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ABSTRACT

We extend our study of the Seyfert galaxy Markarian 78, focusing on the dynamics of the emission-line
region and the properties of the bipolar radio-emitting jet. New high dispersion STIS spectra at four slit
locations reveal a rich [OIII]λ5007 velocity field. We study three distinct regions: an inner western knot
(W-knot) of modest kinematic disturbance; an eastern fan-like region (E-fan) with widely split lines; an
outer western lobe (W-lobe) with multiple high-velocity components. The data support the basic picture
introduced in Paper I: the radio source interacts with ionized gas, accelerating and dispersing it.

We measure a number of (projected) properties: each region contains ∼ 106 M� of ionized gas with low
filling factor and high (∼ 50%) local covering factor; the regions’ crossing times confirm our suggestion
from Paper I of an increasing interaction age: W-knot is youngest (∼ 0.4 Myr), E-fan is intermediate
(∼ 4 Myr) and W-lobe is oldest (∼ 8 Myr). Energy within the regions is divided in the following
(relative) way: intercepted nuclear UV (×1000); emission line (×1000); kinetic (×1); relativistic (×1);
expansion (×1); and radio (×0.3). These confirm (a) that nuclear UV luminosity dominates the overall
energy budget; (b) that line emission is powered by nuclear UV radiation and not by shocks (as found
in Paper II); and (c) that acceleration of the ionized gas is probably associated with the radio source.
The pressure of the relativistic component nicely matches (a) that expected of the host galaxy ISM; (b)
the ionized gas, including an ∼ r−1 radial decrease; and (c) that needed to drive lobe expansion into
the ISM at the local [OIII] velocity. The high momentum of the ionized gas places strict limits on the
accelerating force: radiation pressure and internal (static) relativistic pressure are probably too weak
(by factors ∼ ×3), suggesting the need for a dynamical pressure to drive the ionized gas.

We next evaluate properties of the radio (jet) flow, using three important assumptions: (1) the jet
momentum flux (integrated over the region lifetime) can be estimated from the momentum of the ionized
gas; (2) the jet luminosity (integrated over the region lifetime) can be estimated from the energy stored
in the radio lobe; and (3) the radio lobe contains relativistic and thermal gas is rough pressure balance.
For each region we obtain similar properties for the jet flow: luminosity ∼ 1040.5 erg s−1; momentum
flux ∼ 1033.5 dyne; velocity ∼ 1−few times the ionized gas velocity; dynamical (ram) pressure a few
times the static (relativistic) pressure; particle density ∼ 0.1−5 cm−3; transonic Mach numbers ∼ 2−5;

temperature ∼ 106K; and Ṁ ∼ 0.1M� yr−1. Compared to radio loud AGN jets, our jet is weak,
slow, and dense, with its inertia and luminosity both dominated by the thermal component, not the
relativistic component. Nevertheless, we feel the jet’s properties are quite plausible: its ram pressure
can accelerate the ionized gas to the observed velocities; its density is consistent with entrained ISM; its
low Mach number confirms that entrainment is efficient, and accounts the overall FR-I morphology; its
synchrotron efficiency matches jets in other classes of AGN (Lj/Lrad ≈ 1−few %); and over the region
lifetime the jet’s thermal payload can provide the low density high filling factor phase of the radio lobes.

Our jet differs markedly from jets whose properties are derived assuming the emission lines are both
powered by and accelerated by fast radiative shocks. Such assumptions lead to a jet which has ∼ 103

times the power, ∼ 102 times the momentum flux, much higher velocity and temperature, and much
lower density and synchrotron efficiency. We argue that our starting assumptions are more plausible, as
are our derived jet properties.

Finally, we place constraints on the properties of the nuclear (sub-pc) jet by demanding that it have
the same momentum as the kpc-scale jet, at least as much power, and radio emission consistent with
the weak unresolved radio core. We find that neither pure relativistic nor pure thermal jets are viable
— it seems the jets of radio quiet AGN may be created with both thermal and relativistic components.
At this time, we cannot estimate their relative amounts.

Subject headings: ISM: jets and outflows — galaxies: individual (Mkn 78) — galaxies: jets — galaxies:
kinematics and dynamics — galaxies: Seyfert
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1. introduction

This is the third paper in a series on the Seyfert galaxy
Markarian 78. Our overall aim is to understand how bipo-
lar radio-emitting jet flows interact with the surrounding
ISM. Mkn 78 was chosen because it stood out in a survey
of Seyferts which had linear radio souces, as one of the
clearest examples of a jet-ISM interaction (Whittle et al.
1988). We hope, of course, that what we find in the case
of Mkn 78 is more widely true of AGN in general, at least
those classified as radio quiet (such as Seyferts).

In Paper I (Whittle & Wilson 2004) we constructed a
qualitative picture of the jet-gas interaction, drawing upon
continuu, emission line and radio images, as well as limited
spectroscopy. In Paper II (Whittle et al. 2004) we focussed
on the ionization mechanisms acting on the line-emitting
gas. Given recent interest in the possible importance
of shock related ionization, particularly in jet-dominated
AGN (e.g. Dopita & Sutherland 1995), we looked hard for
shock-related emission-line signatures, finding essentially
none. Instead, we confirmed the dominance of nuclear UV
photoionization, including the likely presence of both opti-
cally thin and thick gas, as suggested by Binette, Wilson,
& Storchi-Bergmann (1996). Our negative result in this
optimum case calls into question the importance of shock-
related ionization in other Seyferts, and possibly all AGN.
In this paper we attempt to combine all our observations
to construct a detailed physical picture of both the emis-
sion line regions and the jet flow. Given our result from
Paper II, however, we choose not to employ constraints
derived from shock physics in our analysis.

Previous work on the physical properties of jet flows in
radio quiet AGN has been quite limited. While a number
of studies consider how jets propagate into an emission
line region and interact with its clouds, most assume the
jet properties as an input, and explore the consequences.
Our aim is quite different. We are starting from an ob-
servational dataset and our intention is to derive the jet
properties from that dataset using, hopefully, plausible as-
sumptions. One of the few previous studies of this kind
was that of Bicknell et al. (1998), and we rely heavily on
that work and their approach. At the time of that study,
the importance of shocks was undecided, and they chose
to use shock physics to help constrain two fundamental jet
properties: the jet’s luminosity was taken to be roughly
equal to the emission line luminosity (since emission lines,
they assume, come from jet driven shocks); and the jet’s
momentum flux was derived assuming the emission line
Doppler velocities are roughly equal to the shock veloc-
ities arising from the jet’s impact on ionized gas clouds.
These assumptions yield high power, high momentum, low
density but fast jets.

While our approach follows that of Bicknell et al., we
make two very different assumptions when deriving the
jet’s luminosity and momentum flux. As we shall show,
this leads to a radically different kind of jet, one which is
much weaker, slower, and denser. We feel that this weaker
jet is more plausible, and its properties may signify one
of the key difference between radio loud and radio quiet
AGN. We also wish to encourage those building theoreti-
cal models to consider weaker but denser jets of the kind
derived here.

The layout of this paper is as follows: observations and

measurements (principally of the new STIS data) are given
in §2 and §3; a descriptive overview of the features iden-
tified is given in §4 together with a brief heuristic inter-
pretation; in §5 we begin evaluating a number of physical
properties of the line-emitting and radio-emitting regions,
and these properties are used in §6 to derive the properties
of the jet flow; in §7 we review our assumptions and com-
pare our results with those of Bicknell et al.; in §8 we try to
constrain the properties of the jet on much smaller scales;
in §9 we try to place our results into a broader frame-
work, drawing on other work in the area; finally in §10 we
itemize our conclusions. We also give two appendices: the
first gathers a wide range of simple relations that we use
throughout the paper; and the second presents a dispersed
but slitless STIS image of Mkn 78, and discusses the ad-
vantages and disadvantages of this kind of data compared
with slit data.

2. observations

The observational dataset we use in this paper was in-
troduced in Papers I and II, and these papers should be
consulted for more details. Briefly, HST images include a
high S/N ratio PC [OIII] line image, several lower S/N
ratio PC and FOC continuum images, two STIS CCD
wide band images, a STIS MAMA near UV image, a NIC-
MOS F160W image, and a deep 3.6cm VLA radio image.
HST spectra were acquired using both FOS and STIS. Our
FOS data included full optical coverage (G400H, G570H,
G780H: 3200 − 8000 Å) in five apertures, and more lim-
ited coverage (G570H: 4570 − 6820 Å) in a further five.
Our more recent STIS data includes full optical and UV
coverage (G140L, G430L, G430M, G750M) at four slit po-
sitions, three parallel to the radio axis and one diagonal
crossing the strongest features and the true (heavily red-
dened) nucleus. Figure 1 in Paper II shows all FOS and
STIS aperture locations, while Figures 6 in Paper I and
2 in Paper II show the full FOS and STIS datasets. Fig-
ure 1 is adapted from Paper I Figures 4 and 9 and shows
the VLA 3.6cm map (white contours) superposed on the
[OIII] HST image (black contours), with regions labelled
as in Paper I.

Of principal interest in the present paper is the high
dispersion G430M STIS dataset which spans the Hβ and
[OIII]λ4959, 5007 lines at 0.28 Å pix−1. Figure 2 shows
the continuum subtracted G430M data for the [OIII]λ5007
line for all four slits, with slit locations shown superposed
on the PC [OIII] image and VLA 3.6cm radio image to
the left and right of the spectra. As described in Paper
II, slit location was confirmed by comparing the flux dis-
tributions in the spectroscopic and imaging data. A brief
inspection of Figure 2 verifies that where a slit crosses an
[OIII] feature, a spectral feature is also seen.

3. dynamical measurements

To ascertain the all important dynamical properties
such as ionized gas momentum and kinetic energy, we need
to measure and combine a number of quantities. Mea-
surement of the basic parameters, including emission line
fluxes and kinematics, were described in §3 of Paper II.
Here we focus only on the quantities needed to evaluate the
dynamical parameters. Figures 3a− d show most of these
quantities as a series of sub-panels for each of the four slits.
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Note that all sub-panels in these plots are marked in arc-
seconds along the top and STIS pixels along the bottom,
with the position of the nucleus marked by the vertical
dotted line (STIS pixel 87.5 in our figures, pixel 600.5 in
the original data frames).

The top panel in each figure shows the slit position su-
perposed on the PC [OIII] image, while panel 2 shows the
STIS G430M spectral data for the λ5007 line. Panels 3 and
4 show the C80 and FWHM parameters measured from the
[OIII]λ5007 profile, which indicate the (projected) bulk ve-
locity and internal dispersion velocity of the ionized gas.
C80 is given relative to the systemic velocity (heliocentric
11052 km s−1 taken from a ground based extended rota-
tion curve; Whittle et al 1988). When more than one ve-
locity component is visible, each has been measured and
given a different symbol, with filled circle, open square,
and open circle going from low to high velocity. Panel
5 shows the extinction AV in magnitudes, while panel 6
shows the [SII]λ6731/6717 ratio with corresponding (log)
electron density scale on the right hand y-axis, with con-
version taken from Osterbrock (1989). The dashed lines
indicate the low and high density limits. Panel 7 shows
the [OIII]λ5007 flux in erg s−1 cm−2 pix−1 along the slit,
both before and after reddening corrections (with addi-
tional offset by ×10 for clarity). The Hβ flux distribution
(not shown) looks quite similar, though with larger error
bars.

From these observed quantities we derive several phys-
ical quantities. Using the (reddening corrected) Hβ lumi-
nosity and electron density we derive a surface mass den-
sity, in M� pc−2, which is shown in panel 8 (1 pixel covers
1275 pc2 or 0.0025 arcsec2). This is combined with the pro-
jected bulk velocity, C80, to yield a momentum, in dyne
sec pc−2, plotted in panel 9. Finally, panel 10 shows the
projected kinetic energy, in erg pc−2, where the velocity is
chosen to be the quadrature sum of the projected bulk ve-
locity, C80, and the velocity dispersion, σ =FWHM/2.36.
Simple relations for these and other important quantities
are given in Appendix A.

3.1. Error estimates

Error estimates for the measured quantities were de-
scribed in §3 of Paper II. Esimating errors for the de-
rived quantities is not straightforward, principally because
highly non-linear functions (e.g. reddening corrections us-
ing the Balmer decrement; electron density using the [SII]
ratio) prevent a simple propagation of error analysis. We
therefore adopted a Monte Carlo (bootstrap) method to
evaluate the errors. All derived quantities are evaluated
106 times, each time using input quantities chosen ran-
domly from Gaussian distributions whose means and sig-
mas correspond to the measurement values and errors. In
this way the distribution of the derived quantity is pro-
duced, and from its interpercentiles we estimate an equiv-
alent 2σ (95%) error. It is these errors which are plotted
in Figs 3 a−d.

While this method works very successfully for most
quantities, estimating electron density (and hence any
quantity which includes mass) encounters problems when
either the [SII] ratio or one of its error bars crosses the
low density limit (corresponding to about 100 cm−3). For-
mally, the density could be anything below this limit. In

practice, however, the corresponding mass cannot be ar-
bitrarily high, since at some point it fills all the available
volume. Reversing this constraint, we use unit filling fac-
tory to set a robust lower limit to the density and therefore
an upper limit to the mass. To define the volume one needs
to adopt a depth behind each pixel, which we take to be
350 pc, or about 0.′′5. In practice, these firm density limits
are rarely much below the [SII] limit.

4. results: overview

In Paper I our picture of the kpc-scale region of Mkn
78 was based mainly on a detailed morphological compar-
ison of the radio and emission line regions, together with
preliminary kinematic data from 10 FOS apertures. Here
we introduce our new high resolution STIS λ5007 spec-
tra, and use them to develop the dynamical picture more
fully, first heuristically (this section) and then quantita-
tively (§5). Fortunately, with one or two minor excep-
tions, our new results confirm and build on the scenario
developed in Paper I.

In what follows, we divide the whole area into three re-
gions (see Figure 1): (1) “W-knot”: the innermost western
region, which includes the bright [OIII] feature and inner
western radio ‘jet’; (2) “E-fan”: the bright eastern fan-like
complex, with associated radio feature; and (3) “W-lobe”:
the larger scale western region which includes several [OIII]
components and a more extended radio ‘lobe’. We sepa-
rate the regions in this way not just to help organize the
discussion but, as discussed in Paper I, because they may
also represent three stages in the development of a ra-
dio jet interacting with a denser cloud complex: (1) early
stage before significant disruption; (2) later stage as cloud
breakup and ablation ensue; (3) yet later stage when the
cloud complex has been destroyed and dispersed.

4.1. Nucleus and Inner Western Region

As noted in Paper I, the radio jet emerges due west,
bends to the WSW, and terminates in a weak lateral
extension. In the vicinity of this radio feature lies the
bright [OIII] LW−1 feature, suggesting a jet-gas interac-
tion. However, our single FOS aperture (located just south
of LW−1) indicated little disturbance, prompting our sug-
gestion that the interaction was too recent to have seri-
ously affected the cloud complex.

Our new STIS data help develop this picture somewhat.
First, it is useful to clarify the near-nuclear [OIII] flux dis-
tribution by applying reddening corrections: is LW−1 a
separate feature, or the outermost part of a larger region
hidden by the dust lane? Panel 7 in Figs 3a and 3d shows
the extinction rising across the dust lane (AV ∼ 3m − 5m)
yielding a corrected [OIII] flux of high intensity interior to
∼ 0.′′3. Although the outer boundary of LW−1 is genuine,
the inner boundary may not be — it appears in slit D but
not in slit A. Given the uncertainties in the (large) red-
dening corrections we choose to downplay the independent
existence of LW−1, and instead emphasize the close asso-
ciation of intense nuclear radio and [OIII] emission, with
both terminating approximately together ∼ 0.′′3−0.′′5 from
the nucleus.

If there is [OIII] emission along the length of the radio
jet, what is its kinematic state? Figure 4 shows this region
in more detail for slits A and D. There is a clear drop in
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Fig. 1.— Contours of the [OIII]λ5007 emission (black) and 3.6 cm radio emission (white), plotted to the same scale and registered. The
radio map replaces the nuclear region with the core-subtracted uniform weight data. Major features are labelled, as well as the three principal
regions which we study. See Paper I for more detailed versions of this figure.

linewidth and substructure moving away from the nucleus,
becoming a single narrow (FWHM ∼ 300 km s−1) profile
towards the end of the jet near LW−1 (confirming our FOS
measurement). More specifically, a 3−component Gaus-
sian fit reveals red and blue components flanking a central
component, with velocities dropping from ±270 km s−1

near the nucleus to ±150 km s−1 near the jet end (we
ignore the narrow component adjacent to the nucleus in
slit A since this is offset laterally from both the jet and
the nucleus). This indicates a modest interaction over the
brightest parts of the jet (behind the dust lane), becoming
essentially undetectable at the jet end near where it bends.

Our basic conclusion in Paper I was of little “damage”
to the LW−1 region compared to elsewhere in the NLR,
despite morphological signs of a strong jet-gas interaction
(the termination and flaring of the radio jet near LW−1).
This conclusion still holds — there is evidence for some
interaction between the radio jet and [OIII] emitting gas,
though the kinematic disturbance is modest and, at least
where visible (i.e. at LW−1), there has been little dis-
persal of the line emitting gas. The clearest indication of
the relative levels of disturbance near W-knot, E-fan and
W-lobe is seen in Figure 2: the LW−1 spectral features
in slits A and D are compact in both spatial and spectral
dimensions, certainly compared to the broad multicom-
ponent features seen elsewhere in the NLR. As argued in
Paper I, this points to a young interaction in the W-knot

region — either the jet has only been active for a short
time, or the gas has only entered its flow recently. We
estimate the relevant interaction timescale in §5.1.

One final note concerns the true nucleus, which is visi-
ble in red images and is located in the middle of the dust
lane, 0.′′34 East and 0.′′13 North of the peak of LW−1 (see
Paper I §3.7). Slit D passes across the nucleus and reveals
a relatively well defined emission feature spanning ∼ 3 pix
(FWHM ∼ 0.′′13 ≡ 95pc) with roughly symmetric velocity
profile centered on systemic with FWHM ∼ 390 km s−1

and flux 3.5 × 10−15 erg cm−2 s−1 (dereddened by AV ∼
3.8m to 1.15×10−13 erg cm−2 s−1; see Figures 2, 3d and 4).
We speculate that this is the “normal” NLR component,
which might be present in the absense of the radio source.
This is supported by the fact that the [OIII] linewidth falls
nicely on the “virial” correlations between [OIII] FWHM
and either bulge luminosity (MB,bulge ∼ −20.8, H◦ = 50
km s−1 Mpc−1 Whittle 1992a,b) or stellar velocity disper-
sion (FWHMstars = 406 ± 40 km s−1, Nelson & Whittle
1995, 1996). These relations apply for the majority of
Seyferts which don’t have relatively luminous linear radio
sources. Of course, the integrated [OIII] profile for Mkn
78 falls well off these relations since it has additional jet-
related line broadening.
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Fig. 2.— High dispersion (G430M) observations of the [OIII]λ5007 emission line from the four slits. The position of the slits is shown
overlaying the [OIII] image (left) and the 3.6 cm radio image (right, with uniform weight data in the core region). The spatial axes of all
datasets have been registered (including a compression for slit D), and the wavelength axis of the spectral data has been converted to velocity.
All grey scales are logarithmic.

4.2. Eastern Fan

As discussed in Paper I, the eastern fan region provides
perhaps the strongest morphological and kinematic evi-
dence for a jet-gas interaction in Mkn 78: (a) the region
has high surface brightness with upstream edge brighten-
ing and downstream flaring; (b) the radio source emerges
ENE from the nucleus and is deflected by ∼ 45◦ exactly at
the head of the [OIII] fan; (c) two ridges of emission start
near the radio source and point away from the nucleus;
and (d) ground based spectra (and our FOS aperture #9)
show high velocities in this area.

Our STIS data reveal the velocity field across the region
in much greater detail, and confirm the importance of jet-
related kinematics. All four slits cross the eastern fan and
show large amplitude (∼ 800−1200 km s−1) line splitting.
The line splitting starts fairly abruptly ∼ 0.′′4 (∼ 280 pc)
from the nucleus, near the small [OIII] feature LEm−a.
The brightest of the two components is redshifted with
approximately constant velocity (700− 800 km s−1) span-
ning ∼ 0.′′5− 1.′′0 (∼ 450 pc), while the weaker component
is blue shifted, from ∼ 0 to −300 km s−1. Quite surpris-
ingly, both these features are kinematically narrow, with
FWHM only ∼ 200 km s−1. Stated in physical terms, the
gas acceleration mechanism is capable of generating flows
with a turbulence to bulk ratio of as little as ∼ 20%.

The link to the radio source is fairly evident. Sum-
marizing the morphological evidence from Paper I: the
RE−1b component coincides with the two bright ends of
the two ridges which flare back along the inner fan, while
the stronger RE−1a component falls near an [OIII] de-
pression and begins the trend of radio emission along PA
120◦. Thus, just where the [OIII] is brightest, the radio
source also brightens and bends through ∼ 45◦. Turn-
ing to the kinematic evidence: the line splitting coincides,
almost perfectly, with the RE−1 region, and as soon as
these radio components leave the region the [OIII] profiles

rapidly broaden (FWHM ∼ 400 − 600 km s−1) and the
bulk velocity drops, reaching low velocities after ∼ 0.′′5
(350 pc). This can be seen for slits B, C, D in Figure 2:
the slits exit the radio source at ∼ 1.′′0, ∼ 1.′′0, and ∼ 1.′′2
respectively, each coinciding with the location in the spec-
tral images of the transition between narrow redshifted
emission and broader emission with decreasing velocity.
In §5.5 we discuss two plausible contexts for this velocity
pattern — gas exiting the jet flow experiences decelerating
drag forces; gas further from the center of the interaction
is accelerated less efficiently.

Returning to the overall velocity field of the eastern fan,
if we include weaker features another pattern emerges: an
elliptical-like shape is seen in the space−velocity images
(see Figure 2, but identified more clearly in Figure 5 [still
to be done]). Such shapes in this kind of observation usu-
ally indicate an expansion. Note that in this case, the
central velocity is not at systemic, but at ∼ 200 km s−1,
suggesting that the expansion is ocurring superposed on a
bulk motion. There are two obvious possibilities for the
origin of this bulk flow: it is part of the bipolar jet-driven
velocity field; it is part of normal galactic rotation. Both
seem plausible since the bipolar flow is certainly in this di-
rection, while the eastern rotation amplitude is also close
to 200 km s−1 (from Pedlar et al. 1989).

Overall, the evidence for jet-gas interactions in the east-
ern fan is strong. Furthermore, there is evidence for sig-
nificant disruption of the gas: obviously the induced ve-
locities are substantial, but also the gas is being dispersed
and blown backwards, most likely by the radio flow since
it seems to be deflected at this point. As argued in Pa-
per I, here is an example of an interaction which has been
going on for some time — at least long enough to accel-
ererate the gas to high velocities and disperse some of it.
This contrasts with the inner western region (discussed
above) which seems much younger, or the outer western
lobe which seems older and to which we now turn.
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Fig. 3a.— Physical properties derived for the ionized gas along slit A. See text for details.

4.3. Outer Western Lobe

Beyond the inner W-knot region there are extended ra-
dio and [OIII] ‘lobes’, both comprising a number of in-
dividual features/knots spread over a diffuse background
(see Figure 1). Slits A, B, and C cross much of this lobe,
while slit D includes one of the [OIII] features (LW−2)

before exiting the region to the south.
First, it is important to establish the degree to which

patchy obscuration has affected the appearance of the re-
gion, in particular whether any [OIII] ‘features’ are arti-
facts of absorption. In panel 7 of Figures 3a−d, one can
compare the raw [OIII] flux distributions along each slit
with the extinction corrected distributions. This suggests
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Fig. 3b.— Same as Figure 3a, for Slit B.

that some of the [OIII] features, though not all, may in-
deed be enhanced by extinction. In slit A, for example,
the gap between LW−2 and LW−4 is probably caused by
absorption, but the gaps between LW−1 and LW−2 and
between LW−4 and LW−5 seem to be real. Similarly,
the apparently faint channel along which slit B passes is
created at least in part by dust: the extinction corrected

fluxes towards the nucleus are in fact similar to the values
in the LW−5 feature at the western end, though they are
still weaker than the LW−3 feature in slit C to the north.
We conclude that while the exact distribution of ionized
gas may be confused by patchy dust, inhomogeneities still
seem to be present.

Turning to the velocity field, we note several general
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Fig. 3c.— Same as Figure 3a, for Slit C.

characteristics. First, from Figures 2 and 3 it is appar-
ent that the velocity field is almost exclusively blueshifted,
consistent with the approaching side of a bipolar flow. Sec-
ond, the blueshifts start low close to the nucleus (LW−1),
increase to about −500 km s−1 at ∼ 1.5′′ (LW−2, 3, 4),
then decreases back to low velocities (LW−5), with the
fainter interknot emission following the same trend. Third,
linewidths at most locations are high (300− 700 km s−1),

certainly greater than a normal spiral disk, but also greater
than the high intensity components of the eastern fan.
Fourth, regions of lowest [OIII] surface brightness can have
the broadest [OIII] profiles (e.g., see Figure 2, slit B). Fi-
nally, several [OIII] features show large velocity gradients
(e.g., LW−4,5 in slit A and LW−3 in slit C have ∼ 300
km s−1 across ∼ 0.′′3, equivalent to ∼ 1400 km s−1 kpc−1).
Taken together, these indicate the western lobe has a fairly
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Fig. 3d.— Same as Figure 3a, for Slit D.

high amplitude disordered velocity field superposed on a
basic bipolar outflow. This is consistent with our sugges-
tion that the radio source interaction in W-lobe is older
than at either W-knot or E-fan. The interaction has thor-
oughly broken up a pre-existing cloud complex and is cur-
rently dispersing it. This may also explain the absence of
a simple shell-like geometry, with radio source surrounded

by [OIII] emission. Rather, the expanding [OIII] gas is
breaking up, with radio emitting material flowing between
and through the knots, extending beyond the [OIII] emis-
sion. The metaphor from Paper I still seems applicable: a
dispersing cloud system comprising a leaky bubble.
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Fig. 4.— Detailed view of the inner western jet region (W-knot). The inner two panels show slits A and D superposed on a grey scale and
contour plot of the deconvolved 3.6cm uniform weight radio map. The peak coincides with the true nucleus which lies behind the dust lane
and is included only in slit D. On either side are shown the corresponding autoscaled [OIII]λ5007 profiles. The slits coincide near the bottom
of the figure over LW−1 (inc. # 80; yielding identical [OIII] profiles). See text for discussion of the profile shapes.

5. region properties

In this section we develop a more quantitative analysis
of the three major regions, W-knot, E-fan, and W-lobe,
aiming to derive their basic physical properties and estab-
lish the most likely modes of interplay between the various
components. While this is an important goal, our real in-
terest is in using these properties to infer the nature of the
jet flow, which we do in the following section.

Broadly speaking, we are concerned with four compo-
nents: emission line gas; relativistic magnetoionic gas; the
ambient ISM; and a jet which may contain thermal as well
as relativistic gas. For each component, we are interested
in energies, momenta, pressures and timescales. In what
follows we will need a number of simple relations to eval-
uate these quantities, and rather than include all the de-
tails directly in the text we prefer to gather the necessary
relations, together with their assumptions and symbol def-
initions, into Appendix A, which should be consulted as
necessary. Note that in the Appendix, we group the rela-
tions by component: the emission line gas; the relativistic
gas; the ambient ISM; and the jet.

Table 1 gives all observed quantities, taken either from
Tables 3 and 4 in Paper I or measured directly from the
data, while Table 2 gives derived quantities, taken either
directly from Figures 3a − d or evaluated using the mea-
sured quantities given in Table 1 and the relations given
in Appendix A. In cases where we use values taken from

Figure 3, we apply a simple correction factor based on the
flux weighted area covered by the slits: 100%/80%/70% re-
spectively, for W-knot/E-fan/W-lobe. This last sentence
illustrates a convention we shall adopt: quantities evalu-
ated for the three regions W-knot, E-fan, W-lobe may be
given as, for example, Q1/Q2/Q3.

5.1. Timescales

Estimating the duration of the jet-gas interactions is
important, not least since it allows interconversion of en-
ergies to luminosities, and momenta to forces. Given
the apparent progression from compact to diffuse regions,
we use crossing times to estimates ages. With length-
scales ∼kpc and velocities ∼ 103 km s−1, clearly crossing
times are ∼Myr. Table 2 gives more specific values, with
∼ 0.4/4.0/8.2 Myr for the three regions respectively, and
we indeed find the age progression expected.

These values need some explanation. First, since ve-
locities are not constant across regions we prefer not to
use Equation A15, but instead integrate the crossing time
along the radial direction:

tcross ∼

∫ ro+D

ro

dr/V =
D

V1 − V2
ln

(

V1

V2

)

(1)

where tcross is the time to cross distance D starting at V1

and ending at V2, assuming constant acceleration. For E-
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fan we take: 400− 400− 100 km s−1 across 0− 0.′′8− 1.′′6,
and for W-lobe we take 100 − 400 − 100 km s−1 across
0 − 1.′′25 − 2.′′5. Second, the choice of 400 km s−1 for
E-fan represents the median of the red and blue shifted
components, since this is likely to be the outward velocity
component, the line splitting resulting from the superposi-
tion of outflow and lateral expansion. Third, the compact
W-knot is more problematic since it has almost no trans-
lational velocity. Instead, we assume its size results from
spreading due to internal velocities. We take the radius of
the knot (measured parallel to the dust lane, ' 1

2 × 0.′′25)
and half the velocity difference between the red and blue
components of the [OIII] profile (' 200 km s−1).

Finally, these timescales (and other quantities) depend
on region geometry through projection factors. The sim-
plest assumption is radial outflow at angle φ to the plane
of the sky. Thus radial velocities and distances suffer pro-
jection factors of sin φ and cosφ respectively, and hence
our age estimates also include a tan φ factor. For present
purposes, the uncertainty introduced by these projection
factors (. 2) can be readily absorbed in the approximate
nature of the estimates.

There are two other timescales worth noting, both ra-
diative loss timescales. Anticipating results from §5.3, the
energy stored in the radio source, Erel, is lost through syn-
chrotron emission on a timescale Erel/Lrad ∼ 2− 6× tage.
Hence, radiative losses to the relativistic component, while
present, don’t dominate. Similarly, the thermal and ion-
ization energy, Eth, stored in the line emitting gas is lost
due to line emission on a timescale Eth/Lem ∼ 10−5 −
10−6 tage. Not surprisingly, the emission line region must
be continuously reheated and reionized.

5.2. Mass & Distribution of Ionized Gas

Estimating ionized gas masses is relatively straightfor-
ward, complicated in our case only by uncertainties in red-
dening and gas density. We have adopted values directly
from Figure 3, corrected only for area missed by the slits.
These values agree roughly with simpler estimates using
Equation A1 and average region properties given in Table
1. Since LHβ and nem are similar in all three regions, the
ionized gas masses are also similar: 0.4/1.1/1.3× 106 M�.
We have little handle on neutral gas which probably dom-
inates over the ionized gas. However, if the acceleration
and ionization processes are related (directly or indirectly)
then it is the ionized gas which constrains the physics of
the acceleration process, not the neutral gas.

Although the three regions have quite different sizes,
they do in fact subtend roughly the same solid angle at
the nucleus: Ω/4π ∼ 5%/5%/10%. Perhaps not surpris-
ingly, using Equation A2 we find the ionized gas filling fac-
tors are all low and decrease with increasing region size:
log ffem ∼ −2.2/ −3.8/ −4.3. As with all AGN emission
regions, therefore, it seems the ionized gas in these dis-
turbed regions occupies only a small fraction of the total
volume and comprises only a small fraction of the total
(dynamical) mass.

Critical to emission region properties is, of course, the
nuclear ionizing radiation. Although this is heavily ob-
scured, we can use the FIR luminosity LIR ≈ 1.3 × 1044

erg s−1 as surrogate since ultimately most of the UV and
line radiation is absorbed and reradiated by dust in the

60 − 100µm band (see Paper II §8.2 , and Equation A8).
Using the inferred UV luminosity we estimate the radia-
tion parameter and Stromgren depth for the ionized gas
(Equations A10 and A11): log Uem ∼ −2.2/ −2.8/ −3.3,
log Nem ∼ 20.9/20.3/19.8 cm−2 (adopting nem = 103

cm−3 throughout). These values, including the gradient
in radiation parameter are quite similar to the direct esti-
mates from line ratios given in Paper II.

Pushing slightly further, the cloud column and gas den-
sities give a rough estimate for cloud sizes, allowing us to
convert filling factors to local covering factors using Equa-
tion A3, yielding cfem ∼ 0.6/0.5/0.6. From the nuclear
perspective, therefore, the regions are fairly well blocked,
not only to the ionizing radiation but also any radially
moving jet flow. Finally, the local covering factors and
region solid angles together yield an intercepted UV lu-
minosity: log LUV,int ∼ 42.7/42.7/43.1 erg s−1. The sur-
prisingly good agreement between these values and our
measured emission line luminosities (Lem ≡ 10 × L5007,
from Equation A14): log Lem ∼ 42.8/43.2/43.3 erg s−1,
lends strong support to our use of the FIR emission as
surrogate for the UV luminosity and, of course, the over-
all importance of nuclear source photoioinzation (Paper II
§8).

While the agreement between our simple analysis and
several measured quantities is gratifying, we should never
expect detailed agreement — obviously the estimates are
idealized approximations, but also, as shown in Paper II,
the most likely form for the ionized gas is a range of optical
depths, with both optically thick and thin components.

5.3. Energies and Luminosities

Across the regions, energy resides in various compo-
nents. The ionized gas carries kinetic and thermal energy
while the relativistic component carries energy stored in
the magnetic fields and particles. The regions expand and
do work on the surrounding ISM, releasing energy which
may find its way into both ionized and relativistic com-
ponents. Energy is brought into the regions through the
jet flow and nuclear UV radiation, while energy leaves the
system through line and synchrotron radiation as well as
adiabatic losses. Some of these we measure as total ener-
gies, while others we measure as rates, or luminosities. Us-
ing our estimated ages, however, we can convert between
the two.

First some details: (1) There is ambiguity over which
radio components to associate with the two inner regions.
For W-knot, it is likely that both the inner and outer west-
ern radio jet interact with the [OIII] feature at LW-1. Like-
wise, it is likely that both RE-jet and RE-1 interact with
LE-ifan. We therefore quote values for both radio compo-
nents in Table 2 and, when necessary, take their sum. (2)
We distinguish between the energy of the relativistic com-
ponent Erel (Equation A22) and the total energy of the
region, Elobe (Equation A26), which we assume includes a
thermal component in pressure balance with the relativis-
tic component. Their relative dominance is determined
by ffrl, the filling factor of the relativistic component. Al-
though in this section we use Erel (making the usual choice
of ffrl = 1), in other circumstances we prefer Elobe, partly
because it is less sensitive to ffrl (see Equation A26) but
also because it more closely tracks the total stored energy
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(note that for a wide range of ffrl, Elobe ≈ Erel,ff=1). (3)
When considering the work done as the regions expand
into the ISM (Lexp, Equation A29), we make two assump-
tions. One is that the relativistic pressure in the lobe is
balanced by the ram pressure of the lobe expansion. The
other concerns the lobe expansion velocity. Although the
natural choice is the [OIII] velocity, this could be a lower
limit if the expansion is dominated by a jet which flows
around the ionized gas at higher speeds. With local cov-
ering factors cfem ∼ 50% (see previous section) the jet
is unlikely to percolate efficiently. We take the conserva-
tive assumption that the region, as defined by the [OIII]
emission, expands at the [OIII] velocity.

From Table 2 we can rank the various energies in de-
creasing order of importance: Eph; Eem; Eke; Erel; Eexp;
Erad; Eth (using, in order, Equations A8, A14, A5 and
A6, A22, A29, A19, and A7, where we have converted
Lph, Lem, Lrad, Lexp to their corresponding energies us-
ing the region ages). Roughly speaking, these divide into
three groups, with relative values ∼ 1000; 1000; 1; 1; 1;
0.3; 0.01.

Our first major conclusion, therefore, is that photon en-
ergy dominates by a factor of 1000 over all others, in partic-
ular the kinetic and relativistic energies. Furthermore, the
emission line luminosity is roughly equal to the incoming
UV radiation (in this case inferred from the FIR emission).
Both these facts support the conclusions of our emission
line study in Paper II, which identified photoioinization
as dominant, particularly when compared to shock ioniza-
tion.

Turning to consider the origin of the kinetic energy in
the ionized gas, we note that it is comparable (to factors
. 2) to the energy stored in the relativistic component or,
equivalently, the shock energy liberated by the expand-
ing lobe over the lifetime of the region (i.e. Lexp × tage).
This similarity, independently true for each region, pro-
vides strong evidence that the flows driving the region ex-
pansion and its associated radio source, also accelerate the
ionized gas.

The kinetic energy of the ionized gas is also significantly
greater than its thermal energy: Eke ∼ 200Eth (∼ 80Eth

if ionization energy is included). This follows directly from
the fact that 104 K is much cooler than gas behind a shock
with the [OIII] velocity Vem. Either the ionized gas has
not experienced such shocks or, if it has, it has cooled con-
siderably from post shock temperatures ∼ 4× 105 V 2

sh,2 K

(where Vsh,2 is a shock velocity in units of 102 km s−1).
The ubiquity of shocks is, of course, highly likely since
typical velocities are so much higher than the sound speed
of a 104 K gas (∼ 10 km s−1). This places an important
demand on the overall acceleration process: it must allow
efficient post shock cooling.

Turning to consider the energy stored in relativistic
component: despite decreasing lobe pressures (Prel,−10 ∼
9/0.5/0.2 where P−10 signifies units of 10−10 dyne cm−2),
the increase in volume more than compensates and the
total energy in relativistic particles and fields increases
for the three regions: log Erel ∼ 53.2/53.7/54.4 erg (tak-
ing ffrl = 1 in Equation A22). This is, naively, what
one expects given their increasing ages (recalling that syn-
chrotron losses don’t dominate). Indeed, allowing for re-
gion age reveals an approximately constant energy input

to the relativistic component: log Lrel ≡ log(Erel/tage) ∼
40.1/39.7/40.0 erg s−1. If this energy input ultimately
comes from the nuclear jet and is the main repository of
the jet energy (which we discuss in more detail in §6.2),
then the result is consistent with an approximately con-
stant jet power of ∼ 1040 erg s−1 over the total lifetime of
the visible regions, ∼ 10 Myr.

Of course, relativistic components are thought to orig-
inate via shock related particle reacceleration. Could the
relativistic component arise from shocks associated with
lobe expansion? Unfortunately, although we find good
quantitative agreement between Lrel and Lexp, this pro-
vides no real insight since, as evaluated here, both lumi-
nosities depend on the product: PrelAlobeVem. An alter-
native approach is to compare Lexp with Lrad, the radio
luminosity — can the shock luminosity at least power the
radio luminosity? In this case, we find that it can, with
Lexp/Lrad ∼ 5/8/5 for the three regions. While the con-
ditions may be somewhat different, this ratio is similar to
the efficiencies with which supernova remnants transform
shock energy into relativistic particles, ∼ 20% (e.g. Bland-
ford & Eichler 1987). Perhaps the value of this comparison
is to support the credibility of evaluating Lexp — namely
that the regions expand with roughly the [OIII] velocity,
such that the external ram pressure balances the internal
relativistic pressure.

5.4. Momenta and Forces

An alternative approach is to focus on momentum rather
than energy, making use of the identities: force = momen-
tum/timescale = pressure × area. The central aim is to
identify what provides the ionized gas with its momen-
tum, Gem, or equivalently which force provides its momen-
tum flux, Πem = Gem/tage. The two obvious candidates
to consider first are the pressure found in the relativistic
gas (Equation A21), and the radiation pressure (Equation
A12). From Table 2, we see that both are marginal possi-
bilities. The relativistic pressure acting over the region di-
mensions gives Πrel ≈ PrelAlobe whose values for the three
regions are ∼ 40%/20%/80% × Πem, while the radiation
pressures acting over about half that area (because the
covering factor is ∼ 50%) gives ∼ 30%/15%/50% × Πem.
It is not entirely clear how to regard these values. While
they seem to be systematically below the required val-
ues by about half a dex, perhaps within the considerable
uncertainties they should be considered as a reasonable
match.

There are two other considerations, however, which shed
light on possible acceleration mechanisms. First, we have
independent estimates of the column density in the ionized
gas. Can either Prel or Prad accelerate these columns ad-
equately? Equation A18 gives the relation between pres-
sure, column, and acceleration, and if we evaluate this
we find the maximum columns are ∼ 1 − 2 × 1020 cm−2

for both Prel and Prad. Once again, these are plausible
though somewhat less than the preferred columns indi-
cated by the photoionization models explored in Paper II,
which suggest Nem ∼ 1021 − 1022 cm−2, at least for the
optically thick component. Second, there are simple geo-
metrical considerations. For example, radiation pressure
acts in a purely radial direction, and hence it cannot easily
explain any significant lateral bulk motion. If the pres-
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ence of split lines indeed indicates lateral motion, which
seems most likely, then this would argue against radiation
pressure as the dominant accelerating force. Conversely, a
simple overpressure in a given region would not obviously
generate a strong bipolar flow, but rather a general ex-
pansion with associated broad and/or split lines centered
about systemic velocity.

Combining these perspectives, it seems that neither pure
Prel nor pure Prad forces are ideal candidates for acceler-
ating the ionized gas. While they may indeed play some
role in some circumstances, it seems there is be a need for
a stronger driving force with the potential for both radial
and lateral acceleration. The obvious candidate is a jet
flow, whose dynamical (ram) pressure is higher than ei-
ther Prel or Prad. As we discuss further in §6.4, there is
good evidence that the jet flow does indeed have a ram
pressure somewhat higher than its internal pressure.

5.5. Pressures and Confinement

Although we have assumed the radio lobes are in a state
of expansion, it is worth checking how the various pres-
sures compare throughout the system, and in particular
whether static or dynamic pressure balance is occurring.

First, note that although Mkn 78 is a typical radio quiet
Seyfert, its radio source pressures (Prel,−10 ∼ 0.2−10) are
at least as high if not higher than the hot spots in classical
radio galaxies (Prel,−10 ∼ 0.04, e.g. Miley, 1980; note from
Equation A20 that since the equipartition field depends
on synchrotron volume emissivity, then the small size of
Seyfert radio lobes compensates for their relatively low
surface brightness). These high pressures, together with
their radial decrease, almost certainly reflect their location
in the high pressure environment of a near nuclear galaxy
ISM. Estimating the pressure in this ambient medium is,
however, quite difficult especially in the absence of good X-
ray imaging. Taking canonical values, nism ∼ 1 cm−3 and
Tism ∼ 106 K gives thermal pressures, Pth,−10 ∼ 1.4, com-
parable to Prel confirming that the radio source could be in
rough pressure equilibrium with the ambient ISM. Could
the expanding radio source be in dynamical pressure equi-
librium with the ambient medium ? Equation A30 gives
the ISM density, nism, which allows a radio lobe pressure
Prel to drive forward into the ISM at velocity Vlobe in ram
pressure balance. If we take Vlobe ≈ Vem ∼ 50/100/100 km
s−1 at the front of the lobe, then we find nism ∼ 10/0.2/0.1
cm−3. Within the (considerable) uncertainties, these are
plausible ISM densities, confirming the possibility that the
lobe expansion could indeed be constrained by ram pres-
sure. Thus, it seems the radio sources in Mkn 78 are
intimately constrained by the ambient ISM: their over-
all pressures are probably set by being located in the ISM,
and their front boundaries experience transonic expansion.
Note that at Tism ∼ 106K the sound speed is cism ∼ 100
km s−1 ∼ Vlobe, consistent with our previous statement.
Note also that the condition of dynamical pressure balance
would not hold for expansion speeds similar to the max-
imum (center lobe) velocities Vem ∼ 400 km s−1 which
require significantly greater pressure to drive them. This
is perhaps as one might expect since motion wholly within
the radio source does not interface directly with the exter-
nal ISM.

A similar approach to testing the basic picture of lobe

development is to invoke the model of Begelman (1996)
and Bicknell, Dopita, & O’Dea (1997) which describes how
a jet inflates a lobe as it burrows into an ISM with decreas-
ing density nism ∝ r−δ (Equations A31− 33). Taking val-
ues of lobe size, pressure and age from Tables 1 and 2,
and adopting density gradients δ = 0, 1, 2, we find ISM
densities no ∼ 0.1 − 0.5 cm−3 at ∼ 1 kpc; lobe expan-
sion speeds Ve ∼ 100 − 200 km s−1; and jet luminosities
Lj ∼ 0.7 − 1.5 × 1041 erg s−1. For our current purposes,
the most important of these is the ISM density, which is
close to (perhaps a little under) the canonical value of
∼ 1 cm−3 for the low density ISM phase. The values
for lobe expansion speed and jet luminosity, while grati-
fyingly close to our expectations, are really only testing
basic consistency since they are already loosely tied to our
input values for lobe age (Ve ∼ xe/tage) and lobe pressure
(Lj ∼ Elobe/tage ∼ Plobex

3
e/tage, see §6.2). Nevertheless, it

is important that both the rough analysis (previous para-
graph) and a more detailed model (this paragraph), both
show consistent and plausible values for jet, lobe, and ISM
properties under the basic scenario of a jet inflating a lobe
which expands into the ISM driven by its internal pressure.

Turning to another important phase: how does the pres-
sure in the ionized gas compare to that in the surround-
ing radio source? The approximate equivalence of radio
source pressures and ionized gas in Seyferts has long been
known (e.g. de Bruyn & Wilson 1978). Can we confirm
this in detail for Mkn 78? The most straightforward anal-
ysis takes at face value the density and temperature es-
timates from the [SII] and [OIII] emission lines, finding
similar pressures throughout: Pem,−10 ≈ 16 (nem ∼ 103

cm−3, Tem ∼ 1.2×104 K, Equation A13). These are some-
what higher than the pressures in the radio sources, which
drop with radius, from Prel,−10 ∼ 4−14 near RW−jet, to
∼ 0.2−0.5 in RW−lobe. There are, however, at least two
reasons to be cautious about the [SII] density estimates.
First, the [SII] ratio error bars can approach or even cross
the low density limit, particularly at larger radii where the
emission is weaker, allowing values lower by ∼ 1−2 decades.
Second, the [SII] lines may be dominated by emission from
denser than average regions, a possibility made more likely
by our finding in Paper II that the ionized gas comprises
a mixture of optically thick and thin components.

An alternative approach to probing ionized gas pres-
sures is to use the ionization parameter, Uem, which can
be expressed either as a ratio of photon to gas densities
or, equivalently, photon to gas pressures. From Paper II
we find Uem ∝ r−1, decreasing from ∼ 10−2 near W−knot
to ∼ 10−3 at the outer edge of W−lobe. Since ionizing
flux falls as r−2, we therefore expect nem ∝ r−1 and hence
Pem ∝ r−1, which more closely matches the gradient in
Prel. Quantitatively, Equations A9 and A10 combine (us-
ing αo = 1.4, λlow = 4000Å, Tem = 12000K) to give
Uem ≈ 0.012Prad/Pem. Taking Prad and Uem from Table
2, we find Pem,−10 ≈ 4 near LW−1, becoming ≈ 1 in the
center of W−lobe and ≈ 0.4 at the outer edge of W−lobe.
These values now match Prel fairly well, certainly within
the considerable uncertainties of the method. With these
revised density estimates, therefore, it seems that the rel-
ativistic and line emitting components could be in rough
presssure balance throughout the regions.

Summarizing this section, we have begun to construct
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a detailed picture of the emission region properties: (a)
we confirm an age sequence for the three regions, ranging
from ∼ 0.4 to 8 Myr for W−knot to W−lobe; (b) we find
the regions contain ∼ 106 M� of photoionized gas with
significant covering factor but low filling factor; (c) the re-
gion’s energy throughput is dominated by photons, with
kinetic and relativistic energies a distant second; (d) the
rough equivalence of the kinetic, relativistic, and mechan-
ical energies confirms that acceleration of the ionized gas
is related to the expanding radio source; (e) however, it is
doubtful whether either internal lobe pressure or radiation
pressure can themselves accelerate the ionized gas; (f) it
does seem likely, however, that the internal lobe pressure
can drive the lobe expansion into the ISM at speeds com-
parable to that of the ionized gas at the front of the lobe;
(g) the relativistic and ionized components seem to be in
rough pressure balance throughout the regions.

While these conclusions give useful insights into the na-
ture of the emission regions, we are still missing a crucial
component in the overall system: the jet flow. One of the
main reasons for evaluating the region properties is to use
these properties to infer properties of the jet flow. This is
the topic to which we now turn.

6. jet properties

In this section we try to ascertain the properties of the
underlying nuclear bipolar outflow — the jet. Since we
only have limited observational access to the jet itself, we
must use indirect constraints provided by its interaction
with the other components, in particular the ionized gas.
Two of the most important jet properties are its total mo-
mentum flux and its luminosity which, we argue, can be
estimated via simple conservation conditions together with
a number of correction factors, α. Having obtained val-
ues for the bulk jet properties, we refine our knowledge
of the jet by assuming it contains two components in ap-
proximate pressure balance: (a) a relativistic component
of filling factor ffrj , and (b) a non-relativistic, or ther-
mal, component which is in approximate pressure balance
with the relativistic component. General expressions for
jet properties are given in Equations A34−A37, and for a
two component jet in Equations A38−A41. Since it is un-
likely that the jet has relativistic bulk motion on the length
scales we observe, we may safely use the non-relativistic
versions of these Equations.

6.1. Jet Momentum Flux

Since a purely relativistic gas has very low inertia, the
fact that Seyfert jets clearly accelerate significant quan-
tities of ionized gas indicates that they must contain an
additional, thermal component, at least on the kpc scale.

What is the momentum flux of the Mkn 78 jet? To
first order we have Πj ∼ Πem ≡ Gem/tage. This may be
an underestimate for at least two reasons. First, not all
jet material may be intercepted by the ionized gas, giv-
ing a correction factor related to the local covering factor:
αcf ' 1/cfem ∼ 2, where cfem is evaluated using Equation
A3. Second, if drag forces act on the ionized gas then mo-
mentum is lost overcoming these forces. A simple estimate
of these compares the column of intercloud material across
the region with the column across a typical line emitting

cloud, Nem :

αdrag ∼ 1 +
nicmD

Nem

≈ 1 + 0.0015 N−1
em,22 nicm θx (cz/Ho) (2)

≈ 1 + 0.22 N−1
em,22 nicm θx for Mkn78

Photoionization models (see Paper II) suggest the ionized
gas has Nem ∼ 1022, while dynamical arguments give sim-
ilar values (see below). So, for the region sizes in Mkn
78 (θx ∼ 0.′′3/1.′′2/2.′′7) we have αdrag in the range 1 − 2,
though it could be larger for optically thin gas of smaller
column. There may be a third factor if the jet also accel-
erates the intercloud medium which itself has significant
mass. However, to first approximation we consider this to
be included in the first two factors, since to some extent it
is the gas which percolates the ionized gas which would be
accelerating the intercloud medium, and the drag forces
may also be part of the process of accelerating this other
material.

Combining these, we have Πj ' αdragαcfΠem ' 2−
5 × Πem, where the lower value applies for no drag.
For the three regions in Mkn 78 we have (see Table 2):
log Πem ' (32.8/33.1/32.9) dyne, suggesting a jet momen-
tum flux of ∼ 2−5× 1033 dyne.

From Equation A38, we see that the jet momentum de-
rives from a combination of the inertia of the thermal com-
ponent (density nth) and the inertia of the rest mass and
energy in the relativistic component, with the first of these
hugely dominant. The only possible way for a purely rel-
ativistic component (i.e. nth = 0 and/or ffrj =1) to pro-
vide this momentum would be to have V 2

j,3 Prel,−10 & 107

requiring Vj ≈ c and Prel above its equipartition value by
a factor ∼ 102 − 103. Alternatively, anticipating results
in §6.2 and §6.3, note that a purely relativistic component
has (see the end of Appendix A): cΠj/Lj ≈ βj , where
β = Vj/c. Since our estimates of cΠj/Lj are ∼ 200− 2000
this is clearly unphysical (unless our estimates of jet en-
ergy flux are too low by factors 103 − 104, which seems
unlikely).

In contrast, a modest thermal component and jet ve-
locity of a few thousand km s−1 can easily provide the
observed momentum, and we can safely use the approxia-
tion: Πj ≈ AjV

2
j ρth(1−ffrj). We regard this constraint on

the jet’s momentum as powerful evidence for the presence
of significant thermal material in Seyfert jets, at least on
the kpc scale. To estimate the properties of this thermal
material we need additional constraints, provided by the
jet’s energy flux.

6.2. Jet Energy Flux

When estimating the jet luminosity we assume that
there are two main repositories for jet energy: the kinetic
energy of the ionized line emitting gas, Eke = Eke,t+Eke,i,
and the internal energy of the region where the jet deposits
most of its energy, Elobe. This region, we assume, con-
tains a mix of relativistic and non-relativistic components
in rough pressure balance, giving Elobe = Erel + Enrel.
Since we need these energies to act as bolometers for the
jet, are there any significant energy losses? With the ex-
ception of some simple correction factors (see below) we
assume not. The largest and most obvious would be ra-
diative losses, from either the NLR clouds or from the
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jet itself. However, we showed in Paper II that the line
emission is powered not by the jet but by the central UV
source, and although a small fraction of emission might
arise in post shock cooling, at this stage we choose to ex-
clude Lem entirely from the jet’s energy analysis. Since
this is a major difference from previous studies, we discuss
its implications further in §7. The jet itself, of course, is
unlikely to radiate significantly simply because of its low
density. What about the energy which must be dissipated
when a light jet hits and accelerates a denser medium?
We assume that this energy ultimately contributes to the
expanding lobe, and is therefore included in Elobe. Finally,
for the regions to act as efficient bolometers, the jet must
terminate and dump all its energy within them. While this
is probably true for W−lobe and W−knot, it is probably
not true for E-fan, since the radio source appears deflected
rather than stopped by that region. The weakness of the
deflected emission gives us hope that the error introduced
might be a factor ∼ 2, and we proceed with this potential
uncertainty in mind.

Consider now the jet energy required to yield Eke and
Elobe. For Eke there are essentially no correction fac-
tors since any jet energy dissipated while accelerating the
clouds shows up in the internal energy of the lobe. The
jet energy used to generate Elobe we derive from Erel us-
ing Equations A22 and A26, with correction terms for
synchrotron and adiabatic losses. Synchrotron losses are
∼ 20%−50% (estimated from (Lrad × tage)/Erel for each
region), giving correction factors αsyn ' 1.0−1.5. The
adiabatic correction is typically αad ∼ 2 and represents
the energy needed to create the radio source cavity within
the surrounding ISM. A potential uncertainty relates to
the unknown relativistic filling factor, ffrl. In the stan-

dard analysis, Erel ∝ ff
3/7
rl , from the combined depen-

dence of Prel ∝ ff
−4/7
rl (Equation A21) and the linear

dependence of Erel on source volume (Equation A22).
However, by including a non-relativistic component (for
which E = 3

2PV ) with the relativistic component (for
which E = 3PV ) we mute the dependence of Elobe on
ffrl, such that (Equation A26): Elobe = αff Erel,ff=1

where Erel,ff=1 is the usual value of Erel evaluated with

ffrl = 1, and αff = ff
−4/7
rl (1 + ffrl)/2 which is 1/2/7

for ffrl = 1.0/0.1/0.01. Thus, as long as the filling factor
for relativistic particles isn’t too small, this multiplicative
factor is αff ∼ 1−few. The total energy required to gener-
ate the lobe is therefore ∼ αsynαadαff ×Erel,ff=1, where
αsynαadαff ∼ 2−10.

Combining these two energy estimates we have for the
jet luminosity, Lj :

Lj tage ≈ Eke + αsynαadαff Erel,ff=1 (3)

From Table 2 we have for the three regions
log Eke/tage ' 40.0/40.1/39.7 erg s−1 and log Erel/tage '
40.1/39.7/40.0 erg s−1, giving a rough estimate for the jet
luminosity of ∼ 2−10× 1040 erg s−1. Note that for Mkn
78, although Eke and Erel are similar, it is Erel which con-
tributes most to our estimate of the jet energy because of
the correction factors. In this and possibly other cases, the
radio source may therefore act as a bolometer for the jet.
Indeed, this is an assumption in the estimate of jet syn-
chrotron efficiency, Rsyn = Lrad/Lj ≈ (κν in Bicknell’s
1994 treatment), given by Equations A27 and A28 (see

§6.9).
We note that at ∼ 1040.5 erg s−1, the jet luminosity is

. 1% of the photon luminosity entering the regions. This
is consistent with our simpler result from §5.3 based on
measured energies, but is astrophysically more important
since it addresses the energies entering, not merely evident
in, the regions. Furthermore, after correcting for geometry
(two jets; regions subtending ∼ 5−10% of 4π) we note that
the AGN itself has jet luminosity . 0.1% of its photon lu-
minosity. This ratio, of course, is likely to lie at the heart
of the distinction between radio quiet and radio loud AGN.
With typical radio powers ∼ 103 − 104 times greater (and
similar synchrotron efficiencies, see §6.9), this confirms the
possibility that radio loud AGN have roughly equal lu-
minosities in jets and photons — a scenario favoured in
several theoretical models (e.g. Falke & Biermann 1995).

While the jets in radio loud AGN may well be domi-
nated by relativistic material, our baseline assumption for
the jet in Mkn 78 is that it contains at least some non-
relativistic (thermal) material. In this case the energy of
the jet resides in two forms (Equation A39): the kinetic
energy of the thermal component, and the internal energy
of both the thermal and relativistic components. Can we
ascertain which is dominant in Mkn 78? Consider the ra-
tio of these two components: Rke = KE/Eint, as given by
Equation A41. The RHS of that Equation has the virtue
that it does not rely on our primary unknowns, ρth or Vj ,
but on quantities we have some handle on, namely Πj , Aj ,
and Prel,ff=1. From Table 2 we have for the three regions:
Rke ∼ 10/2/1. Thus, we find that, to first order, the jet
luminosity in Mkn 78 is dominated by the kinetic energy
of the thermal component. Furthermore, if we trust the
reality of the decrease in Rke for the three regions, it sug-
gests the jet flow converts kinetic energy to internal energy
as it moves out into the NLR — a plausible possibility.

Combining this result with the previous section, we have
learned that on scales & 100pc the jet in Mkn 78 has a
thermal component which dominates both its inertia and
its energy — it is primarily a thermal jet in which the
relativistic component is simply carried along for the ride.
Having established the basic character of the jet, we can
now evaluate a number of its other properties.

6.3. Jet Velocity

As usual, the ratio of an energy and a momentum gives
a velocity. From Equations A40 and A41 we have:

2Lj

Πj
= Vj +

5Prel

ρthVj

(1+0.6ffrj)

(1−ffrj)
= Vj

(

1 +
1

Rke

)

(4)

where the second term comes from the fact that the jet
has internal as well as kinetic energy, and in its absence
we recover the usual relation 2L/Π = V . As mentioned
above, jet energy is dominated by its kinetic energy and
so to first order we can use the simple relation.

We can now use our earlier estimates for the total jet
momentum and energy to estimate its velocity:

2Lj

Πj
'

1

αdrag αcf

2Eke

Gem
+

αsyn αad αff

αdrag αcf

2Erel

Gem

' (0.2−0.5)
2Eke

Gem
+ (1−6)

2Erel

Gem
(5)
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For the three regions, we have 2Eke/Gem ' 400 −
630/400/250 km s−1, and 2Erel/Gem ' 200−800/160/500
km s−1, giving a combined estimate for 2Lj/Πj ' 300−
3000 km s−1, and but for the factor (1 + 1/Rke) which is
of order unity, this is also our estimate of the jet velocity
— comparable though probably somewhat larger than the
ionized gas velocities. Given the uncertainy introduced
by the correction factors, we choose not to interpret any
differences between the estimated jet velocity within the
three regions.

There is an alternative approach to constraining the jet
velocity if we assume that the energy dissipated as the
jet accelerates the ionized gas provides the internal energy
for the radio source expansion. Since faster jets dissipate
more energy then the ratio of Elobe to Eke should throw
some light on the jet velocity. Consider a jet of average
density ρj = ρth(1−ffrj) and velocity Vj impinging on
a cloud of diameter dc, density ρc moving at velocity Vc.
The acceleration of the cloud and the energy loss from the
jet are:

dVc

dt
≈

ρj(Vj − Vc)
2 d 2

c

ρcd 3
c

(6)

dEloss

dt
≈ 1

2 ρj(Vj − Vc)
3 d 2

c (7)

giving
dEloss

dVc
≈ 1

2 (Vj − Vc)ρcd
3
c . (8)

Integrating from Vc = 0 to Vc = Vem we have

Eloss ≈ 1
2 ρcd

3
c (VjVem − 1

2V 2
em)

≈ Eke,c

(

Vj

Vem
− 1

2

)

(9)

where Eke,c is the final kinetic energy of the acceler-
ated cloud. Associating this energy loss with the in-
ternal energy of the lobe, we have Eloss ≈ Elobe ≈
αsynαadαffErel ≈ (2 − 10)Erel, giving estimates for Vj ∼

Vem× [(2−10)Erel/Eke + 1
2 ]. Since Erel ≈ Eke to within

factors ∼ 2 then Vj ∼ (1−few)×Vem. Basically, since the
kinetic energy of the ionized gas and the energy dissipated
accelerating it are comparable, then the jet velocity must
be of order the gas velocity.

Although these estimates of jet velocity remain uncer-
tain to factors of a few, the conclusion that the jet velocity
in Mkn 78 is of order the emission line velocity is, we feel,
reasonably robust. Perhaps the most conservative state-
ment would be that we can safely rule out a fast jet of 104

km s−1 or greater.

6.4. Jet Ram Pressure

The dynamical, or ram, pressure exerted by the thermal
component of the jet is:

P j,dyn =
Πj

Aj
'

αdragαcfΠem

Aj
(10)

' 100× (2−4) Πem,33A
−1
j,4 × 10−10 dyne cm−2

which can also be expressed in terms of the pressure in the
relativistic component:

Pj,dyn

Prel
=

ρthV 2
j (1−ffrj)

Prel
≈ 5 (1+0.6ffrj) Rke (11)

and we learn that the dynamical pressure is usually some-
what greater than the internal jet pressure. For our three
regions, for example, we have Pj,dyn/Prel ∼ 20−40/5−
10/3−6, where the drop with radius is perhaps expected as
the regions get wider. These dynamical pressures are not
only greater than the internal region pressure, but they
are also greater than the radiation pressure. Thus, al-
though in §5.4 we noted the possible importance of radi-
ation pressure, given its similarity to the pressure in the
relativistic component, we now see that probably neither
play the dominant role in accelerating the ionized gas —
as suspected all along, it is ram pressure from the thermal
material within the jet which dominates the acceleration.

6.5. Shock Speeds

Since jet ram pressure determines shock velocities in
emission line clouds (i.e. ρjV

2
j ≈ ρemV 2

sh), we can de-

rive these shock speeds: Vsh ≈ Vem (ffemαdragαcf )1/2 ≈
0.03 − 0.1Vem ≈ 10 − 50 km s−1. As discussed further
in §7, these are considerably less than previous estimates,
which in effect assumed Vsh ≈ Vem to derive much higher
jet ram pressures. In our analysis, it becomes clear why
little shocked line emission is seen: our jet is too weak
to drive sufficiently high shock velocities to generate high
luminosity high excitation line emission.

6.6. Jet Mach Number

It is unclear how to treat the sound speed, cs, of our two-
component jet, since relativistic and thermal gases have
very different sound speeds: c2

s,r ≈ c2/3 and c2
s,th ≈ γP/ρ

(γ = 5/3 is the adiabatic index of the thermal gas). If the
two components are intimately mixed we simply use the
reduced average density: c2

s ≈ γP/ρ(1−ffrj) = c2
s,th/(1−

ffrj). If, however, the two components are poorly mixed
(but accoustically coupled), then we use the weighted aver-
age sound speed cs ≈ cs,rcs,th/[cs,thffrj + cs,r(1−ffrj)] ≈

cs,th/(1 − ffrj). These differ by a factor (1 − ffrj)
−1/2

which is modest unless ffrj ≈ 1, which is unlikely since
the jet is thermally dominated. We therefore adopt the
first case, giving the jet’s Mach number:

M2 = V 2
j /c2

s ≈
ρthV 2

j (1 − ffrj)

γPrel

≈
3Pj,dyn

5Prel
≈ 3(1 + 0.6ffrj)Rke (12)

Taking values for Pj,dyn/Prel from the previous sections,
we find jet Mach numbers in the three regions of ∼
5/2.5/2. We learn that the jet is transonic as it traverses
the emission regions. These low Mach numbers are also
consistent with the jet’s poor collimation and easy disrup-
tion, as found for typical FR-I jets which decollimate and
start turbulent entrainment when they become transonic
(Bicknell 1994).
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6.7. Jet Density and Temperature

We can now estimate the density of the thermal compo-
nent of the jet:

nth '
Πj

AjV 2
j mp(1−ffrj)

'
αdragαcfΠem

AjV 2
j mp(1−ffrj)

cm−3

' (1−2)× Πem,33A
−1
j,4V −2

j,3 (1−ffrj)
−1 cm−3 (13)

Allowing for the uncertainty in Vj , a conservative range
for the jet density is therefore 0.1 . nth . 5 cm−3. It is
an important result, therefore, that this density is com-
parable to the low density, high filling factor phase of the
ISM, and its appearance in the jet is consistent with its
origin as entrained ISM. Stated slightly differently, the jet
density ratio η ∼ 1, is unusually high compared with most
extragalactic jets. Clearly, at least on the kpc scales, this
Seyfert jet is a heavy one, and future simulations of Seyfert
jets should probably concentrate on these high density ra-
tios.

Since one of our assumptions is that the thermal com-
ponent is in pressure equilibrium with the relativistic com-
ponent, we can now estimate the temperature of the ther-
mal component: Tj ∼ P/knth ∼ 7.2 × 105Prel,−10n

−1
th

K. Substituting for nth from above, and expressing the
jet velocity as an equivalent (thermalized) temperature
TV j ≈ 4.0 × 107V 2

j,3 K, we find that the ratio of the jet’s
temperature to what we expect for material thermalized
as it is entrained at the jet speed is:

Tj/TV j ∼ 0.012 Prel,−10Π
−1
em,33Aj,4(1−ffrj) (14)

Taking values from Table 2 we find for the three regions
Tj/TV j ∼ 0.1 − 0.3/0.5/0.7 (1 − ffrj). Within the con-
siderable uncertainties, we feel these values are basically
consistent with the scenario just described: namely, that
ISM material has been entrained by the jet and aquires a
temperature somewhat below full thermalization at the jet
velocity. This is, of course, equivalent to our earlier con-
clusion that the region’s internal pressure was somewhat
lower than the jet flow’s ram pressure.

6.8. Jet Mass Flux

How much mass is transported by the jet ? In terms of
our fiducials, we have:

Ṁj '
Πj

Vj
'

αdragαcfΠem

Vj

' 0.16× (2 − 4) Πem,33V
−1
j,3 M� yr−1 (15)

or if we sum over the region lifetime:

Mj,tot = Ṁj tage ≈
αdrag αcf Gem

Vj

≈ Mem
αdrag αcf

αsyn αad αff

Eke

Erel
(16)

where we have used the fact that Gem/Vem = Mem and
Vj/Vem ≈ αsynαadαff Erel/Eke + 1

2 (and we ignore the

final 1
2 ). Gathering the α factors, and recalling that

Erel/Eke ∼ 1, we find the jet brings into the emission
region an amount of mass of order the ionized mass we see

via emission lines. Where does this gas end up ? Since
nth ∼ 10−3nem and ffem ∼ 10−2−10−4, then the thermal
material brought in by the jet may simply fill the rest of
the volume occupied by the emission line region.

6.9. Jet Synchrotron Efficiency

How efficient is the jet at converting energy into rela-
tivistic particles and synchrotron emission? The parame-
ter Rsyn = Lrad/Ljet characterizes this efficiency. A sim-
ple substitution for Lj from S6.2 and Lrad from Table 2
gives Rsyn ∼ 0.03 − 0.1. It is instructive, however, to
look at the explicit expression for Rsyn given by Equation
A27, which uses Elobe as a lifetime bolometer for the jet.
Although this ignores that part of Lj which ends up in
the kinetic energy of the ionized gas, it is nevertheless a
good approximation since, as we showed in S6.2 Equation
3, Elobe ∼ αsynαadαffErel dominates over Eke by factors
of ∼ 2 − 10. Setting αr ∼ 0.8, fad ∼ 0.5 and a = 2 in
Equation A27, we have

Rsyn ≈ 0.23× Fff B
3/2
−4 tage,6

≈ 0.10× Fff P
3/4
−10 tage,6, (17)

where B−4 and P−10 are evaluated assuming ffrl = 1 and

the geometrical term Fff = ff
4/7
rl /(ffrl + 1) = 0.02 − 0.5

for ffrl = 10−3 − 1. For the three regions we find similar
values for Rsyn ≈ 0.21/0.24/0.24× Fff , and assuming a
modest relativistic filling factor we recover our basic con-
clusion that the jet converts a few percent of its energy
into synchrotron emission.

This value is, in fact, similar to estimates for other
classes of jet. Estimates of radio source age and magnetic
field strength for compact (CSS and GPS) radio galax-
ies (e.g. O’Dea 1998), Seyferts (Wilson ref-please), and
extended (FR I, FR II) radio galaxies (e.g. Laing et al.
1999) suggest increasing ages (log tage ∼ 4 − 6; 5.5 − 6.5;
6.5− 7.5 yr) and decreasing fields (− log Bmin ∼ 3.5− 4.5;
4 − 5; 4.5 − 5.5Gauss) respectively. From these we find
similar synchrotron efficiencies: Rsyn ∼ 1−few% for the
three classes of AGN. While this similarity supports, to
some extent, the credibility of our Mkn 78 analysis it
does, however, also raise the interesting question of why
the synchrotron efficiency of two rather different kinds of
jet should be so similar: the thermally dominated jets of
Seyferts, and the relativistically dominated jets of radio
galaxies. As argued in §9 it may simply require that both
jets include a relativistic component and are dynamically
confined.

Note that our analysis differs somewhat from that of
Bicknell et al. (1998). Because their estimates of Ljet are
∼ 102 − 103 times higher than ours (see §7 below) their
estimates of jet synchrotron efficiency are correspondingly
lower: Rsyn ∼ 10−4 (or equivalently, κ1.4 ≈ 10−13−10−15,
see Equation A28 and their Figure 2). With such low
values for Rsyn, they need to interpret Equation A27
(the radio lobe “bolometer” relation) as implying sub-
equipartition fields and/or low relativistic filling factor (ie
significant thermal component). In our analysis, the need
for a thermal component arises because of the jet’s high
momentum, while the jet’s lower power implies a “normal”
synchrotron efficiency and normal equipartition fields.
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7. comparison with previous work

Our results for the jet properties in Mkn 78, and by im-
plication other Seyfert jets, are important and need criti-
cal assessment. Lets therefore review our assumptions and
then compare these with other approaches.

Our primary assumption is that the jet plays a major
role accelerating the ionized gas. Momentum considera-
tions then imply the jet must contain at least some ther-
mal (i.e. not relativistic) gas, at least on the scales of the
emission regions. Our second assumption is that the jet’s
energy is lost to the kinetic energy of the ionized gas and
the creation of the radio lobe – they can therefore act as a
crude bolometer for the jet. Combining these estimates for
energy and momentum fluxes we find a modest jet veloc-
ity, perhaps a few times that of the emission line velocities.
With these basic characteristics, other properties fall into
place: the density of the thermal component is similar to
that of the ISM; the jet’s ram pressure dominates over in-
ternal or radiation pressures; the jet transports a modest
mass over its lifetime, comparable to the ionized gas; and
the jet’s synchrotron efficiency is similar to that of other
more powerful extragalactic jets. Our third assumption is
that the thermal and relativistic phases are in rough pres-
sure balance. This gives us access to the jet’s total internal
energy; reveals mildly supersonic Mach numbers with jet
temperatures somewhat below the thermalization temper-
ature; and confirms that the jet’s energy is dominated by
the kinetic energy of the thermal component.

It is important to contrast these results with those
of Bicknell et al. (1998). Although our approach fol-
lows that work, their initial assumption is quite differ-
ent: that the emission line luminosities and velocities
arise directly from clouds shocked by a jet. For Seyferts,
high emission line luminosities translate directly into high
jet powers: Lj ∼ 100L[OIII], where the factor is derived
from detailed shock models. Since, for typical Seyferts,
Lem ∼ 10L[OIII] ∼ 103Lke ∼ 103Lrel then jet powers es-

timated from emission lines are ∼ 103 − 104 times higher
than those estimated from Lke or Lrel. Jet momenta de-
rived from emission lines are also higher, but not by as
large a factor: jet ram pressure is assumed to balance post
shock pressures in emission line clouds, ρjV

2
j ≈ ρclV

2
sh.

Jet momenta Πj can then be derived either straightfor-
wardly assuming Vsh ≈ Vem, ncl ≈ nem, and Ash ≈ Aem;
or using shock models to calibrate shock luminosities, al-
lowing LHα to be used to estimate post shock pressures
and hence jet momenta (sometimes additional geometrical
factors are required if a jet is deflected rather than fully
blocked, as with Bicknell et al’s analysis of cloud C in NGC
1068). Ultimately, their method gives higher values of Πj

by factors ∼ cf/(αdragαcfffem) ∼ 102, and consequently
their derived jet velocities, Vj ∼ 2Lj/Πj , are ∼ 10 − 100
times larger than ours, more like 0.05c−0.3c. Compared to
our jets, these faster jets also have signifiantly lower densi-
ties, higher ram pressures, higher temperatures (∼ 109K),
lower synchrotron efficiencies, but similar mass transport
rates. Of course, as in our analysis, the relatively high in-
ferred jet momenta also demand the presence of a thermal
component.

The essential difference between the two approaches is
in the relative importance assigned to radiative shocks.
This issue has two distinct contexts. The most impor-

tant concerns the energy budget of the jet. As argued
in detail in Paper II, for Mkn 78 (perhaps the archetypal
jet-influenced Seyfert) the emission lines do NOT seem
to originate from radiative shocks, but instead from gas
which is photoionized by UV radiation from the nuclear
source. Unfortunately, although the line emission may not
be dominated by radiative shocks, some jet energy may
still emerge as line cooling, and our estimates of jet en-
ergy are strictly lower limits. Since the line emission dom-
inates other energy fluxes by a factor ∼ 103 then even if
only a few percent resulted from jet induced cooling this
could still dominate the jet energy budget and increase
our estimates of Lj by factors of a few (cf. Equation 3:
Ljet ≈ αsynαadαff Lrel ≈ 2 − 10Lrel). In future it will
be important to place strict limits on the contribution of
radiative shocks to NLR emission in AGN with jets.

The second context is the way in which ionized gas is
accelerated. In almost all earlier studies, emission line
velocities are treated as if they arise impulsively by mo-
mentum driven shocks, allowing one to invoke the con-
dition: ρjV

2
j ≈ ρemV 2

em. This kind of impulsive accel-
eration is analogous to that experienced by a golf ball
being struck by a golf club. Not surprisingly one de-
rives a high jet velocity and very high jet ram pressure:
Pram,−10 ≈ 1700 nem,3 V 2

em,2. Instead, we frame momen-
tum conservation globally rather than locally, by equating
the total jet momentum flux with the total ionized gas
momentum flux. The drawback of this approach, perhaps,
is that we introduce uncertainties in the region lifetime
and its global structure. The benefit, however, is that we
do not need to specify the acceleration mechanism — we
are no longer committed to impulsive shock acceleration
as the origin of NLR jet related velocities. The equivalent
momentum balance condition is:

Πj ≈ ρth(1−ffrj)AjV
2
j ≈ αdragαcfΠem (18)

Πem ≈
Gem

tage
≈

MemV 2
em

Dem
≈ ρemffemV 2

emAem (19)

which, on setting Aj ≈ Aem, gives:

ρth(1−ffrj) V 2
j ≈ ρemffem V 2

em × αdrag αcf (20)

which closely matches the shock condition but replaces
the undiluted jet and emission cloud densities with their
global (filling factor) averages. Because the cloud fill-
ing factors are small, ffem ∼ 10−3, we immediately see
that our approach to momentum balance gives jet ve-
locities and ram pressures that are significantly lower
than those of Bicknell et al’s analysis. Returning to
the golf analogy, the golf ball gradually achieves its fi-
nal velocity after a sustained wind blows it off the tee
and across the (frictionless) fairway. Using canonical pa-
rameter values to illustrate (e.g. nem ∼ 103, nj ∼ 1,
ffem ∼ 10−3), our condition gives Vj ≈ 1.7 Vem while
the shock condition gives Vj ≈ 30 Vem. Similarly, our
condition gives jet ram pressures which are lower by a fac-
tor ffemαdragαcf ∼ 0.01 − 0.001. Indeed, since the jet
ram pressure determines the shock velocity in emission
line clouds, i.e. ρjV

2
j ≈ ρemV 2

sh we find much weaker

shocks (see also §6.5): Vsh ≈ Vem (ffemαdragαcf )1/2 ≈
0.03 − 0.1Vem ≈ 10 − 50 km s−1. Of course, as discussed
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in §5.5, these lower ram pressures can nevertheless gener-
ate velocities ∼ Vem, but more gradually over the region
lifetime.

Although we feel there is good evidence against invoking
radiative shocks to estimate jet energy flux (see above and
Paper II), it is less clear whether to prefer local (shock), or
global, momentum balance conditions to estimate jet mo-
mentum flux. Overall, however, we feel a case can be made
to prefer the global condition. The argument rests on the
fact that we observe coherent trends in velocity across the
emission regions. Since much emission evidently arises in-
dependently of shocks (e.g. outside the flow regions or in
objects with no prominent radio source), then any shock
accelerated gas at a jet/cloud interface will generate high
velocity gas in the vicinity of unaccelerated gas. Hence,
if shock acceleration is important we expect to see high
and low velocity emission essentially cospatial. In prac-
tice, however, we find the emission regions show more or
less coherent global patterns in both emission and velocity
— knots move with well defined, but different, velocities,
while diffuse regions often show velocity gradients. This
velocity/structure coherence more closely matches that of
gas which is experiencing gradual but systematic accelera-
tion, rather than in situ instant acquisition of high velocity.
In these circumstances, one should not use the fast shock
boundary condition to estimate the jet ram pressure.

In summary, in trying to pin down the properties of the
bipolar flow in Mkn 78, we have avoided both the use of
emission line luminosity as tracer of jet luminosity, or the
picture in which gas acceleration occurs impulsively via
fast shocks. Instead, we use the energy stored in the radio
source and the motion of the ionized gas to infer the jet lu-
minosity, and we assume that the jet shares its momentum
with the ionized gas over the region lifetime. In empiri-
cal terms, we take seriously the results which suggest that
jet interactions do not power the the emission lines, and
we feel the overall distrubutions of velocity and line emis-
sion favour a more global, rather than local, acceleration
process. The new estimates of jet energy and momentum
show it to be much less powerful, with a velocity up to
a few times the emission line velocities, and with inter-
nal density similar to that of the low density ISM phase.
Stated more emotively, and memorably, compared to the
jets of Bicknell et al, ours is a kinder gentler jet.

8. the nuclear jet

When discussing the jet flow in Mkn 78 it is important to
distinguish between at least four lengthscales: the jet base
within a few ×103 Schwarzchild radii where, presumably,
the jet is created and accelerated; the parsec scale compo-
nents which probably contribute to the unresolved radio
core; the ∼ 100 pc scale jet visible behind the dust lane;
and the kpc scale flows associated with the outer emission
regions. Our analysis to this point has focussed mainly
on the kpc-scale flow, which we find to be dominated by
thermal gas moving at speeds 1−few ×Vem.

An important question is whether the innermost jet, ei-
ther the jet base or pc-scale jet, could be dominated by
purely relativistic gas, as is thought to be the case in ra-
dio galaxies. In this scenario, the thermal material must
be entrained before the jet emerges into kpc scales. Al-

ternatively, could jets in radio quiet objects be thermally
dominated from the outset ? Our data shed some light on
this issue, and suggest that Seyferts jets are indeed created
as thermally dominated flows.

8.1. A Purely Relativistic Nuclear Jet ?

Can a nuclear jet containing only relativistic mate-
rial yield the observed kpc-scale flow properties while
also conforming to the observed core properties? Con-
sider first the unresolved steep spectrum radio core: it
has a 3.6 cm flux of 3.8 mJy and a size < 0.′′1. Assum-
ing this core emission arises from a small jet of length
Dcj pc and crossection Acj pc2 (“cj” = core-jet), then
using αr = 0.88, Equations A19–A21 give a pressure
Pcj ≈ 4.5× 10−6(a/ffrl)

4/7(AcjDcj)
−4/7 dyne cm−2. Set-

ting ffrl = 1.0 (pure relativistic gas) and a = 2 (equal
energy in ions and electrons), we find from Equations A38
and A39:

Πcj ≈ 1.9× 1032
A

3/7
cj β 2

cj

D
4/7
cj

[

4

3
+

18

(AcjDcj)1/7

]

dyne (21)

Lcj ≈ 2.7× 1042
A

3/7
cj β 2

cj

D
4/7
cj

[

2.7

βcj
+ βcj

]

erg s−1 (22)

where the first term in each bracket comes from the inter-
nal energy and the second term from the rest mass. (Note:
in §6, where thermal material is present, we can ignore the
relativistic restmass, but here we cannot). The jet dimen-
sions are constrained by being unresolved in the natural
weight data; being optically thin at 3.6 cm; and having
sensible aspect ratio; which together yield 0.01 pc< Dcj <

30pc and Dcj/30 < A
1/2
cj < Dcj/3. These give geometrical

factors in Equation 21 in the range 2 − 15, giving a mo-
mentum for the core jet of Πcj ∼ ( 0.4−3 ) β 2

cj×1033 dyne.

Since the kpc-scale jet flow has Π ≈ (2 − 5) × 1033 dyne
(see §6.1), then momentum conservation demands that a
relativistically dominated core jet must also be fast, with
βcj ∼ 16. With βcj ∼ 1, Equation 22 gives a very high
jet luminosity: Lcj ∼ ( 0.1 − 1 ) × 1043 erg s−1. Is such a
high luminosity fast jet plausible? Almost certainly not,
for several reasons. First, whenever pc-scale proper mo-
tions have been measured in Seyferts they are significantly
sub-relativistic, with β . 0.1 (e.g. Roy et al. 2002). Mkn
78 would therefore need to be an exception if it had a rel-
ativistic pc-scale bulk flow. Second, the transition from
a fast light core-jet to a slow heavy kpc-scale jet (due to
mass loading) necessarily involves energy dissipation. For
Mkn 78, a relativistic core-jet with luminosity ∼ 1042.5 erg
s−1 becomes a kpc-scale jet with luminosity ∼ 1040.5 erg
s−1 (see §6.2), and hence the core-jet must dump almost
all its energy while it is still in the core. A luminosity
of 1042.5 erg s−1 approaches the combined FIR and emis-
sion line luminosities of the entire region and could not
easily be hidden. One might argue that core-jet dissipa-
tion actually powers the FIR and line emissions, but they
are already well explained as arising from reprocessed nu-
clear UV radiation. A stronger argument against signifi-
cant jet dissipation in the core is the absence of associated

6 Adopting the fully relativistic form of Equation A34 does not significantly affect this conclusion
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radio emission. Quantitatively, it requires Rsyn ∼ 10−3,
which would be significantly below typical values for both
Seyferts and radio galaxies (see §6.9).

Essentially the same arguments apply to the jet-base re-
gion . 1000Rs (. 0.01 pc for 108M� black hole), though
now we demand a radio flux sufficiently below the pc-scale
flux to go unnoticed (say, . 1 mJy). Pushing Equations
21 and 22 into smaller regions once again demands a high
luminosity fast jet (β ∼ 1). Loading and slowing this
jet to match the kpc-scale properties would again involve
prodigeous energy dissipation with obvious observational
consequences, especially in the radio.

In summary, the fact that we observe a thermally dom-
inated high momentum but low luminosity kpc-scale jet
effectively rules out a relativistically dominated jet base.
Relativistic plasma has such low inertia that only very fast
luminous jets carry significant momentum. In this case,
the transition to a slow moving thermally dominated flow
following mass entrainment results in almost complete loss
of jet energy. This energy dissipation would be noticed, es-
pecially in the radio which is, of course, notably weak in
radio quiet objects such as Seyfert galaxies.

8.2. A Thermally Dominated Nuclear Jet ?

The difficulty of finding a plausible relativistic nuclear
jet contrasts with the ease of finding a thermally domi-
nated nuclear jet. Setting ffrj ∼ 0 in Equations A38?
and A39, we find Πcj ' 1.6 × 1029 Acj V 2

cj,3 nth dyne,

Lcj ' 8.0 × 1036 Acj V 3
cj,3 nth (1 + 3.1 M−2) erg s−1 (M

is the jet Mach number which enters through the inter-
nal energy and substituting P−10 = 100 nth V 2

3 M−2 for
thermal gas of adiabatic index 5/3). Tying this to the
kpc-scale jet we have Πcj ∼ Πkpc ∼ (2 − 5) × 1033 dyne
and Lcj > Lkpc ∼ (2 − 10) × 1040 erg s−1, which to-
gether give Acj V 2

cj,3 nth ∼ (1−3)×104 and Acj V 3
cj,3 nth >

(0.25 − 1.2) × 104 (here we assume M ≥ 1, ie the jet’s
luminosity is principally kinetic). Of the three parame-
ters A, V, n, we have additional constraints: Vcj,3 & 0.3
(directly from the previous relations); Vcj > Vkpc (from

mass flux Ṁcj = Πcj/Vcj < Ṁkpc = Πkpc/Vkpc); and
A ∼ 100 pc2 in the core and ∼ 10−4 pc2 at the jet base.
These constraints allow quite reasonable parameters for A,
V, and n. For example, a modest jet speed of Vcj,3 ∼ 5
gives nth ∼ 10 cm−3 on pc scales, and ∼ 107 cm−3 at the
jet base. Such a jet has Ṁ ∼ 0.1 M� yr−1, momentum
∼ 1033.5 dyne, and luminosity ∼ 1041.5 erg s−1, entirely
consistent with modest entrainment and energy dumping
as the nuclear jet matures into the somewhat slower and
lower luminosity jet that we find on kpc scales.

Could the nuclear jet be purely thermal, with little or
no relativistic component? Probably not. As shown in
§6.9 Seyfert jet synchrotron efficiencies are comparable to
those of both extended and compact radio galaxies, whose
jets are thought to be dominated by relativistic material.
Contrast this with the thermally dominated flows in star-
burst driven superwinds which have, relative to their me-
chanical luminosity, much weaker radio emission, with syn-
chrotron efficiences Rsyn ∼ 10−4. Despite having similar
slow, heavy, thermaly dominated flows, it would seem that
Seyferts and starbursts are fundamentally different in their
radio production efficiency. Why might this be? Since effi-
cient particle reacceleration requires a pre-existing popula-

tion of relativistic particles, a plausible explanation is that
the Seyfert flows simply have more relativistic material at
the outset.

Having established that both thermal and relativistic
material are likely to be present in the nuclear jet, can
we further constrain their relative amounts, i.e. if ffrl is
neither 1 or 0, what is it? Given the various uncertain-
ties a detailed analysis at this stage isn’t warrented. We
can, however, give some illustrative values based on the
example given above. Choosing Mach numbers of 10 at
the jet base and 5 on the pc scale, the jet has a ther-
mal pressure of P−10 ∼ 2.5 × 108 and 103 in the two
regions. Adopting a jet aspect ratio of 5:1 and equat-
ing the relativistic and thermal pressures, we find (Equa-
tions A20, A21) radio luminosities for the two regions of:

Lrad ≈ 6.4× 1031 (ffrl/a) Vpc3 P
7/4
−10 = 1.6× 1041 (ffrl/a)

and 5.7 × 1040 (ffrl/a) erg s−1. Taking a = 2 and de-
manding 3.6 cm fluxes < 1mJy (jet base) and ∼ 3.8mJy
(pc-scale jet), we find ffrl < 0.02 and 0.2 for the two re-
gions. While we do not consider this to be a derivation of
ffrl, nevertheless we have shown that all observations can
be understood by invoking a thermally dominated jet with
modest relativistic filling factor. Future theoretical stud-
ies of jet production in AGN should consider this kind of
thermally dominated jet, in addition to jets dominated by
a relativistic phase moving with relativistic bulk velocities.

8.3. The Smallest Resolved Scales

Moving out to consider RW-ijet, the innermost re-
solved jet, lets briefly consider its asymmetry. Notice that
the brighter, western, side corresponds to the side with
blueshifted [OIII] emission, at least consistent with the a
Doppler origin of the radio asymmetry. If true, this would
clearly indicate very high jet speeds on scales . 100pc.
Specifically, for βj ≡ Vj/c moving at angle θ to the line of
sight, we have:

Iwest

Ieast
=

(

1 + βj cos θ

1 − βj cos θ

)2+αr

(23)

which, for our measured flux ratio I(RW-ijet)/I(RE-ijet)
∼ 4.7 (Paper I Table 4), gives βj = 0.15 − 0.25 for
θ = 30◦−60◦. There are three reasons to doubt the appli-
cability of this analysis for Mkn 78. First, of the four other
Seyferts with reasonably well defined jets (Mkn 3, Mkn 6,
NGC 1068, NGC 4151) none have similar asymmetries,
suggesting the asymmetry in Mkn 78 is just a coincidence.
Second, in the few cases with VLBI measured proper mo-
tions, the inferred speeds are not relativistic, but more like
∼ 0.1c (?). Third, a jet with βj ∼ 0.2 and momentum flux
∼ 1033 dyne has unrealistic properties: if purely thermal
it has exceedingly low density ncr ∼ 10−6 cm−3, while
if purely relativistic, it has exceedingly high luminosity
Lj ∼ 1044 erg s−1, neither of which are credible.

9. overall framework

Our analysis of the jet and region properties does not
make any detailed assumptions about the nature of the jet-
gas interaction itself. Rather, we have used simple conser-
vation laws to infer jet properties from region properties.
In this section we adopt a more global perspective and try
to identify the dominant physical processes that might be



Jet-Gas Interactions in Mkn 78 – III 21

ocurring, subject to our findings for the flow properties.
Many of these processes have, of course, been discussed
elsewhere and we draw on much of this prior work.

[TBD]

10. summary and conclusions

The overall aim of this project is to understand the inter-
action between the various gaseous components in a sub-
class of radio quiet AGN: Seyferts with prominent bipolar,
radio-emitting, jet flows. Here we focus on a single object,
Mkn 78, chosen because the jet-ISM interaction is both
clear and strong and hence, we hope, our findings will
generalize to other radio quiet AGN. We have used de-
tailed maps of radio emission, line emission, and velocity
field to ascertain the distribution of energy and momen-
tum throughout the region, and this in turn allows us to
infer the properties of the jet. We now itemize our conclu-
sions, grouping them by overall theme (including, briefly,
results from Papers I and II).

10.1. Overview

1: Our new STIS spectra confirm the basic dynamical sce-
nario presented in Paper I: a bipolar radio-emitting jet
flow interacts with line-emitting gas, accelerating and dis-
persing it.

2: A detailed study of the emission line ratios (Paper II)
rules out the importance of shock related ionization, and
supports the importance of nuclear UV photoionization.

3: Careful comparison with model calculations suggests
that the line emitting gas contains a range of optical
depths, including both optically thick and optically thin
gas.

4: When measurable, all emission line profiles at a given
location are quite similar. This not only strengthens the
case against the importance of shock ionization, but also
requires the velocity fields of the optically thin and thick
components to be similar.

10.2. Region Properties

The entire emission region can be usefully divided into
three regions (see Figure 1): (a) “W-knot” is a compact
high surface brightness region cospatial with the luminous
compact inner radio jet, exhibiting modest velocities; (b)
“E-fan” is a more extended, structured, fan-like region lo-
cated where the radio jet is deflected, and shows signif-
icant line-splitting; (c) “W-lobe” is a yet more extended
multi-component region cospatial with an extended com-
plex radio lobe, and shows a disordered high amplitude
velocity field.

5: The properties of these three regions is consistent with
an increase in the duration of jet interaction: recent (W-
knot); intermediate (E-fan); old (W-lobe). Qualitatively,
the sequence shows systematic increases in: nuclear dis-
tance; physical extent; physical structure; velocity ampli-
tude; and velocity structure. Quantitatively, estimates of
crossing times support this age increase: ∼ 0.4/4.0/8.2
Myr for W-knot/E-fan/W-lobe, respectively.

6: Standard analysis shows the regions each contain ∼ 106

M� of ionized gas with low filling factor but high (∼ 50%)
local covering factor.

7: We verify that the (minimum) pressures derived for the
radio components not only match those expected for the
host galaxy ISM, but also match the pressures derived for
the line-emitting components, including their ∼ r−1 ra-
dial dependence. These pressures can also drive the lobe
through the ISM at velocities similar to the local [OIII]
velocities.

8: For each region, we find the energies of the various com-
ponents fall into two groups: the intercepted nuclear UV
and total line emission completely dominate (by ×1000)
over all other energies: the kinetic energy of the ionized
gas (×1); the energy stored in the relativistic component
(×1); the energy associated with lobe expansion (×1); and
the energy radiated by synchrotron (×0.3). This is entirely
consistent with our finding in Paper II that emission lines
are powered by nuclear UV radiation, and not by shocks.
It also suggests that the relativistic component in involved
in accelerating the line-emitting gas.

9: The high momentum of the ionized gas (∼ 1048.5 dyne-
s) places important constraints on possible acceleration
mechanisms. For example, estimates of radiation pressure
and/or the internal lobe pressure suggest they are too weak
by factors ∼ ×3. Add to this the fact that these cannot
easily cause both radial and lateral motion, and we infer
that these forces probably don’t dominate the acceleration
of the ionized gas.

10.3. kpc-Scale Jet Properties

Although the jet flow itself is not easily observed, we
can use the region properties discussed above to infer the
properties of the jet. To do this, we make three important
assumptions: (a) the jet’s momentum (integrated over the
region lifetime) can be derived from the momentum of the
ionized gas; (b) the jet’s luminosity (integrated over the
region lifetime) can be estimated from the kinetic energy
of the ionized gas and the energy stored in the radio lobe;
(c) the jet contains both relativistic and thermal material
in approximate pressure balance. Armed with these esti-
mates for the jet’s luminosity and momentum flux, and its
pressure from radio observations, we can derive most of its
properties, at least on kpc scales, to ∼ 0.5 dex uncertainty:

10: The jet’s luminosity and momentum flux are ∼ 1040.5

erg s−1 and ∼ 1033.5 dyne. Both these are dominated by
the thermal component of the jet, not its relativistic com-
ponent. Compared to most radio loud AGN, this is a weak
jet.

11: The ratio of these gives a jet velocity ∼ 300−3000 km
s−1, or ∼ 1−few times the emission line velocity. Com-
pared to radio loud AGN, this is a slow jet.

12: The velocity and force of the jet yield its density:
∼ 0.1 − 5 cm−3, comparable to the hot high filling fac-
tor phase of the ISM, suggesting a jet/ISM density ratio
η ∼ 1. Compared to radio loud AGN, this is a dense jet.

13: We find the jet’s dynamical (ram) pressure to be sig-
nificantly higher than its internal (static) pressure, by fac-
tors ∼ 30/7/4 for the three regions. This confirms the jet’s
ability to accelerate the ionized gas much more effectively
than either static or radiation pressure.
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14: Despite these relatively high ram pressures, the im-
pact of the jet on line-emitting gas (of density ∼ 102−103

cm−3) generates only slow shocks, ∼ 10−50 km s−1. This
is, of course, consistent with our failure in Paper II to find
emission-line signatures of fast shocks.

15: The jet is transonic, with Mach numbers ∼ 5/2.5/2
in the three regions. This is consistent with the overall
FR-I morphology and efficient mass entrainment. Equiv-
alently, the jet’s thermal component has temperature ∼
105.5 − 106.5K, somewhat below a fully thermalized flow.

16: Integrated over the region lifetimes, we find the jet
brings about 106 M� of thermal gas into each region. It is
possible that this material provides the regions’ low den-
sity thermal phase within which the ionized and relativistic
components reside.

17: Despite the jet in Mkn 78 being so different from the
jets in radio loud AGN, it nevertheless has similar syn-
chrotron efficiency: Rsyn ≡ Lj/Lrad ≈ 1−few %. It is
presently unclear why this should be.

10.4. Downplaying the Role of Shocks

Our analysis follows closely the one laid out by Bicknell
et al. (1998), but with one crucial difference: having failed
to identify shock signatures in Paper II, we choose not to
use shocks to constrain the jet’s properties. In contrast,
Bicknell et al. employ shock constraints in two impor-
tant ways: they derive the jet’s luminosity assuming the
emission lines are powered by radiative jet driven shocks;
and they derive the jet’s momentum assuming the emis-
sion line velocities are generated impulsively behind these
same shock fronts. These two different input assumptions
lead to radically different inferred jet properties:

18: Compared to our approach, employing shock con-
straints yields jet luminosities greater by ∼ ×103, jet
momenta greater by ∼ ×102, and jet velocities greater
by ∼ ×10. These jets also have much higher ram pres-
sures and temperatures, and much lower densities and
synchrotron efficiencies. Stated simply, our jets are much

weaker, slower, and denser than the jets of Bicknell et al.

19: While we feel our jet has inherently more plausible
properties, there is another reason to favour it: across the
regions the velocity field appears to vary fairly smoothly.
While we assume (statistically) gradual acceleration, Bick-
nell et al’s analysis requires impulsive acceleration yielding
high (post-shock) and low (pre-shock) velocities at all lo-
cations.

10.5. The Nuclear Jet

Finally, it is possible to place constraints on the jet flow
at significantly smaller radii, before it enters the emission-
line region. We simply demand that the jet emerges with
similar momentum to the kpc-scale jet, at least as much
luminosity, and its radio emssion must be consistent with
the unresolved (weak) synchrotron core.

20: With these assumptions, it seems the nuclear jet can-
not comprise purely relativistic material, principally be-
cause to provide adequate momentum it would have ex-
cessively high luminosity. The nuclear jet must therefore
emerge carrying at least some thermal material. While we
are unable to estimate the relative amounts of thermal and
relativistic material, it seems both must be present.

We have greatly benefitted from conversations with Ge-
off Bicknell, as well as Robert Liang, Alan Bridle, Craig
Sarazin, Roger Chevalier, Joss Bland-Hawthorn, and Ger-
ald Cecil. MW and DJR thank IUCAA, Pune; MSSSO,
Canberra; the Astronomy Department, UNSW, Sydney,
and the Astronomy Department, Oxford, for hospitality
while some of this work was completed. Support for pro-
posal numbers GO5417, GO7404 and GO8459 was pro-
vided by NASA through a grant from the Space Telescope
Science Institute, which is operated by the Association of
Universities for Research in Astronomy, Incorporated, un-
der NASA contract NAS5-26555.

APPENDIX

estimating region properties

Here we gather simple parameterized relations used in §5 and §6 to estimate basic physical properties of the various
components in the regions. Fiducial values are chosen to be representative of Seyferts in general and Mkn 78 in particular.
Symbol definitions are given at the end. In general, a numerical subscript refers to the log10 of the fiducial value, for
example Mem,6 has units of 106 M�.

Emission Line Component

Consider an emission region of size θex × θey arcsec (θey < θex) located ∆e arcsec (De cm) from the nucleus, containing
ionized gas of density nem cm−3 with typical column density Nem cm−2. The total ionized gas mass, filling and local
covering factors are:

Mem ≈
LHβ mp

hνHβ nem αHβ
≈ 8.0× 1014 (cz/Ho)

2 FHβ n−1
em,3 M� (A1)

ffem ≈
Vol(gas)

Vol(region)
≈ 5.6(2.9?)× 1011 (cz/Ho)

−1 FHβ n−2
em,3 θ−1

ex θ−2
ey (A2)

cfem ≈
Area(gas)

Area(region)
≈ ffem ×

Dregion

Dcloud
≈ 8.4 × 1012 FHβ n−1

em,3 θ−2
ey N−1

em,21 (A3)
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where the local covering factor refers to the fraction of region area covered by gas (equal to the global covering factor if
the region completely surrounds the nucleus; here we take θy and Dregion as the angular and physical scales perpendicular
to the direction of the nucleus, and Dcloud is a typical cloud diameter).

If the line emitting gas moves radially outwards at an angle φ to the plane of the sky, with [OIII] profile central velocity
and FWHM Vem and Wem km s−1, then the total momentum, translational, internal, and thermal energies of the gas are:

Gem ≈ Mem Vem cosecφ ≈ 2.0 × 1046 Mem,6 Vem,2 cosecφ gm cm s−1 (A4)

Eke,t ≈
1
2Mem V 2

em cosec2φ ≈ 1.0× 1053Mem,6 V 2
em,2 cosec2φ erg (A5)

Eke,i ≈
1
2Mem(Wem/2.36)2 ≈ 1.8 × 1052Mem,6 W 2

em,2 erg (A6)

Eth ≈ 3/2 N k T ≈ 4.1× 1051 Mem,6 Tem,4 erg (A7)

Turning to radiation and ionization properties, we can estimate the photon energy output from the nucleus using the
reprocessed FIR flux (e.g. S60, S100 Jy IRAS fluxes). Assuming this originates as a power law (Lν ∝ ν−αo , αo > 1.0)
which is fully absorbed between εlow (≡ λlow) and high energy, we have relations for the FIR and UV (ionizing) luminosity,
the ionizing photon number rate, the ionization parameter, the ionized (Stromgren) column density, and the radiation
pressure (assuming the full spectral range is absorbed). Furthermore, using emission lines we can estimate the gas pressure
and total line cooling (calibrated using CLOUDY)

LIR ≡ Lph ≈ 1.5× 1039 (cz/Ho)
2 × [2.6S60 + S100] ≈

(

912

λlow

)1−αo

LUV erg s−1 (A8)

Qion ≈
αo − 1

αo

LUV

εH
s−1 (A9)

Uem ≈
Qion

4πD2
enemc

≈ 8.2 × 10−4 αo − 1

αo

(

λlow

912

)1−αo

[2.6S60 + S100] ∆−2
e n−1

em,3 (A10)

NS ≈ Uemc/αB ≈ 1.3 × 1023 Uem cm−2 (A11)

Prad ≈
Lph

4πD2
ec

≈ 2.1 × 10−11 [2.6S60 + S100] ∆−2
e dyne cm−2 (A12)

Pem ≈ nem k Tem ≈ 1.4× 10−9 nem,3 Tem,4 dyne cm−2 (A13)

Lem ≈ 10 × L5007 ≈ 1.2× 1051 (cz/Ho)
2 F5007 erg s−1 (A14)

From the [OIII] velocity and region size, we can estimate a crossing time, tcross, which we tentatively associate with
the age of the interaction, tage. This age can be used to interconvert energies with luminosities, and momenta with forces
(mechanical luminosity and force are given as examples):

tage ≡ tcross ≈ 47100 (cz/Ho) θex V −1
em,2 tan φ yr (A15)

Lmec ≈ (Eke,t + Eke,i)/tage (A16)

Πem ≈ Gem/tage (A17)

Finally, if a cloud is accelerated by a pressure P to velocity Vem over a time tage, it has column density:

NP ≈
P

mp

tage

Vem
≈ 1.9 × 1020 P−10 tage,6 V −1

em,2 cm−2 (A18)

where P−10 and tage,6 have units of 10−10 dyne cm−2 (log P/k = 5.9 K cm−3) and 106 yr respectively.

Relativistic Component

Radio sources gives us access to a relativistic component. A source flux of Sν Jy at wavelength λ cm with power law
form Sν ∝ ν−αr has a total radio luminosity:

Lrad ≈

∫ ν2

ν1

Lν dν ≈ 1.2× 1036 Sν (1 + z)3+αr (cz/Ho)
2 (30/λ)αr X1(αr) erg s−1 (A19)

where the term (1+ z)3+αr is a K correction, and the function Xq(α) = (νq−α
2 − νq−α

1 )/(q−α) incorporates the spectrum
limits ν1 and ν2 GHz (typically 0.01 and 100 respectively). Following Moffet (1975) and Miley (1980) we can derive a
number of properties of the radio source. The total energy density includes contributions from relativistic particles and



24 Whittle et al.

magnetic fields: urel = up + um, with up = ue + uions = aue where a specifies the contribution of the ions (typically,
a ∼ 1 − 100 with values of 1, 2, or 10 commonly adopted). For a given radio luminosity, urel has a minimum when
um ≡ B2

min/8π = (3/4)up, corresponding to approximate equipartition of energy between particles and the field. If we
assume the relativistic gas has filling factor ffrl within an ellipsoidal radio source of volume V cm−3 (angular size θrx×θry

arcsec, with depth matching θry), we have expressions for the field strength Bmin, pressure Prel, total lobe energy Erel,
radiative loss timescale t1/2 for electrons emitting at νGHz, density of relativistic electrons, ne, and ratio of rest mass
energy to energy in particles and fields (assuming 1 proton per electron):

Bmin ≈ 326

[

a Lrad

ffrlV

X0.5(αr)

X1(αr)

]2/7

≈ 2.93× 10−4

[

Sν

θrxθry

a (1+z)3+αr(30/λ)αrX0.5(αr)

ffrl θry (cz/Ho)

]2/7

Gauss (A20)

Prel ≈ (1/3) urel ≈ (7/9) (B2
min/8π) ≈ 0.031 B2

min ≈ 0.031 B2
min,ff=1 ff

−4/7
rl dyne cm−2 (A21)

Erel ≈ urel V ffrl ≈ 1.6× 1056 θrx θ2
ry ff

3/7
rl (cz/Ho)

3 B2
min,ff=1 erg (A22)

t1/2 ≈ 0.68 B
−3/2
min ν

−1/2
GHz yr (A23)

ne ≈
4.20× 103

a

X0(αr)

X0.5(αr)
B

5/2
min ≈

1.02 × 10−7

a

X0(αr)

X0.5(αr)
P

5/4
−10 cm−3 (A24)

nempc
2

urel
≈

68

a

X0(αr)

X0.5(αr)
B

1/2
min ≈

0.51

a

X0(αr)

X0.5(αr)
P

1/4
−10 (A25)

where P−10 is Prel in units of 10−10 dyne cm−2. Note that Bmin, Prel, Erel and ne have relatively modest dependencies

on a and ffrl: a2/7ff
−2/7
rl ; a4/7ff

−4/7
rl ; a4/7ff

3/7
rl ; a−2/7ff

−5/7
rl (for clarity, we sometimes show the filling factor explicitly

using subscript ff = 1: e.g. Bmin ≡ ff
−2/7
rl Bmin,ff=1, or Erel ≡ ff

−4/7
rl P−10,,ff=1). Note also that a pure synchrotron

emitting plasma has very low inertia, with comparable energy in rest mass and other forms.
We can extend this analysis to consider a radio source in which the remaining volume, V (1 − ffrl), contains non-

relativistic (thermal) gas in pressure balance with the relativistic component. Since for relativistic gas urel = 3P and for
thermal gas uth = 3

2P we have for the total lobe energy:

Elobe = urelV ffrl + uthV (1 − ffrl) ≈ Erel,ff=1 × ff
−4/7
rl (ffrl + 1)/2 (A26)

where the multiplicative factor ff
−4/7
rl (ffrl + 1)/2 is relatively insensitive to filling factor, taking values 1/2/7 for ffrl =

1.0/0.1/0.01. If Elobe derives from a jet with luminosity Ljet entering the lobe for time tage with adiabatic expansion loss
factor fad ∼ 0.5, we have: Elobe ≈ fad tage Ljet. This now allows us to estimate the ratio of the radio luminosity to the
jet luminosity, Rsyn ≡ Lrad/Ljet, which is itself closely related to the monochromatic parameter κν ≡ Lν/Ljet defined in
Bicknell et al. (1998), with κ1.4 referring to the value at 1.4 GHz:

Rsyn ≡
Lrad

Ljet
≈

fad tage Lrad

Elobe
≈ 1.1 × 106 ff

4/7
rl fad tage,6

ffrl + 1

X1(αr)

aX0.5(αr)
B

3/2
min,ff=1 (A27)

≈ 109 X1(αr) (30/λ)αr κν ≈ 1.6× 1010 κ1.4 (A28)

where αr = 0.7 has been used to evaluate κ1.4. Note that for spectral indices αr in the range 0.6 − 0.8, the numerical
values for the functions X1(αr), X0.5(αr), and their ratio, span ranges 15− 9, 9 − 12, and 4.2− 2.5.

Ambient ISM

A region of area Alobe expanding into the ISM at speed Vlobe experiences a ram pressure Pram ≈ ρism V 2
lobe and liberates

energy at a rate Lexp ≈ 1
2 ρism V 3

lobe Alobe. If the ram pressure is balanced by the radio source pressure, Prel, we can derive
values for the luminosity of the expansion and density of the ISM:

Lexp ≈ Prel Vlobe Alobe ≈ 2.2× 1035Prel,−10 Vlobe,2 θ2
ry (cz/Ho)

2 erg s−1 (A29)

nism ≈
Prel

mp V 2
lobe

≈ 0.60× Prel,−10V
−2
lobe,2 cm−3 (A30)

Note that Lexp depends only weakly on radio source size: Lexp ∝ θ
−4/7
rx θ

6/7
ry ∝ θ2/7.

A related approach to constraining the ISM density using a model for the growth of the radio source has been given
by Bicknell, Dopita, & O’Dea (1997) who were extending work by Begelman (1996). A jet of luminosity Lj burrows into
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an ISM with radial density profile ρism ∝ x−δ with value ρo (and associated hydrogen density no) at fiducial distance
xo. The lobe has average pressure Pl, and its outer edge reaches distance xe from the nucleus after time t with local
overpressure Pe = ζPl. Solving for the evolution of the lobe yields expressions for the fiducial ISM density, lobe advance
speed, and jet luminosity in terms of the lobe pressure, size and age:

no ≈ Pl
ζ(5−δ)2

9
(t/xo)

2 (xe/xo)
δ−2 ≈ 1.4 × 10−3 (5−δ)2 P−10 t26 x−2

o,3 (xe/xo)
δ−2 cm−3 (A31)

Ve ≈
3 ζ−1/2

(5 − δ)
(xe/xo)

(5−δ)/3(xo/t) ≈
2000

(5 − δ)
(xe/xo)

(5−δ)/3(xo,3/t6) km s−1 (A32)

Lj ≈ Pl
2π(8−δ)

ζ(5−δ)
t−1 x3

e ≈ 2.9× 1041 (8−δ)

(5−δ)
P−10 x3

e,3 t−1
6 erg s−1 (A33)

where xo,3 and xe,3 are in units of kpc, and plausible values for ζ ∼ 2 and δ ∼ 1−2. These relations roughly match those
above but rather than employ a velocity of the lobe’s expansion they use its age and size (for which xe,3/t6 ≡ 1000 km
s−1 or Vrel,2 = 10.

The Jet

A key component of this system is the jet. We use the relativistic relations given by Bicknell (1994) and Laing & Bridle
(2002) to describe a jet of velocity V , rest mass density ρ, pressure p, enthalpy w = u + p (where u is the internal energy
density) and cross sectional area A. Ignoring buoyancy, we give general expressions and non-relativistic approximations
for the momentum, energy, and mass fluxes, and a parameter which approximates the ratio of the jet’s kinetic energy to
its internal energy, Rke:

Π = AV [γ2ρV + γ2(w/c2)V ] ≈ AV [ρV + (w/c2)V ] (A34)

L = AV [γ(γ − 1)ρc2 + γ2w] ≈ AV [ 12ρV 2 + w] (A35)

Ṁ = AV γρ ≈ AV ρ (A36)

Rke = (γ − 1)ρc2/w ≈ 1
2ρV 2/w (A37)

where AV is the volume passing any given point per second, and β = V/c, γ = (1 − β2)−1/2 are the usual relativistic
velocity and Lorentz factors for the jet’s bulk motion. In the current context we consider the jet to contain two components:
(a) relativistic particles and fields with pressure Prel, enthalpy w = u + Prel = 4Prel and (usually negligible) rest mass
density ρrel ≈ nemp where ne is given by Equation A24; and (b) a non-relativistic (‘thermal’) component of pressure
Pth, enthalpy w = (5/2)Pth and density ρth. We choose to characterize the relative amounts of these components using a
filling factor, ffrj , for the relativistic component. We further assume the two components are in rough pressure balance,
Pth ≈ Prel ≡ P . Using j as subscript for the jet, we take for fiducials P = 10−10 dyne cm−2 (≡ 7.2 × 105 K cm−3 in
P/k), nth = 1 cm−3, Vj = 103 km s−1 and Aj = 104 pc2, where the latter area comes from the smallest resolved scale of
the inner western jet, Ajet ∼ 0.′′15 × 0.′′15 ∼= 100 pc × 100 pc. Together these give:

Πj ≈ AjVj [ ρthVj(1−ffrj) + (P/c2) Vj
1
2 (5+3ffrj) + ρrelVj ffrj ]

≈ 1.6× 1033 (1−ffrj) Aj,4 V 2
j,3 nth + 2.7× 1026 (1+0.6ffrj) Aj,4 V 2

j,3 P−10 +

8.1× 1025 ffrj Aj,4 V 2
j,3 [X0(αr)/aX0.5(αr)] P

5/4
−10 dyne (A38)

Lj ≈ AjVj [ 12ρthV 2
j (1−ffrj) + 1

2P (5+3ffrj) + 1
2ρrelV

2
j ffrj ]

≈ 8.0× 1040 (1−ffrj) Aj,4 V 3
j,3 nth + 2.5× 1039 (1+0.6ffrj) Aj,4 Vj,3 P−10 +

8.1× 1033 ffrj Aj,4 V 3
j,3 [X0(αr)/aX0.5(αr)] P

5/4
−10 erg s−1 (A39)

Ṁj ≈ Aj Vj ρth (1−ffrj) ≈ 0.25 (1−ffrj) Aj,4 Vj,3 nth M� yr−1 (A40)

Rke ≈

1
2 ρthV 2

j (1−ffrj)
1
2 P (5+3ffrj)

≈
Πj/Aj

5 P (1+0.6ffrj)
≈

20 Πj,33/Aj,4

P−10 (1+0.6ffrj)
(A41)

where we have ignored the contribution of ρrel in last two relations, A40 and A41. Note that if P is measured using
a radio source then it hides and additional dependence on filling factor, and one should use: P ≡ Pff=1 ff−4/7. Note
also that for our parameter regime, as long as there is even a small thermal component, we can effectively ignore both
the kinetic energy and the momentum of the relativistic component (but not its internal energy). Finally, the term
[X0(αr)]/[X0.5(αr)] spans a modest range 2.7 − 4.0 for the full range of observed spectral indices αr = 0.6 − 0.8. Note
also that for a pure thermal jet Lj/(cΠj) = 1

2βj , while for a pure relativistic jet Lj/(cΠj) ≈ 1/βj, where βj = Vj/c (more

exactly, from A38 and A39, Lj/(cΠj) = 1/βj [(1+ 1
2Rrmβ2

j )/(1+Rrm)] where Rrm is ratio of rest mass energy to enthalpy,

ρrelc
2/4P , so the term in square brackets is of order unity for our parameter regime, using Equation A25).
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Quantities used in the above relations have the following definitions:

cz, Ho: redshift in km s−1 and Hubble constant in km s−1 Mpc−1.

F5007, FHβ , L5007, LHβ : Reddening corrected [OIII]λ5007 and Hβ flux in erg s−1 cm−2 and their associated luminosities
in erg s−1.

S60, S100: IRAS fluxes in Jy in the 60µm, 100µm bands (1.11 and 1.13 for Mkn 78).

hνHβ , αHβ , mp: Hβ photon energy = 4.09× 10−12 erg; case B recombination coefficient for Hβ at 104 K = 3.0× 10−14

cm−3 s−1; proton mass in gm.

εH , εlow, λlow, αo: Hydrogen ionization energy = 2.17× 10−11 erg; low energy limit to the optical–UV–X-ray continuum
absorbed by dust, in ergs and Å (e.g. ∼ 4000Å); the power law spectral index for this continuum: Lν ∝ ν−αo .

θex, θey, ∆e θrx, θry, ∆r: long and short diameters, in arcsec, of the [OIII] and radio regions, and their distance to the
nucleus, in cm.

nem, nism, nth: proton density in cm−3 for the line emitting component, the ambient ISM, and the jet/wind thermal
component.

Vem, Wem: [OIII]λ5007 peak velocity and FWHM in km s−1.

Sν , λ, αr, ν1, ν2: radio source flux in Jy at wavelength λ cm, with assumed power law Sν ∝ ν−αr between limits ν1 = 0.01
and ν2 = 100 GHz.

a, X0(αr), X0.5(αr), X1.0(αr): the factor specifying the relative contribution of energy in relativistic electrons and ions,
up = ue + uions = aue, where we take a = 2 (equal energy in ions and electrons); the spectral shape function is defined

by Xq(α) = (νq−α
2 − νq−α

1 )/(q − α) with ν1 = 0.01 and ν2 = 100.

Fiducial values are quoted with the log10 of the value specified, for example Vj,3 is Vj expressed in units of 103 km s−1.

APPENDIX

slitless spectroscopy

In this appendix, we make a brief assessment of a potentially powerful STIS observing mode: “slitless spectroscopy”,
since we have both good slit coverage and a deep (1700s) exposure using the G430M grating in slitless mode.

Clearly, this kind of data has both strengths and weaknesses. On the one hand, a single exposure captures information
from the entire emission line region, in our case for all three emission lines Hβλ4861, [OIII] λλ4959, 5007. On the other
hand, the information is convolved since spatial and velocity coordinates are superposed. Figure 5 shows our slitless data
(top center), with the [OIII] direct PC image oriented to match the slitless image (top left). Contours of these two have
been superposed (top right) by matching the bright emission region LW−1. In a general sense, it is clear from these images
that the eastern side shows significant redshift, while parts of the western side seem to be blueshifted, consistent with an
overall bipolar flow. With a sufficiently simple emission region, comprising well separated patches, it seems possible to
identify which patch in the direct image corresponds with which patch in the slitless image, and thereby infer its velocity.
Indeed, this approach has been adopted with good success in several studies (e.g. Kaiser et al. 2000; Ruiz et al. 2001).

The method does, however, seem to have its limitations. For example, even for simple emission regions, higher order
information (e.g. linewidth, asymmetry, wings etc.) is usually unrecoverable, because of the confusion with nearby
emission. With more complex emission regions ambiguities grow quickly as to which patch of emission in the direct image
goes with which patch in the slitless image. Since we have good coverage with four slits, it is possible to reconstruct quite
clearly how the slitless image has arisen. The lower six panels in Figure 5 show this, with the emission from each slit
observation rebinned to simulate its location in the slitless image. The sum of all four slits is shown in the lowest right
panel and many of its features can be found in the actual slitless image, while those that cannot can be traced to emission
coming from between or outside the slits. Without attempting to describe these images in any detail, it is clear that in
the absence of the slit data, it would be difficult to go beyond the simplest inferences from the slitless data, and even then
genuine ambiguities would arise.

In an attempt to push the slitless method further, we considered what would be gained by taking several slitless images
at different orientations (Becker 2000). This is formally equivalent to projecting the 3-d data set (RA, Dec, cz) onto a plane
from several angles, and may therefore yield to tomographic reconstruction techniques. We simulated slitless observations
from three orientations and used iterative back projection, and maximum entropy methods to try to reconstruct the
original dataset. As might be expected, the problem is highly underconstrained and artifacts thoroughly confuse the
reconstruction.
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Fig. 5.— Slitless Spectroscopy. The top center panel shows the slitless [OIII]λ5007 image taken with the G430M grating at an orientation of
PA 151 and a horizontal dispersion axis (scales indicate 5 arcsec and 1000 km s−1). For reference, the top left panel shows the [OIII]λ5007 PC
direct image and the top right panel shows the two superimposed. The lower six panels present the STIS slit observations rotated to match
the slitless observation, with their sum presented in the lower right panel. The various [OIII] velocity components are clearly visible and the
sum matches quite well the observed slitless data. Without the slit data, however, interpreting the slitless data would be quite limited.

We conclude that by themselves, slitless images can provide simple but rather limited information. For complex objects
(e.g. Mkn 78), even this information might prove to be quite ambiguous. Unfortunately, if detailed information is required,
there seems to be no easy shortcut to using multiple slits.
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