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We present the results of studying the accretion disk vs jet power for a large fraction of all the blazars
detected by the Fermi Gamma-Ray Space Telescope. The disk power is inferred from the emission line
luminosities obtained from published results. As indicators of jet power, we use low frequency radio
luminosity from the extended jet, maximum speed of radio knots observed in the VLBA monitoring of the
pc-scale jets, kinetic energy of electrons in the jet deduced from the best-fit theoretical models of their
spectral energy distribution, and y-ray luminosity with and without beaming correction. We obtain a
significant correlation in most of those cases. However, we find that the correlations are often driven by the
common redshift dependence of the compared quantities. In order to remove the redshift bias and probe the
intrinsic correlation between the disk and jet power, we compute the partial correlation coefficient as well as
the correlation in small redshift bins and find that the intrinsic disk-jet correlation is still present but weaker.
In the cases, in which the common redshift dependence does not affect the result, we find that blazars do not
exhibit high jet power for low disk luminosities while there are both high and low jet power for high disk
luminosities. This result indicates that a powerful disk is a necessary but not sufficient condition to produce

a powerful jet.
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I. INTRODUCTION

According to the unified scheme of active galactic nuclei
(AGNSs), observed properties of various types of AGNs are
linked to their orientation with our line of sight [1]. One
class of AGNs, which possess energetic jets pointed almost
directly towards the Earth with an angle € < 10°, is called
blazars. A strong radio signal is considered to be character-
istic of the jet [1], arising from synchrotron radiation from
the relativistic electrons present in it [2—5]. The synchrotron
spectrum extends from radio to optical (sometimes x-ray)
frequencies. The high energy (keV-GeV) emission is
presumably due to the inverse-Compton effect, which
up-scatters the same jet synchrotron photons [6-8] or
external photons, from the broad line region (BLR) or
dusty torus, to x rays and y-rays [9—12]. The accretion disk
emits a multicolor blackbody spectrum [13,14] with a peak
in the optical-UV wavelengths.

Blazars may be categorized into two major groups based
on the equivalent width (EW) of their broad emission lines,
in the rest frame. BL Lacertae (BL Lac) objects are a type
of blazar, which are supposed to be devoid of prominent
emission or absorption lines (EW < 5A), whereas flat
spectrum radio quasars (FSRQ) possess broad emission lines
(EW > 5A) in their spectra [1]. However, this segregation
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may not be robust [15], and BL Lacs have been shown to
exhibit emission lines with EW > 5A as more precise
observations have been available in recent years [16,17].

The mechanism of the launching of the jet is not well
known. Widely accepted theories include the extraction of
rotational energy of the supermassive black hole (SMBH)
at the center [18] or extraction of power from the accretion
disk in the presence of magnetic fields sustained by the disk
[19]. While the details are not known the mechanism of jet
launching and collimation is assumed to be related to the
accreting matter and magnetic fields associated with the
disk [20-23]. Thus, a relation between the dynamics of
the disk and the jet, and its manifestation in the disk and
jet power are anticipated.

One of the first attempts to probe the accretion disk-jet
relation compared the jet power of a sample of radio
galaxies to the luminosity of the narrow emission lines [24].
The broad and narrow emission lines are produced in gas
clouds photoionized by the continuum emission of the
accretion disk [25,26]. Therefore, the luminosity of the
broad and narrow emission lines are often used as an
estimate of the disk luminosity. For example, 10% of disk
luminosity (Lgiq) 1S assumed to be reprocessed as the
luminosity of the BLR (Lgyr). The disk luminosity, as
estimated from Ly g, versus the jet power from resolved
very long baseline interferometry (VLBI) observations of a
sample of 55 blazars was investigated by [27], who found a
weak correlation.
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Similar work followed with different samples of blazars
and different measures for jet power. An approximate
equality between jet power obtained from SED modeling
of multiwavelength data, and disk luminosity inferred from
Ly r was obtained by [28-30]. VLBI measurements [31]
and SED modeling [32] was used to estimate the jet power
of blazars, and their comparison with disk luminosity
showed a clear correlation. A considerable connection of
the disk and jet power in blazars has been shown in [33,34].
A sample containing 225 FSRQs, 42 BL Lacs and radio
galaxies has been used by [33], who estimated their jet
power from y-ray and radio luminosity. A significant trend
in the disk and jet power in Fermi 2LAC blazars has been
found by [35]. They collected Doppler factors from the
literature to correct the observed GeV luminosity for
relativistic beaming. They found that the trend followed
by the FSRQs was different from that of the BL Lacs. Using
radio core observations, [36] found that FSRQs generally
have larger accretion disk luminosity than the jet radia-
tion power.

There is a consensus in estimating the disk luminosity
from Lg; g while tracing the jet luminosity remains elusive.
This is because the jet carries both radiative and kinetic
power in unknown proportions. Moreover, in the case of
blazars, the jet is Doppler beamed toward us due to small
angles with our line of sight. The value of the beaming
factor is difficult and time intensive to obtain through
observations, theoretical calculations give approximate
results [e.g., [37]], and robust values have been obtained
for very few blazars [38].

This has led researchers to come up with various
methods to infer the jet power [e.g., [39]]. In many cases
the jet power has been calculated using physical parameters
of the jet obtained from the modeling of their broadband
SED [e.g., [28,32,34]]. Another method is through obser-
vations of the pc-scale jet with VLBI, e.g., [36] derive jet
power from the observations of the radio core of the jets.
Luminosity of extended radio emission from jets have
also been shown to correlate with total jet power [40—42].
Unlike the collimated jet extending to kpc scales, extended
emission emanate from slowed plasma and is not signifi-
cantly variable at the observed timescales. They are free
from Doppler boosting and hence provide a better measure
of the intrinsic jet power. However, no method is compre-
hensive because issues like model dependence and lack of a
large sample for which a certain method is applicable may
distort the results regarding the correlation between disk
and jet power. One way to improve on this is to check the
correlation obtained from different methods and compare
the statistical trend.

In this paper, we venture to study the disk-jet connection
in a large sample of blazars by comparing the disk power
inferred from the BLR luminosity with five different
measures of the jet power and analyzing the trends found
using the different indicators.

In Sec. II, we describe our sample and the data used
as different indicators of jet power. We compare the disk
luminosity with low frequency radio luminosity of the
extended jet, jet power inferred from SED modeling,
superluminal speeds of radio knots moving down the pc-
scale jet observed by VLBA, and beamed and debeamed
y-ray luminosity in Sec. III. In Sec. IV, we describe the
correction for redshift dependence of the luminosity-
luminosity correlations shown in Sec. III. The results are
summarized and their implications are discussed in Sec. V.

II. DATA

The Fermi Gamma-ray Space Telescope has been
monitoring the y-ray sky since 2008. We use the source
name, 0.1-100 GeV energy flux, photon power-law index
and blazar class of 1026 blazars from the most recent all-
sky catalog of Fermi blazars [4FGL-DR2 and 4LAC; [43]].
The central engine catalog presented in [44] (hereafter
Vaidehi catalog) reports the disk luminosity, redshift, black
hole mass and source name of 1077 Fermi blazars. In the
Vaidehi catalog, the disk luminosities are calculated from
emission line luminosities. The blazars have been classified
as those with strong and broad emission lines in their
spectra and the rest without broad lines. The former group
consists mainly of FSRQs although a few BL Lacs show
broad lines. The second group mostly contains BL Lacs.
We cross-match the sources in the Vaidehi catalog with
those in the 4FGL and 4L AC in order to obtain the GeV
luminosity of the blazars in our sample.

We use the luminosity of low-frequency radio emission
from [45], electron kinetic power obtained from [34], and
the maximum value of the superluminal speed of the VLBA
knots from the MOJAVE data archive [46] as various
measures of jet power. The y-ray emission of blazars is
relativistically beamed. In order to obtain the intrinsic
luminosity of the jets by “debeaming,” we use Doppler
factors obtained by [38] using VLBA monitoring of the
pc-scale jet. However, it is available only for 15 blazars, out
of which 9 matches with our sample. Therefore, we obtain
the variability Doppler factor of a larger fraction of the
blazars in our sample from [47].

We have used Q,, = 0.27, Q, = 0.73, and the redshift
given in the Vaidehi catalog to calculate the luminosity
from the flux values.

III. COMPARING DISK LUMINOSITY WITH
VARIOUS INDICATORS OF JET POWER

A. Low-frequency radio luminosity
from the large scale jet

Estimates of the total jet power from the low-frequency
(300 MHz) radio luminosity has been provided in [45], for
a sample consisting of over 1000 blazars and radio galaxies.
They estimate the 300 MHz flux using spectral decom-
position of all available observations at frequencies below

063001-2



MODERATE CORRELATION BETWEEN THE ACCRETION DISK ... PHYS. REV. D 106, 063001 (2022)

I - Exact elstimates of L;isk, Legt I -OI- _: I :_U\ 40 _I +  Exact elstimates of L;isk I I I 4
44 -+ Upper limitsin Legt = - 8 Upper Limits in Lg;sk
Upper limits in Lgisk - * o ._._ '_: he Q +
%; ey A Both upper limits Rl S eps b -t _.-_: i é‘ 30 F +++ + T
b5 (a) _.as-j_’_f %00 & E (b) _+_ 4? + +
E oL - A I 1 & -+ L. + -
. 42 —.— '_._._' -‘: 1 - - 20F —4— # + #.. *ﬁ * i
S| * o L) (9] ¢
< - Iy :" e o . 8 —— ’+# *
§ a1r e L s T 12 - - 4 +0
~ A —A A S —O—A E 101 — —- + he - ¢ T
& 4ot A, 48 . . 1 e ‘ MR 2N
RN E ot W — TN "y . i
X
39k 1 4 1 1 1 1 ] g 1 1 1 1 1 1
42 43 44 45 46 47 42 43 44 45 46 47
46 A T T T T T 3 49F T T T T T ]
- Exact estimates of Lg;sx - <4 Exact estimates of Lg;sk 4o o o
Upper Limits in Lg;sk Upper Limits in Lg;sk ¢ * ¢
- 48 - -
o ¢ e o ° o 4 0o ©
— 45 © . el 1% gl @ ]
~ - ° o
Eo e - * °® o ] —
2 - — '. had é 46 N
= - - -
N N -~ 13 pre ' .
Q:’ ; 45+ . —"-", - i
¥ . S AT .
Aoy .
Ke) ;\50 s i . |
43+ 4 o~ R
a3t . :
1 1 1 1 1 1 1 1 1 1 1 1
42 43 44 45 46 47 42 43 44 45 46 47
T T T T T T T T T T T T T
43.0 4 Exact estimates of Lg;qx —_— i <4 Exact estimates of Lg;qk —.— he
! 45 F Upper Limits in Lg;sk . ® . -
(e) te 'f.:. ’
Q L 1@ b © o -
@ 425 —e— @ + - —— 0‘. P e
b e = ° o{' -
£ ~ | & R o
s 420F —— 1% . R
‘ & 4zr , e sl . ]
~ ~ —— " T o s e
S0 s s <A
i) . o 41 S o o ‘:0_._?.__ .
—— = 4, _.:._
40 e b
41.0 L 1 1 —~ . 1 1 1 ] 1 1 1 1 1 * 1
45.2 45.4 45.6 45.8 46.0 46.2 46.4 42 43 44 45 46 47
log Lassk (in erg/s) log La;sk (in erg/s)

FIG. 1. The panels show the relation between the disk luminosity of the blazars in our sample with various estimates of jet power.
Unless otherwise stated, the blue filled circles represent blazars with observed emission line systems, mainly FSRQs, for which exact
estimates of disk luminosity are available in the Vaidehi catalog. The orange open triangles represent sources, mainly BL Lac objects, for
which only upper limits to the disk luminosity are available. (a) Relation between the disk luminosity and the low-frequency radio
luminosity of the extended jet. The blue and green filled circles represent blazars, mainly FSRQs, for which estimated values and upper
limits of the extended radio luminosities are available, respectively, as well as the calculated values of their disk luminosity. The orange
and red open triangles consist mainly of BL Lac objects, for which estimated values and upper limits of the extended radio luminosities
are available, respectively, and only the upper limits to their disk luminosity. (b) Relation between the disk luminosity and the
superluminal speed in the jet. The correlation is weak although there is no large values of jet speed at smaller values of disk luminosity.
(c) Relation between the disk luminosity and the electron kinetic power in jet. (d) Relation between the disk luminosity and the y-ray
luminosity of jets without beaming correction. (e) Relation between the disk and intrinsic jet luminosity obtained by debeaming the GeV
luminosity with the Doppler factor obtained from VLBA observations. (f) Relation between the disk and intrinsic jet luminosity obtained
by debeaming the GeV luminosity with the variability Doppler factors.

103 Hz. Extended low-frequency radio emission arises  core. Hence, the emission is not Doppler boosted. Since the
from slowed plasma in the jets, unlike the collimated  low-frequency radio jets are extended to hundreds of kpc,
superluminal motion seemingly originating from the radio  there is a time delay between the epochs when the observed

063001-3



GARIMA RAJGURU and RITABAN CHATTERJEE

PHYS. REV. D 106, 063001 (2022)

TABLE I.  For all the samples in Fig. 1, the values of correlation
coefficients, slope of regression line on log(Lie) vs log(Lgis)
plane and the uncertainty of the slope (as a measure of the scatter
of the data) for the subsample containing only FSRQs.

Uncertainty
Jet power obtained from r Slope® of slopeb
Extended radio emission 0.630  0.670 0.077
Beamed gamma ray 0.655 0.722 0.031
Debeamed (variability) 0.345 0.538 0.091
gamma ray [47]
Debeamed (VLBA) 0.536  1.024 0.608
gamma ray [38]
SED modeling 0451  0.267 0.083
Speed of pc-scale radio knots ~ 0.258  2.406 1.248

‘Slope obtained from linear regression of the log(Lie)-
log(Lgig ) data.

®As a measure of scatter we have listed the uncertainties in the
slope [48]. Thus, larger the uncertainty, more the scatter in the
correlation.

jet and disk emission were originally generated. However,
the extended jet emission is not variable at timescales
relevant for our analysis, thus providing a robust measure
of jet power to be compared with the disk luminosity. On
cross-matching the above list with the sources in the
Vaidehi catalog, we find 221 common blazars. The lumi-
nosity of the extended radio emission of these sources are
plotted against their disk luminosity [Fig. 1(a)]. A strong
correlation is indicated by the Pearson coefficient
r = 0.793. Excluding upper limits, we obtain a FSRQ-
dominated subset of 115 blazars, which has r = 0.630
[blue circles in Fig. 1(a)]. Table I provides the slope of the
best-fit straight line and its uncertainty on the log(Lje) vs
log(Lgis) plane. The uncertainty in the slope may be used
as a measure of the scatter [48].

B. Speed of pc-scale radio knots from VLBA monitoring

The MOJAVE data archive' presents the speed of the
radio-bright knots traversing down the pc-scale jet of a
large sample of blazars [46]. The average or maximum
speed of such radio knots may provide a suitable estimate
of jet power, which is not affected by the uncertainty
regarding the radiative efficiency of blazar jets. We find 176
blazars of the Vaidehi catalog for which the speed of the
knots are available from the MOJAVE archive. We plot the
maximum observed speed of the knots of a given source
versus the disk luminosity in Fig. 1(b). It does not show
a strong correlation (Pearson coefficient r = 0.388).
However, the data points are not scattered uniformly on
the plane of the plot but are located in a constrained region
such that blazars do not exhibit high jet speed for low disk

lhttp://www.physics.purdue.edu/astro/MOJAVE/allsources
html.
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FIG. 2. Dependence of the disk and jet luminosity of the FSRQ-
dominated set on redshift. (a) Blue filled circles represent values
of disk luminosity versus redshift. (b) Blue filled circles represent
values of jet gamma-ray luminosity versus redshift.

luminosity. On the other hand, there are both high and low
jet speeds for high disk luminosity.

C. Jet power inferred from SED modeling

The kinetic power of the bulk motion of the electrons in
the jet is calculated by [34] for many blazars. A one-zone
leptonic model has been used to fit the SED of each blazar.
From the estimated parameters of the fit, the kinetic power
of the electron bulk motion has been calculated, which may
be used as an indicator of the jet power. We note that the
fraction of the jet power that contributes to the kinetic
power of the electrons is not well-constrained. Therefore,
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FIG. 3. Values of Pearson’s coefficients versus redshift of the

FSRQ-dominated set. PPCC denotes partial correlation and CC
denotes simple correlation coefficient. The correlation is weak
except at the lowest and highest ends of the redshift range.
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its value gives a lower limit on the jet power. Its comparison
with the disk luminosity is useful in the context of disk-jet
relation in a sample of blazars only if the above fraction is
approximately constant for all sources. In Fig. 1(c), we
show the disk luminosity obtained from the Vaidehi catalog
along with the jet power determined as above for 48
blazars, which are common to both lists. We compute
the Pearson correlation coefficient to be »r = 0.741. For 42
common blazars in the FSRQ-dominated subset, excluding
upper limits in L4, we obtain r = 0.451.

D. y-ray luminosity without beaming correction

y-ray emission is a suitable indicator of jet power
because it is not contaminated by any other part of the
AGN. On the other hand, the radiative efficiency of AGN
jets is not well constrained, Fermi blazars may be selec-
tively brighter in y-rays, and the jet emission in blazars is
relativistically beamed, all of which may introduce uncer-
tainties in the jet power computed from the GeV luminos-
ity. However, comparing the disk and y-ray emission in a
large sample like we have used here may provide an
indication whether blazars with stronger disk emission
have systematically brighter jets. We find 1026 sources by
cross-matching the Vaidehi and Fermi catalogs, and we
show the result in Fig. 1(d). The Pearson correlation
coefficient is » = 0.865 for the entire blazar set, which
indicates that the disk and y-ray luminosity are strongly
correlated. For a subset of the parent population, containing
mainly the BL Lac objects, the exact value of the disk
luminosity is not available and only upper limits are given.
Excluding those sources, for a subset of our sample
dominated by FSRQs [684 sources; shown as blue filled
circles in Fig. 1(d)], we found the Correlation coefficient to
be r = 0.656. However, both disk and jet luminosities
depend on the redshift, and the intrinsic correlation may be
weaker. We discuss this in Sec. IV.

E. y-ray luminosity with beaming correction

Blazar emission is relativistically beamed in the
observer’s frame. The observed jet luminosity (L,) may
be written in terms of the intrinsic luminosity (L, ;) and
the Doppler beaming factor 6 as [49]

Ly = 5pLy,int (1)
where the value of p is between 4 and 6, depending on the
emission mechanism, and the dynamics of the jet. We use
p = 4. Therefore, to obtain the intrinsic luminosity of the
blazar jet the value of J needs to be known. Below, we
describe two methods by which the value of 6 may be
estimated and the relation between the disk and the
beaming-corrected intrinsic jet luminosity in the GeV band
that we obtain using those estimates.

1. Doppler factor inferred from VLBA monitoring

The value of ¢ for several blazars has been estimated
in [38], using monthly Very Long Baseline Array (VLBA)
monitoring of the pc-scale jet of a sample of blazars.
However, this method is observing time intensive and may
be carried out only for a small sample. On cross-matching
with their list, we find nine blazars of our sample for which
the value of § is available. We correct the observed y-ray
luminosity using those values and show their relation with
the disk emission in Fig. 1(e). We calculate the Pearson
correlation coefficient to be r = 0.537.

2. Variability Doppler factor

The value of 6 for 1029 blazars and radio galaxies has
been presented by [47], using the 15 GHz radio monitoring
program with the 40 m telescope at the Owens Valley Radio
Observatory. This method was found to be more accurate
than other recent attempts at constraining J, using blazar
population models [37]. Variability Doppler factors [50,51]
are estimated by comparing the intrinsic equipartition
temperature associated with the jet to the highest observed
brightness temperature. The intrinsic brightness temper-
ature is obtained at the peak of the prominent jet flares [50],
using the assumption of equipartition of energy density of
the magnetic field and the radiating particle [52]. On cross-
matching, we find 265 blazars of our sample for which the
value of ¢ is available. We correct the observed y-ray
luminosity using those values and show their relation with
the disk emission in Fig. 1(f). We calculate the Pearson
correlation coefficient to be r = 0.345. We find that the
points are scattered in a pattern similar to Fig. 1(b), i.e., the
maximum speed of radio knots in the jet versus disk
luminosity. We discuss this similarity further in Sec. IV.

IV. CORRECTION FOR REDSHIFT DEPENDENCE
OF LUMINOSITY-LUMINOSITY CORRELATION

In the previous section we have shown the relation of the
disk luminosity of a large sample of blazars with a number
of quantities, which are indicators of jet power. Among
those, besides the speed of radio knots obtained from
VLBA monitoring, all are luminosities observed or calcu-
lated in different methods. Most of those quantities show a
significant correlation with the disk luminosity. However,
it is well known that any correlation between a pair of
luminosities are often driven by their dependence on
redshift or distance rather than their intrinsic properties.
In a magnitude limited survey, objects that are farther
away tend to be brighter due to selection effect. On the
other hand, objects that are nearer tend to be fainter because
in a small volume, fraction of faint objects is higher.
Consequently, in this case, farther objects will tend to
have larger values of disk as well as jet luminosity while
nearer objects will have smaller values of both. That will
cause the sample to seem apparently correlated [53-56].
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To test the reliability of the correlations obtained in the
previous section, we check the dependence of the lumi-
nosities on redshift. We plot the y-ray luminosity without
beaming correction and the disk luminosity of the FSRQ-
dominated subset with redshift in Fig. 2. We find that both
of those luminosities are strongly dependent on redshift.

We use two methods to obtain the intrinsic correlation
between the pairs of luminosities: Pearson’s partial corre-
lation coefficient (PPCC) and calculation of the correlation
coefficient in smaller redshift bins. Pearson’s partial corre-
lation coefficient (PPCC) is used to measure the correlation
between two quantities, subtracting their common depend-
ence on a third variable. In our case, disk and jet
luminosities are the relevant quantities while we need to
remove the common redshift (z) dependence. PPCC is
defined as [e.g., [57]]

I'xy — I'xzl'yz (2)

\/(1 - ’”?(Z)(l - ’"%fz),

where ryy 7 is the partial correlation of X and ¥ discounting
for Z, and ryy is Pearson’s simple correlation coefficient
(CC) between X and Y. We calculate the PPCC to
mathematically describe the strength of partial correlation
among the disk luminosity (Lp) and jet luminosity (L;) in
our sample.

We obtain a partial correlation of r; L= 0.382 on

I'xyz =

using the FSRQ-dominated set, which is significantly
less than the CC value for the same set, in y-ray luminosity.
The correlation of the disk luminosity (L) with the low-
frequency radio (L) may be similarly affected by the
redshift dependence of the luminosities. Therefore, we
calculate the PPCC and find, r; ;_ . = 0.338 for the FSRQ
dominated subset. The value of the PPCC is significantly
smaller than the CC values found in the previous section.
This indicates that the disk-jet correlation is much weaker
when the redshift dependence is removed.

Low frequency radio emission was used by [58], from
the TIFR Giant metrewave radio telescope Sky Survey
(TGSS) catalog at 150 MHz [59] and bolometric luminos-
ity from the literature as the measure of jet and disk power,
respectively, to probe the disk-jet connection. They found a
weak correlation with 7 = 0.28 on using partial Kendall’s 7
correlation test after removing the redshift bias, which is
consistent with the results we obtain. On extending the
partial correlation analysis to our entire blazar set (1026
sources), we get rp, L= 0.634. This is consistent with the

results presented in [33], who used a sample of FSRQs, BL
Lacs and radio galaxies and analyzed Lg g — L, to obtain
PPCC = 0.59 and Lg;g — L4 to obtain PPCC = 0.65.
Next we divide the data into smaller bins in redshift, each
containing 50 sources. We have kept the number of sources
fixed for each bin so that the correlation coefficients
obtained for each bin may be meaningfully compared.
This is a useful method to probe intrinsic correlation in
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FIG. 4. Relation between the debeamed GeV luminosity and
redshift.

luminosity-luminosity data [e.g., [60]]. Obviously, the
redshift interval for each bin is not the same in order to
keep the number of sources constant. To determine the
fixed number of sources to be contained in each bin, we
choose the highest possible number of sources for which
PPCC and CC are approximately equal in the individual
intervals. This is because redshift binning is carried out to
remove the effect of redshift bias. Thus PPCC and CC
are expected to be of similar value for the individual bins.
After optimizing the number of sources per bin to be 50, we
plot the CC and PPCC of the y-ray and disk luminosities of
the FSRQ-dominated blazar set in each bin in Fig. 3. It is
evident that the correlation coefficients are low at the
middle of the redshift range and the higher values are
located at the highest and lowest ends of the redshift range
of our sample.

To understand the redshift dependence of the debeamed
GeV luminosities of the jets, we plot the intrinsic y-ray
luminosity vs redshift in Fig. 4. We find that, unlike the
quantities shown in Fig. 2, there is no correlation between
the debeamed GeV luminosity with redshift. The Doppler
factors obtained from variability are redshift-independent
and the intrinsic y-ray luminosity calculated by debeaming
with those Doppler factors have resulted in the redshift-
independent nature of L, ;, in this case. We note that the
pattern of scatter in Figs. 1(b) and I(f) are similar. Both
quantities, namely, apparent speed of pc-scale radio knots
and L, ;, are redshift-independent and they show a very
similar pattern.

Since we see that the major decrease in the correlation
coefficient occurs in the redshift interval z = 0.78 to 1.9,
we plot the disk and jet luminosities for the blazars in this
interval separately in Fig. 5(a). We can clearly see that the
correlation is much weaker than what we find for the entire
sample in Fig. 1(d). This is consistent with the notion that
the correlation we see when we consider the entire sample
is driven by the high and low end of the redshift ranges.
However, we note that while there is scatter in the plot there
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Blue solid circles with error bars demonstrate the relation between the beamed GeV luminosity and disk luminosity of sources

in various redshift intervals for the FSRQ-dominated set. (a) Redshift interval of 0.78 to 1.9. (b) Redshift interval of 0.7 to 1.2
(c) Redshift interval of 1.2 to 1.8 (d) Redshift interval of 1.6 to 2.2. In all of the cases, the correlation is weak although there is no large

values of jet luminosity at smaller values of disk luminosity.

is no high value of jet luminosity for low value of
disk luminosity, although there are sources having
both high and low jet luminosity for high disk luminosity.
This constrains the scatter plot to a particular side of the
Lgisk — Lije; plane. In Fig. 5 we further divide the redshift
interval into smaller bins and study the scatter of objects
belonging to each bin. Figures 5(b), 5(c) and 5(d)
are subsets of Fig. 5(a) belonging to the redshift
interval indicated in the figure captions. We find that
in each case of smaller redshift bins, the distribution
of data points remains approximately constrained in one
part of the Ly — Lie; plane as is the case of Figs. 1(b)
and 1(f). That is consistent with the notion that while
higher jet powers are always accompanied by higher disk
luminosities, objects with low jet powers may possess a
range of disk powers from low to high.

Finally, we carry out the so-called “scrambling test”
[48,61,62] to determine the probability that the correlation
we obtain among different pairs of quantities is by chance

due to the underlying common redshift dependence. In this
method, we keep the disk luminosity fixed along with the
corresponding redshifts. We assign jet flux (we use two
cases: extended radio and beamed gamma-ray fluxes) to the
disk luminosities in random permutations. We calculate the
jet luminosities using the newly assigned redshifts. This
includes the effect of distance, removing any intrinsic
physical correlation in the data set since the jet fluxes
are scrambled. To estimate the chance probability, we
perform a Monte Carlo test by repeating the above method
10* times, creating a new randomized data set each time.
By comparing the correlation coefficient we obtained from
the actual data with the distribution of the same from the
scrambled datasets described above, we find that for the
case of the disk luminosity vs extended radio luminosity,
there is a ~3% probability of obtaining a similar or stronger
correlation by chance, i.e., due to the common redshift
dependence. Therefore, the intrinsic correlation in that
case is weak. In the case of disk luminosity vs beamed
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gamma-ray luminosity the corresponding probability is
negligibly small indicating that correlation is stronger.

V. SUMMARY AND DISCUSSION

We have studied the accretion disk versus jet power in a
large sample of Fermi blazars. The disk luminosities have
been obtained from literature and are inferred from the
luminosity of the emission lines. Intrinsic jet power, on the
other hand, has no unique well established observational
indicator. Therefore, five different quantities have been
used as measures of jet power in our analysis. At first, we
studied the correlation between the disk luminosity and low
frequency radio luminosity of the extended jet, which is
presumably unbeamed and not variable at the relevant
timescales in this case. We found a significant correlation
between those two quantities. Next we used other indica-
tors of jet power, such as, electron kinetic power in the jet
obtained using the best-fit parameters from SED modeling
and beamed y-ray luminosity. In all of those cases, we
obtained a significant correlation between the disk and jet
power. However, we found that those correlations are
partially driven by the redshift dependence of the pair of
luminosities being correlated in each case. Upon calculat-
ing the partial correlation, in which the common redshift
dependence of the pairs of quantities is removed, we
obtained a weaker correlation in each of the above cases.
A weak correlation is also obtained on using the debeamed
GeV luminosity as jet power, which has been shown to
have almost no redshift dependence. Finally, we used the
speed of the radio-bright knots moving down the pc-scale
jet as observed with the VLBA, as an indicator of the jet
power. This quantity is not redshift dependent and shows a
weak correlation with disk luminosities.

Figure 5 shows the disk-jet scatter in redshift intervals, in
which the redshift bias is shown to be irrelevant (in Fig. 3).
This pattern is remarkably similar to Figs. 1(b) and 1(f),
in which the apparent speed of superluminal knots and
beaming-corrected GeV luminosity have been used as
indicators of jet power, both of which happen to be
independent of redshift. This may imply that a powerful
disk is a necessary but not sufficient condition to generate a

powerful jet. Other parameters, such as BH spin, environ-
ment of the jet and its interaction with it may affect the
observed power of the jet. We conclude that the disk and jet
power are indeed correlated but the correlation is weakened
by scatter caused due to the above factors.

VI. DATA AVAILABILITY

The data utilized in this work have been obtained from:

(1) The central engine catalog presented in [44].
Weblink: Ref. [63].

(2) Fermi 4FGL-DR2 and 4LAC catalogs. Weblink:
Ref. [64].

(3) Luminosity of extended radio emission has been
collected from [45] as a measure of total jet
luminosity.

(4) The gamma ray beaming factors for 15 blazars are
found in [38].

(5) Variability Doppler factors have been obtained
from [47].

(6) Electron kinetic power has been obtained from [34]
as a measure of jet power.

(7) The superluminal speed in jets has been gathered
from the MOJAVE data archive and used as a
measure of intrinsic kinetic power of jet [46].
Weblink: Ref. [65].
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