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Accreting black holes (BH) on all mass scales (from stellasipermassive) appear to follow
a nonlinear relation between X-ray luminosity, radio luosity and BH mass, indicating that
similar physical processes drive the central engines imyhinaries and active galactic nuclei
(AGN). However, in recent years an increasing number of Bsfesys have been identified that do
not fit into this scheme. These outliers may be the key to wtdled how BH systems are powered
by accretion. Here we present results from EVN observatitbasample of low-luminosity AGN
(LLAGN) with known mass that have unusually high radio poswehen compared with their X-
ray luminosity.
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1. Introduction

A deep physical understanding of the relations between accretion @owlerelativistic jet
acceleration in active galactic nuclei (AGN) is a key goal of high-enagfyophysics. Recent
progress in the field became possible by comparing AGN with stellar-masg bifrary systems
(BHXRB or microquasars), carried out since the discovery of tightetations between the X-
ray and radio luminosities in the so-called low-hard state of BHXRPB [n this spectral state
microquasars produce a collimated, synchrotron self-absorbed cojapja¢ analogous to the flat
spectrum radio cores seen in radio-loud AGH [In an attempt to unify (hard state) stellar mass
and (low-power) supermassive black holes, Merloni, Heinz & di Matté@pd Falcke, Kording
& Markoff [ 5] independently found that BHXRB and low-luminosity AGN (LLAGN) occuay
plane in the three dimensional-space defined by the X-ray lumindsiy (adio luminosity [R)
and black hole madelgy, widely referred to as the fundamental plane of black whole activity (FP
in the following).

The physics behind this is understood: these are all sub-Eddingtogt@sct gqq <~ 10%)
with radiatively inefficcient accretion flows, whekg is a measure of accretion rate angis a
measure of the jet power, and both scale Wiy in a predictable way4, 5]. It comes as a natural
idea to use the FP relations to get rough estimates of BH masses on variaisftgparces where
Mgy is not known, but.x andLg are measured (e.g6]). One problem is that there is a significant
scatter in the FP relations, and a few AGN classes simply do not fit. This isssiswecessfully
addressed by more recent work B], decreasing the scatter significantly. The AGN that do not
fit either accrete at much higher rate than a few percent of the Eddingterand may become
more dominated by the accretion disc rather than the jet (e.g. bright guasaise measurety
is subject to severe X-ray cooling (e.g. FR-I radio galaxies). Howehere may be other factors
that have to be taken into account. Notably, in AGN, there are no accrasiostates known that
would directly correspond to the ones we see in microquasars. But witH WeRan verify that
the AGN emission is related to a self-absorbed compact jet (as in the ca$&xdmBin the hard
state), or it has resolved structure on milliarcsecond (mas) scales.

2. Thesample

Recently, de Gasperin et al9][probed the black hole jet scaling relations in a sample of
low-luminosity active galactic nuclei. They selected type 2 AGN from the SlagitdD Sky Sur-
vey with M ~ 108 M, within the redshift range = 0.05— 0.11, that are not located in a cluster
environment. They observed the selected 17 LLAGN & 10*? erg/s) with the Chandra X-ray
Telescope and the VLA in A-array configuration at 5 GHz and 8.4 GHzrc®surom this sample
were unresolved in the VLA FIRST survey at 1.4 GHz with a resolution ofse@nds. At the
higher resolution (330 mas and 230 mas at 5 and 8.4 GHz with the VLA A;agapectively)
all the sources except one were still unresolved. The measuredapedices range from very
steep to steep, flat, and in one case inverted. Rather surprising, @lésdad radio flux densities
two-three orders of magnitude higher than expected from the FP relatioasdreting black holes.
The authors argued that the relation between the X-ray, Olll emissionrtheaalio luminosities
was indicative of a lack of molecular (torus-like) gas in these galaxiestraydproposed that the
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Figure 1: Naturally weighted e-EVN images of the sources. The contuals are factors of two of thed3

image noise levels, which are 1.50, 0.5, 0.26, 0.75, 0.80,0113, 1.0, 0.40 and 0.20 mJy/beam for our ten

sources.
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Figure 1. (continued)

accretion flow does not contribute to the observed X-ray emission, whathad is a tracer of
the inner compact jet itself, likely differently from the main FP samples. This malgood case
for VLBI, to probe the inner jet structure and jet-accretion coupling ingHdsAGN in massive
early-type galaxies.

3. EVN results

We selected 10 of the sample sources that had total flux densities abovaJy0i®the VLA
FIRST survey, and observed them with the e-EVN at 1.6 GHz. The tanggtsphase-referenced
to nearby calibators and they were all detected. The resulting imagesane ishig. 1. The basic
source parameters, the measured VLBI peak brightnesses and bsgjtdngeratures, as well as
the observed morphologies are listed in Table 1. Note that the brightness&tunpe are not well
constrained in most cases in this preliminary survey, because the onlydseljies available were
to Hartebeesthoek that could not observe the targets with very high demiina
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Table 1: Basic source parameters and VLBI properties of our LLGN damfhe first five columns indicate
the source name, redshift, X-ray luminosity Ibfgrg/s]), FIRST total flux density at 1.4 GHz [mJy], and
radio spectral index3J v?] between 4.8 and 8.4 GHz [9], while the last three columnsgcite the VLBI
peak intensity [mJy/beam], maximum brightness tempeeaitii.6 GHz [18 K] and observed morphology,
as inferred from this work.

Object z log Lx SRsT a lvigl Ts Morphology
2-10keV 1.4GHz 48-84GHr1.6GHz 16K

4C52.370 0.11 41.7 575.70 —-0.94| 103.0 0.06 Resolved jet
2MAS1542+52 | 0.07 42.0 28.58 +1.14 22.7 >0.29 Compact
2MAS0810+48 | 0.08 41.1 47.44 -0.94 19.8 0.13 CsO
2MAS0836+53 | 0.10 41.7 17.87 -0.08 22.8 >0.72 Compact
2MAS0912+-53 | 0.10 41.2 135.65 -0.41 57.0 1.35 CsO?
2MAS1349+04 | 0.08 40.4 63.31 -1.04 6.2 0.2 Resolved jet
2MAS1349+05 | 0.08 41.0 12.14 -0.23 1.6 >0.02 Compact
2MAS1612+-00 | 0.06 41.3 16.79 -0.16 76 >1.82 Compact
CGCG043-05 | 0.07 43.2 70.03 -0.17 43.2 8.68 Core-jet
SDSS230809 | 0.10 41.3 15.71 —0.10 9.6 >0.11 Compact

Five of the sources are compact on 10-mas scales (consistent wittolueak core-jets), and
one shows a resolved core-jet structure. This latter source, CGC@®343vas identified as a
type 1 AGN after the initial sample was formed. Two sources show a resclwetihuous jet
on 10-100 mas scales without a strong radio core component, and two@stlikely) compact
symmetric objects (CSO). On one hand, these results confirm the old VLBbwmighat steep
spectrum sources are resolved, flat spectrum sources are cothsictteresting however to note
that there are two very steep spectrum~ —1) sources that are detected, and these have radio
structures contained within a few hundred mas. New e-EVN results showtbame cases even
ultra-steep spectrum sources{ —1.4) have compact structur&(], therefore the steep spectrum
source population should not be automatically excluded from VLBI studiesAGN samples.

Our target sources are LLAGN because their X-ray luminosity is belowjoaleo 102 erg/s,
but they are actually quite bright in the radio. Based on the FP-relatians typical source in our
sample withLy ~ 10* erg/s and BH mass ef 10 M., the X-ray to radio luminosity ratio should
belLr/Lx ~ 10-3. As noted above, the observed radio luminosities are 2—3 orders of magnitu
higher. From our EVN images we cannot draw a single conclusion to expiainadio loudness.
Similarly to more luminous AGN classes, they have various structural propertienas scales.

De Gasperin et al9] argued that there is no sign for significant absorption in the X-rays, tha
would cause the apparent low X-ray luminosity. Instead, they proposedté X-ray emission
may come from the jet base rather than the accretion flow. This idea wasadisigimoposed
for another LLAGN sample]1,12], with an even lower X-ray luminosity. We do see evidence
for compact radio structure (60% of the sample) that could be consistémthis interpretation,
although only in one case we can resolve a core-jet structure (the ty@&). Ahe remaining four
sources are resolved on 10-100 mas scales and do not fit into thisiscena

For the extended sources there may be an alternative explanation. dibetracture is ob-
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served on 100 kpc scales. In this case, the emission may be alreadpléeidoom the AGN X-ray
emission, since the latter is related to the more recent activity, while the eatligtyanay be still
imprinted in the radio emission we observe on larger scales. This is bedatiselong lifetime
of relativistic electrons in the radio regime. This would be a straightforwapibeation of the
fact that steep spectrum sources do not fit on the fundamental plétec&fhole activity. The flat
spectrum sources in the sample are more difficult to explain. They havend@nbigher X-ray
luminaosity than expected for a radiatively inefficient accretion disc-drjeesystem discussed by
[11,12]. Doppler boosting of the radio emission is ruled out, because these &€ #%GN. The
only type 1 AGN in the sample (CGCG0485) has a brightness temperature that can be explained
with a (slightly deboosted) equipartitional compact jet. We note also that thésjebsource has
the lowest radio to X-ray luminosity ratio in the sample.

One may wonder why all members of a randomly-selected LLAGN sample appgater
than expected in the radio. We note that this is partly a selection effect,deeeduen we compare
the typicalLy ~ 10* erg/s of our sources with the detection threshold of FIRST in the redshift
range of our sample,r ~ 10°° erg/s, we getr/Lx ~ 1072. In this regard the fact that we see a
number of FP outliers in our sample is not surprising.

4. Conclusions

We show that X-ray selected LLAGN that are compact on VLA scales eawddl studied
with VLBI regardless of their spectral index. We propose that the Xerajssion from the AGN
and the large-scale radio emission may be decoupled in the extended pstetepra sources. The
reason for the radio-loudness of compact sources remains a mistery.
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