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ABSTRACT

We measured UBVRI polarizations of 0.5%~2.5% in more than a dozen “normal” quasars and Seyfert 1
galaxies. The position angle is wavelength-independent, suggesting the polarization in a given object originates
in a single physical process. In many cases the percentage of polarization increases with frequency.

By fitting the multiwavelength spectra with models, we estimate the fractions of the observed flux originat-
ing in separate continuum components: infrared, recombination, stellar, and thermal. We compare the pol-
arized fluxes observed in each filter with the predictions of competing models of polarization in AGNs:
synchrotron emission, scattering from electrons or different types of dust grains, and electron scattering in an
accretion flow. In nine of the sources, the polarization is best understood as scattering off dust grains. Eight of
these, 0134+ 329 (3C 48), 0711 +458 (Mrk 376), 1004+ 130 (4C 13.41), 1426+ 015 (Mrk 1383), 1534+ 580 (Mrk
290), 1535+ 547 (Mrk 486), PG 1552+ 08, and PG 2209 + 185, appear to have a nonspherical distribution of
dust with grains best described by the 1977 model of Mathis, Rumpl, and Norsieck. These objects tend to be
redder and, in certain cases (e.g., Mrk 486), have broad emission lines which show the same polarization as
the continuum. The second most successful fit to the data assumes polarization proportional to the flux of the
blue thermal component. This model best characterizes 1208 +397 (NGC 4151), 2041 —109 (Mrk 509), and
possibly 1415+ 253 (NGC 5548) and 1534 + 580 (Mrk 290). These objects have lower levels of polarization and
unpolarized (where measured) emission lines. The modest polarization associated with the thermal ultraviolet

component might be due to electron scattering in an accretion disk or torus.
Subject headings: galaxies: active — galaxies: photometry — galaxies: Seyfert — polarization —

quasars: general

1. INTRODUCTION

Understanding the source of the powerful continuum emis-
sion from active galactic nuclei (AGNs) has been a major goal
since the discovery of quasars almost three decades ago. (We
follow the usual terminology in which “ quasars” and “ Seyfert
1 nuclei” are two subcategories of AGNs, with relatively
higher and lower luminosities, respectively). During the last
decade, the continuum has been observed over a wide range of
wavelengths, and researchers have concluded that more than
one emission mechanism operates in the region surrounding
the central engine. However, even these accumulated multi-
wavelength data have been insufficient to decide which mecha-
nisms dominate in the various classes of AGNs, and how these
mechanisms may be physically related. Polarization, and its
wavelength dependence, is one of the less studied character-
istics of the quasar central engine continuum, and it may be a
key to physically distinguishing between different emission
mechanisms.

Polarization in AGNs can be intrinsic or extrinsic. Intrinsic
polarization is imprinted during the emission process itself.
Synchrotron emission is an example of an intrinsic process,
where polarization results from nonthermal emission by elec-
trons in an anisotropic magnetic field. Extrinsic polarization is
caused by a subsequent process. Scattering by a nonspherical
distribution of electrons, or dust particles, near the central
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engine, or by magnetically aligned dust grains in the inter-
stellar medium of the galaxy, are examples of proposed extrin-
sic polarization mechanisms. The resulting wavelength
dependence of polarization is unique to each of these mecha-
nisms, making multiwavelength polarimetry a potentially
powerful diagnostic tool.

While the origin of polarization is not known for the vast
majority of optically selected low-polarization quasars, it is
believed to be understood for blazars and Seyfert 2 galaxies. In
the former, a synchrotron jet (probably beamed) emits highly
polarized and violently variable radio and optical continua.
Radio quasars with compact cores are observed to have high
optical polarization (P > 3%), rapid optical variability of large
amplitude, featureless red continua, and apparent super-
luminal motion of VLBI radio components (Stockman, Moore
and Angel 1984 [SMA]; Impey 1987). In Seyfert 2 galaxies,
polarization appears to arise from scattering of the light of an
otherwise obscured active nucleus.

There may also be a distinction in the polarization mecha-
nisms of high- and low-luminosity AGNs. For example, the
correlation between the polarization position angle and the
symmetry axes of some Seyfert galaxies (Thompson & Martin
1988) implies that the polarization arises from transmission by
aligned dust grains far from the central engine. Higher lumi-
nosity quasars are less likely than Seyfert galaxies to have
P > 2%, and the source of the polarization is more uncertain,
at least for the majority of them which lack strong radio cores
and violent variability.

Polarimetric studies of AGNs usually rely on one of two
approaches. One can observe the white-light polarizations of
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many members of a class of AGNs. Correlating polarization
statistics with other observables may allow one to infer the
polarization and emission mechanisms. For example, the
polarization in some Seyfert galaxies correlates with measures
of dust in the narrow line region, suggesting polarization by
dust scattering (Berriman 1989). Alternatively, the correlation
between compactness of the radio source and variability of
polarization in radio-loud quasars is interpreted as evidence
for polarization by the synchrotron process (Impey & Tapia
1989). A second approach is to study the polarization of indi-
vidual AGNs at spectral resolution sufficient to resolve emis-
sion lines. This is usually possible only for the brighter and
more strongly polarized objects in a class (e.g, NGC 4151
[Schmidt & Miller 1980] and NGC 1068 [Antonucci & Miller
1985]).

In this paper we take a third, intermediate approach in
which we collect and analyze low spectral resolution (broad-
band) polarimetry on more than a dozen AGNs. In order to
obtain signal-to-noise ratios [P/o(P)] of order 10 on low-
polarization quasars (LPQs) and Seyfert galaxies, the targets
should be brighter than m, ~ 16. Even these bright sources
may have such small polarizations (less than one-half of 1%)
that adequate signal-to-noise cannot be achieved in any practi-
cal integration time. We measure the spectral shape of contin-
uum polarization in several broad spectral bands and correlate
it with other observables of the AGNs.
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2. MEASUREMENT OF THE WAVELENGTH DEPENDENCE
OF POLARIZATION

2.1. Object Selection

The objects included in this study were chosen from two
large surveys of the white-light polarizations of quasars
(Berriman et al. 1990 and SMA) to (1) have significant (=>1%)
optical polarization, yet not be known OVVs, (2) be bright
enough that accurate UBVRI polarimetry was practical, (3)
cover a range of luminosities and object types, (4) have rela-
tively blue colors, thereby minimizing internal reddening, and
(5) be at high Galactic latitudes, thereby avoiding significant
polarization due to interstellar material in our Galaxy.

Table 1 lists the 26 high-luminosity Seyfert 1 galaxies, opti-
cally selected quasars, and radio-selected quasars, originally in
our polarimetry program. Three objects for which multi-
wavelength polarimetry has been published are noted. These
are low-luminosity Seyfert 1 galaxies observed by Thompson
et al. (1979), Schmidt & Miller (1985), and Antonucci (1984).
Published measurements of some of these objects will be used
to augment our data and serve as “template” systems to vali-
date our polarization models. For nine of our program objects
we have polarimetry in only one or two wavebands, and for
two objects continuum flux measurements are incomplete. This
leaves a total of 15 AGNs with sufficient multiwavelength data
for our complete analysis.

TABLE 1
POLARIMETRY PROGRAM QUASARS

Log F® Eg_y Stars®

Object Type® z (mJy) My (Internal) (mJy)® References
0050+ 124 (PG,IZwW 1) ....ooevenninnn.. S/Q 0.060 0.83 —22.55 0.06 1.40 1,5
0134+329(3C48) ..onvvennieianeenaens R 0.367 0.05 —24.40 0.03 0.10 6
0349 —146(3C95) ..vvvvieiiiiieeinnn, R 0.614 —25.719
0405 — 123 (PKS)® .oeovvineiniieiieieinenns R 0.574 —27.34
0414—06 (Pks,3C110) .......cccovennnen. R 0.781 —0.04 —26.62 0.00 0.02 7
0711 +458 (Mrk 376)° ......ovvvvinninennnn. S 0.056 0.63 —21.57 0.10 1.60 1,8
0923+ 129 (Mrk 705)% ...oevvviiiinannns S/Q 0.029 e —20.39 . . ..
1001 +054 (PG)? ..ovvvievieiiiieeeene, Q 0.161 —2291
1004+ 130 (PG,4C 1341) ...oceeveennnnnn. R 0.240 0.47 —2398 0.03 0.05 6
10124+0L(PG)® ..o Q 0.185 —2345
1048 —09 (PG, 3C246) ........cc.eenenen.. R 0.344 e —24.69 e - e
11144+ 445(PG) .oeovviniiiiiieiiiian Q 0.089 027 —22.75 0.00 0.50 9
11384+04(PG)* ..o Q 1.876 —28.25
ST+ 11T (PG e Q 0.176 0.10 —23.73 0.00 0.16 9
1208 +397 (NGC4151)° .....evnvennnnnn.. S 0.003 1.63 —18.31 0.00 7.00 2,5
1216407 (PG)? .eoevieiieieieieeiaeas Q 0.334 —2494
1222 +228 (PG, Ton 1530)................. Q 2.05 0.07 —28.99 0.00 0.00 10,9
12544047 (PG) ..o Q 1.024 -27.19
1415+ 253 (NGC 5548)° ....cevvvennnnnnn. S 0.017 1.12 —19.80 0.02 3.00 2,5
1426+ 015(Mrk 1383) .......oovvinnntn. S/Q 0.086 0.78 —22.63 0.00 0.68 1,9
1501+ 106 (Mrk 841)% .........covvennnnnn. S/Q 0.036 e —20.70 e . e
1534+ 580 (PG, Mrk 290) ................. S/Q 0.031 0.60 —19.86 0.00 1.10 1,8
1535+ 547 (Mrk 486) .......covvneeninnnnnn. S/Q 0.039 0.61 —20.60 0.05 0.50 1,4,8
1552408 (PG) ..evvnniniiiiiiiiiiiiiens Q 0.119 0.28 —2237 0.00 0.36 9
2041 —109 Mrk 509)° .....ovvneennenennnn.. S 0.035 1.11 —22.39 0.00 1.50 2,5
2209+ 185(PG) .ovvvviniiiiiiiiiiniaenns Q 0.070 0.56 —21.38 0.00 1.00 4,7,9

REFERENCES.—(1) Unpublished data from Palomar 60 inch. (2) Malkan & Filippenko 1983. (3) Hutchings et al. 1984.
(4) Neugebauer et al. 1985. (5) Edelson & Malkan 1986. (6) Neugebauer et al. 1979. (7) Unpublished data from Lick Observatory.
(8) de Bruyn & Sargent 1978. (9) Neugebauer et al. 1987. (10) Inferred from high redshift and extremely high luminosity.

* Type: Q = radio-quiet quasar, R = radio-loud quasar, S = Seyfert galaxy.

® Log flux at log v = 14.74. Luminosities for H, = 75kms~! Mpc™!.

¢ Flux density at 5500 A in 10" aperture.

4 Polarimetry in two or fewer bands.

¢ Previously published multiwavelength polarimetry.
f UV and optical continuum mismatch.
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2.2. Observations

The data were obtained with two polarimeters. Both instru-
ments achieve polarimetric modulation by means of a rotating
achromatic half-wave retarder under continuous computer
control. Guiding was performed with an intensified acquisition
TV. Northern hemisphere objects were observed primarily
with the “Two-Holer ” polarimeter on the 2.3 m telescope of
Steward Observatory during the period from 1982 May to
1986 September. Supplementary observations utilized the 1.5
m telescope at Mt. Lemmon and the 5 m Hale telescope. Spec-
tral bandpasses were defined by colored glass filters which
closely resemble the Kron-Cousins UBVRI filter system
(3250-3900, 3800-4800, 5000-6100, 5600-7200, and 7250—
8600 A, respectively, where limits refer to half-power points).
These fixed bandpasses may not be optimal for the spectrum of
any particular active galaxy, but characterize the shape of the
polarization spectrum in a reasonable allotment of telescope
time. In some instances the combined white (W)-light polariza-
tions were measured. The unfiltered W band was limited only
by the atmospheric cutoff in the UV (3200 A) and the falloff of
instrumental sensitivity in the red (approximately 8600 A).

In the southern hemisphere, observations were made with
the “MINIPOL ” polarimeter on the du Pont 2.5 m telescope
at Las Campanas Observatory during the period 1984 March-
1986 May. Like “Two Holer,” MINIPOL has low instrumen-
tal polarization (P < 0.01%), and fast polarimetric modulation
so that the quality of the data is not affected by minor varia-
tions in atmospheric transparency. For observations of bright
AGN:, the accuracy of the polarimetry is determined primarily
by photon statistics. The precision of MINIPOL, and the reli-
ability of measurements in low polarization for faint extra-
galactic objects, is discussed by Impey, Malkan & Tapia (1989).

The data were acquired and reduced in standard fashion. All
of the polarimetry was obtained with a 2”7 aperture, except for
six measurements (indicated in Table 2) taken with a 574 aper-
ture, using frequent observations of the background sky
through telescope offsets. The degree of polarization was cali-
brated with measurements of bright comparison stars through
a fully polarizing prism, and position angles were rectified to
the equatorial system by means of measurements of interstellar
polarization standards obtained each observing run.

2.3. Results

Since the typical interstellar polarization has a maximum
(usually in the visual) of P,,,,, = 4%—-9% of E5_y,, the expected
interstellar polarizations for most of the program quasars are
of order 0.1%. In five cases we measured the interstellar polar-
ization directly by observing two or three field stars near the
program quasars 1004+130, 12224228, 12544047,
1426+ 015, and 1552+ 08 (Table 2). These corrections were
generally small and were not subtracted from that of the
AGNs.

Our polarimetry measurements for all of the objects are
presented in Table 2. Multiple measurements were averaged in
Stokes-parameter space for each object, resulting in a mean
polarimetric signal to noise ratio of order 10 in each spectral
band. In Table 3 the average polarizations are summarized for
the 13 objects for which we have the best wavelength coverage.
To extend our analysis to a broader quasar sample for sta-
tistical purposes, we also consider several wavelength-
dependent polarization measurements published in the
literature. These include NGC 4151 (Schmidt & Miller 1985),
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Mrk 376 (Martin et al. 1982), and Mrk 509 and NGC 5548
(Thompson & Martin 1988).

Corrections (a slight decrease) to the time-averaged polar-
izations were computed for the bias which is present in the
noisy measurements of a positive definite quantity such as P.
These “most likely ” polarizations were calculated statistically
in the manner of Wardle & Kronberg (1974). In Figures 3a-3p,
which compare polarization models, the observed polariza-
tions are corrected for this bias.

We compared our broad-band filter polarimetry with the
measurements obtained by Martin et al. (1983) and with spec-
tropolarimetry published by Schmidt & Miller (1985). Within
the measurement uncertainties, the polarizations and position
angles agree at each wavelength. The magnitude of polariza-
tion we observed is also consistent with the white-light polar-
izations measured by SMA and others. We find no evidence for
temporal variability in the amounts of polarization or in the
position angles of any of the sources studied here.

In Table 3 we also introduce polarized fluxes and character-
ize the general shape of the polarization spectrum with the
parameter “b” determined by a least-squares fit proportional
to P,F, = Av*®. We find the slope of the wavelength depen-
dence of polarized flux varies widely, between —2 and +1,
with a typical uncertainty of 0.3.

Our observations often show an increase in percentage of
polarization toward shorter wavelengths. The measured posi-
tion angles (P.A.) are constant (wavelength-independent) for
most objects, suggesting that the polarization is dominated by
a single source with a specific geometry. Possible exceptions to
this rule are I Zw 1, 1004+13, and 2209+ 185 where the
I-band (and less noticeably the R) polarization vectors appear
rotated from the position angles of all other bands. When
a simple linear least-squares fit is made to the position angle
as a function of wavelength, we find for I Zw 1: PA. =
31 — 0.003074(A) degrees. The fitting uncertainty on the slope
coefficient is 0.0013, indicating that the data are inconsistent
with a constant position angle (zero slope) at only the 2.2 ¢
level.

3. CONTINUUM FITTING OF THE DATA

3.1. Continuum Components

The continuum emission observed from AGN:ss is believed to
originate from more than one physical mechanism, possibly in
more than one site in and around the central engine. Unfor-
tunately, we do not know a priori which continuum com-
ponents are polarized, or in what way. To make progress, and
to test specific hypotheses, we need to compare the observed
wavelength dependence of polarization with predictions which
depend upon the relative strengths of the different continuum
components. An accurate estimate of these components
requires measurements over a wide range of wavelengths. For
all but two of the AGNs for which we have multiwavelength
polarimetry, we were able to construct continuum energy dis-
tributions from the ultraviolet (measured by the International
Ultraviolet Explorer, 0.1-0.3 um) to the near-, or even mid-
infrared (greater than 10 um). For completeness, IRAS detec-
tions were included when available, although it is unclear how
much of the far-infrared flux is emitted by the nucleus.

In Figures la—1o we display the continuum observations
with errors bars for 15 of these sources. A description of the
multicomponent model fit to the spectra, represented by the
solid lines, is given in § 3.2. Corrections have been made for
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& TABLE 2
;ﬂ: MEASUREMENT DATA: UBV RI AND W POLARIZATIONS, POSITION ANGLES, AND STANDARD DEVIATIONS®
AGN Date U B | 4 R I
PG 0050+124(IZw1)............. 1983 Sep 02 1.14 + 0.08 0.65 + 0.06 0.38 + 0.07 0.26 + 0.09
154+ 19 17.1 + 2.6 8.8+ 50 169.4 + 9.6
1983 Dec 08 1.70 + 0.20 0.31 + 0.11
19.8 + 3.3 1.9+9.7
1983 Dec 12 0.28 £+ 0.07
8.2+ 69
1983 Dec 13 0.36 + 0.07
224 + 6.1
1982 Dec 14 White (W): 0.61 + 0.08
84 +29
0134+329(3C48) ..cevnvnnnnannnn 1984 Oct 05 1.68 + 0.21 1.74 £ 0.19 1.58 + 0.14 122+ 0.13 1.08 + 0.13
150.8 + 3.6 161.4 + 3.1 1619 + 2.5 1589 + 3.0 159.8 + 3.3
1984 Oct 28 2.35 £ 0.29 1.17 + 042 1.62 + 0.59 0.93 + 0.61
163.5+ 3.5 172.8 + 10.2 171.3 + 105 1304 + 19.0
1984 Oct 29 1.02 + 0.34 1.04 + 0.27 0.06 + 0.49
1689 + 9.5 163.7+ 74 168.8 + —
1985 Jan 21 2.53 + 0.59 White (W): 1.07 £ 0.31
1732+ 66 162.8 + 8.2
0349—146(3C95) .euvevvrninninnn 1984 Mar 25 0.65 + 0.35
142 + 15
Pks0405—123 ......c.ocooiinnn.t. 1984 Mar 23 0.22 + 0.08°
25. £+ 10.
Pks 0414—-06 (3C 110) ............. 1984 Oct 3 0.81 + 0.16 1.06 + 0.18
1373 + 6.1 1329 + 49
1984 Mar 24 0.66 + 0.24
155: + 10.
White: 0.73 £ 0.31
1333+ 11.8
1984 Oct 04 1.06 + 0.46
1540 + 124
1984 Oct 05 0.89 + 0.17 1.04 + 0.17
1472 + 54 146.7 + 4.7
1984 Oct 29 0.70 + 0.39
1559 + 16.0
0923+ 129 (Mrk 705) ............... 1984 Mar 25 0.47 £ 0.10
146 + 6
PG 10014054 .........ccevvnennen. 1984 Mar 24 0.31 +0.23
85+ 20
1004+ 130:(4C 13.41)°...c.eeneene. 1984 Mar 23 1.64 + 0.17° 1.13 £ 0.13° 0.71 £ 0.15°
57.+ 3. 58.+ 3. 24. + 6.
1984 Mar 24 143 +0.14 0.90 + 0.12
63. + 3. 43. + 4.
PG 1012401 ...eoeininiininnnn. 1984 Mar 25 0.39 + 0.11
105. + 8
PG 1048 —09(3C 246) ............. 1984 Mar 24 1.05 + 0.22
59+6
1985 Apr 12 0.83 +0.25 147 + 0.15 1.86 + 0.78
100. + 9. 102. + 3. 77. + 12.
1985 Apr 13 0.79 + 0.78 1.79 + 0.96
105. + 17. 96. + 16.
PG1114+445 ..., 1983 Mar 10 White (W): 2.37 £ 0.18
96.5 + 2.2
1984 Jan 09 2.27 +0.43 3.28 + 0.40 217 +£ 035
903+ 5.5 852+ 35 1022 + 4.6
1984 Jan 10 297 + 044 1.67 + 0.33 1.78 £ 0.35 1.75 + 0.40
99.7 + 4.2 97.7 £ 5.7 88.1+ 55 86.1 + 6.5
1984 Mar 04 2.69 + 0.30 291 + 031 2.10 £+ 0.26 1.93 + 0.23 2.18 + 0.25
1054 + 32 100.2 + 3.0 948 + 3.5 96.0 + 3.4 973+ 33
PG 1138+04 .....oceeviniininnnn. 1984 Mar 23 0.85 + 0.19
48 + 6
PGIISI+117 oo 1984 Mar 24 0.98 + 0.54°
137. + 18.
1984 Mar 25 0.67 + 0.13
155. + 5.6
PG 1216407 .ccovneeneineinennen. 1984 Mar 26 0.44 + 021
13. + 14
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TABLE 2—Continued

AGN Date U B | 4 R 1
1
B 12224228(Ton 1530) ..., 1984 Mar 23 091 + 046
& 134. + 14.
L 1984 Mar 25 0.66 + 0.17 0.62 + 0.62
1207 + 7. 144, + 29.
1984 Mar 26 0.74 + 0.27
134. + 10.
1984 Mar 27 0.67 + 0.29
149. + 124
0.96 + 0.27
146. + 8.
1984 Mar 28 0.67 + 0.29 .
149 + 12.
1985 Apr 16 2.56 + 1.43
34. + 15.
PG 12544047 ..ooovveeennen. 1984 Mar 26 1.22 4+ 0.19 1.63 + 0.26 1.98 + 0.87
170. + 4. 3.45. 12. + 13.
1984 Mar 28 0.89 + 0.34
6.+ 11.
1426+ 015 (Mrk 1383) ............. 1984 Mar 23 0.68 + 0.19
. 74. + 8.0
1984 Mar 24 0.84 + 0.10 0.76 + 0.10
79. + 3. 78. + 4.
1984 Mar 25 0.85 + 0.11 0.46 + 0.13
84. + 4. 89. + 8.1
1501+ 106 (Mrk 841) ............... 1984 Mar 22 0.42 + 0.10®
104. + 7.
1534+ 580 (Mrk 290) ............... 1980 Mar 16 White (W): 0.79 + 0.14
137.6 + 5.2
1984 Mar 04 1.46 + 0.29 1.22 +0.18 0.95 + 0.12 0.68 + 0.11 0.52 4+ 0.13
1429 + 5.6 146.7 + 4.2 148.3 + 37 147.5 + 4.6 1453 + 7.0
1535+ 547 (Mrk 486) ............... 1980 Mar 16 White (W): 248 + 0.12
1333+ 1.3
1982 Apr 21 3.63 + 1.00 7.44 + 2.70
148.1 + 6.7 145.8 + 10.6
1982 May 30 4.46 + 0.90 261 + 094
161.3 + 5.8 1409 + 104
1982 Sep 22 304 + 1.36 275 + 041
142.8 + 9.0 1442 + 43
1983 Mar 31 3.59 + 0.55 207 + 0.29
139.7 + 4.4 141.7 + 39
1983 Aug 30 2.85 + 030 246 + 0.17 2.10 + 0.15 246 + 0.19
1452 + 3.0 144.1 + 20 138.0 + 2.1 147.0 + 2.2
1983 Sep 02 349 + 0.24 294 +0.26 2.11 +0.17 203 + 0.24
1349 + 20 1399 + 2.5 1399 + 2.3 136.6 + 3.3
1984 Mar 03 3.90 + 0.27
1403 + 2.0
PG 1552408 ...ooovvneeinn, 1984 Mar 27 3.07 + 058 131 + 031
69. + 5.4 78. + 6.8
1984 Mar 26 1.96 + 0.18
88. + 2.6
1984 Mar 28 132 + 0.18
76. + 3.9
PG 22094185 ..oovneeeneenannn. 1980 Jun 19 White (W): 121 + 028
237 + 6.6
1983 Aug 30 0.46 + 0.27 0.68 + 0.26
277+ 168 67.9 + 109
1983 Aug 31 1.18 + 0.70 0.46 + 0.19
1773 + 17.0 164 + 12.0
1983 Sep 02 0.89 + 0.44 0.44 + 0.23 0.35 + 0.21 0.48 + 0.22
20.3 + 14.0 166.5 + 147 1650 + 17.0 19.8 + 144
1983 Dec 13 0.13 + 035
120 + -

* Polarization (%)/Position Angle (degree).

® 574 aperture.

¢ Field star polarimetry (direction from AGN: % P, P.A.). Southwest: 0.26 + 0.04, 95. + 4.4. Northeast: 0.23 + 0.06, 71. + 7.5. South:
0.15 4+ 0.07, 85. + 14.

4 Field star polarimetry. Southwest: 0.24 + 0.01, 49. + 1.2. West: 0.12 + 0.04, 84. + 9.6. Far West: 0.61 + 0.05,118. + 2.3.

¢ Field star polarimetry. South Southwest: 0.33 4 0.06, 66. + 5.2. Southeast: 0.19 + 0.04, 64. + 6.0.

! Field star polarimetry. “ A ”:0.28 + 0.05, 60. + 5.1. “B”:0.18 + 0.03,75. + 4.8.

¢ Field star polarimetry. South: 0.25 + 0.05, 65. + 5.7. Southeast: 0.31 + 0.04, 82. + 3.7. Southwest: 0.51 + 0.04, 66. + 2.2.
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TABLE 3
TIME-AVERAGED WAVELENGTH-DEPENDENT POLARIZATION OBSERVATIONS®

Object U B Vv R I b:PF oc v°
0050+124 .......... 1.70 + 0.20 1.14 + 0.08 0.65 + 0.06 0.36 + 0.05 0.27 + 0.05 +1.14
AZwl)...oooooee. 19.8 + 3.3 154 +20 17.1 £ 2.6 154 +39 1.6 £52
0134+329 .......... 1.70 + 0.20 1.92 + 0.16 1.46 + 0.12 1.20 + 0.11 0.99 + 0.12 +0.26
(3C48) ...........l. 1542 + 3.3 1622 + 24 1633 + 24 160.3 + 2.8 1589 + 3.6
0414—06............ 0.81 + 0.16 0.86 + 0.14 091 + 0.16 1.04 + 0.17 0.70 + 0.39 —-0.73
3C110) ......nnnen. 1373+ 5.6 1384 + 4.8 148.1 + 5.0 146.7 + 4.7 1559 + 16.0
1004+130 .......... 1.64 + 0.17 1.13 £ 0.13 143 + 0.14 0.90 + 0.12 0.71 £ 0.15 +0.36
(4C1341) ........... 57+ 3.0 58+33 63 +28 43 +38 24 + 6.0
1048—09°........... 0.79 + 0.78 0.74 + 0.17 147 + 0.15 1.73 + 0.60 —-1.7
(3C246) ............. 105 + 26.3 73.6 + 6.4 102. + 2.9 843+ 9.9
1114+445 .......... 2.69 + 0.30 293 +0.25 1.99 + 0.18 212+ 0.17 2.05 £ 0.18 —0.37

1054 + 3.2 100.0 + 2.5 94.6 + 2.7 913 +23 96.8 + 2.5
12224228 .......... 2.56 + 1.43 0.60 + 0.15 0.82 + 0.20 0.76 + 0.22 —0.35
(Ton 1530) .......... 34 +15.6 1270+ 7.0 1472 + 6.9 1350 + 8.2
12544+047° ......... 0.89 + 0.34 1.22 + 0.19 1.63 + 0.26 1.98 + 0.87 —18
6+ 10.8 170 + 4.5 3+46 12+ 124
1426 +015 .......... 0.85 + 0.11 0.84 + 0.10 0.76 + 0.10 0.51 +£0.11 +0.27
(Mrk 1383) .......... 84 + 3.7 79 + 34 78 + 3.8 829 + 6.0
1534 +580 .......... 1.46 + 0.29 1.22 + 0.18 0.95 + 0.12 0.68 + 0.11 0.52 + 0.13 +0.51
(Mrk 290) ........... 1429 + 5.7 146.7 + 4.2 148.3 + 3.6 1475 £+ 4.6 1453 £ 71
15354547 .......... 3.77 £ 0.22 3.19 £ 0.19 2.60 + 0.14 2.10 £ 0.11 2.29 + 0.12 —-0.57
(Mrk 486) ........... 1420 + 1.7 1384 + 1.7 142.7 + 1.6 1388 + 1.5 1432+ 1.6
1552408 ............ 3.07 £ 0.58 1.96 + 0.18 1.32 £ 0.18 1.31 £ 0.31 +0.20
69 + 54 88 + 2.6 76 + 3.9 78 + 6.7
2209+ 185 .......... 0.90 + 0.37 0.34 + 0.18 0.35 + 0.14 032+ 0.15 +0.58
12.6 + 11.7 3.7+ 144 47+ 113 42.1+ 134

2 Polarization (%)/Position Angle (degree).

® UV and optical continuum mismatch, no continuum fits.

reddening from dust in the Milky Way, assuming a standard
Eg_y),/H 1 ratio (Burstein & Heiles 1978), and normal
reddening law. The corrections were quite small since most of
the objects are at high Galactic latitude. Corrections for inter-
nal reddenings are also likely to be minor. The great majority
of them were selected by their ultraviolet excesses, either in the
PG or Markarian surveys. The extremely small absorption of
soft X-rays in Mrk 509, NGC 5548, and 3C 273 require very
small E(B—V),, < 0.05, 0.1, and 0.05, respectively, for stan-
dard dust/gas ratios (Turner & Pounds 1989).

3.2. Continuum Fits and Component Fluxes

To fit the various spectral components in the multi-
wavelength continuum, we used the methods of Malkan &
Sargent (1982) and Malkan (1983). The long-wavelength con-
tinuum was first fitted with a power law of slope a. The power
law is a negligible component at optical wavelengths for
several of the quasars in our program, including 1004+ 130
(4C 13.41), 11514117, and 1552+ 08. The deconvolution of
optical continua for these objects should be valid regardless of
the physical reality of the power-law component. For most of
the program objects, the flux in our broad-band filters was
dominated by the continuum. The principal exception was the
R filter, where, for several low-redshift AGNs, the equivalent
width of Ha indicates that this line produced up to 20% of the
total flux. These cases are indicated in Table 5. The estimated
flux for the pseudocontinuum of Fe 11 line and Balmer contin-
uum emission was included, as in Edelson & Malkan (1986).
The remaining ultraviolet excess continuum was fitted with a
two-parameter model of a relativistic, optically thick, geo-
metrically thin accretion disk (Sun & Malkan 1989). In the
most luminous quasars, the flux contribution from starlight

was less than 10%. In less luminous objects, we adopted the
stellar flux estimates of Neugebauer et al. (1987) or used
unpublished direct images. Even though these estimates could
be in error by as much as 25%, this would generally have led to
only small errors in our determination of the nonstellar contin-
uum compared with the much weaker starlight. The exceptions
were the Seyfert 1 galaxies and PG 2209 + 185, which appears
to reside in a luminous elliptical galaxy (Neugebauer, et al.
1985). Underestimating the starlight in these objects would
have biased us in favor of hypotheses which predict strong
increases of polarization in the blue. We discuss several polar-
ization hypotheses in the next section, including thermal and
dust-scattering models which would be affected by an over-
estimation of polarization at higher frequencies.

The model parameters for the power-law flux, Balmer con-
tinuum flux, black hole mass, and accretion rate, which best fit
the observed continua are summarized in Table 4. Had we
assumed a thermal origin for the near-infrared flux, the black
hole masses would have to be doubled and the accretion rates
increased about 10% (Malkan 1989).

Table 5 lists the proportions of power law, starlight, Balmer
continuum, and thermal emission contributing to the total flux
in each of the UBVRI bands. The continuum fits were also
extrapolated to a mid-ultraviolet band “MU” centered on
2100 A, and a far-ultraviolet “ FU” band centered on 1300 A,
as well as the J (1.25 uym), K (2.2 um), and L (3.8 um) near-IR
bands.

3.3. Uncertainties in Continuum Fits

When an individual continuum component dominated a
spectral region, its flux contribution could be determined accu-
rately (to within 10%). Since the assumed “power-law ” com-
ponent always dominated the infrared fluxes, its slope was well
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F1G. 1.—Spectral energy distributions for the program quasars and Seyfert 1 galaxies. Data points are shown with error bars. Best multicomponent fit is shown as

a solid line.

determined, with an accuracy of +0.2. The uncertainties in the
starlight component were negligible for the majority of the
AGNs. The recombination and thermal model parameters in
the multicomponent fits were varied within the limits allowed
by the data, and the uncertainties estimated in these contin-
uum components for each of the wavebands. We defer further
discussion of the uncertainties in continuum fits until the
results of the polarization modeling have been presented.

The multiwavelength continuum fits were based on observa-
tions which were usually not contemporaneous with the po-
larimetry. Fortunately, repeated flux measurements have
shown that most of the normal quasars and Seyfert galaxies in
this sample exhibit only small-amplitude flux variability (less
than 0.4 mag) at optical wavelengths (Allan & Keel 1993). The
only two exceptions, PG 1048 —09 and PG 12544047, are
discussed below. More critically, the shape of the optical con-
tinuum did not change substantially (Cutri et al. 1985). Finally,
our data published here do not indicate that the polarizations
vary significantly with time (as is discussed further below).
Therefore, we believe that the nonsimultaneity of our photom-
etry and polarimetry is not a significant source of uncertainty
in our procedure.

We argued in the previous section that there was little evi-
dence that these spectra required significant corrections for
internal reddening. Even if they were dereddened, to first order,
our component-fitting results would be affected very little. This
is because our polarization model predictions which we tested
depend upon observed components as distinct from the dered-
dened components. Our estimates of the relative contributions
of each component to the U, B, V, R, and I fluxes would still be
approximately correct, because reddening would have a
roughly similar effect on all components (i.e., making all of
them fainter and redder).

4. POLARIZATION MODEL FITTING OF THE DATA

4.1. Polarization Models and Limitations

Each of the several polarization mechanisms that have been
proposed for AGNs, predicts a different wavelength depen-
dence of polarization. We describe these polarization hypothe-
ses and our models, and then compare model predictions with
observations.

(1) Power Law Hypotheses (PL)—An apparent power-law
flux component gives rise to the observed polarization, prob-
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ably due to synchrotron emission. If this component is pre-
sumed to have wavelength-independent polarization, the
observed polarized flux will be proportional to the power-law
flux at each wavelength. There is one constant of
proportionality—the percentage of polarization of the power
law. Since the power-law flux has a negative slope when

plotted against increasing frequency, this hypothesis predicts
that the total polarized flux observed from the object should
decrease with increasing frequency.

Several dust scattering hypotheses (nos. 2, 3, 4) assume that
all of the nuclear light, including broad line region (BLR) emis-
sion, passes through a nonspherical distribution of dust grains,

TABLE 4
COMPONENT FITTING PARAMETERS

F,@5400A  F,3646 A  BH Mass  Accretion Rate
Object i (mlJy) (mly) M) Mg yr™h)
0050+ 124 .......... —1.65 2.50 0.80 7.0E+08 0.05
0134+329 .......... —1.60 0.40 0.30 1.0E +09 0.26
0414—06............ —-0.90 0.22 0.01 9.0E+08 2.50
0711+458* ......... —1.40 2.20 1.00 3.0E+08 0.02
1004+ 130 .......... —-155 0.35 0.50 L.SE+09 0.50
11144445 .......... —1.80 0.37 0.30 8.0E+08 0.06
1208+397% ......... —137 24.0 10.0 1.2E+07 0.0025
1222+228 .......... —0.80 0.30 0.04 5.3E+09 19.0
1415+253* ......... —1.40 5.00 2.50 9.0E +07 0.006
1426+015 .......... —-1.15 2.80 4.00 3.0E+08 0.15
1534+580 .......... —1.50 1.00 1.10 40E+07 0.019
1535+547 .......... —1.30 1.60 1.40 1.1IE+09 0.006
1552408 ..cconnnnee. —1.40 0.16 0.50 L.5E+09 0.048
2041—109* ......... —-125 5.50 8.00 7.0E+07 0.075
2209+185 .......... —1.40 0.30 1.40 9.0E +08 0.03

2 Objects for which we have continuum fits and polarimetry has already been published.
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which scatter a wavelength-dependent fraction of the light. The
observed polarized flux is proportional to the product of the
original nuclear flux, the fraction of the flux which is scattered,
and the polarizing efficiency of the dust. These three factors can
be different functions of wavelength in our different dust
models. Since the nonstellar or nuclear light is 80%-95% of the
total light in most of these objects, the dust hypotheses predict
that the polarized flux will be roughly proportional to the total
observed spectrum of the object, potentially modified by the
peak polarizing efficiency of the grains, and by the dust-
scattering cross section. These assumptions are not tied to par-
ticular geometrical distributions of the dust; special
configurations, such as dust arranged in a “warped disk,” are
not excluded.

(2) MRN Hypothesis—Using the dust grain distribution of
Mathis, Rumpl, & Nordsieck (1977, hereafter MRN). White
(1979) calculated the scattering cross section and the expected
minimum linear polarization, as a function of wavelength. We
used this to estimate the P2 matrix element as the peak polar-
ization times the scattering cross section. Fortunately, for a
standard dust mixture, geometrical considerations are not
overwhelmingly important at visual and near-ultraviolet wave-
lengths. The calculations of White (1979), show that the mean
value of the cosine of the scattering angle (the asymmetry
parameter g) varies by approximately 15% from 2000 to 6000

A. In Figure 2, we show the P2 matrix element (relative po-
larized flux per unit nuclear continuum) calculated using
White’s formulae and figures, as a function of wavelength and
scattering angle. It shows that our simple approximation in the
MRN hypothesis matches well the wavelength dependence for
angles of 30°-90°. Although it somewhat overestimates the
polarized flux from dust at 120° and 150° (i.e., behind the
central source), such backscattering is probably not very
important. Because of the extreme forward-scattering of the
interstellar dust, most of the observed polarization would arise
from dust to the side or front of the continuum emitter (at
angles of 30°-90° degrees). Our MRN extrapolation to wave-
lengths longer than 1 um is more uncertain.

(3) A~ ! Hypothesis—The nonstellar continuum is polarized
by a nonspherical distribution of grains which produce polar-
ization inversely proportional to wavelength (i.e., P2 oc 1™1).
Here we are assuming polarization caused by scattering;
Martin et al. (1982) argued that transmission of nuclear contin-
uum light through very small dust grains could explain the
strong rise of polarization with frequency in the luminous
Seyfert 1 galaxy IC 4329A. Our model receives some motiva-
tion from the fact that polarization proportional to 47! is also
observed in some dusty IRAS-selected quasars, such as IRAS
13349 + 2438 (Wills et al.1989).

(4) A~ 2 Hypothesis—Another variant of the dust-scattering
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model is that the nonstellar continuum is polarized pro-
portional to A~2. This stronger wavelength dependence of
polarization has been seen in a few very dusty IRAS quasars,
such as IRAS 14026 + 4341 (Wills et al. 1989), and appears to
be the strongest wavelength dependence that any realistic
population of dust grains is likely to produce. Higher pro-
portionalities (up to 1~ %) are theoretically possible in the Ray-
leigh limit of infinitesimally small grains.

(5) Nonstellar Continuum Hypothesis (Ns)—The polarized
flux arises from scattering by a nonspherical distribution of
particles surrounding the nucleus, and is proportional to the
total flux from the object minus the starlight, or alternately,
minus the starlight and the Balmer recombination emission
from the BLR. Specifically, this hypothesized wavelength-
dependent polarization of the nuclear continuum could be
interpreted as due to scattering by a nonspherical distribution
of free electrons (Antonucci 1988). The Ns hypothesis is simply
another variant of scattering hypotheses nos. 2—4, except that
the polarization is independent of wavelength.

(6) Thermal Component Hypothesis (Th)—The polarization
originates in the blue/ultraviolet excess component, which has
a constant percentage of polarization at all wavelengths. If we
attribute the infrared emission to thermally emitting dust
grains rather than a nonthermal power law (see below), this
component would dominate the UV and optical flux from
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most of the quasars. In this case the only true nuclear contin-
uum component would be the blue/UV thermal component,
and hypotheses 5 and 6 would become indistinguishable.

(7) Interstellar Transmission Hypothesis (IT)—Light from
the nucleus is scattered by interstellar dust in the galaxy in
which the AGN is embedded. This is expected when, for
example, the galaxy is viewed edge-on. From observations in
our own Galaxy the polarization of transmitted light obeys a
simple empirical formula:

P('l) = Pmax exp [_ 1151112 ()“max/l)] g

where A,,,, is usually around 5500 A (Serkowski, Mathewson,
& Ford 1975).

Combinations of these seven different polarizing mecha-
nisms within a single object are possible. However, com-
binations are not the simplest explanation, and the near
constancy of the polarization position angle across the spec-
trum suggests that the polarization is likely due to a single
mechanism. A more complicated interpretation would be that
more than one mechanism is operating, but that they share a
common symmetry axis.

Several of these hypotheses appear to be ruled out easily by
the observed wavelength dependence of polarization. For
example, if polarization measurements with broad red and blue
filters established that the polarization rises with frequency,
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é: AGN Component ~ FU MU U B 14 R I J K L
1
T4 0050+ 124(IZw 1) ..o Stars 0.02 0.01 0.02 008 015 020 024 0.29 0.18 0.06
Power 0.14 0.12 0.16 020 024 028 032 0.43 0.66 0.86
Thermal 0.84 0.78 0.65 061 053 046 037 0.24 0.13 0.07
Recomb <001 0.08 0.16 010 ~ 008 006 007 0.04 0.02 0.02
0134+329(3C48) ............... Stars 001 <001 <001 001 003 009 012 017 0.16 0.01
Power 0.19 017 0.15 020 029 036 041 0.52 0.69 0.86
Thermal 0.80 0.80 048 046 052 048 040 0.24 0.12 0.01
Recomb <0.01 0.03 0.37 033 016 007 007 0.06 0.03 0.02
0414—06 3C110)° .............. Power 0.16 0.16 0.18 017 022 024 029 0.36 0.49 0.61
Thermal 0.84 0.84 0.76 057 065 060 058 0.46 0.32 0.22
Recomb <001 <001 0.06 026 012 016 011 0.13 0.10 0.09
0711 +458 (Mrk 376) ............ Stars 0.04 0.03 0.05 016 026 033 037 043 0.29 0.11
Power 0.26 0.22 0.23 027 029 031 032 0.39 0.58 0.81
Thermal 0.69 0.57 0.38 034 027 023 017 0.11 0.07 0.04
Recomb <0.01 0.18 0.34 023 018 013 014 0.07 0.06 0.04
1004+ 130 (4C 1341)° ........... Power 0.04 0.04 0.05 006 010 012 016 0.27 048 0.70
Thermal 0.96 0.94 0.79 074 085 082 077 0.64 0.44 0.26
Recomb <0.01 0.02 0.16 020 004 004 004 0.03 0.03 0.02
1144445 ..o Stars 0.02 001 0.02 007 020 028 035 0.46 0.33 0.12
Power 0.06 0.07 0.10 014 017 019 023 0.30 0.53 0.80
Thermal 092 0.89 0.74 076 062 052 041 0.24 0.14 0.07
Recomb <0.01 0.03 0.15 003 001 001 001 <001 <001 <001
1208+ 397 (NGC 4151) ......... Stars <001 0.01 0.03 012 016 019 022 0.25 0.13 0.05
Power 0.13 0.18 0.25 034 038 042 045 0.57 0.79 091
Thermal 0.86 0.68 045 042 035 028 021 0.12 0.04 0.01
Recomb <0.01 0.13 0.27 012 011 011 012 0.06 0.04 003
1222+ 228 (Ton 1530)° .......... Power 0.81 048 0.32 031 030 030 030 0.38 0.50 0.61
Thermal 0.19 0.52 0.68 069 068 065 058 0.57 045 0.36
Recomb <001 <001 <001 <001 002 005 012 0.06 0.04 0.03
1415+253 (NGC 5548) ........ Stars 0.01 0.01 0.03 015 022 028 033 0.38 0.22 0.08
Power 0.18 021 0.25 033 036 038 039 0.46 0.68 0.87
Thermal 0.80 0.67 045 044 035 028 021 0.13 0.07 0.03
Recomb <0.01 0.11 0.27 008 007 006 007 0.03 0.02 0.02
1426 +015 (Mrk 1383) ........... Stars <001 <001 <001 003 008 011 015 0.22 0.16 0.06
Power 0.16 0.18 0.19 033 037 041 044 0.52 0.68 0.85
Thermal 0.83 0.71 0.44 059 052 045 037 0.24 0.14 0.07
Recomb <001 0.10 0.37 005 004 003 004 0.02 0.02 0.01
1534+ 580 (Mrk 290)° ........... Stars <001 <001 003 014 023 031 038 0.47 0.32 0.13
Power 0.05 0.08 0.12 019 022 024 026 0.34 0.57 0.82
Thermal 094 0.82 0.55 057 046 038 028 0.16 0.07 0.03
Recomb <001 0.09 0.30 010 009 007 008 0.04 0.03 0.02
1535+ 547 (Mrk 486) ............ Stars 0.02 001 0.02 009 014 018 020 0.24 0.14 0.05
Power 0.48 041 0.40 049 051 054 054 0.62 0.78 0.90
Thermal 0.49 0.37 0.23 021 017 014 010 0.06 0.03 0.02
Recomb 0.01 0.21 0.35 021 018 014 015 0.07 0.05 0.03
1552408 .o, Stars 0.03 0.01 0.01 005 013 019 025 0.39 0.37 0.20
Power 0.15 0.06 0.05 006 007 008 009 0.12 0.22 0.43
Thermal 0.80 0.82 0.70 082 077 071 063 0.47 0.39 0.34
Recomb 0.02 0.11 0.24 007 003 003 004 0.02 0.02 0.02
2041109 (Mrk 509) ............ Stars <001 <001 <001 005 009 013 017 0.23 0.15 0.05
Power 013 0.16 0.17 032 036 041 044 0.54 0.74 0.88
Thermal 0.86 0.67 0.36 048 040 035 026 0.15 0.06 0.02
Recomb <0.01 0.16 045 015 014 011 013 0.07 0.05 0.04
22094185 ..ovoieieeinn Stars 0.03 0.01 0.02 011 022 029 038 0.52 0.48 028
Power 0.09 0.05 0.04 007 007 008 009 0.11 0.21 0.44
Thermal 0.85 0.82 0.62 080 070 062 0.52 0.36 0.30 0.27
Recomb 0.03 0.12 0.32 002 001 001 001 <00l <001 <001

* Fraction of total flux.
b Stars contribute less than 0.10 of the total flux in all bands.
¢ Ho produces more than 20% of the flux in the R band.
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angles (with calculations from White 1979).

this would be sufficient to eliminate the power-law (PL)
hypothesis, since that component’s polarized flux should be
increasing at longer wavelengths. However, the differences
between other hypotheses are more subtle: several dust-
scattering models, as well as the thermal hypothesis, predict a
general rise of polarization with frequency, as observed by
SMA. A choice between the models cannot be made simply
from blue and red polarimetry alone; the multicomponent
nature of the continuum requires more detailed observations
and analysis. For example, Laor, Netzer, & Piran (1990) apply
the thermal hypothesis to the SMA data in Figure 7 of their
paper, but only as a consistency test. The observations might
be explained equally well with several of the dust-scattering
hypotheses described above. In this paper we show how multi-
wavelength polarimetry and modeling can be used to further
differentiate between the competing hypotheses.

4.2. Polarization Model Fitting

We have compared the observed wavelength dependence of
polarization with predictions of seven hypotheses proposed to
explain its origins. These hypotheses are polarization originat-
ing from (1) the long-wavelength “power law,” (2)—(4) scat-
tering by dust grains in the neighborhood of the nucleus with
properties described by MRN, with P oc A~! (Martin et al.
1982), and with P oc A2, (5) all the nonstellar light, (6) the blue
thermal component, and (7) transmission through aligned dust
grains in the host galaxy (Serkowski et al. 1975). These seven
models are represented by the line types shown in Figure 3a.

Deciding how well a given hypothesis fits the polarimetric
data requires some model-dependent interpretation. Testing
these models requires separating the nonstellar continuum flux
from the starlight of the underlying galaxy (which is presumed
to be unpolarized). Some variants of these models also require
estimating the flux emitted by the BLR (particularly the
Balmer continuum and Fe 1 pseudo-continuum of blended
emission lines), to separate it from the nuclear flux generated in
the more compact central engine. Two of the hypotheses
depend upon estimates of the flux from individual continuum
components: a “power-law” and a thermal component.
Hence, the testing of these last two hypotheses is the most
model-dependent.

We fit simple models of these polarization mechanisms to
the data, solving for any constants of proportionality by the
method of least-squares. Fits to individual data points were
weighted inversely proportional to the square of the standard
deviations of the polarized flux measurements. The results are
displayed in Figures 3b—3p which give the polarized fluxes at
the measured UBV RI data points (with error bars), and multi-
ple model fits indicated by the line types of Figure 3a. We
calculate the 2 errors resulting from the application of each
polarization model to the data for each object. The y? errors
have been normalized by their number of degrees of freedom
(ie, divided by the number of polarization measurements
minus one). For some of our objects the preferred model fit has
a x? of only a few and is significantly smaller than that of rival
models. Often there are two or more models which due to the
uncertainties of the modeling cannot be distinguished. In each
case, several of the models appear decisively ruled out.

We evaluated the errors in the polarization model-fitting
process by modifying the multiwavelength fit parameters
within the uncertainties of the flux measurements. We then refit
the polarization data for the objects using a range of values for
the continuum components. For almost all the program
objects, the x? changed very little (typically by less than 10%).
In a few cases, however, the revised fits did produce changes in
values of y2 sufficient to change the ranking of the best two
polarization hypotheses.

4.3. Polarization Model Fits: The Template Objects

Before applying our polarization models to the program
AGN:Ss, we tested our methodology on some objects for which
the origin of the polarization is believed to be understood.
These template objects included known OVV blazars (AO
0235+ 164, OJ 287, and B2 1156+295), and a dusty AGN
(Mrk 486).

For the blazars, we had published UBVRIJK polarimetry
(Smith et al. 1987), but no multiwavelength continuum data.
We therefore assumed a single power-law component domi-
nated the continuum and was the source of polarized flux from
either synchrotron emision or dust scattering, obviating the
need for a multicomponent continuum fit. In this special case,
the nonstellar and power-law models are the same, and the
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TABLE 6
POLARIZATION HYPOTHESES

Object Power Law  Nonstellar ~ Thermal MRN At A2 IT
AO0235+164 .....cccvennennnn.. 5.96° 15.1 82.3 130.0
[0 17 8.84° 482. 2113. 2754.
B211564+29S5 ....ccvvviniinnnnn 57.1° 306. 1690. 3200.
1535+ 547 (Mrk 486) ............ 43.5 8.7 8.3 2.3 39.8 154.5 320
00504+ 124(IZw1) ..coeunennnnn. 289. 61.8 338 323 493 0.95 116.
01344329(3C48) ......ee.ne. 79.3 5.15 6.25 4.70 6.15 325 31.0
0414—-06(3C110) ............... 1.09 0.42 1.22 3.52 5.85 21.6 3.98
07114458 (Mrk 376) ............ 29.8 4.50 6.00 3.50 15.2 40.0 494
1004+ 130(4C 1341) ............ 122. 6.34 6.14 1.84 5.90 14.7 18.6
11144445 ..., 274. 7.36 3.36 5.74 .. 161. 9.58
12084397 (NGC4151) ......... 393. 71.3 0.17 1.10 3.53 5.23 7.87
12224228 (Ton 1530) ........... 0385 0.87 1.23 . 4.00 12.8 242
14154253 (NGC 5548) ......... 17.2 5.00 2.84 4.32 8.64 22.0 2.54
14264015 (Mrk 1383)........... 21.2 1.09 1.19 0.55 5.27 18.6 4.07
15344 580 (Mrk 290) ............ 222 1.99 0.60 0.44 1.37 6.68 6.85
1552408 .o 21.0 2.48 3.83 0.65 2.13 7.63 111
2041 —109 (Mrk 509) ............ 11.7 224 0.66 3.50 16.2 40.5 2.58
22094185 .ot 2.37 0.74 0.69 0.52 0.54 0.71 1.48

2 Values in bold face are models with lowest 2 for that AGN.

® For these blazars we assumed the nonstellar and power-law models are the same.

polarization was assumed equal to a constant of proportion-
ality times the flux. For the dust hypotheses, the polarization
was adjusted by a constant of proportionality times: A ™1, 172,
or the wavelength dependence of the MRN dust mixture. We
obtained least-squares fits of these polarization models to the
observations by varying the constants of proportionality. The
reduced y? errors, between the different polarization hypothe-
sis fits and the observations, are presented in Table 6. The
polarimetry of all three blazars shows much better agreement
with the predictions of the nonstellar/power-law models than
with that of polarization from dust scattering.

Similarly, we investigated the polarization spectrum of Mrk
486, which Schmidt & Miller (1985) have shown rises from dust
scattering. Through fits to the multiwavelength continuum we
estimated the strengths of individual components in each
waveband, and then predicted the resultant polarization spec-
trum for each hypothesis of the polarization’s origin. We fit
each polarization model to the observations and computed the
x2 errors (Table 6). The model of MRN-type dust producing
the polarization matches the shape of the observed polariza-
tion spectrum in Mrk 486 far better than the competing
hypotheses.

5. DISCUSSION OF FITS

5.1. Power-Law and Nonstellar Hypotheses

The y? values of the model fits for the remaining 14 objects
are summarized in Table 6. For each object, the lowest y2
values of the seven models are highlighted in boldface. Some
objects have more than one model with a low x? value, and
uncertainties in the data and models allow more than one
model interpretation.

Our UBVRI polarimetry rules out the uniformly polarized
power-law hypothesis with a slope steeper than —0.7 for all of
the AGNs we measured, except for 0414 —06, 1048 —09, and
1254 + 047. The latter two were not model-fitted because their
measured optical fluxes disagreed sharply with their ultraviolet
fluxes. This disagreement is probably due to strong continuum

variability between the dates of the optical and IUE spectros-
copy. The polarized fluxes of the latter two objects appear to
rise to longer wavelengths, consistent with production by a
(nonthermal) polarized power-law component. In PG
1048 — 09 (3C 246), this is probably the signature of a “mini-
blazar ” like the one detected in 3C 273 (Impey et al. 1989). The
unusually large optical/UV variability we see in these three
quasars is also consistent with the blazar interpretation. PG
1048 —09 (3C 246) differs from classical “high-polarization
quasars,” such as PKS 0736401 and PKS 1510—089 in
Malkan & Moore (1986), in having a low ratio of core to lobe
radio flux. PG 1254 +047 is even less clearly related, since it is
radio-quiet (Kellerman et al. 1989).

The increase in polarization to shorter wavelengths in all the
other program objects prevents us from attributing it to any
power law which is redder than the total spectrum. Thus any
uniformly polarized power-law component would need to have
an average slope flatter than —0.7, to avoid producing polar-
ization percentages which increase to the red. In most of the
AGN:s, the increase in polarization to the blue is large enough
that even a polarized flux (PF) proportional to v~ is ruled
out (see Table 3). Jones & Stein (1987) have proposed that
much of the optical continuum in radio-quiet, low-polarization
quasars is due to nonthermal emission with a power-law slope
of —0.5. For most of our objects the polarimetry appears to
rule out the simplest version of this model, which attributes the
power law to uniformly polarized synchrotron emission.

If any portion of the polarization were attributable to a red
power-law component, our observations at the longest wave-
lengths set strict upper limits on the intrinsic polarization of
the power law. For example, the power law typically produces
one-quarter to half of the observed I flux. For observed polar-
izations of 0.3% at that wavelength, the power law cannot be
more than 0.6 to 1.2% polarized. The polarization limits at 2.2
um are even more restrictive, since the power law would
usually produce nearly all of the flux at that wavelength.

The uniformly polarized nonstellar continuum hypothesis
fits the data for 0414 —06 (3C 110) with low signal-to-noise,
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and possibly 1222 +228. The nonsetllar continuum hypothesis
predicts that the polarized flux should decrease with frequency,
although not as sharply as the pure power-law hypothesis dis-
cussed above. All of the other 13 objects have higher polarized
fluxes in the blue than predicted by the nonstellar model. These
objects have excess polarized blue flux independent of whether
or not the Balmer continuum/Fe 11 emission blend in the UV is
polarized.

Antonucci has proposed that three luminous radio-loud
quasars not included in this study (Ton 202, 3C 323.1, and 4C
34.47) have a constant wavelength-independent polarization
arising from electron scattering of nuclear light. For these
objects the contamination from starlight is negligible, but at
wavelengths below 4000 A the redshifted unpolarized Balmer
emission dilutes the polarization. Although the optical spectro-
polarimetry covers a relatively narrow range of rest wave-
lengths (e.g., 6300-4300 A), these radio-loud quasars would
appear to best fit our nonstellar hypothesis. New near-IR po-
larimetry for Ton 202 and 3C 323.1 (Sitko & Zhu 1991) show
polarizations of 1%—1.5% at 2 um, similar to those measured
in the optical. This is consistent with our interpretation of the
near-infrared continuum as arising in the nucleus and hence
experiencing the same scattering (by electrons?) as the optical.
If the near-IR were thermal emission from hot dust grains in
the BLR, it would be unpolarized (since the BLR emission is
unpolarized). This implies that the near-IR polarized flux does
not arise from hot dust in or beyond the BLR.

5.2. Dust-scattering Hypotheses

Most of the program objects have polarizations best
modeled as arising from scattering off various types of dust
grains. The observed polarized fluxes in several quasars
(01344329, 07114458, 10044130, 1426+ 015, 1534+ 580,
1535+ 547, 1552+ 08, and 2209 + 185) are most similar to pre-
dictions of the MRN dust model. The hypothesis that polariza-
tion increases as rapidly as the inverse square of the
wavelength can be ruled out for every AGN in our sample
except 0050+ 124 (I Zw 1). In fact, the only way that I Zw 1
could have polarization properties similar to the other dusty
sources in this program, is in the unlikely event that we under-
estimated the amount of starlight contamination in the red by
a factor of 3. Further, the dusty Markarian galaxies would also
be subject to this error (since starlight in their spectra is prob-
ably of comparable importance), yet they do not show the
same polarization behavior. This strong wavelength depen-
dence of polarization from dust scattering is observed in the
IRAS-selected dusty quasar 14026+ 4341, but is not expected
to be common in UV-selected AGNss.

5.3. The Thermal Component Hypothesis

The thermal component model best fitted the polarization
spectra of more objects than any other model except for MRN-
type dust. The AGNs whose polarization spectra were best
matched by the thermal hypothesis—1208 + 397 (NGC 4151),
and 2041—109 (Mrk 509), and possibly 1415+253 (NGC
5548)—could be fitted with different levels of components so
that the x> values of the thermal hypothesis varied over a
factor of 2. However, in all component fits, the x? values of the
thermal model were lower than the values of all other polariza-
tion hypotheses. In 0050+ 124 (I Zw 1), 0134+ 329 (3C 48),
0711+458 (Mrk 376), and 1535+ 547 (Mrk 486), different
acceptable multicomponent fits gave y? values for the thermal

POLARIZATION OF ACTIVE GALAXIES 511

component hypothesis which differed by up to factors of 2,
sometimes changing its relative ranking among hypotheses.

We also examined the uncertainties in our fitting procedure
arising from different assumptions about the thermal com-
ponent. We refitted the multiwavelength continua of nine of
our program quasars by replacing the accretion disk model for
the thermal component with a single one-temperature black-
body. The blackbody form is computationally simple and has
some physical motivation. It could be a reasonable description
of the spectrum of a geometrically thick radiation torus. These
simple blackbodies lead to blue bumps with a flux which rises
more sharply to the blue, and produce somewhat brighter
“power-law” components with flatter slopes, than do the
broader accretion disk spectra. In most cases, we found the
blackbody spectrum gave rise to higher y? values for the
thermal component fit, than did the accretion disk model. Two
exceptions are AGNs with the larger values of “b” in Table
3—PG 0050+ 124 (I Zw 1) and PG 1534 + 580 (Mrk 290), for
which the steeply rising blackbody flux is a better match to the
rising polarization in the blue.

We tried modifying the “power law ” used in our fits to cut
off exponentially above 1.1 x 10'* Hz. As described in Malkan
(1989), this analytically simulates thermal infrared emission by
a distribution of warm and hot dust grains. The principle effect
is to require that the thermal component produces more of the
flux in the red and visual wavebands. This results in a fit with a
larger, cooler accretion disk, essentially the opposite of intro-
ducing the blackbody thermal component. As expected, none
of the polarization model fits other than the power law and
thermal component hypotheses are significantly affected by
this assumed cutoff. In some cases, where the previous thermal
fit had yielded the best y2, the change to an exponentially
cutoff power law makes it significantly less good (e.g.,
1208 + 397 [NGC 4151]). Conversely, if the thermal hypothesis
had produced too strong a polarization increase to short wave-
lengths, it yields a better y? if the power law is cut off, as in
1415+ 253 (NGC 5548).

Our conclusions are based primarily on polarimetry at
wavelengths shortward of 0.8 um. Since we are not certain of
the physical nature of the infrared flux, there is a variant of the
nonstellar hypothesis which can be difficult to distinguish from
the thermal hypothesis. Suppose that there is no nonthermal
“power-law” component, and that the near-IR flux is purely
thermal emission from hot dust grains surrounding (but not
immediately inside) the central nuclear continuum source. If
the thermal infrared flux is unpolarized, all of the polarized flux
would have to come from the remaining optical/UV com-
ponent. If, as we suppose, this is identified with the accretion
flow, then the conceptual difference between the nonstellar and
thermal hypotheses would be blurred. Then the principal dif-
ference between the two hypotheses is whether or not the flux
density of the optical/UV component drops at wavelengths
beyond 0.8 um. If the near-infrared continuum is thermal emis-
sion from dust, the optical/UV component is strong in the red;
if the near-infrared is nonthermal, the optical/UV component
must drop in the red (Malkan 1989). If the optical/UV com-
ponent is indeed uniformly polarized, then the nonthermal
infrared scenario would predict a sharper drop in polarization
at long wavelengths than would the thermal infrared scenario.
Sitko & Zhu’s (1991) polarimetry does not favor either of these
hypotheses, and distinguishing between them will require very
accurate polarimetry extending from the visual into the near-
infrared.
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The thermal UV hypothesis (no. 6) requires that all the
polarization originates in the blue/UV component. All other
components are presumed to be unpolarized, and the ratio of
measured polarization to the actual disk polarization equals
the ratio of disk light to the total light. SMA measured the net
polarization of the total optical flux for a large number of
quasars. The different redshifts of objects in the SMA sample
would be expected to cause the disk light from otherwise iden-
tical objects to produce different fractions of the observed
optical light. If most of the polarization in this sample were
produced by a uniformly polarized optically thick thermal
component, one would then expect the average percentage of
polarization to first increase with redshift. Since such an effect
has not been seen, we can conclude that the uniformly pol-
arized thermal component hypothesis alone cannot fully
explain the polarization in most quasars.

Laor, Netzer, and Piran have calculated the polarization
expected from thin disks with nonnegligible absorption
opacity at optical wavelengths. As expected, the decrease in
albedo at longer wavelengths in the disk atmosphere leads to
significantly reduced polarization. At the shortest wavelengths
(in the far-ultraviolet), the polarization is also decreased, by the
differential rotation of the polarization vectors of light rays
which pass near the black hole. This purely relativistic effect
could also produce a detectable rotation in the plane of polar-
ization, but only at the very shortest wavelengths, shorter than
1000 A for most disks. There is no indication that our optical
polarimetry has revealed such an effect, although HST UV
polarimetry could be decisive.

In high-redshift quasars (like many in the SMA sample) the
thermal component would be expected to produce up to 70%
of the white light continuum. If these disks were flat and opti-
cally thick, their polarizations might be similar to the semi-
infinite plane parallel slab calculations of Chandrasekhar
(1960) and Angel (1969). Those calculations indicated that the
polarization of edge-on disks of pure electron scattering could
approach 11%. Some high-redshift quasars would then be
expected to be observed with white-light polarizations of over
5% (Webb & Malkan 1986). That such high polarizations are
not observed in normal quasars and Seyfert galaxies suggests
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the unobscured flat disk may be too simple a model. In the
second paper in this series we calculate the polarizations that
would be expected from different types of accretion flows in an
attempt to put limits on possible disk models. Perhaps lower
optical depths, high absorption coefficients, disk opening
angles of 10° or more, or other observational selection effects
are suppressing high polarizations.

5.4. Correlation of Polarization Model Fits with Other
Properties

We searched for correlations between the models which best
fit the observed polarization and other properties of the
program AGNs (Table 7). Those objects which are not well
fitted by dust polarization have lower average polarization,
and perhaps higher Lyman-«:Ha ratios, and weaker Fe 11 line
emission. One reasonable interpretation is that the dust-
polarized quasars are also more likely to be reddened by the
same dust grain scatterers. It appears that the dust-scattering
mechanism is also more capable of producing large (1%—4%)
polarizations, and that it also causes similar polarizations in
the emission lines, which are, in contrast, unpolarized in AGNs
polarized by another mechanism. AGNs with polarization best
modeled as having a thermal origin, and which have measured
Ho, NGC 4151 and Mrk 509, have very little Ha polarization.
If confirmed, this potentially important correlation would lend
credence to our modeling technique’s ability to distinguish
physical polarization mechanisms.

In the “dust-polarized ” quasars, since the scatterers are evi-
dently well outside the broad-line region, they could produce
the observed polarization for a variety of primary continuum
emission mechanisms. Our polarimetry does not uniquely dis-
tinguish these possible origins. For example, if the nuclear con-
tinuum were produced by intense starburst activity (rather
than a nonstellar central engine; e.g., Terlevich et al. 1992), it
would probably produce an MRN-dust polarization signature,
if it produced any polarization at all. Nonetheless, we know
that the continuum-producing region should be compact rela-
tive to the (nonspherical) distribution of dust grains, so that the
position angle of polarization is independent of wavelength, as
we observed.

TABLE 7
CORRELATIONS OF POLARIZATION WITH OTHER PROPERTIES OF AGNSs

Optical
Best-Fit White Ho Polarization  Optical Radio
Object P Model P a(60:2.2 yum) Lya:Hoo Fem:HB Polarized Fg . :F4400a PA. Axis Axis References
0050+ 124 ..... Dust 0.61% —-1.1 1.25 2.8 0.33 8 +3°  110°+ 5° 1
01344329 ..... Dust 1.45 —-1.5 0.11 22 160 + 3 12 +1
041406 ...... Ns 0.86 > —13 3:? <0.5 145 +5
07114458 ..... Dust 4.37 —1.0 1.0 Yes <6. 177 175 4,5
10044130 ..... Dust 0.76 —-1.0 . 228. 77 +8 125 £5 114° £ 5° 1
11144445 ..... Thermal/Dust  2.33 > -1 Small . 0.13 98 +3 9 +2 1
12084397 ..... Thermal 1.62 —1.0 1.36 0.15 No 0.96 88 26 2,5
12224228 ..... PL/Ns 0.95 > —12 4.09 147 +38 1
14154253 ..... Thermal/IT 0.44 —12 0.38 No 0.60 33 +3 160, 110 S
1426 +015 ..... Dust 0.49 —-0.9 0.28 58 +11 50 + 10 50 + 10 1
15344580 ..... Dust/Thermal 0.79 > —0.7 0.2:? . 0.70 128 +6 50 +£5 60+ 5 1
1535+547 ..... Dust 248 > —0.7 0.13* 0.9 Yes 0.14 133 +1 150+5 120 +7 1,3
1552408 ...... Dust 1.88 > —1.07 045 75 £3 1
2041—-109 ..... Thermal 0.87 -09 1.8 0.16 No 0.20 150 +2 70, 110 5
2209+ 185 ..... Dust 1.21 > —09 . 141. 24 +7 90 +5 1

* Ly is self-absorbed.

REFERENCES.—(1) Berriman et al. 1990. (2) Schmidt & Miller 1980. (3) Schmidt & Miller 1985. (4) Martin et al. 1982 (5) Thompson & Martin 1988.
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Stockman, Angel, & Miley (1979) found a mild tendency for
radio-loud quasars to have radio structures aligned with the
E-vector of their optical polarizations. However, no such align-
ment has been reported in Seyfert galaxies (Martin et al. 1983)
or in radio-weak quasars (Berriman et al..1990). Since most of
our sample AGNs are radio-weak, it is not surprising that their
polarization and radio position angles, listed in Table 7, are
not generally aligned. Even the radio-loud quasar 1004 + 130
(4C 13.41) shows no alignment, and our genralizations about
polarization mechanisms may not apply to that minority of
quasars which are radio-loud and show radio/polarization
alignment.

Of course, it is more difficult with a small sample such as
ours to establish a positive statistical alignment of axes. Table 7
also compares the optical polarization position angles with the
major axes of the host galaxies. Four of the AGNs with polar-
izations which can be adequately described by dust scattering
have electric vector position angles lying within about 20° of
the major axis of their respective host galaxies (1114 + 445,
Mrk 376, 486, and 1383). This could be taken as consistent
with the idea that dust scattering in the host galaxy is impor-
tant in these cases, although hardly statistically decisive.

5.5. Future Observations

The degree of confidence with which the various polariza-
tion hypotheses can be accepted or rejected is, of course, a very
strong function of the signal-to-noise ratios of the
polarimetry—the leading uncertainty in this study. Further
gains could also be made by extending the spectral coverage.
The percentage differences in polarized flux between the com-
peting hypotheses grow proportionally to the wavelength base-
line. If high S/N polarimetry can be obtained in the 1-2 um
region, any remaining ambiguities between the power-law and
thermal hypotheses, for example, can be resolved decisively.
Since the polarizations are usually low at I, the near-IR polari-
metry will need precisions of 0.1% or better, which may be
marginally feasible for the brightest quasars.

Discrimination between the dust (MRN) and blue thermal
component models can best be made with polarimetry in the
ultraviolet. This extension to shorter wavelengths can be made
with the HST Faint Object Spectrometer in spectropolari-
metry mode.

Our selection in this study (of the higher polarization
normal quasars from previous white-light surveys) may have
biased the proportion of quasars for which different polariza-
tion models provided the best fits. Our sample objects fitted
best by the thermal model have lower intrinsic polarizations
than the objects best fitted by the dust models. Therefore, a
wider sample of normal quasars with lower average polariza-
tion might have a larger percentage of objects with polariza-
tion fitted best by the thermal model.

Although difficult to obtain, repeated UBV RI polarimetry
with high signal-to-noise ratios would be valuable in the search
for QSOs with variable continua. If the polarization is due to
scattering (MRN, A1, 172, or Ns hypotheses), or interstellar
transmission (IT hypothesis), no change in the percentage of
polarized light is expected when the continuum changes. We
assume that the polarizers (dust grains or free electrons) are far
enough away from the central continuum that their geometry
does not vary, and that dilution from starlight is negligible, or
has been corrected. If, however, the polarization arises from
one component which does not contribute equally to the con-
tinuum at all wavelengths, wavelength-dependent polarization
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changes would be expected. For example, if a power-law com-
ponent brightens, it would increase the polarization most at
the longer wavelengths. (This effect from a “mini-blazar” has
been seen in 3C 273, and should be sought in 3C 246). If the
polarization arises from a “Big Blue Bump” (thermal
hypothesis), then when the continuum brightens (presumably
due to increasing flux from the thermal component), the blue
polarization would generally rise more than that at longer
wavelengths. The simplest signature would be a thermal com-
ponent whose flux varies, but whose percentage intrinsic polar-
ization (after model decomposition) does not change
significantly.

6. CONCLUSIONS ABOUT SOURCES OF POLARIZATION
IN AGNS

We have analyzed the wavelength dependence of polariza-
tion in more than 15 normal quasars and Seyfert I galaxies to
test various hypotheses for its origin. The polarization of the
nuclear continuum in most of these AGNs is not wavelength-
independent, but increases to shorter wavelengths. In nearly
every case, the polarization position angle vector appears fixed,
suggesting a single polarizing mechanism (or possibly multiple
mechanisms sharing a special geometry).

Our UBVRI polarimetry rules out the uniformly polarized
power-law hypothesis with a slope steeper than —0.7 for all of
the AGNs we measured, except for 0414—06, 1048 —09, and
1254+ 047. The latter two objects have polarizations which
appear to rise to longer wavelengths, consistent with pro-
duction by a (nonthermal) polarized power-law component. In
PG 1048—09 (3C 246), this is probably the signature of a
“mini-blazar” like the one detected in 3C 273 (Impey et al.
1989). The large optical/UV variability we see in these three
quasars is also consistent with the blazar interpretation. The
radio-loud quasar, 3C 246 differs from classical “ High Polar-
ization Quasars,” such as PKS 0736+ 01 and PKS 1510—089,
in having a low ratio of core to lobe radio flux. PG 1254 + 047
is even less clearly related, since it is radio-quiet (Kellerman et
al. 1989).

To test the proposed hypotheses for the physical origin of
the polarization we have separated the various emission com-
ponents believed to produce the multiwavelength continuum
in our program AGNs. We used these spectral decompositions
to compare our polarimetry to the predictions of seven polar-
ization hypotheses, and reached the following conclusions. In
several of our normal quasars and Seyfert I galaxies, the con-
tinuum polarizations were best modeled as scattering from a
nonspherical distribution of dust grains, with polarization
properties described roughly by the MRN mixture. The exis-
tence of this dust scattering should be confirmed by the polar-
ization it imparts to the broad emission lines, at the same level
and position angle as the underlying continuum.

For several AGNs, the observed polarization increases more
steeply into the blue than any other continuum component
except the thermal spectrum. The polarization in these objects
most nearly resembles a constant percentage polarization of
the continuum of a simple accretion disk model. If the broad
emission lines (Ho being the easiest to observe) are unpo-
larized, this would be further consistent with the thermal
hypothesis. If the BLR emission shares the same polarization
as the surrounding continuum, the dust-scattering hypothesis
would be favored. As we would have predicted, the broad lines
in the best measured thermal fit candidates, Mrk 509 and NGC
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5548, are observed to be virtually unpolarized. Our study pre-
dicts that when spectropolarimetry is obtained for most of the
other AGNs in this sample, it will reveal broad lines polarized
the same as the continuum.

We have shown that the power-law, nonstellar continuum,
and interstellar transmission hypotheses fail to reproduce the
polarization spectra of most of the normal quasars and Seyfert
I galaxies in our program. Dust models best represent the
polarization spectra of many of these AGNs. Many of these
same objects are independently known to be less blue in color,
to have higher white-light polarized fluxes, and to have pol-
arized emission lines. We find another group of AGNs whose
polarization spectra are best represented as being proportional
to a blue thermal component. Many of these same objects are
independently known to be bluer in color, to have smaller
white-light polarizations, and to have unpolarized emission
lines. These data are consistent with all LPQs having blue
thermal components which are uniformly polarized at low
levels, and many objects having an additional, comparable, or

larger (not necessarily aligned) component of dust polarization.
This suggests the polarization characteristics of the blue bump
might best be studied in objects with low white-light polariza-
tion, in dust-free objects with unpolarized emission lines, and at
high signal-to-noise, extending as far as possible into the ultra-
violet.

Better tests of the scattering and thermal hypotheses clearly
require more wavelength-dependent polarimetry with signal to
noise ratios of 8-10, and the maximum possible wavelength
baseline. Most of the models are best tested by the polariza-
tions measured at the shortest and longest wavelengths. High-
quality polarimetry at 2 um and in the ultraviolet will prove an
extremely powerful means of revealing the origins of polariza-
tion in AGNs.

We thank S. Tapia for assistance with the MINIPOL obser-
vations and acknowledge support in part by a NASA research
grant NAG 5-1449.
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