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ABSTRACT. The appearance of active galactic nuclei (AGN) depends so strongly on orientation that our 
current classification schemes are dominated by random pointing directions instead of more interesting 
physical properties. Light from the centers of many AGN is obscured by optically thick circumnuclear 
matter, particularly at optical and ultraviolet wavelengths. In radio-loud AGN, bipolar jets emanating from 
the nucleus emit radio through gamma-ray light that is relativistically beamed along the jet axes. 
Understanding the origin and magnitude of radiation anisotropies in AGN allows us to unify different 
classes of AGN; that is, to identify each single, underlying AGN type that gives rise to different classes 
through different orientations. This review describes the unification of radio-loud AGN, which include radio 
galaxies, quasars, and blazars. We describe the classification and general properties of AGN. We summarize 
the evidence for anisotropic emission caused by circumnuclear obscuration and relativistic beaming. We 
outline the two most plausible unified schemes for radio-loud AGN, one linking the high-luminosity sources 
(quasars and luminous radio galaxies) and one the low-luminosity sources (BL Lac objects and less 
luminous radio galaxies). Using the formalism appropriate to samples biased by relativistic beaming, we 
show that the population statistics for two schemes are in accordance with available data. We analyze the 
possible connections between low- and high-luminosity radio-loud AGN and conclude they probably are 
powered by similar physical processes, at least within the relativistic jet. We review potential difficulties 
with unification and conclude that none currently constitutes a serious problem. We discuss likely 
complications to unified schemes that are suggested by realistic physical considerations; these will be 
important to consider when more comprehensive data for larger complete samples become available. We 
conclude with a list of the ten questions we believe are the most pressing in this field. 
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1. INTRODUCTION 

The mystery of active galactic nuclei (AGN) is that they 
produce very high luminosities in a very concentrated vol- 
ume, probably through physical processes other than the 
nuclear fusion that powers stars. AGN are thus special labo- 
ratories for extreme physics which we would like to under- 
stand. They are also our principal probes of the Universe on 
large scales, so understanding them is essential to studying 
the formation and evolution of the Universe. 

At present, the approximate structure of AGN is known, 
but much of the detailed physics is literally hidden from 
view because of their strongly anisotropic radiation patterns. 
The prevailing (but not necessarily correct) picture of the 
physical structure of AGN is illustrated in Fig. 1 (Holt et al. 
1992). At the center is a supermassive black hole whose 

gravitational potential energy is the ultimate source of the 
AGN luminosity. Matter pulled toward the black hole loses 
angular momentum through viscous or turbulent processes in 
an accretion disk, which glows brightly at ultraviolet and 
perhaps soft X-ray wavelengths. Hard X-ray emission is also 
produced very near the black hole, perhaps in connection 
with a pervasive sea of hot electrons above the disk. If the 
black hole is spinning, energy may be extracted electromag- 
netically from the black hole itself. 

Strong optical and ultraviolet emission lines are produced 
in clouds of gas moving rapidly in the potential of the black 
hole, the so-called "broad-line clouds" (dark blobs in Fig. 
1). The optical and ultraviolet radiation is obscured along 
some lines of sight by a torus (as shown in Fig. 1) or warped 
disk of gas and dust well outside the accretion disk and 

© Astronomical Society of the Pacific · Provided by the NASA Astrophysics Data System 



UNIFIED SCHEMES FOR RADIO-LOUD AGNs 805 

broad-line region. Beyond the torus,1 slower moving clouds 
of gas produce emission lines with narrower widths (grey 
blobs in Fig. 1). Outflows of energetic particles occur along 
the poles of the disk or torus, escaping and forming colli- 
mated radio-emitting jets and sometimes giant radio sources 
when the host galaxy is an elliptical, but forming only very 
weak radio sources when the host is a gas-rich spiral. The 
plasma in the jets, at least on the smallest scales, streams 
outward at very high velocities, beaming radiation relativis- 
tically in the forward direction. 

This inherently axisymmetric model of AGN implies a 
radically different AGN appearance at different aspect 
angles. In practice, AGN of different orientations will there- 
fore be assigned to different classes. Unification of these 
fundamentally identical but apparently disparate classes is an 
essential precursor to studying the underlying physical prop- 
erties of AGN. The ultimate goal is to discover which are the 
fundamentally important characteristics of AGN—e.g., 
black- hole mass, black-hole spin, accretion rate, host galaxy 
type, interaction with neighboring galaxies—and how they 
govern the accretion of matter, the formation of jets, and the 
production of radiation in these bizarre objects. 

This review covers the unification of radio-loud AGN, 
i.e., those with prominent radio jet and/or lobe emission. 
Comparable unification schemes for radio-quiet objects 
(Rowan-Robinson 1977; Lawrence and Elvis 1982; Anto- 
nucci and Miller 1985), which have not been explored using 
the same statistical techniques, have recently been reviewed 
by Antonucci (1993; his review includes radio-loud AGN as 
well) and are not discussed here. In the following sections, 
we describe current AGN classification schemes (Sec. 2) and 
the two principal causes of anisotropic radiation, obscuration 
(Sec. 3) and relativistic beaming (Sec. 4). We establish the 
motivation for current unification schemes for high- and 
low-luminosity2 radio-loud AGN (Sec. 5) and then discuss 
them quantitatively (Sec. 6). We discuss the possible connec- 
tions among high- and low-luminosity AGN and other as- 
pects of the unification paradigm (Sec. 7), including potential 
problems, complications, and future tests (Sec. 8). In the 
final section (Sec. 9), we briefly summarize the status of 
unification and pose what we believe are the ten most impor- 
tant questions at the current time. In the Appendices, we 
present equations governing the various beaming parameters 
(A), the Doppler enhancement (B), and the ratio of core to 
extended flux (C), and a glossary of acronyms used in the 
paper (D). Throughout this review the values HQ = 50 
km s-1 Mpc-1 and qo = 0 have been adopted (unless other- 
wise stated) and the spectral index a is defined such that 
Fv*v-a. 

^or convenience, we tend to refer to the obscuring matter as a torus, but to 
date there is little to indicate whether it is actually a torus, a warped disk, or 
some other distribution (cf. Sec. 8.2.1). 

2In all that follows, we compute observed luminosities assuming spherical 
symmetry, i.e., we assume uniform emission into Απ steradians. If an AGN 
radiates anisotropically, it may be called a "high-luminosity" source even 
though its intrinsic luminosity is low. 

Fig. 1—A schematic diagram of the current paradigm for radio-loud AGN 
(not to scale). Surrounding the central black hole is a luminous accretion 
disk. Broad emission lines are produced in clouds orbiting above the disk 
and perhaps by the disk itself. A thick dusty torus (or warped disk) obscures 
the broad-line region from transverse lines of sight; some continuum and 
broad-line emission can be scattered into those lines of sight by hot elec- 
trons that pervade the region. A hot corona above the accretion disk may 
also play a role in producing the hard X-ray continuum. Narrow lines are 
produced in clouds much farther from the central source. Radio jets, shown 
here as the diffuse jets characteristic of low-luminosity, or FR I-type, radio 
sources, emanate from the region near the black hole, initially at relativistic 
speeds. For a 108Mo black hole, the black hole radius is —3X1013 cm, the 
accretion disk emits mostly from ~1-30X1014 cm, the broad-line clouds 
are located within ~2-20Xl016 cm of the black hole, and the inner radius 
of the dusty torus is perhaps -1017 cm. The narrow-line region extends 
approximately from 1018-1020 cm, and radio jets have been detected on 
scales from 1017 to several times 1024 cm, a factor of ten larger than the 
largest galaxies. 

2. OBSERVED PROPERTIES AND EMPIRICAL 
CLASSIFICATION OF AGN 

The full complement of active galactic nuclei constitutes a 
zoo of different names, detection criteria, and spectral, polar- 
ization, and variability characteristics. As in biology, how- 
ever, taxonomy derived from empirical observations can im- 
pose some order on the chaos. Table 1 shows the principal 
classes of AGN (adapted from Lawrence 1987, 1993), orga- 
nized according to their radio loudness and their optical 
spectra, i.e., whether they have broad emission lines (Type 
1), only narrow lines (Type 2), or weak or unusual line emis- 
sion. Within each of the groupings, different types of AGN 
are listed by increasing luminosity. We now explain Table 1 
in more detail. 

Roughly 15%-20% of AGN are radio-loud, meaning they 
have ratios of radio (5 GHz) to optical (5-band) flux 
Fs/Fß^lO (Kellermann et al. 1989), although this fraction 
increases with optical (Padovani 1993; La Franca et al. 1994) 
and X-ray (Delia Ceca et al. 1994) luminosities, reaching, for 
example, —50% at 24.5. With few exceptions, the 
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Table 1 
AGN Taxonomy 

Optical Emission Line Properties 

Type 2 (Narrow Line) Type 1 (Broad Line) Type 0 (Unusual) 

Radio-quiet : 

Radio-loud: 

Sy 2 
NELG 
IR Quasar? 

nlrg{ FR I 
FR II 

Sy 1 

QSO 

BLRG 
SSRQ 
FSRQ 

BAL QSO? Black 
Hole 
Spin? 

fBL Lac Objects Blazarsi 
(FSRQ) 

Decreasing angle to line of sight 

optical and ultraviolet emission-line spectra and the infrared 
to soft X-ray continuum of most radio-loud and radio-quiet 
AGN are very similar (Sanders et al. 1989) and so must be 
produced in more or less the same way. The characteristic of 
radio loudness itself may be related in some way to host 
galaxy type (Smith et al. 1986) or to black hole spin (Bland- 
ford 1990; Wilson and Colbert 1995), which might enable 
the formation of powerful relativistic jets. 

Based on the characteristics of their optical and ultraviolet 
spectra, AGN can be separated into the three broad types 
shown in Table 1. 

(1) Those with bright continua and broad emission lines 
from hot, high-velocity gas, presumably located deep in the 
gravitational well of the central black hole, are known as 
Type 1 AGN. In the radio-quiet group, these include the Sey- 
fert 1 galaxies, which have relatively low luminosities and 
therefore are seen only nearby, where the host galaxy can be 
resolved, and the higher-luminosity radio-quiet quasars 
(QSO), which are typically seen at greater distances because 
of their relative rarity locally and thus rarely show an obvi- 
ous galaxy surrounding the bright central source. The radio- 
loud Type 1 AGN are called Broad-Line Radio Galaxies 
(BLRG) at low luminosities and radio-loud quasars at high 
luminosities, either Steep Spectrum Radio Quasars (SSRQ) 
or Flat Spectrum Radio Quasars (FSRQ) depending on radio 
continuum shape, with the dividing line set at ar=0.5 
(where the radio spectrum is measured at a few GHz). Other 
than luminosity, little distinguishes Seyfert Is from radio- 
quiet quasars, or BLRG from radio quasars. 

(2) Type 2 AGN have weak continua and only narrow 
emission lines, meaning either that they have no high- 
velocity gas or, as we now believe, the line of sight to such 
gas is obscured by a thick wall of absorbing material. Radio- 
quiet Type 2 AGN include Seyfert 2 galaxies at low lumi- 
nosities, as well as the narrow-emission-line X-ray galaxies 
(NELG; Mushotzky 1982). The high-luminosity counterparts 
are not clearly identified at this point, but likely candidates 
are the infrared-luminous IRAS AGN (Sanders et al. 1988; 
Hough et al. 1991; Wills et al. 1992b), which may show a 
predominance of Type 2 optical spectra (Lawrence et al. 
1995). 

Radio-loud Type 2 AGN, often called Narrow-Line Radio 

Galaxies (NLRG), include two distinct morphological types: 
the low-luminosity Fanaroff-Riley type I radio galaxies (Fa- 
naroff and Riley 1974), which have often-symmetric radio 
jets whose intensity falls away from the nucleus, and the 
high-luminosity Fanaroff-Riley type II radio galaxies, which 
have more highly collimated jets leading to well-defined 
lobes with prominent hot spots (see Sec. 5.2). Examples of 
FR I and FR II radio morphologies are shown in Fig. 2. 

(3) A small number of AGN have very unusual spectral 
characteristics. Inventing a term, we call these Type 0 AGN 
and speculate that they are related by a small angle to the line 
of sight ("near 0 degrees"). These include the BL Lacertae 
(BL Lac) objects, which are radio-loud AGN that lack strong 
emission or absorption features (typical equivalent width 
limits are set at Wx<5 A). In addition, roughly 10% of 
radio-quiet AGN have unusually broad P-Cygni-like absorp- 
tion features in their optical and ultraviolet spectra, and so 
are known as BAL (Broad Absorption Line) quasars (Turn- 
shek 1984). If BAL spectral features are caused by polar 
outflows at small angles to the line of sight, they too are Type 
0 AGN as indicated in Table 1 ; alternatively, they may have 
edge-on disks with winds instead (Turnshek 1988). There are 
no known radio-quiet BL Lacs. A subset of Type 1 quasars, 
including those defined variously as Optically Violently Vari- 
able (OVV) quasars, Highly Polarized Quasars (HPQ),3 

Core-Dominated Quasars (CDQ), or FSRQ, are probably 
also found at a small angle to the line of sight. Their con- 
tinuum emission strongly resembles that of BL Lac objects 
(apart from the, presence of a blue "bump" in a few cases) 
and, like BL Lac objects, they are characterized by very 
rapid variability, unusually high and variable polarization, 
high brightness temperatures (often in excess of the Comp- 
ton limit T—IO12 K; Quirrenbach et al. 1992), and superlu- 
minal velocities of compact radio cores (Sec. 4.). Although 
the names OVV, HPQ, CDQ, and FSRQ reflect different em- 
pirical definitions, evidence is accumulating that they are all 
more or less the same thing—that is, the majority of flat- 

3We refer here only to radio-loud HPQ. While a few radio-quiet quasars also 
have highly polarized optical emission, and thus fit the HPQ definition, 
their polarization is almost certainly caused by scattering rather than intrin- 
sic emission processes. 
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Fig. 2—Radio images of the two types of radio galaxies: (a) at low lumi- 
nosity, an FR I radio galaxy, 1231+674, with diffuse, approximately sym- 
metric jets whose surface brightness falls off away from the center, and (b) 
at high luminosity, an FR II radio galaxy, 1232+414, with sharp-edged 
lobes and bright hot spots; the jets in this case are often too faint to see. 
(Courtesy of Frazer Owen and Mike Ledlow.) 

spectrum radio quasars tend to show rapid variability, high 
polarization, and radio structures dominated by compact ra- 
dio cores, and vice versa (Fugmann 1989; Impey et al. 1991; 
Valtaoja et al. 1992; Wills et al. 1992a)—so hereafter we 
refer to them simply as FSRQ. Collectively, BL Lacs and 
FSRQ are called blazars. Even though the FSRQ have strong 
broad emission lines like Type 1 objects, they are noted in 
the "Type 0" column in Table 1 because they have the same 

blazar-like continuum emission as BL Lac objects. 
We have described an empirical division of AGN accord- 

ing to radio and optical/ultraviolet properties. Table 1 is 
analogous to the Periodic Table of the Elements developed 
by chemists a century or so ago, when many chemical ele- 
ments had been discovered and studied but the relations 
among them were not entirely clear. Where in chemistry it 
was eventually recognized that valence electrons dominate 
the horizontal relations and nuclear mass the vertical rela- 
tions, we will argue that the categories in this "Periodic 
Table of the AGN" are distinguished primarily by orientation 
effects along the horizontal direction and by as-yet unknown 
physics in the vertical direction. 

Whether AGN are classified Type 1 or Type 2 depends on 
obscuration of the luminous nucleus, and whether a radio- 
loud AGN is a blazar or a radio galaxy depends on the align- 
ment of the relativistic jet with the line of sight. These two 
causes of anisotropy, obscuration of infrared through ultra- 
violet light by optically thick gas and dust, and relativistic 
beaming of radio jets, both important in radio-loud objects, 
are discussed in turn in the next two sections, which can be 
skipped by readers interested only in the actual unification 
schemes. Note that the unification of quasars with high- 
luminosity radio galaxies requires both kinds of anisotropy, 
while the unification of BL Lac objects with low-luminosity 
radio galaxies requires (at present) only relativistic beaming. 

3. ANISOTROPIC RADIATION FROM 
OBSCURATION 

The central regions of many AGN appear to contain ob- 
scuring material, probably in the form of dust, that prevents 
infrared through ultraviolet light from penetrating some lines 
of sight (Rowan-Robinson 1977). This dust may be distrib- 
uted in a torus (Pier and Krolik 1992, 1993) or in a warped 
disk (Sanders et al. 1989). In either case, it causes AGN to 
look markedly different from different aspect angles. Direct 
evidence for obscuration has been found in many Type 2 
AGN, although mostly in the more numerous radio-quiet ob- 
jects. Those NLRG in which obscuration has been detected 
because of scattered broad emission lines are all FR Ils; de- 
tection of such hidden lines in FR Is would provide an in- 
triguing connection between the high- and low-luminosity 
unification schemes. 

3.1 Polarimetric Evidence for Hidden Nuclear Regions 

The most direct evidence for circumnuclear obscuration 
comes from spectropolarimetry of Type 2 objects, particu- 
larly the nearby Seyfert 2 NGC 1068 (Antonucci and Miller 
1985) and the radio galaxy 3C 234 (Antonucci 1984). Some 
fraction of the light from these objects is highly polarized, 
and their polarized spectra have strong broad lines like Type 
1, rather than Type 2 objects. Much of the polarization is 
probably caused by electron scattering since it is wavelength 
independent; some scattering by dust clouds has also been 
observed (Miller et al. 1991). In 3C 234, the plane of polar- 
ization is perpendicular to the radio jet axis, as expected if a 

Right Ascension (1950) 
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Type 1 nucleus is at least partially obscured by a thick wall 
of gas and dust whose axis coincides with the radio jet axis.4 

The continuum luminosity inferred from the strength of the 
scattered broad lines is quasar-like. 

Subsequent polarization observations generally support 
the picture of scattered light from a luminous, hidden con- 
tinuum source in NLRG. Like 3C 234, the radio galaxy IC 
5063 has polarized broad lines, indicative of scattered light 
from a hidden broad-line region (Inglis et al. 1993). Spec- 
tropolarimetry of three powerful radio galaxies at z~l has 
shown broad polarized Mg π lines, with equivalent widths 
typical of those observed in radio-loud quasars (di Serego 
Alighieri et al. 1994a). Multiwavelength polarimetry of 3C 
109 (Goodrich and Cohen 1992) suggests polarization by 
transmission through dust, in which case the intrinsic lumi- 
nosity is also quasar-like.5 

Recent HST spectra of Cygnus A show a broad Mgll 
emission line which appears to be reflected from the south- 
east knot (a region of extended featureless optical con- 
tinuum; Pierce and Stockton 1986). This is a direct signature 
of the hidden quasar in this luminous FR II galaxy (Anto- 
nucci et al. 1994); that broad emission lines have not been 
detected with optical spectropolarimetry (Jackson and 
Tadhunter 1993) may be because of dilution by the local 
optical continuum at the scattering site (Antonucci et al. 
1994; Sec. 8.2.6). 

Imaging polarimetry of the radio galaxies PKS 2152-69 
(di Serego Alighieri et al. 1988), 3C 277.2 (di Serego Aligh- 
ieri et al. 1989), Cygnus A (Tadhunter et al. 1990), 3C 368 
(di Serego Alighieri et al. 1989; Scarrott et al. 1990), and 
additional radio galaxies (Cimatti et al. 1993, and references 
therein) reveals extended regions of polarized continuum 
emission which appear to be nuclear continuum scattered by 
ambient dust and/or electrons. Tadhunter et al. (1989; see 
also Cimatti et al. 1993 and di Serego Alighieri et al. 1994a) 
have suggested that dust scattering of quasar radiation could 
also explain the so-called "alignment effect" observed in 
high-redshift radio galaxies (McCarthy et al. 1987; Cham- 
bers et al. 1987), i.e., the correlation between the direction of 
the radio axis and the optical structure (extended emission- 
line regions plus continuum). 

3.2 Infrared and X-Ray Evidence for Hidden Nuclear 
Regions 

Since optical depth decreases at wavelengths longer than 
the optical, infrared observations are potentially much deeper 

4Antonucci (1984) identified 3C 234 as a narrow-line radio galaxy even 
though it has broad Ha (Grandi and Osterbrock 1978). His point was that 
3C 234 is equivalent to a narrow-line object like NGC 1068 because its 
broad lines are very highly polarized and therefore must be scattered. The 
broad emission lines of 3C 234 were not really "hidden" prior to the 
spectropolarimetric observations (although they were not strong broad lines 
that would clearly mark it as a quasar), but spectropolarimetry indicated 
that a direct view to the broad-line region was obscured. The fuzzy defini- 
tion of "broad-line" (Type 1) objects is discussed further in the footnote in 
Sec. 6.1.1. 

5Like 3C 234, 3C 109 has strong broad lines observable in total ñux, in this 
case Ha. While the spectral shapes of the polarized continuum in 3C 109 
and 3C 234 are similar, the polarization in 3C 234 is too high to be caused 
by dust transmission (Goodrich, private communication). 

probes of the nuclear regions of Type 2 AGN. Compact, 
bright, infrared cores and/or wavelength-independent per- 
pendicular polarization as in 3C 234 have been found in 
about a dozen narrow-line radio galaxies, of both high and 
low luminosities (Bailey et al. 1986; Fabbiano et al. 1986; 
Hough et al. 1987; Antonucci and Barvainis 1990; McCarthy 
et al. 1990; Djorgovski et al. 1991). In a few cases, infrared 
spectroscopy has revealed broad wings on the Paschen lines 
(Fabbiano et al. 1986; Hill et al. 1995), at least partially 
revealing the infrared high-velocity gas that is completely 
obscured at optical wavelengths. In others the hidden 
infrared-optical continuum source and broad-line region re- 
main stubbornly hidden, suggesting the expected optical 
depths are quite large; for example, up to 25-50 mag of 
visual extinction to the nucleus are estimated in the case of 
Cygnus A (Ward et al. 1991; Djorgovski et al. 1991). 

The weakness of the X-ray continuum from Type 2 AGN 
relative to Type Is is also consistent with the idea of an 
obscured nucleus (Lawrence and Elvis 1982; Fabbiano et al. 
1984; Fabbiano et al. 1986). The X-ray spectrum of Cygnus 
A, a classic high-luminosity narrow-line radio galaxy, is 
commensurate with a typical quasar spectrum absorbed by a 
high column density of cold gas along the line of sight (Ar- 
naud et al. 1987; Ward et al. 1991; Ueno et al. 1994). Similar 
high column densities are deduced from X-ray measurements 
of a number of Type 2 AGN, exactly as expected if the cen- 
tral source in Type 2s is obscured from direct view (Mul- 
chaey et al. 1992). 

3.3 Anisotropie Illumination of Narrow Emission Line 
Gas 

The presence of anisotropic continuum emission can be 
inferred from the extended narrow-line regions, sometimes 
tracing ionizing light cones, seen in direct imaging of many 
nearby Type 2 AGN. High-resolution HST images of NGC 
1068 in the light of [O m] (Evans et al. 1991) confirm in 
exciting detail earlier ground-based evidence for an ioniza- 
tion cone with apex at an obscured nucleus (Pogge 1988). 
Figure 3 shows the HST image of another nearby Seyfert 2 
galaxy, NGC 5728 (Wilson et al. 1993); the conical shape of 
the ionized gas and its filamentary structure are both appar- 
ent. In these and other cases, the biconical structure suggests 
that an obscured nuclear source with quasar-like luminosity 
is photoionizing gas in the extended narrow-line region 
(Robinson et al. 1987; Baum and Heckman 1989; Tadhunter 
and Tsvetanov 1989; Wilson et al. 1993). 

At present, there is no direct evidence (i.e., from spec- 
tropolarimetry) for obscuration in low-luminosity, FR I radio 
galaxies, although there are strong indications of anisotropic 
continuum emission in some individual objects. (Indirect 
evidence for obscuration in FR Is as a class is discussed in 
Sec. 5.4.) The FR I radio galaxy PKS 2152-69 shows opti- 
cal line emission from a gas cloud at a projected distance of 
8 kpc from the nucleus which, if due to excitation from a 
beamed nuclear source, implies an ionizing beam power well 
within the range for BL Lacs (di Serego Alighieri et al. 
1988). 

Similarly, in the FR I radio galaxy Centaurus A, optical 
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Fig. 3—HST WFPC image of the nearby Seyfert 2 galaxy NGC 5728 taken 
in the light of [Om] with resolution 0.1 arcsec (Wilson et al. 1993). The 
biconical structure suggests that a hidden nuclear source with quasar-like 
ultraviolet luminosity is photoionizing gas in the narrow-line region. (Copy- 
right American Astronomical Society, reprinted with permission.) 

emission-line filaments subtend a small projected solid angle 
in the northwest part of the galaxy, roughly aligned with the 
position of the jet-like structures found in the X-ray and ra- 
dio bands (Morganti et al. 1991). A detailed analysis of the 
line ratios in the Cen A filaments suggests they are photoion- 
ized by strongly anisotropic radiation, about two orders of 
magnitude larger in the X-ray band than that observed di- 
rectly (Morganti et al. 1992). Were this due to simple obscu- 
ration of an isotropic continuum by a thick torus, the ob- 
scured radiation would be reradiated in the infrared, contrary 
to observation. At least some of the continuum emission 
must be obscured, however, as the variable (i.e., nuclear) 
X-ray source in Cen A is heavily absorbed (Mushotzky et al. 
1978). The continuum anisotropy in Centaurus A could be 
caused by relativistic beaming (see Sec. 4)—its inferred 
beam power is similar to that of BL Lacertae (Morganti et al. 
1991)—or the optical filaments could be excited by local 
shocks where the northern radio jet interacts with a dense 
cloud of material (Sutherland et al. 1993). We note that illu- 
minated clouds like those seen in Cen A and PKS 2152—69 
are expected if FR Is found in cooling flow clusters contain 
hidden BL Lacs (Sarazin and Wise 1993). 

4. ANISOTROPIC RADIATION FROM 
RELATIVISTIC BEAMING 

When an emitting plasma has a bulk relativistic motion 
relative to a fixed observer, its emission is beamed in the 
forward direction (in the fixed frame), a direct consequence 
of the transformation of angles in special relativity. An ob- 
server located in or near the path of such a plasma sees much 
more intense emission than if the same plasma were at rest. 
Time scales for variability are also shorter, and this can cause 
the emission region to appear to move superluminally in the 
transverse direction (Appendix A). Strong relativistic beam- 
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Fig. A—Multiwavelength spectra of the gamma-ray-bright superluminal 
quasar 3C279 (Maraschi et al. 1994a) at two epochs, a high state in June 
1991 and a low state in January 1993. In the high state, the gamma-ray 
luminosity is ten times the luminosity in the synchrotron component seen at 
lower energies, while in the low state the two are comparable. (Copyright 
American Astronomical Society, reproduced with permission.) 

ing is thought to explain the rapid variations, high polariza- 
tion, and high luminosities that characterize blazars (Bland- 
ford and Rees 1978), and if present in blazars, it must also be 
present in other radio-loud AGN. The consequences of the 
anisotropic beamed radiation pattern are considerable (Ap- 
pendices Β and C), introducing significant selection effects 
in almost any flux-limited sample. 

4.1 Evidence for Relativistically Beamed Gamma Rays 

More than forty blazars have now been detected with the 
EGRET high energy experiment on the Compton Gamma- 
Ray Observatory (von Montigny et al. 1995). Without excep- 
tion, all EGRET-detected extragalactic objects are radio-loud 
blazars, either FSRQ or BL Lac objects (primarily the 
former). Not only are blazars bright at £^100 MeV, in 
many cases their observed gamma-ray luminosity dominates 
the luminosity in other wavebands by a factor between 1 and 
1000. Multiwavelength spectra of the superluminal quasar 
3C 279 (Fig. 4) show that the ratio of gamma-ray to bolom- 
etric luminosity increases with overall luminosity (Maraschi 
et al. 1994a). 

In several blazars, the observed high-energy gamma rays 
are highly variable, on time scales of a few days.6 For ex- 
ample, the intensity of 3C 279 (z = 0.538) declined by a 
factor of 4-5 in less than 3 days (Fig. 5; Kniffen et al. 1993), 
and the blazar PKS 0528 + 134 (z = 2.06) more than doubled 
its intensity in 5 days (Hunter et al. 1993). 

This rapid variability leads to a largely model- 
independent argument that the gamma rays, at least, must be 
relativistically beamed (Maraschi et al. 1992). This argument 
does not depend on which physical mechanism gives rise to 
the gamma-ray emission, simply on the observed luminosity 
and variability time scales at high energies. Specifically, in 

6The variability time scale can be defined in several ways, including the 
doubling time [td = {F){dFldt)~l] or the e-folding time 
{te={d\n FIdt) ~1 ]. Either is fine for the rough estimates here as long as it 
is derived from a substantial change in ñux (^30%). 
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Fig. 5—Gamma-ray light curve of the superluminal quasar 3C 279 during 
the bright outburst in June 1991 (Kniffen et al. 1993). The combination of 
rapid variability and high gamma-ray luminosity strongly suggests the emis- 
sion is relativistically beamed. (Copyright American Astronomical Society, 
reproduced with permission.) 

order for gamma rays to escape the source, the optical depth 
to pair production, τΎγ, must be of order unity or less, which 
is equivalent to saying the compactness, a convenient dimen- 
sionless parameter that represents source luminosity 
divided by dimension, must be less than about 40 at the 
threshold for pair production. That is, rr7~//40^1, where 
/=(1,/7-)(^/^(:3) is the compactness, L and r are the 
source luminosity and dimension, respectively, and me and c 
are the usual constants (electron mass and speed of light). 
The Thomson cross section, σΤ, is appropriate because most 
pairs will be produced by X-y interactions. 

For 3C 279 and PKS 0528 + 134, the inferred values for 
the compactness are 5000 to 15,000, well in excess of the 
optical depth limit. In order that we observe gamma rays 
from these blazars, the true gamma-ray luminosity, =¾ must 
be much smaller than observed and the true dimension much 
larger. Relativistic beaming has the effect that Lobs= 
[Eq. (B5)], where S is the Doppler beaming factor (Appendix 
A). If r is estimated from the variability time scale 
(r~ ScAt), then 

/= <Γ5 ^obs σΤ 
Δίι obs WleC 

(1) 

The limit /^40 then translates to for 3C 279 and fe7 
for PKS 0528+134, where Lobs has been evaluated at X-ray 
energies under reasonable spectral assumptions (Maraschi et 
al. 1992); similar limits are obtained for all the gamma-ray 
blazars (Dondi and Ghisellini 1995). For comparison, the 
values derived in an entirely independent way from 
a synchrotron self-Compton calculation using radio and 
X-ray data (see Sec. 4.4) are ^18 for 3C 279 and 3 for 
PKS 0528 + 134 (Ghisellini et al. 1993). 

Note that no radio-quiet AGN have been detected so far 
with EGRET. One cannot rule out that, since gamma-ray 
power appears to correlate with radio power (Padovani et al. 
1993), radio-quiet AGN might still have blazar-like spectra 
with high-energy (>50 MeV) emission well below the sen- 
sitivity of EGRET. This is unlikely, however, because OS SE 
observations of Seyfert 1 galaxies show steep cutoffs above 

—50 keV, in sharp contrast to the hard spectra of radio-loud 
objects (Kurfess et al. 1994). The difference in gamma-ray 
properties may then be related to radio loudness, which in 
turn must be closely associated with relativistic beaming. 

4.2 Superluminal Motion in Radio Jets 

The term "superluminal motion" describes proper motion 
of source structure (traditionally mapped at radio wave- 
lengths) that, when converted to an apparent speed υ a, gives 
va>c. This phenomenon occurs for emitting regions moving 
at very high (but still subluminal) speeds at small angles to 
the line of sight (Rees 1966). Relativistically moving sources 
"run after" the photons they emit, strongly reducing the time 
interval separating any two events in the observer's frame 
and giving the impression of faster than light motion (Ap- 
pendix A). 

Typical proper motions observed with Very Long Baseline 
Interferometry (VLBI) are in the range 0.1 to 1 
milliarcsec yr~1 and imply apparent velocities up to 
~30c/(i/0/50) (Vermeulen and Cohen 1994). The majority 
of superluminal sources are FSRQ and BL Lacs, although 
this is in part a selection effect since these objects have the 
brightest cores and so are more easily observed with VLBI. 
Blazars do tend to have the largest apparent velocities (Ghis- 
ellini et al. 1993; Vermeulen and Cohen 1994), in agreement 
with the idea that their jets are more aligned with the line of 
sight than other classes of radio-loud AGN. 

Detection of superluminal motion does not necessarily 
imply that the source of radiation is moving at near- 
relativistic speeds. For example, the tip of a rotating beam of 
light moves faster than light at a distance r>c/w, where ω is 
the angular speed. If the beam ionizes material that re-emits 
the radiation, the observer will detect superluminal motion 
even though the ionized material is not moving at all. (Of 
course, a simple rotating-beam model would predict some 
cases of superluminal contractions, i.e., negative values of 
va, contrary to observation; Vermeulen and Cohen 1994.) 
Apparent superluminal motion requires only a relativistic 
phase or pattern speed, which could be different from the 
bulk velocity of the radiating plasma itself. 

Whether the pattern speed inferred from superluminal 
motion differs from the bulk motion of the plasma, as pre- 
dicted by jet models that include relativistic shocks (Lind 
and Blandford 1985), is a matter of current debate (Ghisellini 
et al. 1993; Vermeulen and Cohen 1994; Kollgaard 1994). 
There is an observed correlation between the apparent super- 
luminal velocity and the Doppler beaming factor (Ghisellini 
et al. 1993), thus connecting superluminal motion directly to 
bulk relativistic motion (Sec. 6.3). A particularly nice local 
laboratory has been found by Mirabel and Rodriguez (1994), 
who discovered a galactic superluminal source for which 
both jet and counterjet are seen and the two expansion ve- 
locities and luminosities are measured. In this case the pat- 
tern and bulk velocity are probably quite similar, with 
ßhnvJ/^pattern~0.8 (Appendix B; Bodo and Ghisellini 1995). A 
second galactic superluminal source has since been discov- 
ered, with similar bulk velocity and lying roughly in the 
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plane of the sky, but with significant intrinsic jet asymmetries 
(Tingay et al. 1995; Hjellming and Rupen 1995). 

4.3 Observed Radio Jet Asymmetries 

One of the intriguing characteristics of jets imaged on the 
sky is that they are often one-sided, almost exclusively so for 
the high-luminosity AGN (Bridle and Perley 1984), for the 
parsec scale jets measured with VLBI (Cawthome 1991), 
and even at the base of the symmetric jets in low-luminosity 
objects (Bridle and Perley 1984; Parma et al. 1987). This 
raises the key question of whether jets are intrinsically one- 
sided or have one of two intrinsically equal jets brightened 
by relativistic beaming. If observed superluminal velocities 
on parsec scales are due to bulk relativistic motion of the 
emitting plasma, the enormous intensity enhancement from 
relativistic aberration would inevitably cause jet one- 
sidedness [Eq. (A8)]. The continuity of sidedness between 
parsec and kiloparsec scales would then argue for large-scale 
superluminal motions, which in turn implies kinetic energies 
many orders of magnitude larger than required by the parsec- 
scale jets. 

The evidence for relativistic speeds on the larger scales is 
largely circumstantial but not easily dismissed. Wherever 
one-sided jets are seen on the small scale, they are on the 
same side as those seen on the large scale, strongly suggest- 
ing a connection between the two (Bridle 1992). Studies of 
the nearby FR I radio galaxy M87 support the hypothesis 
that its jets are intrinsically two-sided: first, modest superlu- 
minal motion has been detected on kiloparsec scales (Biretta 
et al. 1995) and second, an invisible counterjet has been in- 
ferred from the optically polarized hot spot in the extended 
radio lobe on the counterjet side (Stiavelli et al. 1992; Sparks 
et al. 1992). Similarly, optical evidence for an invisible coun- 
terjet was seen in the superluminal BLRG 3C 120 (Axon et 
al. 1989). 

More general evidence for Doppler enhancement of large- 
scale jets is found in the depolarization asymmetry in radio 
lobes (Laing 1988; Garrington and Conway 1991). If jet one- 
sidedness indicates an oncoming high-velocity jet, then the 
extended radio lobe on the jet side should be closer to us 
than the lobe on the opposite side. In 49 of the 69 sources 
studied by Garrington and Conway (1991), the lobe on the 
counterjet side is more depolarized than the one on the jet 
side, exactly as expected if it were further away and had 
more depolarizing material along the line of sight. The dif- 
ferential depolarization is explained well by a hot gaseous 
halo surrounding the radio source (Tribble 1992). It may be 
possible to ascertain the characteristics of the depolarizing 
gas independently through sensitive X-ray observations with 
AXAF, which would confirm that the one-sidedness of most 
kpc-scale jets is caused by relativistic beaming. We note that 
in some cases asymmetric radio jet emission correlates spa- 
tially with the extended optical emission line gas, which is 
clearly not beamed, indicating that intrinsic asymmetries are 
also present at some level in radio sources (McCarthy et al. 
1991). 

Finally, supporting evidence for the preponderance of 
relativistic jets comes from large surveys of radio-loud AGN 

(Hough and Readhead 1989; Impey et al. 1991). Just as one 
would expect if all jets were relativistic, the ratio of core 
radio emission (presumably relativistically beamed) to ex- 
tended (clearly unbeamed) radio emission is correlated with 
optical polarization, optical power-law fraction, degree/ 
rapidity of variability, jet curvature, and superluminal mo- 
tion, and is inversely correlated with linear size.7 

4.4 Brightness Temperature Calculations and SSC 
Models 

The smooth nonthermal radio-through-infrared continuum 
emission in radio-loud AGN is probably synchrotron radia- 
tion, i.e., emission from relativistic electrons moving in a 
magnetic field. Some of the synchrotron photons will be in- 
verse Compton scattered to higher energies by the relativistic 
electrons, which is known as the synchrotron self-Compton 
(SSC) process. For some radio-loud AGN the synchrotron 
radiation density inferred from the observed radio power and 
angular size predicts SSC X rays well in excess of the ob- 
served X-ray ñux (Marscher et al. 1979; Ghisellini et al. 
1993), which is called the "Compton catastrophe" (Hoyle et 
al. 1966). A related (but not equivalent) statement is that 
extremely rapid radio variability in some blazars (Quirren- 
bach et al. 1992) implies brightness temperatures, 
TB = Ivc2/(2kv2), where k is Boltzmann's constant, larger 
than the 1012 Κ limit (Kellermann and Pauliny-Toth 1969; 
see also Singal and Gopal-Krishna 1985 and Readhead 1994, 
who suggest a limit 1011 Κ appropriate to the equipar- 
tition of magnetic field and relativistic electron energy den- 
sities). 

It follows that the true synchrotron photon density must 
be lower than observers infer by assuming isotropy. The 
strong anisotropy and shortened time scales caused by rela- 
tivistic beaming can account naturally for the Compton ca- 
tastrophe (or noncatastrophe, as it happens). A lower limit to 
the Doppler factor, δ, which characterizes these effects (Ap- 
pendix B) can be estimated from the ratio of predicted to 
observed SSC flux (Jones et al. 1974; Marscher et al. 1979). 
In the case of a spherical emission region of observed angu- 
lar diameter φά, moving with Doppler factor 4phere ' the 
limit is (Ghisellini et al. 1993) 

/ ^(4+2°·) 
^sphere (^0 F | y -h 3 fe j (1+z)(2) 

where 4>d is in milliarcseconds, vm is the observed self- 
absorption frequency of the synchrotron spectrum in GHz, 
Fm is the observed radio flux at vm in Jy, Ex and Fx are the 
observed X-ray energy and flux in keV and Jy, respectively, 
and vb is the observed synchrotron high frequency cutoff. 
The function /(a), where a is the spectral index of the op- 
tically thin synchrotron emission, depends only weakly on 
the various assumptions used by different authors (see dis- 
cussion in Urry 1984) and has the approximate value /(a) 

7Lister et al. (1994a) found no correlation between the ratio of core flux to 
total flux and other beaming indicators, but this may be in part because for 
that particular ratio, core-dominated objects (those with 1 ; Appendix C) 
are restricted to the limited range 0.5^/core//total^l. 
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— 0.08^ + 0.14 (Ghisellini 1987). If the radio source is a 
continuous jet, which is perhaps more realistic (Appendix B, 
case ρ = 2+ a), then (Ghisellini et al. 1993) 

c _ c(4 + 2a)/(3 + 2a) ^jet ^sphere * W/ 

For a continuous jet compared to a single blob, therefore, the 
same observed quantities imply a higher Doppler beaming 
factor (for <5>1). 

The limit in Eq. (2) has been calculated for many radio- 
loud AON (Marscher et al. 1979; Madejski and Schwartz 
1983; Madau et al. 1987), with the result that δ has lower 
limits both larger and smaller than unity, depending on the 
AON. One complication is that the angular size {φά) is a 
function of observation frequency and so is to some extent 
arbitrary. A self-consistent approach is to use, in Eq. (2), the 
observing frequency as vm and the flux and angular size 
(preferably measured with VLBI) at that frequency as Fm 

and φά, respectively. 
For —100 radio sources for which the VLBI size of the 

radio-emitting core is published, Eq. (2) gives S>1 for a 
large fraction of BL Lacs and essentially all FSRQ (Ghisel- 
lini et al. 1993). That is, blazars for which appropriate data 
exist do appear to have relativistically beamed emission. 
Similarly, using variability time scales to infer Doppler fac- 
tors from the condition TB m.áX< l012 Κ gives S>1 for a num- 
ber of blazars (Teräsranta and Valtaoja 1994). The latter val- 
ues for BL Lacs are somewhat low compared to the SSC 
calculation, but if the equipartition brightness temperature is 
more appropriate (Singal and Gopal-Krishna 1985; Read- 
head 1994), the derived Doppler factors increase by a factor 
of 2-3, since δ = [TBt0bs/TBtmm]m. 

5. BASIS FOR UNIFICATION SCHEMES 

The previous two sections described the abundant evi- 
dence for strongly anisotropic radiation from radio-loud 
AGN. Their appearance therefore depends strongly on orien- 
tation, and unification schemes are inevitable. The light from 
some AGN must be directed toward the observer, whether by 
relativistic beaming or by obscuration, and the remaining 
misaligned AGN must constitute the so-called "parent 
population."8 The known properties of radio-loud AGN— 
radio galaxies, quasars, and BL Lac objects—are key to iden- 
tifying the correct parent and beamed populations. 

Here we describe the basic unification schemes that have 
been proposed to date (Sec. 5.1), and how the isotropic prop- 
erties of radio-loud AGN support or undermine these 
schemes. Both FR I and FR II radio galaxies tend to have 
pairs of jets more or less in the plane of the sky and thus are 
candidates for misoriented blazars. We discuss the FR I/FRII 
distinction (Sec. 5.2) and then pursue the two most viable 
unification schemes, linking quasars with FR II galaxies 
(Sec. 5.3) and BL Lac objects with FR I galaxies (Sec. 5.4). 

8There is a difference between what should really be called the parent popu- 
lation, which is to say all intrinsically identical objects regardless of orien- 
tation, and the misaligned subclass, which is the parents minus the aligned 
objects. In most cases involving relativistic beaming, however, the relative 
number of aligned objects is small and there is little difference between the 
two. 

Specifically, we summarize the principal matching criteria, 
which include the isotropic properties of extended radio 
power and morphologies, optical narrow line emission, far- 
infrared continuum emission, host galaxies, environments 
external to the AGN, and evolution over cosmic time. Fi- 
nally, we argue that statistical treatment of proper unbiased 
samples is not currently possible (Sec. 5.5) and we review 
the method for incorporating the selection effects introduced 
by relativistic beaming (Sec. 5.6). 

We note that all of the comparisons of FR II galaxies and 
radio-loud quasars ignored the existence of a separate class 
of FR Ils with low-excitation optical emission lines (Hine 
and Longair 1979; Laing et al. 1994). Since the low- 
excitation FR Ils tend to have lower radio luminosities than 
the high-excitation FR Ils (Laing et al. 1995), as well as 
more complex radio morphologies (Laing et al. 1994), the 
comparisons of isotropic properties described below could be 
affected in a systematic way. In particular, the low-excitation 
FR Ils may be more closely associated with BL Lac objects 
than with quasars. Reanalyzing existing data in the light of 
this alternative classification would be very interesting. 

5.1 History of Radio-Loud Unification Schemes 

The suggestion that radio-loud quasars were an aligned 
version of radio-quiet quasars (Scheuer and Readhead 1979) 
was an early attempt to unify quasars, but was ruled out by 
the lack of strong large-scale, diffuse radio emission in the 
radio-quiet sources. An alternative suggestion was that fiat- 
spectrum radio quasars were aligned versions of steep- 
spectrum radio quasars (Orr and Browne 1982). This satisfies 
the requirement for equivalent large-scale radio structures 
and has not been ruled out. However, a third suggestion, that 
the SSRQ and FSRQ are increasingly aligned versions of FR 
II galaxies (Peacock 1987; Scheuer 1987; Barthel 1989) ap- 
pears to fit the data better (Padovani and Urry 1992). 

Since BL Lac objects are also blazars but have much 
lower equivalent-width lines than FSRQ, it was originally 
suggested that they could be still more aligned versions of 
quasars (Blandford and Rees 1978). The intrinsic BL Lac 
luminosities are much smaller than quasar luminosities (for 
well defined samples), however, and crude estimates of the 
number densities of parents required are more consistent 
with low-luminosity radio galaxies (Schwartz and Ku 1983; 
Browne 1983; Perez-Foumon and Biermann 1984), as are 
quantitative estimates of the number densities and luminosi- 
ties of BL Lacs and FR I galaxies (Ulrich 1989; Browne 
1989; Padovani and Urry 1990; Urry et al. 1991a). 

5.2 Distinction between FR I and FR II Radio Galaxies 

Two decades ago, Fanaroff and Riley (1974) recognized 
that radio galaxies separate into two distinct luminosity 
classes, each with its own morphology. As described in Sec. 
2, radio emission in the low-luminosity FR Is peaks near the 
nucleus, while the high-luminosity FR Ils have radio lobes 
with prominent hot spots and bright outer edges. Jets, when 
seen, tend to be more collimated in the FR Ils. Examples of 
both morphological types are shown in Fig. 2. 
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The luminosity distinction is fairly sharp at 178 MHz, 
with FR Is and FR Ils lying below and above, respectively, 
the fiducial luminosity L178^2X 1025 W Hz-1. The separa- 
tion is cleanest in the two-dimensional optical-radio lumi- 
nosity plane, where each class follows a separate, approxi- 
mately linear, Lr—L0 correlation (Owen and White 1991; 
Owen and Ledlow 1994), implying the FR I/FR II break 
depends on optical as well as radio luminosity. At a given 
radio luminosity, FR Is are more luminous optically than FR 
Ils, although both classes span the same range in optical 
luminosity overall (Owen and Ledlow 1994). 

At higher radio frequencies, the luminosity ranges for 
each class do overlap by as much as two orders of magni- 
tude, with FR Is having 2.7 GHz luminosities as high as 
L2.7~6X1026 WHz-1, while FR Ils have luminosities as 
low as L2 7~ 2X 1025 W Hz-1 for the 3CR sample (Laing et 
al. 1983)" and even L2 7~3X 1024 WHz-1 for the 2 Jy 
sample (Morganti et al. 1993). 

FR I and FR II galaxies differ systematically in several 
ways in addition to host galaxy magnitude. At the same radio 
luminosity or host galaxy magnitude, FR Ils have optical 
emission lines about an order of magnitude stronger than 
those of FR Is (Rawlings et al. 1989; Baum and Heckman 
1989; Zirbel and Baum 1995). FR Is tend to inhabit moder- 
ately rich cluster environments (Prestage and Peacock 1988; 
Hill and Lilly 1991) in which they are sometimes the first- 
ranked ellipticals (Owen and Laing 1989), while FR Ils are 
more isolated. 

Classification of radio galaxies is surely more compli- 
cated than a simple bifurcation. While FR II morphologies 
are well defined by their clear outer hotspots and/or bright 
edges, the FR I class includes many disturbed and atypical 
radio structures (Parma et al. 1992). At the same time, optical 
spectra of FR Ils are quite heterogeneous, with some having 
strong emission lines and others having only very weak, low- 
excitation emission lines (Hine and Longair 1979; Laing et 
al. 1994). An alternative classification of radio galaxies by 
optical spectra might group the low-excitation FR Ils with 
the (weak-lined) FR Is. The physical connection between FR 
I and FR II radio galaxies is a clue to the formation of jets 
and the extraction of energy from the black hole (Baum et al. 
1995). 

The blurry line between FR types does affect the proposed 
AGN unification schemes, but only as a perturbation on the 
basic picture. In terms of statistical analysis, it affects the 
details of the low-luminosity end of the FR II luminosity 
function and the high-luminosity end of the FR I luminosity 
function but has no major impact because what matters in a 
quantitative analysis (Sec. 6) is the knee of the parent lumi- 
nosity function. 

5.3 Isotropie Properties of Quasars and FR II Galaxies 

5.3.1 Extended radio emission 

FR II radio galaxies are dominated by emission from 
large, diffuse radio lobes which is almost certainly un- 
beamed, especially at low frequencies where the contribution 
from flat-spectrum hot spots is minimal. The radio luminosi- 
ties of the extended structures of FR II galaxies and quasars 

25 26 27 28 29 
log P5 qjjz extended ] 

Fig. 6—A comparison of the extended radio powers at 5 GHz for FR II radio 
galaxies {dashed line), steep-spectrum radio quasars {dot-dashed line), and 
flat-spectrum radio quasars {solid line) from the 2 Jy sample (Wall and 
Peacock 1985; di Serego Alighieri et al. 1994a,b). Data for the FR Ils come 
from Morganti et al. (1993), those for FSRQ have been derived from the R 
values (Appendix C) given by Padovani (1992b), updated with lower limits 
from Ulvestad et al. (1981), while extended radio powers for SSRQ have 
been collected from the literature (mostly from Browne and Murphy 1987). 
Upper limits on extended power for FSRQ are indicated with the symbol 
"<". Radio powers have been de-evolved using the best-fit evolution for 
each class (Table 2). 

should therefore be comparable if the unified scheme is right. 
The fact that most compact radio sources have substantial 
extended radio power has been known for more than a de- 
cade (Ulvestad et al. 1981) and the distributions of Pext for 
compact radio sources (largely quasars) and 3CR/B2 radio 
galaxies (at 1.5 GHz) do overlap (Antonucci and Ulvestad 
1985). 

In terms of the quasar-FR II unification scheme in par- 
ticular, the extended radio luminosities at a few GHz of com- 
plete samples of FSRQ and SSRQ are typical of those for 
complete samples of FR II radio galaxies, as shown in Fig. 6 
for the 2 Jy sample. (All radio powers have been de-evolved 
using the best-fit evolution appropriate for that class; see 
Sec. 6.1.) We note that it is not appropriate to use the 
Kolmogorov-Smimov (KS) statistic to test whether these 
distributions are compatible—or similarly, whether the dis- 
tributions of redshift or narrow-line luminosity are compa- 
rable for blazars and radio galaxies—because the sample 
identification itself involves strong selection effects from 
relativistic beaming and thus one should not expect the shape 
of the distributions to be the same. For example, since 
beamed objects can be detected to higher redshifts, in a flux- 
limited sample they will be intrinsically more luminous as 
well. The histograms in Fig. 6 demonstrate only that the 
range in unbeamed radio luminosity overlaps completely, not 
that the distributions have the same shape. 

5.3.2 Narrow emission lines 

Assuming the narrow emission lines are emitted isotropi- 
cally, unification schemes predict similar narrow-line lumi- 
nosities in quasars and FR II radio galaxies. Due to the in- 
trinsic correlation between narrow-line luminosity and 
extended radio emission (Baum and Heckman 1989; Rawl- 
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Fig. 7—The [O n] emission-line luminosity for quasars {filled circles) and 
powerful (FR II) radio galaxies {open squares) in the 3CR sample, plotted 
vs. redshift to allow comparisons at similar radio luminosity (which is well 
correlated with redshift in a radio-flux-limited sample) and/or observed 
wavelength of [Ο π]. The narrow-emission-line luminosities of radio galax- 
ies and quasars, which should be unaffected by obscuration or relativistic 
beaming, span the same values over the full redshift range. (Data from Hes 
et al. 1993.) 

ings and Saunders 1991; Zirbel and Baum 1995), the com- 
parison has to be done matching objects of similar extended 
radio luminosity. For flux-limited samples, this is roughly 
equivalent to matching in redshift (although the scatter in the 
redshift-Ρext correlation can be large for core-dominated ob- 5.3.4 Host galaxies 

tections, do show that quasars are systematically more lumi- 
nous at all observed wavelengths from 12 to 100 μπ\. This 
suggests that there is a fundamental difference between the 
two populations, or there is a significant contribution from 
beamed far-infrared continuum in the quasars, or the torus is 
still radiating anisotropically at —50 /xm in the rest frame 
(Heckman et al. 1994). The ratio of 60 μπι to 178 MHz flux 
appears to correlate with core to extended flux ratio, which 
suggests that far-infrared emission is enhanced in core- 
dominated objects and therefore is likely beamed (Hes et al. 
1995). ISO observations will be fundamental in addressing 
this issue further. 

In AGN for which the optical depth to the nucleus is not 
too high, detection of broad Paschen lines may be possible. 
To date, Paa has been seen in some broad-line radio galaxies 
and also in a few narrow-line radio galaxies, and in all cases 
the reddening to the broad-line region was larger than the 
reddening to the narrow-line region (Hill et al. 1995). With 
more sensitive instruments, the expectation is that infrared 
broad lines will be found in a number of Type 2 radio gal- 
axies. The torus is likely quite thick in the equatorial plane, 
so it is only at intermediate angles that the extinction would 
be small enough for Paa photons to escape. Interestingly, 
radio galaxies appear to have nuclear sources stronger in the 
infrared than in the optical, exactly as expected for a red- 
dened, hidden nucleus (Dunlop et al. 1993). 

jects since it is an induced correlation). Also, matching the 
objects in redshift will exclude the effects of cosmological 
evolution, as well as observational selection effects due to 
the bandpass used. 

Quasars do have systematically higher [Ο πι] λ5007 lumi- 
nosities than radio galaxies (Jackson and Browne 1990), but 
this line appears to be emitted anisotropically when com- 
pared to [Ο π] X3727 (McCarthy 1989; Hes et al. 1993), 
possibly due to contribution to [Ο m] from the broad-line 
region (although there is no sign of broad wings on the 
[Ο m] line) and/or partial obscuration by the thick torus. (Ex- 
cluding the low-excitation FR II galaxies also reduces the 
discrepancy in [O III] luminosities: Laing et al. 1994.) As 
shown in Fig. 7, the [Ο π] λ3727 line luminosities of 3CR 
steep-spectrum quasars and FR II radio galaxies matched in 
radio power are completely overlapping (Hes et al. 1993), as 
expected from the unification scheme.9 

5.3.3 Infrared properties 

Models for the obscuring torus suggest it becomes trans- 
parent in the far-infrared (Pier and Krolik 1993), where the 
radiation, possibly thermal emission by dust grains (Sanders 
et al. 1989), therefore becomes isotropic. To date, the only 
bulk measurements of AGN at far-infrared wavelengths 
come from IRAS, which was not sensitive enough to detect 
most radio galaxies individually. Separate coadds of IRAS 
data for radio galaxies and quasars, including many nonde- 

9Any trend with redshift is induced through the correlation of luminosity and 
redshift in flux-limited samples, and should therefore be ignored in this and 
similar plots. 

A simple test of unification is that the morphology and 
magnitude of radio galaxies and quasar host galaxies be 
comparable. At present, the observational situation for qua- 
sars and FR II radio galaxies is not entirely clear, as com- 
parisons of their mean host galaxy luminosities have led to 
conflicting conclusions. Some studies have found radio gal- 
axies to be fainter by —0.5-1 mag (Hutchings 1987; Smith 
and Heckman 1989), while others concluded the mean mag- 
nitudes (and dispersions) were comparable (Véron-Cetty and 
Woltjer 1990; Lehnert et al. 1992). In part, determining qua- 
sar host-galaxy magnitudes is difficult, and in part the differ- 
ences between the conflicting results may be explained by 
systematic effects (Abraham et al. 1992) and/or by incom- 
plete or heterogeneous samples. For example, in the present 
unification scheme the parent population consists of lumi- 
nous narrow-line radio galaxies, yet samples of "powerful 
radio galaxies" used to test unification sometimes include 
broad-line radio galaxies (the local counterpart of quasars) 
and FR Is. 

With high-resolution ground-based imaging, host galaxies 
have been detected in quasars out to a couple of gigaparsecs. 
Figure 8 shows a CFHT image of the radio-loud quasar 
2135 — 147, which has redshift ζ = 0.2. Even though the qua- 
sar nucleus is very bright, the host galaxy is clearly visible, 
as are companion objects ~2 arcsec and ~5 arcsec to the 
east (Hutchings and Neff 1992). Most quasars are at higher 
redshift, so determining whether they are in ellipticals re- 
quires high resolution imaging of the kind now available 
with HST (Hutchings et al. 1994; Hutchings and Morris 
1995; Bahcall et al. 1995). Such studies of the galaxy mor- 
phologies of large, complete samples of quasars and radio 
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Fig. 8—Optical image of the radio-loud quasar 2135 — 147 obtained with the 
CFHT with resolution 0.5 arcsec. The host galaxy is clearly visible, as are 
two close companions ~2 and ~5 arcsec to the east (Hutchings and Neff 
1992; copyright American Astronomical Society, reproduced with permis- 
sion). 

galaxies will be important for testing unified schemes. 
Most host galaxy studies have been done at optical wave- 

lengths, where the ratio of nuclear to galaxy flux is relatively 
high. Diffuse stellar light surrounding bright AGN is more 
easily detected in the infrared; for example, the ^Γ-band im- 
ages of 2135 —147, the quasar in Fig. 8, also show the diffuse 
galaxy emission and companion objects quite clearly, if not 
at the same resolution (Dunlop et al. 1993). A recent infrared 
comparison of radio galaxies and radio-loud quasars at 
ζ^0.4, matched in radio power and redshift, shows that the 
host galaxies of both classes appear to be luminous ellipti- 
cals, have the same average half-light radii, and have the 
same mean absolute magnitudes (Dunlop et al. 1993; Taylor 
et al. 1995). For both the radio galaxies and quasars, infrared 
galaxy surface brightness and scale length are well correlated 
(Fig. 9), with the same slope and normalization as for bright- 
est cluster galaxies (Schneider et al. 1983). This gives strong 
support to the unified scheme, at least for relatively nearby 
quasars. 

5.3.5 Environments 

For a unification scheme to be correct, the environments 
of the unified classes—here, FR Ils and radio quasars—have 
to match.10 The observational situation here is unclear. In an 
oft-quoted study, Prestage and Peacock (1988) found that 
compact/flat-spectrum radio sources appear to lie in regions 

10Even within the unified scheme, environment may have an effect on the 
relative numbers of radio galaxies and blazars. For example, the opening 
angle of the torus might depend on gas density external to the active 
nucleus. In that case, the number ratio of blazars to radio galaxies could 
differ between cluster and field. If the opening angle were smaller in 
clusters due to extra quenching, for example, radio galaxies would be 
found more often in clusters than are blazars. This is a matter of degree, 
however; the fact that both radio galaxies and blazars should be found in 
clusters and in the field would not change. 

Logi0 ri/2 (kpc) 

Fig. 9—The distribution of radio galaxies and the host galaxies of radio- 
loud quasars on the /T-band μχη, log/?^ plane, where is the Anband 
surface brightness at the half-light radius, Rui, for samples matched statis- 
tically in redshift and radio power to minimize selection effects. Both radio 
galaxies and quasar hosts are very luminous and have large scale lengths; 
the best-fit correlation for the combined dataset (dotted line) is very similar, 
in both slope and normalization, to those for brightest cluster galaxies (solid 
lines; from Schneider et al. 1983, shifted to the Κ band by the observed 
mean zero-redshift color of the radio galaxies in the sample, B — K=3.15). 
The properties of radio galaxies and quasar hosts on this diagram are statis- 
tically indistinguishable, lending strong support to unified schemes, at least 
for ζ<0.4 (Taylor et al. 1995; figure courtesy of James Dunlop). 

of galaxy density a factor of ~2 lower than those typical of 
FR Is and possibly even lower than for FR II sources. How- 
ever, this was based on small samples of only —10 compact 
flat-spectrum sources, which included BL Lacs, local FSRQ, 
and even some radio galaxies. The Prestage and Peacock 
(1988) data on FSRQ alone are too limited to derive a spatial 
correlation amplitude for comparison to the FR Ils. 

Other studies at low redshift showed either no significant 
difference in environment (Smith and Heckman 1990), or 
only a marginal difference (Yates et al. 1989) that disappears 
when the radio galaxies without definite FR II structure are 
excluded. At higher redshift (0.35^z^0.5), the environ- 
ments of powerful radio galaxies are as rich as those ob- 
served around radio-loud quasars in the same redshift inter- 
val (Yates et al. 1989). 

Thus, there is no evidence for concluding that the envi- 
ronments of FR Ils and radio quasars differ. Obviously, ad- 
ditional data for larger samples covering a range in redshift 
are needed to confirm that the environments are similar. 

5.3.6 Cosmic evolution 

If radio galaxies and quasars are related strictly through 
aspect, then the relative numbers and luminosities of each 
class should be broadly comparable at all cosmological ep- 
ochs. Indeed, the cosmological evolution of steep-spectrum 
radio quasars, flat-spectrum radio quasars, and radio galaxies 
can be described in each case by luminosity increasing with 
redshift roughly as (l+z)3 out to z~2, followed by a com- 
parable decline in comoving density at higher redshifts 
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Fig. 10—A comparison of the extended radio powers at 5 GHz for FR I 
radio galaxies {dashed line) from the 2 Jy sample (Wall and Peacock 1985; 
di Serego Alighieri et al. 1994b), radio-selected BL Lac objects {solid line) 
from the 1 Jy sample (Stickel et al. 1991) and X-ray-selected BL Lacs 
{dot-dashed line) from the EMSS sample (Stocke et al. 1991). Data for the 
FR Is come from Morganti et al. (1993); those for RBL have been derived 
from the R values (Appendix C) given by Padovani (1992a), updated with 
data from Kollgaard et al. (1992) and Murphy et al. (1993) plus lower limits 
from Ulvestad et al. (1981); data for the XBL are taken from Perlman and 
Stocke (1993). Upper limits on extended power (<) and lower limits on 
redshift (>) for BL Lac objects are indicated. 

(Dunlop and Peacock 1990). This means current samples are 
broadly consistent with unification independent of redshift. 

Over cosmic time, changes in the relative strengths of 
beamed and unbeamed components in individual sources, or 
in the opening angle of an obscuring torus (Lawrence 1991), 
might be expected. In either of those cases, the observed 
evolution would be different depending on orientation angle. 
The magnitude of this effect is clearly model-dependent, but 
if the unification of radio galaxies and quasars is correct, it 
cannot be large given the observed similarity in their evolu- 
tionary properties. 

5.4 Isotropie Properties of BL Lae Objeets and FR I 
Galaxies 

5.4.1 Extended radio emission 

More than ten years ago it was noted that the extended 
radio emission of BL Lacs was comparable to that of low- 
luminosity (i.e., FR I) radio galaxies (Browne 1983; Wardle 
et al. 1984; Antonucci and Ulvestad 1985), although these 
early studies were hampered by the lack of redshift informa- 
tion and small and incomplete samples. Now that sizeable 
complete BL Lac samples are available, indeed the mean 
extended radio powers at 5 GHz for the 1 Jy radio-selected 
BL Lac sample (Stickel et al. 1991) and a subsample of the 
3CR FR Is are essentially the same, CPext)~1025 WHz-1 

(Padovani 1992a). Figure 10 shows the overlapping histo- 
grams of Ρcxl observed for the 1 Jy BL Lacs and the 2 Jy FR 
Is (Wall and Peacock 1985; di Serego Alighieri et al. 1994b), 
which have similar flux limits and selection frequencies. It is 
not clear whether the BL Lac morphologies are consistent 
with FR I morphologies seen at small angles; if the angle 
separating the two classes is large enough, one might expect 

to see more double-jet structures in BL Lacs, although the 
FR I morphologies are quite varied (Parma et al. 1992). 

There is similar agreement between Β2 FR Is and X-ray 
selected BL Lac objects (XBL) from the Einstein Medium 
Sensitivity Survey (EMSS; Perlman and Stocke 1993) or 
3CR and Β2 FR Is and XBL from the HEAO-1 Large Area 
Sky Survey (LASS; Laurent-Muehleisen et al. 1993). Figure 
10 includes the distribution of Ρfor the EMSS XBL; both 
the 3CR and Β 2 samples have slightly lower fluxes at 5 GHz 
than the 2 Jy sample, which results in their extended powers 
reaching smaller values. 

It is notable that the mean extended radio power of XBL 
is more than an order of magnitude lower than for radio- 
selected BL Lacs (RBL; see also Laurent-Muehleisen et al. 
1993). Moreover, the weak radio cores of XBL appear rela- 
tively unbeamed, as if they are "off-axis" in the radio band 
(Padovani 1992a; Perlman and Stocke 1993) or intrinsically 
less luminous (Giommi and Padovani 1994; Padovani and 
Giommi 1995a). The large difference in extended power sup- 
ports the latter interpretation (see Sees. 6.2.5, 6.2.6). 

Some of the 1 Jy RBL, which extend to higher redshifts 
and thus to higher luminosities, appear to have radio mor- 
phologies more consistent with FR Ils than with FR Is (or 
rather, with what FR Ils would look like at a small angle with 
the line of sight; Kollgaard et al. 1992; Murphy et al. 1993). 
This is not a serious challenge to the idea of FR Is being the 
parent population of BL Lac objects (see also Maraschi and 
Rovetti 1994, who consider the continuity explicitly), as it 
affects only a relatively few objects at the high end of the FR 
I luminosity function, but it reinforces the blurriness of the 
distinction between FR Is and FR Iis in the overlapping lu- 
minosity range. Just as the luminosities overlap at high fre- 
quencies, perhaps the clear morphological separation breaks 
down in higher frequency maps (which are needed to get 
high spatial resolution in the more luminous, higher redshift 
objects). Also, none of the BL Lacs observed by Kollgaard et 
al. (1992) displays FR II characteristics as clearly as some 
core-dominated quasars observed by the same group (albeit 
with somewhat better resolution; Kollgaard et al. 1990). Fi- 
nally, a substantial number of 3CR FR II sources have low- 
excitation optical spectra, i.e., with lines such as [O III] that 
are very weak (or undetectable) in comparison to the hydro- 
gen lines (Laing et al. 1994). Since the narrow-line spectra of 
these objects are clearly different from those of classical FR 
11 radio galaxies and radio quasars, instead resembling those 
of FR Is, it is possible that the low-excitation sources, de- 
spite their FR II morphology, could well belong to the low- 
power unification scheme. It would then follow that some BL 
Lacs are expected to display FR II morphology and also that 
that does not necessarily associate them with all the high- 
power sources. 

5.4.2 Narrow emission lines 

It is not yet clear whether the narrow-line luminosities of 
BL Lac objects, in the few cases when such lines can be 
observed, are consistent with those of FR I galaxies. [O ill] 
luminosities are available for 8 of the 11 1 Jy BL Lac objects 
with certain redshift z^O.5 (Stickel et al. 1993). The mean 
emission line luminosity is Lom = lo41,30^·11 ergs-1, 
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Fig. 11—The [Om] emission-line luminosity for the 1 Jy BL Lacs {filled 
circles), 2 Jy FR Is {open circles), and 2 Jy flat-spectrum radio quasars {open 
squares), including some upper limits for the FR Is, plotted vs. redshift to 
allow comparisons at similar radio luminosity (which is well correlated with 
redshift in radio-flux-limited samples) and/or observed wavelength. At a 
given redshift, the line luminosities of FR Is are generally smaller than those 
of BL Lacs, although the highest FR I [Ο m] luminosities are comparable. 
The line luminosities of quasars are larger than those of BL Lacs by more 
than a factor of ten. (The one quasar located in the BL Lac region, PKS 
0521—365, is discussed in the text; Sec. 7.1.) This argues against the idea 
that the high-redshift, high-luminosity BL Lac objects are more closely re- 
lated to flat-spectrum radio quasars than to low-redshift, low-luminosity BL 
Lacs, although the BL Lac data extend only to ζ— 0.4. 

with a spread of less than an order of magnitude. Figure 11 
shows these values compared to the available [O III] lumi- 
nosities for the FR I galaxies in the 2 Jy sample (Tadhunter et 
al. 1993), plotted vs. redshift to compensate simultaneously 
for any trends with observed wavelength range or luminosity 
(which correlates well with redshift in flux-limited samples). 

For z^0.2, the maximum redshift of the FR Is, and ex- 
cluding nondetections, the mean [O ill] luminosities are 
Lorn = 1041 10±0·07 and ιο40·49±0·24 ergs-1 for five BL 
Lacs and five FR Is, respectively. The difference is a factor 
of ~4, significant at the —94% level, and is more than an 
order of magnitude if one includes the upper limits. How- 
ever, the FR I line fluxes may be underestimated due to small 
slits and/or contamination from a strong stellar continuum 
(Tadhunter et al. 1993). Also, a comparable set of uniform 
upper limits for BL Lac objects is not available for compari- 
son; possibly, the [O m] luminosity in most BL Lac objects is 
well below the few detections available. High signal-to- 
noise-ratio spectra through large apertures of a reasonably 
large sample of FR I radio galaxies (and BL Lac objects) are 
needed to determine whether L0 m in FR Is is really smaller 
than in BL Lacs. 

The apparent difference in [Om] luminosities for BL 
Lacs and FR Is could also arise if [O III] were emitted aniso- 
tropically, as for radio quasars and FR II radio galaxies (Sec. 
5.3). The fact that broad Mg II emission lines are seen in 
some BL Lac objects (Stickel et al. 1993) means that for 
unification to be correct, some FR Is (albeit high-redshift 
ones) must have obscured broad-line regions. By analogy to 
quasars (Sec. 5.3.2), the obscuring matter could affect the 
[O ill] emission more than the [O ll], thus explaining the ap- 
parent discrepancy. While there is no direct evidence for an 

obscuring torus surrounding the [O iii]-emitting clouds in BL 
Lac objects or FR Is, neither is there evidence against it. 

Recent HST spectra of the nucleus of M87, a nearby FR I 
galaxy of modest luminosity (Harms et al. 1994), do show 
relatively broad emission lines, ranging from FWHM —1400 
km s-1 for H/2 up to —1900 km s-1 for [O l]. These lines are 
broader than the typical widths for Seyfert 2 galaxies 
(FWHM -250-1200 kms"1; Osterbrock 1989) and the 
[O lll]/H/3 ratio is much larger than 1, unlike the typical case 
for Seyfert 1 galaxies. If M87 has a hidden nuclear broad- 
line region, further spectroscopic investigation of this and 
other FR Is is obviously of great interest. 

Unlike the quasar-FR II unification scheme, where SSRQ 
appear at intermediate angles, the BL Lac-FR I scheme has 
essentially no transition objects (the low-luminosity BLRG 
3C 120 might be an exception). These would be FR I-like 
radio sources, with steep radio spectra and FR I-like mor- 
phologies because they are oriented outside the relativistic 
beaming cone, but would show BL Lac-like emission lines 
(possibly broad lines) because they are oriented inside any 
obscuration cone. It may be that BL Lacs just do not have 
any appreciable emission, lines or continuum, beyond that 
relativistically beamed from the jet. Alternatively, broad lines 
could be hidden in FR Is, a phenomenon implied by unifica- 
tion with the high-redshift BL Lac objects, in which case 
there should be (as for quasars) broad-line FR Is. The lack of 
such objects could be explained if the opening angle of the 
obscuring torus is narrower at lower powers (Lawrence 
1991; Falcke et al. 1995; see also Baum et al. 1995). Far 
infrared observations of BL Lacs and FR Is with ISO should 
indicate whether or not there is obscuring matter in low- 
luminosity radio sources. 

5.4,3 Host galaxies 

There is good observational evidence that low-redshift BL 
Lacs reside in giant ellipticals as FR Is do. The host galaxy 
of the BL Lac object PKS 0548-322 (Fig. 12, center) has a 
de Vaucouleurs r1/4 law profile (Falomo et al. 1995), as do 
the point-source-subtracted optical profiles of many low- 
redshift BL Lacs (Ulrich 1989; Stickel et al. 1991, 1993). 
The distribution of host galaxy absolute magnitudes peaks 
around Mv 23, which is comparable to the brightest gal- 
axies in clusters (Kristian et al. 1978). The mean host galaxy 
magnitude for the seven 1 Jy BL Lac objects with ζ<0.2 is 
(My) = -22.9±0.3 (Stickel et al. 1991, 1993), in excellent 
agreement with the mean value for FR Is, 
{Μν)=—23.1±0.1 (derived from Smith and Heckman 
1989, converting to //o = 50 kms~1Mpc~1). There is no 
useful imaging information available for the BL Lacs at 
higher redshifts (z^0.2), a project now underway with 
HST. 

A few of the 20 or so BL Lac host galaxies classified in 
the literature show evidence for disks, but this is far from 
conclusive. The surface brightness profile of PKS 1413 + 135 
appears to be better fitted by an exponential law than by a de 
Vaucouleurs law (Abraham et al. 1991), suggesting a disk 
host, while for OQ 530 the results are mixed (Abraham et al. 
1991, Stickel et al. 1991, 1993). Stocke et al. (1992; see also 
Perlman et al. 1994) have suggested that PKS 1413 + 135, an 
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Fig. 12—The central part of an NTT /?-band image of the BL Lac object 
PKS 0548-322 (center) and its environment (Falomo et al. 1995). The host 
galaxy has the r1/4 profile typical of an elliptical. Numerous other galaxies 
visible in the field have the same redshift as the BL Lac (z = 0.069), indi- 
cating this BL Lac object lies in a rich cluster (Abell richness class 2; 
Falomo et al. 1995). A number of these galaxies are distorted or otherwise 
unusual; for example, the bright galaxy at the left edge of the image has a 
small jet-like structure extending to the southeast. (Copyright American As- 
tronomical Society, reproduced with permission.) 

unusually reddened BL Lac object, may lie behind a spiral 
galaxy rather than within it (cf. McHardy et al. 1994). 
Finally, while Halpern et al. (1986) reported a disk host in 
IE 1415.6+2257, Romanishin (1992) found the brightness 
profile to be consistent with an elliptical galaxy, with the 
possible presence of a jet-like feature that went unnoticed by 
Halpern et al. About 10% of FR Is are known to have some 
sort of morphological peculiarity in the optical (Smith and 
Heckman 1989). This could complicate the surface bright- 
ness profile analysis for BL Lac host galaxies, although to 
our knowledge there is no FR I radio galaxy whose optical 
surface brightness profile is better fitted by an exponential 
law than a de Vaucouleurs law. It would be useful to have 
higher resolution imaging of both BL Lacs and FR Is to 
explore this further. 

5.4.4 Environments 

The systematic study of the environment of BL Lacs is 
relatively recent. The work of Prestage and Peacock (1988), 
discussed in Sec. 5.3, is usually quoted (wrongly) as evi- 
dence that BL Lacs avoid rich environments; it actually 
shows that (within large uncertainties) the spatial correlation 
amplitude of (4) BL Lacs is consistent with that of FR I radio 
galaxies. 

Fields of low-redshift BL Lac objects that have been stud- 
ied intensively tend to show statistically significant excesses 
of galaxies, compatible with clusters of galaxies of Abell 
richness class 0 and 1 (Falomo et al. 1993; Pesce et al. 1994; 
Fried et al. 1993; Wurtz et al. 1993; Smith et al. 1995), in 
good agreement with the environments of FR I type radio 
galaxies (Hill and Lilly 1991). The environment of PKS 
0548—322 (Fig. 12) is clearly rich in galaxies, including two 

companion elliptical galaxies within ~40 kpc projected dis- 
tance (if at the redshift of the BL Lac, ζ = 0.069) and nu- 
merous other galaxies with brightnesses appropriate for a 
cluster at ζ = 0.069. Some nearby BL Lacs lie in somewhat 
poorer clusters, as do some FR Is (Wurtz et al. 1993; 
Laurent-Muehleisen et al. 1993). In short, BL Lacs and FR Is 
do appear to have similar environments. 

Reversing the question leads to an unexplained discrep- 
ancy. A spectroscopic survey of 193 radio sources found in 
Abell clusters, revealed 186 FR I galaxies but no BL Lac 
objects, when according to beaming models roughly 8 would 
have been expected in the observed luminosity range, a dis- 
crepancy significant at the >99% level (Owen et al. 1995). 
That is, this unbiased cluster-selected survey for BL Lac ob- 
jects suggests they occur preferentially outside of normal FR 
I environments. We note that the FR I luminosities observed 
by Owen et al. (1995), L^ClO26 WHz-1, and the ob- 
served BL Lac radio luminosity function, for which 
L5>1025 WHz"1 (Fig. 17; Urry et al. 1991a), overlap by 
less than one decade. In this interval there are only 18 FR Is 
and the absence of BL Lacs is only marginally significant 
(95% confidence; Owen et al. 1995). Furthermore, the con- 
flict in number density is actually between the observed BL 
Lac and FR I luminosity functions, rather than with the pre- 
dictions of the beaming model. It is possible that since the 
redshift limit of the cluster sample is low, ζ<0.09, recogni- 
tion effects (Browne and Marcha 1993) could be important. 

At higher redshifts (z~ 1) there is no indication of a den- 
sity enhancement near the BL Lacs, as expected because 
cluster galaxies at these redshifts would be well below the 
typical detection limits (Fried et al. 1993). It is important to 
study blazar environments at high redshifts because it is 
there that quasar environments appear to undergo significant 
evolution. At ζ—0.6, radio quasars are often found in clus- 
ters of galaxies, while locally they are in regions of lower 
galaxy density (Yee and Ellingson 1993). Furthermore, if 
there were a connection between the more luminous BL Lac 
objects and radio quasars (see Sec. 7.2), it would only be 
apparent at higher redshift. 

5.5 The Myth of Unbiased Selection 

Given the strong selection effects introduced by relativis- 
tic beaming and obscuration, it is very difficult to find useful 
unbiased samples. In the ideal case, surveys would be de- 
signed to select AGN by some completely isotropic property. 
Since surveys are generally flux-limited, this effectively 
means selecting sources at a wavelength not strongly af- 
fected by obscuration or beaming, such as in the low- 
frequency radio, far-infrared, or hard X-ray bands. 

At present, however, it is not possible to select a useful 
AGN sample in an unbiased way. The 3CR radio sample, 
selected at 178 MHz where steep-spectrum emission from 
the lobes dominates, contains only a few core-dominated ob- 
jects (i.e., blazars); in the 3CR catalog (Spinrad et al. 1985), 
only 2/298 (0.7%) objects are BL Lac objects (0% in the 
complete subsample of Laing et al. 1983). That is, the 3CR 
catalog may be (essentially) unbiased by beaming, but it 
does not include enough blazars to test their participation in 

05^50^58 40e 35' 
Right Ascension 
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unified schemes. In contrast, in the 1 Jy radio source catalog 
(Stickel et al. 1994), selected at 5 GHz, there are 37/527 BL 
Lacs (7%; there are 34 in the complete sample, with y^20), 
and 214/527 (41%) FSRQ, i.e., about 50% of the sources are 
blazars. Low-frequency-selected samples that are larger than 
the 3CR, like the Molonglo or B2 surveys, are still not com- 
pletely identified: a complete sample of 550 sources selected 
from the Molonglo catalog is in the process of being identi- 
fied (Kapahi et al. 1994), while two relatively small but com- 
pletely identified subsamples of the Β 2 catalog exist (Fanti et 
al. 1987) but are defined by a cut in optical magnitude, which 
is certainly not an isotropic property. Finally, the emission at 
low radio frequencies need not be entirely isotropic, as it can 
be affected somewhat by beaming in the cores and radio-lobe 
hot spots. 

Far-infrared selection does avoid the bias introduced by 
dust obscuration of optical/ultraviolet emission but intro- 
duces a bias against dust-free AGN, Furthermore, the selec- 
tion effects at far-infrared wavelengths depend on the prop- 
erties of the obscuring torus or other dusty structures, which 
may not generate isotropic emission (Pier and Krolik 1992) 
and which may differ from source to source by more than 
just orientation. The far infrared may also be affected by 
beaming insofar as there is a contribution from an infrared 
nonthermal source. Finally, the sample identification for the 
IRAS survey is a major burden, not to mention that AGN are 
not found efficiently (less than 1% of the high-latitude 
sources are AGN). 

Hard-X-ray surveys are theoretically useful, but no deep 
large-area surveys are currently planned. Also, X-ray spatial 
resolution at 10 keV is not as good as radio or infrared reso- 
lution, making the confusion limit correspond to an effec- 
tively higher flux; i.e., hard X-ray surveys cannot go as deep. 
The lower resolution also makes optical identification of the 
sample more difficult. In the future, an all-sky survey with 
arcsecond resolution at 10-20 keV would be very valuable 
for evaluating unified schemes in a model-independent way. 

In short, to address the key question of unified schemes— 
whether the numbers and luminosities of objects in the 
classes one proposes to unify are as expected by the 
scheme—means using well-defined (i.e., flux-limited) 
samples with known biases, and accounting for those selec- 
tion effects quantitatively. This allows us to comment on 
whether a specific unified scheme is plausible and what pa- 
rameter values are needed to make it so. It also avoids the 
pitfall of defining samples post facto, based on "isotropic 
quantities" like narrow-line emission or host galaxy type, 
which may well be incomplete because the detection thresh- 
old is not related to the sample definition. Fortunately, allow- 
ing for selection bias head-on, at least in the case of relativ- 
istic beaming, is a robust process which is not terribly 
sensitive to the details of the beaming model. 

5.6 Effect of Relativistic Beaming on Number Statistics 

AGN with anisotropic emission patterns will be boosted 
into and shifted out of flux-limited samples according to their 
orientation. For some radiation patterns, including those 
caused by relativistic beaming (Urry and Shafer 1984) and 

thick accretion disks (Urry et al. 1991b), a narrow distribu- 
tion in intrinsic luminosity is broadened into a flat distribu- 
tion over a wide range of observed luminosities (which fol- 
lows from the probability function for flux enhancement). 
This leads to a distortion in the measured shape of the lumi- 
nosity function of the boosted AGN relative to their intrinsic 
luminosity function (Urry and Shafer 1984; Urry and Pado- 
vani 1991). 

More specifically, under the basic assumption that AGN 
are randomly oriented on the sky, and assuming a radiation 
pattern, we can predict the exact numbers of AGN with a 
given observed luminosity relative to their intrinsic luminos- 
ity (summed over all angles). Given the luminosity function 
(LF) of the misaligned AGN, then, one can predict the LF of 
the aligned AGN, subject to the form of the radiation pattern. 
In practice, the pattern for relativistic beaming depends on 
the assumed distribution of Lorentz factors and on whether 
one assumes a unidirectional jet or a fan beam; the pattern 
for obscuration depends on the size and optical depth of the 
torus; the pattern for thick disks depends primarily on the 
funnel geometry. 

To evaluate the number statistics of radio-loud unification 
schemes we incorporate the effect of relativistic beaming on 
the observed LFs (Urry and Shafer 1984). Consider an en- 
semble of emitters all having the same intrinsic luminosity 
(^) and all moving with the same relativistic bulk speed (β) 
at random angles (θ) to the line of sight. Given that 
[Eq. (B7)], the probability of having a particular Doppler 
factor ί5=[γ(1—yß cos ^)]-1 (Appendix A) is 
P(S) = d{cos . The probability of observ- 
ing luminosity L given intrinsic (emitted) luminosity is 

P{L\^) = P{S) ^ = (4) 

For fixed =¾ the distribution of observed luminosities is a 
flat power law (with index in the range 1-1.5 for likely val- 
ues of p\ Appendix B) extending from L~{2y)~p^ to 
L~{2y)p3ï. The observed luminosity distributions are illus- 
trated in Fig. 13(a) (thick dashed lines) for three different 
intrinsic luminosities (thin dashed lines). The low-luminosity 
cutoff corresponds to an emitter moving directly away from 
us (^180°) and the high-luminosity cutoff to an approach- 
ing emitter perfectly aligned (/9=0°). The normalization of 
this flat power law decreases with increasing beaming 
(higher β, y, or ρ) because the beaming cone angle gets 
smaller. 

For a distribution of intrinsic luminosities (i.e., a luminos- 
ity function), the observed LF is just the integral of the in- 
trinsic luminosity distribution times the conditional probabil- 
ity function in Eq. (4): 

Φ0„8(Ι)= I dJ¿fP(Ll(5) 

This integral [thick solid line in Fig. 13(a)] is basically the 
envelope of the beamed LFs for fixed intrinsic luminosities 
(the intrinsic LF is shown as a thin solid line). For simple 
power-law luminosity functions, Eq. (5) can be integrated 
analytically (Urry and Shafer 1984). 
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Fig. 13—The effect of relativistic beaming on observed luminosity func- 
tions. (a) Simple case where all emitted flux comes from a randomly ori- 
ented relativistic jet. For a delta-function intrinsic luminosity {thin dashed 
line), the observed luminosity function after beaming {thick dashed line) is a 
flat power law of differential slope l^{p + l)/p^ 1.5 [Eq. (4)]. A power- 
law intrinsic luminosity function (thin solid line), after integration of Eq. 
(5), gives rise to an observed luminosity function that is a double power law 
{thick solid line), with flat slope (p+ I)/ρ at low luminosities and the same 
slope as the intrinsic power law at high luminosities, (b) Case where the 
intrinsic luminosity in the jet is a fraction/=0.001, 0.01, 0.1, or 1 of the 
unbeamed luminosity. As in (a), the beamed luminosity function has slope 
{p+l )/ρ below the break and the parent luminosity function slope above 
the break. In both (a) and (b), the high luminosity objects (those in the steep 
part of the beamed luminosity function) are oriented close to the line of sight 
(0-0°). 

In practice, one expects an unbeamed component (e.g., 
radio lobes) to be present in addition to a beamed component 
(jet). We use the simple parametrization that the intrinsic 
luminosity in the jet is a fixed fraction of the unbeamed 
luminosity, = /=¾, so the total observed luminosity is 

Lr=^ + L-^( 1+/^). (6) 

This takes account of the approaching jet only; it can be 
shown that if jets come in oppositely directed pairs of similar 
intrinsic power, the receding beamed component (with Dop- 
pler factor equal to <5=[y(l+yßcos $)]-1) will have a negli- 
gible contribution for likely values of the Lorentz factor and 
approaching jets within —60° of the line of sight (Appendix 
C). As before, the conditional probability is derived from Eq. 
(6), but in this case Eq. (5) is integrated numerically. A 
(likely) distribution of Lorentz factors can also be included 
(Urry and Padovani 1991). If we define the critical angle, 0C, 

to be where the beamed and unbeamed luminosities are com- 
parable (i.e., fSP= 1), then for θ< 0C the luminosity will be 
dominated by beamed emission and we can identify these 
sources as blazars. The observed parent and beamed LFs for 
the case of a single-power-law intrinsic LF are shown in Fig. 
13(b), for four values of/. 

The key point is that the luminosity function of the 
beamed population has a characteristic broken-power-law 
form, flat at the low luminosity end and steep at the high 
luminosity end (Urry and Shafer 1984). This remains ap- 
proximately the case even when the intrinsic luminosity 
function has a more complicated form, without sharp cutoffs 
(Urry and Padovani 1991). This means that the comparison 
of the number densities of beamed and parent populations is 
a strong function of luminosity, and for samples biased by 
relativistic beaming can be evaluated only by measuring the 
luminosity functions for each. 

Since radio maps of blazars show the presence of a dif- 
fuse component we consider the two-component model for 
which LT=^{ \ +/^) (Eq. 6). The assumption that the in- 
trinsic jet power is linearly proportional to the extended 
power may not be consistent with observations. Observed 
core power and total radio power are well correlated but 
apparently not linearly (Feretti et al. 1984; Giovannini et al. 
1988; Jones et al. 1994). Although results vary, all seem to 
find that observed core power has a less than linear depen- 
dence on total radio power. (Since their samples include 
mainly radio galaxies, total power is essentially the same as 
extended power.) For example, Jones et al. (1994) find that 
^core^totai · The range of observed slopes, generally calcu- 
lated taking upper limits into account, is 0.4-0.8. Calculat- 
ing the regression with Pcore as the dependent parameter will 
lead to a systematically different slope and indeed treating 
the variables symmetrically would be the appropriate ap- 
proach (Isobe et al. 1990). 

We note that the observed nonlinearity does not immedi- 
ately conflict with the assumption that J^jet=/J^ext. First, 
beaming will cause large scatter in the observed Ρc-Ρ^ 
plane due to the spread in viewing angles and possibly 
Lorentz factors. Second, selection effects could influence the 
slope of the correlation, although we do not immediately see 
why it should be flatter than unity. If the intrinsic relation is 
nonlinear (e.g. ' ^jet ext)' then the calculation de- 
scribed here [represented by Eqs. (5) and (6)] would need to 
be modified. This would change the derived parameter val- 
ues, but as long as χ is reasonably close to 1, it should not be 
a major effect. 

Radio-loud unification schemes, which involve primarily 
relativistic beaming, have been verified with the luminosity 
function approach just described. Radio-quiet schemes have 
not been tested this way because the radiation patterns are 
still very uncertain and the radiation anisotropy is probably 
much more draconian at the usual (blue) selection wave- 
lengths (Pier and Krolik 1992; Ward et al. 1991; Djorgovski 
et al. 1991). For the high-power radio-loud scheme, obscu- 
ration is needed to explain the optical properties (namely, to 
allow for the fact that we do not have a direct view of the 
broad-line region in FR II radio galaxies), but it is not im- 
portant for statistical arguments based on radio luminosities 

log L 

Non-Jet Dominated θ„<θ<90ο 
(b) 

Jet Dominated 0ο<θ<θ 

f=.001f=.01f=.lf=l 

log L 
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alone. In the next section we outline the quantitative evalu- 
ation of the observed and beamed luminosity functions for 
radio-loud AGN. 

6. STATISTICAL UNIFICATION OF RADIO-LOUD 
AGN 

A fundamental test of the proposed unification of blazars 
and radio galaxies is whether the number statistics of the 
populations agree with the relativistic beaming hypothesis. 
The total number of beamed objects (here, blazars) must be 
small compared to the number of parent objects (radio gal- 
axies), as they are presumably oriented at small angles to the 
line of sight. This ratio depends only on the critical angle 
dividing blazars and radio galaxies, which in turn depends on 
the amount of beaming (essentially, the Lorentz factor and 
the relative luminosities of beamed and unbeamed compo- 
nents). The critical angle is therefore central to unification. 

In recent years it has become possible to test unified 
schemes via the number statistics of complete samples of 
blazars and radio galaxies. This section describes separately 
the statistics of the unification of quasars and FR II radio 
galaxies (Sec. 6.1) and of BL Lac objects and FR I radio 
galaxies (Sec. 6.2). Since relativistic beaming is best con- 
strained by radio observations (thanks to VLB I), we compare 
in Sec. 6.3 the Lorentz factors from superluminal motion, 
SSC calculations, and jet/counterjet ratios with those derived 
from number statistics. 

6.1 Unification of Radio Quasars and FR II Galaxies 

We start by deriving the luminosity function of FR II 
radio galaxies, then we beam it according to the prescription 
outlined in Sec. 5.6 and compare the beamed and observed 
radio luminosity functions for quasars. The free parameters 
are 7, the bulk Lorentz factor of the jet, and/, the fractional 
luminosity of the jet. One can further constrain these two 
parameters from R, the ratio of beamed to unbeamed flux 
(core to extended flux in high-resolution radio maps; Appen- 
dix C). 

6.1.1 Content of the 2 Jy sample of radio sources 

As in Padovani and Urry (1992), we derive quasar and 
radio galaxy luminosity functions from the 2 Jy sample (Wall 
and Peacock 1985), a complete flux-limited sample of 233 
sources with flux at 2.7 GHz F2 7^2 Jy. Redshifts and op- 
tical spectroscopic identifications have been updated using 
the latest version of the 1 Jy catalog (Stickel et al. 1994) and 
new optical spectra for sources with declination ¿/<10° (di 
Serego Alighieri et al. 1994b). 

Quasars (and BLRG) are distinguished from radio galax- 
ies (NLRG) by whether they have broad optical/ultraviolet 
emission lines or not. This criterion might not be as straight- 
forward to apply as it sounds: recent papers (Laing et al. 
1994; Economou et al. 1995; Hill et al. 1995) have pointed 
out that some objects classified as narrow-line galaxies actu- 
ally show broad Ha emission. This is particularly likely for 
high-redshift sources classified on the basis of an H/3 line, 
for which the broad wings can be extinguished by modest 

reddening, thus introducing a redshift dependence (in prac- 
tice) to the definition of Type 1 vs. Type 2 AGN.11 

Only 3 of the 2 Jy sources (1% of the sample) have no 
optical counterpart, while 14 more (6%) have no redshift 
information. The great majority of the objects without red- 
shifts are classified as galaxies, i.e., they appear extended, 
and based on their visual magnitudes they have estimated 
redshifts larger than 0.7. 

Morphological classifications as FR I or FR II for the 
galaxies in the 2 Jy sample have been updated according to 
new radio maps for objects with ¿/<10° and ζ<0.7 (Mor- 
ganti et al. 1993), and using additional information as avail- 
able (Zirbel and Baum 1995, and references therein). 15 gal- 
axies are classified as compact or unresolved, while 7 more 
are, to the best of our knowledge, unclassified. The division 
between steep- and flat-spectrum quasars was made at a ra- 
dio spectral index between 2.7 and 5 GHz of a=0.5. 

These updates have essentially no effect on the FSRQ and 
SSRQ luminosity functions. For FR II radio galaxies, the 
luminosity function was originally derived (Padovani and 
Urry 1992) from a different sample, the 3CR catalog (Laing 
et al. 1983), because at the time a large fraction (nearly one 
third) of FR II galaxies in the 2 Jy sample had uncertain 
redshift estimates and their estimated evolution differed from 
that of radio galaxies in other samples.12 While neither the 
different selection frequency nor the different flux limit of 
the 3CR appeared to affect the resulting luminosity function 
substantially, the 2 Jy FR II sample is now much better de- 
fined, so we revisit the question of using it. 

The new 2 Jy FR II galaxies still exhibit less evolution 
than the 3CR FR II galaxies, although the evolutionary prop- 
erties of the two samples are consistent at the 1σ level. Using 
only the definite FR II radio galaxies with ζ<0.7 (the com- 
pleteness limit of the spectroscopic subsample of di Serego 

11The precise meaning of "narrow-line" AGN, particularly if every Type 2 
AGN harbors a hidden Type 1 nucleus, is not well-defined. For some 
astronomers it means AGN completely devoid of high-velocity ionized 
gas, while for others it means that broad lines are simply not detectable in 
the best spectrum to date. To rule out the presence of a hidden broad-line 
region in every Type 2 AGN would require spectropolarimetry more sen- 
sitive than that currently available, not to mention more observing time. It 
is also not particularly useful to have objects changing type based on the 
latest best observations. Thus, we favor a definition based on fixed obser- 
vational criteria; for example, a given signal-to-noise ratio in a given 
wavelength range (perhaps out to Ha in the rest frame but excluding the 
Paschen lines). Based on spectra meeting these criteria, all AGN could be 
categorized definitely as Type 1 or Type 2. One would then have to devise 
other names to represent objects with similar intrinsic (as opposed to ob- 
served) properties. For example, 3C 234 would be called a Type 1 object 
because it has strong broad lines but at the same time it would belong with 
NGC 1068 (a Type 2 AGN) in some new category because both have 
hidden broad-line regions. 

12The evolutionary properties of a sample can be characterized by the mean 
value of the ratio between V, the volume enclosed by an object, and Vmax, 
the maximum accessible volume within which the object could have been 
detected above the flux limit of the sample. In a Euclidean geometry, then, 
V/Vmax^iF/Fiim) 312' where F is the observed flux of an object and F]im is 
the flux limit of the survey. In the absence of evolution V/Vmax has the 
property of being uniformly distributed between 0 and 1, with a mean 
value of 0.5 (Rowan-Robinson 1968; Schmidt 1968). When the survey is 
made up of separate fields with different flux limits, as is the case for the 
EMSS, it is more appropriate to use Ve/Va , that is the ratio between 
enclosed and available volume (Avni and Bahcall 1980). 
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Alighieri et al. 1994b), one obtains (Wymax)=0.55±0.04, 
where the quoted error is 1 / λΙ12Ν, appropriate for a uniform 
distribution. The best-fit evolution parameter13 is 7=0.26 and 
the associated 1er interval is [0.16, 1.0]. This evolution is 
consistent with the earlier estimate (Padovani and Urry 
1992) and is within 1σ uncertainty of the value for the 3CR 
FR II galaxies, for which the corresponding number is 
r=0.17 with 1σ interval of [0.15, 0.19]. If there is significant 
contamination of the 3CR NLRG sample with BLRG, as 
mentioned above, this could make their observed evolution 
too high (more like quasars). The two FR II luminosity func- 
tions, for the 2 Jy and 3CR galaxies, are in good agreement, 
although due to the smaller evolution, the 2 Jy one is some- 
what flatter at higher powers. For consistency with the FSRQ 
and SSRQ samples, we now use the 2 Jy FR II LF (with 
τ=0.26) in the calculations that follow. 

The 2 Jy sample includes, as do other radio samples, a 
sizeable fraction of compact steep-spectrum (CSS) and giga- 
hertz peaked-spectrum (GPS) sources (—20% CSS; Morganti 
et al. 1993). We exclude galaxies classified by Morganti et al. 
(1993) as compact or with unresolved radio structures, so no 
CSS or GPS objects should be in our FR II (or FR I) 
samples. However, since 2 Jy objects with broad optical line 
emission and unresolved radio emission are classified as qua- 
sars (FSRQ or SSRQ depending on radio spectral index), 
some SSRQ could actually be CSS sources and some FSRQ 
could actually be GPS sources. The place of CSS and GPS 
sources in the unified scheme is discussed further in Sec. 
8.2.4. Even if they should be excluded from the unified 
scheme, which is not necessarily the case, they are unlikely 
to have "contaminated" the quasar sample because the frac- 
tion of such sources is not large; the derived luminosity func- 
tions will be distorted only if there are systematic trends with 
luminosity or redshift. 

6.1.2 Observed LFs of high-luminosity radio sources 

Given the 2 Jy sample as defined, we calculate the lumi- 
nosity functions of high-power radio sources as follows. 
First, we fit an exponential pure luminosity evolution model 
to each sample, by finding the evolutionary parameter which 
makes (V7ymax)=0.5 and then testing the goodness of fit via 
a KS test. The best-fit values of τ for each sample are listed 
in Table 2, along with median redshifts and {V/VmgJ values. 
Each luminosity function was de-evolved using the appropri- 
ate best-fit evolution. Figure 14 shows the resulting local 
luminosity functions at 2.7 GHz for FR Ils, SSRQ, and 
FSRQ.14 

Table 2 
Evolution of AGN Samples 

13Here we characterize evolution in terms of exponential luminosity evolu- 
tion, P(z) = P(0)exp[r(z)/r], where T(z) is the look-back time and ris 
the time scale of evolution in units of the Hubble time. 

14The FSRQ luminosity function includes PKS 0521—365, which was inad- 
vertently excluded by Padovani and Urry (1992). This is a low-redshift, 
highly polarized object (Angel and Stockman 1980), classified as a galaxy 
by Wall and Peacock (1985) and as a BL Lac by Véron-Cetty and Véron 
(1993), but showing broad Balmer lines (see Sec. 7.2). It was not included 
in the 1 Jy BL Lac sample (Stickel et al. 1991) because two emission lines 
exceeded the equivalent width criterion, but its [O m] luminosity is more 
typical of BL Lacs than of FSRQ, so it could be a transitional object (see 
Sec. 7.1). 

Class Sample Ν median ζ {VlVm) 
FR I galaxies 
FR II galaxies1 

SSRQ . . . 
FSRQ . . 
RBL . . . 
XBL . . . 

2 Jy 
2 Jy 
2 Jy 
2 Jy 
1 Jy 
EMSS 

29 
61 
37 
52 
34 
30 

0.02 
0.15 
0.76 
0.91 
0.55 
0.30 

0.42 ± 0.05 
0.55 ± 0.04 
0.64 ± 0.05 
0.64 ± 0.04 
0.60 ± 0.05 
0.36 ± 0.05e 

o-isiS^ 
o.23iS:S; 
o-32iS:i£ 

-o-iiiK 

a - No evolution assumed. 
b - {V/Vm) and r,calculated for the 57 objects with 2 < 0.7. 
c - Excluding the objects with /x < 10-12 erg cm-2 s-1, [V/Vm) = 0.48 ± 0.06. 

The luminosity function of FSRQ LF (filled circles) is 
flattest and extends to the highest luminosities. The luminos- 
ity functions of SSRQ (open triangles; Fig. 14) and FR II 
galaxies (open squares) are similar in shape over the com- 
mon range of powers, but the SSRQ are lower in number 
density: the number ratio of the two classes for 
^2.7-5X 1025 WHz-1 is 6.4. This is larger than in Pado- 
vani and Urry (1992), due to the different LF used for the FR 
II galaxies. 

6.1.3 Beamed LFs of high-luminosity radio sources 

The beaming calculation is as follows. We start with the 
derived parent luminosity function, then calculate the effect 
of beaming it [Eqs. (4)-(6)], adjusting free parameters y (the 
Lorentz factor) and / (the fraction of luminosity intrinsic to 
the jet) to match the observed luminosity function of FSRQ. 
It was not possible to fit the observed FSRQ luminosity func- 
tion with a single Lorentz factor; it required instead a distri- 
bution in the range 5^γ^40, weighted toward low values: 
^(γ)αγ~2·3? with a mean value (y)—11 and/—5X 10-3. 
[Note that this last parameter is fixed by the largest y and by 
the maximum value of the ratio between beamed and un- 
beamed radio flux, R\ Eq. (C5).] 

Figure 14 shows the beamed (solid line) and observed 
(filled circles) radio LFs of FSRQ, which are in very good 
agreement. The ratio between FSRQ and parents, integrated 
over the full luminosity function, assuming that of the FR Ils 
cuts off at the low luminosity end, is —2%. (Because of the 
flat LF slope at low luminosities, this percentage is not too 
sensitive to the cutoff.) The critical angle separating FSRQ 
from SSRQ and FR Ils15 is ^(y^—14°. The fitted param- 
eters of this beaming model are summarized in Table 3. 

According to the beaming hypothesis, the steep-spectrum 
radio quasars are supposed to be at intermediate angles and 
their intrinsic properties—in particular, the value(s) of y and 
/—must be identical to those of the FSRQ. Therefore, these 
parameters are already fixed. The method of calculation is 
similar to the one used in the previous section; however, 
since SSRQ are supposed to be misaligned objects, ^„^0°. 
We take 14°, and the observed value of /?min~0.002 is 
used to constrain 0max for SSRQ [Eq. (C4)]. With no free 

15There is actually a range of critical angles, one for each γ [Eq, (C4)]. The 
larger the Lorentz factor, the smaller the critical angle; ^(Ti) = 14° is the 
largest angle within which an FR II would be identified as an FSRQ. Using 
this angle is appropriate for our purposes because the fitted distribution of 
Lorentz factors is skewed to low values. 
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Table 3 
Beaming Model Parameters 

α FR II LF (observed) 
δ SSRQ LF (observed) 
• FSRQ LF (observed) 

J ^ L 
25 25.5 26 26.5 27 27.5 

log Pr (2.7 GHz) [W Hz-1] 

Fig. 14—Local differential radio luminosity functions for high-luminosity 
radio sources: flat-spectrum radio quasars (filled circles), steep-spectrum ra- 
dio quasars {open triangles), and FR II galaxies {open squares). The error 
bars represent the sum in quadrature of the 1σ Poisson errors (Gehreis 1986) 
and the variations of the number density associated with a 1 σ change in the 
evolutionary parameter τ (see Padovani and Urry 1992 for details). The 
luminosity functions of FR Ils and SSRQ have similar slopes and extend to 
the same luminosity at the bright end, although the FR Ils extend a decade 
lower at the faint end. The FSRQ luminosity function is distinctly flatter and 
extends to higher luminosities. This agrees well with the predictions of a 
beaming model calculated for FSRQ {solid line) and SSRQ {dot-dashed 
line)·, see Sec. 6.1.3 (Table 3) for details of the model parameters. 

parameters, then, we calculate the beamed luminosity func- 
tion of SSRQ. 

The comparison between observations (open triangles) 
and the beaming model (dashed line) for SSRQ is shown in 
Fig. 14. The agreement is quite good, especially considering 
we did not adjust the parameters to optimize the FSRQ and 
SSRQ fits jointly. The angle dividing SSRQ from FR Ils is 
(9-38° (Table 3). 

The same distribution of Lorentz factors produces a good 
fit to both the luminosity functions of FSRQ and SSRQ. The 
value of ¿?~380 for the angle separating SSRQ from FR II 
galaxies is in reasonable agreement with the angle derived 
from the number density ratio in the observed range of over- 
lapping luminosity, ^=arccos(l + l/6.4)~1—30°. The latter 
estimate is valid only when dealing with unbeamed lumi- 
nosities or (in an approximate way) when the effect of beam- 
ing is not very strong because the objects are viewed off- 
axis, as in this case. For the 3CR sample, in which beaming 
is unimportant, Barthel (1989) found 0=44!4 from the ratio 
of quasars to radio galaxies in the interval 0.5<z<l. 

Table 3 summarizes the beaming parameters for the radio 
band for different classes of objects (see Sec. 6.2 for a dis- 
cussion of the parameters for the BL Lac class). Note that we 
have used /7 = 3 + ^ (see Appendix B); using instead 
ρ = 2 + a results in the Lorentz factors extending to higher 
values (Padovani and Urry 1992), and in a slightly larger 
critical angle. 

From the observed values of R we can estimate a lower 
limit to the maximum Lorentz factor (Appendix C). The FR 
II galaxy OD-159 is the most lobe-dominated source in the 
2 Jy sample. The most core-dominated FSRQ known is 
0400+258, which does not actually belong to the 2 Jy 
sample (its 2.7 GHz flux ~1.5 Jy); its measured R is com- 

Class (7) / ó Total 
FSRQ 
SSRQ3· 
RBL 
RBLb 

XBL 

40 
40 
32 
20 

11 
11 

7 
3 
3 

-2.3 
-2.3 
-4.0 
-4.0 

0.5 χ ΙΟ"2 

0.5 χ 10-2 

1.3 χ ΙΟ"2 

4.8 χ 10-2 

1.0 χ ΙΟ"1 

14° 
38° 
12° 
19° 
30° 

10% 

5% 
14% 

a - By assumption there are no free parameters for this fit; öc is determined by 
Rm\n and the rest are fixed at the best-fit values for FSRQ. 
b - Alternative fit with lower 71. 

parable to the lower limits (when no extended emission was 
detected) for some of the 2 Jy FSRQ. For these two objects, 
the R values, Κ corrected [Eq. (C2)] and extrapolated (when 
necessary) to 2.7 GHz rest frequency assuming ¿*core—aext 
= -1, are R <6X10 (OD-159; Morganti et al. min,FR Ils 
1993) and ^max,FSRQ~1000 (0400+258; Murphy et al. 
1993). Using Eq. (C8), we find 
rmax>(l-7X 10^^0^-13 for ρ = 3. 

For these observed R values, small values of ρ imply high 
values for the largest Lorentz factor (here, for ρ = 2, 
Tmax~54). More precisely, ar—-0.3 for the 2 Jy FSRQ 
(Padovani and Urry 1992), so p—1.7-2.7 ή ρ ranges be- 
tween 2+a and 3 + ûî. Then 7max~17 (for /7 = 2.7) or ^120 
(for /?=1.7). The need for quite high values of the largest -ys 
for smaller values of ρ was noted by Urry et al. (1991a) and 
Padovani and Urry (1992) from their fits to the observed 
LFs. 

While the SSRQ-FSRQ-only scheme (ignoring the radio 
galaxies; Orr and Browne 1982) cannot be ruled out, it is 
much harder to reconcile with the available data, mainly be- 
cause there seem to be too few SSRQ for them to be the 
parents of FSRQ (Padovani and Urry 1992). The FR II- 
SSRQ-FSRQ scheme, illustrated by the curves in Fig. 14, 
can be tested further via the predicted radio counts of flat- 
and steep-spectrum quasars, which converge at easily acces- 
sible levels (Padovani and Urry 1992). 

6.2 Unification of BL Lac Objects and FR I Galaxies 

The unification of low-luminosity radio-loud AGN can be 
tested in the same way, by comparing the observed number 
densities of BL Lac objects and FR I radio galaxies. We 
derive the FR I luminosity function (Padovani and Urry 
1990; Urry et al. 1991a), beam it according to the prescrip- 
tion outlined in Sec. 5.6, and fit it to the observed BL Lac 
luminosity functions (Padovani and Urry 1990; Urry et al. 
1991a; Celotti et al. 1993). The free parameters are γ, the 
bulk Lorentz factor of the jet, and/, the fractional luminosity 
of the jet. We further constrain these two parameters either 
from R, the ratio of beamed to unbeamed flux (that is, the 
core to extended flux in high resolution radio maps), as was 
done for quasars and FR Ils (Sec. 6.1), or from the ratio of 
maximum BL Lac luminosity to maximum FR I luminosity. 
The former approach is used for the radio comparison (Sec. 
6.2.4) and the latter approach is used for the X-ray compari- 
son (Sec. 6.2.3) because X-ray spatial resolution is insuffi- 
cient to measure R. Some separation of beamed and un- 
beamed components is now becoming possible for radio 
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ÖjO ^-i 0) 
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Fig. 15—Multiwavelength spectra of a low-energy cutoff BL Lac (LBL) 
(PKS 0537-441; filled circles) and a high-energy cutoff BL Lac (HBL) 
(Mrk 421; open squares). The peak synchrotron luminosity occurs at 
infrared/optical wavelengths for the LBL and at soft X-ray wavelengths for 
the HBL. In this example, the HBL is both an XBL and an RBL, and (as in 
most cases) the LBL is an RBL. A value of ^0 = 0.5 has been assumed. 
(Following Maraschi et al. 1994b; figure courtesy of Rita Sambruna.) 

galaxies with ROSAT (Worrall and Birkinshaw 1994) and in 
the future, we expect X-ray measurements of R for large 
samples of BL Lacs will be possible with AXAF. 

6.2.1 X-ray and radio samples of BL Lac objects 

Sizeable well-defined samples of BL Lac objects are now 
available. X-ray surveys have produced a number of 
samples, including the HEAO-1 A-2 all-sky survey (only 5 
BL Lac objects; Piccinotti et al. 1982), the EMSS (36 BL 
Lacs; Stocke et al. 1991), and the EXOSAT High Galactic 
Latitude Survey (HGLS: 11 BL Lacs; Giommi et al. 1991). 
The last two go down to fairly low X-ray fluxes, —2X10"13 

erg cm-2 s-1 in the 0.3-3.5 keV band. Redshifts are avail- 
able for most EMSS BL Lacs. 

The 1 Jy sample of BL Lac objects, a radio-selected 
sample of size comparable to the EMSS X-ray-selected 
sample, has also become available recently (Stickel et al. 
1991). These BL Lac objects were selected from a catalog of 
518 radio sources with 5 GHz fluxes ^1 Jy on the basis of 
their flat radio spectra (ar^0.5), weak or absent emission 
lines (rest-frame equivalent widths ^=^5 Â), and optical 
magnitudes (brighter than V=20). Of the 34 1 Jy BL Lacs in 
the complete sample, 26 have redshift information from 
emission lines (Stickel et al. 1991; Stickel et al. 1994), 4 
have lower limits to their redshifts from absorption lines, 
while in 4 objects neither emission or absorption lines have 
been detected, but a lower limit of ζ>0.2 can be estimated 
from their stellar appearance (Stickel et al. 1993). 

6.2.2 Properties of X-ray-selected and radio-selected BL Lac 
objects 

The properties of X-ray-selected and radio-selected BL 
Lac objects are systematically different (Ledden and O'Dell 
1985; Stocke et al. 1985; Maraschi et al. 1986; Padovani 
1992a; Laurent-Muehleisen et al. 1993). On average, XBL 
have lower polarization, less variability, higher starlight frac- 

tions, and are less luminous and less core-dominated than 
RBLs (Stocke et al. 1985; Morris et al. 1991; Perlman and 
Stocke 1993; Jannuzi et al. 1994). 

The two classes occupy different regions on the aro-aox 

plane, which is indicative of different broadband energy dis- 
tributions (Stocke et al. 1985; Ledden and O'Dell 1985). 
This is illustrated in Fig. 15 (Maraschi et al. 1994b), which 
shows the multiwavelength spectra of a radio-selected 
BL Lac (PKS 0537-441) and an X-ray-selected BL Lac 
(Mrk 421). The overall shape of the RBL spectrum, notably 
the wavelength of the peak of the synchrotron emission and 
the relative strength of the gamma-ray emission, is similar to 
that of the flat-spectrum radio quasar 3C 279 (Fig. 4), as is 
true for RBLs and FSRQ in general (Maraschi et al. 1994b). 
The peak of the synchrotron component is typically at 
infrared/optical wavelengths for the RBL (and FSRQ) and in 
the soft X-rays for the XBL. If the peak wavelength changes 
smoothly and continuously from short (ultraviolet/X-ray) to 
long (infrared/optical) wavelengths for BL Lac objects as a 
whole, the radio/optical/X-ray colors of RBL and XBL can 
be reproduced easily (Padovani and Giommi 1995a). 

The 1 Jy sample of RBL shows a weak positive evolution, 
consistent at the 2σ level with no evolution 
((Wymax)=0.60±0.05; Stickel et al. 1991), while the EMSS 
XBL display a negative evolution, appearing less abundant 
and/or less luminous at higher redshifts, {{VJV^ = 0.36 
±0.05; Wolter et al. 1994). For luminosity evolution of the 
form LJC(z) = L;c(0)exp[cJcr(z)], where T{z) is the look- 
back time, the best-fit evolution for the EMSS sample is 

-7.0, with a 2σ range of -15.9 to —1.3 (Wolter et al. 
1994), nearly consistent (at the ~2σ level) with zero evolu- 
tion. For the 1 Jy RBL sample, cr=3.1 with a 1σ range of 
1.7 to 4.2 (Stickel et al. 1991, with c= Ι/τ), also consistent 
with zero evolution at the 2σ level. 

Both samples are still relatively small (30 and 34 objects 
for XBL and RBL, respectively), so it is premature to draw 
any conclusion regarding the supposedly different evolution- 
ary behaviors of the two classes. This is confirmed by two 
additional results. First, for the 14 RBL of the S4 survey 
(fr^0.5 Jy at 5 GHz; Stickel and Kühr 1994), 
(V/ Vmax)=0.44±0.08 (Padovani and Giommi 1995a), more 
like the EMSS XBL. Second, for the EMSS, raising the flux 
limit only slightly, to 10"12 erg cm-2 s-1, changes the mean 
Ve/Va from 0.33±0.06 to 0.48±0.06 (Delia Ceca 1993). 
These results for RBL and XBL are completely consistent 
with no evolution. 

6.2.3 Population statistics for X-ray samples 

The EMSS and HGLS XBL samples, which went down to 
fairly low X-ray fluxes, ~2X 10-13 erg cm-2 s_1 in the 0.3- 
3.5 keV band, revealed a decided flattening of the counts at 
low flux, in marked contrast to the steep X-ray log AMog S 
curves for other kinds of AGN. Padovani and Urry (1990) 
compared predictions of the FR I unified scheme with the 
X-ray counts from these two samples (plus the HEAO-1 A-2 
sample) and found good agreement for a bulk Lorentz factor 
γχ~3 and a ratio of intrinsic jet luminosity to unbeamed 
luminosity /—0.1. The total number of BL Lac objects was 
— 14% of the number of FR I galaxies, with more than 90% 
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Fig. 16—The local differential X-ray luminosity functions of low- 
luminosity radio-loud AGN. The observed LF of FR I galaxies is repre- 
sented by a broken power law {dashed line). The observed LFs for the 
EMSS XBL sample (no evolution: filled circles·, anti-evolution: open 
squares) are fitted by beaming models for the non-evolving case {solid line) 
and the anti-evolving case {dash-dotted line)·, data and evolution estimate 
from Wolter et al. (1994). Error bars correspond to 1σ Poisson errors 
(Gehreis 1986). 

of the BL Lacs at lower X-ray luminosities than currently 
observed, and the critical angle separating BL Lacs from FR 
Is was 0C~3OO. 

Since then, the EMSS-derived X-ray luminosity function 
of BL Lac objects has been published (Morris et al. 1991; 
Wolter et al. 1994) and now we can fit it directly. We com- 
pare our beaming predictions with the X-ray luminosity 
function for the EMSS subsample of 30 BL Lacs with 
fx^2XlO~i3 ergcm_2s_1, assuming no evolution (which 
is consistent at the ~2cr level with the observational data; 
Wolter et al. 1994; see also Sec. 6.2.2). We follow the 
method of Avni and Bahcall (1980) to take into account the 
fact that the volume surveyed in the EMSS is a function of 
limiting flux. Redshifts, fluxes, and sky coverage were taken 
from Wolter et al. (1994). Five objects in the sample have no 
redshift determination; these were initially excluded from the 
sample but their presence was taken into account by multi- 
plying the normalization of the resulting luminosity function 
by 30/25. 

Figure 16 shows the luminosity function (solid line) from 
the fitted beaming model of Padovani and Urry (1990) com- 
pared to the observed LF for the EMSS sample for no evo- 
lution (filled circles). The model agrees very well with the 
data (/-0.3), especially considering that the parameters for 
the model were optimized for the number counts. If instead 
we use the anti-evolving X-ray luminosity function of Wolter 
et al. (1994), with τ=—0.14, then by increasing /?max (the 
ratio between the maximum luminosities of the parent and 
beamed populations) from 250 (as in Padovani and Urry 
1990) to 1000 we get the dot-dashed line in Fig. 16. The ratio 
between BL Lacs and FR Is increases to about 30%, 
7^—2.9, /—1.1, and 0C~47O. This is a much poorer fit to 
the data (/-2.5) but given the uncertainties in the X-ray 
luminosity function of FR Is (see below), one cannot defi- 
nitely rule out this case. 

The redshift distribution of the EMSS is difficult to repro- 

duce. Despite the fact that beaming in the zero evolution case 
fits the observed LF better, it cannot reproduce the peak in 
N(z) atz~0.2-0.3, whereas our fit to the anti-evolving LF 
does. Browne and Marcha (1993) have suggested that recog- 
nition problems affecting low-luminosity BL Lacs whose 
light is swamped by the host galaxy, typically a bright ellip- 
tical (Sec. 5.4), might explain the unusual redshift distribu- 
tion and anti-evolution of the EMSS XBL. Padovani and 
Giommi (1995) have shown through numerical simulations, 
however, that although recognition problems have some ef- 
fect, they are probably not strong enough to affect these 
properties so drastically. 

A complication in applying beaming models to the X-ray 
band stems from the uncertainties in the X-ray luminosity 
function of FR Is. These are due to its bivariate nature, small 
statistics, and the nondetection in X rays of —30% of the 
complete radio-selected sample (which was already small). 
ROSAT will eventually produce an X-ray-selected sample of 
FR Is, or at least complete X-ray data on a sizeable radio- 
selected sample of these objects. Already one interesting RO- 
SAT result is the identification of resolved (thermal) and un- 
resolved X-ray emission in radio galaxies, as assumed by 
Padovani and Urry (1990). The beaming model discussed in 
this section predicts ratios of intrinsic-jet to extended X-ray 
flux in the range 0.1-1, marginally inconsistent with the ob- 
served ratios of nonthermal to thermal emission for six low- 
luminosity radio galaxies of 1-5 (Worrall and Birkinshaw 
1994). The disagreement is even worse because in radio gal- 
axies the jets should be de-amplified (for γ~3, ^Cl for 
0>45O; Appendix A). Further high-resolution X-ray observa- 
tions will put more constraints on the / parameter. 

The XBL samples are still relatively small. Larger XBL 
samples are now being optically identified, including the 
HEAO-1 LASS sample (Schwartz et al. 1989; Laurent- 
Muehleisen et al. 1993) and the Einstein Slew Survey 
Sample (Elvis et al. 1992; Schachter et al. 1993; Perlman et 
al. 1995). In addition, the ROSAT All-Sky Survey should 
produce large numbers of new BL Lac objects—our beaming 
model for the X-ray samples predicts roughly two objects per 
square degree down to ^ = 10"14 erg cm-2 s-1 in the 0.3- 
3.5 keV band—some of which have already been identified 
(Bade et al. 1994). With these new data we will be able to 
address the beaming hypothesis with better statistics. 

6.2.4 Population statistics for radio samples 

The radio data are better suited than the X-ray data for 
testing the beaming hypothesis for BL Lac objects. One rea- 
son is that the radio sample of FR I galaxies is larger than the 
X-ray sample. In addition, the higher spatial resolution avail- 
able with radio interferometry allows estimates of the ratio 
between beamed and unbeamed radio flux (Antonucci and 
Ulvestad 1985), thus adding an important constraint to the 
combination of the parameters y and / (Appendix C). 

The radio luminosity function of FR I radio galaxies was 
derived by Urry et al. (1991a) from the 2 Jy catalog (and 
converted to 5 GHz) and then extended to lower radio pow- 
ers using the radio LF of elliptical galaxies of Franceschini et 
al. (1988). Here we choose not to include the low-luminosity 
radio ellipticals, but restrict ourselves only to sources classi- 
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fied explicitly as FR Is (some of the lowest luminosity ellip- 
ticals could in fact have radio emission dominated by ther- 
mal emission rather than the nonthermal BL Lac nucleus; 
Phillips et al. 1986). Our results, however, are basically un- 
changed, since the beamed LF for BL Lacs at X 1025 

WHz-1 (i.e., where it overlaps with the observed LF) is 
largely unaffected by the behavior of the FR I LF at such low 
powers. The new optical identifications (di Serego Alighieri 
et al. 1994b) and radio maps (Morganti et al. 1993) also have 
little effect on the FR I luminosity function; the fit to the new 
LF used here is consistent with the one in Urry et al. (1991a). 
The evolutionary properties of FR I radio galaxies are con- 
sistent with no evolution, with (Wymax)=0.42 ±0.05. 

We can compare our FR I luminosity function, derived 
from the 2 Jy sample (selected at 2.7 GHz), with that of de 
Ruiter et al. (1990), based on the B2 sample (selected at 408 
MHz) plus nearby (z<0.2) 3CR radio galaxies (selected at 
178 MHz). Converting our Fr I LF to //0=100 
kms~1Mpc~1 and ^=408 MHz (assuming αΓ=0.7), we 
find excellent agreement from P4o8~6Xl023WHz~1upto 
the break at P^g^BXlO25 WHz-1 (see Fig. 13 of de 
Ruiter et al. 1990). Above the break our LF is steeper, not 
surprisingly, since they did not exclude FR II sources. The 
two lowest luminosity bins in our LF (Ρ5^2Χ1023 

W Hz-1), lie a factor of 2-3 above the De Ruiter et al. LF. 
This disagreement is not surprising, as our two points are 
highly uncertain, with only one object in each bin. Also, the 
two objects, M8216 and M84, are nearby (z = 0.0014 and 
0.0028, respectively) and so sample the local overdensity, 
whereas the Β2 sample, being deeper than the 2 Jy, averages 
over a larger volume of space. (The equivalent ñux limit of 
the B2 survey translated to 2.7 GHz with ¿*=0.7 is 130 mJy.) 
In any case, excluding the first two bins does not alter our 
fitted beamed LF significantly. 

Using a two-power-law approximation to our FR I lumi- 
nosity function, we fitted a beamed LF to the observed LF 
for the 1 Jy BL Lacs. The latter was obtained as described in 
Stickel et al. (1991) with the addition of S5 0454+844, 
which had no redshift at the time. It is impossible to fit the 
data with a single Lorentz factor; instead, an acceptable fit to 
the LF and the observed R values is obtained for Lorentz 
factors distributed in the range 5^γΓ^32. While the form 
of the distribution is not well constrained, it is weighted to- 
ward lower values; e.g., for a power law of the form 
Af( γ,.) oc yp, the best-fit index is G 4. 

Figure 17 shows the excellent agreement between beamed 
(solid line) and observed (filled circles) radio luminosity 
functions for the 1 Jy sample of BL Lacs. The mean Lorentz 
factor, which is approximately independent of the exact 
shape of the distribution, is { 7r) ~ 7, corresponding to a ratio 
between BL Lacs and FR Is of —1:50, about an order of 
magnitude smaller than in the X-ray case (Sec. 6.2.3). The 
total number of BL Lacs is most sensitive to the lowest value 
of yr, while the maximum ratio of beamed to unbeamed flux 
is sensitive to the highest value. Our fitted model predicts 

16Although M82 is classified as an FR I galaxy, its strong starburst compo- 
nent makes it an unlikely BL Lac parent; however, its inclusion does not 
change our results significantly. 
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Fig. 17—The local differential radio luminosity functions of radio-selected 
BL Lac objects {filled circles·, Stickel et al. 1991) and FR I radio galaxies 
{open squares'. Sec. 6.2.4), compared to the fitted beaming model {solid line·, 
first set of RBL parameters in Table 3). Error bars correspond to ^Poisson 
errors (Gehrels 1986). 

that radio-selected BL Lacs are aligned within ¿?c~120 of 
the line of sight. The fitted beaming parameters for radio- 
selected BL Lacs are summarized in Table 3. 

As we did for quasars, we can estimate a lower limit to 
the maximum Lorentz factor from the observed maximum 
and minimum values of R for BL Lacs and FR Is, respec- 
tively (Appendix C). OJ 287 is the most core-dominated BL 
Lac in the 2 Jy sample (and in the 1 Jy sample), excluding 
those cases where no extended emission has been detected, 
and Fornax A is the most lobe-dominated FR I. The corre- 
sponding values of R, Κ corrected [Eq. (C2)] and extrapo- 
lated (when necessary) to 5 GHz rest frequency assuming 
acort~aexi= — 1' are ^min,FR χ—4X10_4 (Fornax A; Morganti 
et al. 1993) and /?max,BL Lac"780 (OJ 287; Kollgaard et al. 
1992). Using Eq. (C8) as before, 7max~(2-0 
XIO^O172^ forp = 3. 

As was the case for the quasars, small values of ρ imply 
high values for the largest Lorentz factor (for /7 = 2, 
ymax^30). More precisely, since ar—— 0.1 for the 1 Jy BL 
Lacs (Stickel et al. 1991), ρ—1.9-2.9 for ρ between 2+α 
and 3 +α. Then 7max^10 (for /7 = 2.9) or ^38 (for /7= 1.9). 

The value of //0 does affect the luminosity functions but 
has no direct effect on the derived beaming parameters. The 
fitted Lorentz factor, which is inversely proportional to the 
normalization of the beamed luminosity function, depends 
only on the ratio between the total numbers of objects (the 
integrals of the parent and beamed LFs). enters only be- 
cause we constrain y to some extent with the observed val- 
ues of superluminal motion (for BL Lacs and for quasars 
separately; see Sec. 6.3). A higher Hq would mean lower 
superluminal velocities, and in general, fits with lower yx are 
possible. We did not explore parameter space exhaustively 
but we show an example of a low-7 fit for RBL in Table 3. 

It is interesting that the luminosity functions of FR I and 
FR II galaxies overlap smoothly, as do those of BL Lac ob- 
jects and FSRQ (Figs. 14 and 17). Possibly, they represent 
different manifestations of the same basic central engine, in 
which case the different radio morphologies and emission- 
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line strengths would have to be closely linked to observed 
radio power (Maraschi and Rovetti 1994). 

6.2.5 Relation of X-ray- and radio-selected BL Lac objects 

The difference between XBL and RBL is surely a funda- 
mental issue in understanding the BL Lac phenomenon. Our 
beaming results indicate that radio-selected BL Lac objects 
constitute a smaller fraction of FR I radio galaxies than do 
X-ray-selected BL Lacs (Table 3). This can lead to a higher 
fitted Lorentz factor in the radio calculation, since y is in- 
versely proportional to the normalization of the beamed lu- 
minosity function. The values from our published calcula- 
tions are {yr)~l (Urry et al. 1991a) and γχ~3 (Padovani 
and Urry 1990), in effect suggesting the radio emission is 
more collimated than the X-ray. 

This result was exciting because it suggested XBL and 
RBL might represent slightly different orientations of the 
same underlying relativistic jet. Problems with this interpre- 
tation have recently emerged, as discussed below, but first 
we summarize the original argument. The apparent differ- 
ence in Lorentz factors was interpreted (Urry et al. 1991a) in 
terms of an accelerating jet model (suggested for other rea- 
sons by Ghisellini and Maraschi 1989) in which the X-ray 
emission from the most compact region would have a 
smaller γ than the more extended radio-emitting region. In 
addition to explaining the apparent difference in number den- 
sities of XBL and RBL, the accelerating jet explained natu- 
rally the lower variability, polarization, and luminosities of 
XBL (Sec. 6.2.2, and references therein). 

The original number density argument was actually inde- 
pendent of the Lorentz factors obtained from beaming calcu- 
lations. Because XBL and RBL have similar X-ray luminosi- 
ties, X-ray selection should be relatively unbiased (Maraschi 
et al. 1986). Since X-ray surveys detected very few known 
RBL, they must be relatively rare, exactly as expected if the 
radio emission is more beamed than the X-ray. This was 
supported by the X-ray number counts of RBL and XBL 
(Urry et al. 1991a). If, as our beaming results implied, RBL 
are viewed within —12° of the jet axis while XBL are be- 
tween — 12° and 30°, then RBL are a factor of less nu- 
merous than XBL (Table 3). 

An alternative explanation of the same data was that the 
physical collimation itself increased along the jet, so that the 
narrower radio beams made it less likely that our line of sight 
would intercept their emission. This was commensurate with 
the X-ray and radio luminosity functions of RBL and XBL 
(Celotti et al. 1993). For this kind of fan beam, the luminos- 
ity function calculation (Celotti et al. 1993) implied a 
Lorentz factor that was quite high, γ=29 (with 
0,, ,.=2/7=40. θο,χ= 130,/r=6x 10~3, and/^X 10"3, 
assuming no evolution for both XBL and RBL), but it could 
be reduced if, for example, only 10% of FR Is were parents 
of BL Lacs (r=10, 6>cr-ll0, 6^ = 41°, /,=0.2, and 
Λ=0.5). 

This simple and satisfying picture based on jet collimation 
is now in doubt. Most significantly, the accelerating jet and 
the fan-beam jet are both contradicted by analysis of the 
multiwavelength spectra of complete samples of XBL and 
RBL (Sambruna 1994; Sec. 7.2.2). In addition, the fitted y 

for RBL can actually be pushed to lower values, reducing the 
apparent difference between XBL and RBL (Sec. 6.3 and 
Table 3; but note that the fraction of beamed objects still 
remains smaller for RBL than for XBL). Finally, it is impor- 
tant to remember that the X-ray unification calculation is 
more poorly constrained than the radio calculation because 
the FR I samples contain fewer objects with X-ray data and 
because of the less extensive imaging information; thus, in- 
terpreting any difference in fitted Lorentz factors was prema- 
ture. 

6.2.6 New terminology and a new connection between BL 
Lac classes 

There is now a viable interpretation of the observational 
data that is unrelated to jet collimation (Giommi and Pado- 
vani 1994; Padovani and Giommi 1995a). It is based on a 
single population of BL Lac objects characterized by a wide 
range of multiwavelength spectral shapes, with bolometric 
luminosities peaking at infrared/optical wavelengths for most 
RBL and at ultraviolet/X-ray for most XBL, as is observed 
(Giommi et al. 1995; Sambruna 1994). Before discussing 
this scenario further, we discuss new terminology that distin- 
guishes clearly between the selection method used to find BL 
Lacs and the spectral characteristics of the sources them- 
selves. 

The new terms are motivated by the fact that the division 
of BL Lac objects into RBL and XBL can get garbled or 
confused. Strictly speaking, those terms are based on selec- 
tion band rather than intrinsic physical properties, in which 
case some BL Lac objects already qualify as both RBL and 
XBL (e.g., Mrk 501), and many more "double agents" will 
appear as deeper radio and X-ray samples become available 
(Elvis et al. 1992). This leads to awkward terminology such 
as "XBL-like RBL" and "RBI-like XBL" when discussing 
the strong differences between the broadband spectral prop- 
erties of RBL and XBL in the historical samples. Since we 
wish to explore these differences—notably the peak lumi- 
nosities in the infrared/optical or ultraviolet/X-ray, 
respectively—it is useful to define categories in terms of the 
ratio of X-ray to radio flux (Ledden and O'Dell 1985). 

Padovani and Giommi (1995) have suggested dividing 
RBL-like and XBL-like objects into LBL and HBL, respec- 
tively (for "low-energy-cutoff BL Lacs" and "high-energy- 
cutoff BL Lacs"), according to whether arx (between 5 GHz 
and 1 keV) is greater (LBL) than or less (HBL) than 0.75. 
These names reflect the actual spectral characteristics of the 
two types of BL Lacs, allowing the terms "XBL" and 
"RBL" to be reserved strictly for sample membership (which 
is well-defined). BL Lac objects like Mrk 501 or OJ 287 
which appear in both radio- and X-ray-selected samples can 
be uniquely categorized as HBL or LBL, respectively. Most 
XBL are HBL (OJ 287 is an exception) and most RBL are 
LBL (Mrk 501 is an exception). The lack of precision of 
"high" and "low" reflects the possibility that the synchro- 
tron peak in BL Lacs occurs at a wide range of wavelengths, 
perhaps not fully probed in current samples, from infrared 
through X-ray. 

The essence of the argument of Padovani and Giommi 
(1995a) is that X-ray selection favors objects with a peak at 
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ultraviolet/X-ray wavelengths and thus finds fewer with peak 
at infrared/optical wavelengths. If radio rather than X-ray 
surveys are unbiased (because the radio emission does not 
"know" the wavelength of the peak luminosity), then HBL 
are relatively rare, about 10% in the 1 Jy plus S4 plus S5 
radio-selected samples (Padovani and Giommi 1995). In ef- 
fect, Giommi and Padovani take the opposite approach from 
Maraschi et al. (1986), assuming radio selection rather than 
X-ray selection is unbiased, and they find the opposite result: 
in complete contrast to the accelerating jet picture, they con- 
clude that HBL constitute a minority of the BL Lac popula- 
tion. 

Specifically, Giommi and Padovani (1994) argue that 
HBL outnumber LBL ata given X-ray flux, even though they 
are intrinsically less numerous, because the two classes 
sample different parts of the BL Lac radio counts (Giommi 
and Padovani 1994). As a consequence of their higher fx/fr 

ratios, HBL have lower radio fluxes (—10 mJy) and since 
fainter objects are more numerous than brighter ones (the 
radio counts are rising), their surface density is higher. Stated 
differently. X-ray surveys sample the BL Lac radio counts at 
low fluxes and mostly detect the —10% of objects with high 
fx/fr ratios. This holds down to quite faint X-ray fluxes, well 
below the ROSAT deep survey limit, below which the frac- 
tion of LBL should increase slowly and eventually dominate 
by a factor of 10 (Padovani and Giommi 1995a). The Gi- 
ommi and Padovani hypothesis explains most of the proper- 
ties of HBL—e.g.. X-ray luminosity function. X-ray number 
counts, and radio flux distribution—using only the observed 
properties of RBL (and no free parameters). 

There are at present insufficient data to determine whether 
the number ratio of HBL to LBL (integrated over all lumi- 
nosities) is —0.1, as Giommi and Padovani conclude, or 
roughly the opposite! One persistent objection to the Gi- 
ommi and Padovani picture is that the polarization character- 
istics of LBL and HBL differ in a way not obviously ex- 
plained by a change in break frequency. Specifically, the 
LBL have higher polarization which varies more in both de- 
gree and position angle. According to Giommi and Padovani, 
the HBL are intrinsically less luminous—less extreme—so 
they should have lower polarization, but why the polarization 
angle is more stable is not obvious in their picture. 

The beaming picture, comparing BL Lacs and FR I LFs, 
suggests that HBL are more numerous than LBL by at least a 
factor of 3. It does seem intuitive that more luminous objects 
are more rare, i.e., that luminosity functions rise to low lu- 
minosities (which they do for all known galaxies, active or 
not). Thus, one could ask how the bolometric luminosity 
functions of LBL and HBL compare; i.e., what the relative 
number densities are, at least in the range of overlapping 
luminosities. Using data from Giommi et al. (1995), we 
formed a close approximation to the bolometric LF using the 
luminosities at the peak of the emission in vLv. Figure 18 
shows this pseudobolometric LF for the 1 Jy LBL (excluding 
the two HBL in the 1 Jy RBL sample) and the EMS S HBL 
(this sample includes no LBL). This is a bivariate LF so it 
does not compensate for the selection effects inherent in the 
1 Jy and EMS S samples. The HBL appear to be more numer- 
ous in the range of overlap with number densities systemati- 

LBL (1 Jy) 
HBL (EMSS) 

α O 

J 

44 45 46 47 48 
log Lpeak [erg s"1] 

Fig. 18—The "approximate bolometric" luminosity function for 1 Jy LBL 
(filled circles) and EMSS HBL {open squares). This is the bivariate peak 
luminosity function, where the peak luminosity has been defined as the 
maximum in vLv from the data of Giommi et al. (1995) and no evolution 
has been assumed. Error bars correspond to 1σ Poisson errors (Gehreis 
1986). The HBL appear to be more numerous in the range of overlapping 
luminosity, but selection effects inherent in the 1 Jy and EMSS samples are 
already present in these luminosity functions. 

cally above the LBL points. We note that the EMSS is effec- 
tively much deeper than the 1 Jy survey (its equivalent radio 
flux limit is —1 mJy; Padovani and Giommi 1995a). We also 
note the uncertainties are very large. This kind of figure will 
be very useful to rederive when larger samples of LBL and 
HBL are available. 

Clearly one would like to select samples in an unbiased 
way. Somewhere between the wavelengths where LBL and 
HBL have their spectral peaks, they must have roughly com- 
parable fluxes. The optical has to be less biased than the 
X-ray or radio band, and indeed the optically brightest BL 
Lacs in the 1 Jy and Slew Survey samples have comparable 
optical magnitudes (Stickel et al. 1991; Perlman et al. 1995). 
The relative numbers of LBL and HBL in an optically se- 
lected sample, then, should reflect their relative numbers glo- 
bally, at least better than radio or X-ray surveys do. Unfor- 
tunately, the best optically selected sample, the complete PG 
sample, has only six BL Lac objects (Green et al. 1986; 
Fleming et al. 1993). Of these, 1/3 are LBL and 2/3 are HBL, 
but the statistics are obviously poor. While formally there are 
more HBL than LBL in the PG sample, the observed ratio 
actually agrees well with what the Giommi and Padovani 
scenario would predict in the optical band (Padovani and 
Giommi 1995b). Larger optical samples of BL Lac objects 
are important for addressing the fundamental differences be- 
tween LBL and HBL. 

6.3 Independent Estimates of Relativistic Beaming 
Parameters 

Independent estimates of Lorentz factors and angles to the 
line of sight are available, mostly from VLBI data. In VLBI 
observations of 12 FSRQ in the 2 Jy sample (Vermeulen and 
Cohen 1994, and references therein), all but one FSRQ show 
evidence of superluminal motion (ßa> 1 ). The apparent 
separation of radio components gives a lower limit to the 
Lorentz factor, 7min-V/Ç+T (Appendix A); the distribution 
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of 7min for the fastest superluminal components in FSRQ 
covers the range 5-35, roughly the same as that necessary to 
explain the observed luminosity function (Sec. 6.1). 

The observed ßa distribution can in principle be com- 
pared with that predicted using the LF-derived beaming pa- 
rameters. Vermeulen and Cohen (1994) determined that a 
distribution of Lorentz factors peaked at high values best fit 
the observed ßa distribution for a small heterogeneous 
sample defined by a post-facto ñux limit. (They calculated 
the expected distribution of ßa for naked jets without ex- 
tended emission, which is appropriate to their sample of 
core-dominated objects and which is straightforward to cal- 
culate.) This is quite different from the steep distribution of 
Lorentz factors we found from fitting luminosity functions 
(Sec. 6.1.3). Whether these two results can be reconciled 
remains to be seen, but we note that our calculation is most 
sensitive to low values of γ, which yield the largest number 
of beamed objects, while superluminal motion statistics (par- 
ticularly for samples of "favorite objects" studied in the 
past) are most sensitive to high values. Alternatively, one can 
compare the results from the recent VLB I surveys of well- 
defined ñux limited samples (Pearson and Readhead 1988; 
Polatidis et al. 1995; Thakkar et al. 1995; Taylor et al. 1994) 
to the ßa distribution predicted by a more-difficult calcula- 
tion incorporating selection effects appropriate to jets plus 
extended emission, but this calculation has not yet been 
done. 

As is the case for emission-line blazars, all 13 1 Jy BL 
Lac objects observed more than once with VLBI techniques 
appear to show superluminal motion (Vermeulen and Cohen 
1994; Gabuzda et al. 1994). For all but two objects, 7min is 
higher than ~4, and reaches at least —15. These results agree 
roughly with the distribution in yr required to fit the lumi- 
nosity function and the core-halo ratios of radio-selected BL 
Lacs (Sec. 6.2). 

Since two BL Lac objects have 7min as low as 1.5, we 
tried a fit to the radio LF of BL Lacs with ^=2, leaving all 
other parameters unchanged. The resulting beamed LF is still 
in good agreement with the observed one, although the 
Lorentz factors are now lower, 2^ γΓ^20 with an average 
value (γΓ)~3, corresponding to a ratio between BL Lacs 
and FR Is of 5% (Table 3). This shows that a scenario where 
the Lorentz factors are lower for BL Lacs than for FSRQ 
(Gabuzda et al. 1994; Morganti et al. 1995), although not 
required by our fits, is consistent with the luminosity func- 
tion and VLBI data. 

The SSC formalism (Sec. 4.4) can be used to estimate the 
Doppler factor independent of superluminal motion or lumi- 
nosity functions, via comparison of the predicted and ob- 
served X-ray fluxes. For a sample of —100 radio sources 
with published VLBI measurements of the core angular size, 
lower limits to the Doppler factor correlate well with the 
apparent velocity ßa obtained from multi-epoch VLBI maps 
(Ghisellini et al. 1993; Sec. 4.2.). This result suggests super- 
luminal motion is related to bulk motion of the emitting 
plasma and is not simply an illusion. The Doppler factor, δ, 
can be combined with the measured superluminal speed, βα, 
where available, to constrain y and the angle to the line of 
sight, θ [Eqs. (A6) and (A7)]; the mean values of these pa- 

rameters for the different classes (BL Lacs, FSRQ, and 
SSRQ; Ghisellini et al. 1993) are in good agreement with 
those derived from the radio luminosity function studies 
(Sees. 6.1, 6.2). 

Similarly, the jet velocities and orientations of radio gal- 
axies, derived from the jet to counterjet brightness ratio [Eq. 
(A 10)] and the SSC formalism, are broadly consistent with 
those derived from luminosity function studies (Giovannini 
et al. 1994). Their Doppler factors are also much lower than 
for BL Lacs and FSRQ, as expected if the radio jets are 
closer to the plane of the sky. 

7. RELATION OF QUASARS AND BL Lac OBJECTS 

7.1 Low- and High-Redshift BL Lac Objects 

The high-redshift members of any flux-limited sample 
tend to be systematically more luminous than the low- 
redshift members because of the induced correlation of lumi- 
nosity and redshift. Among BL Lac objects, such differences 
have been interpreted as evidence for a "true" (Type 0) BL 
Lac class at low redshift and a "quasar-like" (Type 1) BL 
Lac class at high redshift (Burbidge and Hewitt 1989). A 
particular motivation for this division (Antonucci 1993) is 
the fact that broad emission lines, occasionally with large 
equivalent widths, have been seen in some high-redshift but 
not low-redshift BL Lac objects. (Here "high-redshift" es- 
sentially means the distant half of the 1 Jy RBLs, which 
extend to z — 1 ; few members of any complete XBL sample 
have z^0.5.) In this section we review whether existing 
data support and/or require a bifurcation via redshift for BL 
Lacs. 

One of the defining features of BL Lac objects is their 
weak or absent emission lines. For the complete 1 Jy radio- 
selected sample (Stickel et al. 1991), BL Lacs are defined in 
part by rest-frame equivalent widths of optical emission lines 
less than 5 Â. The EMSS and Slew Surveys are defined in a 
similar way, although using the observed equivalent widths 
(Stocke et al. 1991; Perlman et al. 1995). With this 
equivalent-width limit, there can in principle be cross-over 
objects—for example, for fixed emission-line luminosities, 
the equivalent widths can change when the continuum varies. 

Emission line types and strengths are central to the ques- 
tion of whether nearby and distant BL Lacs constitute dis- 
tinct populations. The nearby BL Lacs, which are associated 
with nearby ellipticals (typically at ζ^0.2) with typical gal- 
axy absorption spectra, sometimes hâve weak narrow emis- 
sion lines (typically [O ill]), while the more distant BL Lacs, 
around which host galaxies have never been detected, some- 
times have weak but broad emission lines (typically Mg li; 
Stickel et al. 1991, 1993). Observational limitations (and 
sometimes habits), however, militate against uniform infor- 
mation on emission-line properties across the full redshift 
range. In particular, to detect broad Mg π in the nearby BL 
Lacs requires high signal-to-noise ultraviolet spectra, and to 
detect [O ill] in the distant BL Lacs requires fairly red spec- 
tra. 

With available data we first ask whether BL Lac objects 
have line luminosities comparable to or clearly distinct from 
FSRQ, for samples selected in the same way (therefore, the 
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Fig. 19—The available Mg π emission-line luminosities for 1 Jy BL Lac 
objects {filled circles) and 2 Jy flat-spectrum radio quasars {open squares) 
plotted vs. redshift so that comparisons at similar luminosity (which is well 
correlated with redshift in flux-limited samples) and/or observed wavelength 
are possible. BL Lacs and FSRQ line luminosities differ by more than one 
order of magnitude up to ζ—0.8, above which some of the high-redshift BL 
Lacs have line luminosities comparable to the lower-luminosity quasars. 

1 Jy BL Lacs and the 2 Jy FSRQ, both selected at high radio 
frequencies). Figure 11 shows [O III] line luminosities as a 
function of redshift, which removes observational selection 
effects due to spectral bandpass and at the same time effec- 
tively matches objects for luminosity in the selection band 
(which should be unbiased with respect to the optical line 
emission). We found [O III] data in the literature for all the 
2 Jy FSRQ with ζ<0.7 and for 8 of the 12 1 Jy BL Lacs 
sources with certain ζ <0.5; the other four BL Lac objects 
have much weaker [O ill] lines (Stickel et al. 1993). 

Figure 11 shows that the [O III] luminosities of BL Lac 
objects are systematically lower than those of FSRQ. Inclu- 
sion of upper limits for BL Lacs, were they available, would 
exacerbate the difference. There are not enough data points, 
however, to determine whether the two classes actually have 
distinct narrow-emission-line properties. 

The one BL Lac with quasar-like [O III] luminosity is 
PKS 0521—365, a nearby low-luminosity object which had 
been previously classified as a BL Lac (Véron-Cetty and 
Véron 1993) but which was not included in the 1 Jy BL Lac 
sample (Stickel et al. 1991) because the equivalent width of 
two lines was larger than the 5 A limit (specifically, WHß—9 
Â and W[o //] — 7 Â; this object also has broad Ha; Ulrich 
1981; Stickel and Kühr 1993). Figure 11 suggests that PKS 
0521—365 has BL Lac-like line luminosity but qualifies as a 
quasar because its continuum emission was unusually faint 
(exactly as found earlier by Ulrich 1981) when Stickel et al. 
classified it. 

Broad emission lines are perhaps more crucial to the com- 
parison of high-redshift BL Lac objects and quasars. We col- 
lected from the literature all available Mg Π λ2798 fluxes for 
the 2 Jy FSRQ and the 1 Jy BL Lacs, plotted in Fig. 19 vs. 
redshift to facilitate comparisons at similar luminosities and 
observed wavelengths. Roughly 35% of the 2 Jy FSRQ and 
30% of the 1 Jy BL Lacs are represented in the figure, in- 
cluding six of the seven BL Lac objects with ζ >0.7. Addi- 
tional data for the FSRQ would be relatively easy to obtain. 

but for the BL Lacs, which by definition have very weak 
spectral features (in fact —1/3 do not have a firm redshift 
determination), spectra with higher signal-to-noise ratios are 
needed. Because of the low mean redshift of BL Lac 
samples, the Mg π line usually lies in the ultraviolet, acces- 
sible at the required signal to noise only with HST. 

In contrast to the [O ill] plot. Fig. 19 shows that a few 
1 Jy BL Lacs have Mg π luminosities as high as those of the 
weaker-lined FSRQ. In particular, two BL Lacs have 
Lugn > 3 X 1043 ergs-1 (the luminosity for the faintest 
FSRQ), namely PKS 0537-441 and B2 1308+326, both at 
z^0.7. The equivalent width of Mg π in PKS 0537—441 
was on at least one occasion larger than 5 Â (Wilkes 1986), 
though not when the 1 Jy sample was being defined. This 
object has also been suggested as a lensing candidate, mean- 
ing it might actually be a quasar, although recent observa- 
tions do not confirm this (see Sec. 7.2.3). B2 1308+326 may 
have an FR II radio morphology (Kollgaard et al. 1992), 
while its VLB I polarization properties seem to be more simi- 
lar to those of quasars than of BL Lacs (Gabuzda et al. 
1993). 

Apart from these two cases, the Mg π luminosities of BL 
Lac objects are clearly lower than for FSRQ across the entire 
redshift range sampled. Still, we cannot exclude a continuous 
distribution of line luminosities from BL Lacs to quasars, 
which could result simply from the definition of BL Lacs in 
terms of their low equivalent widths. In particular, the radio 
selection in the 1 Jy and 2 Jy samples is similar, so the radio 
luminosity distributions of these BL Lacs and FSRQ at a 
given redshift must be similar, suggesting their total lumi- 
nosities may be comparable. Division in terms of equivalent 
width would then translate into the observed division in line 
luminosity. It remains to be seen if this explanation is viable 
quantitatively when more line luminosities become available. 

The apparent difference between the evolutionary proper- 
ties of radio-selected BL Lacs (y/ymax=0.60±0.05) and 
X-ray-selected BL Lacs (ye/ya = 0.36 ±0.05) has been as- 
cribed to contamination of the RBL sample from strongly 
evolving FSRQ (Morris et al. 1991). The comparison of line 
luminosities in Figs. 11 and 19 shows that RBL are clearly 
not quasar-like for ζ0.5. If we divide the 24 1 Jy BL Lac 
objects having certain redshift information at ζ = 0.5, there is 
no evidence that the V/Vmax distributions or mean values for 
the low- and high-redshift subsamples are different, as 
shown by a KS and Student's i-test, respectively. More sim- 
ply, there is no significant correlation between VIVmax and 
redshift in the 1 Jy sample. For the five objects with FR II or 
FR I/II morphology (Kollgaard et al. 1992), which might be 
considered the most quasar-like, (Wymax) is also not signifi- 
cantly different from the {VIVmax) for the rest of the sample. 
In short, the evolutionary properties of BL Lac objects do not 
depend on redshift and do not indicate contamination by 
strongly evolving quasars. 

A number of other results suggest that low- and high- 
redshift BL Lacs are more alike than the latter are like 
FSRQ. In particular: 

(1) The distributions of extended radio power for low- 
and high-redshift BL Lacs are not significantly different, 
while those of high-redshift BL Lacs (the 1 Jy with ζ >0.3; 
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the largest measured redshift is ζ =1.048; Stickel et al. 
1991) and FSRQ (the 2 Jy sample from Wall and Peacock 
1985) differ at the 99.9% confidence level (Padovani 1992b). 

(2) The ratio between compact and extended radio emis- 
sion is not significantly different for low- and high-redshift 
BL Lac objects. This is in spite of the possibility that some 
high-redshift BL Lacs are FR Ils with low-excitation optical 
spectra (Sec. 5.4), and therefore might have systematically 
different radio properties. 

(3) The X-ray spectral shapes of quasars and of BL Lac 
objects observed with the Einstein Observatory (Worrall and 
Wilkes 1990) and with ROSAT (Urry et al. 1995) are system- 
atically different, with the FSRQ having flatter spectral indi- 
ces. Even BL Lacs with faint but broad emission lines have 
X-ray spectra more similar to the other BL Lacs than to the 
FSRQ (Worrall and Wilkes 1990), although those with the 
broad lines tend to have flatter-than-average (i.e., more 
FSRQ-like) X-ray spectra (Urry et al. 1995). 

(4) The characteristic VLBI polarization structure of BL 
Lac objects, which implies a magnetic field perpendicular to 
the jet axis, is quite different from that of quasars, which 
have a magnetic field parallel to the jet (Gabuzda et al. 
1992), with one possible exception (the 1 Jy BL Lac 
B2 1308 + 326; Gabuzda et al. 1993). Furthermore, the mil- 
liarcsecond polarization structures of low- and high-redshift 
BL Lacs, divided at ζ = 0.3 as suggested by Burbidge and 
Hewitt (1989), are indistinguishable. It is perhaps possible to 
create the distinction between quasars and BL Lacs if the 
latter are systematically more aligned with the line of sight 
because of the sensitive dependence of polarization on aspect 
at small angles (Gopal-Krishna and Wiita 1993). 

We have asked two simple questions; (1) whether there is 
any evidence requiring separate high- and low-redshift BL 
Lac populations, and (2) whether the evidence shows that 
high-redshift BL Lacs are similar to quasars. We believe that, 
based on presently available data, the answer to both ques- 
tions is "no." BL Lacs selected on the basis of their equiva- 
lent width represent a fairly homogeneous class, with no 
strong differences between objects with redshift below and 
above z~0.3, z~0.5 or other, or between objects with 
broad and with narrow emission lines. There may be a few 
intermediate objects, characterized by FR II radio morphol- 
ogy, high emission-line luminosities, unusually weak con- 
tinuum, or quasar-like VLBI polarization, but their small 
number is unlikely to affect unified schemes significantly. 

7.2 Possible Connections between BL Lac Objects and 
FSRQ 

Because of their similar continuum properties, BL Lac 
objects and FSRQ are collectively called blazars, yet we saw 
in the previous section that there are also considerable dif- 
ferences between them. What is the relationship between the 
two blazar classes? Three suggestions—that FSRQ evolve 
into BL Lacs, that they are different manifestations of the 
same physical process, and that BL Lacs are gravitationally 
microlensed FSRQ—are discussed in this section (some of 
these points were originally discussed by Padovani 1992b). 

7.2.1 The evolutionary connection 

The de-evolved number densities of FSRQ and BL Lacs 
are similar (correcting for evolution, FSRQ are about twice 
as numerous at z = 0; Padovani 1992b), but the FSRQ are 
distributed to much higher redshift. It is a well-known prob- 
lem that high-redshift quasars must disappear and/or become 
considerably less luminous by the present epoch (Schmidt 
1968). Here we consider the suggestion that FSRQ evolve 
into BL Lac objects, becoming weak-lined objects by virtue 
of increased beaming of the continuum, that is, a Lorentz 
factor increasing with cosmic time (decreasing with redshift; 
Vagnetti et al. 1991). The merit of this approach is that it 
includes evolution more directly than usual and it attempts to 
link the (at present) separate unified schemes for high- and 
low-luminosity radio-loud AGN. It also predicts the evolu- 
tion of the critical angle separating blazars from radio galax- 
ies (Vagnetti and Spera 1994). Specific predictions of distri- 
butions of jet/counterjet ratios and superluminal velocities 
are also possible (Vagnetti 1995). 

The results in Sec. 7.1, however, demonstrate the lack of 
continuity in redshift between FSRQ and BL Lac objects. 
For example, their extended radio powers and line luminosi- 
ties are very different—by 1-2 orders of magnitude at com- 
parable redshifts. Figures 11 and 19 show that BL Lacs and 
FSRQ occupy separate, approximately parallel, regions in 
the L[-oiii]-z and LMgII-z planes, which is more suggestive 
of related but distinct histories than of evolution from high- 
luminosity to low-luminosity blazar. 

The strongest objection to the suggestion that strong-lined 
objects evolve into weak-lined ones because of increased 
beaming is the fact that BL Lacs have intrinsically weak 
lines. That is, the equivalent widths are not small because the 
optical continuum is stronger but because the lines are 
weaker. There is no evidence that the Lorentz factor, and to 
first order the Doppler factor, is larger in BL Lacs than in 
FSRQ. If anything, the limits on Doppler factors derived 
from SSC arguments are smaller for BL Lacs than for FSRQ 
(Sec. 6.3). Furthermore, superluminal motion data might ac- 
tually support an increase with redshift of the Lorentz factor 
for low values of (Vermeulen and Cohen 1994). 

In the context of the radio-galaxy/blazar unified scheme, 
an evolutionary connection between FSRQ and BL Lac ob- 
jects has strong implications for the parent populations. If 
(some) FSRQ evolve into BL Lacs, then (some) FR Ils 
should evolve into FR Is. Possible mechanisms for this tran- 
sition exist, like the deceleration of the high-velocity jets that 
give rise to an FR II radio source by an increase in the 
density of the intergalactic medium (De Young 1993) or a 
decrease in the mass accretion rate onto the central engine 
(Baum et al. 1995). The connection between FR I and FR II 
radio galaxies is still not fully understood (Owen and Laing 
1989; Owen and Ledlow 1994; Baum et al. 1995), but it is 
interesting to note that studies of cluster environments of 
radio sources do suggest both FR Ils and radio quasars could 
evolve into FR Is (Hill and Lilly 1991; Yee and Ellingson 
1993). 
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7.2.2 Multiwavelength spectral continuity of BL Lac objects 
and FSRQ 

The multiwavelength spectra of HBL, LBL, and FSRQ 
form a continuous sequence that suggests a common physi- 
cal mechanism (Sambruna 1994; Sambruna et al. 1995; 
Maraschi et al. 1995). The spectra of LBL (RBL) and FSRQ 
have relatively low peak wavelengths, while the HBL (XBL) 
have higher peak wavelengths. Very roughly, along the se- 
quence from HBL to LBL to FSRQ, the wavelength of the 
peak synchrotron emission decreases,17 the X-ray spectral 
index flattens, the ratio of gamma-ray to bolometric luminos- 
ity increases, the bolometric luminosity itself increases, and 
the mean redshift increases (luminosity and redshift are au- 
tomatically correlated in flux-limited samples). These trends 
are illustrated in part by the multiwavelength spectra of a 
typical FSRQ (Fig. 4) and a typical HBL and LBL (Fig. 15). 

Analyzing the spectra of these and other blazars in terms 
of synchrotron models, Sambruna (1994) finds that a simple 
transformation in terms of angle between HBL and LBL can- 
not explain the differences in their multiwavelength spectra. 
To account for the shorter peak wavelength of the synchro- 
tron emission in HBL compared to LBL, it is necessary to 
invoke both higher electron Lorentz factors (not to be con- 
fused with the bulk Lorentz factor of the jet) and stronger 
magnetic fields in the X-ray-emitting region. Similarly, the 
FSRQ have still lower electron energies and weaker mag- 
netic fields than the RBL. The lower electron energies mean 
that in the X-ray band, the synchrotron component is rela- 
tively less important than any Compton-scattered emission 
(whether from scattered synchrotron photons or other ambi- 
ent photons), leading to the flatter X-ray spectra and perhaps 
the stronger gamma-ray emission. 

Thus, it is plausible that all blazars are dominated by syn- 
chrotron plus Compton-scattered continuum emission, with 
mean relativistic electron energies and magnetic fields sys- 
tematically declining with increasing bolometric luminosity 
(Sambruna 1994). To establish this connection among BL 
Lac objects and FSRQ definitively, via analysis of the physi- 
cal parameters in blazar jets, requires extensive multiwave- 
length monitoring of complete samples of blazars. Unfortu- 
nately, it is difficult to correlate variability between gamma- 
ray and other wavelengths because current detector 
sensitivity precludes variability studies for all but a few of 
the brightest blazars (Kniffen et al. 1993; Hunter et al. 1993). 

7.2.3 BL Lac objects as gravitationally microlensed FSRQ 

The main differences between BL Lacs and FSRQ are, to 
first order, that the FSRQ are more distant, more luminous, 
and have stronger emission lines. Ostriker and Vietri (1985, 
1990) have suggested that gravitational microlensing by stars 
in a foreground galaxy could turn an optically violently vari- 
able (OVV) quasar (i.e., an FSRQ, in our terminology) into a 
BL Lac. Specifically, a distant FSRQ with a compact optical/ 
ultraviolet continuum region and an extended optical/ 

17The peak wavelength is definitely longer for LBL than HBL, but the com- 
parison for FSRQ and LBL has not yet been done with sufficient statistics. 
Furthermore, the peak wavelength lies in the far-infrared band, so that this 
question must really be answered with ISO. 

ultraviolet emission-line region, whose line of sight passes 
nearly through the center of a foreground galaxy, would have 
the continuum preferentially amplified by microlensing. A 
factor of >10 enhancement could, Ostriker and Vietri esti- 
mated, reduce the equivalent widths of the BL Lac emission 
lines sufficiently. In addition, the BL Lac would appear to lie 
in the (approximate) center of the (nearby) lensing galaxy. Its 
redshift, in practice often inferred from the "host" galaxy 
spectrum, would refer to the lensing galaxy rather than the 
FSRQ, so the derived luminosity of the BL Lac object would 
be artificially low. 

In this picture, BL Lacs and FSRQ are intrinsically the 
same objects, and there is no separate low-luminosity blazar 
class to be unified with FR I radio galaxies. Note that the 
relativistic jet is probably still required to explain the rapid 
variability, polarization, and other blazar characteristics of 
FSRQ, although microlensing could account for some low- 
amplitude, approximately achromatic, variability in BL Lac 
objects (Urry et al. 1993; Edelson et al. 1995). 

There are a number of arguments against the microlensing 
hypothesis, albeit none definitive. These include the follow- 
ing. 

(1) The optical amplification factors derived from nu- 
merical simulations under the microlensing hypothesis, basi- 
cally comparing the optical continuum fluxes of BL Lacs and 
FSRQ in the 1 Jy and 2 Jy samples, respectively, are much 
smaller than the factor of 10 required by Ostriker and Vietri 
to swamp the emission lines of quasars (Padovani 1992b). 

(2) The observed optical number counts of BL Lacs (Pa- 
dovani and Urry 1991; Hawkins et al. 1991) do not appear to 
flatten at 5—16-18, as predicted by Ostriker and Vietri, 
although the faint counts are still quite uncertain. 

(3) When BL Lac "host" galaxies are detected (e.g., 
Abraham et al. 1991), their nuclei are almost always well- 
centered on the galaxy (see Stocke et al. 1995 for evidence of 
de-centering in MS 0205.7+3509, an EMSS BL Lac), 
whereas the microlensing scenario would allow the back- 
ground FSRQ to be well off the center of the microlensing 
galaxy. Existing limits on de-centering may already be suffi- 
cient to rule out the presence of even a small number of 
microlensed sources (Merrifield 1992) and HST imaging of 
complete samples have the potential to decide this issue fi- 
nally. 

(4) At least five of the low-redshift 1 Jy RBL have emis- 
sion lines and absorption lines at the same redshift (Stickel et 
al. 1993), indicating that in a substantial number of cases, the 
absorption line redshifts are from the host galaxy rather than 
the lensing galaxy. 

(5) The systematic differences in VLB I polarization 
structure for BL Lac objects and FSRQ, notably the 90° dif- 
ference in mean magnetic field orientation, should not exist 
if one is simply an amplified version of the other (Gabuzda et 
al. 1992). Microlensing changes the image position randomly 
with respect to the direction of polarization (which is un- 
changed), since the lens mass distribution does not "know" 
about the orientation of the background jet. Thus, the VLBI 
polarization in BL Lacs should be relatively uncorrelated 
with jet morphology compared to FSRQ, whereas they are 
parallel and perpendicular to the jet, respectively. 
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(6) Microlensing should cause the radio-to-optical con- 
tinuum of the "low-luminosity" BL Lac objects (basically, 
the HBL) to be flatter than that of FSRQ, which is more or 
less as observed (Stocke et al. 1985; Sambruna 1994); how- 
ever, the observed difference is larger than expected from 
microlensing. To shift the wavelength of the peak synchro- 
tron emission in FSRQ, generally in the infrared, to the 
ultraviolet/EUV/soft X-ray, would require amplifying the 
short-wavelength continuum by several orders magnitude 
(see Fig. 15). 

The evidence for microlensing in a few individual cases 
remains unclear. One of the most promising microlensing 
candidates, 0235 + 164 (Stickel et al. 1988a), which has mul- 
tiple absorption systems (Yanny et al. 1989), a de-centered 
foreground group of galaxies (Abraham et al. 1993), and an 
extremely high superluminal velocity (/3fl~90; Bââth 1984), 
is almost certainly weakly amplified by macrolensing (Abra- 
ham et al. 1993), but no one has calculated the effects of 
microlensing by stars in the foreground lens. [Abraham et al. 
(1993) argued that by analogy to a normal quasar, microlens- 
ing could cause significant variability only on time scales of 
years; however, the relevant source-lens velocity for FSRQ 
is the superluminal jet velocity rather than the typical stellar 
velocity in a galaxy core (Gopal-Krishna and Subramanian 
1991). Therefore, the variability time scales can be much 
shorter, quite comparable to those observed in 0235 + 164.] 
In the case of PKS 0537—441, another lensing candidate, 
Falomo et al. (1992) failed to detect the foreground galaxy, 
the presence of which had been suggested by Stickel et al. 
(1988b). 

In summary, there are a number of arguments against mi- 
crolensing in large numbers of BL Lac objects, and there are 
no clear cases of microlensing in any one BL Lac. Still, there 
are no data that actually falsify the microlensing hypothesis. 
We suggest a clear and incontrovertible test. As the HST Key 
Project on quasar absorption lines has demonstrated (Bahcall 
et al. 1993), the ultraviolet spectrum of a distant FSRQ 
should show multiple absorption lines due to intervening 
Lya clouds. Suppose we have a BL Lac object that appears 
to lie in an elliptical galaxy at a redshift of, say, ζ = 0.25, 
and we want to test whether it is actually a quasar at a red- 
shift of, say, ζ = 1.9 (or less) that is microlensed by that 
galaxy. With an ultraviolet spectrum from —1500 to 3500 A 
(with sufficient signal-to-noise ratio to detect absorption 
lines with equivalent widths of a few hundred milliang- 
stroms) the presence or absence of unidentified (i.e., Lyo) 
absorption features answers this question unambiguously. 
This project is ideal for HST. 

8. THE VIABILITY OF UNIFIED SCHEMES 

On the whole, unified schemes for radio-loud AGN are 
very successful. But there remain some potential problems, 
including disturbing trends in the linear sizes of radio galax- 
ies and quasars, a dependence on redshift of the ratio of 
quasars to radio galaxies, the lack of superluminal motion in 
radio galaxies, and the un-FR-I-like radio morphologies of 
some BL Lac objects. A number of complications also exist, 
like the need to include evolution in unified schemes (the 

critical angle separating different AGN classes or the ratio of 
Ljet/J^ext may well depend on redshift), even as the relatively 
simple beaming models adopted so far are underconstrained 
by existing data. In this section we review known problems 
for unified schemes and anticipate complications that should 
be addressed when there are more complete data for larger 
samples of radio-loud AGN. 

8.1 Potential Problems with Unification 

8.1.1 Linear sizes of blazars and radio galaxies 

In principle, the linear sizes of radio sources can be used 
to test unification because blazars oriented at small angles to 
the line of sight should have systematically smaller large- 
scale radio structures than radio galaxies in the plane of the 
sky. Right at the start, however, we must say that conclusions 
regarding the relative linear sizes of blazars and radio galax- 
ies are extremely murky, having been the subject of quite a 
number of papers, with often contradictory results (Gopal- 
Krishna and Kulkami 1992; Barthel 1989; Kapahi 1987; 
1989, 1990; Barthel and Miley 1988; Onuora 1989, 1991; 
Hough and Readhead 1989; Nilsson et al. 1993, and refer- 
ences therein). It turns out that the linear size depends, not 
unexpectedly, on several factors like radio power and red- 
shift. Even matching these variables, the expected difference 
in mean linear size is quite modest, only a factor of 2 for an 
orientation of 30° compared to 90°, while the scatter in in- 
trinsic sizes must be many times that large. 

In a recent work, Singal (1993a; see also Singal 1988) 
studied the linear sizes of a large, heterogeneous sample of 
radio galaxies (about half of which have redshifts estimated 
from the magnitude-redshift relation) and quasars. His main 
result is that both size-luminosity and size-redshift correla- 
tions are significantly different for the two classes. In par- 
ticular, luminosity and size are directly correlated for radio 
galaxies and inversely correlated for quasars, while the size 
of radio galaxies falls strongly with redshift and not at all for 
quasars. According to Singal, the only redshift range for 
which unification works is 0.5<z< 1, the interval Barthel 
(1989) used in his original analysis of the 3CR catalog os- 
tensibly because of the better statistics there. Indeed, for the 
lowest luminosity bin and ζ^0.4, Singal (1993a) found that 
the median linear size of quasars is larger than that of radio 
galaxies, completely opposite to the predictions of the uni- 
fied scheme. 

These results, however, are uncertain and/or contradict 
other comparable work. One problem with determining lin- 
ear sizes is that often the radio source morphology is unclear 
or the source is poorly resolved. In a similar study limited to 
sources with clear FR II double structures, which by defini- 
tion have sharp outer boundaries, Nilsson et al. (1993) found 
quite different results for the dependence of linear size on 
redshift and luminosity; in direct contrast to Singal (1993a), 
the median values of the linear size for quasars are (margin- 
ally) smaller than for galaxies in all luminosity bins. 

Another issue is the use of complete flux-limited samples. 
The 3CR catalog is excellent for this purpose because it is 
largely unbiased by beamed flux. From the luminosity func- 
tion analysis we found quasars (effectively SSRQ) and radio 

© Astronomical Society of the Pacific · Provided by the NASA Astrophysics Data System 



834 URRY AND PADOVANI 

galaxies are divided at ¿?c~380 (Table 3); the mean angle for 
SSRQ (between 14° and —38°) is therefore 28° and the mean 
angle for FR Ils is 66°. The ratio of quasar linear size to 
radio galaxy linear size, 1.9 for these mean angles, is both 
small and a very weak function of critical angle. Estimating 
the critical angle from the numbers of quasars and radio gal- 
axies in the 3CR gives ^ = 44.4° (Barthel 1989), with a 1σ 
uncertainty of ±6.6°; this gives a foreshortening factor of 
1.9Ío;2. The foreshortening factor would be much larger were 
one to compare only FSRQ and PR Ils, but there are too few 
PSRQ in the 3CR and using the 2 Jy sample would mean 
incorporating the selection bias of beaming, which is non- 
trivial. 

Another complication is that even modest misalignments 
between large-scale radio structure and the obscuring torus 
are enough to confuse the expected linear size trend (Gopal- 
Krishna et al. 1994). Por example, the distributions of ob- 
served linear size and bend angle for a large, heterogeneous 
sample of quasars and radio galaxies are completely consis- 
tent with random orientations within and without a cone 
angle of —50°, respectively, assuming only that the jets have 
small intrinsic bend angles (^25°) and modest intrinsic arm- 
length differences (Lister et al. 1994a). In sum, considering 
the many problems and potential complications, it is remark- 
able that the analysis of linear sizes of quasars and PR Ils 
gives any sensible results at all. 

The comparison of linear sizes of PR I galaxies and BL 
Lac objects is even more difficult because the amorphous PR 
I radio structures have no clear outer boundaries. The largest 
angular sizes of the EMS S BL Lacs are similar to those of 
Β2 PR Is and of a heterogeneous sample of radio-selected 
BL Lacs (Perlman and Stocke 1993), in apparent contradic- 
tion to their unification. This may be due to substantial mis- 
alignments between the parsec- and kiloparsec-scale jets 
(Perlman and Stocke 1993), which are quite common in BL 
Lacs (Kollgaard et al. 1992). In that case, a small angle to the 
line of sight of the VLBI jet does not necessarily imply a 
very small radio linear size. 

In addition, if the bulk Lorentz factors in BL Lac objects 
are small (Sec. 6.3), the critical angle separating them from 
PR Is can be quite large. Por example, for y~2 and/-0.05, 
9C~\90 (Table 3). The corresponding ratio of projected 
lengths of BL Lacs and PR Is, evaluated at the mean angle 
(ignoring beaming) is ~3; for the XBL fit in Table 3 it is 
—2.5. 

In the end, consideration of linear sizes of radio sources is 
not a compelling test of unified schemes. Even the oft-stated 
problem of large deprojected radio sizes—wherein the 
lengths of superluminal sources and/or one-sided jets as large 
as —1 Mpc in length (like NGC 6251) are thought to be 
uncomfortably large when deprojected by their orientation 
angles—vanishes when one thinks about the numbers. Nei- 
ther superluminal motion nor one-sidedness require a par- 
ticularly small angle [Pig. 21 and Eq. (A4), Eq. (A8)], and in 
fact the expected deprojection correction is only a factor of 2 
or so. 

8.1.2 Dependence of quasar fraction on redshift 

In his original unification paper, Barthel (1989) used the 
ratio of quasars to radio galaxies in the 3CR catalog (essen- 
tially SSRQ to PR II) to determine a critical angle separating 
the two classes. However, Singal (1993b) found that the qua- 
sar fraction in the 3CR appears to increase with redshift18 

and noted that Barthel's result depended on choosing the 
redshift interval 0.5<z<l. Given the small numbers in- 
volved, Singal's number ratios are actually within 2σ of no 
redshift dependence, assuming Poisson statistics (Gehrels 
1986). Moreover, once low-excitation 3CR PR II galaxies 
are excluded (Sec. 5.2), the quasar/radio-galaxy fraction is 
independent of redshift (Laing et al. 1994). 

The number ratios of quasars to radio galaxies binned by 
redshift imply a set of critical angles which in turn corre- 
spond to predicted ratios of mean linear sizes for the two 
classes. These size ratios agree with the observed values to 
within —2σ, contrary to Singal's conclusions, once the asso- 
ciated uncertainties in the predicted values are taken into 
account (Saikia and Kulkami 1994). 

Even taking Singal's numbers at face value, any inconsis- 
tencies can be explained easily by allowing for a moderate 
misalignment (—20ο-30ο) between the radio axis and the 
axis of the optically thick torus hiding the broad emission- 
line region in radio galaxies (Gopal-Krishna et al. 1994). 
Finally, as Singal (1993b) noted, a modest dependence of 
quasar fraction on redshift might be explained by an evolu- 
tion in the opening angle of the obscuring torus, as it might 
by anything causing a correlation between opening angle and 
luminosity (Lawrence 1991; Sec. 8.2.1). 

8.1.3 Absence of superluminal motion in radio galaxies 

The subrelativistic kiloparsec-scale jet velocities in PR I 
galaxies, typically of the order of 1000-10,000 kms-1 

(Bicknell et al. 1990), used to represent a problem for the PR 
I/BL Lac unification, which requires relativistic speeds at 
least on small scales. It was not clear that PR Is were rela- 
tivistic even on the smallest scales, and if they were, it was 
not clear how they were decelerated or what the observa- 
tional signature of that deceleration would be. Now, new 
observational (Venturi et al. 1993; Peretti et al. 1993; Gio- 
vannini et al. 1994) and theoretical results (Laing 1994; 
Bicknell 1994) supporting the presence of relativistic motion 
on parsec scales in these sources have changed our under- 
standing of PR Is. Physically reasonable models have also 
been proposed for the required deceleration (Laing 1994; 
Bicknell 1994). 

If PR Is are relativistic on small scales, they should show 
superluminal motion, even near the plane of the sky. A jet 
with a Lorentz factor of 5 would have apparent transverse 
speeds βα—2.3 and 1 for viewing angles of 45° and 90°, 
respectively [Eq. (A4)]. The few measurements of jet proper 
motions with VLBI, however, suggest that presently studied 
PR I radio galaxies display relativistic but still subluminal 

18In a related study with a largely overlapping sample, Lawrence (1991) 
found the fraction of broad-line objects increased with radio power and 
possibly decreased with redshift. 
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speeds. Using the data compiled by Vermeulen and Cohen 
(1994), we obtain an average value (/2a)~0.5 (converting to 
our adopted value of //0 = 50 km s-1 Mpc-1) for four FR Is 
(NGC 315, M87, Centaurus A, and NGC 6251). The speeds 
for FR Ils seem to be no different: βα—0.5-1.0 for Cygnus 
A (Carilli et al. 1994). 

These results may imply that radio galaxies have smaller 
Lorentz factors than BL Lacs and radio quasars. It is impor- 
tant to remember, however, that detection of VLBI compo- 
nents in radio galaxies is hampered by relativistic deamplifi- 
cation and dilution by unbeamed emission. For 7=5, for 
example, jets are deamplified for orientation angles 0^35° 
(Appendix A), which would include basically all radio gal- 
axies (see Table 3); for larger Lorentz factors, the angle is 
even smaller and the deamplification larger. (The jet-to- 
counterjet ratio remains significantly larger than unity even 
at large angles; Fig. 22.) Similarly, at these angles the ratio of 
transverse jet luminosity to unbeamed luminosity is ^10-2 

for γ=5 and/=0.01 [Eq. (C6)] and equals ~10_4 at 90° 
[Eq. (C7)]. Thus, the bulk of the emission may well appear to 
be stationary even if a transverse relativistic jet is present. 
Another consideration is that significant beaming can be rec- 
onciled with subluminal motion of knots if these are reverse 
shocks advected by the jet; their motion would then give a 
misleading indication of the flow velocity (Bicknell 1994). 

In the end, either FR Is are intrinsically different from BL 
Lacs or they will exhibit superluminal motion on small 
scales. Surveys of FR Is with the Very Long Baseline Array 
(VLBA) should help decide this question. It is extremely 
interesting that in one nearby FR I galaxy, M87, which has 
been extremely well mapped in the radio, superluminal mo- 
tion has been detected on kiloparsec scales, with βα up to 2.5 
(Biretta et al. 1995). At least one FR I, then, must have an 
appreciable bulk flow on both parsec and kiloparsec scales. 

8.1.4 The parent population of BL Lac objects 

There are some potential mismatches in the properties of 
FR I radio galaxies and BL Lac objects, although these are 
far from demonstrated conclusively. First, the narrow 
emission-line strengths of BL Lacs, where measured, barely 
overlap with the distribution for FR Is (Sec. 5.4.2, Fig. 11), 
although this is complicated by the lack of complete samples 
and uniform coverage, not to mention the extreme difficulty 
of detecting very weak lines (and the lack of published upper 
limits) in BL Lac objects. 

Second, broad Mg π lines are quite strong in some high- 
redshift BL Lacs (Sec. 7.1, Fig. 19), while there is little evi- 
dence for similarly strong broad lines in nearby FR Is. In 
part, this could be due to the lack of sensitive UV measure- 
ments of FR Is or to a correlation with continuum luminosity 
(and therefore redshift); both effects would limit the obser- 
vation of Mg II in existing, very local, samples of FR Is. 

Third, the diffuse radio emission of BL Lac objects dis- 
plays FR II morphology in some cases (Sec. 5.4.1) and 
sometimes quite high unbeamed luminosity (Fig. 10). There 
may also be a deficit of twin-jet morphologies in BL Lacs, 
depending on the true value of the critical angle. It may well 
be that the parent population of BL Lac objects includes at 
least some FR II radio galaxies, presumably those with low- 

excitation optical spectra. We expect that the beaming calcu- 
lation under this hypothesis would show this scheme to be 
viable and that the derived Lorentz factor(s) will not change 
much. Certainly this would be an interesting calculation to 
do once the optical spectra of the 2 Jy sample are sufficient 
to separate the low-excitation and high-excitation FR Ils. 

8.2 Possible Complications for Unification 

8.2.1 Properties of the obscuring torus 

The opening angle of the obscuring torus may well be a 
function of source power. For example, the inner radius of 
the torus could be determined by the evaporation tempera- 
ture of dust, ^in~0.06(Lbol/1045erg s-1)0"5 pc (Lawrence 
1991; Netzer and Laor 1994). Since more distant quasars are 
more luminous, this would produce a positive dependence of 
the quasar fraction on redshift. There are claims in the litera- 
ture that the ratio of broad- to narrow-line objects depends 
on redshift (Lawrence 1991; Singal 1993b), but at least in the 
3CR sample this trend disappears once the low-excitation FR 
Ils are excluded (Sec. 8.1.2). The misclassification of some 
quasars as NLRG could also confuse the issue (Sec. 6.1.1). 

An interesting distinction between high- and low- 
luminosity unified schemes for radio-loud AGN is that the 
high-luminosity AGN include transition objects, the SSRQ, 
which are relatively unbeamed in terms of radio emission but 
"beamed" (i.e., unobscured) in terms of optical spectrum. 
The analog of SSRQ for the low-luminosity AGN—broad- 
line radio galaxies with FR I morphologies—is not seen 
(with the exception of the BLRG 3C 120); surveys find ei- 
ther narrow-line FR I or BL Lacs (with occasional broad 
lines). If FR I galaxies do have broad emission lines at some 
level, the lack of broad lines could be explained if the open- 
ing angle of the torus depended on luminosity (Falcke et al. 
1995; Sec. 5.4.2). This would mean the torus opening angle 
in FR Is is much smaller than in FR Iis. To eliminate broad- 
line FR Is, it must be comparable to or smaller than the radio 
beaming angle, whereas in quasars the torus opening angle is 
much larger than the critical angle for relativistic beaming of 
the radio emission. Sensitive infrared spectroscopy and spec- 
tropolarimetry of FR Is will address this issue by detecting or 
putting interesting limits on the broad-line luminosities of 
FR I radio galaxies. ISO observations of radio galaxies, BL 
Lac objects, and quasars will constrain the relative amounts 
of obscuring matter in each class. 

Direct mapping of the torus may be possible with high 
spatial resolution spectroscopic observations of water ma- 
sers. Recent VLBI imaging of water masers in NGC 4258, a 
nearby galaxy with low-level AGN activity, provides evi- 
dence of rotating molecular gas in a region less than 0.13 pc 
from the center (Miyoshi et al. 1995). This is important di- 
rect evidence for molecular gas in the nuclei of galaxies, as 
implied by the obscuring torus hypothesis. The case of 
NGC 4258 is not yet the desired demonstration of a molecu- 
lar torus in AGN, however, because the molecular gas is 
distributed in a very thin disk rather than a torus. Using the 
results of Miyoshi et al. (1995), we find the ratio of disk 
height to inner radius is ^0.02, corresponding to an opening 
angle of ~90o, which will clearly not obscure the central 
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source very effectively. In addition, masers do not automati- 
cally signal the presence of a torus; in NGC 1068, there are 
masers in the southern radio component with locations and 
velocities approximately commensurate with rotation, but 
there is also a maser to the north that apparently arises in 
molecular gas shocked by the radio jet (Gallimore et al. 
1995). 

8.2.2 Cosmic evolution of radio-loud AGN 

Cosmic evolution could be an important aspect of unified 
schemes. Realistically, one should probably expect evolution 
in the Lorentz factor (γ), in the ratio of beamed to unbeamed 
flux (/?), and in the intrinsic fraction of luminosity radiated 
by the jet (/). But evolution has been largely ignored in 
unified schemes (cf. Vagnetti and Spera 1994) because of the 
poor statistics when existing samples are divided into mul- 
tiple redshift bands. 

In most cases, one finesses the evolution of AGN by pa- 
rameterizing it with a smooth function and extrapolating 
evolving properties to zero redshift. For example, compari- 
sons between beamed and observed LFs were done assuming 
exponential luminosity evolution (Sec. 6). The preferred ap- 
proach, statistics permitting, is to derive the LFs at different 
redshifts and apply the beaming formalism to the single- 
epoch LFs. This would allow, for example, the study of evo- 
lutionary trends of the beaming parameters. 

The well-identified radio-selected samples currently 
available—the 3CR, the 1 Jy, the 2 Jy samples—are quite 
shallow. For a typical radio-loud AGN spectrum, optical and 
X-ray surveys are much deeper, in many cases the equivalent 
of 1 mJy or fainter at 5 GHz. Deep radio surveys, optically 
identified and classified morphologically in the radio, would 
greatly improve our understanding of unified schemes but 
represent a substantial technical challenge. 

Another important aspect is the evolution of individual 
sources and the potential consequences for their radio mor- 
phologies. For example, the observed correlation between 
core-to-extended radio flux and linear size (e.g., Lister et al. 
1994b) can be explained by a model wherein the radio 
source starts out as a luminous core that fades with time as 
the lobes brighten (Hutchings et al. 1988). If this evolution- 
ary effect dominates over beaming and orientation, it could 
complicate considerably the use of this flux ratio as a beam- 
ing indicator. 

8.2.3 Parametrization of relativistic beaming 

The adopted beaming model (Sec. 5.6; Appendix B) is 
undoubtedly too simple. Jets are almost certainly compli- 
cated, more so than usually assumed in the statistical tests 
(Lind and Blandford 1985; Bridle et al. 1994). They are 
likely to be bent, have variable bulk Lorentz factors, have 
hot spots at local shocks, and so on, rather than being a 
well-behaved, ideal confluence of particles, photons, and 
fields in equipartition. This is borne out by the complex mor- 
phologies and trajectories of superluminal components in 
blazars. Jet velocities probably decrease or increase with in- 
creasing distance from the nucleus, whereas we have as- 
sumed they are fixed; observed superluminal motion in well- 

monitored sources is definitely complex (e.g., Biretta et al. 
1986). Finally, there is always the problem of flow vs. pat- 
tern velocity (Sec. 4.2), with only the former causing Dop- 
pler boosting. 

Moreover, it is not clear how jets form and propagate. By 
what physical process is matter accelerated to Lorentz factors 
~5, and sometimes as much as an order of magnitude 
higher? How is the balance between kinetic and radiative 
energy determined? Jet formation and motion is almost cer- 
tainly affected by the local gas environment, which might 
explain in part the differences between FR I and FR II radio 
galaxies (De Young 1993; Bicknell 1994), and perhaps why 
the parsec-scale magnetic field configurations differ in qua- 
sars and BL Lac objects. Jet motion is probably also affected 
by competition between gravitational force and radiation 
pressure, which moderates the accretion rate. If so, the 
Lorentz factor could depend on the source Eddington ratio 

Μ, where M is the mass of the central black hole; 
Abramowicz 1992). 

Unified schemes for radio-loud objects can also be com- 
plicated if the beaming is wavelength-dependent. Although 
this is probably not the case for BL Lacs (Sambruna 1994), it 
could be important in quasars (Impey et al. 1991, but see also 
Hough and Readhead 1989). The dependence of beaming on 
wavelength occurs naturally for an obscuring torus because 
its transparency is wavelength dependent, or for an inhomo- 
geneous jet model with variable Lorentz factor along its 
length. 

8.2.4 Compact steep-spectrum and gigahertz peaked- 
spectrum sources 

The place of Compact Steep-Spectrum Sources (CSS) and 
the possibly related Gigahertz Peaked-Spectrum Sources 
(GPS) in the unified scheme for high-power radio sources is 
an open question. CSS and GPS include both quasars and 
radio galaxies. Their most striking feature is their compact 
radio structure (^15 and ^1 kpc, respectively; see Fanti et 
al. 1990a and O'Dea et al. 1991 for reviews of their proper- 
ties). In terms of the definitions in Sec. 1 (Table 1), we in- 
clude them in the SSRQ/FSRQ and NLRG classes, as appro- 
priate. 

The CSS and GPS sources constitute a non-negligible part 
of radio samples; for example, CSS represent approximately 
13% of the 3CR sample (Fanti et al. 1990a) and —20% of the 
2 Jy sample (Morganti et al. 1993). For our statistical analy- 
sis in Sec. 6, we removed the galaxies (because they were 
not classified as either FR I or FR II by their radio morpholo- 
gies) but included the quasars; this might have increased the 
critical angles slightly. 

Statistical considerations exclude the possibility that most 
CSS and GPS are intrinsically large radio sources seen at 
small angles to the line of sight. Instead, they are probably 
inherently compact (Fanti et al. 1990b). At the same time, the 
size distribution and relative numbers of CSS quasars and 
galaxies are consistent with the former being the latter 
viewed at angles smaller than —45° (Fanti et al. 1990b), 
although the different radio morphologies of the two classes 
are not entirely explained by orientation. CSS and GPS could 
represent an early stage of radio source evolution (Fanti et al. 
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1990b) and if so, probably should be included in unification. 
Alternatively, they may lie in unusual environments (O'Dea 
et al. 1991). In either case, unified schemes bear on their 
origin, and it is important to understand how they fit into the 
present paradigm. 

8.2.5 Selection effects in the identification of quasars 

If quasar unification schemes are correct, all quasars are 
oriented at a preferred angle from which the broad-line re- 
gion is visible. This undoubtedly has strong effects on other 
quasar properties. For example, it could explain why no Lya 
edges are seen in the ultraviolet spectra of quasars (Koratkar 
et al. 1992; Kinney 1994) even though they are expected 
from accretion disks, an important element in the current 
AGN paradigm (Fig. 1). That is, assuming that the axes of 
accretion disks and obscuring matter coincide, no edge-on 
disks would be seen and so no Lya edges should be seen. 

Other secondary effects are also possible. If the accretion 
disks in quasars are thick, as expected for high-luminosity 
AGN, then their radiation patterns can be anisotropic inde- 
pendent of the obscuring torus (Madau 1988). Because its 
radiation pattern is narrower than the opening angle of the 
obscuring torus, the thick disk can by itself introduce mild 
selection effects (Urry et al. 1991b) wherein quasars are 
more face-on than implied by their emission-line properties 
(assuming the axes of the thick disk and torus are aligned). 
In that case, the optical-through-ultraviolet continuum emis- 
sion from quasars will appear bluer and more luminous than 
if it were emitted isotropically. 

8.2.6 Extended continuum emission in Type 2 AGN 

Spectropolarimetry has indicated an interesting complica- 
tion in a number of Type 2 AGN; specifically, the scattered 
broad-line flux is sometimes more polarized than the con- 
tinuum (Tran 1995). This implies that in addition to the 
nuclear power-law continuum source there must be an ex- 
tended continuum source in the scattering region which di- 
lutes the polarized flux of the scattered nuclear continuum. 
The in situ extended featureless continuum must be similar 
to the nuclear power law, and in some ways the match be- 
tween the nuclear and extended properties is a bit mysteri- 
ous. The details of the spectral shapes depend on very high 
signal-to-noise spectropolarimetric data, however, available 
only for a few of the brightest sources, and so remain to be 
determined for the Type 2 AGN as a class. 

The presence of an extended optical continuum compo- 
nent can also be inferred from the uniformity of H/3 equiva- 
lent widths in AGN types from Seyferts to radio-loud Type 2 
AGN to quasars (Binette et al. 1993). According to unifica- 
tion, the intensity of the narrow H/3 line should be relatively 
orientation independent while the broad line and the nuclear 
continuum are not, meaning the equivalent width should dif- 
fer strongly between Type 1 and Type 2 AGN. The lack of a 
difference can be explained if appreciable continuum emis- 
sion is generated in or near the line-emitting cloud, roughly 
in proportion to the incident photoionizing continuum, in 
which case the equivalent width will not depend strongly on 
orientation. 

Locally generated continuum, such as shock-excited 
emission from a jet interacting with the interstellar medium 
(Sutherland et al. 1993), could also explain the similar red- 
dening seen in lines and continuum (Binette et al. 1993), as 
well as the association of optical emission-line gas with ex- 
tended radio structure (Sec. 3.1). Extended optical/UV con- 
tinuum associated with emission-line regions has in fact been 
seen in some nearby Seyfert 2 galaxies (Pogge and De Rob- 
ertis 1993) and in Cygnus A (Pierce and Stockton 1986; An- 
tonucci et al. 1994). To first order, an extended continuum 
source should mitigate the selection effects of beaming in the 
optical band; the degree to which this is the case depends 
critically on its luminosity relative to the nuclear continuum. 

9. THE TEN MOST IMPORTANT QUESTIONS 

Strong anisotropy in AGN is well established (Sees. 3 and 
4). This means some form of unification through orientation 
must be valid. The first step in understanding AGN, then, is 
to unify the principal classes of radio-loud AGN as described 
in this review. The next step is to untangle the effects of 
cosmic evolution, which causes the luminosity, morphology, 
and/or number of AGN to change with time (redshift). With 
an ensemble of AGN for which orientation and evolutionary 
effects have been removed, we will finally be able to ap- 
proach the more physically interesting issues of black hole 
mass, black hole spin, accretion rate, formation and evolu- 
tion of the individual radio source, etc. 

For radio-loud AGN—radio galaxies, quasars, and 
blazars—relativistic beaming is likely to be very important, 
on both small and large scales. This has an enormous effect 
on the observed properties. Two schemes, one unifying low- 
luminosity (FR I) radio galaxies with weak-lined blazars (BL 
Lac objects) and the other unifying high-luminosity (FR II) 
radio galaxies with strong-lined blazars (OVV, HPQ, FSRQ), 
and SSRQ, are both consistent with essentially all available 
data (Sees. 5, 6, and 7). There are some remaining problems 
or complications that require further analysis (Sec. 8), but 
these are far from falsifying the concept of unification. 

From today's vantage point, we identify the ten most im- 
portant issues for unification and ultimately for understand- 
ing AGN. That unification works quite well with very simple 
models means we do understand something important about 
AGN. As we learn more and more about radio sources, and 
the simplicity of present unified schemes inevitably gives 
way to increasing complexity, we will doubtless discover 
even more about what it is that we do not know. As an 
anonymous person (who was surely a scientist) said: The 
greater the sphere of our knowledge, the larger is the surface 
of its contact with the infinity of our ignorance}9 In that 
spirit, recognizing that the questions we ask today, which we 
believe will lead to fundamental understanding of AGN, may 
not be the questions asked or answered tomorrow, we put 
forward the following list: 

(1) Is there evidence for BL Lacs or obscured quasars in 
all radio galaxies? 

19Anonymous quotation in A Short History of Astronomy, A. Berry (New 
York, Dover). 
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(2) What is the relation between HBL, LBL, and FSRQ? 
(3) Are the observed distributions of ßa, R, and jet/ 

counterjet ratios commensurate with beaming? 
(4) Is the Lorentz factor higher in the high-luminosity 

radio sources (quasars and FR II radio galaxies) than in low- 
luminosity radio sources (BL Lac objects and FR I radio 
galaxies)? 

(5) Do PR Is have broad emission-line regions? 
(6) What is the relation between PR Is and PR Ils? 
(7) How do jets form and propagate? 
(8) What is the physical cause of the radio loud-radio 

quiet distinction? 
(9) Where are the narrow-line (Type 2) radio-quiet qua- 

sars? 
(10) What are the fundamental parameters governing the 

central engine, and is it powered by a black hole? 
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APPENDIX A: RELATIVISTIC BEAMING 
PARAMETERS 

We discuss here the various beaming parameters and how 
they are related to one another. Many of the equations can be 
found in Ghisellini et al. (1993). 

The kinematic Doppler factor of a moving source is de- 
fined as 

S=[y{\-ß cos 0)] -i (Al) 

where β is its bulk velocity in units of the speed of light, 
y={l-ßL)~m is the corresponding Lorentz factor, and θ is 
the angle between the velocity vector and the line of sight. 
The Doppler factor has a strong dependence on the viewing 
angle (as shown in Pig. 20), which gets stronger for larger 
Lorentz factors. Por 0° 0^90°, δ ranges between 
4nin = $(90°) = y~1 and 8mdL=Ö{0°)={\+ß)y~2y for y^l. 
Moreover, <5=1 for θδ = arceosV( y- 1)/(γ+ 1) (e.g., for 
an angle θ$-35° if γ=5), and for decreasing with increas- 
ing y (Pig. 20); for angles larger than Θδ relativistic 
deamplification takes place. 

Given a value of S, a lower limit to the Lorentz factor is 
given by the condition ^ <5max ; that is. 

α a 

10 20 30 40 50 60 70 80 90 
Viewing angle, Θ 

Fig. 20—The dependence of the Doppler factor on the angle to the line of 
sight. Different curves correspond to different Lorentz factors: from the top 
down, γ= 15, 10, 5, 2. The expanded scale on the inset shows the angles for 
which <5=1. 

1 1 
γ>-\δ+ 

St 
(A2) 

When ^ is a lower limit, as in the SSC case, this expression 
is valid only for <5>1, since for δ<1, S+l/S decreases for 
increasing S. It can also be shown that for any value of % 

sin 
1 
S' (A3) 

which gives a useful upper limit to θ if S>1. 
In the relativistic beaming model, the observed transverse 

velocity of an emitting blob, νa = ßac, is related to its true 
velocity, v = ßc, and the angle to the line of sight by 

ßa- 
β sin θ 

(A4) 
1—ßcos θ' 

It can be shown that if β>1Λ/2—0.7, then for some orienta- 
tions superluminal motion is observed. The maximum value 
of the apparent velocity, Vy2-1, occurs when 
cos θ=β or sin e=y~l\ for this angle, ô=y. This implies a 
minimum value for the Lorentz factor V/Ç+T (see 
Pig. 21). Por example, if one detects superluminal motion in 
a source with βα~5, the Lorentz factor responsible for it has 
to be at least 5.1. It is also apparent from Pig. 21 that super- 
luminal speeds are possible even for large angles to the line 
of sight; sources oriented at 0—50°, have βα^2 if y^5, and 
sources in the plane of the sky (0=90°) have ßa = ß~l for 
y^3. 

The apparent velocity in terms of y and δ is 

βα=^2δγ-δ2-\. 

We find from equations (Al) and (A4), βα=δγβ sin 0, and 
for the angle that maximizes the apparent velocity, 
sin $= y"1, βα = δβ = yß = Vy2-1 — y — δ. 

With a measurement of superluminal velocity and an in- 
dependent estimate of the Doppler factor (for example, from 
an SSC calculation), one can combine Eqs. (Al) and (A4) to 
obtain two equations in four unknowns. That is, under the 
hypothesis that the "bulk" and "pattern" speeds are the 
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Fig. 21—The apparent velocity relative to the speed of light vs. angle to the 
line of sight for an emitter approaching at relativistic speed. Different curves 
correspond to different Lorentz factors: from the top down, 7=15, 10, 5, 2. 
The dotted line corresponds to ßa=\. Note that ßa is essentially indepen- 
dent of y at large angles. 

same, one can derive the value of the Lorentz factor and the 
angle to the line of sight: 

/£+52+I 

tan Θ- 

2δ 

Wa 
ί?α+δ2-\· 

(A6) 

(A7) 

Note that y reaches its minimum value when 
8= ^ßa+ 1 Ξ ymin. If <5 is a lower limit (as when it is 
derived from an SSC calculation) and S < \jß2

a + 1, then the 
y estimated from Eq. (A6) is an upper limit (of course al- 
ways bound to be ^ ymjn), while if <5 >> yjß2

a+\, it is a 
lower limit. For δ> λ] ßä+ 1, y^SIl, while if δ< ^ß^+l, 
y—y^ml2ö. As for Eq. (A7), when ^ is a lower limit, the 
inferred θ is always an upper limit. 

The predicted jet/counterjet ratio (i.e., the ratio between 
the approaching and receding jets), can be expressed in terms 
of δ and βα as 

J= 
\+β cos θ\ρ 

1-/3 cos 0, 

(^+ 

(A8) 

(A9) 

In the simplest cases, p = 2 + aor3 + a (Appendix B). Fig- 
ure 22 shows the jet/counterjet ratio as a function of the 
viewing angle for various values of the Lorentz factors and 
for ρ = 2 (which minimizes the effect, as ρ is likely to be 
larger). The dependence on orientation is very strong, since 

δ2ρ. From the jet/counterjet ratio alone [Eq. (A8)], we 
obtain 

JvP-1 
/3 cos θ=7 (A10) 

from which an upper limit to θ (since β^ 1) and a lower limit 
to β (since cos é^l) can be derived. 

It is useful to calculate the angular parameters relevant to 
tests of unified schemes. For sources randomly oriented 

Fig. 22—The jet to counterjet ratio, 7, vs. angle to the line of sight for ρ = 2. 
Different curves correspond to different Lorentz factors: from the top down, 
γ=15, 10, 5, 2. Note that the ratio is essentially independent of γ at large 
angles. 

within the angular range θγ to 6½, the mean orientation angle 
is 

sin θάθ 
(0)= (AH) J7sin θάθ θ\ 

θχ cos Θ1 — Θ2 cos sin ^2-sin ^1 
COS COS 02 

(A 12) 

The linear size of extended sources is proportional to sin 0, 
for which the mean value is 

(sin θ)= 
L2 sin2 θάθ θ\  
/î sin θάθ θ\ 

02—0i+cos #1 sin 0J-COS Θ2 sin 02 
2(cOS ^-COS 02) 

Finally, the mean value of cos θ is given by 

cos 0$m0d0 θ\ 
(cos θ)=- 

L2 sin θάθ θ\ 

1 cos(201)-cos(202) 
4 COS 0! —COS 02 

(A 13) 

(A 14) 

(A15) 

(A 16) 

APPENDIX B: DOPPLER ENHANCEMENT 

The Doppler factor, δ (Appendix A), relates intrinsic and 
observed flux for a source moving at relativistic speed 
v = ßc. For an approaching source, time intervals measured 
in the observer frame are shorter than in the rest frame (even 
allowing for time dilation) because the emitter "catches up" 
to its own photons: 

i=<rV, (Bl) 

where primed quantities refer to the rest frame of the source. 
Since the number of wavefronts per unit time is constant, the 
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emission is blue-shifted (essentially the inverse relation): 

v= ôiJ. (Β 2) 

The intensity enhancement ("Doppler boosting") is an 
even more dramatic effect. Because IJv3 is a relativistic 
invariant, the transformation of specific intensity is 

Ιν(ν)=δ%(ν' (B3) 

(Rybicki and Lightman 1979). One power of S comes from 
the compression of the time interval [Eq. (Bl)] and two 
come from the transformation of the solid angle, 
dil=S2dnr. 

If the emission is isotropic in the source rest frame (i.e., 
l'v, is not a function of angle), the flux density, Fv, trans- 
forms in the same way as the specific intensity. For a power- 
law spectrum of the form F^, & Eq. (B3) becomes 

Ρν{ν)=δ3+αΡ'νΙ{ν)·, (B4) 

<5" is just the ratio of the intrinsic power-law fluxes at the 
observed and emitted frequencies. 

Broadband fluxes are obtained from integrating Eq. (B3) 
over frequency, and since dv= δ dv' [Eq. (B2)], these are 
boosted by another factor of δ 

F=tfF'. (B5) 

The degree of variability in AGN is frequently measured 
by the change in flux over a given period of time, which 
from Eqs. (Bl) and (B5) is 

AF , kF' 
-η— = δ —r—r. Δί At 

(Β 6) 

Equations (Β4), (Β5), and (B6) assume that the emission 
comes from a moving source, so they apply to the case of 
discrete, essentially point-like, components. For a smooth, 
continuous jet, the observed emitting volume is decreased by 
one power of the Doppler factor because of Lorentz contrac- 
tion, so that the exponents in Eqs. (B4), (B5), and (B6) be- 
come 2+a, 3, and 4, respectively (Begelman et al. 1984; 
Cawthome 1991; Ghisellini et al. 1993). 

Relaxing the assumption of isotropic emission in the rest 
frame can also change the relationship between intrinsic and 
observed flux. If the source is an optically thin jet with mag- 
netic field parallel to its axis, then in the rest frame 
F'v'iQ') α (sin ^)1+α· Since sin é?'= sin ft Eq. (B4) be- 
comes Fv{v) = ^(3+2a;)(sin ^)1+0!F^(^) (Cawthome 1991; 
Begelman 1993). 

So far we have assumed power-law emission in the rest 
frame. Strictly speaking, for synchrotron emission this would 
mean the jet is either completely optically thin {Fv<*v~a, 
0^0.5) or completely optically thick {Fv<*v512). Real jets 
are probably inhomogeneous and have flat spectra caused by 
the superposition of individual synchrotron components with 
different self-absorption frequencies. Relativistic beaming 
distorts these components differentially because of the de- 
pendence of optical depth and Fv on <5, so the overall spectral 
shape should change. For a standard conical jet with tangled 
magnetic field, the integrated flux transforms approximately 

as δ2+α, where a refers to the observed integrated spectrum 
rather than the spectral index of the local emission (Caw- 
thorne 1991). 

Additional complications in the evaluation of the amplifi- 
cation factor include the lifetimes of the emitting compo- 
nents, the radial dependence of the their emissivities, and the 
presence of shocks (Lind and Blandford 1985). In the fol- 
lowing we will hide all these possibilities in a single param- 
eter, p, by assuming that the observed luminosity, Ly, of a 
relativistic jet is related to its intrinsic luminosity, , via 

δρ^, (B7) 

with /? = 3 + α for a moving, isotropic source and ρ = 2 + a 
for a continuous jet (other values are certainly possible). 

The recent detection of superluminal motion within our 
own galaxy (Mirabel and Rodriguez 1994) permits for the 
first time a direct estimate of p. Since proper motions are 
measured for both the approaching and receding compo- 
nents, β cos θ is uniquely determined to be 0.323±0.016 
(where β refers to the pattern speed; Mirabel and Rodriguez 
1994). Using the observed jet/counterjet ratio, 
Fy/F^· = 8 ± 1, and assuming the bulk speed in Eq. (A8) is 
equal to the pattern speed, we find /7 = 3.10±0.25. One 
might expect /? = 3 + α because the components are discrete 
blobs, whereas our estimate implies ρ**2 + a since the mea- 
sured spectral index is «=0.8. Alternatively, ρ— 3.8 is al- 
lowed if the bulk speed is actually lower than the pattern 
speed, with a ratio A)uik//^pattem~0.8 (cf. Bodo and Ghisellini 
1995). 

Regardless of the precise value of p, relativistic beaming 
has a very strong effect on the observed luminosity. A rela- 
tivistic jet has for #Sarcsin y-1 (Appendix A), 
meaning a modest bulk Lorentz factor of γ=10 amplifies the 
intrinsic power by 2-5 orders of magnitude (depending on 
p). The Doppler boosted radiation is strongly collimated and 
sharply peaked: at ¿?~1/γ~60, the observed jet power is al- 
ready —4-16 times fainter than at ^=0° (for ρ = 2-4). At 
90°, the reduction is huge, a factor of ~104-108. Although 
this is a very large ratio, it is actually much smaller than the 
inferred extinction at optical wavelengths caused by an ob- 
scuring torus, which can be up to a factor of 1020 (Djor- 
govski et al. 1991). 

APPENDIX C: RATIO OF CORE TO EXTENDED 
FLUX 

The ratio between core and extended flux is an important 
beaming indicator. We use the observed luminosity ratio, 
R = LCore/^ext » which is related to the observed flux ratio via 
a Κ correction: 

R=- ^ ^ ^core ^ext 

-^(i+zr r ext 

(Cl) 

(C2) 

We do not correct for the fact that Fext diminishes faster with 
redshift than Fcore, as this depends on the source morphol- 
ogy. [In any case it is not a large effect. The corrections 
calculated by Perlman and Stocke (1993) for 14 BL Lac 
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objects with redshifts from 0.2 to 0.5 are roughly propor- 
tional to (1 +Z)1·2.] 

We associate the core with the relativistically beamed jet 
and the extended power with the unbeamed emission. In 
terms of the beaming formalism, 

R=Ljl^u=fÔP, (C3) 

where Lj is the observed jet luminosity [Eq. (B7)], =¾ is the 
unbeamed luminosity, /==^/=¾ is the ratio of intrinsic jet 
to unbeamed luminosity, S is the Doppler factor, and ρ is the 
appropriate exponent (Appendix B). We call sources 
"beamed" when R>Rmin~l. 

The largest angle between the jet and the line of sight for 
beamed objects is a critical angle, θc, defined by the condi- 
tion Rn =/¾... where <5mln=<5(öf). That is, 

Í 1 1// w 
(C4) 

Conversely, the largest ratio, /?max = /^max » occur at the 
smallest angle, é?min. If £?min=0o, as is usually the case, then 

f= 
Rrr 

WiW 
(C5) 

If there is a range of Lorentz factors, Rmax is evaluated at 
Tmax· If ^min^O0, as is the case for SSRQ, R will be maxi- 
mum for γ= 1/sin . 

For large angles (tearccos[O.5/y0]), emission from the re- 
ceding jet is no longer negligible and Eq. (C3) is replaced by 

^ =/{[·><1-/3 cos θ)Υρ+\γ{\+ ßcof, Θ)ΥΡ}. (C6) 

The relationship between our parameter / and 
RT=R{90o) used by other authors (e.g., Orr and Browne 
1982) is given by 

Rr^ T (Cl) 

For 0min=Oo, Rm.M=f[y(\-ß)Vp^fi2y)p, so that 
R ïïmJRt— 2p 1 y2p - This implies 

(C8) 

Combining the maximum value of R for a set of beamed 
objects, b, and the minimum value of R for the parent 
population, ^mi^unb' gives a lower limit to the value of γ 
(since ^max/^r~^maxV^min,unb)·In the case of a distribution 
of -ys, the Lorentz factor derived from this argument is the 
largest one, since that will be responsible both for 
/?max(ocr/') andRT(ccy-P). 

APPENDIX D: GLOSSARY OF ACRONYMS 

Here we list all the acronyms defined in the text and the 
section in which they are first found. 

AGN: Active Galactic Nuclei, Sec. 1. 
BAL: Broad Absorption Line (Quasars), Sec. 2. 
BLRG: Broad-Line Radio Galaxies, Sec. 2. 
CDQ: Core-Dominated Quasars, Sec. 2. 
CSS: Compact-Steep Spectrum, Sec. 6.1.1. 
EMSS: {Einstein Observatory) Extended Medium Sensi- 

tivity Survey, Sec. 5.4.1. 

FR I: Fanaroff-Riley Type I, Sec. 2. 
FR II: Fanaroff-Riley Type II, Sec. 2. 
FSRQ: Flat-Spectrum Radio Quasars, Sec. 2. 
FWHM: Full Width Half Maximum, Sec. 5.4.2. 
GPS: Gigahertz-Peaked Spectrum, Sec. 6.1.1. 
HBL: High (-Energy Cutoff) BL Lacs, Sec. 6.2.6. 
HGLS: (EXOSAT) High Galactic Latitude Survey, Sec. 

6.2.1. 
HPQ: Highly Polarized Quasars, Sec. 2. 
KS: Kolmogorov-Smimov, Sec. 5.3.1. 
LASS: (HEAO-l) Large Area Sky Survey, Sec. 5.4.1. 
LBL: Low (-Energy Cutoff) BL Lacs, Sec. 6.2.6. 
LF: Luminosity Function, Sec. 5.6. 
NELG: Narrow-Emission-Line X-ray Galaxies, Sec. 2. 
NLRG: Narrow-Line Radio Galaxies, Sec. 2. 
OVV: Optically Violently Variable (Quasars), Sec. 2. 
RBL: Radio (Selected) BL Lacs, Sec. 5.4.1. 
SSC: synchrotron-self-Compton, Sec. 4.1. 
SSRQ: Steep-Spectrum Radio Quasars, Sec. 2. 
VLB A: Very Long Baseline Array, Sec. 8.1.3. 
VLBI: Very Long Baseline Interferometry, Sec. 4.2. 
XBL: X-ray (Selected) BL Lacs, Sec. 5.4.1. 
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