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1 INTRODUCTION

It is now widely believed that the energy emitted by activiaga
tic nuclei (AGN) is a consequence of mass accretion onto xalen
supermassive black hole. It is possible that the mass ofaheal
black hole may be a crucial fundamental parameter in uraigast

ABSTRACT

A new analysis of the connection between black-hole massradid luminosity in radio-
selected flat-spectrum quasars (FSQ) is presented. Inasbtdrrecent claims in the literature,
we find no evidence that the black-hole masses of radioteel &SQ are systematically lower
that those of luminous optically-selected radio-loud guasThe black-hole masses of the
FSQ are estimated via the virial black-hole mass estimatochwutilizes the line-width of
the H5 emission line as a tracer of the central gravitational pisierBy correcting for the
inevitable effects of inclination, incurred due to the FS€nlyg viewed close to the line of
sight, we find that the black-hole masses of the FSQ withnsitcally powerful radio jets are
confined, virtually exclusively, td/,, > 108 M. This is in good agreement with previous
studies of optically selected FSQ and steep-spectrum+adibquasars.

Finally, following the application of a realistic Doppleobsting correction, we find that
the FSQ occupy a wide range in intrinsic radio luminosity] #mat many sources would be
more accurately classified as radio-intermediate or radiet quasars. This range in radio
luminosity suggests that the FSQ are fully consistent withigper boundary on radio power
of the form Lsgn, o< M2,
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frequency (5 GHz) radio luminosity correlated strongly wihe
mass of the central black hole in a sample of nearby inactilaxg
ies from the work of Kormendy & Richstone (1995). This suspri
ingly tight correlation had the forniscm, o« MZ?, which they
proposed was indicative of advection dominated accret@ngo
the primary mechanism in controlling the radio output ofemi$

ing the phy§|cs of AGN. . . . with a low accretion rate.

In particular, one question which has recently receiveckatgr
deal of attention in the literature is whether or not the nafssn Using the spectral data of Boroson & Green (1992), Laor
AGN's black hole is strongly related to it's radio lumingsil his (2000) investigated the relation between black-hole masisra-
question is of importance, because if it is established rthdib- dio luminosity in the Palomar-Green quasar sample usingitfe
loud and radio-quiet quasars have different black-holesnbs- black-hole mass estimator. The results from this analysisted
tributions, it may help explain why quasars of comparablécap to an apparent bi-modality in black-hole mass, with viryall of
luminosities can differ in their radio luminosity by manyders of the radio-loud quasars containing black holes with massgs >
magnitude. On the contrary, if radio-loud and radio-quigasprs 10° M, whereas the majority of quasars with black hole masses
are found to have essentially identical black-hole maskilbiis My, < 3 x 10° Mg were radio quiet.
tions, then the search for the origin of radio loudness mustem
to some other physical parameter such as black-hole spin. A similar result was arrived at by McLure & Dunlop (2002)

Recent studies of the black-hole mass — radio luminosityrel  using a sample of radio-loud and radio-quiet quasars mdtthe
tion (M, — L:aq) relation have produced apparently contradictory terms .of poth redshift and optlcal luminosity. The resultsrqs
results. Franceschini, Vercellone & Fabian (1998) fourat ttigh study indicated that the median black-hole mass of the +iadid
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gquasars was a factor ef 2 larger than that of their radio-quiet
counterparts. However, the substantial over-lap betweeiblack-
hole mass distributions of the two quasar samples indidated-
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dition that black-hole mass could not be the sole parameteral-
ling radio power.

The FIRST Bright Quasar Survey (FBQS; Gregg et al. 1996;
White et al. 2000) has also been used to probe the relatjpnshi
between radio luminosity and black-hole mass. The radid-lo
quasars in the FBQS fill the gap between radio-quiet and 1ladid
guasars and are thus ideal probes of medium power radioesourc
From their study of the FBQS, Lacy et al. (2001) found a cantin
ous variation of radio luminosity with black hole mass, irliidn
to evidence supporting the view that radio power also depemnd
the accretion rate relative to the Eddington limit.

However, two studies have recently questioned whetheether
is any real connection between black-hole mass and radi@mpow
Using a compilation of objects which ranged from nearby spuie
cent galaxies to low-redshift quasars, Ho (2002) re-exathithe
relationship between black-hole mass and radio lumindsityon-
trast to the studies outlined above, the results of thisyaisabug-
gested that there was no clear relationship between radi@mo
and black-hole mass, leading the author to conclude that-tadd
AGN could be powered by black holes with a large range of ng&asse
(10° — 10°Mp).

At least part of the disagreement about what black-hole mass
is required to produce a radio-loud AGN is due to differenthme
ods of classifying what constitutes ‘radio-loud’. For exde) the
classification adopted by Ho (2002) is the so-called radimthess
parametefR, the ratio of radio-to-optical luminosity, under which
any object satisfyingR > 10 is classified as radio-loud. Although
there can be little doubt that objects with black-hole masse
105 — 10®Mg can be radio-loud under this classification, it is
worth noting that only one object in the sample of Ho (2002hwi
an estimated black-hole massf108M, would also satisfy the
alternative radio-loudness criterion bfg, > 10**W Hz 'sr*
(Miller et al. 1990).

Following their study of the black-hole masses and host-
galaxy properties of low redshift radio-loud and radioejui
quasars, Dunlop et al. (2002) proposed an alternative vietheo
My, — Lyraa plane. They argue that the location of both active and
non-active galaxies on th&fl,, — L..q plane appears to be con-
sistent with the existence of an upper and lower envelopik, &fo
the approximate fornlsqn, o« MZ°, but separated by some 5
orders of magnitude in radio power. In this scheme the uppér a
lower envelopes delineate the maximum and minimum radié-lum
nosity capable of being produced by a black hole of a giversmas
Dunlop & McLure (2002) demonstrate that this scenario radtyr
describes the FBQS data of Lacy et al. (2001), and we note here
that it is also consistent with the findings of Ho (2002).

However, the recent study by Oshlack, Webster & Whiting
(2002; hereafter OWWO02) of the black-hole masses of a saaiple
flat-spectrum radio-loud quasars from the Parkes HalfkjaRkat
Spectrum sample of Drinkwater et al. (1997), casts doubheex-
istence of any upper threshold in thé&,;, — L..qa plane. OWWO02
found that their flat-spectrum quasars, which are secuaahjor
loud with respect to either classification mentioned abbaghour
black-hole masses in the range® — 10° M, and therefore lie
well above the uppekscn, x MZ® boundary proposed by Dun-
lop et al. (2002). The conclusion reached by OWWO02 following
this result was that previous studies have actively sedeatminst
including powerful radio sources with relatively low blahkle
masses, due to their concentration on luminous, opticalkcsed
radio-loud quasars.

In this paper we use the OWWO02 sample to re-examine the po-
sition of these flat-spectrum radio-loud objects oniig, — L,aq
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Figure 1. Rest-frame 5 GHz radio luminosity versus redshift for the fla
spectrum sources analysed by OWWO02. The solid line repiese flux-
density limit of the Parkes half-Jy flat-spectrum sampleiagsg a spectral
index ofa = 0.5. Some objects appear below this line because the remea-
sured spectral index using the whole radio spectrum is stékana = 0.5
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plane when both Doppler boosting effects and the likely getoym
of the broad-line region are taken into account. The matvabe-
hind this re-analysis is to determine, once the inevitablemica-
tions associated with flat-spectrum quasars are considehedher
this sample of objects does genuinely violate the appanepéru
boundary to radio luminosity suggested by previous studies

The paper is set out as follows, in Sectﬂ)n 2 we briefly sum-
marise the main aspects of the virial black-hole mass etinha
SectionI]S we provide a brief description of the OWWO02 sample.
In Sectiorﬂ4 we discuss the amount of Doppler boosting onétmig
expect in flat-spectrum radio sources, and in Secﬂion 5 wsiden
what effect a BLR with a flattened disk-like geometry will lsaan
the virial black-hole mass estimates. In Sectﬁbn 6 we bridiy
cuss how the combination of these may affectihg — M, rela-
tion for flat-spectrum quasars.The implications of thiskware dis-
cussed in Sectioﬂ 7. All cosmological calculations presgnt this
paper assum@y; = 0.3, Qa = 0.7, Ho, = 70 kms™* Mpc™?'.

2 MEASURING BLACK HOLE MASSES

In recent years a number of methods have been utilized in&ti
the mass of the black holes in both active and non-activexigsa
The two methods which have received most attention are based
the correlations found between black-hole mass and botltuthe
minosity of the host galaxy spheroid component (e.g. Komgen
& Richstone 1995; Magorrian et al. 1998), and the stellaocigy
dispersion (Ferrarese & Merritt 2000, Gebhardt et al. 2000)
However, with reference to determining the masseaative
black-holes, the virial black-hole mass estimator has neeone
well established. The virial black-hole mass estimate theewidth
of the broad Hydrogen Balmer emission lines to estimate tbad
line region (BLR) velocity dispersion. The black hole masaym
then be calculated under the assumption that the velocithef

BLR clouds is Keplerian:
My, = RpirV>G ™", )

whereV is the velocity dispersion of the BLR clouds, usually esti-
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mated from the full-width half maximum (FWHM) of theHline,

and R is the radius of the broad-line region. _RTE

The measurement of the radius of the BLR is ideally achieved L 56
by reverberation mapping, in which the continuum and lineava 2 E
tions of a number of sources are monitored over a number ofyea ' o5
The time lag between the continuum variations and the Varisit T
of broad lines will thus give the distance of the line emtaiouds = o4
from the ionizing source (e.g. Wandel, Peterson & Malkan9199 ~
Kaspi et al. 2000). s 23

Unfortunately, reverberation mapping of quasars is extgtgm 3’
time consuming and it remains unrealistic that the bladke-ho ~ 22F
masses of a large sample of quasars can be measured in this way Cfo
However, the existing reverberation mapped data does geaam 3 21
alternative. The radius of the BLR is found to be correlatéthw o0

the monochromatic AGN continuum luminosity at 51§OO\L5100
(e.g. Kaspi et al. 2000). Therefore, this correlation camtoited
to produce a virial black-hole mass estimate from a singéetspm
covering the K emission line.

In this paper we adopt the calibration of the correlation be-
tweenRprLr andALs100 from McLure & Jarvis (2002), i.e.

Rirr = (25.4 + 4.4)[ALs100 /10°7 W] (0-61£0-10) @)

which, when combined with BLR velocity estimate from tHg3
FWHM, leads to a black-hole mass estimate given by :

Mon ( ALs100 ) 061 (FWHM(Hﬁ) ) 2

Logi (M / Mo)

Figure 2. Total radio luminosity at 5 GHzl{5 11, ) versus black-hole mass
(Myp,) for the flat-spectrum quasars from OWWO02. The open cirdleshe
original points of OWWO02 converted to our cosmology withawbrrection
for Doppler boosting. The filled squares are the same solmtewith the
flux-density decreased by a factor-0f100, in accordance with what we ex-
pect the average Doppler boosting factor to be. The sizeeadymbols are
scaled with radio spectral index, the smallest symbolsessgta < 0.0;
medium sized symbols represén® < « < 0.5; large symbols represent
a > 0.5. The stars represent the three sources witly 0.5 discussed in
©) sectionl}i. The lines are relations of the foiltg g, Mf,f‘ offset by
2.5 orders of magnitude from each other and represent trelogres dis-
cussed in Dunlop et al. (2002), converted to our chosen clogynoAs can

— =4.74
Mg 103"W km s—1

which is adopted throughout this paper. We note that usieg th

black-hole mass estimator based onfig,r — A\ L5100 relation of
Kaspi et al. (2000), as adopted by OWWO02, results in a typlifal
ference in estimated black-hole massJ9t1 dex when converted

be seen, the de-boosting of the radio flux density in thesecesus suffi-
cient to push the majority of the sources within the regiod@sed by the
upper and lower lines.

to our chosen cosmology, and therefore has little bearinghen
conclusions of this paper.

3 THE FLAT-SPECTRUM SAMPLE

The data used in this analysis are derived from the Parkels Hal
Jansky Flat Spectrum sample of Drinkwater et al. (1997),revhe
full details may be found. The crucial selection criteriatfas work
are a flux limit at 2.7 GHz o527 > 0.5 Jy and a spectral index
between 2.7 GHz and 5 GRz'Y < 0.5, whereS, « v~ <. The
total sample comprises 323 radio sources. A sub-sample of 39
these sources was compiled by OWWO02 for which it was possible
to obtain spectra covering the broad ldmission line from various
sources in the literature (Francis et al. 2001; Wilkes e1283).

We have remeasured all of the radio spectral indices for the
39 sources in this sub-sample using all of the publicly aidd
radio data. Consequently, our rest-frame 5 GHz radio lusiiies
differ slightly to those of OWWO2. It is worth noting at thi®int
that some of the ‘flat-spectrum’ objects in this sample dbtirave
spectral indices steeper than the spectral index cut-aff of 0.5.
This may be due to a number of uncertain effects, including va
ability of the source and any spectral curvature. ﬁig. 1 shtive
radio luminosity redshift plane for the OWWO02 sample aftenc
verting to our chosen cosmology.

Logiw (Lea. / W Hz™' sr™)

Logi (My, / Mo)

Figure 3. As Fig.& but with the filled symbols representing sources now
displaced to the right of the plot due to including a meanesion to the
FWHM of the broad Balmer lines, in accordance with the disgikBnodel
of McLure & Dunlop (2002). As can be seen, all sources may nasily
reside within the upper and lower boundaries representédebgolid lines.
The outliers to the right of the lower boundary are easilyoreiled with
the envelope as the correction for the disk-like geometrgrabably an
overestimate for these sources where the data suggesthélyahre not
beamed directly along out line-of-sight. Thus, these sesimgould move
4 DOPPLER BOOSTING OF THE RADIO FLUX IN up and to the left of the plot if this is indeed the case.

FLAT-SPECTRUM RADIO SOURCES

Flat-spectrum radio samples unavoidably contain a mix dfora
source populations including starbursts (Windhorst etl8B5),
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Giga-Hertz Peaked Spectrum (GPS) sources and Compact Steep
Spectrum (CSS) sources [see e.g. O'Dea (1998) for a review].

However one population is thought to dominate, the Doppler
boosted sources (e.g. Scheuer 1987). These are prefdyestia
lected in high-frequency samples because the superpositio
many synchrotron self-absorbed spectra along our linggift re-
sults in a flat-spectrum at high-radio frequencies.

As the radio emission is propagating along our line-of-sigh
in these objects, the relativistic velocities associatéth wower-
ful radio sources (e.g. Cohen et al. 1971) means that facedia
sources may undergo relativistic beaming which we see asst bo
in the flux.

From a statistical study of low-frequency and high-frequyen
selected radio sources, Jackson & Wall (1999) have shown tha
high-frequency selected flat-spectrum sources have arirgpan-
gle within7° of our line-of-sight. We note however that this value is
essentially a mean value and that both smaller or largeriogem-
gles are undoubtedly consistent with a Doppler boostinggigm.
The opening angles may also depend on the intrinsic radi@pow
of the source (e.g. Jackson & Wall 1999), thus the level of @dap
boosting in a sample of flat-spectrum sources may have a visde d
tribution.

This evidence is in itself enough to account for the major dis
crepancy between the results of OWWO02 and previous work.-How
ever, in this Section have have only applied an average Roppl
boosting correction factor to the flat-spectrum sample atalev
Obviously this average correction factor will constitute@veres-
timate, or underestimate, depending on the orientatiorach én-
dividual object. This issue is considered further in Se’cﬂoln the
next Section we proceed to consider the likely effect up@nethr
timated black-hole masses of the flat-spectrum quasarsodheit
inclination close to the line of sight.

5 THE GEOMETRY OF THE BROAD-LINE REGION

An indication of when a quasar is ‘misaligned’ may also comenf

the FWHM of the Balmer broad lines. The naive assumption is
that narrow € 4000 kms~') broad lines imply black holes of
lower mass. However, there is a wealth of evidence in thealibee
which supports the view that the BLR has a disk-like geometiry
least for radio-loud sources (e.g. Wills & Browne 1986; Bimton
1996; Vestergaard, Wilkes & Barthel 2000). Using a sampléQof
radio-loud quasars, Brotherton (1996) showed that theoregiie-

However, keeping these caveats in mind, we can estimate theto-lobe ratio, an indicator of radio source orientationstiongly

amount of Doppler boosting the average flat-spectrum sewvie
exhibit, compared with the Doppler boosting of the averaggsqr,
if the maximum opening angle is known for each populatior: Fo
lowing the method of Jarvis & Rawlings (2000), we take the max
mum opening angle for which we observe a radio source as aquas
to be53°, as derived from the quasar fraction in low-frequency se-
lected samples (Willott et al. 2000). Consequently, aviegagver
solid angle, the mean opening angle of steep spectrum hawib-
quasars isv 37° .

The boosting of the radio flux increasesl&s

=711~ Beosh) ", (4)

where~ is the Lorentz factorg = v/c and@ is the angle between
the radio jet and the line of sight. Therefore, adopting theser-
vative approach of substitutinga.. = 7° for the flat-spectrum
sources (many of the sources will haye< 7°) andfsieep = 37°
for the steep spectrum quasar population, we find that theoleop
boosting factor ig°3,.; /2., 2100. Hence, the intrinsic radio lu-
minosity of the flat-spectrum population is of the orég00-times
fainter than the intrinsic radio luminosity of the averadeep-
spectrum radio-loud quasar.

In Fig. ﬂ we plot radio luminosity versus black-hole masdwit
both the original radio luminosities, without any boosticayrec-
tion, and the same objects with the radio luminosity de@eds/

a factor of 100. It is worth noting that this amount of Doppler
boosting will inevitably mean that some of these radio-lqudsars
should in fact be classified as radio intermediate (e.g. ledcyl.
2001) and in some cases radio-quiet. If we adopt the radidAess
parametefR = f, (5 GHz)/f, (5100 A), then many sources drop
below the value usually taken as the divide between radid-énd
radio-quiet quasars dR = 10. As highlighted by OWWO02, the
radio loudness paramet® also depends on the amount of syn-
chrotron emission which extends into the optical wavebatwiv-
ever, even taking this into consideration, it is still likehat some
of the sources will now lie in the radio-quiet regime. It ieat
from Fig. Il that following the correction for Doppler boowdi
the vast majority of the flat-spectrum sources now lie witthia
L.aa — My, envelope of the quasar population suggested by Dun-
lop et al. (2002).

correlated with the width of the broaddtmission line. The main
implication being that pole-on radio sources have narrdwead
lines than their misaligned counterparts. Indeed, McLui2ualop
(2002) have shown that thedH-WHM distribution of a sample of
72 AGN, both radio-loud and radio-quiet, in the redshifieinal

0.1 < z < 0.5 can be naturally reproduced by considering the
inclination effects expected if the BLR has a flattened dils&-ge-
ometry.

If we now apply these results to the flat-spectrum sample con-
sidered in this paper, the consequence is that the majdritiyeo
measurements a¥/,;, are essentially lower limits. Indeed, if the
BLR in these flat-spectrum sources are orientated withii® of
the line of sight, then the black hole masses may be underatsti
by a factor=20 (see e.g. McLure & Dunlop 2002).

However, here we adopt a conservative approach and use
low-frequency radio selected quasar survey to predict vitat
mean FWHM of the broad Balmer lines should be, given no
spectral-index selection criteria. We use the quasars filoen
Molonglo Quasar sample (MQS; Kapahi et al. 1998) for which
line-width measurements are available in the literaturakéB et
al. 1999). The mean FWHM of the Hline in the MQS is~
7000 km s~!. In contrast, the mean FWHM of the Balmer lines
in the OWWO02 flat-spectrum sample is 3500 km s™'. We
therefore choose to adopt a correction factor of two for the fl
spectrum FWHMSs to compensate for orientation effects. Gikat
My, « FWHM?, this increases the black-hole mass estimates for
the flat-spectrum sample by a factor of four. The predictesitiom
of the flat-spectrum quasars on thg,, — L..q plane after applica-
tion of the inclination correction is shown in Fiﬂ. 3, from igh it
can be seen that the flat-spectrum quasars are now even nmsre co
sistent with the upper and lower radio power envelopes sigde
by Dunlop et al. (2002).

6 RADIO SPECTRAL INDEX AND ORIENTATION

Radio spectral index may be used to gain information on the or
entation of a radio source. As stated earlier, flat-specsaunces
(a ~ 0) are generally assumed to arise because of the superpositio
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of many optically thick regions along our line-of-sight, @reas the
emission from steeper-spectrum sources is usually asedaiath
optically thin radio lobes.

Therefore, although not explicitly applicable on a soubge-
source basis, there should be a general trend for steeperispe
sources to be orientated with the jets pointing away fromlioex
of-sight and for the flatter-spectrum sources to be oriedtatith
their jets beamed along our line-of-sight.

Therefore, it interesting to note that the three sourceghvhi
lie closest to the lower envelope in Fiﬂ. 2 are sources widtsp
tral indices steeper tham = 0.5, and therefore should not strictly
be in the flat-spectrum sample. Furthermore, in agreemettit wi
the inclination arguments outlined above, these threecesualso
have the largest B FWHMs in the OWWO02 sample. If these three
sources are in reality not aligned with their jets pointinighin 7°
of our line of sight, then the correction for Doppler boogtoould
be significantly less than the value of 100 assumed throughout.
Whereas, the sources with the narrowest broad lines in th&/0gV
sample may be those in which the jet is pointing very closeuto o
line-of-sight, and will therefore have had their Dopplerobting
correction factor underestimated. Together, these twiofaevork
to push the pole-on sources (i.e. those with< 7°) toward the
bottom right of Figﬂs, and the misaligned sources (with- 7°)
toward the top left of Fig[|3. It is possible therefore thagdfch of
the flat-spectrum quasars could be corrected for Dopplestbap
and BLR inclination on an object-by-object basis, then they
actually be consistent with the steep dependence of radiepon
black-hole mass suggested by previous studies (e.g. Feliceet
al. 1999; Laor 2000; Lacy et al. 2001; Dunlop et al. 2002).

7 CONCLUSIONS

We have re-analysed the data of Oshlack et al. (2002) on a sam-

ple of flat-spectrum radio-loud quasars. Contrary to theirotu-
sions we find that, by correcting for the effects of inclinatupon
both the radio luminosity and estimated black-hole massbtack
holes harboured by intrinsically powerful flat-spectrunasgars are
of comparable mass to those found in other quasars of sim#ar
trinsic radio luminosity, i.e M, > 108 M.

We also find that although many of the flat-spectrum quasars

occupy the region of intrinsic radio luminosity comparatiethe
FRIl radio sources (Fanaroff & Riley 1974) found in low-fremncy
selected radio surveys, some of the sources may occupywiee-lo
luminosity regime of radio-intermediate and radio-quietsgars.
Therefore, we conclude that by consideration of sourcériatibn
and intrinsic radio power, flat-spectrum quasars may wetidre
sistent with thel,.q o« M2 relation found in previous studies.

Further work is obviously essential to make firm state-

ments regarding the black-hole masses in flat-spectrurn-tedd

quasars. This may be achieved by utilizing the bulge luminos

ity versus black-hole mass correlation to determine thekblele
mass independent of any orientation biases, and this istigated
in a subsequent paper (Jarvis, McLure & Rawlings in prep.).
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