1

In many studies, the FWHM of the broad emission lines have been used as a
tracer of the mass of the central engine, possibly due to supermassive black
holes, SMBH (e.g., Dibai, 1984, Padovani & Rafanelli, 1988). The accretion of
material required to sustain the high quasar luminosity is expected to steadily
increase the mass of the central engine. The question arises: do we see any
evidence for the growth of the central mass? Here we examine this by
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Abstract

According to a popular paradigm, nuclear activity in quasars is sustained
vta accretion of material onto supermassive black holes located at the
quasar nuclei. A useful tracer of the gravitational field around such black
holes is available in the form of extremely dense gas clouds within the
broad emission-line region (BLR) on the scale of ~ 1 parsec. Using five
homogeneously observed (and processed) sets of lobe dominated radio-
loud quasars, taken from literature, we show that a positive correlation
exists between the radio sizes of the quasars and the widths of their broad
H 3 emission lines, and this correlation is found to be significantly stronger
than the other well known correlations involving radio size. In quantita-
tive terms, this statistical correlation is consistent with the largest (and,
hence, very possibly the oldest) radio sources harbouring typically an
order-of-magnitude or even more massive central black holes, as com-
pared to the physically smaller and, hence, probably much younger, radio
sources. Thus, though not unique, this interpretation of the correlation is
at least consistent with the simple expectation from the ‘accreting black-
hole model’ for the quasar nuclei.
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employing the published H 3 measurements for several sets of radio-loud, steep-
spectrum quasars, and treating their overall radio size as a statistical measure
of their ages.

2 The datasets of quasars

We minimize the projection effects on the radio sizes, by confining our study to
lobe-dominated quasars (LDQs). Measurement of the other parameter, namely,
W, the FWHM of the broad HAZ emission line, is rather complicated, due to
the contamination arising from the lines of Fe II and the narrow component of
Hp. Therefore, adoption of a uniform observing strategy and profile extraction
procedure for the entire sample is important for a meaningful interpretation of
the data. It is therefore preferable to look for any statistical trends involving
W within individual samples (instead of merging the samples to form a single
large database). Accordingly, we consider here five sets of LDQs for which we
could find measurements of W (H#) in the literature, as well as the requisite
radio observations to determine the core-fraction, f. (the ratio of the core to
the extended flux density, measured at 5 GHz in the rest-frame of the quasar),
and radio size, [. These five sets are internally homogeneous individually, as
all the quasars in each set have been observed with about the same spectral
resolution and reduced following the same profile extraction procedure. The
largest linear sizes, [, of the quasars and the core-fractions are derived from the
published radio maps. We have adopted H, = 50 kms™' Mpe~! and ¢, = 0.
The five sets of lobe-dominated quasars (all having M, < —23) are:

(a) B(96): The first set is derived from the sample of Brotherton (1996), which
itself was based on the QSO compilation by Véron-Cetty & Véron (1988). His
selection criteria were: (i) core-fraction, f. should be available in literature, (ii)
V < 18 mag, (iii) z < 0.95 and (iv) declination > —20°. For the selected 60
quasars, optical spectra were taken with a typical spectral resolution of 2.5 A.
Out of these, we have selected all the 31 LDQs (logf. < 0).

(b) JB(91): This set is derived from Jackson & Browne (1991a,b), whose
sample consists of low-resolution (20 — 25A) spectra of 53 radio-loud quasars
selected using the following criteria: (i) log(R) > 1 [R is defined as the ratio
of the flux densities at 6 cm and 4400 A, in the rest-frame], (ii) V' <18 mag,
(iii) = < 0.86, (iv) right ascension between 16 and 13 hr, and (v) declination
> —30°. The sample contains 23 LDQs with available H 3 profile measurements.
Jackson & Browne (1991b) measured W using two different profile extraction
procedures; we adopt here the values of W obtained using the four Gaussian
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Table 1: The consolidated list of all 48 LDQs used in the present study
Qso sample 2 LAS Toa(f.)  log(Re) M, W(HA) (km s~ ')
codes (aresec) 96 92)  M(96 CB{06)

0003+ 158 (ad) 0450 36.0(1) —0.38(a) 105 260 4760 4760
0026+ 129 (d) 0142 10(1)  —1.47(e) 240 240 1860
00424101 (b) 0583  59.0(3)  —0.50(b) 179 -8 . 17774
00444030 (ae) 0624 186(5) -0.42(a) 083 272 5100 .. 5480
01104297 (b) 0363  T6.2(2)  -0.80(b) 159 -8 . B702
0115+027 (ab) 0670 13.1(2)  -0.50(b) 225 -26.5 5000 7591
0118+034 (b) 0765  45.0(4) —1.20(b) 217 <254 - 22408
0133+207 (b.e) 0425 68.0(2) —1.00(b) 251 -240 . 17408 3420
01344329 {a,b) 0367 13(3)  —1.14(a) 250  -25.7 3800 5863 .
0349146 (¢) 0.614 1140(2)  ~1.68(a) 134 -0 9470
0405123 () 0575 31L.7(6)  —0.23(a) 236 284 4800 .. 4830
0414060  (abe) 0781 36.4(4)  —0.50(a) 168 -27.8 8200 16602 14820
0454220 (c.0) 0534 85.0(12) —1.19(u) 186  -26.1 L 6920 5820
0518+ 165 (b) 0759  0.8(9)  —0.90(b) 304 2410 W ABTE
0538-+498 (b) 0545 0.2(7)  —1.40(b) 343 242 - 3456 i
07104118 (abe) 0768 48.0(2)  -185(a) 109 270 20000 17774 19530
0800+608 (b) 0.680  25.0(10)  ~0.60(b) 265 -242 . 6912
0837120 (a) 0200 1690(2)  -0.70(a) 180  -247 6060
08384133 (abe) 0680  100(7)  -0.50(b) 316 -25d4 3000 4197 3090
0903+ 169 (a) 0410 50.0(8)  —1.40(c) 170 <245 4400
09524097 (a) 0208 125(2) <-050(c) <190 -241 3800
0955+326 (n.c) 0530 1150(3) ~0.07(a) 223 -271 1380 . 4730
10044130 (abd) 0240 1150(27) —1.68(a) 043  -257 6300 9998 6300
10074417 (abe) 0613 320(2)  —0.39(a) 217 270 3560 6912 2860
1045090 {ad) 0334 830(2) —1.31(a) 166 249 5620 5600
100+772  (abed) 0311 300(1)  -0.91(a) 163 -258 6160  T961 7840 6160
1103-006  (acd) 0423 200(2)  ~0.14(a) 220 258 6560 w6600 6190
11114408 (b) 0730 13.2(2)  -1.80(b) 189 253 IO 1 &1
1136-135 (e) 0553 155(6) < -1.17(a) <422 -263 2620
11374660  (abee) 0652 442(2) —1.07(u) L83 =270 6060 8702 4950 5560
12234252 (b) 0268  67.0(2) - L59(b) 099 -238 . 9319
12504568  (abe) 0321 1.5(2)  —1.62(a) 201 <236 4560 6296 4740
13064069 (a) 0.599  46.5(4) <-1.20(a) <152 -26.1 6440
13514267 (a) 0310 1900(2) —0.27(a) 172 -243 8600
1416+129 (d) 0129 1550(1)  —-0.71(e) 149 -241 6110
14254267 (ad) 0366 2300(1)  ~0.40(a) 103 -262 9410 9410
14584718 (u) 0905  21(2)  -1L00(d) 274 273 3000
15124370 (acd) 0371 540(1) —0.71(a) 188 256 6810 9360 6810
15454210  (acde) 0264  70.0(1) —1.32a) 174 -244 7030 6730 7030 7030
1612+261 (d) 0.131 LI(1)  —0.52(c) 206  -235 2520
16184177 (mce) 0555  48.0(3) —067(a) 198 <265 7000 11530 9400
16224238 (a) 0927 2117(2)  -172(d) 163 267 7100
17044608 (acde) 0371 B50(1)  —1.91(a) 073 <266 6560 . 6990 6560 6560
17424617 (b) 0523 40.0(11)  ~2.00(b) 161 240 9751 *
18284487 (b) 0.691  14.0(11)  —0.50(b) 405 <262 . 0908
2135147 (abe) 02001 150.0(2)  —1.13(s) 197  -249 7300 11479 7570
22514113 (a,b34,5) 0323  98(2) —1.52(s) 100 258 4160  8T02 4540 4160 4160
2308+098  (a3.A.5) 0432 108.0(1)  —0.78(u) 141 -263 7970 11330 7970 7970

Sample Codes: a : B(906}(3]1 quasars), b = JB{91){23 quasars), ¢ = M{96){19 quasars), d= BG(92) (14 quasars)

and e = CB(96)(10 quasars)

Values of LAS and f. are taken from the literature as cited in Srianand & Gopal-Krishna(1997)
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fitting method, as it corrects for the narrow line component.

(c) M(96): This set is derived from Marziani et al. (1996) who compiled their
sample for the purpose of comparing the high and low-ionization lines in the
BLRs. They obtained optical spectra of all the AGNs (52 in total) for which
HST/FOS spectra covering the C IV emission line region were then available.
The resolution is in the range 3 — 8 A. This sample includes 31 radio-loud
quasars (log B > 1). of which all the 19 LDQs have been included in our set.
(d) BG(92): We derive this set from Boroson & Green (1992) who compiled
spectra for all the BQS quasars having = < 0.5, with a resolution of ~ 6A (the
BQS sample has an average limiting magnitude of B = 16.2and [/ =B < —0.44),
There are 87 objects in the sample of Boroson & Green, of which 25 are radio-
loud (logi? > 1). including 11 LDQs which form our set.

(e) CB(96): This set has been derived from Corbin & Boroson (1996) who
analyzed a sample of 48 AGNs in the redshift range 0.034 to 0.774. Their sample
was complied from the archival HST/FOS spectra (resolution ~ 5 — 11A) and
it includes 10 LDQs which form our last set.

3 Results and discussion

Figure 1 shows the linear size, [, plotted against the other parameters, namely,
W, 2. R, (log R, = log(Leore/Lope) = log(Leore + My /2.5) — 13.69) and f.
for all the five data sets, and the results of non parametric Spearman rank
correlation tests are given in Table 2. For each dataset, the upper line gives
the correlation coefficients and the lower line gives the two-sided significance
level of its deviation from zero (smaller value implies a stronger correlation).
The remarkable trend seen is that for each of the five sets, [ correlates
more strongly with |V than with any of the other parameters, and
maintains the same sense of correlation (in agreement with the preliminary
results reported by Gopal-Krishna, 1995). Thus, from this consistent behaviour,
the | — W correlation emerges to be of the primary statistical significance. It
may be recalled that using a more limited dataset. Miley & Miller (1979) had
earlier noticed a positive correlation between [ and W. However, almost ~ 40%
of their sample being core-dominated quasars, the linear-sizes used by them
are likely to be influenced by projection effects to a much greater degree and,
consequently, rendered less suitable as a measure of source age. From the general
consensus that extragalactic radio sources grow in linear size with increasing
age, the observed linear size, [, can be regarded as a fairly meaningful statistical
indicator of the age (e.g., Best et al., 1996). It may be recalled that [ is known
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Figure 1. The plots of W(H3), =z, Rv and f. versus the radio size () for the five
sets of lobe-dominated quasars.

to anti-correlate with z (e.g., Wardle & Miley, 1974) and also with the radio
core prominence, f,, which is consistent with the idea of beamed core radiation
(e.g., Kapahi & Saikia, 1982; Browne & Perley, 1986; Lister et al., 1994). For
such a case, the anti-correlation observed between W and R, has led Wills &
Brotherton (1995) to infer a disk-like geometry for the BLR. However, all these
statistical trends are at best only weakly present in our datasets, in accord with
the expectation that projection effects should be of minor importance for LDQs.
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Table 2: Spearman rank—order correlation coefficients

Sample 1ze =z T—Tog(jc) [—logilRe) [ —-W log(Jc)—-W log(R,)—W

B(96) 31 -0.137 -0.042 -0.275 0.621 —0.254 —-0.39
0.456 0.829 0.128 10-4 0.161 0.024
JB(92) 23 -0.024 -0.157 —0.341 0.810 =0.302 —0.288
0.913 0.464 0.010 10~° 0.152 0173
M(96) 19 0.143 =0.407 0.086 0.546 -0.484 -0.217
0.546 0.075 0.7189 0.013 0.030 0.359
BG(92) 11 0.156 -0.314 —0.065 0.763 —0.168 0.128
0.621 0.319 0.862 0.003 0.602 0.697
CB(96) 10 0.582 0.282 0,236 0.600 —0.065 —0.109
0.064 0.401 0.484 0.051 0.873 0.749

4 A consistency check on the accretion paradigm

From Figure 1, we can infer that over the lifetime of a typical powerful double
radio source [10%yr (Scheuer, 1995)], a roughly 3-4 times increase takes place
in the width of the HJ emission line which is thought to trace the gravitational
field in the vicinity of the SMBH.

Assuming that the BLR does not shrink with age, the simplest inference
from the 3-4 fold increase in W (Hz3) found here, would be that the mass of the
SMBH grows by roughly an order-of-magnitude over the radio source lifetime,
T~ 10% (v &« GMpg/r). Such an increase is consistent with the expectation
for a central black-hole accreting at the Eddington rate and radiating with a
typical efficiency, 7 = 0.1, since the e-folding time for the growth of the mass
of such black-holes is: tggq = |[Mpaa/M|~'= (4.5 x 107 yr) (/0.1).

A potential caveat to such an interpretation of the [ — W correlation lies
in the possibility that over the source lifetime, the effective physical domain of
the BLR shrinks by roughly an order-of-magnitude. There is no robust argu-
ment at present either for, or against this possibility, and so an unambiguous
interpretation of our result is not possible at this stage. It is nonetheless en-
couraging that both the magnitude and the sense of the | — W correlation found
here are consistent with the expectation of growth of the central mass in the
accretion-powered AGN paradigm for powerful double radio sources.

Acknowledgements It is a pleasure to thank Prof. Paul Wiita for helpful
comments and discussions.



Evoluton of quasar nuclei 465

References

Best, P. N., Longair, M. S. Réttgering, H. J. A, 1996, MNRAS, 280, L9.

Boroson, T. A., & Green, R. F. 1992, AplS, 80, 109.

Brotherton. M. S. 1996, ApJS. 102, |

Browne, 1.& Perley, R. 1986, MNRAS, 222, 149.

Corbin, M. R., & Boroson, T. A. 1996, ApJS, 107, 69.

Dibai E. A, 1984, Soviet Astron. 28, 245.

Gopal-Krishna, 1995, Proc. Natl. Acad. Sei, 92,11399.

Jackson, N., & Browne, [. W. A. 1991a, MNRAS, 250, 414.

Jackson, N., & Browne, . W. A. 1991b, MNRAS, 250, 422.

Kapahi, V. K. & Saikia, D. J. 1982, J. Astrophys. Astron. 3, 465.

Koratkar, A. P., & Gaskell, C'. M. 1991, ApJS, 75, 719.

Lister, M. L., Gower, A. C. & Hutchings, J. B., 1994, AJ. 108, 821.

Marziani, P., Sulentic, J. W., Dultzin-Hacyan, D., Calvani, M., & Moles, M.
1996, ApJS, 104, 37.

Miley, G.K., Miller, J. S. 1979, Ap. J., 228, L55.

Padovani, P. & Rafanelli, P. 1988, A& A, 205, 53.

Scheuer, P. A. G. 1995, MNRAS, 277, 331.

Srianand, R., & Gopal-Krishna, 1998, A&A, 334, 39

Véron-Cetty, M. P., Véron, P. 1993, A catalog of quasars and Active Nuclei,
(ESO Sei. Rep 13) (6th ed. Garching:ESO).

Wardle, J. F. C. & Miley, G. K. 1974, A&A, 30. 305.






