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ABSTRACT

We present the results of spectropolarimetry of radio galaxies with redshift close to 1, complemented by
imaging polarimetry. These show: (1) a flat (in f;) polarized UV continuum, (2) broad polarized Mg 11 emission
line, (3) narrow unpolarized forbidden emission lines, (4) a drop in the polarization of the continuum to the
red of 4000 A, (5) a strong absorption feature at 2598 A, and (6) perpendicularity between the E vector of
polarization, as measured with imaging polarimetry, and the optical/radio axis. These data provide evidence
that distant radio galaxies harbor a quasar which is hidden from direct view but seen by scattering from the
interstellar medium in the galaxy. Hot electrons cannot be the dominant scattering agent because of the pres-
ence of polarized Mg 11 lines with a width similar to that observed in quasars. The drop in the continuum
polarization to the red of the 4000 A break suggests dilution by a red stellar population. The absorption line
at 2598 A is probably due to interstellar Fe . We discuss a two-component model consisting of a dust scat-
tered quasar and an evolved stellar population, which reproduces simultaneously the polarization measure-
ments and the UV/optical spectral energy distribution. Our results provide strong observational support to
the unified model for the most luminous active galactic nuclei and to the idea that the alignment effect in
distant radio galaxies is due to scattering, and they add an important tool for the study of the early evolution

of galaxies.

Subject headings: galaxies: evolution — line: identification — polarization — quasars: general —

ultraviolet: galaxies

1. INTRODUCTION

In the simplest form of the unified model of active galactic
nuclei (AGNs) (see Antonucci 1993 for a recent review), a type
1 spectrum—consisting of a featureless continuum and broad
emission lines—is emitted anisotropically from the nuclear
regions in two oppositely directed cones which are the result of
shadowing by obscuration close to source of radiation. This
type 1 spectrum is visible directly only if our line of sight falls
within the opening angle of the cones. For objects with axes
closer to the plane of the sky, an indirect view of the central
regions is provided by scattering, as has been beautifully
demonstrated by the presence of a polarized type 1 spectrum in
a few nearby AGNs (e.g., NGC 1068; see Miller, Goodrich, &
Mathews 1991). For the radio-loud AGNs (quasars and
powerful radio galaxies), there is evidence for relativistic
beaming which provides an additional “intrinsic” anisotropy
with what is likely to be a much narrower opening angle. Sta-
tistical studies of the radio angular sizes in a complete sample
of extragalactic radio sources (Barthel 1989) and of the lumi-
nosity functions of complete samples of radio-loud AGNs
(Padovani & Urry 1992 and references therein) suggest that the
powerful radio galaxies form the parent population of the
radio quasars and blazars. The presence of a scattered type 1

! Based on observations obtained at the European Southern Observatory,
La Silla, Chile.
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spectrum in distant radio galaxies is, however, still a matter
of debate (e.g, Chambers & Miley 1990; Meisenheimer &
Hippelein 1992), but its unequivocal detection would greatly
support the unified models for the most luminous AGNs, pro-
viding clues to the mechanisms for anisotropic emission and
enabling a clean separation of the stellar light in the host gal-
axies, leading to a determination of stellar ages at cosmo-
logically important distances. The details of the scattering
process in the restframe ultraviolet (UV), where dust scattering
is strong and starlight is weak, can also provide interesting
constraints on the properties of dust in extreme environments
and at early epochs.

The discovery of perpendicular polarization in distant radio
galaxies (di Serego Alighieri et al. 1989; see also Cimatti et al.
1993 for a recent review) is a strong indication of the presence
of scattered nuclear radiation, but, since it results from broad-
band imaging polarimetry, it gives little information on the
scattered spectrum. In particular, the results cannot be used to
distinguish between a quasar- or a blazar-like spectrum for the
anisotropic nuclear radiation. Although the scattering hypoth-
esis has provided a consistent explanation of the alignment
effect—i.e., the fact that the rest frame UV radiation of high-
redshift radio galaxies is elongated and aligned with their radio
axes—a detailed understanding of the wavelength dependence
of the polarization is still required to constrain the presence of
blue light from young stars (see Cimatti et al. 1993; McCarthy
1993 for recent reviews of the problem).

We have therefore started a program of spectropolarimetry
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TABLE 1
RESULTS OF IMAGING POLARIMETRY
AA]‘GS!
Galaxy z Date Band  Magnitude (A) Polarization,,, 0 Ab,, Polarization,,, *  Reference
3C 226............ 0.818 1991 Jun B 2150-2700  123% +23%  49°+6° 86° % 7° 1)
1991 Jan vV 21.7 2650-3400 133+ 42 4149 86+9 2
1993 Mar i 204 4000-4800 25+ 14 S S1+13 84 +13 2.9% (3)
3C2272.......... 0.766 1989 Apr B 220 2200-2800 21.0 + 40 164 + 6 86 +6 )
1993 Mar i 20.5 4100-4900 73+ 14 169 +7 89 +8 9.9 (3)
3C324............ 1206 1991 Jun R 21.7 2450-3400 180 + 1.6 16+ 5 78+ 6 1)

* Continuum polarization corrected for dilution by forbidden line emission (see § 3.1).
REFERENCES.—(1) di Serego Alighieri et al. 1993; (2) Tadhunter et al. 1992; (3) this work ; and (4) di Serego Alighieri et al. 1989.

of distant radio galaxies with the aim of studying the nature of
the scattered radiation, understanding the scattering mecha-
nism, and disentangling the spectral energy distribution of the
stellar radiation. We present here the first results for three
radio galaxies with redshift around one.

2. OBSERVATIONS AND ANALYSIS

The three targets were selected from among the most distant
radio galaxies having existing polarization measurements
(Cimatti et al. 1993). This was in order to exploit the knowl-
edge of the orientation of the E vector as a way of maximizing
the information return from the very time-consuming spectro-
polarimetric observations. Table 1 summarizes the previously
known optical polarization measurements on the observed gal-
axies and also includes the results of the imaging polarimetry
described in § 3.1. The new observations described in this
paper were all carried out in 1993 March, using the ESO 3.6 m
telescope in La Silla (Chile) equipped with the ESO Faint
Object Spectrograph and Camera (EFOSCI1; see Melnick,
Dekker, & D’Odorico 1989) in its imaging polarimetry and
spectropolarimetry modes. The new imaging polarimetry has
been carried out primarily to extend the wavelength range
covered by the spectropolarimetry.

2.1. Imaging Polarimetry

The two galaxies 3C 226 and 3C 277.2 were observed with
EFOSC1, in imaging polarimetry mode with the Gunn i filter,
in order to extend measurements above the 4000 A break. No
such observations were made for 3C 324 since, for this object,
the 4000 A break falls to the red of the i filter, where the CCD
sensitivity is falling rapidly. The technique used for observa-
tions and data reduction is described in detail by di Serego
Alighieri 1989 (see also di Serego Alighieri, Cimatti, &
Fosbury 1993) and is not repeated here. We only recall that
our method is free from the effects of any time variation of the
observing conditions, such as seeing and instrumental polar-
ization, because the polarization is derived from the ratio of
intensities measured on the same frame. Furthermore, instru-
mental polarization (always lower than 1%) is corrected for
using field stars measured on the same frame as the target
galaxy. Three exposures of 30 minutes each at the EFOSCI
position angles 285°, 315°, and 345° and four exposures of 30
minutes at position angles 255°, 285°, 315°, and 345° were
made for 3C 226 and 3C 277.2, respectively. Seeing conditions
were moderate with the FWHM ranging between 171 and 175.
The photometric calibration was derived from observations of
the spectrophotometric standard star Kopff 27.

2.2. Spectropolarimetry

Spectropolarimetry is achieved with EFOSC1 by inserting
both a grism and the Wollaston prism in the parallel beam.
For each object in the slit, this produces two orthogonally
polarized spectra separated by 10” in the direction of the slit,
perpendicular to the dispersion. In order to prevent overlap of
the spectra and to reduce the sky contribution, the slit—which
was 2" wide—was masked with 11” wide opaque bars alternat-
ing with 9” openings. This results in 10 9” x 2" free sections of
the slit, one of which is used for the target galaxy and the rest
for the sky and for field stars. Each section produces two non-
overlapping and perpendicularly polarized spectra on the
CCD. The intensity ratio of the two spectra provides a mea-
surement of the component S(¢) of the normalized Stokes
parameters describing the linear polarization, along the direc-
tion of the Wollaston prism position angle® ¢, much in the
same way as for imaging polarimetry (di Serego Alighieri
1989). The value of the degree of linear polarization P(1) and of
the position angle 6(4) of the plane of vibration of the E vector
can be derived from a minimum of two spectra taken at differ-
ent position angles ¢, since

S(¢, A) = P(4) cos 2[6(4) — ¢] . )

Since EFOSC1 was not yet equipped with a half-wave plate,
one had to change ¢ by a rotation of the whole instrument,
including the slit. This means that different parts of an
extended object would be selected at each angle. In order to
circumvent this problem, we have assumed that the direction of
the E vector is constant with wavelength and equal to the value
measured with imaging polarimetry, i.e., perpendicular to the
elongation in the optical structure. For 3C 226 and 3C 277.2
this assumption is justified by the actual measurements of 6(1)
made with imaging polarimetry in three and two different
bands, respectively, and covering the wavelength range of the
spectra (Table 1). We have therefore used all of the available
spectropolarimetric telescope time to obtain spectra at a single
position angle ¢ equal to the assumed 6. This means that the
slit was aligned with the optical elongation and therefore
accepted a large fraction of the light from the galaxy, including
the aligned extended structure. If our assumption is correct,
then equation (1) says that P(1) = S(6, A), which means that we
can derive the value of P(1) from our observations taken at a
single position angle ¢ = 6. Therefore, in the following we will
quote measurements of P(4), while formally we have measured

3 We define the position angle ¢ of the Wollaston prism as perpendicular to
the plane which contains the two output beams from the prism. Therefore, in
our configuration the slit is perpendicular to ¢.
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TABLE 2
SPECTROPOLARIMETRIC OBSERVATIONS
Exposure
Ad o Time
Galaxy Grism (K) (minutes) Slit P.A.
3C22%............ B300 2250-3700 45 44°
B300 2250-3700 45 135
3C2772.......... B300 2250-3700 2 x 40 73
3C324............ R300 2650-4350 2 x 40 90

S(6, A). In any case, this will be a lower limit to P(A). We stress
that our observing strategy, admittedly not leading to a com-
plete determination of P(A), was necessary to obtain spectro-
polarimetric information on our faint targets with a 4 m class
telescope without exceeding the observing time normally allo-
cated on these facilities.

The parameters of the spectropolarimetric observations are
given in Table 2. We have used the blue grism B300 for 3C 226
and 3C 277.2 and the red grism R300 for 3C 324 to include
Mg 11 42798 and [O 1] A3727 in the spectra. The spectropho-
tometric standard stars Kopff 27 (Stone 1977) and EG 274
(Stone & Baldwin 1983; Baldwin & Stone 1984) were observed
with the same setup, i.e., with the grism, Wollaston prism, and
slotted slit. These provided both the absolute flux calibration
and the first-order correction for the instrumental polarization.
The latter includes all the effects originating in EFOSCI, e.g.,
those due to the grism and to the CCD, and is measured to be
about 5%. All other effects contributing to the instrumental
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polarization, e.g., those due to the telescope and to the atmo-
sphere, have been evaluated in the following way.

In the case of 3C 226, which is barely resolved, the slit was
oriented along the small optical elongation in the first expo-
sure and perpendicular to it in the second one. For the polar-
ization measurement this results in an interchange of the two
perpendicularly polarized spectra produced by the Wollaston
prism and therefore provides data for the elimination of any
residual instrumental polarization. The fact that the intensity
ratio of the two spectra was indeed inverted in the two expo-
sures indicates that the residual instrumental polarization is
negligible. For the second exposure of 3C 226 and for both
exposures of 3C 324 the slit position was slightly adjusted to
include a faint field star in one of the free slit sections. For this
star, which is assumed to be unpolarized, S(¢) < 0.01 at all
wavelengths.

A further check on the observing and analysis procedure is
provided by the observations of the polarimetric standard star
HD 16121 performed with the Wollaston prism and both
grisms with the slit perpendicular to the known direction of
the E vector (P.A. = 2°). The measured polarization [formally
S(¢, 4)] is shown in Figure 1 and corresponds very well to a
Serkowski interstellar polarization curve (Serkowski, Mathew-
son, & Ford 1975) with P,,, = 7.9% and 4,,,, = 5450 A. These
values are close to those given by Serkowski et al. (1975)
(Ppax = 6.77 £ 0.12%, and A, = 5300 + 100 A), who
obtained them from the broadband U, B, V polarization mea-
surements of Visvanathan (1966). The good agreement of our
data with the Serkowski curve and the excellent correspon-
dence of our results obtained with different grisms in the
overlap region (5800-6700 A) confirm the reliability our spec-
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F1G. 1.—The degree of linear polarization [formally S(¢, A)] for the spectropolarimetric standard star HD 161291. The thick line is a Serkowski et al. (1975)

interstellar polarization curve for P,,,, = 7.9% and 4, = 5450 A.
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tropolarimetry results, at least in the range 4300-8800 A,
where the sensitivity of EFOSCI is high.

3. RESULTS

3.1. Broadband Polarimetry

The results of the Gunn i-band polarimetry of 3C 226 and
3C 277.2 are summarized in Table 1 and refer to the whole
galaxy integrated over an aperture of about 20 arcsec? for both
objects. The listed degree of polarization has been corrected for
the bias at low levels (Wardle & Kronberg 1974; Clarke &
Stewart 1986). The quoted errors on the degree of polarization
P and position angle 6 have been determined using a stochastic
model of the observing process (Fosbury, Cimatti, & di Serego
Alighieri 1993, 1994). This accounts correctly for the fact that
the distribution functions of these quantities, particularly P,
are nonnormal.

We remark on the constancy of the direction of polarization
with wavelength, which is a strong indication that just a single
polarization mechanism is at work. Also note the sudden
decrease of the degree of polarization redward of the 4000 A
break. The Gunn i band contains some permitted emission
lines (HB, Hy, HJ, and He 11 14686) and two strong forbidden
lines ([O 11] 4959 + 5007). To obtain the continuum polariza-
tion in this band, the observed polarization must be corrected
for the effects of emission lines, but only as far as the narrow
component is concerned, since the broad one, if it exists, is
probably polarized (see § 3.3). According to the typical line
ratios observed in radio galaxies (McCarthy 1993) and to the
transmission curve of the Gunn i filter, we estimate that the

narrow lines contribute 14% and 27% of the total i flux for
3C 226 and 3C 277.2, respectively. If the narrow lines are
unpolarized, as it is likely (see § 3.4), the values of P are in-
creased slightly, as shown in Table 1.

3.2. The Polarization of the Continuum

The signal-to-noise ratio of the spectra taken with the Wol-
laston prism precludes the measurement of polarization for
every pixel, corresponding to about 3.5 A in the rest frame.
Therefore, the spectra have been resampled into wider wave-
length bins selected to avoid the object emission lines and
strong sky features. The results are given in Table 3 and Figure
2 and have not been corrected for the usual polarization bias.
This is because they are actually a measurement of the Stokes
parameter S(6), which, to a sufficient approximation, has a
symmetric distribution function. The quoted uncertainties in
this case were evaluated analytically from the Poisson noise in
the object and the sky background. Table 3 also contains the
polarization measured in our spectra over bins corresponding
to the broad bands of the previous imaging polarimetry listed
in Table 1. The comparison is satisfactory.

3.3. Broad Permitted Lines

If misdirected quasars are present in distant radio galaxies,
we should see polarized broad lines in their spectra, as has been
observed for the low-redshift radio galaxy 3C 234 at z = 0.185
(Antonucci 1984). The spectra obtained so far have either not
been of sufficient signal-to-noise ratio or have not covered the
appropriate wavelength range to definitively answer this ques-

TABLE 3
SPECTROPOLARIMETRY OF THE CONTINUUM

Al est FI. Fl.Pol
Galaxy (f{) (10~ % ergss™! cm™2 A~')  Polarization,,, (107'%ergss ! cm™2 A~Y)
3C 226............ 2105-2305 345+ 0.23 13.5% + 4.9% 46 + 1.7
2455-2585 4.62 + 0.20 123+ 3.1 57+ 14
2625-2725 494 + 0.18 133 +27 6.6 +1.3
2745-2845* 590 +0.18 1.7+ 22 69 +1.3
2890-3045 4.67 +0.15 89+123 42+ 1.1
3105-3195 5.05 +0.21 9.7 £ 3.0 49 + 1.5
3265-3335 545 1+ 0.28 109 + 3.2 59+ 1.7
3515-3585 5.56 + 0.25 76 +33 42+ 1.8
3630-3695 5.09 +0.23 11.0 £ 3.1 56+ 1.6
2150-2740° 4.19 + 0.10 146 + 1.7 6.1 +0.7
2650-3400° 5.28 + 0.07 121+ 1.0 64+ 05
3C2772.......... 2035-2270 221 +0.19 . ..
2440-2520 3.93 +0.30 164 + 3.5 64+ 14
2610-2715 4.85 + 0.26 235+ 24 114 +12
2750-2850* 6.36 + 0.24 195+ 1.8 125+ 1.2
2965-3100 5.25 +0.22 139+23 73+12
3240-3330 552+ 0.24 160+ 23 88+ 13
3465-3540 5.24 +0.27 229 +22 120+ 1.2
3625-3700 548 + 0.25 130+ 24 72+ 13
3765-3820 5.00 + 0.28 184 + 2.6 92+ 13
2210-2805° 442 + 0.20 242 + 3.0 10.7 £ 1.3
3C324............ 2710-2780 3.03 +£0.29 14+6 42+ 18
2780-2825* 5.48 + 0.31 7+4 38+22
3000-3090 290 + 022 9+5 26+ 1.5
3170-3275 3.90 + 0.22 14+ 4 54+ 1.6
3650-3700 3.14 + 0.37 11+7 35422
2625-3400¢ 347 +0.10 14+3 49 + 1.1

 Both continuum and Mg 11 2798 are included.

b Corresponds to the B-band imaging polarimetry.
¢ Corresponds to the V-band imaging polarimetry.
4 Corresponds to the R-band imaging polarimetry.
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continuous lines represent the polarization expected from our model (see § 4.6). The horizontal bars represent the measurement bands. The datum at 2800 A contains
also the Mg 11 line.
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F1G. 3.—Total flux spectra for the three galaxies. The top spectrum show the average of the spectra of 3C 226 and 3C 277.2 and has been shifted up by 0.3 x 1076
ergss™!cm™2 A~1, The thick line is the typical spectrum of a radio-loud quasar from Cristiani & Vio (1990), shifted up by 0.06 x 10" 'S ergss*cm~2A~!.

tion at high redshift, although broad lines might have been
seen in a few cases (C 1v in B3 0744 + 464, McCarthy 1991; in
MRC 0407 —226, McCarthy et al. 1991; and in 53W 002,
Windhorst et al. 1991). Figure 3 shows the total flux spectra of
3C 226 and 3C 277.2 averaged together, since they are almost
identical, and of 3C 324. The line of Mg 11 12798 in 3C 226 and
3C 2772 is clearly much broader than forbidden lines like
[Ne v] 43426, with a broadening of 3700 km s~ ! (FWHM).
The width of the Mg 11 12798 line is similar to that measured in
the averaged spectrum of radio-loud quasars (Cristiani & Vio
1990). The width of the Mg 1 A2798 line in 3C 324 is only
marginally larger than the forbidden lines in the spectrum inte-
grated along the slit, but it does not show the marked tilt in
velocity seen in the narrow-line gas (see Spinrad & Djorgovski
1984). We therefore conclude that the Mg 42798 line is
broader than the forbidden lines in all three galaxies observed,
consistent with the presence of a quasar-type spectrum. We
also note that the equivalent width of the Mg 11 2798 line in our
galaxies (see Table 4) is equal, within the uncertainties, to that
observed in radio-loud quasars (~30 A in the rest frame; see
Cristiani & Vio 1990).

This line is not only broad, but it is also polarized at about
the same level as the nearby continuum (see Tables 3 and 4). In
the case of 3C 324 the errors on the polarization are larger,
given the higher sky level in the red. However, there is an
indication the polarization of the Mg 11 line might be lower
than that of the continuum.

3.4. Narrow Forbidden Lines

The spectra of the three galaxies, thanks to their signal-to-
noise ratio, show a wealth of emission lines typical of radio
galaxies. Their intensities and polarization [formally S(6)],
after the subtraction of the continuum, are listed in Table 4.

The polarization of those lines which are faint or affected by
cosmic-ray hits could be given. The polarization of the narrow
lines is consistent with zero and is inconsistent with the polar-
ization of the continuum and of the broad lines. We note that
even high-excitation lines such as [Ne v] 3426 are unpolarized
and therefore presumably dominated by isotropic emission.

In the case of 3C we cannot confirm the presence of the
lower redshift system at z = 0.84, suggested by Hammer,
Nottale, & Le Févre (1986), since we do not see [O 1] 5007 at
that redshift in our spectrum extending further into the red. We
also note that the lines ascribed to the z = 0.84 redshift system
by Hammer et al. (1986) fall on strong sky features.

3.5. Absorption Features

The average spectrum of 3C 226 and 3C 277.2 (Fig. 4) shows
a clear absorption feature at 2598 A in the rest frame. This is
present in all individual spectra of these two galaxies and has a
rather large equivalent width (Table 4). Much less certain is the
reality of the broader absorption feature around 2536 A, which
is present only in the spectra of 3C 277.2. Our spectrum of
3C 324 does not reach these short wavelengths.

4. DISCUSSION

4.1. The Presence of a Hidden Quasar

Our results strongly suggest the presence of an obscured
quasar in the three distant radio galaxies which we have
observed. By analogy with some nearby Seyfert 2 galaxies, type
1 AGN radiation is emitted anisotopically along the radio axis
and scattered into our line of sight by some illuminated extra-
nuclear medium. This beaming/scattering idea was proposed
by Tadhunter, Fosbury, & di Serego Alighieri (1988) to explain
the alignment effect in distant radio galaxies and has been
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supported by subsequent imaging polarimetry (see Cimatti et
al. 1993 and references therein). The principal evidence provid-
ed by the new results presented here is the presence of a po-
larized spectrum which has a continuum approximately flat in
£, (see Table 3) and a broad Mg 11 12798 line. Also the direction
of the E vector is perpendicular to the radio/optical axis at all
wavelengths observed in imaging polarimetry. We notice a dif-
ference with Seyfert 2 galaxies. In fact, in these objects the
broad lines appear only in the polarized spectra (Antonucci &
Miller 1985; Miller & Goodrich 1990), while in our radio gal-
axies the broad Mg 11 is already clear in the total spectra. This
could be explained simply as a selection effect due to the differ-
ent rest frame spectral range and dust scattering efficiency. In
the UV the dilution by starlight becomes less important, and, if
the scattering is due to dust, the scattering efficiency increases
rapidly. In addition, the broad Mg 11 line in type 1 AGNSs is
usually not hidden below a narrow component, like the broad
lines in the optical range (Hf and Ha). In this regard, it is
interesting to notice that broad Fe 11 (2100, 2500, 2950 A) emis-
sion lines were observed in the total spectrum of NGC 1068
with IUE (Snijders, Netzer, & Boksenberg 1986).

The presence of a scattered quasar spectrum with an Mg 11
equivalent width similar to that of direct quasar spectra shows
that, even if a narrow blazar beam is present, the quasar domi-
nates the scattered light because of its wider cone and higher
total luminosity.

From our observations we can derive the column density of
the scattering medium (dust or electrons) for each galaxies
individually. In the case of dust scattering the dust column
density n can be obtained by

Isca 1
= IQ: o5 )]

where I/l s is the ratio of scattered to direct quasar light,
Q is the quasar cone solid angle (we assume a half-opening
angle of 45°), § is the dust cross section per unit mass averaged
over the cone (Cimatti et al. 1993). The ratio I,.,/Ioso is not
known directly, but it can be expressed as the product of two
observables:

&___K IR_G 3)

Igso 1+xlIgso’

where k = I, /I, is the ratio of scattered to stellar light in
the observed V band (rest frame UV) derived from the spectral
deconvolution (see § 4.6), and Igg/Igso is the flux ratio between
quasar and radio galaxies at z ~ 1, as observed in the V-band
Hubble diagram of the 3CR sample (Am ~ 4; see Cimatti et al.
1993). With this method, we obtain I /I = 0.021, 0.023,
and 0.023, for 3C 226, 3C 277.2, and 3C 324, respectively. With
the value of § from the scattering model discussed by Cimatti
etal. (1983) we get 7 = 3.4 x 107 for 3C 226 and 3.7 x 106 g
cm ™2 for 3C 277.2 and 3C 324 for a mean scattering angle of
90°. Deriving the dust mass from # requires some assumptions
about the dust density distribution. Assuming a constant
density within 10 kpc, decreasing as 1/r between 10 and 100
kpc and zero outside, we derive My, ~ 3 x 10® M, for both
galaxies. These masses are consistent both with the ones
observed in nearby radio galaxies (Knapp & Patten 1991) and
in high-redshift quasars (Andreani, La Franca, & Cristiani
1993).

In the case of electron scattering, the electron column
number n, can be obtained from a formula equivalent to (2),
where S is replaced by the Thomson scattering cross section for
one electron. With the same assumptions as for the dust case,
we get n, ~ 1.75 x 10?2 cm ™2, which corresponds to a column
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density of ionized hydrogen of about 3 x 1072 cm ™2 for a total
gas mass of 2.5 x 10'2 M. The very high gas mass required
simply reflects the fact that dust has a much higher scattering
efficiency per unit mass than electrons.

4.2. The Scattering Medium

In principle, the nature of the scattering medium can be
diagnosed from the wavelength dependence of the polariza-
tion. In practice, however, there are relatively large errors in
the measurements, and it is difficult to find ways of restricting
the models which incorporate multiple scattering. In addition
to the effects of grain composition and size distribution, the
scattered spectrum from dusty clouds can vary greatly if any
extinction is present. This can be seen by analogy with the
variety of colors of the twilight sky which are produced by
Rayleigh scattering with varying pathlengths through an illu-
minated and a shadowed scattering medium. Our observations
do, however, exclude a strong wavelength dependence of polar-
ization in the rest frame UV.

Scattering by electrons in a hot intracluster halo would
broaden the incident spectrum by about 30,000 km s~!
(Fabian 1989), effectively smearing out completely any spectral
features.* The fact that broad polarized lines are observed with
similar widths to those observed in quasar spectra proves that
scattering by hot electrons is not the dominant process. In the
previous section, we have shown that scattering by cold elec-
trons over large distances would require unreasonably large
gas masses. However, if the electron density is high in the
nuclear regions, the quantity of gas necessary can be greatly
reduced. For example, if the electron density is constant within
100 pc and zero outside, the required gas mass would be only
5.6 x 10° M. Therefore, one scattering by hot electrons in a
massive halo is excluded, electron scattering can only domi-
nate over dust scattering in the very central regions—as in the
case of NGC 1068 (Miller & Goodrich 1990; Code et al.
1993)—and cannot explain the extranuclear polarization
which has been directly observed in a few distant radio galaxies
(3C 368, 3C 265, and 1336+ 020).

An additional argument in favor of dust scattering concerns
the observed degree of polarization in radio galaxies.
Assuming a range of scattering angles between 45° and 90°
(Barthel 1989), Thomson scattering would produce a degree of
polarization significantly higher than observed—in the range
of about 20% to 50% (Miller & Goodrich 1990)—while Galac-
tic dust grains produce a polarization of between 10% and
20% (Cimatti et al. 1993, 1994), consistent with observations.
Therefore, Thomson scattering is a poor model in the case of
3C 226, while it cannot be excluded in 3C 277.2 nor in 3C 324
simply on the basis of the degree of polarization. Electron
scattering would require the presence of an unpolarized UV
source to dilute the intrinsic polarization. We will show in § 4.4
that there is no strong evidence for such dilution.

4.3. Geometrical Constraints on the BLR and NLR

Within the uncertainties of these difficult observations, our
results on the polarization imply that the continuum and
broad lines are emitted anisotropically from the quasar, while
the narrow emission lines are essentially isotropic. The aniso-
tropy of the broad lines must be predominantly due to nuclear

4 Actually the Doppler-broadening produced by electrons at the temper-

ature T, scattering at an angle 0, is o = 41600\/ (1 = cos O)[T/A7 x 107 K)]
kms™!.
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obscuration while, for the continuum, the addition of an intrin-
sic beaming is possible—the blazar component. The most basic
model, with a nonstellar continuum source and a broad-line
region (BLR) capable of falling entirely within the obscuring
structure and an narrow-line region (NLR) which is entirely
outside it, is already showing signs of being oversimplified.
There is evidence for an extended source of AGN continuum,
some fraction of which can be seen directly even when the BLR
is totally obscured (see Binette, Fosbury, & Parker 1993; Tran,
Miller, & Kay 1992; Cimatti et al. 1994; Antonucci 1993). This
can result in the BLR polarization being larger than that of the
continuum, even without dilution by starlight. Also, the failure
of the Jackson-Browne test for [O m] (Jackson & Browne
1990) and its success for [O 1] (Hes, Barthel, & Fosbury 1993)
suggests that part of the so-called NLR, at least those lines
from a higher ions and with a large critical density for col-
lisional de-excitation, can come from so close to the classical
BLR that they also can suffer obscuration anisotropy. Never-
theless, our observations also show that the high-ionization
lines, such as [Ne v], are unpolarized and therefore isotropic.

4.4. The Diluting Radiation

The sudden drop in the degree of polarization observed both
in 3C 226 and 3C 277.2 longward of 4000 A points to the
presence of diluting radiation with a strong 4000 A break. The
same effect has been noticed statistically by examining the
polarization measurements of all radio galaxies with z > 0.1
(Cimatti et al. 1993) but is seen here much more clearly in the
spectropolarimetric data of individual galaxies. We interpret
this drop as dilution by the light of the host galaxy which
contains an evolved stellar population. From the polarization
drop, we can estimate that the 4000 A break in the diluting
radiation should be B, = 5.5 + 3.9 for 3C 226 and B, = 3.3
+ 1.0 for 3C 277.2 (see Bruzual 1983 for the definition). The
errors in these estimates are large, and the value we derive is
not completely model independent since it depends on the
relative amount of diluting flux. This is, however, a strong
indication of the presence of an evolved stellar population.

This result conflicts with that of Hammer, Le Févre, &
Angonin (1993), who do not see the break in the average spec-
trum of 10 distant radio galaxies, including 3C 226. They argue
that B, must be less than 1.1 on average for the galaxies they
have observed. We have already discussed that the data pre-
sented by Hammer et al. (1993) are not in conflict with the
presence of a diluted old stellar population (Cimatti et al.
1994). We only add that our method based on polarization
measures the break on the nonscattered component of the
light, while Hammer et al. (1993) measure it on the total radi-
ation, not taking into account that an eventual strong break
from an evolved stellar population will be diluted by the scat-
tered light. In principle, the value of B, allows the estimate of
the age of the stellar population (Bruzual & Charlot 1993), but
the large errors in the case of 3C 226 prevent a meaningful age
determination in this way. For 3C 277.2, a value of B, > 2
indicates a stellar age which must be larger than 2 Gyr.

The total fluxes which we measure on either side of the 4000
A break (Fig. 5) are consistent with the presence of the old
stellar population derived from the spectral model in § 4.6 but
are of little use to directly constrain the value of the break in
the diluting radiation.

The fact that the Mg 11 12798 line is polarized at a level not
higher than that of the nearby continuum limits the amount
of diluting UV radiation, since it is directly consistent with
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scattering of a type 1 spectrum. Any emission-line—free diluting
radiation would cause the degree of polarization to become
higher at the Mg 11 12798 line where the scattered spectrum is
stronger. With data of the present precision, the solution for
the ratio between the diluting and the scattered radiation from
the line and continuum polarization measurements is a rather
ill-constrained mathematical problem, and it is only in the case
of 3C 277.2, which has the largest polarization, that we can
derive a meaningful result for this ratio of 0.15+0.5. Although
this kind of approach can, in principle, limit the quantity of
unpolarized ultraviolet light from young stars, its usefulness is
limited by the attainable accuracy of the measurements and
also by the possible presence of unobscured nonstellar AGN
continuum (see § 4.3 above).

Another independent indication that the dilution around
2800 A is small comes from the fact that the equivalent widths
of the Mg 11 2798 are equal, within the uncertainties, to that
observed in radio-loud quasars.

4.5. The Absorption Feature

F and G type stars have a Fe 1 42600 absorption (Fanelli et
al. 1990). Nevertheless these stars emit very little in the UV,
and the UV dilution is probably small (see § 4.4). Therefore, we
exclude that the high equivalent width absorption line that we
observe is of stellar origin. We interpret it as due to interstellar
Fe 11 12600.18, which is the second strongest UV interstellar
absorption line after Mg 1 12796 +2804, which is filled by
emission in our galaxies (Kinney et al. 1993). Other Fen
absorption lines might be present in our spectrum, like a blend
of 2374.4 and 2382.8, while the line at 2586.7 could be blended
with the 2600.2, and the line at 2344.2 might be hidden under
the C 11] emissions. The rest frame equivalent width of the 2600
A line in our spectra is 8 + 2 A, larger than normally observed
(Kinney et al. 1993). However, such a line is seen with compa-

rable strength in the IUE spectrum of the supernova SN
1986G in the dust lane of Cen A (Fig. 4). The unusual strength
of this interstellar Fe 11 line in our radio galaxies could be due
to the fact that iron is less depleted than normal because the
dust grains are destroyed, e.g., by the intense nuclear UV radi-
ation. It is conceivable that the quasar light first travels
through an interstellar medium poor of dust grains, but rich of
iron, and then is scattered by dust at larger distances from the
nucleus, where the UV flux is reduced below dust survival
levels. Also, several components at different velocities, which
we see blended in our low-resolution spectra, could increase
the equivalent width above galactic levels.

4.6. A Spectral Model

The spectral energy distribution of the continuum radiation
of 3C 226, 3C 277.2, and 3C 324 is defined by our optical
spectrophotometry, by our Gunn i flux, and by infrared photo-
metric data from Lilly & Longair (1984) and Rigler et al.
(1992). In particular, we use the infrared photometry with the
aperture which more closely matches the optical data. In the
case of 3C 324 we extend the data in the UV with the line-free
V magnitude of Spinrad & Djorgovski (1984). The Gunn i flux
was obtained by integrating the galaxy image with an aperture
9” x 2" equal in orientation and area to that of the slit used in
spectropolarimetry. The Gunn i flux has been corrected for the
contamination by emission lines (HB, Hy, HJ, and He 11 1 and
[O 1] 4959 +5007) present in the band by using the typical
narrow-line ratios of radio galaxies (McCarthy 1993). The lines
contribute to the observed flux by 19.7% and 33.7% in 3C 226
and 3C 277.2, respectively. Also, the near-infrared bands (H
and K) contain some emission lines. However, given the very
broad bandwidths of these filters and the relative weakness of
the lines, the contamination is small. According to typical
infrared line ratios observed in AGNs (Osterbrock, Shaw, &
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Veilleux 1990; Oliva et al. 1994), we estimate a 2% contribu-
tion to the H flux by [S mr] 9069 +9531 in 3C 226, <0.5% to
the K flux by Pap both in 3C 226 and 3C 277.2, and <0.5% to
the H-band flux by [Ar nr] 7136 and 1.4% to the K flux by
[S 1] 9069 + 9531 and He 1 10830 in 3C 324.

The resulting spectral energy distributions were modeled by
using a two-component model consisting of a dust-scattered
quasar and single stellar population. We have used the typical
spectrum of a radio-loud quasar given by Cristiani & Vio
(1990) scattered by dust with a galactic compdsition and grain-
size distribution, adopting Mie single scattering (Cimatti et al.
1993). For the stellar component we use the synthetic spectra
of simple stellar populations (instantaneous burst) of Bruzual
& Charlot (1993) and Salpeter IMF over a range of 0.1-125
M . We have also introduced a certain amount of dust extinc-
tion, to decrease the UV light. Nevertheless, at least part of this
extinction is probably due to the fact that the scattering cross
section that we have used has a strong 2200 A feature, while
recent data show that this feature is only present in absorption,
but not in scattering (e.g., Witt et al. 1992).

The introduction of some extinction is realistic according to
the observations of neutral hydrogen and cold ISM nearby
radio galaxies (van Gorkom et al. 1989; Mirabel 1989; Golom-
bek, Miley, & Neugebauer 1988; Knapp, Bies, & van Gorkom
1990; Knapp & Patten 1991). The hydrogen column density
Ny can reach 102! cm™2, implying, if the ISM is Galactic,
Eg_y up to ~0.2 mag. If the interstellar medium (ISM) of
high-z radio galaxies has similar properties, the extinctions
required by our dust scattering model and spectral fitting are
reasonable, especially if it is reduced in the case that the 2200 A
feature is due only to absorption. To this regard it is also
important to notice that cold dust is required to explain the
millimeter observations of high-redshift quasars (Andreani et
al. 1993), and that direct evidence of dust is provided by the
small Lya/N v 11140 flux ratio in a radio galaxy at z = 2.3
(Miley 1994). Finally, we mention that a 2200 A dip, probably
due to dust extinction, is observed in a high signal-to-noise
ratio composite quasar spectrum (Francis et al. 1991).

The results of our spectral models are shown in Figure 5,
which gives also the adopted amount of extinction and the age
of the stellar population. Clearly the model fits the data of all
three galaxies very well (best y24 = 0.73, for age 5 Gyr, for
3C 226; x4 = 1.45, for age 2 Gyr, for 3C 277.2; and %, =
1.43, for 5 Gyr, for 3C 324). The age of the stellar population
that gives an acceptable fit at the 5% level of significance is
constrained to be larger than 3 Gyr for 3C 226, between 0.5
and 2.5 Gyr for 3C 277.2, and larger than 2 Gyr for 3C 324.
The presence of an evolved stellar population is also consistent
with the drop of the polarization beyond 4000 A. The polariza-
tion predicted by our model for the total light is shown in
Figure 2 and is consistent with the observed values.

We have obtained the K-corrected absolute magnitudes M,
of the host galaxies from the pure stellar components derived
by the spectral deconvolution and compared them to those of
nearby galaxies. We have used H, = 100 and g, = 0 in order
to be consistent with the comparison sample. The magnitudes
not corrected for the internal reddening are —22.3, —21.1, and
—23.9, respectively, for 3C 226, 3C 277.2, and 3C 324, and they
become —23.0 and —22.4 for the first two galaxies, if the
stellar SEDs are corrected for the extinction derived from the
fit to the scattered light, although we have doubts on its physi-
cal soundness and on its applicability into the stellar com-
ponent. These luminosities are consistent with those of nearby
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powerful radio galaxies and luminous ellipticals, 3C 324 being
at the bright end of the range (Smith & Heckman 1989; Smith,
Heckman, & Illingworth 1990).

The apparent V magnitude that the hidden quasars would
have if viewed directly is easily obtained from the observed
magnitude of the galaxy and the ratio of scattered to direct
quasar light derived in § 4.1, since our spectral model shows
that in rest frame range redshifted to the ¥ band the light of the
galaxy is dominated by the scattered quasar. We obtain
V = 17.5,17.4, and 18.5 for the quasar in 3C 226, 3C 277.2, and
3C 324, respectively, well within the range of observed magni-
tudes for (3C) quasars at the same redshift.

4.7. The Constancy of the Polarization

The consistency of the spectropolarimetry performed in
1993 March with the previous imaging polarimetry in the same
wavelength range performed in the period 1989-1992 (see
Tables 1 and 3) limits the amount of polarization variability
over a timescale of the order of 1 yr. While this is not, itself, a
strong constraint on the origin of the polarization, it is consis-
tent with the idea that the contribution of intrinsic variable
polarization in the incident quasar spectrum—the blazar
component—is insignificant in direct light.

4.8. Implications for the Alignment Effect

The idea that the alignment effect in distant radio galaxies,
discovered by McCarthy et al. (1987) and Chambers, Miley, &
van Breugel (1987), could be due to scattered nuclear light was
stimulated by the discovery of an extremely blue and highly
polarized off-nuclear continuum in the low-redshift radio
galaxy PKS 2152—69, which appears to be reflected nuclear
radiation (di Serego Alighieri et al. 1988), and was first sug-
gested by Tadhunter et al. (1989), who predicted that distant
radio galaxies would be polarized. This prediction was soon
confirmed by the observations of di Serego Alighieri et al.
(1989) and others following, giving strong support to the scat-
tering explanation for the alignment effect.

The data presented in this paper reinforce this explanation
by removing, at least for the observed galaxies, one difficulty
put forward by the supporters of the alternative jet-induced
star-formation hypothesis, that is, the supposed absence of po-
larized broad emission lines (e.g., Miley 1994). In our view, if
distant radio galaxies harbor a hidden source of ionizing radi-
ation, as is generally accepted to explain the aligned line emis-
sion, it would be difficult to avoid scattering and therefore also
aligned and polarized UV continuum.

Our model does not necessarily exclude that some fraction
of the aligned UV excess might be produced by young stars,
since their spectral energy distribution is not too different from
that of a scattered quasar (Cimatti et al. 1994). However, we
have remarked in § 4.4 that the similarity of the degree of
polarization for the Mg 11 2798 line and for the nearby contin-
uum and of the observed Mg 11 2798 equivalent width with
that of quasars points to a small dilution in the UV and there-
fore limits the radiation from young stars, e.g., to less than
about one-third of the total radiation around 2800 A in the
case of 3C 277.2.

About the two main competing, but not mutually exclusive,
explanations for the alignment effect—i.e., scattering of aniso-
tropic nuclear radiation and jet-induced star formation—we
note that the perpendicular polarization clearly observed in a
dozen of distant radio galaxies demonstrates the presence of
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scattered radiation, while the direct evidence for young stars is
only marginal so far (Chambers & McCarthy 1990).

5. SUMMARY AND OUTLOOK

We have presented the results of spectropolarimetry of three
distant radio galaxies with redshift around one, complemented
by imaging polarimetry, which are summarized as follows.

1. The broad polarized Mg 11 2798 emission lines with a
width consistent with that observed in quasars, together with
the flat perpendicularly polarized continuum demonstrate the
presence of a hidden quasar, whose type 1 spectrum is visible
by scattering, probably by dust.

2. The fact that the broad Mgu 2798 has the width
observed in quasars excludes that scattering is due to electrons
from a hot halo, since these would smear out the line.

3. The narrow forbidden emission lines are not polarized,
and are therefore emitted mostly isotopically.

4. The sudden drop in the degree of polarization to the
red of 4000 A points to the presence of diluting radiation
with a strong 4000 A break, consistent with an evolved stellar
population.

5. The strong absorption feature at 2598 A, probably due to
interstellar Fe 11, suggests the presence of an interstellar gas
with unusual abundances and large velocities.

6. A model consisting of a dust-scattered quasar and of a
Gyr-old stellar population reproduces well the spectral energy
distribution and the polarization for all three observed gal-
axies.

7. The amount of dust, the luminosity of the quasar, and the
luminosity of the stellar component are all consistent with
those expected in the framework of the unified model of AGN.

8. Our results add strength to the scattering explanation for
the alignment effect.

MISDIRECTED QUASARS
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Our simple two-component model suggests that the light
from distant radio galaxies is dominated by the scattered
quasar only up to about 4000-5000 A in the rest frame and
that most of the radiation observed beyond 1 um for objects at
z~1 or beyond 1.5 um for z ~ 2 should be stellar. In this
simple scheme, no polarization nor alignment are expected in
the K-band. Some infrared alignment has nevertheless been
observed, but the amount of aligned light is smaller than in the
optical (Rigler et al. 1992), has a different morphology, point-
ing to a different origin, and shows an even more precise align-
ment with the radio axis (Dunlop & Peacock 1993). Also, some
infrared polarization has been detected in two of the four
distant radio galaxies observed (Elston & Jannuzi 1994),
although at a smaller level and different position angle than in
the optical, again pointing to a different origin. It is clearly
beyond the scope of this paper to explain the infrared mor-
phology and polarization of distant radio galaxies, and we
have traded the simplicity of our model for the complications
necessary to fit every aspect at every wavelength. We can only
comment that electron scattering near the nucleus might play a
role in the infrared and/or the reduced extinction at longer
wavelength might allow to see the nuclear regions directly
through aligned dust grains. More infrared polarimetry, partic-
ularly if it were spatially resolved, would be very useful to
clarify this issue.

With the advent of 8-10 m class telescopes, work similar to
the one presented in this paper can be extended to a larger
sample of distant radio galaxies and refined to provide a more
precise definition of the incident quasar spectrum, of the scat-
tering parameters, and of the age of the stellar population.

We thank Buell Jannuzi, Simon Lilly, Tino Oliva, Marco
Salvati, Sandra Savaglio, Roberto Viotti, and Adolf Witt for
useful discussions, Stefano Cristiani for providing the typical
spectrum of quasars, and Robert W. Goodrich, the referee, for
helpful comments.
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