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Introduction.

In 1968 Schmitt identified the "variable" star BL Lacertae with the
unusual radio source 42.22.01 (Mac Leod and Andrew, 1968) subsequen
tly rapid variations iggthe radio spectral flux (Biraud and Véron,
1968; Andrew et al., ;%69; Gower, 1969) and linear ' polarization
(Olsen, 1969) were detected; in addition the optical radiation was
shown to exhibit a continuous spectrum with neither emission nor
absorption lines (Oke,Neugebauer and Beéklin, 1969; Du Puy et al.,
1969) and a relatively high degree of linear polarization (Vi-
svanathan, 1969).

The peculiar character of the object was therefore well established.
BL Lacertae was to be the prototype of a new class of objects of a-
strophysical interest, whose importance was to grow steadily with
time. In fact, shortly after these discoveries, optical, IR and‘ra-
dio observations byvseveral investigators allowed other sources to
be recognized similar to BL Lacertae. This fact led Strittmatter et
al. (1972) to suppose tpat BL Lac-type objects may comprise a class
of quasi-stellar objects (QSOsg) with some combination of the follo-
wing characteristics: (a) absence of emission lines in the core sour
ce; (b) rapid wvariability at radio, IR and visual wavelengths; (c)
non-thermal continuum in the optical IR range with most of the lumi-
nosity radiated at IR wavelengths; (d) strong and rapidly varying po
larization.

At first, BL Lacs were the exclusive domain of continuum radio astro
nomers and optical photometrists (for an excellent review on the
status of knowledge up to about late 1975, see Stein, 0'Dell and
Strittmatter, 1976). Then a change of trend has occurred:BL LacCs a
re now being studied with the full technology of modern observatio-

nal astronomy, that is through VLB, IUE, X-ray and gamma-ray techni

ques, through UV, V, IR spectroscopy, through VLBI mapping and so on.



This change of status can be attributed to two realizations. First,
the non-thermal source in a BL Lac object is extremely compact and
well-ordered, even for a QSO—liké obiect (we recall that there is no
direct evidence that optical continuum radiation, possibly the domi-
nant form of energy loss, is in fact non-thermal in the case of most
QSOs): therefore , BL Lacs provide the most direct link we have to
the elusive "primary machine". Second, the recent discovery of a ga-
laxian component in the optical radiation emitted by many BL Lacs
(all those which lie at z < 0.1) provides another link: that is,bet-
ween a QSO-like object and galaxy of stars; besides establishing di-
stances, observations of the galaxian component may tell whether the
BL Lac phenomenon is an evolutionary stage common to all galaxies

or restricted tQ’galaxies belonging to a special class.

In this review we shall (1) examine the proposed membership crite-
ria and discuss how methods used to discover BL Laéé may bias the
observedAprOpaﬁjes,‘(Q) describe evidence that BL Lacs belong to a wider
class of objects that include the optically violent variable QSOs
(OVV), (3) examine the connection between BIL Lacs and the galaxies
in which they are embedded, (4) describe the range of their radio
morphologies, (5) discuss their spectra, the information we can get
out of them and the methods for doing that, and finally we shall(6)

briefly discuss the models worked out to explain the BL Lac phenome-

non .



Defining Characteristics.

A BL Lac object may defined as:

A) a radio source with a flat or inverted spectrum at cm wavelen-

gths;

B) a star-like object that radiates nonthermal optical continuum

and is possibly associated with a nebulosity;

C) an object with variable optical and radio flux densities;

D) an object with strong and rapidly varying optical polarization;

E) an object that radiates no emission lines.

Let us examine each property in turn (this discussion is largely'ba

sed on Wolfe,

property (A4)

1980) :
- Although the majority of the presently known BL Lacs

were discovered in high-frequency radio surveys a
few of them were discovered in low-frequency surveys
(e.g., Angel and Stockman, 1980 and references the-
rein) and several are X-ray (Piccinotti et al.,1982;
Wilson et al., 1979; Griffithsetal.,1979; Stocke et
al., 1982 Gioia et al., 1984) or optically selected.
In all cases their radio spectrum turned out to be
flat or inverted at cm wavelengths(Figures 1 and 2).
Property (A) seems therefore to be genuine and not
an artifact of observational bias. Moreover, the
flat radio spectrum encompasses an even larger fre-
guency range than the radio spectra of QSOs: BL Lacs

in fact tend to be self-absorbed down tomm waveleng

ths rather than to cm wavelengths as for QSOg. (this

might explain why QSOs outnumber BL Lacs, by a fac-

tor 2 10, in cm surveys down to a limiting flux of,



property (B)

say, 0.5 Jy). As noted by Condon (1978), the flux of
BL Lacs at mm wavelengths in well correlated to the
optical flux: the corresponding two-point spectral

index is < o(og>z0.7. The ratio of radio to optical

luminosity for radio selected BL Lacs is considera-
bly larger than that of QSOs: for a given high-fre-
quency radio flux, BL Lacs are typically 1 or 2 mag
brighter than QSOs.

It is thus believed that compact radio emission 'is
a characteristic property of these objects. The re-
liance on radio emission, however, might _introduce

an obvious bias against detecting radio-quiet : BL

Lacs, and so a still open question is whether radio

~quiet BL Lacs do exist or not, in analogy with ra-
dio-quiet QSOs. which are known to constitue ~90% of
optically selected QSOs. Of course the answer . to
this question is partly a matter of definition: ra-
dio - "quiet" does not necessarily mean radio - "si
lent™.
The continuum which is apparent from optical spectra
is a power-law one, similarly to QSOs, although -ty-
pically steeper (Figures 3 and 4). In fact, defining
the shape of the continuum as f;afﬁ;x:rt appears that
for QSOs typically isA<%#7xd, while for BL Lacs is
<o%¢7'% 2 . As a consequence BL Lacs tend to hawv
ve more neutral colours than QSOs.

Photometrically, BL Lacs tend to be less blue than

0S0Os for another reason beside the abovementioned o

ne. This reason is that up to z < 0.1 there is obser



vational evidence that BL Lac sources are embedded
in giant elliptical galaxies (this identification is
based on the scale-height and the form of the surfa
ce-brightness distribution [Kinman, 1978}; the nu-
clear bulges of early-type spirals could - reproduce
the observed stellar spectrum, but not the extent Qf
the light distribution), while there is no evidence
for spirals; most QSOg, on the other hand, seem . to
be surrounded by nebulosities showing complicated
structures maybe suggesting the presence of large spi
ral disks (Gunn, 1978). Of course we do not know if
the connection BL Lac-gE spans over a much larger
‘range in z, since detectability depends on z and on
contrast of galaxy against the (bright) nucleus.
Spectroscopic investigation too sets important dif-
ferences between the classes of BL Lac nebulosities
and the class of QSO nebulosities: the latter are
comprised of giant regions of ionized gas responsi-
ble for [O III] ’ HP and other nebular emission 1li-
nes. (Wampler et al., 1975) with no evidence for ab-
sorption lines indicating the stellar population of
a galaxy, while the former show stellar absorption
lines (Miller et al., 1978). The failure - to - find
first-ranked giant ellipticals around a sample of
low-luminosity QSOs supports there being intrinsic
differences between the two types of nebulosities
(Miller et al., ibidem). Where it is possible to
optically separate galaxies and central objects, a

magnitude range of - 22.5 < Mv< = 21.0 has been found,



property (C)

indicating first-rankedgiant ellipticals.
Conversely, there are quite a few ellipticals (such
as NGC 1052, NGC 4278) ccntaining compact radio sour
ces resembling those in BL Lacs (Ekers, 1978) which
may be considered as low—luminosﬁyBL Lacs. These o-
bjects may provide a clue to understanding the rela
tionship between optically quiet elliptical galaxies
and BL Lacs therein embedded. Arecibo data (Knapp
et al., 1978) for two such objects (NGC 1052 and NGC
4278) show in fact that they possess disks of neu¥
tral hydrogen which are inclined with respect to the -
symmetry plane of the galaxy. Since tidal forces wo
uld destroy the disk or bring it into the symmetry
plane on a characteristic timescale of 1 Gyr, we mu
st infer that the disk is younger tﬁan this time and
is comprised of fresh stuff (HI) fallen from the in
tergalactic space. Obviously it is reasonable - to
think that this infall from the exterior might._ Ibe
connected to the powering of the core.

The variability of BL Lacs is an important property
that sets them'apart from most QSOs The shorter ti
mescales for BL Lac variability than for QSO varia-
bility suggests that they are more intimately rela-
ted to the primary machine underlying the AGN pheno
menon than is the average QSO. At optical wavelengths
the difference is particularly clear-cut. Whereas
the standard QSO varies by B=0.3 =---> 0.5 mag in a
timescale At & few years, most BL Lacs vary by AB > 1

mag during At o 4 day ---> 1 week. Extreme examples



of variability can be found in the 1969 outburst of
BL Lac itself when AB/4t «~ 1 mag/1hr (Kinman, 1978)
and in the 1975 outburst of 0235 + 164 when 4B/At =

5 mag/weeks (Rieke et al., 1976). The distinction be
tween QSOs and BL Lacs is somewhat softened in the
radio domain. Wardle (1978) has shown that in a sam-
ple of flat-radio-spectrum QSOs and BL Lac the inci-
dence of variability is about the same in both clas-
ses, but the degree of variability is higher and the
duration of the outburst shorter in BL Lacs. The me-
an r.m.s. scatter in 3.7-cm flux density relative to
the mean flux density is > 30% for 5 out of 20 BL ¢
Lacs, whereas none of the 14 QSOs varied to this ex-
tent. Moreover, At was of the order of months for BL
Lacs, and of years for QSOs. in this respect, BL Lacs
are reminiscent of the optically variébles (Ovvs), a
subclass of radio QSOs which undergo strong bursts

of short duration and have steep optical spectra (in
this respect we should recall the case of the guasar
1156 + 295 ['Glassgold et al., 1983]: during a large
flare its appearance was undistincuishable from that
of a BL Lac object). Optically-selected (that is, ra
dio—-quiet) QSOs do not show such a violent behaviour:
the inference is that for some reason the presence of
radio emission, presumably in the compact core, indi-
cates emission from a region clecsely associated to
the primary machine.

These consideration support the idea that BL Lacs and

OVVs are the most compact and strongly variable sour-



ces among the general class of QSOs. Within the BL
Lac-0VV there are further distinctions which are im
portant. Forinstance, a comparison between optical
and radio variability shows that the fractional = .
change in optical flux density is at least one order
of magnitude larger than in radio. For BL Lac itself,
which was the strongest known radio variable in the
early seventies (Dent, 1978 a), it is (ASv/Sv£§§£éSv/

Sﬁ)optical'
velenghts can be represented as follows: (ASV/SV%adio

The strongest outbursts at these two wa-

&2 ——->5, (ASV/Sv)Opt_zv30 --->100. Furthermore, BL
Lac - OVV outbursts typically last a week or less in
the optical, and months in the radio. Extreme examples
df this contrast in timescales are BL Lacs such as
1727 + 502 and 2335 + 031 which vary at optical but
not at radio frequiencies.

The difference between radio and optical timescales
reflects the larger size of the radio source. The op-
tical source, which has td be not larger than the so-
lar system, is probably linked more closely to the pri
mary machine. but the reasons for the difference bet-
ween fractional changes in flux are less clear. It is
possible that the actual fractional change of the varia-
ble radio component is as large as that detected op-
tically, but the observed fractional change is smal-
ler if there exists a constant radio component with
flux density comparable to the maximum of the varia-
ble component (Dent, 1978 b) ( an example of this sce
nario night be a constant component in BL Lacertae

. N~ o . . . _
with 810 Gz ¥ Jy, since this radio source has ne



ver decreased below 2 Jy throughout its erratic hi-
story {Dent, 1978 a]). On the other hand, it is al-
so possible that the fractional variabilities are
intrinsically different, if the energy ieservoir nee
"de to drive the radio source were larger, possibly
because of the larger volume: in this case a smaller
fraction of energy would be released during a radio
outburst, resulting in a lower fractional variabily
(Rees, 1978). In this respect, pre - and post - burst
VLB mapping should help to determine the fractional
change of the variable compohent instead of the enti-
re source. In passing, we note that this second scena
rio well accounts for the different timescales of opti
cal and radio variability. In fact we may write

radio radio 3 radio
\Y 1 opt. ’ topt. )

were 1 is the characteristic scale—length of the emit

ting regions we are envisaging; then

radio radio ( At‘radio 3

Y o>> 1
— nS — ~ i
opt. v opt. At.OPt'

were U is the energy supply within the volume V. Tt.

then follows:

radio radio
(4 ~ (3
4t
(AH)oPt;V ( é_)opt.
U 4t



di .

(AU)ra<:Lo (AU)Opt

e < —

U U
because
( 1)radJ.o ( 1)opt.

t t
being:i At radio ~ months and 4t opt. , days. From

these arguments based only on variability we then con
clude that typically ( AS—V/S—V )opt. ~ 30 (AS-V/S.V
)fadio in agreement with the optical and radio
observations.
Are radio and optical variability in BL Lacs causally
related ? The ¥ 0°’ extrapolation discussed above should
guarantee that, although the observational parameters
describing radio and optical outbursts may be diffe-
rent for a given object, the same distribution of par
ticles is responsible for both optical and radio emis
sion and that consequently a causal link betwen both
types of source exists. In some instances evidence
for such a link was clear, as it was the case for the
1975 burst of 0235 + 164. In that occasion, both ra-
dio (Ledden et al. 1976) and optical (Rieke et al.,
1976) peaked during November 1975 and were relatively
constant before and after that time. Although the du-
ration of the optical burst Qas 1==>2 weeks and of the
radio burst A 2 month, a superpositionof the two cur-
ves reveals an unambiguous correlation. This situation,
however, is by no mean general. Cross—correlation ana-
lyses of optical and radio lightcurves in most BL Lacs

do not reveal any correlation. According to Pomphrey



et al. (1976) there is little evidence to support a
causal connection in a large sample of BL Lacs, a-
part from 0851 + 202 and NRAO 512. We should point
out, on the other hand, that actually occurring cau
sal links can be masked by the effects of synchrotron
self-aborption. If an expanding shell of syncrotron e
lectrons radiates optical and radio rhotons the radio
flux density would increase with expansion at frequen
cies where the shell is optically thick and the radia
tion is self-absorbed, while the optical flux density
should always decrease. Another effect that would mask

. synchronous events i5 the ocourance of a large numbers of
overlapping events. Both effect were presumably absent

, duriﬁg the activity phases of those objects for which
correlation between radio and optical bursts has been
observed, but probably effect and determine the appea
rance of outbursts in most BL\Laés and OVVs. A good
example of this ambiguity can be found in the strong
optical burst undergone by 2223-052 in the second half
of 1977 (Miller and French, 1978). Since that time,
repeated - VLB observations show that the radio struc-
ture (at 10.5 GHz) of 2223-052, which was initially
constant, has been changing (Briggs et al., 1981 ).It
is of course tempting to associate the radio changes
to the optical burst. On the other hand, the histori-
cal radio and optical lighcurves are correlated, so it is
possible thal the coincidence of optical and radio
changes in this object is random in origin.

property (D)- Of all the membership criteria, this is possibly the



stronger. Since the strong optical and radio polari
zation of BL Lacs is such a distinctive and univer-
sal characteristic, we may think that it is intrinsi
cally associated to theunderlying radiation soﬁrce.
In this view, every measurement concerning polariza-
tion is directly referring to the primary machine.
Moreover, high optical and radio polarization is the
best indication that BL Lacs and OVVs form a well-de
fined subclass of QSOs. In this survey of 102 radio-
and optically-selected QSOs, Angel and Stockman (1978)
find no objects with optical linear polarization p>3%
and a r.m.s. <p> = 0.6% when BL Lacs and OVVs are

set apart. The latter, on the contrary, show polari-
‘zatién in the range ~ 5%<p<£30%. In short, the distri-
bution of optical polarization is Bimodal, with BL
Lacs and OVVs occupping the peak of high polarization
and both optically- and radio- selected QSOs gathe-
ring at essentially zero polarization.

Further more, visible polarization is very useful for
‘determining accurate timescales of variability, becau
se polarization measurements have the property (Visva-
nathan, 1974) that the linear polarization Stokes pa-
rameters often vary as much as or even more than the
total intensity. Polarization changes are easier to
detect than intensity changes because the measurement
is internal and does not rely on measurements of stan
dards. In this respect an important result has been
rachieved by Angel ét al. (1978) who report that in a

sample of 12 objects polarization measurements have



property -

(E)

put lower limits on the timescale of variability

seen in any object, large apmlitude changes of po-
larization ( of both magnitude and position) taking
place in £ 10hr.

This has long been considered the most outstanding
property of BL Lacs. Nowadays the importance of this
once-widely-publicized property has been greatly re-
duced. Considerable effort has gone into finding me-_
chanisms capable of suppressing emission lines, such
as lack of gas (matching the connection of BL Lacs
with elliptical galaxies) or lack of ionizing photons
(suggested by the steepness of optical - UV spectra).
Withing this latter types of models, a mechanism in- |
volving a two-phase gas heated by X-rays and accreting
around a compact object has recently been proposed by
Guilbert et al. (1983). According to this model, if
the X-ray spectrum radiated by the central source is
hard enough, substantial heating of the gas is possi-
ble, therefore the gas can turn into cold and hot bub
bles (i.e., a two-phase gas) of which the cold bubbles
are the Broad-Line Region (BLR), and consequently
broad emission line appear; if, on the contrary, the
X-ray spectrum is soft, no significant heating of the
gas is possible and the gas is stable (i.e., a one-
phase gas) and no BLR can be formed. Since BL Lacs ha
ve much steeper spectra than Seyfert galaxies and QSOs,
emission lines are seen from the latter but not from
the former. Actually, there are few exceptions to the

observed correlation between the slope of the X-ray



spectrum and presence of an emission line spectrum,
due to the variability of the X-ray spectrum in both
Seyferts and BL Lacs ( Pravdo et al., 1981; Mushotz-
ki et al., 1980; Worrall et al., 1981): if a Seyfert
X-ray spectrum became soft (e&¢ > 1), the two-phase
region could dissipate, and the Seyfert turn into a
BL Lac (and vice-versa). Since a timescale of about
100 yr is required for the gas already present to co-
ol down (or to be heated up), the presence or absen-
ce of a BLR 1is controlled by the spectrum averaged
over a century.

A substantial contribution to the solution of the pro-
blem of the suppression of emission lines has come
frothhe work of Miller et al. (1978). They found
that 6 out of 12 BL Lacs radiate weak [OIII} ( and
sometimes [OI;} and Hﬁ ) emission lines characteri-
stic of a low-density gas. The lines appear weak beca-
use they are superposed on a strong continuum, but
the power they radiate is typically ten times stron-
ger than that radiated by the some lines in normal
elliptical galaxies. Some objects do not show spec-
tral features at all even at minimum light,as is the
case of 0235 + 164, and for this object we should ad-
mit that there must be very little warm or cold gas,
if any. At the ather extreme the OVVs, 1like 2223~
-052, which show very strong and broad emission lines
(comparable to those QSOs) indicating the presence

of dense and turbulent gas, while sharing all the o-

ther characteristics (of spectrum and polarization)
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of BL Lacs. The close similary between the nonther-
mal emission of BL Lacs and OVVs suggests that emis-
sion line properties are peripheral to the energetics

underlying the primary machine.



Radio Structure of BL lLacs.

Although the radio morphology of most BL Lacs is
dominated by emission from a compact core, sources
éuch as 0219 + 428 (Stannard et al., 1982), 1101 +
384 (Kapahi, 1979) (Figure 5), 1400 + 162 (Hintzen
and Owen, 1981), 2200 + 420 and many others have
shown substantial extended emission as well.In several sur-
veys (Weiler and Johnston, 1980; Perley et al., 1982;
Ulvestad et al., 1983) a significant fraction of BL
Lacs has found to emit on scales greater than an arc-
sec. This occurrence seems not to be correlated with
either redshift or absolute luminosity in any spec-
tral band.

When these larger-scale emissions are present they
are diffuse, fairly symmetric, with no other compact
structures away from the nuclear core (the maximum
fraction of the source flux contained in these even-
tual peripheral spots is 1%). Both the physical si-
zes (a few to a few hundred Kpc) and the radio lumino
sities (N1O41 to 1045 erg 5-1) of the extended struc
tures lie in the same range as those found for radio

galaxieégwﬁ¢pmsa$(Weiler and Johnston, (Figura 6).

The core-extended emission morphology of BL Lacs is
very different from the collimated twin-outer-1lobe
structure commonly found in radio galaxies and steep-
spectrum quasars (see, e.g., Miléy, 1982) . When the
structure is resolved as a one-sided pattern (Figures

7 and 8) it always happens that the flux density from
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the detected components overpowers that from the "un
detected" lobe by a factor > 10 up to 100 (as is the
case of 2251 + 158 Perley et al., 1982 ). Although
this case occurs less frequently in BL Lacs than in
core-dominated QSOs (which is turn are 10% of all
QSs0s), a.comparison the two classes is possible (ta-
ble 1). It shows that the fractional contribution to
the flux due to core and halo are respectively simi-
lar for the two classes, a strong difference on the
contrary being attached to the compact one-side jet
emission, which happené to be much weaker in BL Lacs.
When on the othet hand the structure is resolved as a
two-sided pattern (Fig. 9), the two lobes often show
different morphologies and the whole structure can be
misaligned. The ratio of the fluxes is mostly about
5:1 (Perieyeﬂ:alq 1982) .This latter evidence also oc-
cur in contrast with the statistics of classical dou
bles (Fomalont, 1969; Mc Kay, 1971; Neff and Rudnick,
1980) which show that majority of classical doubles
have a flux rati0w€ 2:1 between the lobes (only less
than 10% of the objects showing this ratio > 5).This
indicates that the extended emission of BL Lacs - #hen
resolved in their structure - is more asymmetric than
that of classical doubles. Such asymmetries, however,
can not be ascribed to lack of dynamic range in the
maps or to the blending of radio components because
to lack of dynamic range in the maps or to the blen-
ding of radio componants because of projection effects

since the detected lobes are well separated from the



core. It may also happen, on the other hand, that si
gnificant larger-scale emission is missed by high-re
solution arrays (such as MERLIN, VLA, etc.): if this
were the case , it would correspond to the asymmetric
lobes, while the asymmetric structure which is obser-
ved with high resolution should correspond to a Dop-
pler-enhanced core and to a jet with relativistic

flow near the line of sight (see aftewards the di§9u§
sion on the models). In this respect, we should add
that discrepancies exist between the flux density of

a source derived from a single antenna and that deri
ved from an array, although confusion from nearby sour
ces may still be a problem for single-antenna observa-
tions. In addition to these somewhat defined structu-
res, other more complex morphologiés have been found,
with a wide range of patterns (jets, elongated structu
res, lobes, haloes: Figures 10 and 11).

At this point one may reasonably ask why this variety
of radio morphology is present, and whether they re-
flect intrinsic differences in structure or are main-
ly due to relativistic - projection - effects. A fea-
ture that may help in throwing light on the radio
structures is the evidence for superluminal expansion.
BL Lacertae the archetypal object of this class, has
long been VLBI - monitored. In June 1981 the 10.6 GHz
map (Phillips and Mutel, 1982) shows an elongated,
complex structure about 12 liéhtyears in extent, at
least for times larger than that observed in December

1980 (Mutel et al., 1981) (Figures 12 and 13). The
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two maps are so different that only the dominant axis
gives indication that some features are moving apart
with apparent velocity of about 5c. For the object 1641

+ 399 a similar picture holds (Angel and Stockman, 1980).
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Appendix to Radio Structure of BL Lacs.

How to explain superluminal motions (Rees, 1967).
Let us suppose that an event in O is observed at the

instant to S=O. It then took place at the instant

b
t =-R.
em =
c
Analogously, for the event observed in P at the in-
? \
Kéf) stant t and due to the lump of matter which was pre

viously in O at the time temz—B and which subsequen-

tly moved to P, we can write:

té = t-R' ~ t-R' cosg¢ = t- R-r cos 9 =t-R+Ir cos 0
c c c cc

Since it is

m

t' -t = r,
em em =
v
from the expressions of t' and t we get
em em
t' =t + r = t=R+r cos@ = - R + r
em em = - = - =
v c c c v
hence

r = vt + v r cos 7
c
and finally

r = vt .
1-v cos@
c
The transverse velocity is then

u =4d (r sin@) = v sin®
dt 1-v cos?@

c
which attains its maximum value of v7*1/(1-uﬁ2) for

cos @ ==¢ (or, equivalently, sin9==7c4). It is straig



- 21 -

htforward that the apparent separation velocities
of two blobs of matter which start from O symme-

trically to the observer is !

usep=2vs;n82 (£2vj:4) .
4 1 - P cos“ 1 - ﬁ
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Spectral Flux Distribution

The overall spectral flux distribution of BL Lacs is typically a
non-thermal one. All the objects for which detailed multiband ob-
servations are available show spectra which can be fitted locally
by a single power-law of the form Euc(:njai For few objects a sin
gle power-law seems adequate to describe the whole spectrum from ra
dio to X - rays, while in most cases several power-laws must be jo
ined to fit the whole spectral profile (Figures 14-17).

The two-point spectral index is defined as N12 = log (Fz/%)/log'

( ), /ﬂk’ ) » where -iﬁ’ and &2 are the extremes of the considered
frequency band and F1 and F2 are the corresponding flux densities.
In this way several spectral indices con be constructed: their u-
sefulness is primarily that they allow, straight ahead from their
definition, an evaluation of the relative intensities at two diffe
rent points in the spectrum. A meaningful choice of them may be:
qg which, according to different authors,; refers to various ra=

dio domains between 0.18 and 90 GHz;
X\ which refers to various infrared bends between 1 and 10/um;
®«  which refers to the optical band (3600-7000 2);

X, Which refers to the band between 2500 i and 2,2/hm;
®ox Vhich usually refers to the band between 2500 ﬁ and 2 KeV;

gy which usually refers to the band between 2 KeV and 5 GHz;

g, which usually refers to the band between 5 GHz and 2.2/um;

q“ which usually refers to the band between 2.2/ym and 2 Kev.
These spectral indices are useful, in particular, to the purpose
of checking if one single emission mechanism is responsible for
the continuum emission in all the regions of the spectra. Moreover

the study of correlations among the various pairs of indices entails

useful indications on the underlying emission mechanism. At this



point, hovever, one should be aware of the fact that the variabili
ty of the sources in specific regions of the spectrum can strongly
affect the spectral indices: in this respect emblematic are the ca
ses of 2200+420 (Kinman, 1976) and of 0735+178 (Bregman et al.,
1984). The latter shows an X-ray flux which keeps nearly constant
and therefore seems not to be correlated to neither the IR-UV flux
whose changes, on the contrary, range up to 350% (with a change in
slope from 1.0 to 2.7) in a one-year time nor to the radio flux(be
tween 8 and 90 GHz) which increased by 8% - 40% (depending on fre-
guency) between 1979 and 1980. One further a priori reason for di-
spersion of points in the diagrams is not uniform data base, such
as data from different observers at different observing times with
different apertures, etc.In fact thereareinteresting positive correla
tions (Cruz-Gonzales and Huchra, 1984) only among a few pairs of in
dices, such as O(Ié/o( or O Jp/p, Xoo /00,00 /Kpy - In view of the
above considerations, howgyer the possibility that other correla
tions are hidden by the previonsly mentioned sources of scatter can
not be ruled out. As we shall see right now, we have confidence that
the overall BL Lac spectral flux distributions can be explained by
basically one emission mechanism.

Let us now describe in some detail the specific regions of a BL lac

spectrum.

Radio The flat or inverted shape of the radio continuum is consi-
dered a defining charecteristic of BL Lacs. The flatness is usual-
ly interpreted as the superposition of synchrotron self-absorbed

components (Figure 18), because if the emitting region were homo-

5/2

geneous a =/ slope would be expected at frequencies below the
turnover. The inhomogeneous structure is pointéd towards also by

the absence of correlation in the variations of both the degree of



polarization and of the polarization angle, because the detailed
polarization behaviour of a source is strongly dependent upon spa-
tial structure (especially if a source becomes self-absorbed), so
the current absence of any trend may result in part from a complex
spatial structure, which makes it difficult to isolate the proper-
ties of individual radio components.

The intrinsic quantity which characterizes a compact radio source
is its brightness temperature in the source's proper frame (as in-—

dicated by an asterisk):
¥ 2 F
2kT (2) = I, (1+2) & 15 (4+%) (1)
rel ot

whence

-

()2 (B2 g] ()

K manc sec (2)

where Evis the spectral flux density expressed in Jansky. If the
radiation mechanism is incoherent electron synchrotron (as strongly
appears the case), the synchrotron self-absorption constrains the
maximum brightness temperature in the range 40“}{57‘* 5!0';:( unless
highly: relativistic bulk motion is present In this range of temperatures the
superior limit is 1012 K (because (Kellermann and Pauliny-Toth 1969)
for 'RT>'4Gﬁ% the energy losses due to inverse Compton scattering a
re much more important than synchragrom emission, according to the
approximate relation It/gsrutnf/ﬂf? and become catastrophic thus the
brightness temperature decreases to between 1011 and 1012 K, where
inverse Compton losses are of the same order as the synchrotron los

ses.
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The inferior limit, on the other hand, comes from observations

(Kellermann and Pauliny - Toth, ibidem).

The fact that no sources are totally unresolved at the larges VLBI

baselines (Clark et al., 1975; Broderick and Condon, 1975; Keller-
) #* 2 )

mann et.al., 1977) tends to confirm that 11 2540 K. Owing to the

narrow range of maximum brightness temperature,

(e )2 2o BV (2
maancesec ~ ﬁ‘ o (3)

or ®¢, A for self-absorbed components of comparable spectral flux.
Interpretation of the obseverd low-frequency turnover in terms of

synchrotron self-absorption allows one to estimate the Lorentz fac-
tor qrt 6f electrons radiating near the turnover frequency 1Q.from

the observed maximum brightness temperature using

3¢
q‘t ~ WTL /’”‘e"z (4)

or, since it is

o z F A+ 2
2k7;t(Z¢) ",_‘_{1;;;‘( )
it follows
~ E (#2) 7o
1, = J’“'zwelngcl(—'v}) : (5)

From the Lorentz factor and the turnover freguency one obtains -

- through the cyclotrom frequency at the turnover 1;:?(1+z) - the

-
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magnetic field EL :

. 92 4+2)
B = ™M« rﬁ( )‘/e (6)

and then the number density Nr of relativistic electrons necessary
to account for the observed synchrotron self-alsorption (at the tur

nover, in fact, it is possible to write

-9
A, o Ne ) = 26T(2)

where A(V%,q, Nr) is a function of the cyclotron at the turnover
_‘)b y of the number density relativistic electrcns Nr ,and of cther quantities which .

depend upon the spectral index of the electron enercy distribution [q =n’RI =
n-1

= ———Er——J . Since (7) may be regarded as an equation in the unkno
wn Nr , the latter can be calculated).

Thus the observed spectral flux and turnover together with the VILBI=~
determined angular size and the redshift specify the physical con-
ditions T*, f;; N,, B_L’ o of a self-absorbed synchrotron source.

The various ratios ,of inferred energy densities in relativistic e-
lectrons Mfg(= N"’"Lc& ;"'-“;Q‘), in magnetic field u.m(z Bytfu’) and in radia-
tion u_ are partfbularly informative. The ratio of energy density

in relativistic electrons to that in the magnetic field

(8)

il
R
Evln-g

reflects the degree of particle dominance in the total pressure P;

the ratio
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Le o & (9)
e(l.r /}’5

P
measures the radiative lifetime tr of relativistic electrons in u-

nits of the light-travel time across the source; and the final com

i
kY

bination s

Br oy Lssc (10)
a7
fin s

indicates the importance of synchrotron self-compton Juminosity
LSSC relative to the synchrotron luminosity LS (topic to be discus
sed in some more detail later on). Observational data coupled with
(8), (9), (10) suggest that the dynamics is frequently particle -
-dominated (Pe>»Pm), that observed radiative losséé do not require
acceleration in situ (tr<:R:c) in order for the particles to fill
the volume involved in the emission, and that SSC losses are ener-
getically important (LSSC ;;LS). One should be rather cautious about
the reliability of most of the derived parameters, howeyer, because
they are extremely sensitive to observed quantities (particularly
to # and to the assumption of non - relativistic bulk motion). For

instance, by letting

—1 -

= 4~ n6) '4"’3)] 11

§ =[1(+-p w6l (11)
represent the kinematic Doppler factor of a non-relativistically e-
volving cloud which is being relativistically ejected with line~ofe

sight velocity 9}609 and corresponding Lorentz factar?‘, one gets

the following dependences:
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L _ -4
a, X 6 5, (12)
& 2
ALMO< 9 Sk (13)
-4 (-5 _ -
u’xie é_:D (14)

where D is the distance to the object. In view of the strength of
these dependences, one should not attach much significance to the
values derived according to the method outlined above. For example,
with the adoption of a somewhat lércer angular radius and a mildly
relativistic Doppler factor (say 5;1& 3) the derived quantities a-
re rapidly driven toward equipartition, LSsc decreases and the im
portance of Ls is slightly enhanced.

Although the strong dependences illustrated in (12), (13), (14) pre
clude eccurate determinations of most physical parameters, the in-
version of these relations permits reliable predictions of angular
radii even in absence of VLBI observations (Jones and O'Dell, 1974).

Thus upon inversion and manipulation of (12), (13), (14) one obtains

e s
SVMN(Z-:) Sk (15)

iy "?/l? -l/l}
2 X(5)" 5" >

6, o (26) 7" 27 o

weak
These veryidependendences of angular size upon the physical para-

meters of a source provide en explanation for the observed . small
range in Tb* . ‘
The tiwmescale for variability is, in the source's rest frame

I }M—v}an (18)
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and introduces an additional estimate for the angular size, namely

6, = [ct,)
A Lv _c‘:__,,, ) (19)
D
where i is the ratio of 6V to the angular size otherwise derived
(cbserved or predicted). If relativistic effects such as bulk motions
r
are absent, then Lvﬁ” anol 8”,;53_9;- which is the usual non-rela-
D
tivistic causual restriction.. In principle, one can compare a the-
oretically estimated angular radius (estimated from ?m,%”, 9“)
with the VLBI - determined angular radius 90 and with the angular
radius ev inferred from temporal variations. When this is done for
the best -studied extragalactic radio sources, it often turns out
(Jones et al., 1974)

19%5390%94,

that is mildly relativistic motions are required. In the case of
several BL Lacs, such as 2200+420, 0235+164 and 2251+158, things a-
re much more troublesome because, although 9\% ~ 9° it also re-
sults that Q(,kz 9,0, only for LV>4O. A help may came from the occu-
rence of sub - GHz variability, which is published - up to our know
ledge-only in the case of 2251+158 (Hunstead, 1972) Alfhough in this
case @o ~ 9% it is 94',5 g, for 4;,"450 at 408 MMz, such a discre-
pancy between size and timescale could be explained only if the va-
riable part of the flux originates in regionmg much smaller than the
angular size observed for most of the flux (thus requirinog a coherent
emission mechanism, or relativistic ejection) or if relativistic
shocks are present (Blaﬁdford + Mc Kee 1976, 1977), etc. However, no

me of these solutions appears to be particularly promising. Alt-

hough the question of sub-GHz variability is as yet unsettled, the-
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re remain & few cases (for QSOs as well) in which rapid radio varia

- tions reguire éb>40 in order that theoretically allowed angular

sizes be compatible with observed timescales. Perhaps the best -do

cumented case is the late - 1975 outburst of 0235+164 (McLeod . et
al., 1976; Ledder et al., 1976; Rieke et al., 1976): the observed
timescale for the radioburst (60 days at 8 GHz) implies an angular
size 94)_,03, 0.006 marcsec, in contrast wilh 9& ~ 0,2 marcsec;
hance rir',.\{ 30  is required in order to bring the two values into
agreement, if the emission is to be explained in tems of incohe-
rent synchrotron (in terms of relativistic ejection a AE:K’would

be needed). ’

To sum up the radio observations of BL Lacs (and QSOs as well), the

observed properties of most sourcesare in principle adequately inter

preted in terms of incoherent synchrotron from relativistic electrons
in compact components which may evolve at mildly relativistic rates.

A consistent argument for moderately relativistic evolution (a73a54)

can be made as follows:

i) relativistic separation velocities are present in some sources,
indipendent of the emission mechanism;

ii) the timescale for variations in spectral flux in many sources are
comparable to the light-travel times corresponding to observed
angular sizes;

iii) the apparent particle dominance would lead to relativistic ex-
pansion (unless confined by external pressure or internal iner-
tia of non-relativistic matter), inversely dependent upon distan
ce.

iv) the absence of Faraday depolarization indicates that mass of
cospatial non - relativistic particles may be insufficient to

retard expansion, independent of distance.



Infrared - Optical

In most cases the optical-to-near-infrared spectral flux distribu-
tion of BL Lacs are adequately represented by a single power-law.
The cases where there is not such an occurrence are often fhose of
nuclei surrounded by nebulosities: in their spectra the presence

of a galaxian component is apparent as a hump in the optical domain.
Cruz-Gonzales and Huchra (1984) separate the galaxian contribution
from the nonthermal one by assuming that the contribution of the
galaxy starlight is that of a typical gE galaxy; increasing percen
tages of observed flux are removed at those optical - near IR fre-
quencies until the spectrum shows the smallest kinks or humps.
However, even after the removal of the galaxy, several objects in
their sample still show a large break in the OIR continuum (doc>0.5), '
Some objects without detectable galaxy component also show a strong
breakx . Cruz-Gonzales and Huchra (ibidem) argue that these breaks
connot be due to absorption by dust because reddening corrections
tend to introduce additional distorsions of the shape of the conti-
nuum, rather than straightening it. This occurrence of knees of dif
ferent entity which are due neither to galaxian starlight nor to
dust is considered in fact as a manifestation of different injection
mechanisms within the sources (e.g., Tucker 1975) which seem to be
distributed more or less randoply among the sources (Cruz-Gonzales

and Huchra, 1984). The sources having « may be interpre-

oir¥ % rj
ted as young sources where synchrotron losses have not yet taken
their toll or alternatively as sources observed soon after the parti
cle injection; in the sources having a steepening of one half power
at OIR frequencies there exist particles whose radiative lifetime

t is longer than the interbust period #, so the injection of par-

sy
ticles can be considered quasi-continuous, while at lower frequen-



cies after each injection the effect of radiation losses will

not be important and the spectrum retains its initial form

(the frequency of the breack isﬂ?B = 1024 §:3 t-.2 where t is

the time elapsed from the last injection); in the objects for
which the steepening is d« 2 1+ X,g /3 the rate of injection

is not sufficient to balance the radiation losses since tsy<t

and therefore the injection can be considered as a succession

of delta functions in time;- the (few) objects whose overall spectra
are better described by one single power-law from radio turnover to rays are ob-
served soon after a burst of injection, such that hich-frequency tails of their
spectra are stili dominated by fresh electrons which have not yet decayed. 4
Unlike in the radio domain, in the optical BL Lacs cannot be re
solved - letting apart those at z < 0.4 - owing to seeing and
diffraction limits. Moreover their optical spectra do not under
go synchrotron self-absorption, even if in the optical the e-
mission mechanism jg still synchrotron with very high degree of
confidence (we recall that this item is very controversial in

the case of QSOs). As a consequence, it is not possible to em-
ploy the methods outlined in the section devoted to radio spec-
tra to derive the physical parameters of the optically-observed
component ; furthermofe, the arguments regarding maximum bright-
ness temperature are no longer as useful as at radio frequencies.
There is, however, a related - but less conclusive - argument
which can be applied to optically variable objects (Hoyle et al.,
1966) . From the observed flux Ev and timescale for variability

At one can calculate the minimum radiation energy density if the

distance to the object is known and if relativistic bulk motion

are absent:

ok X (1-2)
ﬂmﬂic / F’V ZHT.D(‘);") 0+2) A& J-p

" g,r(cAt)i’

?
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(%)

o) 2
which trasforms 1nto i 3[(_‘, /'V) -4]_‘,' E"'D {1+2) < u
e cPAt*(i-x)

provided F; = FQ(E%)'— . One then determines the maximum radia
[ 1l -

r

tive lifetime to the charateristic time t of synchrotron and (pos

ibly combined) sYnchrotron self-Compton losses:

(1-#)
t- 3L/< {—mw Wm“:j N, pm.c f J)«/{ 3[(") /7’) -4]‘~JF~yD [HE») }
“r AT (1-A)
where/f1 and_fb are connected to & and&? respectively, n is con

nected to the optical slope « in one of the three manners envisa-
ged obove and Nr can be worked out from the power radiated in the
optical band coupled with the slope (see the section devoted to
the radio specﬁrum).

Unless this maxXimum lifetime exceeds the inferred light-time across
the source (tmax"> R/c), radiative losses will be important and
the relativistic electrons cannot fill the observed volume except
if acceleration occurs in situ.

As a last item on the observed properties in the optical one can
add that although correlated optical and radio variations are ra
re, the degree of optical variability seems to be anticorrelated
with o(or, or, equivalently, sources showing a stronger cm ex-
cess seem to be more variable (Pollock, 1975;’ Usher, 1975).

IUE Band. All IUE-observed BL Lacs and BL Lac condidates (25 ob-
jects) listed by Maraschi et al. (1983) have an average spectral
index <<>(uv>= 1.57 + 0.14, while for the same sample <(x'o > =
1.54 + 0.16. This indicates that all the physical considerations
reported for the optical domain may apply to the satellite - UV
band. ‘

A plot of dux vs.c{uv does not show significant correlation bet-
ween the indices, indicating that the radiation mechanisms in

the two bands may not be directly related. The correlation bet-
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ween absolute UV and X-ray luminosities, on the other hand, is
very significant and yields LX<£ L8;7 ( Maraschi et al., ibidem),
further strengthening the case for the uniqueness of the under-
lying energy source, from radio to X-rays, for BL Lacs. Compa-
ring the average properties with those of QSOs, as derived from
the optical observations of Richstone and Schmidt (1980) and

the X-ray observations of Zamorani et al. (1981), Maraschi et al.
(1983) find that while in the optical - UV the spectra of QSOs
are much flatter (<°(uv>¢3 0.6 for QSOs), the average UV-X shope

is very similar for both populations, <0(xu >~ 1.32. Also the

relations L /L given above is similar to that found for QsOs

0.66 . 0.47
(Lx°c' L2500 [Zamoranl, 1982] ; LX{ L2500 [Tanambaum et al.,
1983] ). There seems not to exist a correlation between hardness

of spectrum and brightness level (Ulrich et al., 1978) contrary
to variable Seyfert galaxies, whose spectrum is harder when the
continuum is brighter. The difference in variability between BL
Lacs and Seyferts may be due to differences in the properties of
the northermal continuum or even to the presence of different con
- tinuum components in Seyfert galaxies while in BL Lacs the satel
lite ~ UV spectrum is - with all likelihood - synchrotron radia-
tion from an optically thin source. The argument which refers
tb radiative lifetime upon assumption of synchrotron emission
{and which we have considered as next-to-last item in the previ-
sions paragraph) enables Ulrich et al. (ibidem) to conclude that
in 1101 + 384 the lifetime of the particles appears to be shorter
than light-crossing time through the emitting region, thus cal-
ling for anisotropic distribution of particles or particle accele
ration in situ.

X - rays. Many objects such as 1101 + 384, 2155 - 304, 1219 +
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305, 0548 - 322, 1652 + 398) are found to exhibit a two-compo-
nent shape (Worrall, 1981 and references therein) and variations,
over a six-month period, in both spectral shape and intensity.
Several experiments carried out onboard HEAO 1 have revealed a
strong tendence for presence of a softer component at energies
below 5 KeV with a photon spectral index.T‘zZ.B (which means
d}{;j 1.5) and of a harder component I’ < 1.5, which means NX¢$
0.5) above 5 Kev. Very little is known about the wvariability of
the hard X-ray component, although in the cases of 0548 - 322,
1101 + 384 and 1652 + 398 positive detections are reported
(Worrallet al., ibidem). The soft spectrum, on the other hand,
shows large changes of slope with time. The original results by
Worrall et al. (ibidem) and those quoted from other works by se
veral authors and gathered there, show that the slope can chan-
ge by up to 100% starting from values which are quite close to
those of the optical slopes.

The spectral characteristics of BL Lacs in the X-ray domain ap-
pear to be significantly different from thoseof otherX-ray-emitting
active nuclei. Seyfert 1 galaxies are well fitted by power-laws
of T % 1.65, and only in one case, ESO 141 - G55, is there evi
dence for spectral variability (Mushotzki et al., 1980). Multi-
ple observations of the quasars 3C 273 and 0241 + 622 (Worrall et
al., 1979, 1980) also give no indication of the spectral variabi
lity, although the indices for the two are statistically diffe-
rent from each other. These differences in the X-ray energy band
between classes of objects often interpreted as similar in their
emission mechanisms may provide strong observational constraints
on possible theoretical models. One may also argue that this peculiar

X - ray behaviour of BL Lacs within the more general class of
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AGNs could also be used as a possible further sixth membership
criterion.

X - rays properties of BL Lacs bring some troubles, havever, to
the <clean scenario in which the synchrotron processes alone can
account for the characteristics of the whole BL Lac spectrum.

In the case of 0548 - 322, for example, observations have been
made in which the optical and X-ray bands do not smothly join
and yet thé radio and the optical region connect with a slope of
the same index as that measured in the hard X-ray band (Weistrop
et al., 1979; Riegler et al., 1979). Sinée the observations we-
re not simultaneous, the equivalence of the two indices may be
fortuitous, nevertheless it is suggestive of a physical connec-
tion. Both sets of authors interprete the'data with a model
which predicts this spectral characteristic, namely the SSC mecha
nism: hence, since the radio spectra of BL Lacs are usually flat,
it is quite reasonable to expect a flat-spectrum X-ray component
from Compton production. This led several authors to apply the
SSC model to this class of sources (Margon et al., 1978; Schwarﬁz
et al., 1978, 1979 just to guote some among the earlier authors).
We shall see in the next chapter how and up to what extent SSC

models match the observations.

The Models.

In the same region where they are produced, synchrotron photons
interact with the relativistic electrons by which they were emit
ted. As long as 1“hv << m, c2 the interaction is via Thompson
scattering. After each scattering their kinetic energy increases

2 . o A2
by a factor fr , 1. e. ,gssc M/}" '\)s. Thus X and gamma rays
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can be produced (e.g., Tucker 1975). This mechanism, called
inverse Compton effect, hasbeen used to explain the hardness of
the high-energy tail of X-ray spectrum. In fact, the power ra-
diatied by a power-law distribution of relativistic particles,
N(ff‘) = N ?\—n' Q (/]"—(}"1) .@(/)"2—)/‘), scattering a radiation
field Ev’<'0-*. is still a power law of the same slo
7 pe as
that as that of the parent radiation field (e.g., Tucker, ibi-
dem) (Figure 19).
A photon may undergo several scattering events because where the
sychrotron becomes self-absorbed (below the turnover frequency)
the optical depth is much greater than unity, so the number of
scatterings tends to be high, too. In the frame of the observer
we can write . )
m e [+ ho; :’“‘e&(f;{ » A (1)

whence . g

(13 ) mee - b, (4127
Setting ()"f -X-‘.)sdr we also write

by M) 5 A e d

’ &
since we suppose a Thompson-regime ambient. From (2) it is also

readily seen that the energy spectrum of the electrons is not
significantly changed and the energy transferred from electrons

to more and more energetic photons through successive scatterings
would keep pratically constant over several events.

There is a problem, though. The frequency of multiple - Compton -
scattered photons grows higher and higher, until either the Klein-
Nishina regime is reached, so that the frequency of scatterings

is drastically reduced, or the electrons are catastrophically coo

led . Of course, in order to account for observed spectra, this



process, referred to as the "Compton catastrophe", must be avoi
ded.

However, observations indicate-that at high (> 4 GHz) radio fre-
quencies the fluxes vary on time scales roughly proportional to
the wavelength; this suggests the presence of a constant bright-
ness temperature (e.g. O' Dell, 1978) which is generally slight-
ly greater than the inverse-Compton limit for a non relativistic
source. This has been confirmed by VLBI measurements (Blandford
and Kénigl, 1979).

The above mentioned difficulties with the Compton catastrophe
could be considered as a first indication that SSC theory may

in fact not be the only one viable explanation of the observed
spectra of BL Lacs. Moreover, for a sizable fraction of the brigh
ter sources there is further ample evidence that simple physical
models (such as pure incoherent synchrotron radiation from a mon-
thermal distribution of relativistic electrons e.g., Jones et
al., 1974 ) are inadequate and must be replaced by more complex
models. For examples, for some sources the variability timesca-
les are so short that the radio brightness temperatures, based

on an estimated source size of Ctvar' largely exceed the inver-
se - Compton - limit of 1012 K. For same sub-GHz variables, which
we have already mentioned, temperatures as high as 1015 K are de-
rived in this fashion (e.g., Hunstead, 1972) and current indica-
tions are that this phenomenon is not rare (Condon et al., 1979).
Then, VLBI observations of compact sources usually show an elon-
gated radio structure, the position angle of which is roughly
fixed and in some cases is related to larger radio structure. Mo
reover, apparent superluminal motion of individual components has

been measured convincingly in a few cases and appears to be fair
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ly common among strong sources (Cohen et al., 1979). Of course,
a model which explains the shape of spectra should also take
these major items into account.

Next, for many sources the timescale of variability is longer
than the light-travel time across the source. This argues for
particle accelerations within the emitting region, such that
the relativistic particles can fill the whole region.

Finally, the gquantitative agreement with observations must be
met: for all the 16 BL Lacs listed by Madejski and Schwartz
(1983) , the observed 1-KeV flux densities differ by factors
10~8~— 106 from those predicted assuming a static, single-com
ponent synchrotron self-Compton emission mechanism. Those authors
argue then{that such a mechanism by itself does not apply to BL

Lacs as a class.
All these items suggest - directly or indirectly - the presence
of relativistic motion within the emitting region. Taking this
as a starting hypothesis, several interesting conclusions can
be drawn (e.g., Blandford and Kdnigl, 1979; Marmscher, 1980;p K&~
nigl;~1981 and references therein).
If relativistic bulk motion is present, then we can relate the
observed flux density %V to the comoving - frame flux density
, through the relation

fv'ay(ﬁz)[r('if’me):] (1)

which links the emitted frequency #', the observed frequency 47,
2)—1/2

%V'

the redshift, the Doppler factor»f’= (1—P and the angle

8 between the bulk velocity and the line of sight. Then, the re

lation linking the proper luminosity and the observed flux is

o,
< - R dv (2)
T 4D R (1427)
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where D(z) is the cosmological distance between the source and
the observer in the rest frame of the moving component ({itsex-
pression is

D(z) = Do(z) - (1 + 27) (3)
in terms of the distance DO in the observer's frame) and whe-
re we have put

(1~ ﬁ)cos 6y -1+ z;

the "minus" sign refers to the approaching components, the
"plus' sign refers tc the receding components. We shall call
(1+z’)—1 the boosting factor @

Inserting (3) and (1) in (2) one gets

o ~(3+a) 14
R Iplspes)) T g
fig" M T - e (4)
4rbe)(re) v
It is seen from (4) that the observed flux density of a rela-

3ol
tivistically moving component differs by a factor &é =

R Ly
(4$1F>&19)] from that of a static component. As we have seen
in the Appendix to the chapter on Radio Structures of BL Lacs,
the maximum value of the apparent separation velocity is attai-
ned for sin.0'= 7k’4 (or, eguivalently, for cosaﬁ=p).

Even for a mildly relativistic .value of‘7'= 2 if the intrinsic
powers of the receding and approaching components are equal, the
observed power from the approaching component would exceed the
observed power of the receding component by a factor ~~ 350. By
letting sin @ become larger and larger than /r-1 up to(9= T/2,
the observed powers from the two components would gradually be-
come comparable and finally egual. This scenario should then na
turally explain the occurrence of double - and single - sided
structures in terms of the orientation of the relativistic stream

(or jet) to the observer: symmetric structures are seen asymme-

tric for small (9<<q‘—1) viewing angles and symmetric for larger



angles. Is is moroever possible to state - according to this
scenario - that the brightest double-structure sources are in
trinsically the brightest sburces in the sky because, being vie
wed at large ¢, their moving componet(s) is (are) not Doppler-
boosted, while the brightest compact sources (like 1641 + 399)
comprise a fraction of beamed sources in the larger population

of intrinsecally fainter doubles. However, in a randomly orien
ted sample of source, relatively few have small enough 9 as to
attain large observed powers and large apparent (that is, super
luminal) separation velocities; this is in contrast with the fair
ly large proportion of superluminal VLBI observations (Scheuar
and Readhead, 1979). But this difficulty may be overcome by thin
king of a selection effect: sources approaching with highn1kand
small 0 are observed move often due to their apparent radio po-
wer (we recall that the radio-lond quasars constitue only ™ 5%

of all guasars!)

Also the bending of the jet observed in some cases is explained
in terms of small viewing angels. In fact the observedncurvature
increases as csc @ ; therefore for small 8 the curvature is enhan
ced by a factor 1‘. Thus bended one-side sources should have lar-
ge f and small 0 , while symmetrical doubles and nct bernded one sided sow
ces can have other combination of the two parameters.

What we have said up to now refers to morphology. What about the
spectral properties of jets their flux variations, their polari-
zation? Let's discuss the various item in turn, largely following
Blandford and Kdnigl (1979) and K&nigl (1981).

Polarization. An important feature of the radiation from an acce-

lerating source is the characteristic swing in the polarization

angle (Figure 20): the data points there reproduce the behaviour
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of the polarization position angle in the 1975 outburst of
0235 + 164, from Ledden and Aller, 1978). This can be success-
fully calculated, under the assumption of bulk acceleration,
through rather simple considerations (Blandford and Kénigl, 1979)
in terms of the angles between the coordinate axes of the co-
moving frame and the observed magnetic field, the bulk velocity,
the electric field (of synchrotron radiation) and their projec
tions on the (velocity, line-of-sight) plane. The data points

in Fig. 20 are suitably fitted with 4= 10 and 0 = 5° (besides
a number of other parameter values which must be inserted in the
equation for the polarization position angle reported in the quo
ted reference. For this last set of input parameters the choice
of the values which give rise to the fitting curve is not unique).

Radiations properties and flux changes. In the radio domain, sin

ce an X = 0.5 slope can be considered as typical for optically
thin spectra of BL Lacs, a distribution function of continuously
accelerated electrons of the form N(a‘) = Nr /g" 2 19(7"-1‘1). G (
f 5 W’) can also be considered representative for the particle
injection within the jet. Together with this assumption, it is
also assumed that the jet is thin and conical, with small apertu
re semiangle fo whose axis mgkes an angle 6 with the direction
to the observer (the observed opening angle is CP= @o csc9) .
Following from these assumptions, the radio of the comoving syn
chrotron-radiation energy density to the magnetic energy dehsity

is

As 13(%)Aq2

BYérT (5)
if O >‘f90) as we expect (that is ﬁ‘<CP;1), (7) implies that Comp

ton losses will not exceed synchrotron losses, since it is
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For T<q;1 and {’nd 1, (8) will be smaller than unity. The Comp
ton catastrophe is then avoided. Furtherly, the brightness tempe
rature in the comoving frame will not greatly differ from the
critical value T} ® 10 %K = 3%(1+z)—1 T - It reaches its maximum
value, independent of frequency, at a projected radius (that is,
at a projected distance from the apex of the jet) which varies
with frequency as @—1. It follows =that - the--observed flux
Sd?vz TmaX r2 from the region of maximum brightness temperature
is independent of frequency too, so the ject will have a flat
spectrum within some frequency range; at hiéher frequencies the
spectrum is dominated by the contribution from projected redii
which are smaller than that where the brigtness temperature at-~
tains its maximum value (at a given frequency) and steepens to

X = 1 as a consequence of synchrotron losses.

This scenario explains steady radio emission from a relativistic
jet. However, compact radio sources as BL Lacs characterized by
variability in both their total flux and radio structure, besides
flat radio spectrum.

Two mechanisms where time-dependent phenomena can arise, namely
acceleration of clouds and propagation of shocks within the

jet are able to generate such variabilities. In fact a large frac
tion of the bulk kinetic energy flux in the jet which is inci-
dent upon a cloudlwill be dissipated in the strong bow shock, and
some of this energy may apper in relativistic electrons behind
the shock. This is therefore a likely site for synchrotron and
inverse —Compton radiation (e.g., Blandford and Mckee, 1977;

Jones and Tobin, 1977). Alternatively, a non-steady motion in the

form of a shock propagating within the jet itself could also give
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rise to radio variability. In fact dissipative behaviour close

to the oricgin, resulting perhaps fram surface instabilities, may lead tc fluc-

tuationsirnthe radial velocity; even if theamplitude of these disturbances is
e

S

initiellv small, tﬁey may grow and from shocks farther out in
the jet (Rees, 1978). A third possible cause for radio variabi
lity may be small disturbances in the trajectory of the beam.
The contribution of all these pqssibilities is gathered in an
analytical expression (Blandford and K6nigl, 1979).
Differentiating (4) we obtein

$n 5= 50 S, 0 (o) [y oy pd S0}
which becomes, in the small-angle, ultrarelativistic approxima

tion,

45 = 58, (E2 (' O) b p-2p 048],

In these formulae both intrinsic variations of the intrinsic lu
minosity and apparent variations due to disturbances in the tra
jectory play a role. From (8) one caﬁ see that the third term,
associated with curvature, is most likely to dominate the varia
tions. In the case of 1641 + 399, for example, by assuming’@v8°,
J’” 7 and = 0.5 in (8) one can reproduce in a natural way
the low-frequency variability, which would otherwise require

Tg ~ 1015 K, such that the proper maximum brightness temperatu-
re does not exceed 1012 K.

At this point we can see how the jet model alsoc seems to solve a
problem connected with superluminal expansion which must be over
come in any viable physical model. In order to see a systematic
superluminal expansion, there must be a high relative velocity
between two source components which should be positive. However
the ejection velocities of the two components should not be too

different, for too different, for otherwise it would require an

implausible coincidence to explain why the component in which
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the emitting material is moving faster is not considerably
brighter than the slower one.

An attractive way out of this difficulty has been put forward
by Blandforf and Kénigl (1979). They propose that the unresbl
ved core be identified with the innermost, radio-thick region
of the approachin jet and comprise essentially time-indepen-
dent emission. The location of the observed core should coin-
cide with the peak in the surface brightness of the jet, which
occurs roughly where the jet becomes radio-thin at the obser-
ving frequency (we recall that the apparent distance from the
apex of the jet to the point of maximum brightness temperetu-
re 1is proportional to‘Q_T). The moving radio component can be
identified with perhaps either an accelerating cloud or a pro
pagating shock. If the component is formed inside the radio-
thich region of the jet, thén it will not be visible at pro-
jected radii smaller than that where the peak of Tg is attai-
ned, but at larger radii itwiﬂ.mxead&#eparate from the sta-
tionary component. The observed separétion velocity wouid thus
correspond to the kinematical velocity of the moving component,
which may be highly relativistic and yet the ejection velocities
of the two source components could remain comparable and also
highly reléfivistic. The fact that the separating components ha
ve usually been observed to have comparable fluxes and surface
brightnesses could be due to a selection effect resulting from
the limited dynamical range and resolution of the VLBI observa-
tions. However from Blandford and K&nigl's (ibidem) model one
expects the volume emissivities and the sizes of the two compo-
nents to be similar, thus the observed emission from the core

and a shock moving with a f‘similar to that of the jet should
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be roughly comparable.

By allowing for a parametric dependence on r of the magnetic
field and of the number density of relativistic electrons in
an unresolved jet (Kénigl, 1981), two power-law spectra for

X - ray emission are foungdg, one related to synchrotron emis-
sion.and the other to self - Compton emission (Figure 21). The
slopes are rather complicated functions of the parameters on
which the radial behaviour of B an Nr depend, then they reflect
the inhomogeneity of the source. The higher - order ‘inverse:
Compton spectra, display similar behaviour, but in the frequen
cy range of interest they generally lay below(by a factor 106)
the once-scattered photon spectrum for typical radio-jet para-
meters (each successive Compton scattering produces a contribu
tion to the spectrum which is 106 times fainter than the previous
one) .

The observed values of the ratio of the X-ray to radio fluxes
are, for most X-ray emitting BL Lacs, some units in 10-6. In
some cases, like 2155-304 (Griffiths et al., 1979) when there
is a higher ratio of X-ray to radio flux densities, the hard
component is not visible, 6verwhelmed . by the synchrotron compo
nent at observing frequencies, Nevertheless, K6nigl's model
(1981) predicts a hard X-ray component above some energy for
all the objects. This hard component would arise from the in-
ner region of the jet, at the height where the jet starts to
be optically thin, and interpreted as a once-scattered inver-
se-Compton emission. The soft component would arise, on the
contrary, from outer regions of the beam. It is therefore ex-
pected that the hard component would show a higher degree of

variability, and the reported timescale of;s1 yr (Worrall et
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al ., 1981) would agree well with theoretical predictions.
It is possible, in the context of this model, find the likely
values of 7K for the BL Lacs which emit in the X-rays. For
first-order Compton scattering X-ray flux density it is possi

ble to write (Madejski and Schwartz, 1983)
-2(2+«)

F = F (9)
meas pred
where F is the measured flux density and F is the va-
meas P

red

lue predicted for no beaming (that is, isotropic emission).

The distribution of the boosting fa:hn:ﬁ(Madejski and Schartz,

ibidem) indicate that large (>10) bulk Lorentz factors are

not required in general for BL Lacs, although some objects need
high values of?ﬁ. Typical values are rﬁuZ—S.

The underlyihg aésumption which we have taken as good all along

is that the spectrum of the relativistic electrons is a power-

law one. If one relaxes this condition by assuming arbitrary di-

stributions a qualitatively similar picture holds (Reynolds,

1982) . In particular, anisotropies can lead to lower the entire

inverse-Compton contribution and to increase the curvature at

various spectral features, and for jets not seen end-on the who
le inverse-Compton spectrum would move to lower frequencies

(Reynolds, ibidem). |

Summarizing, the advantages of the relativistic-beaming model

are: ‘

i) there is agreement between predicted and observed X-ray to
radio flux ratios although each object is to be handled indi
vidually;

ii) variability is very naturally explained through inhomogenei
ties in the jet, clouds which are accelerated or shocks:

iii) superluminal motions and related problems are also explai-

ned;



- 48 -

iv) the swing of the polarization position angle can be rea-
dily understood;

v) the range in radio morphology is accounted for;

vi) the Compton catastrophe is avoided.
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Table 1 Comparison of the radio structures of BL Lacs and quasars

Fraction of 0.4 GHz flux contained in:
Core Compact jet Diffuse halo

Coredominatedquasars  0.49 0.31 0.20
BL Lac type objects 0.65 <0.05 0.30
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DETERMINATION OF FOUR NEW REDSHIFTS OF BL LACS



Abstract.

We present tentative identifications of emission lines in the spectra
of the four BL Lac objects 0754+100, 0829+046, 1514+197, 2254+074, as
given in the atlas of spectra of QS0s and related objects by Wilkes

et al. (1983). Some of them, if confirmed, would be -to our knaowledge-

the first of that type reported for BL Lacs.

Introduction.

One of the main problems which affect the study of BL Lac objects is
the lack of published redshifts for most of them. Out of the nearly
one hundred objects which are classified as BL Lacs, less than forty
have published redshifts. This relatively small number is still redu_
ced if we take into account that some of them are based on absorption
lines that may be due to intervening clouds not physically connected
with the BL Lac sources themselves. Of course this situation seriously
hinders the study of some important topics such as evolutionary and
population properties.

An additional dimportant reason to strive to identify emission lines is
to gain a better understanding of the still poorly known properties of

the regions where they are emitted.

The Spectra.

Keeping these issues in mind we think that the atlas of spectra of (50s
and related objects published by Wilkes et al.(1983) deserves special
attention. It contains 295 spectra (for technical remarks see the at;"’
las), out of which 15 belong to BL Lac objects or to BL Lac candidates.
0Of these, 6 have no published redshifts. For the present work we selec_
ted (on grounds of estimated photometric quality and well-ascertained
membership of the objects to the BL Lac class [bf. Angel and Stockman,

1980]] four spectra among the six with unknown redshifts.

Discussion.
The tentative identifications and redshifts for gach spectrum are re_

ported in Table 1. The names of the sources are indicated in the first

column, the observed wavelengths of the recognized spectral features

and their identifications with lab wavelengths are listed in the second

and third columns respectively, while the values of redshift for each

identification appear in the fourth column. Let us examine the relia_

bility of the identifications for each object in turn.



0754+100. The emission feature centred at )\4685 has a broad profile
similar to the one found in the spectrum of the BL Lac object 1308+326,
thch was identified as MgII )\2800 as well (Miller et al., 1978). We
argue that the not perfect agreement between the redshift of this fea
ture and the redshifts of the others is due possibly to the uncertain:
ty in the former's measurement because of the very broad profile of the
feature (FWZI is 300 A). All the other identifications are quite com_
mon in BL Lac spectra (Danziger et al., 1978; Smith, 1978; Miller et
al., 13978; Miller and French, 1978). The gqguality of the spectrum is
good.

0829+046. In this fairly-good quality spectrum we estimated that the
fully exploitable region was the AX4200-6500 K band. A rather prominent
emission at \5576 was recognized as due to airglow emission (see Meinel
et al., 1968). Three out of the five weak features that were rebognized
as emission deserve special attention. These features (\\4970, 5030,
5095) stand out on a rather broad hump that may be attributable to a
blend of weaker lines. The identifications of the three features as
forbidden lines of FeIIl would be, if confirmed, the first of this kind
for BL Lacs, although [FeII] lines -and these in particular- are quite
common in Seyfert galaxies and QSOs. In this view, also the 5000 ﬁ hump
underlying the three lines is attributed to a blend of the weaker 1i
nes of the multiplets 7F and 21F of FeIl to which the individually iden_
tified lines also belong.

A strong contribution of [DIII})4383 seems quite possible in the case
of the MA5095 feature. In fact we expect the level 2p2 1D of OIIT, whi_
ch is the upper level of the transition corresponding to the observed

) 5007 line, to be populated partly by collisional excitation from the

3

ground level 2p2 P and partly by the cascade from the 2p2 18 level

2
which produces the A4363 line. We also expect that the 2p 18 level
(about 5 ev above ground) is in turn populated by collisional exci__
tation from the ground level. A support to the identifications of the_

se two [DIII] features would be to also detect the two IX2332, 2321 1i

21
nes which represent the other possible decay route from the Zp S le_

vel to the ground level 2p2 3P. Unfortunately at this redshift they
would fall still outside the wavelength coverage of the spectrum con_

tained in Wilkes et al.'s atlas, in the satellite UV range, therefore

we cannot say anything in this respect. However we think that these

. . +
[DIIﬂ -line identifications are reliable also because of the frequen

sm able to produce the_

occurrence of this type of spectroscopic mechani

se lines in @S0s and AGNs .



The lack of detection of the other nebular line, [OIII]X4959, is at_
tibuted to the weakness (by a factor of 3) of this line as compared
to [0TII] \5007 which is itself quite faint.

1514+1897. The identification of the \3950 feature as CIIﬂ \1908.8 is
consistent with the identification of a rather broad (FWZI is 200 ﬁ]
hump centred at )A5800 as MgII MA2800 at the same redshift and with the
expected lack of easily detectable features at this redshift given
the exploitable wavelength coverage (3700 to 5900 X] of the spectrum
and what we know about typical emission-line spectra of AGNs and QSOs.
The prominent emission feature at 5890 is a blend of very close to_
gether airglow lines (see Meinel et al., 1968).

The guality of the spectrum is fairly good.

2254+074. In this medium-quality spectrum we argue that the exploita_
ble wavelength band is 4200 to 6200 3, and within this range three
spurious emissiong fall: the XXSS?D, 5830 airglow lines and the HgI
L4358 city-light line (see Meinel et al., 1968).

The 313993.3 line of [NiIi} is possibly found in Seyfert galaxies (Ra_

fanelli, 1984, private communication) although up to our Knowledge it

has never been found in a BL Lac spectrum previously.
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Table 1. The recognized emission features are reported together their

identifications and redshifts for the four BL Lacs listed in the first

column.
Object XDDS(A) Identification z
07544100 4685 MgII Y2800 0.67
6190 [0II] X3727 0.66
6400 [NeTTI) \3868.8 0.65
6550 [NeIII])3967.5 0.65
0829+046 4538 [NeITI] \3868.8 0.17
4970 [FeII] 4244 (21F) 0.17
5030 [FeII] Na287 (7F) 0.17
5095 [0T11] A4363 0.17
[FeII] X359 (7F) 0.17
5870 [o111] As007 0.17
1514+197 3950 CITI] \908.8 1.07
5600 MgII Y2800 1.07
2254+074 4750 [NiTI] X3993.3 (4F) 0.19

4840 [5111 N4068, 4076 0.19
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