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ABSTRACT

We examine the disc—jet connection in stellar mass and swgssive black holes by in-
vestigating the properties of their compact emission irdiray and radio bands. We compile
a sample of~100 active galactic nuclei with measured masses, 5 GHz ¢oigs®n, and 2-
10 keV luminosities, together with 8 galactic black holeshwa total of~ 50 simultaneous
observations in the radio and X-ray bands. Using this samysdestudy the correlations be-
tween the radioXr) and the X-ray [x) luminosity and the black hole masa/(). We find
that the radio luminosity is correlated wiboth M and Ly, at a highly significant level. In
particular, we show that the sources define a “fundamengagilin the three-dimensional
(log Lw, log Lx, log M) space, given bjog Lr = (0.607511) log Lx + (0.7875:35) log M +
7.337705, with a substantial scatter ok = 0.88. We compare our results to the theoretical
relations between radio flux, black hole mass, and accredi@derived by Heinz & Sunyaev
(2003). Such relations depend only on the assumed accratdel and on the observed radio
spectral index. Therefore, we are able to show that the Yenaigsion from black holes accret-
ing at less than a few per cent of the Eddington rate is unlitebe produced by radiatively
efficient accretion, and is marginally consistent with oalliy thin synchrotron emission from
the jet. On the other hand, models for radiatively inefficeetretion flows seem to agree well
with the data.

Key words: accretion, accretion disks — black hole physics — X-raysabés — galaxies:
active — radio continuum: general — X-rays: general

1 INTRODUCTION and of their supermassive counterparts in the nuclei ofxgzda
(hereafter SMBH). If jets are launched in the innermost aft
the accretion flows, as commonly assumed, then these sdiiesar
suggest that it should be possible to understand the physith
black hole accretion and jet production by studying all ¢hegs-
tems as &ingleclass. To this end, radiation emerging at radio and
(hard) X-ray frequencies is the most direct probe of the inliate
vicinity of the black hole: effects of extinction are unimtamt in
the radio band, while in the X-rays, where a large fractionhef
accretion energy is radiated, such effects can be accototedth
good enough spectral capabilities. Thus, radio and X-ragola-
tions, together with the information on the central blaclehoass,
should allow us to study the relationship between the furetam
tal parameters characterizing black hole activity sucthasentral
black hole massMgw, and the accretion raté/, as well as the
disc—jet coupling.

The ultimate observational evidence of a celestial bodyndei
black hole comes from dynamical studies, by measuring tae-gr
itational influence of the central object on neighboringstand
gas, both in binary systems and in the nuclei of galaxies.dv¥ew
there are a number of distinctive signatures of black holegred
activity that are usually regarded as proxy of black holetexice.
Relativistic jets emitting synchrotron radiation in thelimband are
one such signature, the second most common being the peesenc
of strong, compact power-law X-ray emission commonly aissoc
ated with the inner part of an accretion flawndeed, as a general
property, accretion onto compact objects and the launclelaf r
tivistic outflows/jets seem to be correlated ggmbiotic Falcke &
Biermann, 1995) phenomerja (Begelman, Blandford, & Reed;198
Rawlings & Saunders 1991). This implies that, at some levebr-
relation between jet and disc flux is unavoidable.

Observationally, jet morphologies and spectral propertie Until less than ten years ago, quasars and active galactic nu
both radio and X-ray cores are remarkably similar in the @#se  (jej and the supermassive black holes believed to powen,the
black holes of stellar mass (galactic black holes, here@®H) were regarded as exceptional (and extreme) objects. Howlee

ginning with the work of Kormendy & Richstone (1995) and, in
particular, Magorrian et al. (1998), the idea that SMBH desin
1 For the case of stellar mass objects, these signaturesrare@oto most the nuclei of virtually every galaxy in the.nearby universss e-
neutron stars, too. In this cases, only dynamical studiegpoavide a proof come almost commonplace. A sharp picture of the demograph-
of the black hole nature of the source. ics of local SMBH comes from the work of Ho, Filippenko, &
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Sargent (1997b), who have carried out a detailed opticaltspe
scopic survey of a large number of nearby galaxies. Fronwtbik,

it was found that between a third and a half of the sample has
AGN-like spectra, albeit of low luminosity, (LLAGN; eithef the
LINER, Seyfert or Transition type; see Ho, Filippenko, & Gemt
1997a), thus confirming that SMBH are not only present in)gala
ies, but that they are also active (at least as some level. at-
ter of fact, follow-up radio surveys of optically selectedAGN
(Ho & Ulvestad 2001 | Nagar et al. 2002) have yielded extrgmel
high detection rates, with the radio emission having predantly

a compact core morphology, occasionally accompanied bijkget
features. X-ray studies at arcsecond (or sub-arcsecorsmjure
tion with the ChandraX-ray Observatory have also allowed us to
firmly pin down the emission properties of the nearby dim gala
tic nuclei through systematic surveys of LLAGN _(Ho et al. 200
Terashima et al. 2002: Terashima & Wilson 2003). These piete
information on local, low-luminosity objects nicely conaphent
those on more luminous (and more distant) “classical” AGH. (i
Seyfert galaxies, QSOs, radio galaxies) and allow us tcsiiyate
the dependences of observable properties on black hole andss
accretion rate.

As a matter of fact, alongside the work on black hole
demographics, there have been various claims for the existe
of a correlation between radio luminosity or radio loudness
(a measure of the ratio of radio to bolometric luminosity)
and SMBH masses| (Franceschini, Vercellone, & Fabian|1998;
McLure & Dunlop 2001; |[Lacy etal. 2001; | Nagar et al. 2002;
Laor 2000). Comparisons of radio emission from GBH and SMBH
has also led to the suggestion that there is a systematerefiife
in radio loudness between the two classes, SMBH being on
average more radio lou (Falcke & Biermann 11996). Furtheemo
among X-ray binaries, black holes tend to be more radio lbad t
neutron stars_(Fender & Kuulkers 2001), possibly also ititig

dominated by a power-law X-ray emission with typical bold¢me
ric luminositiesLyo1/Lgaa < 10~2) always possess compact radio
cores [(Eender 2001) the radio luminosity of which is tightty-
related with their X-ray luminosity over more than three ensd

of magnitude, withLr « L% (Gallo, Fender, & Pooley 2002;
Gallo, Fender, & Pooley 2003; _Corbel ef al. 2D03). The ewden
of such a correlation emphasizes the effects of the depeadsi
the radio luminosity on the accretion rate and hence the emnn
tion between accretion and jet processes. However, amaties
model has been put forward recently, based on the broad band
spectral energy distributions of some GBH in the low/hamtest

in which the X-ray emission from those objects is produced by
optically thin synchrotron radiation emerging from the ieself
(Markoff, Falcke, & Fender 2001). The tightness of the obsdr
correlation between radio and X-ray luminosity, and itpslcseem

to support such an ideb (Markoff et al. 2003: Corbel ef al3200

Finally, we should also note that GBH with bolometric lumi-
nosity close to their Eddington limit display a more comated
behavior when observed in the radio band. There is eviddrate t
in the high/soft state (when the spectral energy distrioitt domi-
nated by a quasi-thermal component wifh ~ 1 keV) continuous
jet production is inhibited, while at still higher lumindisis (in the
so-called very high state) powerful, episodic super-lah@jection
events have been observed (in particular in the prototypigzro-
guasar GRS 1915+105, Mirabel & Rodriguez, 1994). Thus, high
luminosity black hole X-ray binaries seem to display a (terap
dichotomy between radio loud and radio quiet states, restamit
of that of powerful quasars.

This rapid (albeit somewhat disorderly) progress in theeobs
vational studies of black holes of all classes seems to tifeepos-
sibility for understanding fundamental scalings of blackehprop-
erties withMgy andM . Accretion disc theory can provide us with
the relationships between the observed radiative outprtogh X-

a mass dependence of the radio loudness parameter. Howevenay luminosity) and the black hole masses and accretios.rale-

the difficulty of separating the dependence of the radio powe
output on the accretion rate (due to the lack, or the negbécin
independent observational indicator of it for SMBH) unaladly
makes the evidence of any such correlation rather weakethde
other authors, using different samples, have recently dona
evidence for such correlations _(Ho 20DZa; Woo & Urry 2002;
Oshlack, Webster, & Whitting 2002).

A link between the disc accretion rate and the generation of
relativistic radio jets has been suggested by Willott et(H#99)
for radio galaxies and by Ho & Peng (2001) for Seyfert 1 nu-
clei, on the basis of the strong observed correlations t@twa-
dio and optical powers. Moreover, by studying a sample cigal
nuclei with measured black hole masses, Ho (2002) found clea
evidence of radio loudness being anti-correlated with sestiena-
tor of the dimensionless accretion rate. InterestinglyniBnann
et al. (2000) have also correlated the ROSAT All-Sky Survey a
the VLA FIRST catalog, and have shown that there is some degre
of correlation between the monochromatic X-ray luminosity2
keV and the radio (5 GHz) luminosity for bright AGN and Quasar
(for both radio loud and radio quiet sources), while Samarah
al. (1999) have found a weak correlation between lobe raolicep
and 2-10 keV luminosity in a sample of radio loud AGN.

The situation is rather different for GBH where the mea-

fortunately, theoretical modeling of the relation betwgstproper-
ties (related to the observed radio luminosity) and the ijghypa-
rameters of the systemd{gy, M) has been hampered by the lack
of a clear understanding of the mechanism by which jets arelac
erated and collimated. Relating the X-ray and radio progeif
a black hole system to only/gy and/orM has not been straight-
forward. However, in a recent paper, Heinz & Sunyaev (20@3gh
demonstrated that, under the general assumption thatttfoenea-
tion process is not qualitatively different among SMBH dfetient
mass or between SMBH and GBH, it is in fact possible to derive a
universal scaling between the jet (radio) luminosity atvegifre-
quency,L,, and both mass and accretion rate. The derived relation
is independent of the jet modahd has scaling indices that depend
only on the (observable) spectral slope of the synchrotmisson
in the radio band, and on the accretion model fBeelow).
Motivated by these findings, the aim of this work is twofold.
First, we want to examine (or re-examine) the significancthef
correlations between radio and X-ray luminosities withsx; and
with each other in a large sample of black holes with measured
masses that includémth GBH and SMBH. This will be dealt with
in the first part of the paper: i, we describe the selection criteria
and the properties of our sample, whilefd anddd we present the
results of the correlation analysis and we describe theraaisenal

sured black hole masses span a very narrow range (around 1Qproperties of the fundamental plane of black hole activityen, in

solar masses). In this case, the observed, rather largageba
in luminosity can only be explained if they are somehow lohke
to variations in the accretion rate. On this note, recentkws
shown that GBHs in the low/hard state (where their spectea ar

the second part of the papéBj we will make use of the model by
Heinz & Sunyaev (2003) to relate observed correlation odefits
that define the fundamental plane to theoretically predictees.
This will allow us to place constraints on the physical prbies of
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the accretion flow from which the jet is launched, and in pattr AGN and Seyfert 1), for which the nature of the (relativelinfa
on its radiative efficiency. Secti¢h 6 is devoted to a disicussf our radio emission is not well established, we have assumedhbat
findings and of their general implications for our underdtag of orientation of their jets with respect to line of sight is damly
black hole activity in different regimes. Finally, we sunmize our distributed. A more detailed discussion of the possibléeligrace of
results ind4 relativistic beaming as a selection effect will be presemet.d.

2.2 Galactic black hole sources

2 THE SAMPLE The Galactic X-ray binaries included in our sample have Is=en

2.1 Supermassive black holes in galactic nuclei lected to have (a) simultaneous X-ray and radio observgtion
RXTEAII-Sky-Monitor (ASM) X-ray data in conjunction with ra-
dio fluxes available from the literature, and (b) publiclyaéable
RXTEASM X-ray and Green-Bank Interferometer (GBI) radio
lightcurves (from which we estimated the 5 GHz fluxes by inter
polating between the 2.25 GHz and the 8.3 GHz channels).

We treated the GBI and ASM data of each object in the fol-
lowing way: we first re-gridded the ASM X-ray lightcurve toeth
radio lightcurve, and then sorted the data into bins of atiogn
X-ray flux. This procedure assumes that individual bins ave n
correlated and can thus be re-ordered and rebinned to improv
statistics. Rebinning the data in time intervals does naingke
the results significantly, but reduces the dynamic range -frayX
flux. In this sense, X-ray-flux-ordered binning produces tigoe
representation of the scatter in this variable. Since the BB
comes noise dominated below about 15mJy, we conservatively
chose to consider data at or below this value as upper limis a
split the sample into detection and upper limits before ioign
ASM fluxes were converted t@ — 10keV luminosities using
the a conversion factor .2 x 107" [ergs™" cm™2]/[ctss™!]
(Grimm, Gilfanov, & Sunyaev 2002), which assumes a crab-lik

We have selected from the existing literature a sample atkbla
hole-powered systems with measured masses, the nucleiici wh
have been observed both at 5 GHz (mostly with arcseconduresol
tion with the VLA) and in the 2-10 keV band. For future referen
we define the dimensionless black hole m&és= Mgu/Me and
accretion ratein = (Lyo1/n)/Leaa = Mc?/Lpaa o« M /M,
wheren is the accretion efficiency.

We first considered the full sample ef 40 nearby inactive,
or weakly active galaxies with existing nuclear black holass
measurements from observations of spatially resolvednkities.

To these we have added a comparable number of bright AGNs (and
QSO0s) with nuclear black hole mass measured from reveiberat
mapping of their broad line region (a similar sample was dtedp

by Ho et al. 2002). From this sample we selected all objecistwh
have been observed in both the radio and X-ray bands.

In order to obtain a more statistically representative sam-
ple, we also searched the existing literature for both nebo-
luminosity galactic nuclei (Ho et al., 2001; Terashima et2002;
Nagar et al., 2002; Terashima & Wilson, 2003) and for retdyiv
bright Seyfert nuclei (either type 1, type 2 or Narrow Line/feet source spectrum.

1) and radio gallaxies with available radio and X-ray flux numas Black hole masses for GBH are derived from stellar kinemat-
ments. We assign black hole masses to these systems using th?cs and we use the value provided in the literature. For trexami

pbsgrved gorrelatlon between black hole masses and sleltm— quasar LS 5039, no mass estimate is available, and we assumed
ity dispersion [[Gebhardt et al. 2000;_Ferrarese & Merma)?, Mis = 10 Mo

mostly using the values of the velocity dispersion provibgahe
HYPERLEDA cataloguel (Simien & Prugniel 2002). We note here
that it is beyond the scope of this paper to discuss the diffter 2.3 Global properties of the sample
methods (and their qualities) for estimating black hole seasn

the nuclei of galaxies, and refer the reader to the compsien
literature on the subject (see e.g. De Zeeuw, 2003, anderefes
therein).

We do not include in our sample distant quasars, for which the
M — o relation cannot be used because of the lack velocity dis-
persion measurements. In practice, we want to avoid anyeictdi
method for black hole mass estimation that relies on e.gcdine
tinuum optical/UV luminosity (as done by Woo & Urry, 2002y fo
example).

Relativistically beamed sources (i.e. those whose jet axis
points towards our line of sight) are dominated by the babgte
emission, and cannot be used to test the disc-jet coupliegh@/e-
fore excluded from our sample BL Lac objects. Among the Qusasa
in our sample, only 3C 273, which has an extremely high radio
loudness and a blazar-like spectrum, is likely to suffenfistrong
Doppler boosting of the radio jet. On the other hand, accaordd
the unification scheme, Seyfert 2 nuclei should not be peetélly
viewed pole on. For all the other sources (mainly low-lunsibo

Our final sample (TablEl 1) comprises 149 entries, of whichr@9 a
individual SMBH systems. The remaining 50 correspond tathe
servations of 8 different GBH at various luminosity levelut of
these 8 sources, 5 are so-called X-ray transients (Cyg XRD G
J1655-40, GRS 1915+105, XTE J1118+480 and XTE J1859+226)
and 3 persistent sources (Cyg X-1, GX 339-4 and LS 5039). The
SMBH sample includes 14 Quasars; 19 Seyfert galaxies of type
1 (in this class we include all the Seyfert spectrally clésdias
types 1 to 1.9); 32 Seyfert 2 galaxies; 7 Narrow Line Seyfert 1
galaxies (NS1); 11 Low-lonization Nuclear Emission lineggivas
(LINERS) of type 1.9; 13 LINERS of type 2 and 2 LINER/HII
Transition nuclei. Separating mass estimators into doees (stel-

lar kinematics, maser emission, gas kinematics and, toselex-
tent, reverberation mapping) and indirect ones (all thbageinfer

a measure of the central black hole mass from the obsévedo
relation), we can assess possible biases introduced inaouple

by the different mass measurement techniques. 55 masse®are
sured indirectly (4 Syl, 4 NS1, 30 Sy2, 15 LINERs and the two
transition objects) and 44 directly (all the 14 QSOs, 15 y3y2,

3 NS1, 8 LINERSs plus Sgr A* and M 32).

2 \We use here the relationshif = 1.3 x 108(c/200km s~ 1)48, as For the radio and X-ray luminosities taken from the literatu
derived in Ferrarese (2002). See however Tremaine et &2jJor a thor- we have assumeH, = 75 km s~' Mpc™", correcting the quoted
ough statistical discussion of the different scalings timte been claimed ~ values when necessary. When available, we have includedhiaf

for the M — o relation. tion on the radio spectral properties of the sources. Inéfdble
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Table 1.Radio and X-ray properties of black holes with measured esass

Object D(Mpc) SC Loglg ar Ref Log Lx Ref LogM  Method Ref
(1) (2 (3) (4) (5) (6) ] (8) 9) (10) (11)
Ark 564 99.0 NS1 38.59 U 1 43.74 2 6.5 (ol 3
Cyg A 224 S2/L.2 41.43 F 11 44.22 59 9.4 G 58
Fairall 9 199.8 S1 <37.68 U 4 44.14 5,6 7.91 R 21
IC 1459 29.2 L2 39.71 F 4,53 40.66 9 9 S 10

IC 4296 (PKS 1333-33) 188 L1.9 39.68 S 11 41.20 12 9.1 s | 13

IC 4329A 65.5 S1 38.94 U 4 43.72 5 6.69 R 21
Mrk 3 52.0 S2 39.86 S 14,51 42.7 14,15 8.81 o | 16
Mrk 78 149 S2 39.86 S 1453 <44 14 7.92 b 16
Mrk 279 127 S15 38.78 S 4,49 43.72 5 7.62 R 21
Mrk 335 107 NS1 38.27 F 4,49 43.30 2,17 6.79 R 21
Mrk 348 60.0 S2 39.70 F 14,52 42.85 14 7.17 o | 16
Mrk 478 316 NS1 38.75 U 18 43.87 2 7.30 (ol 3

Mrk 507 216 NS1 38.78 U 1 42.97 2 7.10 ok 3

Mrk 509 144 NS1 38.30 S 19,56 44.00 20 7.86 R 4
Mrk 573 69.2 S2 38.22 S 14,49 <43.00 14 7.25 4 16
Mrk 590 109 S1.2 38.70 S 4,49 43.58 57 7.23 R 21
Mrk 766 51.7 NS1 38.32 S 1,22 42.90 2,6 6.64 [o1hy 3

Mrk 1066 48.4 S2 38.68 S 14,53 <41.85 14 6.93 4 16
NGC 221 (M 32) 0.810 - <33.3 U 67 35.97 67 6.40 S 68
NGC 315 66.2 L1.9 40.41 F 23 41.68 24 9.10 o | 16
NGC 1052 19.6 L1.9 39.86 S 25 41.57 24 8.29 s | 16
NGC 1068 14.4 S1.9 39.12 S 4,27 41.00 15 7.20 M 4
NGC 1275 70.1 S2 41.74 F 14,27 43.40 32,34 864 , | 16
NGC 1365 21.8 S1.8 38.80 S 53 40.60 24 766 5 | 26
NGC 1386 11.6 S2 36.70 U 53 40.64 24 7.20 o | 16
NGC 1667 61.2 S2 37.34 S 14,27 40.05 15 793 5 | 16
NGC 2110 31.2 S2 38.99 F 14,53 42.60 14,15 841 , | 16
NGC 2273 28.4 S2 37.83 S 27 41.40 15,24 727 5 | 16
NGC 2787 7.5 L1.9 37.22 F 4,29 38.40 24,28 7.59 G 10
NGC 2841 12.0 L2 36.00 F 29 38.26 28 8.42 o | 30
NGC 2992 30.8 S2 38.64 U 14 42.10 14,15 7.75 s | 16
NGC 3031 (M81) 3.9 S15 36.82 F 4,29 39.90 24,28 7.79 S 4
NGC 3079 20.4 S2 38.39 F 27,50 40.20 15 765 5 | 26
NGC 3147 40.9 S2 38.01 F 27,31 41.61 15,31 879 + | 26
NGC 3169 16.5 L2 37.19 F 31,54 41.35 31 7.91 s | 33
NGC 3226 15.4 L1.9 37.20 F 31,54 40.74 31 8.23 o | 34
NGC 3227 20.6 S15 37.94 S 4,27 41.99 5 7.59 R 21
NGC 3362 111 S2 38.47 S 14,49 <43.6 14 6.68 4 16
NGC 3516 38.9 S1 37.98 S 4,27 43.20 5,6 7.36 R 4
NGC 3627 6.6 S2 35.45 F 29 <37.6 28 7.26 4 30
NGC 3675 12.8 T2  <35.99 U 29 <37.99 28 7.11 4 30
NGC 3998 14.1 L1.9 37.98 S 4,53 41.66 24 8.75 S 4
NGC 4051 17.0 NS1 37.30 S 4,27 41.50 5,6 6.11 R 21
NGC 4117 124 S2 35.70 S 14 39.4 45 6.74 R 16
NGC 4143 17.0 L1.9 37.16 F 29,31 40.03 31 8.32 | 34
NGC 4151 20.3 S15 38.49 S 4,27 42.83 5,6 7.17 R 21
NGC 4203 14.1 L1.9 36.79 F 29,31 40.23 28,31 790 - | 30
NGC 4258 7.3 S1.9 35.94 F 4,29 40.52 35 7.60 M 4
NGC 4261 (3C 270) 29.6 L2 39.21 U 11 41.17 24 8.72 G 4
NGC 4278 9.7 L1.9 37.91 F 29,31 39.96 31 9.20 S 60
NGC 4321 16.8 T2  <36.17 U 29 <38.59 28 6.80 4 30
NGC 4374 (M84) 18.4 L2 38.81 F 4,29 40.34 24 9.20 G 4
NGC 4388 16.8 S2 36.95 S 27 42.76 15 6.80 o | 26
NGC 4395 3.6 S15 35.56 S 4,27 39.50 36 <5.04 S 4
NGC 4450 16.8 L1.9 36.53 F 29 40.34 24 7.30 o | 26
NGC 4457 17.4 L2 <35.70 U 29 39.97 24 6.86 ol 26
NGC 4472 18.8 S2 36.69 S 27,29 <38.80 37 8.80 4 38
NGC 4486 (M87) 16.1 L2 39.78 F 4,29 40.55 39 9.48 G 4

NGC 4494 9.7 L2 <35.65 U 29 38.86 28 7.65 ol 30
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NGC 4501
NGC 4548
NGC 4565
NGC 4579
NGC 4594 (M104)
NGC 4636
NGC 4725
NGC 4736
NGC 5033
NGC 5194
NGC 5252
NGC 5273
NGC 5347
NGC 5548
NGC 5929
NGC 6166
NGC 6251
NGC 6500
NGC 7469
NGC 7672
NGC 7682
NGC 7743

PG 0026+129
PG 0052+251
PG 0804+761
PG 0844+349
PG 0953+414
PG 1211+143
PG 1226+023 (3C273)
PG 1229+204
PG 1307+085
PG 1411+442
PG 1426+015
PG 1613+658
PG 1700+518
PG 2130+099
3C120

3C 390.3

UGC 6100

Sgr A*

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-1

Cyg X-3

Cyg X-3

Cyg X-3

Cyg X-3

Cyg X-3

GRO J1655-40
GRO J1655-40
GRO J1655-40
GRS 1915+105
GRS 1915+105
GRS 1915+105
GRS 1915+105
GRS 1915+105
GRS 1915+105

16.8
16.8
9.7
16.8
9.8
17.0
12.4
4.3
18.7
7.7
92.3
21.3
31.2
70.2
33.2
116
94.8
40.0
66.6
53.2
68.0
24.4
627
690
430
268
1118
362
705
268
690
380
366
565
1406
255
138
241
116
0.008
0.0021
0.0021
0.0021
0.0021
0.0021
0.0021
0.0021
0.0021
0.009
0.009
0.009
0.009
0.009
0.0032
0.0032
0.0032
0.0125
0.0125
0.0125
0.0125
0.0125
0.0125

S2
L2
S1.9
S1.9
L2
L1.9
S2
L2
S15

36.20
36.30
36.15
37.65
37.84
36.40
<35.90
34.80
36.79
35.50
38.96
36.22
37.10
38.58
38.30
39.95
40.93
38.90
38.38
37.25
38.88
36.99
40.17
39.42
39.41
38.12
40.14
41.08
44.03
38.45
38.98
38.71
38.98
39.75
40.92
38.89
41.55
41.09
38.50
32.50
<29.44
<29.45
29.63
29.65
29.66
29.24
29.30
29.18
<30.64
31.62
31.85
32.17
32.43
<29.76
<29.69
29.94
<30.89
<30.89
<30.89
31.60
31.76
31.76

S 27 40.28
F 29 39.79
F 29,31 39.56
F 2931 41.14
F 453 40.70
u 29 <38.43
u 29 39.16
F 29 39.62
S 27 41.00
S 27 39.80
S 14,49 4297
F 14,24 <42.0
F 1455 480
S 427 43.55
S 1449 407
S 40 40.56
S 453 42.15
F 3154 4011
S 449 43.31
S 1455  43.37
S 14,49 <432
S 27 39.71
u 4 44.44
u 4 44.66
u 4 44.26
u 4 43.29
u 4 44.50
u 4 43.61
F 456 45.70
u 4 44.29
u 4 44,51
u 4 43.53
u 4 43.89
F 456 44.34
S 4,53 <43.20
S 456 43.55
F 11,53  43.95
S 11 44.00
u 14 <436
F 62 33.34
F 61 36.44
F 61 36.57
F 61 36.48
F 61 36.57
F 61 36.64
F 72 36.58
F 72 36.65
F 72 36.66
F 61 36.94
F 61 37.19
F 61 37.41
F 61 37.60
u 61 37.88
F 61 36.64
F 61 37.55
F 61 35.27
F 61 38.17
F 61 38.47
F 61 38.73
F 61 38.25
F 61 38.40
F 61 38.65

14 7.90, | 26
31 740, | 26
31 7.70, 126
28,31 7.85 126
15 9.04 S 4
37 790 4 38
28 749 51 30
24 730, | 26
24,28 7.30, 130
15 6.90, | 16
14 8.12, 116
14 637 4 16
45 6.70 | 16
5 803 R 21
45 722 | 16
41 9.19, | 26
15 873 G 4
31 8.28, | 30
42 681 R 21
14 6.80, |16
14 725 4 16
24 6.47, | 16
43 773 R 21
44 834 R 21
43 828 R 21
43 734 R 21
43 826 R 21
43 761 R 21
44 874 R 21
44 788 R 21
44 844 R 21
43 790 R 21
44 867 R 21
44 838 R 21
43 778 R 21
44 816 R 21
11 736 R 21
11 853 R 21
14 772 4 16
63 641 S 64
61 106 S 69
61 106 S 69
61 106 S 69
61 106 S 69
61 106 S 69
61 1.06 S 69
61 106 S 69
61 1.06 S 69
61 100 S 70
61 1.00 S 70
61 100 S 70
61 1.00 S 70
61 1.0 S 70
61 08 S 65
61 08 S 65
61 08 S 65
61 120 S 65
61 120 S 65
61 120 S 66
61 120 S 66
61 120 S 66
61 120 S 66
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Table 1-continued

GX 339-4 0.004 GBH 29.91 F 7 36.48 7 1.00 S 8
GX 339-4 0.004 GBH 29.87 F 7 36.42 7 1.00 S 8
GX 339-4 0.004 GBH 29.89 F 7 36.40 7 1.00 S 8
GX 339-4 0.004 GBH 29.62 F 7 36.12 7 1.00 S 8
GX 339-4 0.004 GBH 29.71 F 7 36.12 7 1.00 S 8
GX 339-4 0.004 GBH 29.66 F 7 36.14 7 1.00 S 8
GX 339-4 0.004 GBH 29.45 F 7 35.81 7 1.00 S 8
GX 339-4 0.004 GBH 29.11 F 7 35.32 7 1.00 S 8
GX 339-4 0.004 GBH 28.34 F 7 34.21 7 1.00 S 8
GX 339-4 0.004 GBH 28.02 F 7 33.91 7 1.00 S 8
GX 339-4 0.004 GBH 28.38 F 7 33.84 7 1.00 S 8
GX 339-4 0.004 GBH 28.49 F 7 34.01 7 1.00 S 8
GX 339-4 0.004 GBH <2751 F 7 <3334 7 1.00 S 8
GX 339-4 0.004 GBH <2725 F 7 33.19 7 1.00 S 8
LS 5039 0.003 GBH 29.80 S 61 35.62 61 1.00 - -
LS 5039 0.003 GBH 30.09 S 61 35.45 61 1.00 - -
LS 5039 0.003 GBH 30.07 S 61 35.67 61 1.00 - -
LS 5039 0.003 GBH 30.09 S 61 35.81 61 1.00 - -
LS 5039 0.003 GBH 30.08 S 61 35.96 61 1.00 - -
XTE J1118+480 0.0018 GBH <28.98 F 46 35.43 47 1.00 S 48
XTE J1118+480 0.0018 GBH 28.92 F 71 35.46 61 1.00 S 48
XTE J1118+480 0.0018 GBH 28.92 F 71 35.57 61 1.00 S 48
XTEJ1118+480 0.0018 GBH 28.92 F 71 35.56 61 1.00 S 48
XTE J1118+480 0.0018 GBH 28.92 F 71 35.47 61 1.00 S 48
XTEJ1118+480 0.0018 GBH 28.92 F 71 35.45 61 1.00 S 48

XTE J1859+226 0.011 GBH <2924 F 61 36.58 61 >088 S 71
XTEJ1859+226  0.011 GBH <2930 F 61 36.65 61 >088 S 71
XTE J1859+226  0.011 GBH 29.18 F 61 36.66 61>0.88 S 71

NOTE: Comments! Lx calculated from the known luminosity in the 0.3-8 keV band #re observed spectral indéxLx calculated from the GIS count
rate, assuming' = 2 and Log(Nyg) = 22.5; 8 L 51, extrapolated from observations at 8 GHz. Col.(1): Name efabject. Col. (2): Distance in
Megaparsecs (foFp = 75 km s~! Mpc~1!). Col. (3): Spectral Class; GBH: Galactic black hole; L: IHR; S: Seyfert; NS1: Narrow Line Seyfert 1; T:

Transition object (LINER/H Il); Q: Quasar. Col. (4) Logdmih of nuclear luminosity at 5GHz. Col. (5): Radio spectraldragr (WhereF, = v~ %R); F:
flat spectrumd¢pr < 0.4); S: steep spectrunaz > 0.4); U: undetermined. Col. (7) Logarithm of the intrinsic réistme luminosity in the 2-10 keV band.
Col. (9) Logarithm of the black hole mass. Col. (10) Mass meamment method; S: stellar kinematics; G: gas kinematicaniker kinematics; R:

reverberation mappingjdirr): inferred from the mass-[Oll1] line-width correlation; 1inferred from the mass-velocity dispersion correlation.
REFERENCES: (1) Ulvestad, Antonucci & Goodrich (1995); (8)ghly (1999); (3) Wang & Lu (2001); (4) Ho (2002); (5) Weay&elbord & Yaqoob
(2001); (6) Nandra et al. (1997); (7) Corbel et al. (2003);H8nes et al. (2003); (9) Fabbiano et al. (2003); (10) Tremat al. (2002); (11) Sambruna,
Eracleous & Mushotzky (1999); (12) Pellegrini et al. (20038) Saglia et al. (1993); (14) Polletta et al. (1996); (B&ksani et al. (1999); (16) Woo & Urry
(2002); (17) Gondoin et al. (2002); (18) Zhou & Wang (20020) Thean et al. (2001); (20) Pounds et al. (2001); (21) Kespl. (2000); (22) Ho & Peng
(2001); (23) Gregory & Condon (1991); (24) Terashima et200Q); (25) Griffith et al. (1995); (26) Simien & Prugniel &) and HYPERLEDA
Catalogue: http://www-obs.univ-lyonl.fr/hypercat/7§2Ho & Ulvestad (2001); (28) Ho et al. (2001); (29) Nagar ef{2002); (30) Barth, Ho & Sargent
(2002); (31) Terashima & Wilson (2003); (32) Allen et al. (29; (33) Hereudeau & Simien (1998); (34) Churazov et alO@0(35) Fabbiano et al. (1992);
(36) Shih et al. (2003); (37) Loewenstein et al. (2001); (@@)ritt & Ferrarese (2001); (39) Di Matteo et al. (2003); Y4®ovannini et al. (1998); (41) Di
Matteo et al. (2001); (42) De Rosa, Fabian & Piro (2002); @8brge et al. (2000); (44) Lawson & Turner (1997); (45) Moeaal. (2001); (46) Dhawan et
al. (2000); (47) Frontera et al. (2001); (48) Wagner et 200); (49) Rush, Malkan & Edelson (1996); (50) Becker, WEgitEdwards (1991); (51) Kojoan et
al. (1980); (52) White, Giommi & Angelini (2000); (53) VéamneCetty & Véron (2001); (54) Falcke et al. (2001); (55) Wted & Wilson (1989); (56) Falcke,
Malkan & Biermann (1995); (57) Turner & Pounds (1989); (58funter et al. (2003); (59) Young et al. (2002); (60) Maigoret al. (1998); (61) This
work; (62) Melia & Falcke (2001); (63) Baganoff et al. (200(§4) Schodel et al. (2002); (65) Orosz & Bailyn (1997); Y& einer, Cuby & McCaughrean
(2001); (67) Ho, Terashima & Ulvestad (2003); (68) Verolnale(2002); (69) Dolan (1992); (70) Hanson, Still & Fend29Q0); (71) Filippenko &
Chornock (2001); (72) Stirling et al. (2001), (73) Fendeale{2001); .

have marked all the sources with flat radio spectram « 0.4, the Eddington luminosityl.x /Lgda = La—1oxev/1.3 x 1033 M.
whereag is the radio spectral index = —9In L, /9 Inv eval- Itis worth emphasizing that the shape of those distribstieflects
uated at the frequenay =5 GHz) with flag (F). All the sources more the nature of our selection procedure rather than thigabl
with ag > 0.4 are instead classified as steep spectrum (S), while intrinsic properties of accreting black holes. For examalprecise
those for which the radio spectral index couldn’t be deteadiare measurement of the central black hole mass is a prereqiosise
marked with a (U). Overall, we have 77 flat spectrum sourc@s (3 given source to be included in the sample. As recently dsamliby
SMBH and 45 GBH, respectively); 43 steep spectrum sourcgs (3 De Zeeuw (2003), not all mass ranges are equally well prolged b
and 5) and 29 for which the spectral slope is undetermindd (al the different methods, and this should introduce a strotergen
SMBH). effect in our sample. Similarly, because BH masses are nawe e
ily measured in the nuclei of nearby galaxies, our sampléaisdul

In Figure[1 we show the distributions of black hole masses, against the most luminous quasars. This should be takera@to

radio and X-ray luminosities and that of the ratio of theiragto
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Figure 1. Distribution of black hole masses (top left panel), 5 GHzZaddminosity (Lr, top right panel), 2-10 keV X-ray luminosityl{, bottom right
panel) and of the ratid.x / Lgqq. Solid histograms denote detected sources, dashed orfes apper limits.

count when examining, for example, tfh& / Lgaq distribution of
the black holes in our sample.

In Figure[2 we show the radio luminosity versus the black
hole mass for objects of different spectral classes. Pajehpows
the whole sample, while panel (b) concentrates on the SMB#H on
Overplotted are some of the linear regression fits discusstte
recent literature (se€ for details).

Finally, Figure[® shows the core radio luminosity versus the
nuclear X-ray luminosity in the 2-10 keV band (left panelYamr-
sus the ratio of the X-ray nuclear luminosity to the Eddimgho-
minosity (right panel). We represent objects in differerssibins
with different colors to highlight a possible segregatidulifferent
mass bins in thdr — Lx plane.

In the next section we present a more quantitative stadistic
analysis of the correlations amoiig;, Lx, andM.

3 CORRELATION ANALYSIS

Luminosity-luminosity correlations have to be tested fosgible
spurious effects introduced by their common dependencéhen t
distance. Such tests can be done by performing a partialation
analysis, taking distance as the third variable. Here weshdthe
so-called partial Kendall's correlation test, proposed by Akritas

& Seibert (1996) in the case of censored data sets. Applyiigy t
test to our data, we find that tHa; — Lx correlation is strong: the
probability of the null hypothesis (i.e. that there is noretation)
is less thatl0~° for the whole sample ang 1.12 x 10~* for the
SMBH only (see TablEl2).

However, it is apparent from Fifjl 3 that, when the data points
are grouped into mass bins, objects in different bins terigkton
parallel tracks. Such a behavior can be seen both iithe- Lx
plane (panel a), and, perhaps even more clearly, il.the Lx /M
plane (panel b). The presence of a mass segregation sutjugsts
the radio luminosity of an object likely depends both on itsay
luminosity and on its mass. In order to assess this hypativesi
once again use partial correlation analysis, now taing(or Lx)
as the dependent variable and testing its partial coroglatith Lx
(Lwr) where we take\f as the third variable. In addition, we also
look for a partial correlation betwedny (Lx) with mass itself, by
taking Lx (Lr) as the third variable. In so doing we can effectively
discriminate between intrinsic and spurious correlatam®ng the
three quantities.

The results of such tests (see Tdlle 2) show that the radio lu-
minosity is strongly correlated with both black hole masd drray
luminosity (Poun < 1x10719 for the whole data set), while in turn,
the X-ray luminosity correlates with both mass and radioihos-
ity only if we include both GBH and SMBHR,,.11 ~ 4.68x107°).
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These results imply that any regression fit used to find catiozls
between any two variables that does not account for the depen
dence on the third one (as, for example trying to find the depen
dence ofLr on M without accounting for the dependencebr),
inevitably leads to an incorrect estimate of the correfatoeffi-
cients.

If, in any case, we compute the correlation coefficients be-
tween any two of these variabfego allow a comparison with
earlier works, we find thatog L3MBH (29.54 + 1.60) +
(1.23 4 0.20) log M, with a very large scatter (standard deviation
ooMBH = 1.65). Including GBH, we findlog L&' = (28.75 +
0.18) + (1.20 4 0.04) log M (standard deviation3; = 1.51),
which is indeed very similar to what found by Nagar et al. (200
but very different from what was proposed by Franceschiral et
(1998), based on a much smaller sample (as shown by theattiffer
linear regression fits plotted in Figutk 2).

We emphasize, however, that the partial correlation aiglys
presented so far and summarized in Table 2, implies thatlzefar
ter representation of the mutual dependencied©f Lx and M
(and the one that minimizes the scatter) should be searonedth
multivariate linear regression tests, that allow simuwtaus fitting
over the 3-dimensional space defined by the three variables.

3.1 Finding the multivariate correlation coefficients

The standard multivariate regression formalism does @t tle-
pendent and independent variables symmetrically (seeFagano
& Vio 1988). In other words, if a linear regression analysislgs
a linear regression coefficiehtfor the dependence af on z, it
does not necessarily yield a coefficiént! for the dependence of
x ony. Closely related to this is the fact that standgPdstatistics,
for which errors are only associated with the dependentlibej
artificially reduce the estimate of the correlation coeffittiin the
presence of intrinsic scatter in the independent variafie net
result of these shortcomings is that distributions over the fitting
parameter space are not fair representations of the conéderthe
resulting best fit.

In order to alleviate these shortcomings, we extend thésstat
tical approach used by the “Nukers” group_(Gebhardt et @020
Tremaine et al. 2002) to obtain an unbiased estimator of #s¢ b
fit regression coefficients in multivariate problems. Thipmach
uses a modified chisquare estimator, called the merit foncti
(Fasano & Vio 198B[ Press ef al. 1992: Tremaine et al. 2002, d

fined by
(yi —a— 3, bjzi;)?

£2
X 7; 0-12” +Zj(bj0wij)2

wherey; is the dependent variable;; are the independent vari-
ables andry, ando.,; the associated error estimatess the zero
intercept, and are the linear regression coefficients, which are to
be found. The argument of the sum in dd. (1) is a measure of the
projected distance of the data poifit= (x5, y:) to the regression
hyperplane given by the equatign= a + Zj bjz;, measured in
the x? space around poin®;. In other words, the argument of the
sum in eq.[ll) counts the number t intervals betweer?; and

the regression hyperplane. Because Eg. (1) is nonlinegy, ibis

@)

3 We use a the linear regression method by parametric EM #gori
(that deals with censored data) as implemented in the ASU&kage
(Isobe, Feigelson, & Nelson 1986)

no longer possible to minimizg? analytically. However, for a set
of parameterd, we can still find the optimal valugmin(b) for
which %2 is minimized as

Z (y*Zj bjw;j)

i 0§i+zj(bj0zw-)2
Zi (051 + Zj(bjgwij )2)

Finding the best fit parameters is then a simple minimization
problem which can be treated with standard numerical mizami
tion routines. Because our analysis is restricted to a iaiteaprob-
lem in this paper, it is possible to use a graphical solutiothe
form of 2-D %2 contour plots.

Unfortunately, such a technique cannot handle censored dat
However, it is easy to verify that the incidence of the ceedatata
points in our sample on the estimate of the linear regreswieffi-
cient is small compared to the intrinsic scatter in the datarder
to do so, we have performed standard linear regression figusi
specific techniques that are able to handle censored datapbes
mented in the ASURV packade (Isobe, Feigelson, & Nelson 1,986
on the whole data sample both with and without the upper $imit
The differences in the resulting multivariate linear ctatien coef-
ficients in the two cases are much smaller than the estimatede

In the limit of 7, > 0s,,, the merit function in eqd1) re-
covers the traditional? estimator. This implies that the usefulness
of eq. [A) is limited to cases where the estimated errors miEca
curate representation of the true intrinsic uncertaimgiuding in-
trinsic scatter. Artificially large errors in one variabldhwntroduce
an asymmetry similar to that intrinsic to the traditionajnmession
formalism. At face value, the errors in our sample are dotetha
by the uncertainties in the mass measurements. Howevergec
we are using a sample of predominantly low redshift low lumi-
nosity AGN, error in the distance measurements can be large d
to peculiar velocities, which leads to large errors in thaihosity
measurements as well. For Galactic sources, distanceadstiyp-
ically carry even larger uncertainties. Worse yet, theltegperrors
in Lx and Lr will be correlated. As a first step, we therefore de-
cided to follow the Nuker approach and assume isotropicraice
tieSon; = ory,i = oLy, in all three variables and re-normalize
these errors to produce a minimum redudggy = %°/ndor Of
unity.

amin(b) =

@)

4 RESULTS
We fit the data with the function

log Lr = &rx log Lx + Erar log M+ bR, (3
or, alternatively with its reciprocal
lOg Lx = fXR lOg Lr + fx]w log M + bx, (4)

where we have used the merit function to estimate the bestdar
regression coefficients. Because the regression techniguelopt

is symmetrié, egs. [B) and@4) contain the same amount of infor-
mation.

4 We verified that the standard regression technique is idsteesymmet-
ric: for the same fitting functiol]3), the best fit parametmetgx = 0.57
andéryv = 0.77, while by fitting eq. [}) we obtaigxg = 1.05 and
&xm = —0.49, instead of the expectegikr 1/érx = 1.75 and
&xm = —érM/Erx = —1.35.
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Figure 2. Radio core luminosity at 5 GHz versus black hole mass. Uppetsl are marked with arrows. Panel (a) shows the whole sanmtluding GBH
(black filled circles) and SMBH, with different symbols iedting objects belonging to different spectral classes.right panel (b) is a blow up of the SMBH
sample. The dot-dashed line gives the regression fit profgms&ranceschini et al. (1998), the dashed line that prapbgeNagar et al. (2002), both obtained
using different samples of SMBH only. The thick solid uppeelgives the maximum core radio power as calculated by HOXRfbr sources accreting at
the Eddington rate. Although a correlation analysis of @mgle would give results similar to those obtained by Nagat.€2002), as we discuss in the text,
noneof the above relations reflects the real physical scalingdiorpower and black hole mass.
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Figure 3. Radio core luminosity at 5 GHz versus X-ray luminosity in 81&0 keV band (a) for the whole sample. Different colors espond to different mass
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of X-ray to Eddington luminosity. The color-coding of thdfdient mass bins makes the mass segregation more evident.

Our final results of the multivariate regression analysis ar
shown in the form ofy? contour plots (using eqll(1) as)& es-

timator) in the €rm, £rx) parameter space in F[d. 5. The top panel

shows the results of the multivariate fit performed on therent
data set. We obtaifirx = 0.60 & 0.11, &rv = 0.7870:44, and

br = 7.3375 55 (all the errors are one sigma confidence), with a

dispersiornor = 0.88, or, cast in the form of eq](3):

log Lr = (0.6070:11) log Lx+(0.7870:04) log M +7.33F

4.05
4.07

©)

The value we obtain for th&zx correlation coefficient is con-
sistent, within the errors, with that found in GBERrx ~ 0.7) by
Gallo et al. (2003). This also means that individual GBH sear
for which the correlation between radio and X-ray luminiesitis

well established (GX 339-4 and V404 Cyg) do indeed follow the

same global trend defined by black holes of all masses indlude
our sample.

Our data set provides fairly tight constraints on the valfes
the correlation coefficients;; (¢, = R, X,M). This in turn im-
plies that in the 3-dimensional spafeg Lr, log Lx,log M) the
sources are distributed preferentially on a plane, thatallehere-
after the “fundamental plane” describing black hole atfiiig-
ure[d shows an edge-on view of the plane.

The other two panels of Fifll 5 show the constraints on the two
correlation coefficients obtained with the regressionysislon dif-
ferent subsamples assembled according to the spectrartiespin
the radio band. For flat spectrum radio sources we olgiai) =
0.76 + 0.13, érm,e = 0.71 £ 0.10, andbgr s = 1.311352, with a
dispersiorvg, s = 0.81, smaller than that of the whole data set. The
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Table 2. Results of Correlation analysis

Variables Subsample Correlation

X Y z Objects N N NY  NZ T o Pnull

1) 2 3 4 G ® O © €) (10) (11)
LogLg LogLx LogD All Objects 149 20 14 0 0.255 0.0414 7.3 x 10710
LogLg LogLx LogD SMBHonly 99 7 13 0 0.200 0.0518 1.2210—4
LogLg LogLx M All Objects 149 20 14 1 0.448 0.0495 < 1 x 10710
LogLr LogLx M SMBHonly 99 7 13 1 0.450 0.0523 <1 x 10710
Loglg M LogLx AllObjects 149 20 1 14 0.432 0.0469 < 1 x 10710
LogLg M LogLx SMBHonly 99 7 1 13 0.310 0.0547  1.4610~8
LogLx M LogLrg AllObjects 149 14 1 20 0.184  0.0452 4.68 x 10~
LogLx M LogLg SMBHonly 99 13 1 7 -0.022 0.052 0.672

NOTE: Col. (1): Variable X. Col. (2): Variable Y. Col (3): Vlmble Z. Correlation between variables X and Y is studiekintinto account the mutual
correlation of X nd Y with Z. Col. (4): subsample. Col. (5): Mber of objects in the subsample. Col. (6)-(8): Number ofaupimits in X, Y and Z. Col.
(9)-(11): Results of partial correlation analysis, givihg partial Kendall'sr correlation coefficient, the square root of the calculatadances, and the

associated probability?,,,,;; for accepting the null hypothesis that there is no cormatakietween X and Y.

difference in the coefficient for thér — Lx correlation with re-
spect to the whole sample result may be due to a larger inocédeh
GBH in the flat spectrum subsample, which seem to have allight
larger measured value ¢kx (Gallo, Fender, & Pooley 2002); the
constraints on the other coefficiegin are almost as good as for
the entire data set, and in very good agreement with it.

if the underlying jet physics is scale invariaf this case, all the
model dependent uncertainties can be absorbed into thevabse
spectral indexa. The relationships betweebr and M and be-
tween Lr andr depend only on the boundary conditions at the
base of the jet, set by the conditions in the accretion flowdifee
the jet. We will briefly review their argument (the interesteader

On the other hand, in our steep spectrum sources subsam-is encouraged to consult Heinz & Sunyaev, 2003, for moreildgta

ple, only one GBH is included (LS 5039), and this results in a
much larger uncertainty, in particular on the radio lumityemass
correlation coefficient:§rx,s = 0.417015, trmys = 0.9415%5,

br,s = 14.0873 57 with dispersiornrg s = 0.87).

5 PHYSICAL INTERPRETATION OF THE
FUNDAMENTAL PLANE RELATION

As stated in the introduction, a correlation between X-rag ea-
dio emission is expected if there is a fundamental connedi®
tween accretion flows and jet activity. Thus, at a qualieatavel,
the existence of the fundamental plane foun@@his not surpris-
ing. However, on a quantitative level, the presence of suglare
and the measurement of the correlation coefficients agedadth
it provide powerful probes of accretion physics and of threeirjet.

In the following section we will therefore lay out an avenue
of how to use the fundamental plane relation to constrainetion
and jet physics. In order to do this, we shall first turn to aualés
sion of the theory of the radio and of the X-ray emission byjé¢te
disc system. We will first make use of the scale invariant mgsu
tion about the disc—jet couplinf (Heinz & Sunyaev 2003) tovde
the expected scalings of the radio luminosity with blackeholass
and accretion rates. Then, we will show how these theottica
predicted correlation coefficients translate into obdalevanes be-
tween black hole mass and X-ray luminosigy: {1, érx) for differ-
ent models of the X-ray emission. By comparing these themalet
predictions to the observed values from ). (5) we will thisouks
the constraints we can put on the models themselves.

5.1 Synchrotron emission from scale invariant jets

It was recently shown by Heinz & Sunyaev (2003) that the depen
dence of radio luminosity.g on black hole masd/ and dimen-
sionless accretion rate can be cast into a model independent form

before comparing their predictions to the correlations#gerin the
previous section.

The nature and conditions in the inner disc are most likely
governed by only a few parametef®( 1, and possibly the black
hole spina). The fundamental scale imposed on the problem is
the gravitational radius of the black hol8, = GMgu/c*. Jet
formation occurs in the innermost regions of accretiongjiticus
it is natural that jet formation, too, is primarily governby these
three parameters orly

Then, we make thansatzthat jet structure and dynamics are
(at least approximately) invariant under changesefx M and
. In other words, taking a jet produced by a black hole of mass
M, scaling its dimensions by a factor df2 /M; we should obtain
a jet around a black hole of mas,.

This proposed invariance can be cast into a simple mathe-
matical form. Any quantityf needed to calculate the synchrotron
emission from jets can be decomposed into a structure famcti
Y5 (R/Rg,a), which describes the spatial variation pflong the
jet, and which depends ol only throughR/R,, and a normal-
ization ¢ (M, rn, a), which is set by the boundary conditions at
the base of the jet (thus, by accretion disc physics):

f(Rvamva):d)f(Mvmva)'wf(R/Rg?a) (6)

The quantities necessary for calculating the jet syncbnotr
emission are the magnetic field strenddhthe jet diameteD;e.s,
and the normalizatiorC' of the electron power-law distribution
dne/dy = C~~P (typically, the spectral index of the particle dis-
tribution isp ~ 2 — 3). For example, according to the prescrip-
tion (@), the magnetic field should follol = ¢g(M,1h,a) -

5 The influence ok and the associated second scale of the problem, the
light cylinder radius, on jet formation is unclear at thisroWe will hence-
forth keepa fixed and assume that variations dnwill only introduce a
scatter in any relation derived below which is independént/oandri.
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Figure 4. The edge-on view of the “fundamental plane of black holevigti The solid line shows the best fitting functiod (5).

¥5(R/Rg,a), wherepp = By = B(Ro) is the value of the field
at the base of the jaR,. As a geometric quantity, the jet diame-
ter D should be directly proportional to the characteristic sdgl
such thatpp = Dy = D(Ro) x Rg « M. Scale invariance also
implies that dynamical time scales are proportionaRtg'c « M,
and thus that characteristic velocities are scale invarian

Using the standard formulae for synchrotron emission
(Rybicki & Lightman 1979), Heinz & Sunyaev (2003) showedttha
the synchrotron luminosity., at a given frequency emitted by
the jet must then depend non-linearly bhandri, following

Oln(L,) 2p+13+2a  Oln(¢n) (2p+3+ ap + 2«
dln(M)  p+4 dln (M) p+4
Oln(¢c) [(5+2a)
tomon \pra ) = %
and
Oln(L,) Oln(¢n) (2p+3+ a(p+2)
dln(m)  Oln () p+4
dln(¢c) (5+2a\ _
* Oln () <p+4>_'5’” ®
whereq is the spectral index at frequency

Note that the model dependent structure functions
Y¢#(R/Rg,a) scale out from these expressions. Only the

spectral indicesd andp) and the boundary conditionsz andoc
for the magnetic fieldB and the electron power-law distribution
normalizationC, respectively, remaine and p are observables:
the electron spectral index can be deduced from the optically
thin synchrotron spectral index at high frequencies. Tmetions
¢p and ¢¢, on the other hand, need to be provided by accretion
disc theory. It is reasonable to assume that the relativistiticle
pressure at the injection radius is a fixed fraction (i.aependent
of M andrn) of the total pressure at injectiopc o ¢%. This
leaves¢ s as the only model dependent parameter of the theory.
Given a prescription fot s, we can predict how the synchrotron
luminosity of jets should scale with/ andrn.

Since &y and &, are constants, we have in general (with
L, = Lsgu: = LRr)

9)

where K is a normalization constéhtVariations in other param-
eters, such as the viewing angle or the black hole spin, willf o

log Lr = &vlog M + &, logm + K,

6 We note here that for flat spectrum jets witly ~ 0, the canonical
value ofp ~ 2, and¢% o M ~lmm, the dependence dir on M and
1 follows Ly o< (Mn)'7/12 = M17/12 as had been found by Fal-
cke & Biermann (1996) for the specific case of the “canonicatical”
(Blandford & Konigl 1979) jet model.
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Figure 5. Shaded areas show the density distribution, and dashed lines thé contours for the observed correlation coefficiegitg; andégx. The
inner 3 contours show the formal 1,2 and 3 sigma confidenegdslethe remaining contours further out show Ievelsm;ifed = 10. Shown are the results
for: the entire data set (upper panel), the flat spectrumcesuiower left panel), the steep spectrum sources (lowgét pganel). Overplotted on each panel
are the theoretically predicted values of the correlatioefficients where circles, diamonds and squares represerADAF, jet and standard disc models
respectively. Empty symbols show the valuesdgy = 0 and filled ones forxg = 0.5. The lines connecting the points represent the trackg&f and{rnm

traced out by variation okg .



introduce a scatter in this relationship thaingdependenof A and
m.

Because the expressions far and¢,;, do not depend on the
shape functiong, they are independent of the model details. Any
scale-invariant jet model that reproduces the observeid smbc-
tral index ar mustsatisfy egs.[{[7) andX8). This implies that (a)
measurements @&f, and&,;, cannotbe used to constrain the func-
tionsty, i.e., they cannot be used to distinguish between different
jet models but that (b) measurementg of and&,, canbe used to
place constraints on the boundary conditions at the badsedgét
¢y, or in other words on the accretion disc model.

While the black hole masa/ is observable (see above), the
accretion raten can only be inferred through radiation in other
bands, where the emission is dominated by the accretionTisis,
in addition to a prescription of the boundary conditignsthrough
accretion disc theory, we must also provide a relation betvwbe
accretion disc luminosity (ofx) andrn in order to model the ob-
servedLg-1h correlation. We must therefore discuss the different
possible sources of the X-ray emission. We will start withsth
models that describe X-ray emission as produced by an amtret
flow of some kind.

5.2 Accretion flow origin of X-ray radiation

For the accretion powered X-ray luminosity we can write, fiala
ogy to eq.[®):

log Lx = log M + qlogm + K2 (20)

where K5 is a normalization constant. The efficiency coefficignt
need not be constant, though the linear correlation arsafiyain 3
is limited to this case.

Using egs.[I) together with e@J10), we obtain the folow
ing general expression for th@bservablecorrelation coefficients
as defined in eqd](3) arid (4):

2p+13+4+2ar = Olnos
p+4 Oln M

Oln¢p [ 2p+ 13 + arp + 6ar
dlnmh q(p+4)

Oln ¢p <2p—|— 13+ arp + 6aR)

2p + 13 4+ arp + 6ar
Erm

p+4

§rx (11)

dlnmh q(p+4)
Different accretion models imply different values gfand differ-
ent scalings of the magnetic energy density at the base géthe
¢p with M andrh, resulting in different values @ ln ¢5/0 In M
anddln ¢r/0Inm. In the next two sections we calculate the ex-
pected scalings for radiatively efficient and inefficientffo(the
results of the calculations are summarized in Thble 3). f@case
of radiatively efficient accretion, we will consider the Ayremis-
sion to be produced by a standard, geometrically thin andadt
thick disc coupled with a hot corona. In the case of radiatiireef-
ficient accretion flows, for the sake of clarity we will dederia de-
tailed spectral modeling in the framework of a pure advectisk
(ADAF). Currently this is the simplest existing dynamicabdel
of a radiatively inefficient flow from which we can derive dédd
spectral energy distributions. However, one should keemimd
that radiatively inefficient flows may be significantly modi by
convection or outflows (see below). We do not, however, exihec
arguments laid out below to be significantly modified in suases.
As a result of our calculations, we will show how the physical
properties of radiatively inefficient and efficient discsiddeed im-
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ply very different scalings for the observed X-ray lumirtgsiith
the accretion raten.

5.2.1 Radiatively efficient flows

In the standard Shakura-Sunyaev disc model
(Shakura & Sunyaev 19F3) accretion occurs via an optically-
thick and geometrically thin disc. The effective opticalptie

in the disc is very high and photons are close to thermal equi-
librium with electrons. The emission results in multi-aolo
(T x m**M~/*=3/4) blackbody spectrum. This component
is thought to explain the “blue bump” in AGN and the soft X-ray
emission in GBH. However, the standard model does not gredic
the power-law X-ray emission observed in all sub-Eddington
accreting black holes. In fact, the emission in the 2-10 kevich
we are considering here is completely dominated by the ptaver
spectral component for SMBH and for GBH in the low/hard state

It is generally accepted that this hard X-ray power-law emis
sion is produced by inverse Compton scattering of the statkb
body disc photons on a population of hot electrons that smado
the cooler disc in the innermost region of the accretion fltve (
so-calledcorong In these models a fractioff. of the gravita-
tional power is dissipated in the corona (and eventuallyrgese
as X-ray radiation). The X-ray luminosity can then be writis
Lx ~ femLgaa o« fernM, and the coronal magnetic energy
density followsB? o 7nf./M (e.g.; Haardt & Maraschi 1991;
Di Matteo, Celotti & Fabian 1999; Merloni & Fabian 2002)x
should therefore scale linearly with, as long as the fraction of
power dissipated into the cororfadoes not change with the accre-
tion rate. Note, however, that we expect some scatter in acly &
relation due to intrinsic changes in the coronal plasmacaptiepth
and temperature that may have some dependence on the @tcreti
rate.

Merloni & Fabian (2002) and Merloni (2003) have shown how
it is possible to derive coupled equations for the accretimec—
corona systems under very simple assumptions about theeraftu
the turbulent magnetic viscosity inside the disc. The magperty
of their self-consistent coupled treatment is tliais indeed con-
stant when gas pressure dominates in the disc, so for amtrates
11 < 0.016(ay M) ~Y3(1 — 0.84a2) %% (with o viscosity pa-
rameter) we should expegt= 1. On the other handf. o rin /2
in the radiation pressure dominated parts of the disc,gardl /2
(see Tabl€3). It is worth noting thatandd¢ 5 /9 enter eq.[(I11)
in such a way that the correlation coefficiedisyi and érx are
identical for the gas and radiation pressure dominatedadises.

5.2.2 Radiatively inefficient flows

The standard solution we have discussed in the previougosect
is not a unique solution for the accretion flow equations at lo
accretion rates. In recent years, much work has been detoted
the detailed study of low radiative efficiency accretion and
particular to the so called Advection Dominated Accretidows
(ADAF) solutions [Narayan & Y11994; | Narayan & Y1 19P5;
Abramowicz et al. 1995 Narayan, Mahadevan, & Quataert|L998
The latter usually refers to the optically—thin ADAF branch
which is established only for accretion rates lower than
a critical value < et o? (Reesetal 1982).
However, both from the theoretical point of view
(Narayan, lgumenschev, & Abramowicz 2000) and from nu-
merical simulations (Tgumenschev & Abramowicz 2D00;

~
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Hawley & Balbus 2002), it has been shown that that radia-
tively inefficient flows are prone to strong convective imslities
and/or powerful outflows which alter the nature of the solusi
significantly. Despite the extensive theoretical effdnsyever, the
relative importance of convection and outflow for adiabétvs

is still a matter of significant debaté¢ (Balbus & Hawley 2002;
Narayan et al. 2002) and no strong observational discrimihas
yet been found.

From our point of view, it is important to understand how the
value of the magnetic field in such flow scales with and i,
and to have a detailed model for their radiative output, ideor
to predict the scaling of the X-ray emission with these paam
ters. From general arguments, we expect any mechanicallgdo
flow to obeyé% o« M~ (Heinz & Sunyaev 2003). On the other
hand, the exact value gfcan only be determined once a detailed
assessment of the radiative processes that give rise tovelbda-
minosity is made. This is what we discuss in the following.

A hot accretion flow around a stellar mass (supermassive)
black hole radiates mostly in the optical (radio) to X—raynds

log vL, (erg s™)

In the optical (radio) band, the emission results from syoithn 40( 8
radiation. At higher energies, and up to the X-ray band, the L 104
emission is produced by bremsstrahlung processes for lew ac o a5 ]
cretion rates and inverse Compton scattering of the soft syn W 11022
chrotron photons or blackbody photons from the disc in therou S 1 -
regions when the accretion rate approaches the criticaleval % a0l 100 [
(Narayan, Barrett, & McClintock 1998). The predicted spact i [ ] e
from an ADAF depends (weakly) on the ratio of the gas to mag- x [ Joa gﬁ
netic pressurg, the viscosity parameter,, and the fraction of the w 29[ ]
turbulent energy in the plasma which heats the electr@ndere, S H .

we fix ay = 0.1, 8 = 10, and takej = 0.3. 20: | | | | | 196

The top panel of FigurEl 6 shows the spectra of ADAFs (plus
outer thin disc forn ~ rh..;+) for ten accretion rate values starting 0
fromn = 107% up torm ~ e ~ 1072, The bottom panel
shows the.relation.ship between the 10 keV luminosity,Lx, and Figure 6. Predicons from ADAF models for 1 _
the accretion ratey: (for M = 10). For the chosen values of the  5-6 19-5 5-5 10=4.5 x 10-4,103,2 x 10-3,5 x 103, 10~2.
parameters,, 5 andd, the dependence of the 2-10 keV luminosity  The top panel shows the broad band spectral energy distritsufor a
onh is roughly given by (see also Beckert & Duschl 2002, for a fixed M = 10, with the vertical dashed lines enclosing the- 10 keV
similar calculation): spectral energy band. For the top two models (dot-dashed)liwe also
3t <104 plot the multicolor blackbody from an outer thin disc with ianer edge at
1 ~o s r = 40. In the bottom panel: the solid dots joined by the dotted §hew
Lx2-10kev X m—>, 10 Sm f 5x10 (12) the integrated2 — 10 keV X-ray luminosity and the open symbols joined
m2, 5x 1072 §m§2 x 1072 by dashed lines and the flow electron temperature at 3 versus the
accretion raten. The solid line is a linear fit to th2 — 10 keV luminosity

The full band spectra shown in Figdik 6 with the two vertical ,o; the whole of theh with slope 2.3.

lines indicating th& — 10 keV energy band illustrate the origin for

the various dependences shown in equatioh (12).r&of 10~*

the integrated — 10 keV emission includes both the first order in the electron heating parametérwill result in changes in the
Comptonized component, which drops off at around few ked, an Comptonization spectra. Therefore, in order to comparerdiial
bremsstrahlung which dominates the emission at higheigaser predictions with the observed data, the intrinsic scatfewttch
At higher accretion rates the first (or higher) order Comoat- does not allow us to put tight constraints on the differenission
tering of softer photons always dominate the 10 keV emission regimes, we fit thel.x — m relation over the whole range of
(see Figurdde, top panel). At these higher rates the optiepihd and obtain a single power-laix oc 1?3 (i.e. ¢ = 2.3, as shown

increases and cooling becomes overall more efficient. by the solid line in the middle panel of Figutk 6). We also galc
This can also been seen in bottom panel of Fidilire 6, where late the relation betweeh._101ev, Versus the black hole mass,
we also plot (dashed line) the electron temperature &t 3 as a M for the models and, as expected, the relation is very close to
function ofri. The temperature is nearly constantior< 107 in linear with Lx o M%°7. Overall the scalings derived from our
this regime the viscous heating is virtually fully balandsdadvec- specific computation of a specific ADAF model are consistattt w

tion. Atrin > 10~* cooling processes become more important and the expected behaviour of the more general class of radigtiv

the temperature decreases. The overall change in the dapw inefficient, mechanically cooled accretion flows. In face wnote

in eq. [12) reflects this behavior. here that if the flow is modified by convection or outflows, we ex
However, it is important to keep in mind that the exact depen- pect the X-ray spectrum to be dominated by bremsstrahlurig-em

dences in this narrow band will also depend on the microghysi  sion [Quataert & Narayan 1999: Di Matteo et al. 1999), for ahhi

parameters that we choose for the model. For instance ticaisa we expecly = 2.



Table 3. Scaling indices of the X-ray luminosity and of the magnetsidfi
as functions of the physical parameteirsand M for different accretion
flow models.

. dlng dlng
accretion model q e Ao
disc/corona, gas 1 -1/2 1/2
disc/corona, rad 1/2 -1/2 1/4
ADAF 2.3 -1/2 1/2

brehms. emission only 2 -1/2 1/2

5.3 Jet origin of X-ray radiation

The presence of both high energy electrons and radio/optida
ation implies that the inner jet must emit inverse Comptorai(s,
contributing to the overall X-ray spectrum at some levelwHo
ever, under suitable conditions even the synchrotron coemto
will reach X-ray energies. Especially in the presence datigitic
beaming, synchrotron emission could actually be respten$iy
the bulk of the X-rays. It is therefore useful to discuss tia-X-
ray-mass correlation expected for the synchrotron X-ranaco
(Markoff, Falcke, & Fender 2001).

While at low frequencies the effects of synchrotron self-
absorption lead to the flat spectrum typically observed e dom-
inated sources, at high frequencies the jet becomes dptibal to
synchrotron self-absorption, following the well know aatily thin
power-law with X-ray spectral indexx = (p — 1)/2.

Because X-rays and radio emission now originate from the
same source, it is straightforward to derive the relatidwben the
two components. The correlation coefficiegts and &,;, for the
optically thick radio emission are still given by eqBl (7)da@),
while for the optically thin X-ray emission we can simply stib
tuteax = (p—1)/2inthose expressions. Finally, we can eliminate
log m from eq. [®) in favor oflog Lx and arrive at the desired ex-
pressions for the correlation coefficients:

~ _ 2(2p+ 13+ arp+ 6ar)

Shx b+ +5)
fo = 2p+13+2ar 6(2p + 13 + arp + 6ar) (13)
p+4 (p+4)(p+5)

whereag is the radio spectral index andis assumed to be the
same for radio and X-ray emitting electrénand we have used a
tilde to distinguish the synchrotron X-ray model.

5.4 Comparison with observations

In the previous sections we have shown how different thamlet
models for the emission processes responsible for the wabea-
dio and X-ray emission from black holes can be directly tiztes
into predictions for the observable correlation coeffitigrx and
¢ruM (see eq[3). The relatively tight observational constsaont
these indices that we have derived in sedfion 3 can therbéoused

to directly test these models. The theoretical coefficiéotsliffer-

ent models are shown in Figuk 5. The circles and the squares d
note inefficient and efficient disc accretion respectivBiamonds

7 This implies that radiative cooling must either be negligifor the re-
gion of the jet where the X-rays are produced, leaving-v 2 over the
entire spectrum, or that cooling and continuous injectiamehproduced a
universal power-law with a slope of order ~ 3. This limitation, while
severe, cannot be avoided because particle transportlinglthe effects of
radiative cooling cannot be formulated in a simple scalariant fashion.
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represent synchrotron X-rays from the jet. Open and cloged s
bols are for flat r = 0) and steepdr = 0.5) spectrum sources,
respectively. All model coefficients are calculated assgmi= 2
(but seed6.4 for a discussion of steeper electron distributions as
due, for example, to the effects of cooling). To highlight en-
sitivity of the coefficients to variations iagr, we also plotted the
tracks inérx — &rm Space for changes g between 0 and 0.5.

For the models in which X-rays are produced by radiatively
inefficient accretion, we have = 2.3 and dln¢g/0Inm
—0lng¢p/0In M = 0.5 (see§gZ2). The predicted coefficients
for both flat and steep spectrum sources lie roughly withé3th
contours of the observed sample. Thus, radiatively inefficac-
cretion is consistent with the observations. This conoluss also
true for the general class of models for whigh= 2.

For the standard disc—corona model, we have 1 (high ra-
diative efficiency) an@In ¢p/0Inm = —9In¢pp/OIn M = 0.5
(see5.Z1). The model predictions fall well outside tBe con-
tours of the data and are therefore inconsistent with therghs
tions.

For the models in which the X-rays are produced by opti-
cally thin synchrotron emission from the jet itself, the fiqtec-
trum model predictions are marginally consistent with theadthe
model point is close to thdo contour), while the steep spectrum
model point lies well outside th&s contour.

These results suggest that, in a statistical sense, thelaorr
tions between radio luminosity, X-ray luminosity and masa@
tive black holes require a radiatively inefficient accratftow cou-
pled with a (scale invariant) synchrotron emitting jetslimportant
to stress here that this result does not suggest that the Abzdel
for the accretion flow is the correct one, and convection@muizw-
erful outflows are unimportant. In fact, the nature of thegaanis-
sion and the mere existence of the fundamental plane aneictka
cations that the full dynamical model for the accretion fldwwsd
at some level include, in a self-consistent manner, thefief the
backreaction from the outflowing gas. However, our resuathar
dictates that the radiative efficiency of the flomustbe low. This
conclusion holds over the observed rangd.€f/ Lraa, and there-
fore for sources which are substantially sub-Eddingtorell we
discuss what should be expected from similar studies pagdron
samples that include a larger number of very luminous bladésh

The jet synchrotron model for the X-ray emission with= 2
is only marginally consistent with the data. However, sezagec-
tron distributions f = 3, for example) do predict values for the
correlation coefficient that are well within our@eontours. An as-
sessment of the relevance of such models should be madg takin
due account the effect of cooling, as we discusitid.

6 DISCUSSION

The main result of our work is the discovery of a “fundamental
plane” of black hole activity. That is, if we define the indtmmeous
state of activity of a black hole of mads (in units of solar masses),
by the radio luminosity at a fixed frequency (for example at&{;
and by the hard X-ray luminosity (for example in the 2-10 keV e
ergy band) of its compact core, and represent such an oljext a
point in the three-dimensional spadeg Lr, log Lx,log M), all
the points representing black holes (either of stellar massiper-
massive) will lie preferentially on a plane, described byatpn

()

We note that in the case the radiatively inefficient disc nhode
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(¢ = 2.3) the fundamental plane equatidi (5) implies that the radio
luminosity satisfies:

Ly g2 0" P M = N, (14)

i.e., Lr scales with thephysical accretion ratenly. This is very
close to the predicted dependence Iaf o« M**? from [E1
for the canonical parameter choice of = 0, p = 2, and
¢ o« M~Y2m'/? for which the kinetic jet powetVi.; is di-
rectly proportional to the physical accretion ralje; o M (see

Ideally, we should therefore restrict the above analyssits
classes of sources which follow a very narrow range;in How-
ever, at the current stage the data do not allow such a divibiath
because the sample is too small and because the specti@sndi
are often not known to an accuracy that would allow such a-trea
ment. The rough division of our sample into flat and steeptspec
sources nonetheless shows that such a treatment is poasithle
does lead to a reduction in scatter in the well defined andsaetl-
pled class of flat spectrum sources, for which we can be caonifide

also Falcke & Biermann 1995). Then, the total power released that the radio emission does indeed originate in the selfdied

by the accretion/jet system may be written1d&.. ~ Mc?
Lvo1 + Wiet + Wadv,conv, Where the first term on the right hand
side is the total radiated luminosity and the last one inelodn-
tributions from the energy advected and/or stored in theveon
tive motions. Our results suggest that the flow must be rigdigit
inefficient, therefore, for small enough accretion rates hage
Lol > Mine? < Mc* ~ Wie + Wady conv. On the other hand,
Wiet X Wadv.conv < Mc?. Therefore, the issue of what the rel-
ative fraction of the total accretion energy dissipatea itfte jet
is (or, alternatively, of when a source is “jet dominated&nBer,
Gallo & Jonker 2003; Falcke, Kording & Markoff 2003) redsce
to the determination of the value of the constliit: /Wadv,conv -
This requires the knowledge of the structure functigris eq. [8),
i.e. the specification of a jet model or the direct measureefatal
kinetic power carried by the jet, together with a dynamicaidel
for the disc-jet coupling, which is clearly beyond the scopéhis
paper.

6.1 The thickness of the fundamental plane

The fundamental plane defined in dd. (5) is not, howevery ithio.
The sources are substantially scattered around it, wits@edsion
o = 0.88 in log Lr (corresponding to a dispersion @f = 0.62
perpendicular to the plane). Such a scatter is not at alkrisimg.
Theoretically, it can be explained in large part by the sratt the
radio spectral indexvg. For example, if we consider the ADAF
(¢ = 2.3) model with fixedp = 2, we expect the theoretical rela-
tionshipLr = (0.6240.29ar ) log Lx+(0.80—0.62ar ) log M+
br. For the sake of simplicity, let us assume now that the unknow
radio spectral index of all the observed sources is norndifly
tributed, withar = (ar) £ 0. In order to fit the observed
data, we needar) ~ 0 andbr = 7. The dispersion in the ra-
dio luminosity due to the dispersion in the unknown paramete

is thenor > 061/0.332 (Alog M)? + 0.292 (Alog Lx /M)* ~
20, Where2Alog M is the range inM and2Alog Lx /M the
range in luminosity spanned by our sample. Thus, a dispergio
the unknown radio spectral index sf 0.3 (consistent with the ob-
servations), can give a large contribution to the obseragthsic
scatter.

In addition to the scatter produced by the diversitydn
(which introduces scatter in the fundamental plane refasion-
ply by the fact theorientationof the plane is sliiightly different for
different ar) theinterceptbr of the plane also varies as we look
at different jet models and different spectral indicess Ihot clear

core of the jet (a prerequisite of the scale invariance miogléleinz
& Sunyaeyv, 2003).

A major source of scatter could be relativistic beamingt tha
we discuss in the following section. Also to be taken into ac-
count is the influence of the black hole spin on jet formation
(Blandford & Znajek 197[7f_Koide et al. 2002). While we stik-e
pect the accretion disc to have significant influence on theojeer,
as the magnetic field necessary to tap the black hole rotdten
ergy must be provided and/or confined by the accretion discs(t
setting the field strength and the jet power; see Livio, Qgi&
Pringle 1999; Meier 2001), the spin itself will enter as asstre
parameter into the radio luminosity as well, introducingtter in
any correlation. Once again, strong future constraintshertight-
ness of this relation may help constrain the possible inflaesf
black hole spin (see e.g. Fender 2003, for a discussion ¢&Bté
case).

6.2 Relativistic beaming and selection effects

Because the jets that dominate radio emission from actiaekbl
holes are known to be relativistic, Doppler boosting of $yotron
radiation (relativistic beaming) must be taken into ac¢ouhen
studying these sources.

For the purpose of our study it is of primary importance to
avoid strongly beamed sources, whose intrinsic (unbeanaeit)
luminosity can be difficult to infer. This is the reason why Bac
object have been excluded from our study. Furthermore,dtss
important to take into account possible strong selectitecesf due
to relativistic beaming, that would skew the observed dati@ns.
Then, in a sample of randomly oriented jetted sources (btlt-wi
out the aligned ones), relativistic beaming should be aitiaddl
source of scatter in any correlation involving radio lunsities, the
magnitude of which depends on the average relativisticdspkthe
jets.

For the SMBH in our sample, the first selection criterion & th
availability of a mass measurement of the central black.idies,
the main selection biases do not come from flux limits, andreé p
erential selection of bright (beamed) sources should beatipg,
although anti-selection effect might be present.

Possible contaminations from beamed sources, however,
could still be present among flat spectrum nearby LLAGN oetyp
1 Seyfert (we have 27 of them in the sample), given the cutnent
certainties on the exact nature of their radio emissionektbeless,
there are many reasons to believe that these sources armased b

a-priori how much it does so, as this depends on how the shapetowards jet axes close to the line of sight. Flat spectrum GDNA

functionsy s (see sectiofiBl1) vary in order to produce the different
ar. While for one spectral class with uniforma the normaliza-
tion cancels out when determining the correlation coeffisiethis

is not true when comparing jets from different spectralstasi.e.,
with varying ar. The fact that the scatter in the relation is moder-
ate indicates, however, that the change jrover the range of radio
spectral slopes that enter our sample is also moderate.

were originally selected in the optical band, from the Palom
spectroscopic survey (Ho, Filippenko, & Sargent 1997a)nyviaf
those type 1 low-luminosity Seyfert and LINERS do indeedspss
double-peaked broad emission lines (Ho et al. 2000), ¢leadi-
cating a non negligible inclination angle. The radio proigsrof a
number of these sources were also studied by Nagar et aR)200
They found that LLAGN lie on the extrapolation of the FR I/FR



Il correlations in theLr — L, plane, while a substantial offset
would be expected if they were all strongly affected by bemmi
Once again, we are led to the conclusion that nearby LLAGN and
Seyfert 1 included in our sample have a random orientatigean
that should disfavor strongly beamed sources. Finally we tiat
even if a few of these source were indeed strongly Dopplesteal
their small number will not affect significantly the measiixalue

of a correlation coefficient calculated in logarithmic spdtoga-
rithmic weighting).
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more confident that the large scale emission is well resovet!
thus does not contribute to the core emission used in ourlsamp
It is also possible that some of the steep spectrum sources

can be associated to core jet emission which is optically thi
at radio frequencies, i.e., their self-absorption breals Ibelow

5 GHz. Because we would expect the self-absorption break fre
quency to be lower for highed/ and lower accretion rateg:
(Heinz & Sunyaev 2003), this effect would imply that steeptm
should predominantly be observed in SMBH which are relitive

Selection effects due to beaming in Galactic sources may be X-ray dim. While the trend withl.x is not clear in the data, the

more subtle. Due to the overall scaling of radio luminositighw

fact that the steep spectrum sources in our sample almokt-exc

mass, GBH are expected to be on average more radio quiet tharsively belong to the SMBH class does suggest that at leas¢é som

SMBH (see alsdfg.9). It is indeed well known that galactic X-
ray binaries are difficult to detect in the radio band, and thight
already determine a selection bias towards beamed solmqee-
ticular, sources selected from GBI monitoring ($8€1) might be
more beamed. If indeed GBH were all affected by strong select
biases toward beamed emission, the derived correlatidfiaests
of the fundamental plan€grwm in particular, might be incorrect.
However, we know from observation of proper motion duringjoa
outbursts that the jets of the classical microquasars GR65340
and GRS 1915+105 have large angle with the line of sight (gee e
Fender 2003). Furthermore, for all the other GBH in our sampl
apart from LS5039, orbital parameters have been inferaed tip-
tical spectroscopy, and in none of them the inferred intimean-
gle appears to be small. Therefore, unless the black haajetall
misaligned with the orbital angular momentum (Maccarong?30
we can exclude that strong beaming affects our sample.

A similar conclusion had already been reached by an ac-
curate study of the observed scattey (0.7) about theLr —
Lx correlation in a larger sample of low/hard state GBH
(Gallo, Fender, & Pooley 2003). An analogous argument cbeld
put forward for our entire sample, with the similar conchrsi
(given the similar amount of scatter found here) that theimam
Doppler factor should not be too large. This conclusion wdag
further strengthen by noting that the observed scattertabedun-
damental plane is not much larger than what expected frorimthe
trinsic scatter in the radio spectral index (see$&.1). However,
precise constraints on the Doppler factor could only beinbthby
analyzing more carefully selected samples with well detegoch
(possibly fixed) radio spectral indices.

6.3 Steep spectrum sources

For the steep spectrum sources in our sample, the origireobttio
emission is not entirely clear. Steep spectra in generalyiioypti-
cally thin emission. This could be an indication that thessian is
dominated by regions far away from the central engine, a.the
diffuse extended radio lobes or hot spots. This would pribaiy
treatment that makes use of the scale invariant model, thecaj-

ing arguments for the large scale emission still apply (H&002).
Steep spectrum sources should then be excluded from thdesamp
completely, and the fact that they still fit into the plane Vabtinen
mostly be due to selection effects. It should be noted thahim
case the radio luminosity should strongly correlate with bifack
hole mass (which determines the kinetic jet powét; and thus
the large scale radio luminosity), while it should not beatetl to
the instantaneous X-ray flux, because the radio lobes rdfiect
mean power output by the central source, averaging outriipde

ral variability. We expect this to be a problem for Galactiadk
hole sources, where we have lower resolving power. For sugeer
sive black holes and for nearby LLAGN in particular, we can be

of the sources in the sample might indeed be core dominateg st
spectrum sources, for which the theoretical analysi&dfolds.

6.4 X-ray emission from jets

Our analysis, taken at face value, does suggest that amcratid-
els for the origin of the X-ray emission fit the data somewtleitdr
than pure jet models. However, at X-ray energies the eftéatsol-
ing on the particle spectrum cannot be ignored. In the comtex
scale invariant models, taking cooling into account is razgible.
Proper treatment of particle transport including the aff@f cool-
ing may lead to different results for the synchrotron X-ragdal.

In fact, simply usingp = 3 in eq. [I3) (as expected in a continu-
ous particle injection model with cooling) moves the flatctpem
point close to thd o contour of the observed correlation in Hig. 5.

For the case of the galactic black hole GX 339-4 in the
hard state, where the radio—X-rays correlation is wellldistiaed,
Markoff et al. (2003) were able to fit the observed slafiex( 330 ~
0.71) with a synchrotron X-ray model assumipg= 2.15 (and thus
ax = 0.58, which is also close to the average slope of the X-ray
spectral index of the source in the hard state). Here we lawedf
that, in a statistical sense, higher valueg @ire needed to explain
the observed correlation for the entire sample in the fraonkewf
the jet synchrotron model for the X-ray emission.

Furthermore, forp 2 the X-ray synchrotron luminosity
from the jet scales likdix syncn o< M2, while the disc X-ray
luminosity follows Lx disc &< M. Thus,if the X-ray emission in
GBH jets like GX 339-4 were indeed due to synchrotron emigsio
we would expect an even stronger contribution from syncbrot
X-rays relative to the disc emission in AGNs with the same ac-
cretion rate, where the general wisdom (mainly based onratzu
analysis of detailed X-ray spectra) is still that the X-rayiginate
predominantly in the disc. Fgr = 3, on the other hand, the syn-
chrotron X-rays followLx syncn o< M, and the relative contribu-
tion from jet and disc will be independent &1.

Finally, the X-ray spectral variability behaviour of bottB&8
and Seyfert galaxies is consistent with pivoting of the spme at
X-ray energies. If the X-ray emission is produced by syntroro
radiation and there is no cooling break at longer wavelengihich
a power-law variability would imply a radio variability wth is or-
ders of magnitude larger than observed (see discussiorzia@#i
et al. 2003).

It seems, therefore, thiftthe X-ray emission in some of the
sources is dominated by synchrotron emission from theljetef-
fects of cooling must play an important role in determinihg bb-
served correlation. In the context of the scale-invariante, it
is rather problematic to take cooling into account; this isyva
theoretical assessment of the role of the cooling on therobde
correlation is beyond the scope of this paper.



18 Merloni, Heinz & Di Matteo

6.5 Estimating black holes masses and the nature of ULXs

Due to the intrinsic scatter, the predictive power of thg M —
log Lx —log Ly relation is currently limited in scope. Nonetheless,
from the fundamental plane equatidd (5), we can derive adbrm
relationship between the observed fluxes in the radio (at Z)GH
and in the X-ray (2-10 keV) band (in erg’s cm~2), the distance
to a sourceD (in Mpc) and its unknown mass. We obtain

log M ~ 16.3+log D + 1.28(log Fr — 0.60 log Fx ) +1.06.(15)

In particular, we can predict in which region dfg Ly —
log Lx space we would expect to find intermediate mass black
holes, if they exist, and specifically, where we would expéltta-
Luminous X-ray sources (ULX; Makishima et al. 2000) based on
their X-ray flux, should they be intermediate mass black $\cdes
opposed to intrinsically beamed low mass black holes.

A clear prediction of the fundamental plane equation in this
sense is that, if ULX are stellar mass objects (with< 30), and
their radio emission is not strongly Doppler boosted, thieran
upper limit to their radio flux at 5 GHz. For example, a ULX with
and X-ray luminosity (in the 2-10 keV band) of f0ergs s ! at a
distance of 10 Mpc will have

log(Fr/Jy) < —6.5—2log(D/10) +0.6(log Lx /40) £ 0.9(16)

so its flux will be at most few microJansky.

As an example, we refer to the recent claim of the observation
of synchrotron radio emission from the ULX 2E 1400.2-4108, i
the dwarf irregular galaxy NGC 5408 (at a distance-o1.8 Mpc)
(Kaaret et al. 2003). The observed radio (0.26 mJy at 4.8 @Hid)
X-ray fluxes .7 x 107'? erg s'' cm™? in the 0.3-8 keV band),
if indeed both associated with a compact source at the distah
NGC 5408, would imply a mass dbg M ~ 4 + 1. However,
we should stress here that such an estimate only liblds radio
emission is not beamedhe uncomfortably high value for the esti-
mated mass, the steep inferred radio spectral index anadne to
X-ray flux ratio, all suggest that the observed intensityhef tadio
emission in this source may be Doppler boosted by a reltitivis
jet pointing in our direction as already suggested by Kaeretl.
(2003).

6.6 Accretion mode changes

It is well accepted, both from theory and observations, Hiat
cretion can proceed in different modes (or states), witfediht
radiative efficiencies and spectral properties_(Abramavi@9s;
Done 2002;| Frank, King, & Raine 2002; Narayan 2002), mainly
driven by variations of the dimensionless accretion rateHere
we have demonstratedd) that the correlation between radio and
X-ray luminosity in GBHs and SMBHSs can provide valuable con-

However, because both such modes of accretion are expected
to occur only below accretion rates few percent of Edding-
ton, we would expect thébg M — log Lr — log Lx correlation
to break down at around this limit. In other words, we shoud e
pect the QSOs and the bright Seyferts in our sample, whichpycc
the region of high accretion rates and are independentlywkrio
have spectral characteristics inconsistent with modelowfra-
diative efficiency, to depart from the observed correlatioflso
in GBHSs, it has indeed been shown that the correlation betwee
radio and X-ray luminosity breaks down as the sources swigch
their high stated (Maccarone 2003; Gallo, Fender, & Pool&d2
In particular, high luminosity states of GBH (high or veryghi
states) show highly variable radio fluxes and radio to X-i@tjos
(Mirabel & Rodriguez 1994;_Fender et al. 1999). If this reffea
general property of the disc—jet coupling at high accretaies, a
substantial increase in the scatter should appear abowitival
accretion rate.

In order to illustrate this point further, in Figut® 7 we plas
a function of the ratidlx / Lgraq, the radio luminosity divided by
M*38 (such a scaling for the radio luminosity with mass is ob-
tained directly from the fundamental plane equatldn (5)ropas-
ing that the X-ray luminosity scales linearly with black @mhass).

As indeed expected, by rescaling the radio luminosity irhsac
way all the different tracks corresponding to different mbms in
Fig.[3b collapse into a single one (with some residual sQaffbe
region between the two vertical lines corresponds to theebeol
values ofLx / Lraq above which a change of accretion mode, from
radiatively inefficient to standard radiatively efficieataxpected to
occur. Our SMBH sample is still limited in order to test whath
such a change is observed. In fact, we select out of our saimple
majority of bright quasars, both radio quiet and radio Icuetause
of the lack of a reliable mass estimates for these sourcesevy,
there is indeed a hint of an apparent increase in the scatet the
correlation, above the critical accretion rates, as se@igare[J.

We may thus speculate that the famous (and still much de-
bated, see e.g. Cirasuolo et al. 2003) radio loud/radiot gliie
chotomy of quasars will appear only at the highest values:pf
and be caused mainly by a switch of accretion mode analogous t
the high/very high transition in GBH. At low accretion ratbtack
holes seem to follow the more regular behavior circumsdrite
the fundamental plane of edl] (5). Such sources not only tend t
be radio loud[(Ho & Peng 2001 _Ho 2002a), but also their radio
loudness parameteRx (here defined as the ratio of radio to X-
ray luminosity), obeys the following scalindix Lr/Lx
L*/°M*/5. Therefore, the smallest the X-ray luminosity, the
more radio loud these sources dre_(Ho 2002a). In this regime,
dichotomy has to be expected, as already suggested by Nagjar e
(2002).

straints on the emission mechanisms in these bands and on the

physics of accretion. We have shown how low radiative efficje
accretion models can possibly provide the underlying sgalihat
most easily explain the properties of the observed fundéhen
plane. Radiatively efficient thin disc—corona systems dearty
inconsistent with the data. The only possibility for thesedm
els to be reconciled with our observations would entail alyig
radiatively inefficient corona, where most of the dissigateag-
netic energy is converted into bulk kinetic energy of outfloyv
gas[[Beloborodov 1999), as described by Merloni & Fabiaf220
This would require some specific model for the magnetic péssi
tion processes, and for their scaling with and+, which are cur-
rently unknown.

7 SUMMARY

We have shown how the coupling between accretion flows and
jet emission in black holes can be understood by studyirgelar
samples oboth galactic (GBH) and supermassive (SMBH) black
holes with measured mass, observed at both radio and X-negrwa
lengths.

We have compiled, from the existing literature, a sample of
~100 supermassive black holes an80 different observations of
galactic, stellar mass black holes. We required that the B¥M&ve
a reliable measure of the central black hole mass, eithefejan-
tially) direct, via high resolution kinematics studies afi®unding
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Figure 7. The radio luminositylog Ly, divided by M 138 as a function

of the ratioLx /Lgq4q. Solid squares are for steep spectrum sources, solid
triangles for flat spectrum ones and open circles for sousdssundeter-
mined radio spectral index. Two vertical lines mark the kaamy of the re-
gion where we expect the critical luminosity for the moderg@between
radiatively inefficient and efficient accretion. The scglfor the radio lumi-
nosity with mass is obtained directly from the fundamentahp equation

@) by imposing that the X-ray luminosity scales linearlytiwblack hole
mass.

stars and gas or reverberation mapping of the broad linemegpr
luminous Seyfert 1 galaxies and Quasars), or, indiredibnks to
the empirical correlation between black hole masses artdateB-
locity dispersion. Although such selection criteria imnoe a num-
ber of biases in the final distribution @, which are difficult to
control, our final sample spans a large enough range in bosis ma
and accretion rate to unveil major trends in the physicaperties
of active black holes. This is a crucial point, and represtrdg main
novelty of our approach. Most previous studies on the stibj@ee
only considered correlations of jet (radio) luminosity hwitlack
hole mass or with luminosity in other wavewbands (and heritie w
accretion rate) separately.

We have performed a partial correlation analysis on the sam-
ple, and concluded that the radio luminosity is stronglyelated
with bothblack hole masand X-ray luminosity, while in turn, the
X-ray luminosity correlates with both mass and radio lursibo
In light of this, we have carried out a multivariate lineagmession
analysis and derived the best fit correlation coefficienivben ra-
dio luminosity, X-ray luminosity and black hole mass.

The data from the entire sample allow us to put tight
constraints on the correlation coefficients. Remarkably, fimd
that the sources lie preferentially on a plane (“the funda-
mental plane of black hole activity”) in the three dimen-
sional (log Lr, log Lx,log M) space, described by the equation
log Lr = (0.607511) log Lx + (0.7870:05) log M + 7.3313:95.
The scatter around this plane is, however, significant£ 0.88).

From a theoretical point of view, these results clearly sug-
gest that theansatzof scale invariance for the disc—jet coupling
(Heinz & Sunyaev 2003) captures the main physical propedfe
such systems. Thus, a universal theoretical scaling betteera-
dio flux at a given frequency and both mass and accretion eate ¢
be derivedindependently of the jet modelith scaling indices that
depend only on the (observable) spectral slope of the sgtroinr
emission in the radio band, and on the accretion mode. Al$®, i
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possible to predict the correct amount of scatter for any sata-
tionship.

By comparing the observationally derived correlation fieef
cients to the theoretically predicted ones, we are able tcpo-
straints on accretion models and on the disc—jet coupling. W
demonstrate that the X-ray emission from black holes aiocy et
less than a few per cent of the Eddington rate cannot be peoduc
by radiatively efficient accretion, while radiatively ifiefent ac-
cretion flows agree well with the data. The optically thin a§jet
synchrotron emission model is only marginally consisteith the
observed correlation; however, cooling of the electrormukhbe
properly taken into account before drawing a firmer conolugin
the issue.

The fundamental plane equation also implies that low lumi-
nosity black holes should be more and more radio loud as the ac
cretion rate decreases, as obserVed (Ho 2002a). The poskibl
chotomy between radio quiet and radio loud Quasars could in-
stead be due to a switch of accretion mode at the highesttamcre
rates. Therefore, more accurately selected samples of lmmie
nous sources, including a significant number of both radietqu
and loud quasars with well determined radio spectral ptasr
should allow the observation of bends, discontinuitiesvanebi-
furcations of the fundamental plane associated with accretode
switches and with the turning on and off of the most powerdudio
sources.

NOTE ADDED IN PROOFS

After the submission of this manuscript another work hasapgd
as preprint|[(Falcke, Kording, & Markotf 2003), that is slariin
scope, and reaches very similar conclusions about the iswale-
ant properties of low luminosity black holes.
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