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Chapter 2

Probing the Radio

Loud/Quiet AGN dichotomy

with quasar clustering

Abstract:

We investigate the clustering properties of 45441 radio-quiet quasars (RQQs) and

3493 radio-loud quasars (RLQs) drawn from a joint use of the Sloan Digital Sky Survey

(SDSS) and Faint Images of the Radio Sky at 20 cm (FIRST) surveys in the range 0.3 <

z < 2.3. This large spectroscopic quasar sample allow us to investigate the clustering

signal dependence on radio-loudness and black hole (BH) virial mass. We �nd that RLQs

are clustered more strongly than RQQs in all the redshift bins considered. We �nd a

real-space correlation length of r0 = 6.59+0.33
−0.24 h

−1 Mpc and r0 = 10.95+1.22
−1.58 h

−1 Mpc

for RQQs and RLQs, respectively, for the full redshift range. This implies that RLQs

are found in more massive host haloes than RQQs in our samples, with mean host halo

masses of ∼ 4.9 × 1013 h−1M� and ∼ 1.9 × 1012 h−1M�, respectively. Comparison

Retana-Montenegro and Röttgering, A&A, 600, A97 (2017)
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with clustering studies of di�erent radio source samples indicates that this mass scale of

& 1× 1013 h−1M� is characteristic for the bright radio-population, which corresponds

to the typical mass of galaxy groups and galaxy clusters. The similarity we �nd in

correlation lengths and host halo masses for RLQs, radio galaxies and �at-spectrum radio

quasars agrees with orientation-driven uni�cation models. Additionally, the clustering

signal shows a dependence on black hole (BH) mass, with the quasars powered by the

most massive BHs clustering more strongly than quasars having less massive BHs. We

suggest that the current virial BH mass estimates may be a valid BH proxies for studying

quasar clustering. We compare our results to a previous theoretical model that assumes

that quasar activity is driven by cold accretion via mergers of gas-rich galaxies. While

the model can explain the bias and halo masses for RQQs, it cannot reproduce the

higher bias and host halo masses for RLQs. We argue that other BH properties such

as BH spin, environment, magnetic �eld con�guration, and accretion physics must be

considered to fully understand the origin of radio-emission in quasars and its relation to

the higher clustering.

2.1 Introduction

Quasars are luminous active galactic nuclei (AGN) powered by supermassive black holes

(SMBHs) (Salpeter 1964; Lynden-Bell 1969). The role of AGN activity in galaxy for-

mation and evolution processes is still not well understood. Evidence for a co-evolution

scenario is provided by the empirical relationship between the host galaxy velocity dis-

persion and the mass of their central black holes (BHs) (Ferrarese & Merritt 2000;

Gebhardt et al. 2000). At low-z, the analysis of stars and gas dynamics in the nucleus

of nearby galaxies (Davies et al. 2006; de Francesco et al. 2006; Pastorini et al. 2007;

de Francesco et al. 2008; Siopis et al. 2009; Walsh et al. 2013) and the reverberation

mapping technique (Peterson 1988; Peterson et al. 2004; Doroshenko et al. 2012; Grier

et al. 2012) have found that the most massive galaxies harbour the most massive BHs.

At high-z, virial BH mass (MBH) estimations based on single-epoch spectra employing

empirical scaling relations (e.g. Kaspi et al. 2000; McLure & Dunlop 2004; Shen et al.
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2008) suggest that SMBHs with masses > 109M� were already in place at z & 5

(Willott et al. 2003; Jiang et al. 2007b; Mortlock et al. 2011; Yi et al. 2014).

Because of their high-luminosity, quasars are excellent tracers of the large-scale

structure up to z ∼ 6. Recent large optical surveys using wide �eld integral spec-

trographs, such as the Sloan Digital Sky Survey (SDSS, York et al. 2000) and the

2dF QSO Redshift Survey (2QZ, Croom et al. 2004) have revealed thousands of previ-

ously unknown quasars. These newly detected quasars can be used to construct large

statistical samples to study quasar clustering in detail across cosmic time. Several au-

thors have found that quasars have correlation lengths of r0 = 5h−1 − 8.5h−1 Mpc at

0.8 < z < 2.0, indicating that they reside in massive dark matter haloes (DMH) with

masses of ∼ 1012 − 1013M� (e.g. Porciani et al. 2004; Myers et al. 2006; da Ângela

et al. 2008; Ross et al. 2009; Shen et al. 2009).

Such clustering measurements provide a means to probe the outcome of any cosmo-

logical galaxy formation model (Springel et al. 2005; Hopkins et al. 2008), to understand

how SMBH growth takes place (di Matteo et al. 2005; Bonoli et al. 2009; Shankar et al.

2010b), to de�ne the quasar host galaxies characteristic masses (Shankar et al. 2010a;

Fanidakis et al. 2013b), and to comprehend the interplay between its environment and

the accretion modes (Fanidakis et al. 2013a).

Recently, galaxy clustering studies at intermediate and high redshift (Brown et al.

2000; Daddi et al. 2003; Coil et al. 2006; Meneux et al. 2009; Barone-Nugent et al.

2014; Skibba et al. 2014) have con�rmed a strong correlation between galaxy luminosity

and clustering amplitude, previously found at lower redshifts (Guzzo et al. 1997; Zehavi

et al. 2005; Loh et al. 2010; Zehavi et al. 2011). This suggests that most the luminous

galaxies reside in more overdense regions than less luminous ones. For quasar clustering,

the picture is less clear. Several authors have found a weak clustering dependency

on optical luminosity (e.g., Adelberger et al. 2005; Croom et al. 2005; Porciani &

Norberg 2006; Myers et al. 2006; da Ângela et al. 2008; Shanks et al. 2011; Shen et al.

2013; Eftekharzadeh et al. 2015). These clustering results are in disagreement with the

biased halo clustering idea, in which more luminous quasars reside in the most massive

haloes, and therefore should have larger correlation lengths. A weak dependency on
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the luminosity could imply that host halo mass and quasar luminosity are not tightly

correlated, and both luminous and faint quasars reside in a broad range of host DMH

masses. However, these conclusions can be a�ected because the quasar samples are

�ux-limited, and therefore often have small dynamical range in luminosity. In addition,

the intrinsic scatter for the di�erent observables, such as the luminosity, emission line

width, and stars velocity dispersion, leads to uncertainties in derivables such as halo,

galaxy, and BH masses, which in turn could mask any potential correlation between

the observables and derivables. For instance, Croom (2011) assigned aleatory quasar

velocity widths to di�erent objects and re-determined their BH masses. They found

that the di�erences between the randomized and original BH masses are marginal. This

implies that the low dispersion in broad-line velocity widths provides little additional

information to virial BH mass estimations.

Shen et al. (2009) divided their SDSS sample into bins corresponding to di�erent

quasar properties: optical luminosity, virial BH mass, quasar color, and radio-loudness.

They found that the clustering strength depends weakly on the optical luminosity and

virial BH masses, with the 10% most luminous and massive quasars being more clus-

tered than the rest of the sample. Additionally, their radio-loud sample shows a larger

clustering amplitude than their radio-quiet sources. Previous observations at low and

intermediate redshift of the environments of radio galaxies and radio-loud AGNs suggest

that these reside in denser regions compared with control �elds (e.g., Miley et al. 2006;

Wylezalek et al. 2013). At z & 1.5, Mpc-sized dense regions have not yet virialized

within a single cluster-sized DMH and are consider to be the progenitors of present day

galaxy clusters (Kurk et al. 2004; Miley & De Breuck 2008). These results suggest that

there is a relationship between radio-loud AGNs and the environment in which these

sources reside (see Miley & De Breuck 2008 for a review).

Although the �rst known quasars were discovered as radio sources, only a fraction

of ∼ 10% are radio-loud (Sandage 1965). Radio-loud quasars (RLQs) and Radio-

quiet quasars (RQQs) share similar properties over a wide wavelength range of the

electromagnetic spectrum, from 100 µm to the X-ray bands. The main di�erence

between both categories is the presence of powerful jets in RLQs (e.g. Bridle et al.
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1994; Mullin et al. 2008). However, there is evidence that RQQs have weak radio jets

(Ulvestad et al. 2005; Leipski et al. 2006). How these jets form is still a matter of debate

and their physics is not yet completely understood. Several factors such as accretion

rate (Lin et al. 2010; Fernandes et al. 2011), BH spin (Blandford & Znajek 1977; Sikora

et al. 2007; Fernandes et al. 2011; van Velzen & Falcke 2013), BH mass (Laor 2000;

Dunlop et al. 2003; Chiaberge & Marconi 2011), and quasar environment (Fan et al.

2001; Ramos Almeida et al. 2013), but most probably a combination of them, may be

responsible for the conversion of accreted material into well-collimated jets. This division

into RLQs and RQQs still remains a point of discussion. Some authors advocate the

idea that radio-loudness (R, radio-to-optical �ux ratio) distribution for optical-selected

quasars is bimodal (Kellermann et al. 1989; Miller et al. 1990; Ivezi¢ et al. 2002; Jiang

et al. 2007a), while others have con�rmed a very broad range for the radio-loudness

parameter, questioning its bimodality nature (Cirasuolo et al. 2003; Singal et al. 2011,

2013).

An important question in the study of the bimodality for the quasar population is

which physics sets the characteristic mass scale of quasar host halos and the BHs that

power them. Speci�cally, studying the threshold for BH mass associated with the onset

of signi�cant radio activity is crucial for addressing basic questions about the physical

process involved. According to the spectral analysis of homogeneous quasar samples,

RLQs are associated to massive BHs with MBH & 109, while RQQs are linked to BHs

with MBH . 108 (Laor 2000; Jarvis & McLure 2002; Metcalf & Magliocchetti 2006).

Other studies found that there is no such upper cuto� in the masses for RQQs and they

stretch across the full range of BH masses (Oshlack et al. 2002; Woo & Urry 2002;

McLure & Jarvis 2004).

An alternative way to indirectly infer BH masses for radio-selected samples is to use

spatial clustering measurements. Most previous clustering analyses for radio selected

sources have found they are strongly clustered with correlation lengths r0 ? 11h−1 Mpc

(Peacock & Nicholson 1991; Magliocchetti et al. 1998; Overzier et al. 2003). Maglioc-

chetti et al. (2004) studied the clustering properties for a sample of radio galaxies drawn

from the Faint Images of the Radio Sky at 20 cm (FIRST, Becker et al. 1995) and 2dF
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Galaxy Redshift surveys (2dFGRS, Colless et al. 2001) and found that they reside in

typical DMH mass of MDMH ∼ 1013.4 M�, with a BH mass of ∼ 109 M�, a value

consistent with BH mass estimations using composite spectra. A comparable limit for

the BH mass was found by Best et al. (2005) analyzing a SDSS radio-AGN sample at

low-z. Clustering measurements of the two-point correlation function for RLQs (e.g.

Croom et al. 2005; Shen et al. 2009) obtained r0 values consistent with those of radio

galaxies. On the other hand, Donoso et al. (2010) found that RLQs are less clustered

than radio galaxies, however, their sample was relative smaller.

Clustering statistics o�er an e�cient way to explore the connections between AGN

types, including radio, X-ray, and infrared selected AGNs (Hickox et al. 2009); obscured

and unobscured quasars (Hickox et al. 2011; Allevato et al. 2014b; DiPompeo et al.

2015); radio galaxies (Magliocchetti et al. 2002; Wake et al. 2008; Fine et al. 2011);

blazars (Allevato et al. 2014a); and AGNs and galaxy populations: Seyferts and normal

galaxies; and optical quasars and submillimeter galaxies (Hickox et al. 2012). These

�ndings open up the possibility to explain the validity and simplicity of uni�cation

schemes (e.g. Antonucci 1993; Urry & Padovani 1995) for radio AGNs with clustering.

The purpose of the present study is to measure the quasar clustering signal, study

its dependency on radio-loudness and BH virial mass, and derive the typical masses

for the host haloes and the SMBHs that power these quasars. We use a sample of

approximately 48000 uniformly selected spectroscopic quasars drawn from the SDSS

DR7 (Shen et al. 2011) at 0.3 ≤ z ≤ 2.2. In Section 3.2, we present our sample

obtained from the joint use of the SDSS DR7 and FIRST surveys. The methods used for

the clustering measurement are introduced in Section 2.3. We discuss our results for the

measurement of the two-point correlation function for both RLQs and RQQs in Section

2.4. In addition, we compare our �ndings with previous results from the literature.

Finally, in Section 3.6, we summarize our conclusions. Throughout this paper, we adopt

a lambda cold dark matter cosmological model with the matter density Ωm = 0.30, the

cosmological constant ΩΛ = 0.70, the Hubble constant H0 = 70 km s−1 Mpc−1, and

the rms mass �uctuation amplitude in spheres of size 8h−1 Mpc σ8 = 0.84.
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2.2 Data

2.2.1 Sloan Digital Sky Survey

The SDSS I/II was a photometric and spectroscopic survey of approximately one-fourth

of the sky using a dedicated wide-�eld 2.5m telescope (Gunn et al. 1998). The resulting

imaging provides photometric observations in �ve bands: u, g, r, i, and z (Fukugita

et al. 1996). The selection for spectroscopic follow-up for the quasars at low redshift

(z ≤ 3) is done in the ugri color space with a limiting magnitude of i ≤ 19.1 (Richards

et al. 2002). At high-redshift (z ≥ 3), the selection is performed in griz color space

with i < 20.2. The quasar candidates are assigned to 3◦ diameter spectroscopic plates

by a tiling algorithm (Blanton et al. 2003) and observed with double spectrographs with

a resolution of λ/∆λ ∼ 2000. Each plate hosts 640 �bers and two �bers cannot be

closer than 55′′, which corresponds to a projected distance of 0.6 − 1.5h−1 Mpc for

0.3 < z < 2.3. This restriction is called �ber collisions, and causes a de�cit of quasar

pairs with projected separations ≤ 2 Mpc. We did not attempt to compensate for pair

losses due to �ber collisions, therefore we only model our results for projected distances

≥ 2 Mpc.

We exploit the Shen et al. (2011) value-added catalog that is based on the main SDSS

DR7 quasar parent sample Schneider et al. (2010). We select a �ux limited i = 19.1

sample of 48338 quasars with 0.3 ≤ z ≤ 2.3 from the Shen et al. (2011) catalog

with the �ag uniform_target= 1. This sample includes both RLQs and RQQs

selected uniformly by the quasar target selection algorithm presented in Richards et al.

(2002). For quasar clustering studies, it is critical to use statistical samples that have

been constructed using only one target selection algorithm. Therefore, this sample ex-

cludes SDSS objects with non-fatal photometric errors and are selected for spectroscopic

follow-up based only on their radio detection in the FIRST survey (see Richards et al.

2002 for more details). The combination of quasars selected employing di�erent target

selections could lead to the appearance of potential systematics in the resulting sample.

This includes higher clustering strength at large scales (Ross et al. 2009). Previous

studies using uniform samples have shown that these are very stable and insensitive to
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systematic e�ects such as dust reddening, and bad photometry (Ross et al. 2009; Shen

et al. 2009, 2013).

2.2.2 FIRST survey

The FIRST survey (Becker et al. 1995) is a radio survey at 1.4 GHz that aims to map

10000 square degrees of the North and South Galactic Caps using the NRAO Very Large

Array. The FIRST radio observations are done using the B-array con�guration providing

an angular resolution of ∼ 5′′ with positional accuracy better than 1′′ at a limiting radio

�ux density of 1 mJy (5σ) for point sources. FIRST was designed to have an overlap

with the SDSS survey, and yields a 40% identi�cation rate for optical counterparts at

the mV ∼ 23 (SDSS limiting magnitude).

Figure 2.1: The solid histogram shows the distance distribution for SDSS quasar coun-
terparts to S1.4 GHz ≥ 1.0 mJy FIRST radio sources. Cyan dashed histogram indicates
the distribution for spurious associations, which are obtained by vertically shifting the
quasar positions by 1′.
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Figure 2.2: Aito� projection for the sky coverage of the SDSS DR7 uniform quasar
sample from Shen et al. (2011). RQQs are denoted by blue points, while the RLQs
are represented by red points. See Section 3.2 for a description of the methodology
employed in the selection for the RLQs.

2.2.3 Cross-matching of the SDSS and FIRST catalogs

The quasar catalog provided by Schneider et al. (2010) is matched to the FIRST catalog

taking sources with position di�erences less than 2′′. However, this short distance

prevents the identi�cation of quasars with di�use or complex radio emission. Therefore,

to account for RLQs possibly missed by the original matching, we cross-matched the

SDSS and FIRST catalogs with larger angular distances. To choose the upper limit for

a new matching radius, we vertically shifted the quasar positions by 1′ and proceeded

to match again with the FIRST catalog. Shown by a solid line in Fig. 2.1 we reproduce

the distribution of angular distances between SDSS objects and their nearest FIRST

counterpart, and by a dashed line the we show distribution of spurious matches. The

distribution of real matches presents a peak and a declining tail that �attens with

increasing distance. Both distributions are at the same level at ∼ 10′′. This radius will

be used as the maximum angular separation for matching the SDSS and FIRST surveys.

This value is a good compromise between the maximum number of real identi�cations

and keeping the spurious associations to a minimum. The total number of newly

identi�ed radio quasars with angular o�sets between 2′′ and 10′′ is 409.

Some statistical matching methods, such as the likelihood ratio (LR), have been pro-
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Figure 2.3: The 1.4 GHz restframe radio luminosity for the RLQs (red) detected in
the FIRST radio survey. We assume a radio spectral index of 0.70, and a �ux limit of
1.0 mJy. The dashed lines show the luminosity limit for the FIRST survey �ux limit.

posed to robustly cross-match radio and optical surveys (e.g., Sutherland & Saunders

1992). Sullivan et al. (2004) showed that when the positional uncertainties for both

radio and optical catalogues are small, the LR technique and positional coincidence yield

very similar results. This is the case for both catalogs used in this work, which have

accurate astrometry (∼ 0.1′′ for SDSS, ∼ 1′′ for FIRST). The contamination rate by

random coincidences (El Bouchefry & Cress 2007; Lindsay et al. 2014b) is:

PC = π r2
s ρ, (2.1)

where rs is the matching radius, and ρ ' 5.6 deg−2 is the quasar surface density. For

rs = 2′′, the expected number of contaminants in the RLQs sample is 2, while for

rs = 10′′ this rate increases to 61. This small contamination fraction (< 2% from the

total radio sample) is unlikely to a�ect our clustering measurements.

The sensibility for the FIRST survey is not uniform across the sky, with �uctuations due

to di�erent reasons, such as hardware updates, observing strategies, target declination,

and increasing noise in the neighborhood of bright sources (Becker et al. 1995). Despite
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all these potential limitations, the detection limit for most of the targeted sky is a

peak �ux density of 1 mJy (5σ), with only an equatorial strip having a slightly deeper

detection threshold due to the combination of two observing epochs. We refer the

interested reader to Helfand et al. (2015), where the impact of all the above mentioned

aspects is discussed extensively. The �ux limit of 1mJy is considered only for peak �ux

density instead of integrated �ux density. Hence a source with peak �uxes individually

smaller than the detection threshold but with total �ux greater than this value could not

appear in our radio sample. In particular, lobe-dominated quasars (see Fanaro� & Riley

1974; hereafter FR2) with peak �uxes less than the �ux limit su�er from a systematic

incompleteness in comparison to core-dominated quasars (FRI). We investigate how not

taking into account FIRST resolution e�ects could possibly a�ect our RLQ clustering

measurements. We estimate the weights for RLQs with �uxes less than 5 mJy using

the completeness curve from Jiang et al. (2007b) , which takes into account the source

morphology and rms values in the FIRST survey for SDSS quasars. We �nd that

including a weighting scheme does not a�ect the clustering signal for RLQs.

We de�ne a quasar to be radio-loud if it has a detection in the FIRST with a �ux

above 1 mJy, and radio-quiet if it is undetected in the radio survey. To minimize

incompleteness due to the FIRST �ux limit while retaining the maximum numbers of

quasars for clustering measurements, we consider two radio-luminosity cuts: L1.4GHz >

4 × 1024W Hz−1 for 0.3 < z < 1.0; and L1.4GHz > 1 × 1025W Hz−1 for 1.0 < z <

2.3. Our parent sample then comprises a total of 45441 RQQs and 3493 RLQs with

0.3 < z < 2.3, which corresponds to a radio-loud/-quiet source fraction of ∼ 7.2%.

This ratio is in agreement with previous studied quasar samples (e.g., Jiang et al. 2007a;

Hodge et al. 2011). This choice for the redshift range avoids the poor completeness at

high-z due to color confusion with stars in the ugri color cube. The sky coverage of our

�nal quasar sample of 6248 deg2 is shown in Fig. 2.2. We calculate the radio-luminosity

adopting a mean radio spectral index of αrad = 0.7 (where Sν _ ν−α ) and applying

the usual k-correction for the luminosity estimation. Fig. 2.3 shows the radio-luminosity

for our quasar sample. The quasar distribution in the optical-luminosity redshift plane

is displayed in Fig. 2.4. The normalized redshift and optical-luminosity distributions for
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both samples show a good degree of similarity, this allows a direct comparison of their

clustering measurements. We con�rm this by applying two Kolmogorov-Smirnov (K-S)

tests, which indicate a probability for the redshift and luminosity redshift distributions

of 95% and 97%, respectively, that both samples (RLQs and RQQs) are drawn from

the same parent distribution.
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Figure 2.4: The distribution of RLQs (red) and RQQs (blue) in the optical-luminosity
space. The absolute magnitude in the i-band at z = 2 Mi(z = 2) is calculated using
the K-correction from Richards et al. (2006). The left and bottom panels show the
Mi(z = 2) and redshift histograms. The normalized redshift and optical-luminosity
distributions are displayed in the left and bottom panels. The normalized distributions
for both samples show a good degree of similarity, allowing a direct comparison of their
clustering measurements.

2.2.4 Final quasar sample

The �nal spectroscopic quasar sample restricted to 0.3 < z < 2.3 provides an excellent

dataset for probing the clustering dependence based on physical properties such as radio-

loudness or BH virial mass. It is possible to explore how clustering depends on these

properties to some degree across di�erent redshift intervals. Previous quasar clustering

studies (e.g., Croom et al. 2005; Ross et al. 2009; Shen et al. 2009) were limited by their

sample size (. 30000 quasars) and studied the correlation function for RLQs in only one
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Table 2.1: Main properties of our quasar samples. The bar denotes the median values.

Sample M̄BH L̄Bol L̄1.4GHz

[log
�
M�

�
] [1046 erg s−1] [1026 WHz−1]

0.3 ≤ z ≤ 2.3

All 9.21 4.72 -

RQQs 9.19 3.57 -

RLQs 9.36 5.69 8.32

9.0 ≤ log(MBH) ≤ 9.5 9.23 1.48 -

8.5 ≤ log(MBH) ≤ 9.0 8.82 2.14 -

0.3 ≤ z ≤ 1.0

RQQs 8.80 0.90 -

RLQs 9.35 6.43 2.54

9.0 ≤ log(MBH) ≤ 9.5 9.20 0.79 -

8.5 ≤ log(MBH) ≤ 9.0 8.77 0.85 -

1.0 ≤ z ≤ 2.3

RQQs 9.15 4.70 -

RLQs 9.07 5.39 10.6

9.0 ≤ log(MBH) ≤ 9.5 9.23 2.57 -

8.5 ≤ log(MBH) ≤ 9.0 8.84 2.69 -

redshift bin corresponding to the entire redshift range of the sample. We take advantage

of the higher quasar numbers of our sample and divide each redshift bin into smaller

bins using radio-loudness and the virial BH masses as indicators, and still obtain a good

S/N for the correlation function of the samples in our analysis. The MBH − z space is

not uniformly populated. We limit our analysis to two mass samples that are separated

according to their BH mass: 8.5 ≤ log (MBH) ≤ 9.0 and 9.0 ≤ log (MBH) ≤ 9.5. The

redshift distributions for these two mass bins are very di�erent, with more massive BHs

peaking at z ∼ 2, while less massive at z ∼ 0.5 (see Fig. 2.5). This hampers a direct

comparison between their clustering measurements. Thus, we create control samples by

randomly selecting quasars from the initial BH mass samples that are matched by their

optical luminosity distribution. We verify that the resulting samples can be compared

by applying a K-S test to the new redshift distributions. This indicates a probability of

97% that the mass samples are drawn from the same parent distribution. The properties

for all the quasar samples are presented in Table 2.2.
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Figure 2.5: The quasar distribution in the virial BH mass plane. The quasars selected
to match in optical luminosity with masses 8.5 ≤ log (MBH) ≤ 9.0 are indicated with
green color, and the objects with 9.0 ≤ log (MBH) ≤ 9.5 are represented by purple
points. The properties of the mass samples are summarized in Table 2.2.

2.3 Clustering of quasars

2.3.1 Two-point correlation functions

The two-point correlation function (TPCF) ξ (r) describes the excess probability of

�nding a quasar at a redshift distance r from a quasar selected randomly over a random

distribution. To contraint this function, we create random catalogs with the same

angular geometry and the same redshift distribution as the data with at least 70 times

the number of quasars in the data sets to minimize the impact of Poisson noise. The

redshift distributions corresponding to the di�erent quasar samples are shown by the

solid lines in Fig. 2.6.

The TPCF is estimated using the minimum variance estimator suggested by Landy &

Szalay (1993)

ξLS =
DD − 2DR+RR

RR
, (2.2)
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Figure 2.6: Redshift distributions for the total quasar sample (black), RQQs (blue),
RLQs (red), quasars with 8.5 ≤ log (MBH) ≤ 9.0 (green) and 9.0 ≤ log (MBH) ≤ 9.5
(purple). The mass samples are matched in optical luminosity at each redshift interval
(see Section 2.4.1 for more details). The solid lines are �tted polynomials used to
generate the random quasar catalogs used in the correlation function estimations.

where DD is the number of distinct data pairs, RR is the number of di�erent random

pairs, and DR is the number of cross-pairs between the real and random catalogs within

the same bin. All pair counts are normalized by nQSO and nR, respectively, the mean

number densities in the quasar and random catalogs. We verify our estimates using

the Hamilton estimator (Hamilton 1993), and �nd a good agreement of the results for

both estimators within the error bars, although the LS estimator is preferred because it

is less sensitive to edge e�ects.

In reality, observed TPCFs are distorted both at large and small scales. On smaller

scales, quasars have peculiar non-linear velocities that cause an elongation along the

line of sight, which is referred as the Finger of God e�ect (Jackson 1972). At larger

scales, the coherent motion of quasars that are infalling onto still-collapsing structures

produces a �attening of the clustering pattern to the observer. This distortion is called

the Kaiser e�ect (Kaiser 1987).

Because of the existing bias mentioned earlier in redshift-space, a di�erent approach is
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used to minimize the distortion e�ects in the clustering signal (Davis & Peebles 1983).

Following Fisher et al. (1994), we use the separation vector, s = s1−s2, and the line of

sight vector, l = s1 + s2; where s1 and s2 are the redshift-space position vectors. From

these, it is possible to de�ne the parallel and perpendicular distances for the pairs as:

π =
|s · l|
|l| , rp =

√
s · s− π2. (2.3)

Now, we can compute the correlation function ξ (rp, π) in a two-dimensional grid using

the LS estimator, as in eq. (2.2). Because the redshift distortions only a�ect the

distances in the π − direction, we integrate along this component and project it on the

rp − axis to obtain the projected correlation function

wp (rp)

rp
=

2

rp

∫ ∞
0

ξ (rp, π) dπ, (2.4)

which is independent of redshift-space distortions, as it measures the clustering signal

as a function of the quasar separation in the perpendicular direction to the line of sight.

In practice, it is not feasible to integrate eq. (2.4) to in�nity, thus an upper limit πmax

to the integral shall be chosen to be a good compromise between the impact of noise

and a reliable calculation of the measured signal. We try several π upper limits by �tting

wp to a power-law of the form (Davis & Peebles 1983)

wp (rp) = rp

(
r0

rp

)γ [Γ
(

1
2

)
Γ
(
γ−1

2

)
Γ
(
γ
2

) ]
, (2.5)

,

where r0 is the real-space correlation length, and γ the power-law slope. We use the

range 2.0 ≤ rp ≤ 130h−1 Mpc to determine the scale at which the clustering signal

is stable (Fig. 2.7). We �nd that above π = 63.1h−1 Mpc−1, the �uctuations in the
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correlation length are within uncertainties and have poorer S/N. Thus, we take this

value as our upper integration limit πmax, which is within the range 40−70h−1 Mpc−1

of previous quasar clustering studies (e.g. Porciani et al. 2004; Ross et al. 2009).

Figure 2.7: Real-space correlation length r0 vs the parallel direction to the line of sight
π for the full quasar sample (black circles), 9.0 ≤ log (MBH) ≤ 9.5 sample (purple
circles), 8.5 ≤ log (MBH) ≤ 9.0 sample (green circles), RQQs (blue triangles), and
RLQs (red triangles). For clarity, the mass samples have been shifted by π = 6h−1 Mpc,
and the full and RQQs samples by π = 6h−1 Mpc.

2.3.2 Error estimation

We calculate the errors from the data itself by using the delete-one jackknife method

(Norberg et al. 2009). We divide the survey into Nsub di�erent sub-samples, and delete

one sample at a time to compute the correlation function for Nsub − 1 sub-samples.

This process is repeated Nsub times to obtain the correlation function for bin i in the

jackknife sub-sample k, denoted by ξki . We can write the jackknife covariance matrix

(e.g. Scranton et al. 2002; Norberg et al. 2009) as
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Cij =
Nsub − 1

Nsub

Nsub∑
k=1

(
ξki − ξi

) (
ξkj − ξj

)
, (2.6)

with ξi the correlation function for all data at each bin i. We employ a total ofNsub = 24

sub-samples for our error estimations. Each sub-sample is chosen to be an independent

cosmological volume with approximately the same number of quasars. The o�-diagonal

elements in the covariance matrix are small at large scales and could potentially insert

some noise into the inverse matrix (Ross et al. 2009; Shen et al. 2009). Therefore, we

employ only diagonal elements for the χ2 �tting.

2.3.3 Bias, dark matter halo and black hole mass estimations

According to the linear theory of structure formation, the bias parameter b relates the

clustering amplitude of large-scale structure tracers and the underlying dark matter

distribution. The quasar bias parameter can be de�ned as

b2 = wQSO (rp, z) /wDM (rp, z) , (2.7)

where wQSO and wDM are the quasar and dark matter correlation functions (Peebles

1980), respectively. We estimate the bias factor using the halo model approach, in which

wDM has two contributions: the 1-halo and 2-halo terms. The �rst term is related to

quasar pairs from within the same halo, and the second one is the contribution from

quasars pairs in di�erent haloes. As the latter term dominates at large separations, we

can neglect the 1-halo term and write wDM as (Hamana et al. 2002)

wDM (rp, z) = w2−h
DM (rp, z) = rp

∫ ∞
rp

r ξ2−h
DM (r)√
r2 − r2

p

dr, (2.8)

with
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ξ2−h
DM (r) =

1

2π2

∫
P 2−h (k) k2 j0 (kr) dk, (2.9)

where k is the wavelength number, h refers to the halo term, P 2−h (k) is the Fourier

transform of the linear power spectrum (Efstathiou et al. 1992) and j0 (x) is the spherical

Bessel function of the �rst kind.

With the bias factor, it is possible to derive the typical mass for the halo in which the

quasars reside. We follow the procedure described in previous AGN clustering studies

(e.g., Myers et al. 2007; Krumpe et al. 2010; Allevato et al. 2014b) using the ellipsoidal

gravitational collapse model of Sheth et al. (2001) and the analytical approximations of

van den Bosch (2002).

2.4 Results

2.4.1 Projected correlation function wp (rp)

First, we check the consistency of our results by calculating the real-space TPCF for

the entire quasar sample in the interval 0.3 ≤ z ≤ 2.3 and compare it with previous

clustering studies. We select a �tting range of 2 ≤ rp ≤ 130 h−1 Mpc to have a

distance coverage similar to previous quasar clustering studies (e.g., Shen et al. 2009).

To determine the appropriate values for our TPCFs, we �t eq. 2.5 with r0 and γ as free

parameters using a χ2 minimization technique. We �nd a real-space correlation length

of r0 = 6.81+0.29
−0.30 h

−1 Mpc and a slope of γ = 2.10+0.05
−0.05, which is in good agreement

with the results of Ross et al. (2009) for the SDSS DR5 quasar catalog, and Ivashchenko

et al. (2010) for their SDSS DR7 uniform quasar catalog. Subsequently, we derive the

best-�t r0 and γ values for all the quasars samples. The best-�tting values and their

respective errors are presented in Table 2.2.

We then split each redshift range according to their radio-loudness and virial BH mass

to study the clustering dependence on these properties. The results of our clustering

analysis for the di�erent quasar sub-samples as a function of radio-loudness are presented
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in the left panels of Fig. 2.9.

The best-�tting parameters in the interval 0.3 ≤ z ≤ 2.3 are r0 = 10.95+1.22
−1.58 Mpc,

γ = 2.29+0.53
−0.34 for the RLQs and r0 = 6.59+0.33

−0.24 h
−1 Mpc, γ = 2.09+0.10

−0.09 for the RQQs

(see Table 2.2). The latter �t is poor with χ2 = 19.60 and 7 dof, while the former, with

the same number of data points, is more acceptable, with χ2 = 1.06 . It is clear from

our clustering measurements that RLQs are more strongly clustered than RQQs. The

two additional redshift bins show similar trends, with RLQs in the low-z bin clustering

more strongly.

In order to check our results, we estimate the correlation function for 100 randomly

selected quasar sub-samples chosen from the RQQs with the same number of quasars

as RLQs in the corresponding redshift interval. The randomly selected quasar samples

present similar clustering lengths to those of RQQs.

We also �t the correlation function over a more restricted range to examine the

impact of di�erent distance scales on the clustering measurements. Using 2 ≤ rp ≤
35 h−1 Mpc, we obtain a model with a somewhat smaller correlation scale-length r0 =

6.04+0.51
−0.60 h

−1 Mpc and a �atter slope γ = 1.72+0.10
−0.10 for RQQs in the full sample. The

model matches the data better, resulting in χ2 = 1.06 and 4 dof. This may signal

a change in the TPCF with scale; the transition between the one-halo and two-halo

terms may be responsible for the wp (rp) distortion on smaller scales (e.g., Porciani

et al. 2004). Our remaining non-radio samples show a similar trend of improving the

�ts at smaller distances. For RLQs, we obtain (r0, γ) =
(
9.75+1.90

−1.60, 2.70+0.50
−0.60

)
with

χ2 = 2.77 and 4 dof. The changes in the parameters are within the error bars.

We use the virial BH mass estimations based on single-epoch spectra to investigate

whether or not quasar clustering depends on BH mass. The emission line which is

employed to determine the �ducial virial mass depends on the redshift interval (see

Shen et al. 2008 for a description).

First, we divide the quasar samples using the median virial BH mass in redshift intervals

of 4z = 0.05 following Shen et al. (2009). Although this approach yields samples

with comparable redshift distributions, it mixes quasars regardless of their luminosity

and could wash out any true dependence on MBH. Indeed, the mass samples following
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this scheme hardly show any signi�cant di�erences in their clustering with correlation

lengths similar to those of RQQs. Thus, we proceed to create mass samples with two

MBH intervals: 8.5 ≤ log (MBH) ≤ 9.0 and 9.0 ≤ log (MBH) ≤ 9.5, as described in

Sec. 2.2.4. The right-hand panels in Figure 2.9 show wp(rp) for these BH mass-selected

samples. It can be seen that quasars with higher BH masses have stronger clustering.

For 0.3 ≤ z ≤ 2.3, we obtain r0 = 8.535+1.57
−2.25 h

−1 Mpc, γ = 1.84+0.21
−0.20 for quasars with

8.5 ≤ log (MBH) ≤ 9.0; and r0 = 10.45+0.79
−0.98 h

−1 Mpc, γ = 2.36+0.18
−0.17 for BH masses

in the range 9.0 ≤ log (MBH) ≤ 9.5. In the other z−bins, the resulting trend is similar,

with the low-z bin showing the larger clustering amplitudes. These trends hold when

the distance is restricted to 2 ≤ rp ≤ 35 h−1 Mpc, with no signi�cant variations in r0

and γ due to the larger uncertainties at these scales.

2.4.2 Quasar bias factors

Figure 2.8: Real-space correlation function for the SDSS DR7 quasar uniform sample
with 0.3 ≤ z ≤ 2.3. The solid line denotes the model wQSO (rp) de�ned in eq.
2.8 and the shaded areas are the 1 − σ uncertainties. Errors bars are the square
root of the diagonal elements from the covariance matrix computed using the jackknife
method.
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We compute the quasar bias factors over the scales 2.0 ≤ rp ≤ 130h−1 Mpc using

the wDM (rp) model in eq. (2.8). Again, this distance scale has been chosen to have

a good overlap with previous SDSS quasar clustering studies (e.g., Shen et al. 2009;

Ross et al. 2009). The best-�t bias values and the corresponding typical DMH masses

for quasar samples are shown in Table 2.2. We �nd that the SDSS DR7 quasars at

z̄ = 1.30 (Figure 2.8) have a bias of b = 2.00±0.08. Previous bias estimates from 2QZ

(Croom et al. 2005) and 2SLAQ (da Ângela et al. 2008) surveys are consistent with our

results within the 1σ error bars.

The left panel on Figure 2.9 compares the projected real-space TPCF wp/rp for the

RLQs (red) and RQQs (blue). Optically selected quasars are signi�cantly less clustered

than radio quasars in the three redshift bins analyzed, which implies that they are less

biased objects. Indeed, the RLQs and RQQs, with mean redshifts of z̄ = 1.20 and

z̄ = 1.28, have bias equivalent to b = 3.14 ± 0.34 and b = 2.01 ± 0.08, respectively.

These bias factors correspond to typical DMH masses of 1.23+0.47
−0.39 × 1013h−1M� and

2.38+0.42
−0.38 × 1012 h−1M�, respectively. We obtain similar results for RQQs in the other

two redshift bins with z̄ = 0.65 and z̄ = 1.58, respectively, (see Table 2.2). There are

considerable di�erences between the low-z and high-z bins results for RLQs, with low-z

RLQs residing in more massive haloes with masses of 1.16+0.37
−0.33 × 1014h−1M�.

The projected correlation functions for the mass samples are shown in Fig. 2.9 (right

panels), and the corresponding best-�t bias parameters are reported in Table 2.2. We

�nd b = 2.64± 0.42 for quasars with 8.5 ≤ log (MBH) ≤ 9.0, and b = 2.99± 0.43 for

the objects with 9.0 ≤ log (MBH) ≤ 9.5 in the full redshift interval. There is a clear

trend: the quasars powered by the most massive BHs are more clustered than quasars

with less massive BHs. These quasars are more biased than RQQs, but less than radio

quasars. In the other z−bins, the b values are comparable to those of the full sample.

This implies larger halo masses for the low-z quasars.

We also estimate the bias over 2.0 ≤ rp ≤ 35h−1 Mpc. RQQs in the three bins

show hardly almost no di�erence within the uncertainties. The resulting bias for RLQs

is b = 3.11± 0.42 at 0.3 ≤ z ≤ 2.2, which is approximately 1% smaller in comparison
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Figure 2.9: Projected correlation functions for the radio-loudness (left) and BH mass
(right) samples corresponding to the redshift intervals de�ned in Table 2.2. The thin
lines in each panel represent the term b2 wDM (rp) /rp for each sample, where the shaded
areas correspond to the 1− σ errors in the bias factor.
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to the bias at 2.0 ≤ rp ≤ 130h−1 Mpc. Therefore, restricting the bias does not a�ect

our conclusions for the radio samples. For the mass samples, they remain virtually the

same when the range is restricted.

2.4.3 Bias and host halo mass redshift evolution

In Figure 2.10 (left panel), we show our bias estimates for RQQs and RLQs (red

and gray triangles, respectively). It can be seen that the bias is a strong function

of redshift. In the same plot, we show the previous bias estimates from the optical

spectroscopic quasar samples (gray symbols) as well as radio-loud AGNs (green and

orange symbols). Our estimates for both RQQs and RLQs are consistent with previous

works. The expected redshift evolution tracks of DMH masses based on the models

from Sheth et al. (2001) are shown by dashed lines in Fig. 2.10. RQQs follow a track of

constant mass a few times 1012 h−1M�, while the majority of RLQs and radio sources

approximately follow a track of ∼ 1014.0−13.5 h−1M� within the error bars.

2.4.4 Clustering as a function of radio-loudness

Even though the number of radio sources is only ∼ 7.6% of the total number of quasars,

it is clear from the left-hand panels of Fig. 2.9 that RLQs are considerably more clustered

than RQQs in all the redshift bins. The stronger clustering presented by RLQs suggests

that these inhabit more massive haloes than their radio-quiet counterparts. The RLQs

typical halo mass of > 1 × 1013h−1M� is characteristic of galaxy groups and small

clusters, while the typical mass of a few times 1012h−1M� for RQQs is typical of

galactic haloes. The higher DMH mass presented by RLQs in the low-z bin is similar to

the halo mass of galaxy clusters, which is usually > 1× 1014h−1M�.

The right-hand panel in Fig. 2.10 presents the DMH masses against redshift for the

same samples as in the left-hand panel. Our new mass estimates for RLQs and RQQs

are generally consistent with those derived in previous works (e.g., Croom et al. 2005;

Porciani & Norberg 2006; Ross et al. 2009; Shen et al. 2009). We denote the typical

halo masses for the two quasar populations using dashed lines. This suggests that the
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di�erence between the typical host halo masses for RLQs and RQQs is constant with

redshift, with the haloes hosting RLQs being approximately one order of magnitude

more massive.

2.4.5 Clustering as function of BH masses

Our clustering measurements for the 8.5 ≤ log (MBH) ≤ 9.0 and 9.0 ≤ log (MBH) ≤
9.5 show a clear dependence on virial BH masses. This trend is apparent in Fig. 2.9

(right panels) for all the redshift bins considered. Moreover, this is re�ected in ourMBH

predictions for the mass samples in Figure 2.11. The quasars powered by SMBHs with

9.0 ≤ log (MBH) ≤ 9.5 present larger clustering amplitudes than those with less massive

BH masses in the range 8.5 ≤ log (MBH) ≤ 9.0. Table 2.2 indicates that both RLQs and

the quasars with BH masses of 9.0 ≤ log (MBH) ≤ 9.5 have larger correlation lengths

than RQQs and quasars with 8.5 ≤ log (MBH) ≤ 9.0. However, RLQ clustering is at

least slightly stronger in all the redshift bins analyzed. It is important to remark that the

use of virial estimators to calculate the BH masses is subject to large uncertainties (e.g.,

Shen et al. 2008; Shen & Liu 2012; Assef et al. 2012) leading to signi�cant biases and

scatter around the true BH mass values, which could potentially weaken any clustering

dependence on BH mass. Nevertheless, our results give some validity to their use in

clustering analyses.

Fig. 2.11 shows the redshift evolution of the ratio between the DMH and the

average virial BH masses for our quasar samples. The di�erent lines mark the ratio for

each quasar sample denoted by the plot legend. The ratios reproduce the trend for the

clustering amplitudes in all the samples: RLQs and quasars with 9.0 ≤ log (MBH) ≤ 9.5

cluster more strongly than RQQs and quasars with 8.5 ≤ log (MBH) ≤ 9.0, respectively.

Quasars with 9.0 ≤ log (MBH) ≤ 9.5 present clustering comparable to RLQs. Also, it

is evident that the ratios are larger at low-z due to the host haloes being more massive

and the virial BH masses showing no signi�cant changes with redshift (see Table 2.1).

An important point to consider is the cause of stronger clustering: is the stronger

clustering for the high-mass quasars due to the fact that they are radio loud, or are

the RLQs more clustered due to the fact that they have higher BH masses. We can
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address this by examining the distribution of RLQs on the virial BH mass plane. This

distribution is not restricted to high BH masses only. Instead, RLQs present BH masses

in all the ranges sampled, indicating that their radio-emission rather than high BH mass

is responsible for the stronger clustering in RLQs. However, for the high-mass sample

only a fraction of ∼ 6% is radio-loud, which translates to approximately 700 RLQs,

which is not large enough to obtain a reliable clustering signal. For the high-mass

sample minus the radio-quasars, we do obtain a clustering amplitude similar to those

including radio objects. Therefore, we conclude that the stronger clustering for both

samples is mainly due to the intrinsic properties of each sample. This point needs to

be addressed using forthcoming quasar samples with higher quasar numbers.

Figure 2.11: Ratio between the DMH and the average virial BH masses for our
quasar samples as a function of redshift.

2.4.6 Clustering as a function of redshift

In Fig. 2.12, we show our r0 measurements along with results from previous works

for radio galaxies (Peacock & Nicholson 1991; Magliocchetti et al. 2004; Wake et al.
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Figure 2.12: Di�erent values for the real-space correlation length r0 against redshift
for RLQs and RQQs from SDSS DR5 (purple and gray downward triangles, Shen et al.
2009), optical quasars (gray circles, Croom et al. 2005; Ross et al. 2009; Eftekharzadeh
et al. 2015), radio galaxies (dark green squares, Peacock & Nicholson 1991; Maglioc-
chetti et al. 2004; Wake et al. 2008; Fine et al. 2011; Lindsay et al. 2014b), and FSRQs
(orange star, Allevato et al. 2014a). The r0 values for RLQ and RRQ in our sample are
represented by red and gray upward triangles, respectively. For comparison, we show
the r0 values corresponding to r0 = [11.8, 7.1] h−1 Mpc (dashed lines). The results
from Lindsay et al. (2014b) are derived assuming linear clustering.

2008; Fine et al. 2011; Lindsay et al. 2014b; Allison et al. 2015; Nusser & Tiwari 2015),

optically-selected quasars (Ross et al. 2009; Croom et al. 2005; Eftekharzadeh et al.

2015), and γ − selected blazars (Allevato et al. 2014a). In these samples, the typical

1.4 GHz radio-luminosities for AGNs is 1023-1026 WHz−1 which is representative of

FRI sources, whilst for our sample the average radio-luminosity is ∼ 8× 1026 WHz−1,

which is near the boundary between FRI and FRII sources.

A systematic trend with redshift is observed in Fig. 2.12, which indicates that the

majority of radio sources considered have clustering lengths over the entire redshift

range considered (0 < z < 2.3). This is consistent with the trend from Fig. 2.10,

where the majority of radio sources seem to inhabit haloes of MDMH > 1 × 1013 at
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all redshifts. The simplest interpretation of this result is that a considerable part of the

bright radio population resides in massive haloes with large correlation lengths. Our

new RLQ clustering measurements for the full sample and high-z bin agree, within the

errors bars, with the previous single estimation from Shen et al. (2009) using the SDSS

DR5 quasar sample, while the low-z bin correlation amplitude is consistent with Lindsay

et al. (2014b).

Overzier et al. (2003) measured the angular TPCF for the NVSS survey (Con-

don et al. 1998) and concluded that lower luminosity radio sources (≤ 1026 WHz−1)

present typical correlation lengths of r0 . 6h−1 Mpc, whilst the brighter radio sources

(> 1026 WHz−1), mainly FRII type, have signi�cantly larger scale lengths of r0 &

14h−1 Mpc. Our �ndings are consistent with Overzier et al. (2003) predictions for the

bright radio population. It is possible that the weaker correlation length presented by

lower radio-luminosity samples in Fig. 2.12 indicates a mild clustering dependence on

radio-luminosity. However, our RLQs sample is still too small to draw �rm conclusions

on the radio luminosity dependence as the increasing errors for these luminosity-limited

samples mean we cannot satisfactorily distinguish between them

The DMH masses for RLQs and quasars with 9.0 ≤ log (MBH) ≤ 9.5 at 0.3 < z < 1.0,

are approximately > 1× 1014h−1M�, which is the typical value for cluster-size haloes.

Moreover, these halo masses are larger than the corresponding haloes for quasar samples

at z > 1.0. This suggests that the environments in which these objects reside is

di�erent from those of their high-z counterparts. Additionally, the radio source clustering

amplitudes are similar to the clustering scale of massive galaxy clusters (e.g., Bahcall

et al. 2003). This almost certainly reveals a connection between quasar radio-emission

and galaxy cluster formation that must be explored in detail with data from forthcoming

radio surveys.

2.4.7 Clustering and AGN uni�cation theories

Our clustering results hint at an interesting point regarding the relationship between

RLQs and radio galaxies in AGN classi�cations, which consider these AGNs as the same

source type seen from di�erent angles (e.g., Urry & Padovani 1995). Thus, we would
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expect that di�erent AGN types such as radio galaxies and RLQs, should have similar

clustering properties. The real-space correlation lengths for RLQs (red triangles) and

other radio sources including, radio galaxies (green squares), are shown in Fig. 2.12.

We see that there is a reasonable consistency for most r0 values up to z . 2.3. We

identify the same trend in Fig. 2.10 (right panel), where bright radio sources seem

to inhabit haloes of approximately constant mass of & 1013.5 h−1M�. Our clustering

study seems to support the validity of uni�cation models at least for RLQs and radio

galaxies with relatively median radio-luminosities (& 1× 1023 WHz−1).

Allevato et al. (2014a) studied the clustering properties of a γ − selected sample of

blazars divided into BL Lacs and �at-spectrum radio quasars (FSRQs). In the context of

uni�cation models, FSRQs are associated with intrinsically powerful FRII radio galaxies,

while BL Lacs are related to weak FRI radio galaxies. From a clustering point of view,

as explained before, luminous blazars should have similar clustering properties to radio

galaxies. In Figs. 2.10 and 2.12, we denote by a orange star, the DMH mass and

correlation length for FSRQs, respectively, found by Allevato et al. (2014b). FSRQs

show a similar MDMH value to those of radio galaxies and RLQs, supporting a scenario

in which radio AGNs such as quasars, radio galaxies and powerful blazars are similar

from a clustering perspective and reside in massive hosting haloes providing the ideal

place to fuel the most massive and powerful BHs.

Based on an analysis of the cross-correlation function for radio galaxies, RLQs and

a reference sample of luminous red galaxies Donoso et al. (2010) concluded that the

clustering for RLQs is weaker in comparison with radio galaxies. This is apparently

at odds with previous clustering measurements and our results. However, there are

several di�erences between Donoso's and our sample that must be considered. First,

Donoso's sample is signi�cantly smaller with only 307 RLQs at 0.35 < z < 0.78.

Secondly, in the common range between the two samples where the TPCF is computed,

their clustering signal has large uncertainties. Thirdly, they compute the clustering

for objects with radio-luminosities restricted to > 1025 WHz−1. We employ the same

luminosity cut only for the high-z bin, while for the low-z bin only sources brighter

than > 4× 1024 WHz−1 are considered. The mean luminosity for both redshift bins is
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> 2× 1026 WHz−1 (see Table 2.1). Therefore, comparable radio-luminosity cuts were

used for both samples. For these reasons, it is di�cult to draw any conclusions from

comparison with the Donoso results.

2.4.8 The role of mergers in quasar radio-activity

We compare our clustering measurements with the theoretical framework for the

growth and evolution of SMBHs introduced by Shen (2009). This model links the

quasar properties and host halo mass with quasar activity being triggered by major galaxy

mergers. The bias factor is a function of the instantaneous luminosity and redshift, with

most luminous quasars having larger host-halo masses. The rate of quasar activity is

controlled by the fraction parameter fQSO, which involves exponential cuto�s at both

high and low mass ends assigned according to phenomenological rules. At low masses,

the cuto�s prevent quasar activity on the smallest postmerger haloes, while those at

the highest masses cause that gas accretion to become ine�cient and subsequent BH

growth stops. Figure 2.13 presents the predicted linear bias as a function of bolometric

luminosity at z = 0.65 (left) and z = 1.40 (right). In the low-z bin (0.3 ≤ z ≤ 1.0),

the model can reproduce the bias for the RQQs. However, the quasar merger model

disagrees with the higher bias value for RLQs. At high-z (1.0 ≤ z ≤ 2.3), the consistency

between the model predictions and the measured bias for RQQs for the high-z bin and

the complete quasar sample worsens. The bias luminosity-dependent trend predicted by

the model seems to be followed slightly better by the RLQs than in the low-z bin.

The discrepancy between the merger-driven model predictions and our bias values

might indicate di�erences in the fueling channels for both quasar types. First, our bias

estimates for RQQs in the context of the Shen et al. (2009) framework favor accretion

of cold gas via galaxy mergers (referred to as cold-gas accretion). These MDH masses

are in agreement with the halo mass-scale of a few times & 1012 h−1M� predicted by

merger-driven models for optical quasars (e.g., Croom et al. 2005; Ross et al. 2009). In

contrast, the bias results for RLQs, which correspond to halo masses of & 1013 h−1M�,

cannot be reproduced by models that assume that quasar activity is solely triggered by
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typical galaxy mergers.

A similar di�erence in DMH masses has been reported in clustering studies for

X-ray selected AGNs with moderate luminosity
(
Lbol ∼ 1043−46 erg s−1

)
(Gilli et al.

2005, 2009; Starikova et al. 2011; Allevato et al. 2011; Mountrichas et al. 2013; Moun-

trichas & Georgakakis 2012). The DMH masses of X-Ray AGNs are approximately

1013 h−1M�, which is signi�cantly higher in comparison with relatively bright optical

quasars
(
Lbol & 1046 erg s−1

)
with & 1012 h−1M� (Croom et al. 2005; Ross et al.

2009). Several authors have observationally (Allevato et al. 2011; Mountrichas & Geor-

gakakis 2012; Allevato et al. 2014b) and theoretically (Fanidakis et al. 2012, 2013a)

interpreted these two mass scales as evidence favoring di�erent accretion channels for

each AGN population. Fanidakis et al. (2013a), using semi-analytical galaxy forma-

tion models, found that cold gas fuelling cannot reproduce the DMH masses from

X-Ray AGN clustering studies. Instead, they found that when gas cooled from quasi-

hydrostatic hot-gas haloes (i.e., known as hot-mode; Croton et al. 2006) is included,

a much better agreement with the DMH masses derived from X-Ray AGN clustering

studies is obtained.

The di�erences in DMH masses for X-Ray AGNs and optical quasars is reminiscent of

our results for RQQs and RLQs. This may suggest that the contribution of hot-gas

accretion increases for more massive haloes, such as those hosting X-Ray AGNs and

RLQs. However, this scenario for RLQs still needs to be confronted with more detailed

simulations and models to further constrain the physics of BH accretion.

2.4.9 Black hole properties involved in quasar triggering

As considering only cold accretion via mergers cannot explain the mass scales associated

with RQQs and RLQs, it is important to take into account di�erent mechanisms related

to quasar activity. For instance, the massive haloes where these RLQs are embedded

must have an important role in determining the BH properties and the onset of radio

activity. Indeed, the BH spin could be altered by environmental conditions: either by

means of coherent gas accretion, or by BH-BH mergers. In the spin paradigm proposed

by Wilson & Colbert (1995), the rapidly spinning BHs are associated with radio-loud
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AGNs, whilst the slower spinning ones are considered to be radio-quiet. Objects above

a certain spin threshold could have the necessary energy to produce powerful relativistic

jets (Blandford & Znajek 1977). The intrinsic scatter on the BH spin values required to

power the jets may reproduce the di�erent morphologies and the shape of the luminosity

function at radio wavelengths (Fanidakis et al. 2011). Another plausible scenario is a

two-way interaction between RLQs jets and the surrounding intergalactic medium, as

suggested by the morphological associations of radio continuum with extended optical

emission (van Breugel et al. 1985), and bent radio structures in nearby radio active

galaxies (O'Dea & Owen 1986). As radio jets propagate into a dense interstellar medium

they su�er from both depolarization and decollimation that yield an enhancement in

their radio brightness (Begelman et al. 1984). The luminosity boosting for these objects

may help to make them just bright enough to be detectable above the FIRST survey

�ux limit. Finally, the magnetic �eld con�gurations derived from polarimetry studies

(e.g., Bridle & Perley 1984) indicate that the magnetic �eld in FR-II radio-galaxies

is predominantly aligned along the jet for most of its length, whereas FR-I objects are

characterized by perpendicular and parallel components. This may suggest a correlation

between the DMH mass and the e�ciency in producing the magnetic �eld alignment

required to produce brighter radio emission.

In conclusion, the interplay between all these BH properties in triggering radio activity

is still poorly understood. Additional observational and theoretical e�orts are required

to obtain a better comprehension of the origins of radio-emission in quasars.

2.5 Summary

In this study, we have investigated the quasar clustering dependence on radio-loudness

and BH virial mass, by using a sample of approximately 48000 spectroscopically con-

�rmed quasars at 0.3 ≤ z ≤ 2.3 drawn from SDSS DR7 quasar catalog (Shen et al.

2011; Schneider et al. 2010). Our radio sample consists of FIRST-detected quasars.

The main conclusions of this paper are the following:

1. We studied the spatial clustering of quasars at 0.3 ≤ z ≤ 2.3 over the scales
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2.0 ≤ r0 ≤ 130h−1 Mpc. For RQQs, we �nd a real-space correlation length

equal to r0 = 6.59+0.33
−0.24 h

−1 Mpc with a slope of γ = 2.09+0.10
−0.09. RLQs are more

strongly clustered than RQQs with r0 = 10.95+1.22
−1.58 h

−1 Mpc, γ = 2.29+0.53
−0.34.

2. We estimated the linear bias for RQQs and RLQs by splitting the quasar sample

according to radio-loudness, and �nd b = 2.01 ± 0.08 and b = 3.14 ± 0.34,

respectively, for the full redshift interval.

3. We investigated the clustering dependency on BH virial mass using quasar samples

with 8.5 ≤ log (MBH) ≤ 9.0 and 9.0 ≤ log (MBH) ≤ 9.5 constructed to have

comparable optical luminosity distributions. We �nd a dependence on BH mass,

with the quasars powered by the most massive BHs having larger correlation

lengths. These results suggest that BH virial mass estimations based on broad

emission lines may be valid BH mass proxies for clustering studies.

4. Using our best-�t bias values, we �nd that RLQs in our sample inhabit massive

haloes with masses ofMDMH & 1013.5 h−1M� at all redshifts, which corresponds

to the mass scale of galaxy groups and galaxy clusters. RQQs reside in less massive

haloes of a few times ∼ 1012 h−1M�.

5. RQQs have smaller DMH masses in comparison with RLQs. The BH mass selected

samples have larger DMH masses than RQQs, but smaller DMH masses than those

of radio quasars. However, RLQs have the most massive DMHs in all the redshift

bins considered. We considered the ratio between the DHM and average virial BH

masses for all the samples. The ratios present the same above-mentioned trends.

6. Within our quasar sample, we do detect signi�cant correlations between quasar

clustering and redshift for RLQs up to z . 2.3. At low-z, RLQs and quasars

with 9.0 ≤ log (MBH) ≤ 9.5 have clustering amplitudes of r0 & 18h−1 Mpc,

comparable to those of today's massive galaxy clusters. Our real-space clustering

length r0 estimate for the full samples agrees very well with the majority of

previous complementary and independent clustering estimates for radio galaxies

and RLQs.
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7. We used radio-loudness to separate the quasar sample into RLQs and RQQs.

Our clustering measurements suggest that there are di�erences between RLQs

and RQQs in terms of halo and BH mass scales. Our result is consistent with

the hierarchical clustering scenario, in which most massive galaxies harboring the

most massive BHs form in the highest density peaks, thus cluster more strongly

than less massive galaxies in typical peaks. This is con�rmed by clustering analysis

of the mass samples and their dependence on MBH.

8. Comparing our linear bias and DMH mass estimates with the theoretical predic-

tions of the merger-driven model from Shen (2009), we �nd that this model cannot

explain the larger bias and DHM masses for RLQs, suggesting that cold accretion

driven by galaxy mergers is unlikely to be the main fueling channel for RLQs with

MDMH > 1013 h−1M�. Conversely, merger model predictions agree well with

our bias and host mass estimates for RQQs, with MDMH & 1012 h−1M�.

9. The disagreement between the bias luminosity-dependent trend predicted by the

Shen (2009) merger model and our bias estimates for RLQs suggests a scenario

where the radio emission is a complex phenomenon that may depend on several

BH properties such as: BH spin, environment, magnetic �eld con�guration, and

accretion physics.

10. The similarity in clustering amplitude and host halo masses for radio-galaxies,

radio-selected AGNs, RLQs, and FSRQs is in line with the idea that the di�erent

spectral features for these radio sources depend only on the orientation angle and

not on the environment in which they are embedded, supporting orientation-driven

uni�cation models (Urry & Padovani 1995 and references therein). Donoso et al.

(2010) found that the clustering properties for RLQs and radio galaxies di�er,

with the latter displaying a stronger clustering. In principle, these results are

in tension with our results and previous clustering studies of radio sources (e.g.

Magliocchetti et al. 2002; Wake et al. 2008; Shen et al. 2009). However, their

small sample size and large uncertainties in the clustering in comparison with our

sample make it di�cult to draw any signi�cant conclusions. In future studies,
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larger samples of quasars and radio galaxies may provide new information about

the clustering properties for both populations.
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