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Black holes are everywhere!


•  ALL galaxies host a super‑massive black hole. They are “active” only for short 
periods of time


•  The black hole appears to regulate the evolution of its host galaxy


•  The Milky Way itself hosts an extraordinarily dim, super‑massive black hole at 
its center: SagiQarius A*




In the local Universe


Luminous AGN : ~ 1% of all galaxies





Low Luminosity AGN : ~ 40% of all galaxies





Dormant BH: 60% of all galaxies





Ho (2008) – “Nuclear Activity in Nearby Galaxies”




Ingredients for standard bright AGN


To explain emission across such a vast range of energy, one needs a combination of: 
 
•  Accretion disk (multiple black-bodies) + hot corona of electrons (comptonization) 
•  Relativistic particle acceleration (jets) -  in 10% of AGN 
•  Dust (at 50K), heated by the radiation from the accretion disc 



How does this picture change for 40% of AGN?

 

Receeding torus


(e.g., Elitzur et al. 2008)


Lack of UV photons,


No radiation pressure to sustain 
the BLR 


(Nicastro 2000)


Ubiquitous jet?


(Nagar et al. 2002)


Inefficient 
accretion flow




Jets and accretion regimes in XRBs


Koerding et al.  (2006)


Unification in XRBs is about different accretion regimes




Unification in AGN 

is about :



‑  orientation



‑  time scales 



‑  different accretion regimes 



‑  galaxy evolutionary phase






Sikora, Stawarz, Lasota, 2007 
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jet domination   –   disk domination


Körding, Falcke, & Markoff (2002);  
see also Fender, Gallo, & Jonker (2003)


Jet‑disk coupling in AGN


Low‑state (ADAF+jet):


•  Sgr A*

•  Nearby Giant Ellipticals

•  LINERs

•  FRI sources

•  LLAGN

•  BL Lacs

•  Some  LL Seyferts

•  XBONGs




The X‑ray versus Radio


 Radio Loud RL: 


  Large scale radio lobes

  Compact luminous cores often with 
apparent luminal motions


Radio Quiet RQ:


  Faint radio sources

  Emission confined to sub‑kpc scale




The X‑ray versus Radio


 Radio Loud RL: 


  Flat power‐law slope  
  Weak reprocessing features 

   Different geometry and/or accre;on 
efficiency 

  Jet and beaming effects contaminate/
dilute the accre;on component 

  Ionized reflec;on   

Radio Quiet RQ




Jet‑disk coupling in AGN: radio vs X‑rays 


1334 A. A. Zdziarski et al.

Figure 11. Comparison of the radio/X-ray correlation for Cyg X-1 in the hard state (assuming d = 2 kpc; black crosses) with those for GX 339−4 (Corbel
et al. 2003; green crosses), V404 Cyg (Corbel et al. 2008; blue squares) and H1743−322 (Coriat et al. 2011; red circles). The dotted and dashed lines have p =
0.6 and 1.4, respectively, approximately fitting the two apparent branches of the correlation for the three sources. The Cyg X-1 radio data are for (a) 15 GHz,
(b) 8.3 GHz and (c) 2.25 GHz.

wind absorption being not fully known), and thus its accretion flow
appears to be efficient. In the hard state, this conclusion supports
the same finding of Malzac, Belmont & Fabian (2009) but based on
the difference in the efficiency between the average hard state and
the soft state in Cyg X-1 being small. In this state, a likely model is
a luminous hot accretion flow (Yuan 2001).

In the soft state, the hot electrons most likely form a corona above
a disc, which corona is radiatively efficient, being cooled by the disc
blackbody photons. Then, q = 1 and we expect the same correlation
index in the soft state for the hot electron emission (Fhot) as in the
hard state, provided the power supplied to the corona is a constant
fraction of the accretion power. Fig. 6 shows that this is indeed
the case, with at most a weak dependence, and the fraction equals
∼1/4. Both the constancy and the fractional value are consistent
with theoretical expectations for the gas-pressure-dominated disc
(Merloni 2003; Merloni et al. 2003). This is also in agreement with
the finding that the disc in Cyg X-1 is in the gas-pressure-dominance
regime (Gierliński et al. 1999). Then, the fact that the radio/X-ray
correlation extends, with about the same p, from the hard state to
the soft one (for Fhot), then represents another argument for the high
accretion efficiency in the hard-state of Cyg X-1. We also note that
p # 1.7 ± 0.3 was found in GRS 1915+105 (Rushton et al. 2010),

which high-luminosity variable object appears to be all the time in
some kinds of the soft state (Done, Wardziński & Gierliński 2004)

4.2.4 X-ray jet models

An alternative to the accretion flow model as an explanation of the
radio/X-ray correlation is that both radio and X-rays are emitted
by the jet. In particular, both could be emitted by the synchrotron
emission of the same population of non-thermal electrons, with the
radio and X-rays from the optically-thick and optically-thin parts,
respectively. For this case, Heinz & Sunyaev (2003) have derived

FR ∝ F
ζ
X, ζ = 2 + α + (3 + α)/(pe + 5)

2 + pe/2
, (5)

which yields ζ # 0.8–0.7 for pe = 2–3. Thus, this model would
have required pintr = ζ # 0.7–0.8, and a large correction to p due
to free–free absorption, which is in conflict with our results in
Section 4.2.2.

Moreover, Fig. 10 shows that the normalization of the X-ray
emission in the hard state is too high by a factor of ∼30 for the X-
rays to be due to optically-thin non-thermal synchrotron emission
above the turnover frequency, which is #0.1 eV in Cyg X-1 (Rahoui
et al. 2011). The situation becomes even worse for the intermediate

C© 2011 The Authors, MNRAS 416, 1324–1339
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

Zdziarski et al. 2011


Panessa et al. (2007);  
see also Laor & Behar (2008)


XRBs
 AGN


 X‑ray flux due to Comptonization emission indicates 

that the radio jet is launched by the hot electrons in the accretion flow in all 
spectral states of Cyg X‑1




Jet‑disk coupling in XRBs
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Ṁtrans

10-3 10-110-5

quiescence

10-7

LR
∝ L

0.6
X
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L R
∝
L

1.
4

X

jet

jet

ADAF, CDAF, ADIOS

ADC

jet

LHAF
 hot-JED

X-ray jet model

Synchrotron

SSC
External Comp.

Hannikainen et al. (1998), Corbel et al. (2003), Gallo, Fender & Pooley (2003) 


Coriat et al. (2011) 




Black hole unification

A fundamental plane of black hole activity 11

Figure 4. The edge-on view of the “fundamental plane of black hole activity”. The solid line shows the best fitting function (5).

ψB(R/Rg, a), where φB = B0 = B(R0) is the value of the field
at the base of the jet R0. As a geometric quantity, the jet diame-
ter D should be directly proportional to the characteristic scale Rg

such that φD = D0 = D(R0) ∝ RG ∝ M . Scale invariance also
implies that dynamical time scales are proportional toRg/c ∝ M ,
and thus that characteristic velocities are scale invariant.

Using the standard formulae for synchrotron emission
(Rybicki & Lightman 1979), Heinz & Sunyaev (2003) showed that
the synchrotron luminosity Lν at a given frequency ν emitted by
the jet must then depend non-linearly onM and ṁ, following

∂ ln (Lν)

∂ ln (M)
=

2p + 13 + 2α
p + 4

+
∂ ln (φB)

∂ ln (M)

(

2p + 3 + αp + 2α
p + 4

)

+
∂ ln (φC)
∂ ln (M)

(

5 + 2α
p + 4

)

≡ ξM (7)

and
∂ ln (Lν)

∂ ln (ṁ)
=

∂ ln (φB)

∂ ln (ṁ)

(

2p + 3 + α(p + 2)

p + 4

)

+
∂ ln (φC)

∂ ln (ṁ)

(

5 + 2α
p + 4

)

≡ ξṁ (8)

where α is the spectral index at frequency ν.
Note that the model dependent structure functions

ψf (R/Rg, a) scale out from these expressions. Only the

spectral indices (α and p) and the boundary conditions φB and φC

for the magnetic field B and the electron power-law distribution
normalization C, respectively, remain. α and p are observables:
the electron spectral index p can be deduced from the optically
thin synchrotron spectral index at high frequencies. The functions
φB and φC , on the other hand, need to be provided by accretion
disc theory. It is reasonable to assume that the relativistic particle
pressure at the injection radius is a fixed fraction (i.e., independent
of M and ṁ) of the total pressure at injection, φC ∝ φ2

B . This
leaves φB as the only model dependent parameter of the theory.
Given a prescription for φB , we can predict how the synchrotron
luminosity of jets should scale withM and ṁ.

Since ξM and ξṁ are constants, we have in general (with
Lν = L5 GHz = LR)

log LR = ξM log M + ξṁ log ṁ + K1, (9)

where K1 is a normalization constant6. Variations in other param-
eters, such as the viewing angle or the black hole spin, will only

6 We note here that for flat spectrum jets with αR ∼ 0, the canonical
value of p ∼ 2, and φ2

B ∝ M−1ṁ, the dependence of LR on M and
ṁ follows LR ∝ (Mṁ)17/12 = Ṁ17/12 , as had been found by Fal-
cke & Biermann (1996) for the specific case of the “canonical conical”
(Blandford & Königl 1979) jet model.
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Jet‑disk coupling in LLAGN

408 M. E. Bell et al.
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Figure 5. Left-hand panel: the Fundamental Plane of black hole activity. The large cross indicates the average location of NGC 7213. Black dots are the
MHdM03 sample with the black line indicating the best fit. Crosses indicate the updated BHXRB sample of FGR10; data points have been converted into the
2–10 keV energy range. Right-hand panel: a close-up of the NGC 7213 data points with least-squares best fit indicated with a dashed line. The MHdM03 fit is
shown with a solid line. The archival data points are also shown, but are not used in the NGC 7213 data best fit. NGC 7213 measurements are taken at 4.8 GHz
and the archival measurements are taken at 8.4 GHz.

do not include them in the best fit. We paired the X-ray and radio data
points to calculate the correlation according to the closest in time. If
either two X-ray or two radio points were very close in time, both are
included in the correlation. Also note that these data were calculated
between 8.4 GHz and 2–10 keV and not 4.8 GHz. Assuming that the
same correlation (i.e approximately flat spectrum) holds between
the 8.4 and 4.8 GHz observations, the plot seems to show that
two of the archival points do not follow the trend predicted by the
Fundamental Plane.

To assess whether the deviation/scatter in the archival points (and
indeed the other MHdM03 AGNs) away from the Fundamental
Plane can be explained due to a delay in sampling the X-ray and
radio fluxes, we take the fraction rms scatter in the RXTE/ATCA
X-ray and radio data and plot this error bar with the archival points.
We find the fractional X-ray rms to be frmsX = 26 per cent and
the fractional radio rms frmsr = 11 per cent. The full light curve
presented in this paper spans ∼1000 d and the longest change in
time between the archival observations is ∼500 d (see Table 2).

Although this method only offers an estimate of the error between
sampled data points, it does allow us to assess outliers.

Within this framework, it appears that the first (PTI correlation)
and last (LBA correlation) data points that were used in the corre-
lation are outliers: the ATCA and VLA correlation points sit close
to the best fit. Even when taking into account the full rms from
the 1000-d light curve, the error bars do not bring the data points
close to the MHdM03 best fit. We have also speculated earlier that
there could be a certain amount of missing flux associated with these
long baseline observations. Moving both the PTI and LBA points
up by some set amount will still leave the PTI point away from the
correlation. Although applying the intrinsic variation of the source
to the archival points cannot bring all points on to or close to the
correlation, the scatter in these points is within that permitted by
the other MHdM03 points shown on the plot.

By using the fractional rms of X-ray and radio variability from our
study, we have placed a constraint in the deviation of the archival
data points away from the Fundamental Plane. These constraints

Table 2. Summary of archival observations found in the literature. The data points between the horizontal lines indicate where the two fluxes were used to
calculate the X-ray–radio correlation. Two X-ray and two radio points were taken at similar times; thus, they were both used to calculate the correlation, (R)
and (X) denote the time (MJD) of the observation for radio and X-ray, respectively. δt gives the time difference between observations (radio–X-ray). The
instrument used to derive the flux is given in brackets (see Section 4.4 for references) and errors are given only when reported in the literature.

Time (MJD) Radio flux S8.4 GHz (mJy) X-ray flux 2–10 keV (erg s−1) δtmeas (radio–X-ray) (d)

43985 – 2.2 × 10−11 (Einstein) -
44168 – 1.7 × 10−11 (Einstein) -
44374 – 3.8 × 10−11 (Einstein) -
45644 – 5.0 × 10−11 (EXOSAT) -

47527 (R)–48065 (X) 334 ± 33 (PTI) 3.5 × 10−11 ± 0.2 × 10−11 (Ginga) −538
47527 (R)–48193 (X) 334 ± 33 (PTI) 4.2 × 10−11 ± 0.25 × 10−11 (Ginga) −666

49913 (R)–49479 (X) 181 ± 1 (VLA) 3.0 × 10−11 (ASCA) 434
50083 (R)–49479 (X) 176 ± 1 (ATCA) 3.0 × 10−11 (ASCA) 604

51604 (R)–52057 (X) 57.6 ± 1.3 (LBA) 2.2 × 10−11 (XMM–Newton) −453

C© 2010 The Authors, MNRAS 411, 402–410
Monthly Notices of the Royal Astronomical Society C© 2010 RAS

Bell et al. (2011)

 X‑ray Eddington ratio of 7 × 10−4 LEdd




Origin of radio emission in LLAGN 

Possible physical mechanisms in Radio‑Quiet:





  Synchrotron emission from a jet:


  Relativistic? Sub‑relativistic? Weak jet? 
Outflow?


  Free‑free emission from a molecular torus or 
corona?


  ADAF? CDAF? RIAF? …


???




Kilo‑pc scale Jets in local RQ AGN


references therein). Our observations (Fig. 3) show extended ra-
dio continuum emission associated with the optical disk and,
peculiarly, two compact radio sources offset by! 4000–6000 north-
east and east of the nucleus that resemble a single-sided ejection
structure. The relative brightness and misaligned P.A. of the two

offset sources, however, suggest that they might be associated
with a background source or sources. Figure 4 shows an archi-
val HST WFPC-2 image with the archival VLA 1.5 GHz image
overlaid as contours. The HST image reveals a resolved12 mag
(in F606W) galaxy, which also appears as a faint knot on the

  

Fig. 3.—Seyfert galaxies classified as candidate KSR sources based on either the present observations or observations in the literature. The plotting convention is
identical to that in Fig. 1. Note that two point sources were subtracted from the radio image of NGC 5929 to reveal the underlying disk emission. KSR sources not
resolved by the present observations include NGC 1241, NGC 2992, NGC 5506, and NGC 5929.

GALLIMORE ET AL.554 Vol. 132

continuing to !1400 (2.6 kpc) south. Longer baseline measure-
ments resolve out the KSR, but the nuclear radio continuum
source remains unresolved with size<0B2 (<40 pc) (Thean et al.
2000). An HST WFPC2 image in the light of [O iii] k5007 re-
veals emission extended!200 (370 pc) to the northwest along the
galaxy major axis but misaligned with the faint radio extension
(Ferruit et al. 2000).

3.1.5. NGC 2639

NGC 2639 has been classified as a type 1 Seyfert galaxy,
owing to a broad component of H! (Huchraet al. 1982; Keel
1983) or LINER (Ho et al. 1993), and there is a compact H2O
megamaser source argued to trace a molecular accretion disk
(Wilson et al. 1995, 1998, and references therein). The nucleus
also contains a linear, jetlike radio source 1B6 (370 pc) in extent
(Ulvestad & Wilson 1984b; Gallimore et al. 1999; Thean et al.
2000). The AGN is marked by a !7 mas (1.6 pc) VLBI-scale
radio jet (Hummel et al. 1982; Wilson et al. 1998) that aligns
with the arcsecond-scale jet. The present observations show ad-
ditional radio emission extending !5300 (!12 kpc) and roughly
aligned with the compact radio source axis.

3.1.6. NGC 2992

NGC 2992 is an edge-on, type 2 narrow-line X-ray galaxy
(Ward et al. 1978, 1980; Huchra et al. 1982) with an obscured
broad line region (BLR) (e.g., Goodrich et al. 1994). Evidence

for a large-scale outflow, closely aligned with the galaxy minor
axis, comes from observations of extended optical emission line
gas (e.g., Veilleux et al. 2001) and radio continuum (Ward et al.
1980; Hummel et al. 1983). Detected at 1.4 GHz, there is a plume
of radio continuum extending up to !8100 (12.5 kpc) east of the
radio nucleus. Our present observations fail to detect this plume
at 5 GHz (cf. Colbert et al. 1996b). The extended radio source
is therefore probably steep-spectrum and well resolved by the
VLA D-configuration beam; for comparison, the beam area of
our observations is about 10% that of the Fleurs synthesis array
employed by Ward et al. (1980). The nucleus further resolves
into a smaller bipolar figure-eight-shaped radio structure that
spans!900 (1.4 kpc) across a compact nuclear source (Wehrle &
Morris 1988; Thean et al. 2000). The figure-eight-shaped radio
structure is oriented at nearly right angles with respect to the
larger scale radio axis.

3.1.7. NGC 3079

NGC 3079 is an edge-on spiral galaxy, variously classified as
Seyfert ( Iyomoto et al. 2001; Irwin & Saikia 2003) or LINER
(Heckman 1980; Keel 1983), the controversy arising from the
interpretation of a broad H! emission component (Ho et al.
1997b). It is also a famous ‘‘superwind’’ galaxy, evidenced by
optical emission-line gas, figure-eight-shaped radio lobes, and
an X-ray-emitting cone, all aligned and extended along the gal-
axy minor axis (Duric & Seaquist 1988; Cecil et al. 2001, 2002;

Fig. 3.—Continued

GALLIMORE ET AL.556 Vol. 132

44% (19 out of 43) show extended radio structures at least 1 kpc in total 
extent that do not match the morphology of the disk or its associated star‑
forming regions  AGN jets


Gallimore et al. 2006


Very Large Array survey of 
a complete sample of 
Seyfert and LINER galaxies 




milliarcsecond-resolution imaging using the VLBA resolved
some of the MERLIN components and identified at least eight
separate regions of radio emission, A–H (Ulvestad et al. 1998).
The correspondence among the different radio components is
shown in Figure 1 (top), reproduced fromMundell et al. (2003).
The highest resolution 1.4 GHz VLBI images indicate that the
average jet direction incorporates a number of sharp changes in
position angle, possibly related to jet interactionswith the circum-
nuclear environment (Mundell et al. 2003). In this paper we dis-
cuss only theVLBAcomponentsD andE, corresponding toC4W
and C4E in the MERLIN scheme; no other components were de-
tected at our high resolution.

Mundell et al. (1995) hypothesized that the nucleus of the
active galaxy is located in VLBA component D, based largely
on the lack of H i absorption toward that radio component and
the expectation that the inner part of any nuclear torus or accre-
tion disk would be ionized by the active galactic nucleus (AGN).
In contrast, Ulvestad et al. (1998) suggested that VLBA com-
ponent E, located 7 pc farther east, is the actual AGN on the basis
of the possible presence of a subcomponent with a flat radio spec-
trum. However, high-resolution VLBA imaging of NGC 4151
recently has shown that all parts of component E exhibit H i ab-
sorption, making it unlikely that it includes the AGN, and there-
fore supporting the identification of component D as the galaxy
nucleus (Mundell et al. 2003).

Hubble Space Telescope (HST ) images of NGC 4151 with
the Wide Field Planetary Camera 1 (WFPC1) and the Faint

Object Camera revealed a 300 narrow-line region with a bicon-
ical form (Evans et al. 1993; Boksenberg et al. 1995); more
details of the conical structure and the kinematics of the narrow-
line region have been revealed in the WFPC2 and Faint Object
Spectrograph program carried out by Hutchings et al. (1998).
Both a compact hard X-ray source and extended soft X-ray emis-
sion have been detected at or near the nucleus (Elvis et al. 1983;
Weaver et al. 1994; Yang et al. 2001). Near-infrared variability
(Minezaki et al. 2004) and interferometric imaging (Swain et al.
2003) indicate the presence of a dust torus with an inner radius
of!0.05 pc, possibly with a geometrically thin accretion disk at
a smaller radius. Placing these small components in context and
studying the physical properties of the core of the AGN is pos-
sible only if there is a secure identification of the radio nucleus
of the galaxy. In this paper we report high-sensitivity VLBI im-
aging of NGC 4151 that identifies the flat-spectrum radio nu-
cleus of the galaxy and also provides the lowest upper limit to
date on relative parsec-scale component speeds in any Seyfert
galaxy.

2. VLBI OBSERVATIONS AND IMAGING

2.1. Observations

NGC 4151 was observed in dual-circular polarization at 5.0
and 8.4 GHz (6 and 3.6 cm wavelengths, respectively), using
the 10 25 m antennas of the VLBA (Napier et al. 1993) together
with the phased VLA (27 25 m antennas), for a total of 12 hr on

Fig. 1.—Top: VLBA image of the NGC 4151 jet, from Mundell et al. (2003), showing the nomenclature for the radio components. Bottom: 15.3 GHz VLA image
of NGC 4151 at epoch 2002.37 from the current observations. Components X, D, E, and F from the top panel are all included in the component marked ‘‘Nucleus’’
in the bottom panel. The restoring beam for the VLA image is 0B32 ; 0B15 in position angle 84". Contour levels begin at 3 times the rms noise of 141 !Jy beam#1

and increase by factors of 2. The scale of the VLA image differs slightly from the VLBA image because of the much larger beam size.

MILLIARCSECOND AGN OF NGC 4151 937

Ulvestad et al. 2005 VLBI  < 0.1 pc 

NVSS  up to tens of kpc 

VLA  tens of pc up to kpc scales 

VLBI


NGC4151 D = 20 Mpc 

Mundell et al. 2003




with the intergalactic medium. Closer to the gal-
axy's core, on a scale of hundreds of parsecs, the
radio jet is remarkably well collimated, with an
opening angle of less than 5° (12), and is also
clearly seen in the optical, ultraviolet, and x-ray
(13, 14), where the emission is primarily con-
fined to knots along the central “spine” of the jet.
VLBI observations at wavelengths ranging from
3.5 mm to 20 cm show that the jet opening angle,
delineated by edge brightening in the outflow,
continually increases as the core is approached,
reaching ~60° within 1 milli–arc sec of the core
(15–19). This wide opening angle is a signature
of the launch point for a magnetohydrodynami-
cally (MHD) powered jet that has not yet had
time to collimate (2), and it identifies the VLBI
core as the most likely site of the central black
hole.

We observed M87 over 3 consecutive days
with a 1.3-mm wavelength VLBI array consisting
of four telescopes at three geographical locations:
the James Clerk Maxwell Telescope (JCMT) on
Mauna Kea in Hawaii, the Arizona Radio Observ-
atory's Submillimeter Telescope (SMT) in Arizona,
and two telescopes of the Combined Array for Re-
search in Millimeter-wave Astronomy (CARMA,
located ~60 m apart) in California. On Mauna
Kea, the JCMT partnered with the Submillimeter
Array (SMA), which housed the hydrogen maser
atomic frequency standard and wideband VLBI
recording systems; the SMT and CARMA were
similarly equipped. These special-purpose systems
allowed two frequency bands, each of 512 MHz
bandwidth, to be sampled at 2-bit precision and
recorded at an aggregate rate of 4 gigabits/s. The
two bands, labeled “low” and “high,” were cen-
tered on 229.089 GHz and 229.601 GHz, respec-
tively. Data recorded at all sites were shipped to
theMIT Haystack Observatory for processing on
theMark4 VLBI correlator. Once correlated, data
for each VLBI scan (typically 10 min) were cor-
rected for coherence losses due to atmospheric
turbulence and were searched for detections using
established algorithms tailored for high-frequency
observations (20). M87 was clearly detected each
day on all VLBI baselines, and the interferometric
data were then calibrated to flux density units (20).

Clear detections on the long baselines toHawaii
(CARMA-JCMT and SMT-JCMT) represent the
highest angular resolution observations of M87
reported in any waveband, and when combined
with the CARMA-SMT baseline data, they pro-
vide a robust means to measure the size of the
M87 core. The baseline between the twoCARMA
antennas corresponds to angular scales of ~4 arc
sec and is sensitive to extended and much larger-
scale jet structure; these data were thus used to
refine the calibration of the antennas but were
excluded from the analysis of the core com-
ponent. To extract a size for the core, we fitted a
two-parameter circular Gaussian model to the
1.3-mm VLBI data, deriving a total flux density
and full width at half maximum (FWHM) size
for each day of observations. Sizes and flux den-
sities fit separately for each day are consistent

with each other at the 3s level, indicating no sig-
nificant variation in the 1.3-mm core structure
over the 3 days of observation (fig. S4). When
data from all 3 days are combined, the weighted
least-squares best-fit model for the compact com-
ponent results in a flux density of 0.98 T 0.04 Jy
and a FWHMof 40T 1.8micro– arc sec (3s errors)
(Fig. 1). The conversion to units of Schwarzschild
radius yields a value of 5.5T 0.4RSCH (1s errors),
where the errors are dominated by uncertainties in
the distance to M87 and the black hole mass. We
adopt the circular Gaussian size derived using data
from all 3 days for subsequent discussion.

Our VLBI observations cannot be used to fix
the absolute position of this Gaussian compo-
nent; however, in the case of M87, there is com-
pelling evidence that this ultracompact 1.3-mm
emission is in immediate proximity to the cen-
tral supermassive black hole. Measurements of
the jet width starting tens of RSCH from the core
and extending to core-separations of more than
104 RSCH are well fit by a parabola-like collimat-
ing profile (19) (Fig. 2). This fit matches similar
profiles of general relativistic MHD (GRMHD)
jet simulations (21, 22). When extrapolated to
small scales, the empirical profile intersects the
1.3-mm emission component size within one
RSCH of the jet base. Because the angle of the
M87 jet axis to our line of sight is estimated to
be within the range of 15° to 25° (23), the de-
projected distance of this intersection point from
the jet base lies in the range of 2.5 to 4 RSCH. A
second method of locating the 1.3-mm emission
derives from observations of the position shift

of the M87 core as a function of wavelength.
Multiwavelength astrometric VLBI observations
(15 cm to 7 mm) confirm that the absolute po-
sition of the core moves asymptotically toward
the jet base with a n−0.94 dependence (23). Ex-
trapolation to 1.3 mm wavelength places the
1.3-mm VLBI component coincident with the
jet base to within the uncertainty of the core-
shift relation, which is ~1.5 RSCH. In isolation,
these observational trends would be unable to
clearly link the jet base with the central engine.
In blazar sources, for example, the relativistic
jets are closely aligned to our line of sight, and
the jet base is illuminated hundreds of thousands
of RSCH from the central engine (24). In contrast,
M87 is now the only known case where the jet
base has a size (~5.5 RSCH) that is consistent
with scales on which energy is extracted from
the black hole and accretion disk to feed the jet
(2). It is thus most natural to spatially associate
the 1.3-mm VLBI component with the central
engine, further guided by GRMHD simulations
(21) that exhibit jet widths, within a few RSCH
of the black hole, that match the 1.3-mm VLBI
size (Fig. 2). In M87, the favorable geometry
of a misaligned jet and increased transparency
of the synchrotron emission at millimeter wave-
lengths (25) have allowed us direct access to the
innermost central engine with 1.3-mm VLBI.

The most plausible mechanisms for powering
extragalactic jets involve conversion of the black
hole rotational energy through the Blandford-
Znajek (BZ) process (3), whereby magnetic field
lines cross the black hole event horizon and launch

Fig. 2. Width profile of the M87
jet as a function of distance from
the core. Measurements of the jet
opening angle from the literature
(33) were converted to projected
jet width and fit with a power law
(dashed black line) of the form q º
rb, whereq is jet width and r is separa-
tion from the core. The best fit q º
r0.69 indicates a parabola-like profile
for the jet, with collimation increasing
at larger distances as expected from
MHD theory, and is in agreement
with recent detailed measurements
of the M87 jet profile (19). The
dark blue horizontal line indicates
the size reported in this paper, with
the light blue band corresponding
to 1s uncertainties. To estimate
the position relative to the central
black hole, we extrapolated the
power law fit, which intersects the
1.3-mm VLBI size at an apparent
core distance of ~1 RSCH. GRMHD models, tailored to simulate jet emission from the black hole out to
distances of ~100 RSCH, are shown as the solid magenta and green lines for jet axis angles to our line
of sight of 15° and 25°, respectively (21). These close-in simulations also intersect the 1.3-mm VLBI
size between 1 and 2 RSCH from the black hole. For comparison and illustration, jet width values
derived from a separate GRMHD simulation of the larger-scale M87 jet (22) are shown as a solid black
line for distances larger than ~100 RSCH. The red horizontal line indicates the apparent size of the
ISCO for a nonspinning black hole when strong gravitational lensing effects near the black hole are
properly accounted for (20).
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Mapping the inner jet in M87

Estimate of the core shift because of

different optical depths:


SMBH is at 14‑23 Rs from the 43 GHz core


Hada et al. 2012, Nature


Doeleman et al. 2013, Science


SMBH is at 5.5 Rs from the 1.3 mm core


VLBI




references therein). Our observations (Fig. 3) show extended ra-
dio continuum emission associated with the optical disk and,
peculiarly, two compact radio sources offset by! 4000–6000 north-
east and east of the nucleus that resemble a single-sided ejection
structure. The relative brightness and misaligned P.A. of the two

offset sources, however, suggest that they might be associated
with a background source or sources. Figure 4 shows an archi-
val HST WFPC-2 image with the archival VLA 1.5 GHz image
overlaid as contours. The HST image reveals a resolved12 mag
(in F606W) galaxy, which also appears as a faint knot on the

  

Fig. 3.—Seyfert galaxies classified as candidate KSR sources based on either the present observations or observations in the literature. The plotting convention is
identical to that in Fig. 1. Note that two point sources were subtracted from the radio image of NGC 5929 to reveal the underlying disk emission. KSR sources not
resolved by the present observations include NGC 1241, NGC 2992, NGC 5506, and NGC 5929.
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NGC 1068

Gallimore et al. 2004


VLBA emission consistent 
with free‑free emission from 
the hot X‑ray corona




….at low luminosities









GiroleQi&Panessa 2009, Bontempi et al. 2012, Panessa&GiroleJi 2013 MNRAS/arXiv:1304.0794
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VLBI Survey of 23 

Seyfert nuclei


 
 

•  6 and 20 cm survey 

•  90 microJy/beam 

•  Linear scales 0.05 pc 
@10 Mpc 

 
 








 
At 20 cm (1.4 GHz): 
•  NVSS : 26/28 (93%) 

•  VLA : 18/28 (64%)

•  VLBI : 12/21 (57%)



At 6 cm (5 GHz):

•  VLA : 23/28 (82%) 

•  VLBI : 13/21 (62%)

 

•  Lower detection rate with respect to VLA


•  RQ nuclei are less ubiquitous at VLBI 
spatial scale resolution


Water maser detection rate of 26% 

 compared to 7% of maser surveys 

(BraaZ et al. 1997)


Are sub‑pc radio cores ubiquitous




Radio versus X‑rays correlation


No significant correlation at VLBI sub‑pc scales


ty 1 - flat sp

ty 2 - flat sp

ty 1 - steep sp

ty 2 - steep sp

ty 1 - flat sp

ty 2 - flat sp

ty 1 - steep sp

ty 2 - steep sp

Panessa & GiroleQi 2013 MNRAS/arXiv:1304.0794




Resolved radio emission at sub‑pc scales


ty 1 - flat sp

ty 2 - flat sp

ty 1 - steep sp

ty 2 - steep sp



  VLA flux of 0.6 mJy


  VLBI non detection!!!

(3 σ peak < 90 microJy at 1.6 GHz)

‑  95 % of the VLA flux resolved at 

20‑300 mas scale

‑  significant variability




  Log L5 GHz/L 2‑10 keV < ‑6



  Log LX/L EDD = ‑3.2




Resolved radio emission or variable radio source?


NGC 5273: a LLAGN with no jet


GiroleQi & Panessa 2009, ApJL




NGC 4051

Giroletti & Panessa, 2009, ApJL 

See also Tarchi et al. 2011, A&A


GiroleQi & Panessa 2009, ApJL


 
Linear size < 0.31 pc 

 (BLR size 0.006 pc) 
 
  Log L5 GHz/L 2-10 keV < -5.8 
 
 
 
 
 
 
 
 
H2O Maser coincident with core




….at high luminosities




~ 88 Seyfert galaxy  
complete sample  
between 20-40 keV 
(Malizia et al. 2009 MNRAS) 

Hard X‐ray selected INTEGRAL AGN Complete sample 

 


  Hard X-ray selected sample of luminous AGN: 
  -> INTEGRAL 20-100 keV (Malizia et al 2009) 

  -> 2-10 keV X-ray data (Malizia et al. + literature) 
  -> NVSS radio data (Maiorano et al. in prep) 

 Unbiased view!!




Scaling Relations: Lradio versus LX‑ray 


*RL In agreement with the EFFICIENT BRANCH law of 1.4* 



Fundamental plane for BH ac;vity 

  -> Large scatter, INTEGRAL AGN sample the high Eddington accretion regime 
   more radio with respect to that expected from the Fundamental Plane 
    

 
 



NGC 4258 

The discovery of a water mega-maser in 

IGR J16385-2057:  
 
- it is a NLSy1 (masers are tipically found in 
obscured AGN)  
- it resides in an elliptical galaxy (masers 
are rare in ellipticals)


INTEGRAL AGN 22 GHz water maser survey 

  Water maser emission 
traces a disk, a jet or outflow


 Water maser detection rate in the INTEGRAL sample of 17%‑‑> Castangia et al. in preparation 


Tarchi et al 2011





