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X-RAY EMISSION PROCESSES IN
RADIO JETS AND HOT SPOTS

e THERMAL

Collisionally ionized (10"-*K)
Photoionized (several x 10* - several x 10°K)
Is it observed? - No (1 possible exception)

¢ INVERSE COMPTON SCATTERING

e 4+ 1y = e+ vy

v~ Y

If n(v) =n.oy "yac=as=(p—1)/2

Is it observed? - Yes

What do we learn? Magnetic field strength
plus constraints on I' and ¢ if bulk relativistic
motion is present

e SYNCHROTRON RADIATION

Need 10

Is it observed? - Yes

" for X-rays

What do we learn? Cosmic ray acceleration
processes work to these ~'s and, if pro-
Hl‘ o\
{(ef, max energy of cosmic rays observed is

1)

tons of similar » are present, E
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INVERSE COMPTON SCATTERING.
SOURCES OF PHOTONS.

e The synchrotron radiation itself (syn-
chrotron self-Compton radiation - SSC.)

e The cosmic microwave background ra-
diation (external Compton, EC). Note:

1) ecp = eon (1 + 2)7°, s0o expect an increase of
Ly with z
2) - 1,000 (typically meter wave radio syn-

chrotron electrons)

e The galaxy starlight. Note: Very low
energy cosmic rays needed (v ~ 20), not ob-
servable as radio synchrotron.
e Radiation from the active nucleus.
probably beamed along the radio axis.
Note:

,

I. Radiation i= probably dominated by IR, so
100 - 300 (below normal radio band)

2) Angle depenadence of 1C seattering More
distant lobe should be somewhat (depending

1y My Imore l”HiIH(HI“\ {HHHH‘!H o1 .‘II. |‘“37t

BULK RELATIVISTIC MOTION.

2 Dlob %uks 5 ” Q’)oC v

3\ B

\\——@\//
e Effect depends on Doppler factor:
= [[(1 = B cos 0)]!
where I' = Lorentz factor, 3 = v,ui/c, § = angle
between velocity vector and line of sight.
Note: duax = 1/sin 0, and is achieved when sin
6 =1/rI.

1. Radiation isotropic in blob frame

(usually assumed for synchrotron and SSC ra-
diation)

S, (v) x 8** 8, (v).

If S, ssc too weak, must increase N and (equiv-
alently) decrease B (B o §~(3+a)/(1+a)),

2. Radiation isotropic in (e.g.) Hubble frame
(as applies to cosmic background and approx-
imately to galaxy starlight)

S, (v) x 6% 8 (v) (Dermer 1995).

So SVEC/Svaynch X site S (V)

Thus can get large boost of S,rc if § > 1. Ex-
pect this effect to be important for jets with
small 6 (BL Lacs, blazars).

~ “Jrome
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Fig. 1 CITED IN TEXT | HI-RES IMAGE (173kb) | #

Allowed values of the magnetic field and Doppler beaming factor for knot WK7.8 of PKS 0637-752.
Solid line: Allowed values of B and & if the observed X-ray emission is produced by a SSC model.
Dashed line: Allowed values if the X-rays come from inverse Compton scattering of CMB photons (the
EC/CMB model). Dorted lines: Allowed values of B and & under the assumption of equipartition
between radiating particles and the magnetic field for two different values of the low-energy cutoff of
the electron distribution, 7, = 10and Y . = 10°. The EC/CMB emission can clearly be consistent
with equipartition conditions for moderately large values of the Doppler factor (5~ 10), while the SSC
case is far from equipartition unless an enormous degree of debeaming is present (8 < 0.1). For the

calculation, we used the radio flux density at 4.8 GHz and the X-ray flux density at 1 keV reported in
Fig. 2.
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Fig. 4. A plob of sub-parsec radio luminesity versus (left) black hole mass and (right) bulge luminosity of the host galaxy in the
B-band. Ouly radio-detected sources relatively unambiguously identified with the central engine of the AGN (see text) and with
radio Huxes measured at resolution better than 1 pe are plotted as circles (Palomar LLAGNs and AGNs) and triangles (other
LLAGNs and AGNs). For these, filled symbols are used for elliptical galaxies, and errors in black hole mass are shown (see
text). LLAGNs and AGNs (some of which are in the Palomar smmple) with radio luminosities measured at resolution between
I peand 5 pe are shown as crosses. Two measurements (at different resolutions; Nagar et al., 2002a) are plotted for the Calaxy.
The fanr dotted lines in the left panel represent Bddington ratios (from 107 to 1) calculated assuming that jet kinetic power
dominates the accretion energy output (see Sect. 5.5). The dashed line in the left panel shows a linesr fit to the circles and
triangles with log Mpg> 107 Mg : the dashed line in right panel shows a linear fit to the circles and triangles except the Galaxy

(see text).

tion of ~7 mas translates to > 1 pe and only some of these
IR Is could be included in the figure as erosses. We do not
consider other more powerful radio sources (e.g. blazars)
to minimize confusion due to relativistic beaming.

A visunl inspection of Fig, 4 shows a rough overall
correlation between radio luminosity and both black hele
mass and galaxy bulge lominosity. The large seatter in
both relationships is possibly due to a large range of nc-
cretion rates at any given black hole mass (dotted lines in
Fig. 4 left), which results in widely different output radio
luminosities. Statistical tests® from the ASURV package
(Lavalley et al., 1992}, suggest that both correlations are
statistically significant even when the Galaxy and other
nueloi with low black hole mass are removed, as detailed
below. The radio luminosity and black hole mass corre-
lation has significance 99.95-99.98% when all circles and
triangles in Fig. 4 (left panel) are considered. This signil-
icance drops only slightly (98.9-09.8%) when the Galaxy
nid NGC 4395 are not considered, and is still 98.9-99,8%
when only nuclei with log Mgg> 107 Mg, are considered.

* Mensurement errors were not considered when running the
statistical tosts.

The correlation between radio luminosity and bulge lu-
minosity has significance 99.3-99.7% when all cireles and
triangles in Fig. 4 (vight panel) are considered. This corre-
lation is still significant (95.6-99.2%) when the Galaxy is
not copsidered. Linear regression analysis by the Buckley
James method in ASURV on the circles and triangles in
Fig. 4 (not considering the Galaxy in both eases, and us-
ing only nuclei with log Mpy> 107 Mg in the ease of the
relation between radio luminosity and Mpy) yields:

log ([‘.‘;nli—pr [W/Hz])
= 0.74 (£0.31) log (Lp(bulge) /L) + 13.28 (1)
= 0.75 (:0.26) log (Mpn/Mg) +14.84

These two relations are plotted with dashed lines in Fig. 4.

The relation between radio luminosity and black hole
mass hias been discussed by several anthors, with conflict-
ing results. For example, Franceschini et al, (1998) claimed
a correlation with a much steeper slope based on a small
number ol objects, while Ho (2002) and Woo & Urry
(2002) found no correlation for larger samples of AGNs
and LLAGNs. We emphasize that our results and those
of [To (2002) and Woo & Urry (2002) are not contradice-

Number of Objects

8 -6 -5 -2
g lpgy

Fig. 7. A comparison of the kinetic and radiated aceretion
power outputs as a fraction of Leddingten in four encrgeti-
cally important wavebands. In both panels the histograms
are offset by 0.1 in # for clarity. Left: histograms of the
broad o luminosity (dotted line), hard X-ray luminosily
{2-10 keV; dashed line), and minimum jet power (Qjers
solid line) for all broad line nuclei, all hard X-ray detected
nuclei, and all radic detected nuelei, among the LLAGNs
and AGNs of the Palomar Sample, respectively. Right:
histograms of the minimum jel power (Qjet ; solid line) and
radiated belometric luminosity (derived from the [OT11)
Juminesity, see text; dashed line) for the radio detected
nuclei in the LLAGNs and AGNs of the Palomar Sample

5.5.1. Jet Power Domination in Palomar LLAGNs

With an estimated black hole mass and an emitted
luminosity, one can estimate the Eddington ratio, ie.
ks = Ligmivted/LEddington - Previous caleulations of lgaq
for LLAGNs have considered only the radiated component
of Lismiteed. Since LLAGNs lack a “big blue bump’, the X-
ray emission has been thought to dominate the bolometric
luminoesity (Ho, 1999). With most LLAGNs having hard
X-ray Tuminosities of only ~ 10% erg s~ or lower, the ac-
cretion is inferred to be highly sub-Eddington (He et al.,
2001; 'Terashima & Wilson, 2003; Filho et al., 2004).

If, as justified above, the compact radio nuelei and
sub-parsec jets represent emission from the base of a rel-
ativistie jet launched close to the black hole, then the
kinetic energy in the jet can be quite high. Equation
20 of Falcke & Biermann {1999) - asswming an average
inclination of 45° - can be used to obtain ‘minimum
jev powers’ [Qjec) of 107 — 107 crg s=' (Fig. 6, left
panel) from the 13 GHz peak VLA flux of radio detected
LLAGNs. For LLAGNs with both hard X-ray and ra-
dio lnminesity available, this jet power greatly exceeds
the radiated X-ray luminosity (Fig. 6, right panel). Since
the bolometric luminosity (Lpg) in electromagnetic ra-
diation is estimated to be only ~ 3 — 15 % Lys_10 kev
for LLAGNs (Ho, 1999), this suggests thai the accretion
power output is dominated by the jet power. This dom-
ination of jet power over X-ray emission is analogous o
the situations for ~10-15 Mg black holes in Galactic X-
ray binary systems (Feuder, Gallo, & Jonker, 2003) and
for powerlul radio galaxies (e.g. Celotti & Fabian, 1993;
Owen, Eilek, & Kassim, 2000).

To expand on this issue, we compare Lhe estimaled
minimum jet power to the observed hard X-ray luminos-
ity and emission-line luminosities for the Palomar sample
LLAGNs. Clearly (Fig. 7, left) the minimum jet power is
significantly larger than the measured hard X-ray lumi-
nosity (as noted above] and the luminosity in broad Ha.
On the other hand, if the radiated bolometric luminosity is
estimated from the [O 1] luminosity - from the empirical
result that the spectral energy density of type | AGNs typ-
ically shows Lpg = 3500 x Loy (Heckman et al,, 2004,
see also next Sect.) - then LLAGNs show similar distri-
butions of minimum jet power and radiated bolometric
Inminosity (Fig. 7, right).

5.5.2. A Common Jet-Power Scaling for LLAGNs and
Powerful AGNs

The radio detected LLAGNSs in the Palomar sample (eir-
cles; I'ig. 8) lall nicely at the low luminosity end of the cor-
relation between jet kinelie power and total emission line
Inminesity from the narrow line region (NLR) for more
powerful FR I and FR II galaxies. This figure includes
FR I and FR 1T radio galaxies (slanted crosses; in these
the jet kinetic power is estimated from lobe-feeding en-
crgy arguments; Rawlings & Saunders, 1991) and other
powerful radio sources (including BL Laes, quasars, and
radio galaxies) with parsec-scale jets (crosses; in these the
bulk kinetic energy in the jet was estimated using a sell-
Compton synchrotron model applied to the parsec-scale
Jjet; Celotti & Fabian, 1993). We estitnated the NLR lu-
minosity for the Palomar LLAGNs and AGNs following
Celotti & Fabian (1993):

Iner = 4 x (3 Ljorgaarer + 1.5 Lioumasoor)

with Lionjaarr estimated as 0.25x Lioungaseor for Seyferts
and 3x Lionasoor for LINERs and transition nuclei. The
Palomar [O 111] luminesities were measured in a 2x4"
nuclear aperture (Ho et al,, 1997a); these values closely
approximate the total NLR luminosity in most nuclei ex-
cept a handful, e.g. NGO 4151, which have more extended
NLRs.

5.5.3. LLAGN Jet-Power and Global Energetics

The energetics of the jet are also important in the context
of so called cooling flows and in regulating the feedback
between galaxy growth and black hole growth. For exam-
ple, in many clusters the central ¢D) galaxy has an FR 1
radio morphology, with the radio jet playing an impor-
taut role in the above issues and in the global energetics
of the cluster gas (Owen, Eilek, & Kassim, 2000; Binncy,
2004b; Ostriker & Ciotti, 2004). A comparison of the jet
kinetic power with the power injected inte the 1ISM by
supernovae Lypes 1 and 11 in the host galaxies is shown
in Fig. 9 for the radio detected Palomar LLAGNs/AGNs.
The supernova rates (as a function of galaxy morphelogi-
cal type) are taken from the “Case B” values in Table 6 of
van den Bergh & McClure (1994), e.g. 0.25 SNu for E and
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80 galaxies (all from SN type Ia), where | SNu = 1 SN per
century per 10'°(Lp/Lg). The total SN rate is slightly
higher in later lype galaxies due to Lhe contribution of
SN type Il Values of Lis/Lg, were taken from Ilo et al.
(1997a) and each supernova is assumed 1o inject 107 erg
of kinetic energy into the ISM (e.g. Binney & Tremaine,
L987; Pellegrini & Ciotli, 1998). The jet power is clearly
the major player in the nuclear energetics not only be-
cause it exceeds the total SN kinetic power in almost all
cases, but also because ils nuclear origin allows a closer
Teedback” to the accretion inflow, A significant fraction
of the jet energy is potentially deposited in the central
parsecs, especially in LLAGNs which show pe-scale (usu-
ally bent) jets but no larger scale jets (Sect. b.4); sueh
deposition of jet power can considerably slow down or bal-
ance any cocling flow or other inflow in the inner parsecs
and thus ultimately help “starve’ the accretion disk (e.g.
Di Matteo et al., 2001). Additionally, LLAGNs with kpe-
scale jets inject significant energy into the inter-galactic
medium (IGM), and work against any cooling flow (see
e.g. Pellegrini & Ciotti, 1998). The most recent of such
“feedback” analyses (Binney, 2004b) does take into account
the jet power, though lor the more powerful FR T type jets
in eD galaxies. Our results show that their models can be
applied, at least qualitatively, to LLAGNs.

Log [Q, (erg/century)]

50.0 50.56 51.0 51.5 82.0 52.5
Log [SNR power {erg/century)]

Fig. 9. A comparison ol the ‘minimum jet power’ (Qjer)
and the kinetic energy injected into the ISM by supernovae
type I and I1 for the radio detected Palomar LLAGNs and
AGNs. Filled circles are used for elliptical galaxies. The
solid line shows the line of equality.

In summary, Eddington ratios, {44, calculated from
hard X-ray luminosities heavily underestimate the true
accretion power output in LLAGNs. This finding is in
line with that for more powerful radio galaxies, where
the jet kinetic power is two to five orders of magnilude
larger than the radiated radic luminosily, and oflen signifi-
cantly larger than the total radiated bolometric luminosity
(Celotti & Fabian, 1993; Owen, Eilck, & Kassim, 2000},
Using Lo = 3500 Loy or Lpsi = Qju vields similar
distributions of Lpei. This, and the scaling between Lap

and Qe argues for a common central engine in all AGNs
from LLAGNSs to powerlul FR s, but with the caveat that
the [OT11] luminosity in LLAGNs is poteutially contami-
nated by non aceretion related processes. Finally, the jet
is potentially a significant (maybe even dominant) seurce
of heating in the galaxy. If the jet is disrupted in the in-
ner parsecs, then the jet power could play a role in slowing
any cooling flow or other accretion inflow on parsec-scales,
thus starving the accretion disk.

5.6. The Eddington Ratio

In the previons section we showed that the accretion en-
ergy outpul in LLAGNs with radio nuclei is dominated by
the jet power, and is of the order of lggq = 107" to 102,
Here we look at the dependence of this jet-power-derived
fraq on other quantities.

Heckman el al. (2004) have investigated black hole and
galaxy growth using 23,000 type 2 AGNs from the Sloan
Digital Sky Survey (SDSS). They use o, Lo estimate black
hole mass, and Ly = 3500 Liony. They find that most
present-day aceretion occurs onto black holes with masses
< 3 % 107 Mg, and that most black hole growth takes
place in systems with accretion rate less than one fifth of
the Eddington rate. It is interesting to apply their analysis
to the Palomar LLAGNs since these chjects have emission-
line luminositics typically ten to a hundred times fainter
than the SDSS AGNs. The Palomar LLAGNs show a dif-
ferent behavior to the SDSS AGNs: the numerous Palomar
LLAGNSs with low black hole masses are accreting a sim-
ilar mass per year as the fewer Palomar LLAGNs and
Palomar AGNs at higher radio luminosity, This is true
whether the accretion rate is calculated fram the [OT11]
Iuminosity, us in Heckman et al. (2004), or from Qjux (e.g.
Fig. 5, upper z-axis).

The Palomar sample ellipticals (filled symbols in
Fig. 10) show a strong correlation between Eddington ra-
Li0, lpad (caleulated assuming the jet power dominates the
accretion energy output) and all of emission-line luminos-
ity, radio luminosity, and the ratio of radio luminosity to
emission line luminosity. Among the non-elliptical nuclei
(open symbols in Fig. 10), Seyfert nuclei (triangles) dis-
play higher Eddington ratios than LINERs (circles), even
though the distribution of radio luminosities {from which
Qjet is calculated) is similar for the two classes. This is
mast clearly noticeable in Fig. 10c.

5.7. Discovery of LLAGNs: A Comparison of Radio,
Optical, and X-ray Methods

The current study and sample allows a comparison of the
relative success of deep aptical spectroscopy, high resolu-
tion radio imaging, and (te some extent) hard X-ray imag-
ing, in identifying low-luminosity accreting black holes.
Such a comparison is specially relevant in view of the sev-
eral hundred thousand AGNs and LLAGNs being iden-
tified by eurrent large surveys out Lo z ~6. We consider




