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Abstract We explore the relationship between black hole madgi{() and the motion
of the jet components for a sample of blazars. The Very Lonsghae Array (VLBA)
2cm Survey and its continuation: Monitoring of Jets in aetgalactic nuclei (AGNSs)
with VLBA Experiments (MOJAVE) have observed 278 radiodoGNs, of which 146
blazars have reliable measurements of their apparentitiekof the jet components.
We calculate the minimal Lorentz factors for these sourca® their measured apparent
velocities, and their black hole masses are estimated héin broad-line widths. A sig-
nificant intrinsic correlation is found between black holasses and the minimal Lorentz
factors of the jet components. The Eddington ratio is onlgkdgcorrelated with the min-
imal Lorentz factor, which may imply that the Blandford-4@la(BZ) mechanism may
dominate over the Blandford-Payne (BP) mechanism for thageeleration (at least) in
blazars.
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1 INTRODUCTION

Relativistic jets have been observed in many radio-loud AGkhich are believed to be formed very
close to black holes. The currently most favored models tofojenation are BZ and BP mechanisms
(Blandford & Znajek 1977; Blandford & Payne 1982). In theseamanisms, the power of a jet is ex-
tracted from the disk or black hole rotational energy. Thekgét connection has been investigated by
many authors in different ways (Rawlings & Saunders 1991ckea& Biermann 1995; Cao & Jiang
1999, 2001, 2002; Xie et al. 2007; Xie et al. 2008).

Some different approaches were proposed to estimate treemabthe black holes in AGNs, such
as the gas kinematics near a black hole (see Ho & Kormendy 20@0review and references therein).
The central black hole mass derived from the direct measemésrof the gases moving near the hole
is reliable, but unfortunately, it is only available for yefew AGNs. For most AGNs, the velocities of
the clouds in broad line regions (BLR) can be inferred from widths of their broad emission lines.
If the radius of the BLR is available, the mass of the centlatkhole can be derived from the broad-
line width on the assumption that the clouds in the BLR areitaionally bound and orbiting with
Keplerian velocities (Dibai 1980). The radius of the BLR d@nmeasured by using the reverberation-
mapping method from the time delay between the continuuniinedariations (Peterson 1993; Netzer
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& Peterson 1997). Long-term monitoring of the source is asagy for applying this method to derive
the radius of the BLR, which leads to a small number of AGN$iwieasured black hole masses using
this method. Alternatively, a tight correlation was fouretdeen the size of the BLR and the optical
continuum luminosity, which can be used to estimate the gizbe BLR in an AGN from its optical
luminosity and then the black hole mass (e.g., Wandel, Bate& Malkan 1999; Kaspi et al. 1996,
2000; Laor 2000).

The kinematic properties of the jet components in blazarewevealed by multi-epoch VLBI
observations (e.g., Kellermann et al. 2004; Lister et aD5)0In this paper, we use a large sample
of blazars, of which the proper motions were well measurdtl WLBA, to explore the relationships
between the jet speeds and physical properties of blazarsthie black hole masses and Eddington
ratios.

The cosmological parametefs; = 0.3, Q4 = 0.7 and Hy = 70 km s~' Mpc~! have been
adopted in this work.

2 SAMPLE

We start with a sample of radio-loud quasars and BL Lac objwith measured apparent velocities of
jet components. The sample is compiled by searching thratitee to include all blazars with available

proper motion data of the jets. Most data are taken from aésarveys, such as the original flux-limited

MOJAVE-I sample and the extended MOJAVE-II sampl&Ve find that 278 sources have multi-epoch
VLBI observations, of which 146 blazars have reliably meadwpparent velocities. Their black hole
masses are estimated with the broad-line widths and binattbntinuum luminosities, which leads to

78 sources with measured black hole masses.

3 BLACK HOLE MASSES AND MINIMAL LORENTZ FACTORS

In order to estimate theik/gy, we search the literatures for all the available measuré&rarihe full
width at half maximum (FWHM) for broad-linesdd H3, Mg 11, C Iv or Ly« lines, as well as the
fluxes of these lines. For the sources without line flux da&adopt their continuum fluxes instead.
We find that one source in our sample has very narrow broas-{FWHM< 1000 km s!), which is
similar to typical narrow lines. Caution should be used wteriving black hole mass estimates from
this source, since we cannot rule out the possibility thiatlthe may be the narrow component emitted
from the narrow line region (e.g., Gu et al. 2001). We thenefoile out this source. For most BL Lac
objects, their broad-line emissions are too weak to be nmedsand we estimate thelzy with the
empirical relation between/gy and bulge luminosityly,ui... We list all the data of the sample in
Table 1. Columns (1)—(2) represent the source’s IAU nameradshift, respectively. In Column (3),
we list the log of the minimal Lorentz factor of the jet. Thads used to estimaté/gy from their
luminosity and the references are listed in Columns (4) ahdéspectively. The lines used to estimate
Mgy from their widths and the references are listed in Columns(@l (7), respectively. We list the
estimated\/py in Column (8). The data of the BL Lac objects in this samplesaramarized in Table 2.
For blazars, the optical/UV continuum may be contaminatethb beamed synchrotron emission
from the jets. Wu et al. (2004) compared the black hole masistsned from a sample of radio-loud
guasars with both the line and continuum, and they foundtkieanasses obtained with line luminosity
are systematically lower that those obtained with the cantm. In this work, the black hole masses
Mgy are estimated by using the line width of either one of thasesti Mgil, H5 or Ha and the line
luminosities (or the optical/UV continuum, if the line lunasity is unavailable). McGill et al. (2008)
analyzed a sample of 19 AGNs, of which all three lines weresplesi in optical wavebands, and they
obtained a set of 30 internally self-consistent recipegfimatingM/zy from a variety of observables
with different intrinsic scatters. Whenever more than oa@pe is available for estimating the black
hole mass, we always choose the one with the minimal intrissatter (see McGill et al. 2008 for the

1 http://Amwww. physi cs.purdue.edu/astro/ MOJAVE
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Table 1 Data for Quasars

Source z 1og Ymin Line Refs. Line Refs. log Mpu /Mg
@ @ (©)] 4 (5) (6) () ®
0016+731 1.781 0.760 Mg L96 Lya C1v Mg 1l L96 8.93
0035413 1.353 0.926 Mg SK93 Mgt SK93 8.53
01064013 2.107 1.461 (0% B89 Civ B89 8.83
0112-017 1.365 0.159 Mg B89 Civ B89 7.85
0119%4-041 0.637 0.291 5] JB91b H3 JB91a 8.50
01334476 0.859 0.350 Mg L96 HB L96 8.30
0212+735 2.367 1.071 Mg L96 Lya C1v Mg 1l L96 8.48
03334321 1.263 1.030 Mg B94 Mg S91 8.49
0336-019 0.852 1.006 Mg B89 HB JB91a 8.78
0403-132 0.571 1.279 5] M96 HB S97 8.77
0420-014 0.915 0.933 Mg B89 Mg S97 8.84
0440-003 0.844 0.183 Mg B89 HB JB91a 8.63
0605-085 0.872 1.367 Mg S93 Mgt S93 8.43
0607157 0.324 0.047 5] H78 HB H78 7.63
0736+017 0.191 1.082 5] B96 HB S97 8.23
07384313 0.630 0.892 5] B96 HB JB91a 9.08
08044-499 1.432 0.552 Mg L96 Civ Mg i L96 8.57
08361710 2.180 1.550 Mg L96 Lya C1v Mg 1I L96 9.49
08504581 1.322 0.903 Mg L96 Mg 11 L96 9.67
0859-140 1.339 1.214 Mg B94 Mg S91 8.87
09064015 1.018 1.288 Mg B89 Mg S97 8.63
09234392 0.698 0.729 Mg L96 HB L96 9.27
0945+408 1.252 1.230 Ma L96 Civ Mg i L96 9.71
09531254 0.712 1.063 5] JB91b H3 JB91a 8.73
10384-064 1.265 0.848 Mg B94 Mg S91 8.76
1055+018 0.888 0.398 Mg B89 Mg i S97 8.45
1226+023 0.158 1.118 Mg B89 Ho JB91a 8.76
1253-055 0.538 0.953 Mg W95 Ho N79 8.53
1302-102 0.278 0.744 Mgl B89 HB M9o6 7.90
1334-127 0.539 1.247 Mg S93 Mgt S93 8.36
14584718 0.904 0.833 Mg L96 HB L96 8.84
1502+106 1.839 1.249 Mg W86 Civ S97 8.86
1504-166 0.876 0.608 Mg H78 Mg i H78 8.84
1510-089 0.360 1.133 Mgl W86 Ho N79 8.22
1532+016 1.420 1.147 Mgl B89 Civ Mg 1i S97 8.73
15464027 0.412 1.071 Mg B89 HB S97 8.82
16114343 1.401 1.197 ] N95 Lya C1v W95 9.49
1633+382 1.807 1.380 Mg L96 Lya C1v Mg 1I L96 10.14
163H-574 0.751 1.118 Mg L96 HB L96 8.68
1641+399 0.594 1.275 Mg L96 HB L96 9.03
1642+690 0.751 1.222 Mg L96 Mg 11 L96 8.49
1656+053 0.879 0.655 5] B96 Mg S97 9.09
1739+522 1.379 0.961 Qv L96 Civ L96 8.20
1741-038 1.057 0.827 Mg S89 Mg S89 8.67
18284-487 0.692 1.110 Mg L96 HB L96 8.66
1921-293 0.352 0.637 5] JB91b Hy JB91a 8.38
19284738 0.303 0.913 H L96 HB L96 8.76
21134293 1514 0.303 Mg S93 Mgl S93 8.74
21214053 1.941 1.165 Mg B94 Mgl S91 8.60
2128-123 0.501 0.864 H 002 H3 T93 9.16
21341004 1.932 0.391 (0Y B89 Civ B89 8.50
21451067 0.999 0.407 Mg B94 Mg S91 8.61
2155-152 0.672 0.523 Mg S89 H3 S89 7.81
22014315 0.298 0.848 Mg W95 Ho JB91a 8.91
2216-038 0.901 0.748 Mg B94 Lya C1v Mg 11 W95 S91 8.89
2223-052 1.404 1.249 (0Y W95 Lya Ci1v Mg 11 W95 S97 8.54

95
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Table1 — Continued.

Source z 10g Ymin Line Refs. Line Refs. log Mpu /Mg
1) 2 (3) 4 (5) (6) (7 (8)
2230+114 1.037 0.950 (0Y] W95 Lya C v Mg 11 W95 S97 8.64
22514158 0.859 1.187 ] N95 H3 JB9la 8.87
2345-167 0.576 1.145 ] JB91b H3 JB9la 8.59
23514456 1.986 1.452 Mg L96 Mg 1l L96 9.22
0458-020 2.291 1.179 (0Y B89 mg 9.27
07304504 0.720 1.236 Mg H97 mpg 8.84
0748126 0.889 1.317 Mg W86 mp 8.84
10124232 0.565 1.012 ] B96 mp 8.69
1127-145 1.187 1.133 Mg W86 mp 9.18
1145-071 1.342 0.433 (0Y W86 mg 8.61
11564295 0.729 1.290 ] B96 mpg 9.19
1508-055 1.191 1.269 Mg W86 mp 8.97
1655+077 0.621 1.048 Mg W86 mp 7.91
1726+455 0.714 0.602 Mg H97 mp 8.59
19014-319 0.635 0.455 3] G94 mpg 8.80
2008-159 1.178 0.536 Mg W86 mg 9.56
2227-088 1.562 0.925 (oY) W86 mp 8.85

For sources without line luminosities, we use their optaaitinuum luminosities in th& band to estimatd/gyy.
References:B89: Baldwin et al. (1989); B94: Brothertorl gt1®96); B96: Brotherton (1996); G94: Gelderman et al.
(1994); H78: Hunstead et al. (1978); H97: Henstock et aR)9IB91a: Jackson &Browne (1991); JB91b: Jackson
& Browne (1991); L96: Lawrence et al. (1996); M96: Marziahiaé (1996); N79: Neugebauer et al. (1979); N95:
Nerzer et al. (1995); O02: Oshlack et al. (2002); S89: Stiekal. (1989); S91: Steidel et al. (1991); SK93: Stickel
& Kihr (1993); S93: Stickel et al. (1993); S97: Scarpa e{E97); T93: Tadhunter et al. (1993); W95: Wills et al.
(1995); W86: Wills et al. (1986).

Table2 vmin and Mgy for BL Lac

Source z 10g Ymin Mg (host) Refs. log Mpy/Mg
1) (2 (3) (4) (5) (6)
0829+046  0.180 1.037 —-22.98 (80]0] 8.49
1749+096 0.320 0.923 -22.68 uoo 8.34
1807+698 0.051 0.480 -23.18 uoo 8.59
20074777 0.342 0.114 —22.96 uoo 8.48
2200+420 0.069 0.813 —-22.84 (8]0]0] 8.42

Notes: Col. (1): IAU source name. Col. (2): Redshift. Co): (8g of the minimal
Lorentz factor of the jet. Col. (4): absolute R host galaxygmtude. Col. (5):
the references for Col. (4). Col. (6): the black hole masses.

References: U0O: Urry et al. (2000).

details). We therefore use the broad-line emission insiétek optical/UV continuum to estimafe gy,
provided their line luminosities are available. When mdrantone empirical correlation is applicable,
we use one of following relations in order:

WHMM LHa
log My = 6.384 +2log ( o 24t ) +0.5510g ( Trigre o 1
o8 e e ( 1000km > ool <1044erg s—1> ’ @)

VVHMMg -

«(oooim =+ (3 / )
(FWHMMg ) 405610 <L1> , @)
1) oo g

log Mgy = 6.711 + 21o +0.56log , )

log Myt = 6.711 + 2log
o8 Mot 1000km s ©

FWHMHa

+ 0.56 log
1000km

log Mpy = 6.930 + 2log ( : (4)
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log My = 6.747 + 2log (%) +0.55log (w%liggl) , (5)

log Mpy = 6.420 + 2log (%) +0.56 log (I(Y%}Il’ggl) , (6)

log Mu = 6.747 + 2log <%) + 0.55log <$I:S,S‘1> , (7

log Mpy = 6.747 + 21log <%) +0.55log <#ﬁggl> +10g 0.5, (8)
log Mg = 6.990 + 2log (%) +0.518log (10452%) , (9)
log Mgy = 7.026 + 2log (%) +0.518log (10452%) , (10)

FWHMc L5100
log My = 7.026 + 21 — 0.5181 —_— log 0.5, 11
o8 B T 2lo8 <1000km s‘1> * & <1042erg s +log (11)

whereMpy is in units of M; L'Ha andL'H are estimated fromvyy, Lc ,,, Or Lvg 11 Dy their relative
rations (Gaskell, Shields & Wampler 1981; Francis et al.1)98ndLs1o is nuclear luminositp\L  at
A=5100A.

We also estimatd/gy using Equations (9), (10) and (11) for the black holes withtcaum lumi-
nosities, of which the masses can also be estimated withum@osities. We compare the black hole
masses with these two different methods in Figure 1. It is@udfound that the masses estimated with
line luminosities are systematically lower that thoseneated with continuum luminosities, which is
consistent with Wu et al. (2004)’s conclusion.

105

10r

9.5r °

9 .

8.5¢

log Mgy, (continuum)

9.5 10 10.5

7.5 8 8.5 9 .
log MBH (line)

Fig.1 Comparison of the black hole masses estimated with twordifteapproaches.

For the BL Lac objects in this sample, we use the empiricati@h between the host galaxy’s
absolute magnitude in the R-bandly and My proposed by Bettoni et al. (2003),

10g MBH = —0.50MR - 3.007 (12)

to estimate their black hole masses.
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Although the apparent velocities of the jet components weeasured by VLBI observations, the
intrinsic speeds of the jet components are still unavagladod the viewing angles of the jets are unknown
for most sources in this sample. However, we can derive tiiénmail Lorentz factors from the observed
apparent velocities of the jet components using:

Ymin = (1 + 6§pp)0'57 (13)

and then analyze their relationships with other physicantities pertaining to the sources. For the
sources with more than one measured moving component, vegyslselect the one moving fastest, as
we intend to explore the acceleration mechanism of the fetdazars (see Cohen et al. 2007 for the
detailed discussion).

4 RESULTS

In Figure 2, we plot the relation between black hole maddgg and the minimal Lorentz factorg,iy
of the jets. The linear regression gives

1og Ymin = 0.31log Mpy — 1.80. (14)

min

8.5 9 9.5 10 10.5
log MBh (solar mass)

Fig.2 Relationship between the black hole mass and the minimaritarfactor of the jet. The filled
circles represent quasars whdggy is estimated by line luminosities, while the triangles esgnt BL
Lac objects. The crosses represent quasars whbgeis estimated by continuum luminosities.

A significant correlation is found between these two queastiit 99.6 percent confidence (Spearman
rank correlation analysis), and the correlation coefficien.33. It should be noted with caution that this
correlation may be caused by the common dependence onftettsRigure 3, we plot the relationship
between redshift and the minimal Lorentz factoy,,;,,. Only a weak correlation is found at 93.6 percent
confidence between these two quantities. We perform ther@a@apartial rank correlation analysis
(Macklin 1982), and we find that the partial correlation doént is 0.27 after subtracting the common
redshift dependence. The significance of the partial ramietadgion is 2.39, which is equivalent to the
deviation from a unit variance normal distribution if théseno correlation present (see Macklin 1982
for the details). A summary of the results of partial rankretation analysis is listed in Table 3.

We also perform a correlation analysis on the sources ingsteicted redshift rangel < z < 2.1
(see Fig. 4). For this subsample of 72 sources, a correlati®7.6 percent confidence is still present
betweeny,;, and Mgy, while almost no correlation between,;,, and z is found (at 55.2 percent
confidence). It appears that the correlation betwggn and Mpy is an intrinsic one, not caused by the
common redshift dependence.
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1.6 " ; .

1.4t R

—9.5 -1 -0.5 0 0.5
log z

Fig.3 Minimal Lorentz factor of the jet versus redshift plane far gample (symbols as in Fig. 2). The
restricted redshift rangé,1 < z < 2.1, is indicated by the dotted lines.

9.5 8 8.5 9 9.5 10 10.5 -2 -15 -1 -05 0 0.5
log MBH (solar mass) log LboIILEdd

Fig.4 The same as Fig. 2, but for the subsample Fig.5 Relationship between the Eddington ratio
within the restricted redshift range. and the minimal Lorentz factor of the jet (symbols
as in Fig. 2).

Table3 Spearman Partial Rank Correlation Analysis of the Sample

Sample N Correlated variables: AB  Variable: Crap  rap,c  significance
All 78 ]\JBHr'Ymin z 0.33 0.27 2.39
ZyYmin J\/IBH 0.21 0.07 0.61
Mgy, z Ymin 0.46 0.42 3.85
Lbol/LEddr'Ymin z 0.21 0.18 1.52
Within 72 MBH Ymin z 0.27 0.25 2.14
0.l<z<21 Z Ymin Mgy 0.09 -0.02 -0.17
Mgy, z Ymin 0.41 0.40 3.47

Herer g is the rank correlation coefficient of the two variables, ang ¢ is the partial rank correla-
tion coefficient. The significance of the partial rank caatieln is equivalent to the deviation from a unit
variance normal distribution if there is no correlation gmet.
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The bolometric luminosityf,,)) is estimated by assuming,,; ~ 10Lgrr (€.9., Liu et al. 2006).
For some sources without measured broad-line luminositiesestimate the bolometric luminosities
from the optical continuum luminosities using the relasioip Lo ~ 9AL opt (A = 5100 A) (Kaspi
et al. 2000). We plot the relationship between the Eddingaio (L1,.1/Lrad) and~min Of the jets in
Figure 5. The linear regression gives

10g Ymin = 0.1110g Liyor/Liad + 0.87. (15)

We find that only a weak correlation betweég,/Lrqqa andymin (at 93.5 per cent confidence) is
present.

5 DISCUSSION

We find an intrinsic correlation between the black hole msiasel the minimal Lorentz factors of the jet
components for a sample of blazars, while no significantatation between the Eddington ratios and
the Lorentz factors is present for the same sample. Our ntetistecal results will not be altered, even
if those black holes with masses estimated with continuuminosities are removed. Our statistical
results provide useful clues to the mechanisms of jet faonand acceleration in blazars.

It is believed that the growth of massive black holes in thetees of galaxies is dominantly gov-
erned by mass accretion in the AGN phases (e.g., Soltan MB&; Tremaine 2002). The massive
black holes will be spun up through accretion, as the blad&shacquire mass and angular momentum
simultaneously though accretion. The spins of massivektilates may also be affected by the mergers
of black holes. A rapidly rotating new black hole will be pees after the merger of two black holes,
only if the binary’s larger member already spins quickly ahe merger with the smaller hole is con-
sistently near prograde, or if the binary’s mass ratio agphes unity (Hughes & Blandford 2003). The
comoving space density for heavier black holes is much |dkgar that for lighter black holes (e.g., see
the black hole mass function in Yu & Tremaine 2002), which ntethat the probability of merging for
two black holes with similar masses is lower than for heablack holes. This implies that the spins of
heavier black holes are mainly regulated by accretion rdttes mergers. Thus, it is natural to expect
(in a statistical sense) that the heavier black holes hayteehispin parametersthan their lower mass
counterparts. Volonteri et al. (2007) studied how the aamdrom a warped disc influences the evolu-
tion of black hole spins and concluded that within the coamgiglal framework, one indeed expects most
supermassive black holes in elliptical galaxies to havevenage higher spins than black holes in spiral
galaxies, where random, small accretion episodes (edgllytidisrupted stars, accretion of molecular
clouds) might have played a more important role. The jetsbeaaccelerated to higher speeds by the
heavier black holes, because they are spinning more rafitiyndford & Znajek 1977). The intrinsic
correlation between black hole masses and the minimal itpfantors of the jet components found in
this work is consistent with the Blandford-Znajek mechemi$he properties of accretion disks are re-
lated to the dimensionless accretion rate$in = M/ Mgaq x Lvo1/ Lrad). NO significant correlation
betweenLy,./ Lraa andymin is found, which implies that the jet acceleration may not élated to
the properties of the accretion disk, which may imply that jést formation is not sensitive to the disk
structure. This is, of course, quite puzzling, and shoulddrdied by future work with a larger blazar
sample. Our statistical results imply that the BZ mechanisy dominate over the BP mechanism for
jet acceleration in blazars.
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