonantly scattered component in total flux as well as in polarized flux. Additional
progress may be made by spending many hours observing a single object. Our 4 hour
observation of 0226-1024 indicates that it will be possible to determine a velocity profile
for the resonantly scattered emission with several nights of observations. With this profile
and high S/N observations of the BEL, it may be possible to decompose the direct and
resonantly scattered portions of the flux in the C IV BEL. It will be necessary to correct
for contamination by adjacent BEL at a level lower than 2 A REW for this to be success-
ful. With a good measurement of the total resonantly scattered flux, the main remaining
uncertainty in the global covering fraction will be variation in the REW of the BAL with
viewing direction. Another benefit of a higher S/N spectropolarimetric measurement of the
resonance scattering profile is that it could be used to further constrain the geometry and
dynamics of the BAL outflow.

The next challenge is to use the BAL polarization curves to test detailed dynamical
models of the BAL outflow. To decipher these curves, we will need to go beyond our
empirical model and use a specific model for the geometry of the scattering region and

BALR. The geometry and dynamics are presumably coupled through the physics of ablation
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from an accretion disk. The goal is to come up with a model with the smallest number of
free parameters which predicts the coverage of the electron scattering region as a function
of velocity.

Partial coverage of the electron scattering region is a bane for QSO ionization equi-
librium and abundance determinations from the UV BAL optical depths. However, we
have shown that spectropolarimetry may be used as a tool to determine which troughs and
sub-troughs most completely cover the continuum. In particular, the low velocity, relatively
narrow BAL and the high-velocity tails of the BAL have the greatest local covering fraction.
Moreover, the BELR covering fraction of the low velocity systems can be determined from
the unpolarized flux spectra of the BEL. Once suitable unsaturated absorption systems
have been chosen, it will be possible to make improved estimates of their ionization and
abundances by measuring their optical depths in a large number of UV BAL. Additional
improvements to the ionization determinations will come with the measurement of total
column densities from X-ray absorption and better constraints on the ionizing UV through
X-ray spectral energy distribution.

Another potential area of progress is the search for and possible discovery of type 2
QSO. This will be a difficult task because the central source is expected to be obscured
at most wavelengths. The search may best be carried out with a large area hard X-ray
survey. If these objects are finally found, it will be possible to determine the beaming angle
of the UV continuum from observations of the extended emission line regions, as we can
now do with high-redshift radio galaxies. Imaging polarimetry and spectropolarimetry of
the extended ionization cones will further help to constrain the geometry of the molecular
torus and by inference, the inclination angle of the BAL outflow. We can also hope to find
signatures of the 0.1c BAL outflow impinging on the interstellar medium of the host galaxy
and learn what a BAL outflow looks like on kpc scales.

Finally, the holy grail is to determine why BAL QSO are almost exclusively radio-quiet,
or probably more to the point, why radio-loud QSO do not show BAL absorption. The
answer lies close to the central engine, where the radio jets are produced. One possibility
is that radiation from the jets over-ionizes the BAL flow. Another attractive possibility
is that the collimation of the radio jet can only occur if there is close alignment of the
black hole spin axis with the accretion disk axis. Otherwise, the outflow originates at larger

radii in the form of a radiatively driven BAL flow. Studies such as ours of QSO structure
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on sub-parsec scales are the first steps towards determining the fundamental mechanisms

which drive AGN outflows.
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