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astro-ph/9605175 29 May 1996

Supermassive Binaries and Extragalactic Jets

C. Martin GASKELL

Physics & Astronomy Dept., University of Nebraska, Lincoln, NE 68504-0111, USA

Abstract. Some quasars show Dopper shifted broad emisson line pe&ks. |
give new statistics of the occurrence of these peaks and show that, while the
most spedaaular cases are in guasars with strong jets inclined to the line of
sight, they are dso almost as common in radio-quiet quasars. Theories of the
origin of the pedks are reviewed and it is argued that the displacel peeks are
most likely produced by supermassve binaries. 3C 3903 shows predsely
the dhange in radia velocity predicted by the supermassve binary model.
The separations of the pegs in 3C 390.3-type objeds are cnsistent with
orientation-dependent “unified models” of quasar adivity. If the
supermassve binary model is corred, all members of “the jet set” (astro-
physical objects showing jets) could be binaries.

1. Introduction

Many guaesars $ow the strong jets considered in detail elsewhere in this
volume. However, at a conference like this it is all too easy to forget that
many guasars do not have strong jets at all. These quasars are the radio-
quiet quasars (I will use the word “quasar” to refer to all adive galaxies —
see Gaskell 1987 for an introduction to quaesar taxonamy). To uncerstand
how and why extragaladic jets are produced and sustained | believe it is
important to understand the diff erences between when jets are produced and
when they are not. The opticd and UV spedra of quasars show strong broad
emisson lines coming from dense rapidly moving ggs (the “broad line
region’; BLR). From light-echo studies we now have agood idea of the
location d the BLR (see Gaskell 1994for areview). It extends from within
a few light days of the central engine (CE) to a few light-weeks or light-
months away. The size of the region depends on the luminosity (Koratkar &
Gaskell 19910. This range of radius is precisely the range in which jets



form. It is reasonable to ask therefore whether we seedifferencesin the BLR
between radio-loud quasars (i.e., quasars with strong jets) and radio-quiet
ones.

There ae anumber of differences between radio-loud and radio-quiet
quasars — line profiles, Bamer deaements, strength o the extended
emisson, opticd Fe Il emisson, broad absorption lines, etc. Not all of these
are necessarily fundamental; some differences might be consequences of
differing viewing angles (see Antonuca 1993 1996 and Wills 1996. The
difference | want to focus on here is the line profile difference quasars with
strong jets, espedally those not believed to be viewed faceon, have broad
emisson line profil es that are broader and more cmplex than those of radio-
quiet objeds (Osterbrock, Koski & Phillips 1975 1976 Osterbrock 1977,
Miley & Miller 1979. | want to explore here possble explanations of these
line profiles. The explanation(s) will clealy be relevant to the question o
why some quasars show strong jets while others do not.

The majority of quasars have asmoath symmetric profile that can be
represented by the dassc logarithmic profile (see Blumenthal & Mathews
1975 and Mathews & Capriotti 1985, except in the very core. The gparent
symmetry is often illusory becaise the lines can be shifted relative to the
rest-frame of the galaxy. This is amost aways the cae for the high
ionization lines (Gaskell 1982 which show a 600 km s* blueshift on
average. Sulentic (1989 foundthat only ~ 15 % of a sample of quasars had
HB profiles that were truly symmetric. In addition to these subtle
asymmetries, | drew attention (Gaskell 1983 to a dassof quasars, which |
will cdl “3C 390.3 quesars’, in which the broad line pegs were displacal
by substantial amourts relative to the rest-frame of the galaxy and in which
two dsplacal peaks (one blueshifted and ore redshifted) were sometimes
present. | proposed that the displacal peaks were caised by two separate
BLRs, eat associated with a separate CE forming a supermassve binary
(SMB) in the center of the host galaxy. | further suggested that the presence
of such a binary may well be essential for the formation d collim ated large-
scde radio jets. In this paper | review and upaite the evidence for the SMB
model and discuss these ideas further.

2. Properties of 3C 390.3 Objects

The dassc example of a displacal broad-line peak objed is 3C 390.3. It
was the first example discovered (Sandage 1966 Lynds 1968, is by far the
best studied, and shows all the fedures of the dass Foll owing astronamicd
tradition | will cadl members of the dass of quasars with shifted emisson
line peaks “3C 390.3 oljeds’. Before discussng models of the 3C 3903



phenomenon| first summarize the properties of the broad lines in 3C 390.3
objects, including some properties that are quite obvious.

1. The relative velocities are large. Relative velocities of thousands of
kilometers per second are relatively common. 3C 3903 itself has a
displacel blue Balmer pes at ~ -4000 kn s and a displaced red pedk at
~ 42000 km s™. Blending d profiles makes the determination o the
distribution d relative velocities difficult and small velocity differences
will be missed.

2. All gquasars show an undisplaced peak. Withou exception, every 3C
390.3 oljed shows a central (undsplaced) peak. The profile of this pesk
IS uncertain since it depends on the subtradion d the displaced
comporents and d the narrow line region (NLR). In some cases at least,
it seems to be broader than the NLR lines.

3. A substantial part of the line flux comes from the displaced peaks. When
the pedks are well separated it is obvious that the majority of the flux in
the Balmer lines comes from the displacal peaks (see for example,
figues 2 & 5 o Zheng, Velleux & Grandi 1991 @ figures 4a-j of
Eracleous & Halpern 1994).

4. Quasars with displaced peaks have broader lines than ordinary quasars.
This has been known for some time (Lynds 1968 Osterbrock, Koski &
Philli ps 1975 1976 Osterbrock 1977, but | give anew analysis of thisin
section 4 below.

5. 3C 390.3 objects have steeper Balmer decrements. It is well known that
lobe-dominated quaesars have stegper Bamer deaements than radio-quiet
quasars (Grandi & Osterbrock 1978. It is therefore not surprising that
radio-loud 3 390.3 oljeds have stegp Balmer deaements, but | show
below (see sedion 67) that radio-quiet 3C 3903 oljeds also have
slightly steeper Balmer decrements.

6. The peaks vary independently in brightness. Like probably all quasars,
3C 3903 isvariable and the lines vary as well as the continuum. Veill eux
& Zheng (1991 give auseful display of many Lick Observatory spedra.
At some gochs (such as the summer of 1975 the blue displacel ped is
prominent; at others (such as June 1980), the red peak is more prominent.

7. There could always be two displaced peaks. Not all displacal BLR pedk
objeds how two peaks — some only show one — but | believe that if we
look carefully enough @ wait long enoughmost of the single displaced
peak ogeds will show two peeks. 3C 390.3 itself is important becaise it
shows all the dharaderistics of the dassat various times as far as relative
strengths of peaks go.

! The situation is very similar to the problem of estimating the distribution d apparent
separations of visual double stars.



8. There is no unambiguous case of more than one peak with the same sign
of the displacement. | believe that no spedra taken at one epoch show
more than two dsplacal pe&ks or the two peaks being dsplaced in the
same diredion. | emphasize “a@ one goch” becaise it is easy to see dl
sorts of peaksin dfference spedra (the difference between spedra taken
at different epochs). For example, if a symmetric line simply becmes
broader the diff erence spedrum will show at least one pe&k in ead wing.
Noise bumps are dso magnified in dfference spedra. Pe&ks in dfference
spedra therefore need to be interpreted with gred caution. The presence
or absence of more than two dsplacal ped&ks is a very important issue
since some models only predict two peaks and any claim of more than
two peaks needs critical examination

9. The central peak varies less than the displaced peak. If spedra of
different epochs are subtraded, the central pea often subtrads out
perfectly (see Wamsteker et al. 1985, figure 3, for example).

10.The central peak has different line ratios from the displaced peaks. This
is particularly naticeale for Ly a which is much stronger in the central
pe& in 3C 3903 (Ferland et al. 1979 Zheng, Velilleux & Grandi 1991).
This is also true for non-3C 390.3 quasars (Zheng 1992).

11.All broad lines show the displaced peak effect. The C IV A1549 C Il
A1909 and Mg Il A2798 lines of 3C 3903 have profiles which are
consistent with the Hf3 profil es of the same eoch (Perez & al 1988. The
displacal bue pe&k is clealy visible in the C IV line, albeit shifted by ~
900 kn s (seefigure 3 of Perez ¢ a. 1989. The redward pesk is
harder to separate, but Perez ¢ al. think it is also blueshifted relative to
the one in HB. The 900 km s shift is the normal blueshift of high
ionization lines with resped to low ionizaion lines (Gaskell 1982. The
cause of this iift is not fully understood, but it is interesting that, at least
in 3C 3903, the separate peaks dhow it. It will be interesting to see
whether this remains generally true & HST data become available for
more 3C 3903 oljeds. Perez ¢ al. (1988 find aher broad emisson line
profiles in 3C 3903 to be basicdly similar to thase of C IV and Hf.
Unfortunately all lines have blending problems that hinder detedion o
displacal pe&s. The best line for deteding dsplacel pe&ks is probably
Hf, but even it is not perfed. Ha has the [N II] lines on either side of its
pe&k. Hy iswed and had [O Ill] A4363 onitsred wing. Ly a is blended

2 Véilleux & Zheng (1997 claim that 3C 390.3 shows a highly redshifted peak at +4600
km s in the 197475 Lick spedra (the main redshifted peek is at about +2000 kn s™).
However, thisis amost cetainly an instrumenta effed caused by a spurious dip in the
spedrum. This is demonstrated by the dleged +4600 kn s* feaure being strongest in
two spedra taken onthe (UT) nights of June 4 and June 5, but vanishing in a longer
observation with a dightly different setup the very next night. For further discusson d
this, see Gaskell (1995).



with N V A1240 onthe red side and tends to have asorption onthe blue
side. The He Il lines are badly blended (He Il A1640with C IV and [O
1] A1663 He Il A4686with Fe II). C IV A1549 tas He Il on the red
wing. The higher ionization lines in quasars in general tend to be wider
than the low ionization lines (Shuder 1982 Mathews & Wampler 1985
and Ly a is often con-siderably broader than the Balmer lines (Zheng
1992. This also makes detedion d displacal peaks harder. The strength
of the central comporent of Ly a naed in the previous fdion is a
further problem for detecting displaced peaks.

In addition to these properties of the broad emisson lines in 3C 3903
guasars, there ae some other diff erences between 3C 3903 guasars and non
3C 390.3 quasars in their other properties:

1. 3C 390.3 objects have a larger contribution of starlight to the optical
continuum. The median percentage of starlight is abou threetimes
greder on average in the most extreme radio-loud 3 3903 oljeds
compared with aher radio-loud qusars. In a number of extreme 3C
390.3 guesars the fradion is close to 100%. Eradeous & Halpern (1994
interpret this to be indicaive of a weder “blue-bump” implying a
different acaetion-disk structure in 3C 390.3 oljeds. | believe, however,
that a simpler explanation, since 3C 3903 oljeds also have steegoer
Bamer deaements, is that there is smply more reddening. This has a
natural orientation explanation in urified schemes (see sedion 67
below).

2. The equivalent widths of the forbidden lines are greater in 3C 390.3
guasars. The median equivalent widths of the low-ionization [O 1]
A6300 and [S ll] AA6716 6731 lines of the most extreme 3C 3903
gquasars are dou doule those of other radio-loud gquasars. In contrast,
for the higher ionization [O 1lI] AA4959 5007lines, Eradeous & Halpern
(1999 find nosuch dfferencein the equivalent width dstributions. They
conclude that the ionization parameter is g/stematicadly smaller in the
extreme 3C 3903 quesars. | believe, however, that the difference in
equivalent widths can also be realily explained as an arientation effed.
The low-ionizaion lines come from a very extended, often conicd,
region that will not be eaily obscured from any angle. Their equivalent
width is expeaded to increase when they are viewed edge-on. The [O IlI]
lines, on the other hand, come from much closer in. They will suffer
amost as much extinction as the @ntinuum when the quasar is viewed
close to edge-on. Their equivalent width will be much less orientation
dependent. In this picture, the ionizaion parameter is the same on
average, but the doser-in higher-ionization lines suffer greaer extinction.
This is suppated by De Zotti & Gaskell (1984 finding lkroad-line



Bamer deaements to be orientation dependent while narrow-line
decrements are not.

One aditional alleged difference neals addressng: Halpern & Eradeous
(1999 claim that the far-IR properties of 3C 390.3 quasars are significantly
different from the far-IR properties of “normal” radio-galaxies. They pant
out that the three quasars with the flattest spedra between 25 and 60 um
“among the sample of 131 radio galaxies observed by IRAS’ (Golombek,
Miley & Neugebauer 1988, are dl extreme 3C 3903 quesars’. If this is
redly a significant effed, there ae anumber of possble explanations, but |
believe there is not a significant effed. At first sight it looks as thoughthe
significance level is 1 in 9 x 10%, but there is a serious problem in haw the
comparison is made. Naturaly, Eradeous & Halpern (1994 observed
gquasars which they initially though would show broad lines. The IRAS
sample was not so chasen. It includes “narrow-line radio galaxies’, LINERs
and many quesars with only stellar absorption line spedra. Broad-line
guasars are in the minority. Inspedion d the Golombek et al. (1988 data
shows that broad-line quasars have amean 25to 60 um spedral index of -
0.22, while the narrow-line quasars have amean index of -0.99, and the
LINERs and nonremisdontline galaxies have amean index of -1.86. The
differences between these ae significant at abou the 90 — 95 % level. The
Eradeous & Halpern (1994 objeds in common with the IRAS sample ae,
of course, only from the broad-line subset and it is only with these that a
comparison shoud be made. The 25 to 60 um spectral indices of the 3C
390.3 quasars in the IRAS sample are not significantly different from the
other broad-line quasars in the IRAS sample. In aher words, | believe the
3C 3903 oljeds have flat far-IR spedra because they are broad line
objects, not because they are 3C 390.3 oljeds. A preliminary ched of some
of the 25 to 60 um spedral indices of radio-quiet 3C 390.3 oljeds hows
that they are similar to the radio-loud ores and that, again, there is no
statisticdly significant difference between these objeds and the “non3C
390.3 type” ones.

Why daes the far-IR emisson depend onwhether we can redily see
the BLR? Since far-IR emisgon is essentially completely isotropic the
explanation canna be in oientation effeds. Miley et a. (1985 and
Golombek et al. (1988 argue that a combination d two dust comporents is
the likeliest interpretation d the radio galaxy data. The main body d the
galaxy produces the mldest emisson while the nuclea region has warmer
dust that raises the 25 pum flux. They do nd paint out the diff erence between
broad-line and rarrow-line quasars, but | believe it can be explained as
follows. The main variable is the anount of dust in the host galaxy. This

% Actually, “131 radio gelaxies’ is mideading. Although Golombek et a. (1989 ob-
served this number, they ordgtected 58 of them



dust produces the 60 um or longer wavelength emisson; the more @a dust
there is the stegoer the far-IR spedrum. A lot of dust also makes it lesslikely
that we will be ale to see BLR; even more dust will make it impossble
even to see the NLR.

3. Frequency of Occurrence of 3C 390.3 Objects

Gaskell (19831 noted that the best cases of displacel broad lines were in
extended radio sources (= “lobe-dominated” quasars). This dill remains true,
but the availability of high-quality profiles has reveded that many radio-
quiet quasars also have displacel pedks. Osterbrock & Shuder (1982 and
Stirpe (1990 give goodsamples of profiles. These ae particularly valuable
becaise of the caeful subtracion d narrow lines, and in case of Stirpe
(1990, of Fe Il emisson and the stellar continuum as well. | have visually
classfied the profiles in the Stirpe dlas into “no dsplacel pe&”, “single
displacal pe&” and “doulde displacad peak”. If adisplacal peak has a small
displacement it will appea only as an infledion onthe side of the central
pesk unlessit isvery strong If it is very strong the line pea will be shifted
from the systemic redshift of the host galaxy. | therefore identified such
infledions as displacal pe&ks. | summarize the results in the table 1 (the
Osterbrock & Shuder 1982 spectra are consistent with these results).

Table 1. Statistics of displaced emission lines in radio-quiet quasars.

Profile Type Percentage

No obvious displaced peaks 40%

Single displaced peak 25%
Two displaced peaks 35%
Blue peak strongest 29%
Red peak strongest 25%
Peaks approximately equal 6%

The most striking thing in this table is the high percentage of displaced
pedks. This is particularly so since the percentage of displaced peaks must
have been uncerestimated, possbly by a lot. Displacad pegs vary. For
example, Mrk 6 (not a member of the Stirpe sample) shows no dsplaced



pe&k when it is in a low state, but when it is bright it has a dea singe
blueward-displacad peak (see Rosenblait et al. 1994 figure 14). The
percentages of displaced peaks would also certainly be slightly higher still i f
my seach had been condwcted by subtrading df an appropriate central pegk
or subtrading spedra taken at different epochs. Likewise, such analyses
would reved more seand peaks in the objeds that are aurrently classfied as
only having single displaceal pe&s. The other thingto ndicefrom table 1 is
that the percentages of blue and red pedks are @ou the same. The excessof
blue pe&s is nat statisticdly significant, but models invoking aganized
bulk motions to explain the displacal peaks predict that the blue peaks will
be slightly stronger because of relativistic effects (see Mathews 1982).

Eradeous & Halpern (1999 have undertaken a useful large survey of
radio-loud quasars. Their motive was to seach for quasars with emisson
lines that might have aisen from adisk, but their sample can be used to look
at the statistics of displacal emisson line peaks. Unfortunately, unlike Stirpe
(1992, they do nd report HB as well, nor do they subtrad the narrow
emisson lines (the [N 1] lines are particularly bathersome), and they only
show starlight subtraded profiles for quasars which they considered “disk-
like”. This makes their survey a little less ®nsitive to displacad pedks than
the Stirpe dlas. | classfied the Eradeous & Halpern spedrain the same way
as the Stirpe spedra. | excluded a few spedra from the sample because they
were not clasdfiable. This was either because of the strength of [N II]
emisson, the narrowness of Ha, or a poa signal to ndse ratio. The
remaining spectra give the following statistics:

Table 2. Statistics of displaced emission lines in radio-loud quasars.

Profile Type Percentage

No obvious displaced peaks 30%

Single displaced peak 32%
Two displaced peaks 38%
Blue peak strongest 26%
Red peak strongest 28%

Peaks approximately equal 16%

The first thing to ndice from this table is the higher percentage of
displacal peaks. This is particularly significant in light of the careds just
given. What is nat clea from table 2 is that the displacad pe&ks are dso



more obvious and spedaaular. Although most of the spedaaular cases of
displacal broad-line peak oljeds are strong extended radio sources, not all
are (this contrary to what Eradeous & Halpern 1994state). IC 432A is a
clea counter-example (Disney 1973. IC 4329 has a strong red dsplaced
pedk at a Az of +2000 kn s, but IC 4329 is nat a strong radio source’,
The secondthing to naice from table 2 is that apart from the higher overall
percentages, the ratio of occurrence of blue to red ped&ks is again
approximately equal®>. As was noted for the radio-quiet objeds, the
percentages of displacad pedks given in table 2 must be underestimates
becaise of variability. Pictor A is a good illustration d this. If it were
clasdfied using the 1983 spedrum of Filippenko (1985, it would be
clasdfied as having no obwous displacad peas, but the 1994 spedrum
taken by Halpern and Eradeous (1994 shows clea doule displacel pe&ks.
It is important to remember, when considering profile dassficaion, that
esentialy al quasars vary and the prototypicd objed, 3C 3903 itself, could
be placa in any of the cdegories in table 2 depending on when the
observation was made!

3C 3903 oljeds cover arangein ogicd luminasity running al the way
upto high-luminosity objeds. OX 169with Ma,s = —24.7 (for H, = 50 km s*
Mpc™) is a high-luminasity example (Gaskell 1981). A couge of seledion
effeds are expeded to be working against deteding hgh-luminosity 3C
390.3 oljeds. Because they are rare, high-luminosity quasars are nat seen
neaby. They therefore have high redshifts and ony the rest-frame UV lines
arereaily seen. The difficultiesin deteding dsplacel peaksin the UV lines
(see2.11) make the detedion d high-redshift 3C 390.3 olgeds difficult, but
they do exist. PKS 0119046 (z = 1.953 Mabs = —-285) has a narrow
comporent to Ly a. Ly a and C IV have broad peaks blueshifted by —3000
km s relative to the narrow peeks (Gaskell 19833). This could be an
extreme example of the high ionizaion Hueshifting effed (Gaskell 1982,
but the relative velocity is more @nsistent with PKS 0119-046 lkeing a 3C
390.3 object.

Although & 3903 oljeds tend to be lobe-dominated quesars, there ae
exceptions. OX 169 for example, is core dominated. As Eradeous &
Halpern (1994 point out, 3C 390.3 oljeds fall into bah Fanaroff & Riley
classes and they “have no special characteristics in the radio-band that would
distinguish them from typical broad-line radio galaxies.”

* IC 432A does however have a ompad core with a lumincsity that places it at the
upper end of the Seyfert galaxy radio luminosity function (Giuricin et al. 1990a).

® Eradeous & Halpern (1994 themselves identify a lower number of displacal peaks,
becaise their motivation is fitting them with their disk model. Eradeous & Halpern
mention an excessof dominant blue pe&ks but thisis only the cae when orly the doude
displacal pe&k objeds are mwnsidered. If we cnsider the single displacal pes&k obeds as
well, the numbers of red and blue dominant peaks are the same.



4. Widths of Emission Lines

3C 3903 oljeds have long keen naed for their very broad lines (e.g., Lynds
1968 Osterbrock, Koski & Philli ps 1975 1976. It is also well known that
lobe-dominated radio-loud quasars have broader lines than core-dominated
or radio quet ones (Miley & Miller 1979. There is goodevidence that this
Is an aientation effed (Wills & Browne 1986. However, | want to show
here that the width of lines in 3C 390.3 olgeds is nat just a result of their
prediledion for radio-loud quasars. This can be seen if we look at the
median line widths of Ha in the two radio-loud and radio-quiet quasar
samples considered abowve (see table 3). From table 3 it is obvious that
regardless of whether there are strong radio jets or not, the displacead-pesk
guasars have wider lines.

Note the progresson from no dsplaceal pe&k to single displacel pe&k to
doule pe&s. It is important to nde that most of the differences in line
width can be acouned for by the velocity shifts of the displaced peaks
themselves. For the radio-quiet objeds a typica shift is about 1250 km s™.
Thus the FWHM goes from 2150 km s* when no e is present to 2150+
1250= 3700 km s when ore displacel pesk is a1 andto 2150+ 1250+
1250= 4650 km s when two are seen. The separations are larger for the
broader line objeds. Average increases of 2650 kn s will similarly explain
increases in both the FWHM and FWZI in the radio-loud sample.

Table 3. Median FWHM and FWZI (km3) of Ha for different profile types.

Radio-quieRadio-loud Radio-loud
FWHM FWHM FWZI

No obvious displaced peak 2150 4300 17800
Single displaced peak 3400 5000 19800
Double displaced peaks 4700 9800 12900
5. Models

In this sdion | review the main models proposed to explain 3C 3903
objeds. But first, one amnsensus shoud be noted: everybody agrees that the



central ped&k is due to a separate mmporent of gas that is probably somewhat
further out than the gas producing the displaceal pe&ks. Thisis because of the
differing line ratios and lack of variability. | believe that this gas is the
“intermediate line region” of Wills et al. (1993 and Brotherton et al. (1994).
| discuss this further in section 6.8.

5.1 Obscur ation Effects

Capriotti et a. (1979 and Ferland, Netzer & Shields (1979 suggested very
asymmetric profiles were the result of obscuration and radial motion.
Although goodits can be obtained to some lines (see Capriotti et al. 1979
the problem with this explanation is that blue and red asymmetries are
equally prevalent (seesedion 3. The model isin the unsatisfadory situation
of requiring BLR inflow in some objeds but outflow in ahers (Gaskell
1983b).

5.2 Self-Absor ption

A number of quasars ow intrinsic adsorption line systems with redshifts
close to the emissonline redshift (e.g., NGC 4151, Anderson 1973. A
number of people suggested that the dips in the profiles of 3C 390.3 ojeds
are due to self-absorption (e.g., Boksenberg & Netzer 1977 Smith 1980.
UV studies have shown that when there is such absorption, it is quite narrow
and daes not produce the broad gentle dips sen in 3C 390.3 ohjeds. Also,
self-absorption is usualy on the blue side of an emisson line so it is an
unlikely explanation d the very redshifted displaced peaks. Nonetheless the
role of self-absorption shoud na be forgotten since it does occur to some
degree(see for example, the HB3 and C 1V profiles in NGC 3516 Wanders
et al. 1993)

5.3 Light Echo Effects

Capriotti et al. (1982 suggested that displaced BLR pe&ks were the result of
pulses of the phaoionizing continuum in an ordered BLR velocity field.
While such a model can fit some lines, the light travel times acdossBLRs are
now known to be much too small by more than an order of magnitude
(Gaskell & Sparke 1986 for this ideato be tenable. The wavelengths of
displaceal pess do nd vary on a timescde a& ot as the light-crossng
timescale (Gaskell 1983Db).



5.4 Ejection of Clumps of BLR Material from the Central Engine

This was the first explanation d displacad pe&ks offered (Burbidge &
Burbidge 1972 Osterbrock, Koski & Phillips 1975. The ideais attradive
because radio-emitting dasmais clealy geded in the jets and we seebroad
blueshifted UV absorption lines in some radio-quiet quasars. Bi-conicd
gedion was suggested for 3C 3903 itself by Oke (1987 and explored in
detail by Zheng, Binette & Sulentic (1990 and Zheng, Vellleux & Grandi
(1991). The latter were &le to oltain goodfits to a mupe of epochs’. The
main problem with the jet model (Oke 1987, Gaskell 19880 is that it is the
opposite of what is expeded in unfied models. Core-dominated sources
(where the jet is coming towards us) would be expeded always to show
strong dsplacel pegs while lobe-dominated sources where the jet is at an
angle to the line of sight would show smaller shifts of the pegs. As we have
noted above, some of the most spedaaular cases are in lobe-dominated
quasars. Unified models therefore imply that the bulk motions producing
displaced peaks are in the plapgependicular to the jet axis.

Unfortunately, a large number of variability studies of quasars show that
the net motion d BLR gasis not a simple outflow (Gaskell 1988, Koratkar
& Gaskell 1989 1991a, Crenshaw & Bladkwell 1990 Maoz & al. 199],
Korista @ al. 1995’. These studies al show that in the majority of cases, if
anything, there is a slight net inflow, because the redshifted C IV wing tends
to lead the blue wing slightly (see also Done & Krolik 1996).

Bi-conicd outflow models also have difficulty explaining why there ae
so many single displacad pea&k ohjeds (espedally when the ped is on the
red side).

5.5 Anisotropic Illumination of the BLR Gas

Zheng, Veilleux & Grand (1991) also mention the posshility that doulde
pe&ks could be produced by anisotropic illumination d the BLR (a
“seachlight”). This aso requires net inflow or outflow of the BLR. Thereis
now some evidence that the ionizing radiation is confined to a wide conicd
beam as it ill uminates the BLR in at least one objed (NGC 5548 Wanders
et a. 1995. Goad et al (1996 show that doude-pedked profiles arise when
the observer lies outside this cone. The further the observer is outside the
cone the more doule peaked the lines appea and the weaker the continuum
bemmes. It is not clea yet whether a satisfadory fit to the profiles of the

® However, everybody always gets goodfits to the line profiles! The ability to reproduce
the profiles is unfortunately not a way to distinguish between models.
’ For a possible way of reconciling these observations with outflow see Kundt (1988).



extreme 3C 3903 oljeds can be obtained with parameters that are
consistent with the observed slight inflows (since the variability studies
imply that the dominant motion is not pure inflow). The model also has to
explain the smoath shift in wavelength of the blue pea in 3C 3903 (see
figure 1 below).

5.6 Accretion Disk Models

Since quasars often show a dea axis of symmetry (the line the jets emerge
along something in the inner region is rotating, probably the central engine
itself. Not surprisingly, as Mathews (1982 puts it, “Rotational energy
production and acaetion dsks as explanations of broad emisson lines have
been regarded as possbilities snce the ealiest quasar literature (Woltjer
1959 Lynden-Bell 1969.” He gives an already qute longlist of papers up
to 1981that give models employing rotational broadening and mentions that
there ae “numerous other studies’ in which favorable dlusions to the
posshility appea. Now, 14 yeas later, the list would be many times longer
and | will not attempt to gve one. The interested reader is referred to Colli n-
Souffrin et al. (1988, Collin & Dumont (1989, Dumont & Joly 1992 and
Rokaki (1994 for theoreticad arguments in favor of line enisson from disks
and further references. Mathews (1982 cdculates theoreticd profiles from
disks and concludes for a variety of reasons that “rotation is an extremely
unlikely means of produwcing kroad emisdon lines’. One of Mathews's
biggest arguments is that quasar emisson line profiles do nd resemble those
expeded from disks. The redizaion abou five yeas later that quite a
number of quasars adually do show doulde-peaked profiles, or at least could
be made to show doulde profil es by suitable differencing o spedraled many
authors to propose that the displacad peeks were produced in dsks (Oke
1987, Alloin, Boisoon & Pelat 1988 Stirpe, de Bruyn & van Groningen
1988 Hapern & Filippenko 1988 and Perez @ a. 1988. There have
subsequently been a number of attempts to fit disk models to observations.
The largest attempt has been by Eracleous & Halpern (1994).
Gaskell (1988b) identified three problems with disk models:
1. Althoughfits can be obtained in some cases®, the ratio of peak
intensities is often na right (this point is also made by Sulentic &
a. 1990. Usualy only onre displaca ped is prominent, and in
many cases the other canna even be deteded (seetables 1 and 2
abowe). Also, abou 50% of the time it is the red pe& which is
strongest. As Eradeous & Halpern (1994 concede, these objeds
canna be explained by the simple disk model. These ae alarge
fradion o the displacad pea&k quasars. Eradeous & Halpern

8 See footnote 6.



suggest that the SMB model might be gpropriate for some of
these.

2. There is no retural explanation d the “normal” (“classc” or
“logarithmic”) line profile in the disk model.

3. Line variahbility rules out disks. This is the strongest argument
against disks. The continuum of quasars is e to vary and the
lines vary in resporse to the cntinuum changes (this is the whale
basis of the quasar reverberation mapping cottage industry!). If the
lines arise in a disk, and are ionized by a central source, then both
peaks must always vary up and down together. In general they do
not (Oke 1987 - seehis figure 1; Peterson, Korista & Cota 1987,
Miller & Peterson 1990 Velilleux & Zheng 1991- seetheir figure
2¢)°. A disk model which fits at one goch will nat fit at another
epoch! Even if a disk model can be made to fit at more than ore
epoch, an unphyica change of parameters might be needed (e.g.,
in the inclination of the disk).

In order to circumvent the first of these problems Zheng, Veilleux &
Grandi (1991) modified the simple disk model to include a ‘hat spot”. There
Is precalence from caadysmic variable stars for including such ha spots
(see Zheng et a. 1991). They ohtain satisfadory fits to two epochs of 3C
3903 in this manner’®. In a similar vein, Eradeous et a. (1995 introduced
highly elli pticd disks to get round poblem number one. They are ale to fit
some of their profiles that could na be fit with simple drcular disks', but |
think that both this model, and the Zheng et a (1991) one, are probably
already excluded by existing variability observations.

There are a couple of additional problems for disk models:

1. All disk models need to introduce an arbitrary broadening by some
additional mechanism.

2. Althoughthe fits to the two humps can be accetable, the disk
models do nd fit the high velocity wings, as Eradeous & Halpern
(1999 paint out (this is despite having 7 free parameters in the
circular disk model and 9 in the elliptical disk model).

3. The disk model makes very spedfic predictions of the percentage
poarization d the broad lines, the poarization pgaition angle
within the line, and the shape of the pdarized flux (Chen &
Halpern 1990. Unfortunately observations do nd confirm these
spedfic predictions (Antonuwcd, Hurt & Agd 1995. The
polarizaion olservations do, however, show that the wings are

® Some atthors have claimed that some profil e variations are mnsistent with a disk origin
however (Alloin, Boison & Pellat 1988 Stirpe, de Bruyn & van Groningen 1988 but
see also Marziani, Calvani & Sulentic 1992).

1% See footnote 6

1 Again, see footnote 6!



polarized and probably do arise in a region separate from the line
core (but this is the one point that almost all models agree upon!)

4. It is difficult to get a disk to emit lines. Most workers on this
model favor an external source of ionizaion shining a refleding
back onto the disk.

5.7 Supermassive Binary (SM B) M odel

Gaskell (19830 suggested that the displacead peaksin 3C 390.3 ojeds were
due to two separate BLRs ead with its associated central engine. The
asociated central engines are necessary becaise the BLRs will not survive
without them. The high dsplacement velocities of several thousand km s
are the projeded velocities as the engines orbit eath aher. The idea that
quasars consist of some sort of binary had been ariginally proposed by

Komberg (1968. In the late 1970s the discovery of jets from the galadic

stellar-massbhinary system SS433followed byradio observations siggesting

that the radio axes of some quasars woblde or precess(Ekers et al. 1978 led
to further consideration d the idea(Collins 1980 Begelman, Blandford, &

Rees 1980; Whitmire & Matese 1981).

There ae several ways a supermassve binary in the ceinter of a galaxy
coud form, but the most sure-fire one is through mergers (Blandford,
Begelman & Rees 1980 Roos 1981). Galaxy mergers are very common and
still going ontoday. A large fradion d galaxies, perhaps 50%, show at least
low-level quasar adivity, (see Ked 1985 for a review), so some sort of
central engine must be present. Also, even when there is no quesar adivity,
we seesigns of inadive supermassve objeds (e.g.,in M 31and M 32in the
loca group). Therefore many mergers must form supermassve binaries. As
two galaxies merge, the two nuclel will spiral together. This is beautifully
shown in the video of Barnes (1993. It is important to redize that this is
something common that is happening all the time. There can be no doub
that supermasdve binaries form. Indedd, if 3C 3903 oljeds eventually
prove not to be a onsequence of the formation d supermassve binaries, it
Is reasonable to ask, “whaite the consequences?”

The SMB model correctly predicts several things:

1. The BLR profiles. Because of its nonruniqueness profile fitting daes nat
“prove” the wrredaness of a model, but displacad pedks in dfference
spedra, where one hopes that the central stationary comporent has
cancdled ou, can be fit well with just a pair of Gaussans (six
parameters). Good examples can be seen in Akn 120(Alloin, Boison &
Pelat 1988 and Pictor A (Halpern & Filippenko 1994. In bah of these
cases, a disk model is a poa-fit, even for i = 9C°. This is becaise the
disk models do nd reproducethe lack of emisson between the peaks. For



Pictor A, the two Gaussan-like comporents in the difference spedrum
are well separated. Roughy equal pe&ks, as in the cae of Pictor A are
not the rule. The red pe&k in the Alloin, Boison & Pelat (1988
difference spedrum of Akn 120is 50% stronger than the blue pe&. The
Wamsteker et al. (1985 difference spedrum of Fairal 9 in the ealy
1980s is flat apart from one gproximately Gaussan, well-defined, red
displacal peak. The NGC 5548 dfference spedra from the mid-1980s
are flat apart from a similarly well-defined pe& to the blue (Peterson,
Korista & Cota 1987).

. The velocities seen. An SMB is most likely only to be seen in a limited
velocity range because there ae natural lower and upger limits to the
orbital velocity (Gaskell 19830). The initial merger takes place on the
dynamicd time-scde and the orbit decays fairly rapidly becaise of tidal
friction (Begelman, Blandford & Rees 1980. Again, this is well
ill ustrated in the Barnes (1993 video. Althoughwe do see afew cases of
mergers of quasars in progress(such as Abell 400, Mrk 78 and Mrk 266),
we exped them to be rare, smply becaise they happen so quckly. As the
orbital velocity of the binary goes up, the Rutherford gravitational cross
sedion gaes down and the rate of evolution ceaeases (Begelman,
Blandford & Rees 1980. The timescde will i ncrease when the orbital
velocity exceals the stell ar velocity dispersion (afew hunded km s ™), so
this is a natural lower limit to the orbital velocity of observed SMBs
(Gaskell 1983h. At high welocities, gravitational radiation causes rapid
decg of the orbit when the speed starts to become relativistic (Begelman,
Blandford & Rees 1980. This causes a natural upper limit to the orbital
velocity of a few percent of the speed of light (Gaskell 1983b).

. There are only two displaced peaks at most (Gaskell 19830. Multiple
mergers are possble, but threebody systems are unstable except in
certain particular cases. One or more cmporents will be geded from the
galaxy via the “gravitational slingshat” medanism (Saslaw, Valtonen &
Aarseth 1974 Makino & Ebisuzaki 1994. Any stable hierarchicd
systems (supermassve analogs of a Geminorum etc.) which doform will
have relatively short lifetimes because of gravitational radiation.

. The peaks can be of very different brightness. Since the luminasity of the
BLR correlates well with the luminosity of the central engine (Yee198Q
Shuder 1981), and the luminosity of the central engine correlates with its
mass (Koratkar & Gaskell 1991b and references therein), the model
predicts that when the average luminosities of the two comporents are
unequal, the brightest component will have the smallest velocity shift.
. The two peaks will vary independently in brightness because they have
independent continuum sources. This eams to be the cae in every 3C
3903 ojed seento vary so far (Wamsteker et al. 1985 Peterson, Korista
& Cota 1987 Miller & Peterson 1990 Vellleux & Zheng 1991 Marziani



et a. 1993. Each BLR will vary with its continuum. We will see the
combined effeds. The most variable cmporent, in the &solute sense
(which is probably also the brightest one) will dominate the observed
continuum variability. Only onre of the two peaks will be observed to
follow the continuum. This is obviously the cae for 3C 3903 (Velll eux
& Zheng 199" and hes also been claimed for NGC 5548 (Peterson,
Korista & Cota 1987).

6. There will be smooth radial velocity changes. Gaskell (1983 estimated
that orbital periods would be of the order of centuries and therefore that
radial velocity changes could be detedable in a few decales. Although
Halpern & Filippenko (1988 claimed that the ladk of a radial velocity
change in Arp 1028 ruled ou the SMB model, Veilleux & Zheng (1991])
reported what seamed to be ashift in the wavelength of the blue peak in
3C 3903 in Lick Observatory spedra taken by D.E. Osterbrock, J.S.
Mill er and their collaborators. Marziani et al. (1993 report a variation o
the displacament of the pea of HB in OQ 208 with luminosity (rather
than with time). | believe this is not a red effed but the result of the
blending d two comporents. My analysis of over two decales of 3C
3903 data (see figure 1) shows that there is indead a very clea and
convincing radial velocity curve (Gaskell 1995. This is compatible with
the period d afew centuries predicted by Gaskell (19831. The wea&kness
of the Filippenko & Halpern (1988) argument is the assumed total mass.

6. Discussion
6.1 System Parametersfor 3C 390.3

The radia-velocity curve for 3C 3903 (Gaskell 1995- seefigure 1) allows
the derivation d a number of parameters. The minimum orbital period that
provides an accetable fit to the arve is 210 y, with 300 y being more
likely (x* = 0.8 per degree of freedom; see Gaskell 1995 for details). This
gives a projeaded maximum velocity (v sin i) of 5340 kn s, It is probably
safe to asume that the orbits have been circularized. The synchrotron self-
Compton model and relativistic beaming considerations give an estimate of
I, the inclination o the 3C 3903 jets to the line of sight (Ghisellini et al.
1993. Theratio of opticd to radio core flux suppats such estimates (Will s
& Brotherton 1995 Wills 1996). For 3C 3903, Ghisdllini et al. get i ~ 29"
This gives a true orbital velocity of 11,000 k. §he minimum radius of

2 The plot of the ratio of fluxes of the blue and red pesks versus time looks snocther
than either individual light curve. | think the smocthness is becaise the erors of
cdibrating the fluxes in the standard way with resped to the narrow-line region lines
cancel out when the ratio is taken.



Fig. 1 Radial-velocity curve for the blue displacel broad peak of HB in 3C 390.3.
The aurves are for periods of 210 yr, 300 yr and an infinite period (from Gaskell
1995).

the orbit is therefore & least one light-yea. Theratio of displacaments of the
peaks is 2:1 so the minimum masses of the two central engines are 4.4 x 10
and 22 x 10 solar masses. These ae slightly higher than the masspredicted
by the Koratkar & Gaskell (19918 massluminaosity relationship, but in good
agreement with the more relisble estimate of 2.4 x 10 solar masses, from
HST observations, for the massof the CE in M 87 (Ford et al. 1994. They
are dso consistent with masses of remnants deduced from quasar courts
(Soltan 1989 and the masses of 10° solar masses for the dark central objeds
in M 104 (Kormendy 1988) and NGC 3115 (Kormendy & Richstone 1992).

The spin axes of the cantral engines will undergo geodetic precesson.
We can derive the minimum precesson period from the derived masses and
orbital size Equation 8 d Begelman, Blandford & Rees (1980 gives a
period of 4 x 10yrs.

For a given arbital velocity, the radius of the orbit and the period will
both vary linealy with the sum of the masses. On the other hand, for orbits
of approximately the same size, the period will i ncrease with the square roat
of the masswhile the orbital velocity will deaease with the square root of
the mass Since the observed separations of pe&s are similar, we would



exped the less luminous urces to show the most rapid radial velocity
changes, if they do indeed have lower central-engine masses.

Note that the size and massdeduced are the same in a disk plus hot-spot
model.

6.2 BLR Kinematics

Aswas pointed ou by the late Michad V. Penston, if BLR cloud motions
are gravity dominated, a supermassve binary does not give aline profil e that
Is smply the sum of the profiles aroundtwo separate central engines. Thisis
because the low-velocity gas in the peks would have to arise from far out
(seefoatnote 3 of Cheng, Halpern & Fili ppenko 1989. If the SMB model is
corred, it has important implications for BLR cloud motions: they have to be
sub-virial. Since nongravitational forces such as radiation pesure and
winds are drealy knawvn to be significant (indeed, they are the dominant
forcefor broad absorption line douds in gquasars), thisis nat unreasonable. If
we ignae drag forces, ignare the extended massdistribution d the stars, and
consider only radiation pressure in addition to gravity, the douds will be
subed to a net inverse-square law force which is less than the force of
gravity. The velocities at a given dstance will therefore be lower than the
virial velocities. The masses Koratkar & Gaskell (19910 derived from BLR
cloud motions will be too small. Mathews (1993 has gore further and
included the dfeds of drag forces. He shows that masses have been
underestimated by factors of ~-1D.

6.3 Implicationsfor Reverberation Mapping

The separation deduced for the comporents of 3C 3903 is not much gedaer
than the BLR sizes in comparable objeds (Koratkar & Gaskell 1991a,b; see
Peterson 1994for a recent review of the many new results), so, while eat
comporent of the BLR will be dominated by the variations of its
correspondng central engine, the light from the brightest one may well
strondy influence the BLR of the other. Thus, when a 3C 390.3 olged goes
into a “low state” (i.e., the brightest continuum source fades), both BLR
comporents could fade, but the time delay will be different. The behavior of
3C 390.3, as reported by Veilleux & Zheng (1991), is consistent with this.

6.3 Jet Structure

Curving radio jets, the motivation d Begelman, Blandford & Rees (1980 to
propose SMBs, continue to provide strong suppat for the idea (Hunstea et
a 1984 Roos 1988 Roos, Kaastra & Hummel 1993 Cornway & Murphy



1993 Conway & Wrobel 1995. Any reader in doult abou precessng radio
jets in quesars is referred to the beautiful radio maps of the PKS 2300189
jets (Hunstead et al. 1984™. To qude Begelman, Blandford & Reses, “..the
massve binary seansto be the only way to set this [quasar jet precesson] in
a dynamica context”. Precesang quasar jets are common. Hutchings, Price
& Gower (1988 estimate that 30% of jet sources $ow evidence for
precesson. There is aso at least one good example of helicd optical
emisson, NGC 3516 (Velill eux, Tully & Bland-Hawthorn 1993, which also
has a clear single displaced BLR emission-line peak (Wanders et al. 1993).

The determination d a precesson period from jet structure is difficult,
but there ae many estimates in the literature. These ae derived by fitting
precesang jet models to helicd structure in radio maps. References for more
than a dozen can be found in Roos (1988 and Lu (1990. They find a
correlation hetween the precesson period and the radio and ogicd
lumingsities. | believe, however, that the seledion effeds in this ned
careful consideration.

Begelman, Blandford & Rees (1980 give formulae for the orbital and
precesson periods in the SMB model. As noted abowve, the minimum
precesson period for 3C 3903, based on the parameters derived from the
opticad observations, is typicd of precesson periods deduced from radio
maps. The precesson periods are, of course, much longer than orbital
periods. It isinteresting that the shortest precession periods, as deduced from
radio maps (for 3C 273and 3C 345 are ~ 10° yrs — only slightly longer than
the orbital period | get for 3C 390.3 from its radial-velocity curve. If these
short precesson periods are arred, then very rapid orbital motion might be
seen in the opticd spedra — perhaps on atimescde of only ayea. This, and
the usual temporal undersampling d quasar spedra, could produce some of
the changes seen in some line profiles.

Before too much comparison d the radio and opicd results is caried
out, one shoud nde that some caition is necessary in comparing samples.
This is because different seledion effeds are & work in the two cases. Only
motion with a long period produces obvious changes in jets. Only rapid
motion prodwces reaily separated line peaks in opticd spedra. Precessonis
most obvious in jets close to ou line of sight; orbital motion will be most
obvious when jets are in the plane of the sky.

6.4 VLBI Cores
At least some SMBs doudd produce doulde radio cores. It shoud be

remembered that the majority of quasars are not radio-loud, so the dances
are that only one of the central engines will be astrong radio source The

13 Optical spectra of PKS 2300-189 show double displaced peaks.



unambiguows cases of doule radio cores have fairly wide projeded
separations. Abell 400 cD = 3C 75 (Owen et a. 1985 and Mrk 266
(Mazzaella @ a. 1988 both have separations of 8 kpc; NGC 3256 fas a
projeded separation d 1.4 kpc. The nuclel in these sources are dso rougHy
equal in lumineosity, so some seledion effed isgoing on There will be many
more caes of unequal radio luminosities. These ae ather lost becaise of
limited dyramic range or written of as “badkground sources. The three
doulde oores just mentioned must represent the ealy stages of mergers. By
contrast, the binaries ®leded by opticd spedroscopy will have separations
of 1 pc (or less for the lowest masscases). Some of these could pasbly be
detected with VLBI.

Doulde VLBI cores $oud be farly rare. Radio-loud guesars are a
minority of quasars. Radio core amisson is aso believed to be highly
anisotropic because of relativistic beaming. We docse to observe radio
cores becaise & least one of the central engines is radio-loud Even if both
members of the binary are radio-loud, chances are that the other one will nat
be beamed in ou diredion. Since VLBI maps have limited dyramic range,
many weak emisson feaures currently written-off as “noise” could prove to
be second central engines. Radio-loudress probably also ony has a limited
lifetime, so both central engines might not be radio-loud at the same time.

The “clasgc” symmetric parsecscde doulde with equal strength “mini-
lobes” (see Conway et al. 1994 for a recent description d parsecscde
douldes) amost cetainly has nothing to do with SMBs. Most of the
asymmetric ones are probably also urrelated. However, a binary radio core
Is one posdble explanation d the unusual VLBI structure of the displaced
BLR pe& quasar 4C 39.25. VLBI maps of 4C 39.25 show both stationary
comporents and superluminal motion (Shaffer et al. 1987 Alberdi et al.
1993).

There is no case known of active doulde kpc-scde jets coming from
separate cres with parsecscae separation (the beautiful pairs of jetsin 3C
75 start at least 8 kpc goart). There ae several possble explanations of this.
Perhaps they exist but are rare and we have simply na found @ recognzed a
case yet. Perhaps the separate jets merge into ore under the guiding d the
combined magnetic field structure. The existence of misdireded “fosdl j ets”
(see next sedion) suggests that perhaps pairs of jets from doulde cores are
rare and that we might have just missed them.

6.5 Fossi| Jets

In their maps of the kpc-scde structure of some bright FR 1l sources, Bladk
et al. (1992 point out some caes where there have been “drastic changes of
orientation in the past 10° yrs.” 3C 2231 and 3C 403 are good examples.
These remarkable dianges of orientation are nat possble from a single



masgve rotating ohed. There ae, however, two passble ways of getting
such changes in the SMB model. The first is for the two comporents in an
SMB to have differently oriented rotation axes. The first one amits a jet
aong its axis for some period d time and then the other emits a jet much
later. The second pasbility is for the jet to be amitted by just the most
masdve engine in the binary. When the members of the binary finally
coalesce there can be an abrupt change in rotation axis.

6.6 Mergers

It has been know for a long time that quasar host galaxies have undergore
interadions and mergers (seg for example, the review by Hutchings, 1983.
Since SMBs probably arise from mergers, shoud we eped to see more
signs of interadions around ¥ 390.3 oljeds compared with non3C 390.3
quasars? This is a question worth investigating. It is aready known that
Seyferts which show greaer signs of interadions have stronger radio-cores
and total radio-power than Seyferts showing less $gns of interadion
(Giuricin et a. 1990h. In dang this ort of comparison it shoud be
remembered that SMBs can last a Hublde time. A recent interadion might
only have recently fueled an SMB that actually formed much earlier.

Mere interadion d systems alone enhances adivity, as does the presence
of a dose mmpanion. Some quasars are isolated and undsturbed. Even in
these caes, however, a merger might have taken place with a small
companion galaxy (Gaskell 1985. Thisis very possble because of the shea
numbers of such galaxies. Since dwarf galaxies can also have massve
central objeds (e.g., M32 - Tonry 1987, even an encourter with a small
galaxy could produce a SMB.

6.7 Orientation Effects

The ratio o radio-core to radio-lobe flux density (R) is a well-established
indicator of the orientation d the spin axis of a quasar’s central engine to the
line of sight (see Antonucd 1993 1996 Wills 1996. Wills & Brotherton
(1995 have shown that the ratio o fluxes from the radio and ogicd cores
(Ry) is an even better indicator of orientation (see &so Wills 1996. Wills &
Browne (1986 established that there is a strong correlation between line
width and R. The wrrelations with Ry, are even stronger (Brotherton 1995.
These oorrelations imply that BLR motions are perpendicular to the jet axis.
Wills & Browne (1986 interpret this in terms of a disk model of the BLR
but it is also consistent with SMBs being resporsible for the extra
broadening in the nonfaceon guesars. Indead the Wills & Browne



correlation might be mostly due to the orbital motion of the SMBs. Whether
this is true or nat, clealy, the deficiency of 3C 3903 oljeds in core-
dominated sourcesis an orientation effed. As already discussed in sedion 2
the differences in continuum and NLR properties are naturally explained as
orientation effects.

While the unified pcture of core-dominated versus |lobe-dominated
quasars is well accepted, there is no such agreement over why some quasars
are radio-quiet. Nonetheless orientation effeds also play arole in the opticd
properties of radio-quiet quasars. Seyfert 1 galaxies (low-luminosity radio-
quiet quasars fhowing a BLR) are preferentially seen faceon, while Seyfert
2 galaxies (ones where only the extended NLR is sen) are not (Ked 1980.
There is goodevidence that at least some Seyfert 2's are quasars ®en from
the side. Imaging, spedropdarimetry and statistics show that there is an
“ionization-cone” with an opening angle of 30 — 60° (see Antonucd 1993.
Because of the seledion has towards objeds with a strong UV excess most
radio-quiet quasars are probably ones oriented so that the observer is inside
that cone. This explains the simil ariti es between the optica spedra of core-
dominated radio-loud quasars and UV-excessseleded radio quet quasars
(Baldwin, Wampler & Gaskell 1989. | hypahesize therefore that the reason
why the displacements of peaks in radio-quiet quasars are smaller than in
radio-loud quasars is primarily because of orientation effects, and is nat
something fundamental related to whether a quasar has a strong jet or not
(this is the oppasite of what | proposed in Gaskell 19830). Under this
hypahesis, we see the best cases of 3C 3903 oljeds in lobe-dominated
quasars becaise extended radio lobes are agoodway of finding quesars that
do not have their radio jets aimed at us.

Testing this hypahesis will be tricky since we do nd have a ©nvenient
orientation indicaor like R or R, available for radio-quiet quasars. The
hypahesis does leal to four predictions abou where the most spedaaular
cases of 3C 390.3 objects will be found:

1. They will be found among quasars with the broadest lines. This
has already been shown to be the case (see table 3).

2. They will be found among quasars with edge-on host galaxies. IC
432A provides suppat for this hypahesis snce it is one of the
most edge-on active galaxies known (De Zotti & Gaskell 1984).

3. They will be found among quasars with a steep Balmer decrement.
The Bamer deaement correlates with hcost galaxy orientation (De
Zotti & Gaskell 1984, but this is an additional chedk of the
orientation hypdhesis becaise the jet axis is not necessarily lined
up with the axis of rotation d the host galaxy. IC 4329 has a very
stegp Bamer deaement. For the radio-quiet quasars in the Stirpe
(1990 sample, the Bamer deaement for the quasars dhowing
single or doule displacal peas is indeal steger than for those



not showing such peeks™. The median Ha/HP ratios are 3.76 and
3.31 respedively. The one-tailed significance of the difference is
95%.
4. They will be found in quasars with steep optical spectra. A
quasar's UV excess also correlates with galaxy orientation
(Cheng, Danese & De Zotti 1983 De Zotti & Gaskell 1984).
Again, this will be an extra dvedk becaise the ais of the central
engine is not necessarily aligned with the galaxy.
Except for the second d these predictions, they al obviously hdd true
arealy for radio-loud 3C 3903 oljeds (the second des not hold because
the radio-loud quasars are mostly in elliptical or disturbed galaxies).

6.8 Polarization

The pdarizaion d the lines and continuum of quasars amost certainly
occurs in scatering eledrons or dust beyond the BLR. Since radio-quiet 3C
3903 quesars are predicted to have their axes inclined to the line of sight,
their broad lines shoud have higher pdarizaion onaverage than the lines of
non3C 390.3 guesars. In bah radio-loud and radio-quiet 3C 390.3 quesars,
the low-velocity core will probably have alower pdarizaion since it is
believed to come from further out. This is not a unique prediction d the
SMB model. Since, in the SMB model the two peas come from slightly
different places it is possble that the pdarizaions will differ slightly, but
this depends on the size of the scatering region. As already mentioned,
Antonucd, Hurt & Agd (1999 have found significant line pdarizaion in
3C 3903 itself. Their results are probably consistent with the predictions of
the SMB model.

6.9 Distribution of Extended L ow Velocity Gas

In conredion with the predictions of the orientation hypdhesis it is worth
noting that Simkin, Su & Schwarz (1980 found the FWZI of Hp to be
correlated with the inclination d the host galaxy while the FWHM of Hf3
was not (seetheir figure 4a). This neads confirming with a larger data set,
but the difference in the behavior of the FWZI and FWHM is easily
explained if we remember that there is always an undsplacel pesk due to
gas arroundng the system. The undsplacad pe& strondy influences the

4 One inexplicable result deserves mention. Three of the Stirpe quasars had urcertain
profile dassficaions and so were left out of this analysis. Curioudy, they al proved to
have the flattest Bamer deaements! Only one other classfied profile gproached them
in flatness of the decrement. The two-tailed significance of this is over 99.98%



FWHM; the FWZI is free of this influence The ladk of variation d the
width o the pea with inclination suggests that it has a more sphericdly
symmetric distribution.

Will s & Browne (1986 studied FWHM (Hf) versus R. In the SMB model
there ae two BLR comporents. the broad componrent associated with the
binary central engine and the narrower undsplaced comporent associated
with gas further out. The SMB model predicts that the broad comporent will
show the strongest correlation with aientation. Thus the FWZI, or
something similar, will show the strongest correlation with R. In table 6 of
Brotherton (1995 the significance of the arrelation d Ry (the best
orientation indicator) with the full width of H3 at the 75% level has a
Speaman rank correlation coefficient of 0.45 (99.9% significance). For the
full width of HP at the 25% level, a measure doser to the FWZI, the
correlation coefficient rises to 0.61 (99.999% significant). This grondy
confirms the ideathat it is the broad base which is orientation dependent.
Brotherton et a. (1994, from a study d objed-to-objed variations of UV
lines, identify two comporents. a “very broad line region” (VBLR), and an
“intermediate line region” (ILR). Brotherton (19995 also identifies this
comporent as the caise of objed-to-obed variations in HB. | believe the
unshifted peak in 3C 390.3 objects is the ILR.

6.10 Are All Quasars Binaries?

There ae cetainly quasars that do nd require binary central engines
(quasars with single unshifted peaks and nosigns of precesson d their jets),
but whether all quasars are binaries is a question worth exploring. The
fradion d quasars showing some sort of displacel pedk is arealy over 50%
(seetables 1 and 2. Sulentic (1989 foundthat 50% of broad Balmer lines
show a detedable displacenent with resped to the rest frame of their host
galaxies. My own (unpubished) study d radio-loud quasars gives an
identicd result. In bah cases the threshdd for detedion d motion is abou
200 km s . Faceon hinaries will not show doule displaced pesks and, even
if the system is inclined to the line of sight, there will be times in the orbit
when the system looks sngle lined. The latter will happen for 3C 390.3 itself
sometime in the yeas 2012 - 2029 If we make dlowance for orientation
effeds and lower the detedion threshold, the observed 50% implies that
essentially all BLRs are moving relative to their host galaxies. This is
particularly true when we onsider that seledion effeds lead to a
dispropationate number of both radio-loud and radio-quiet quasars being
face-on.

There is one alditional medhanism | shoud mention that could cause
modest motion relative to the host galaxy withou needing a binary. This is



the motion d galadic cores relative to the center of mass of the galaxy.
Miller & Smith (1992 discovered this in N-body simulations and they
il ustrate it in the movie acompanying their paper. The are of the galaxy
wanders arounderraticaly at a few hunded km s™ with a quasi-period o a
million yeas or more. It is easy to move the nucleus around kecause the
restoring forceis small (S.J. Aarseth, private communicaion). Any nwclea
motion will damp ou slowly becaise the damping time is long (S. D.
Tremaine, private ommunicaion). Many galaxies are observed to have off-
center nuclei (see Miller & Smith 1992 for references). The off-center
nucleus medhanism could be resporsible for the small velocity shifts e in
guasars while SMBs could be resporsible for the large shifts. If thisis the
case, | have overestimated the number of SMBs.

6.11 For mation and Evolution of SMBs

Since Begelman, Blandford & Rees (1980 and Roaos (1981) there has been a
lot of work on the formation and evolution d SMBs and the production d
gravitational radiation when they merge. Discusdng this is beyond the scope
of this paper, but | refer the interested reader to the review article by
Vatonen & Mikkola (199]) for a discusson d the “few-body poblem”
aspeds and to more recent work by Makino et a (1993, Zamir (1993, Xu
& Ostriker (1994, Makino & Ebisuzaki (1994 and Governato & Maraschi
(1994. This work confirms the essential detail s of the Begelman, Blandford
& Rees picture. Finaly, Wilson & Colbert (1995 have evoked the merger
of SMBs as apaossble explanation d radio-loudressradio-quietness In their
model, however, the radio-loud gquasars are the ones where the massve
objeds have merged to produce asingle central objed with greaer anguar
momentum. In some ways this is the opposite of the model discussed here.

6.12 The Binary — Jet Connection

If we oconsider the members of “the jet set”, the various classes of obeds
showing jets (for overviews, see Kund 1987 1996, they are dl binaries.
This is obvious for X-ray binaries, galadic superluminals, symbiotic stars
and SS433 Consideration d doule star statistics $iows that proto-stellar
jet sources will mostly be binaries. 53% of solar type stars in the field are
binaries (Duquennoy & Mayor 1991). Close binaries will already have
coalesced. Thisis borne out by studies of youngclusters. In these there is an
excess of short-period hnaries (seetheir figure 8b). Reipurth & Zinnedker
(1993 have caried ou a CCD seach for visual binaries among pe-main
sequence stars. They estimate binary frequencies of 60 - 90% (see their



figures 8a,b). Obviously the binary frequency is high in pre-main sequence
stars. There ae some protostellar objeds where doulde pairs of jets are seen,
but these ae very wide systems (the jets would na be resolved if they were
not). The general question d jet production in very close binaries neels to
be considered

If quasars with jets are dso hinaries then perhaps all jet sources are
binaries! Does this mean anything? Webelieve that galadic jet sources are
binaries becaise we nead the companion to provide the supdy of material
for the compad objed. It is normally though that a single central objed in
quasars can be fueled with no dfficulty, but Roos (1981, 1988 and
references therein) has discussed how a binary can enhance the fueling d a
central engine in a quasar. Perhaps many (all ?) quasars are binaries becaise
a binary has a high fueling rate. For quasars, the most spedaaular examples
of the 3C 3903 phenomenon have strong jets, but | have agued that this
could just be an arientation effed and nd necessarily anything related to jet
production.

7. Conclusions

| have agued that both opicd spedroscopy and radio olservations
independently give strong evidence for the eistence of supermassve
binaries in many a even al quasars. The main predictions of the
supermassve binary picture such as radial velocity variation and aientation
dependence sean to be borne out, but more work on many aspeds of the
picture is dill needed. The prodwction o supermassve binaries through
mergers is mething we know must have happened and, indeed, still is
happening. We need to understand the consequences.
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