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ABSTRACT

We use Southern African Large Telescope (SALT) to perform long-slit spectroscopic observations of 23 newly discov-

ered radio-loud quasars (RLQs) at 2.7 < z < 3.3. The sample consists of powerful AGN brighter than 200 mJy at 1.4

GHz and is selected on the basis of mid-infrared colors i.e., unbiased to the presence of dust. We report 7 confirmed

and 5 tentative detections of diffuse Lyα emission in the sample. We present the properties of diffuse Lyα emission

and discuss in detail its relationship to different quasar properties. We find strong dependence of Lyα halo detection

rate on the extent of radio source, spectral luminosity of RLQ at 420 MHz (L420MHz), presence of associated C IV

absorption and nuclear He II emission line equivalent width. As seen in previous surveys, the FWHM of diffuse Lyα

emission in the case of confirmed detections are much higher (i.e.>1000 km/s in all, except one). Using the samples

of high-z radio-loud quasars and galaxies from literature, we confirm the correlation between the Lyα halo luminosity

and its size with L420MHz. The same quantities are found to be correlating weakly with the projected linear size of

the radio emission. Our sample is the second largest sample of RLQs being studied for the presence of diffuse Lyα

emission and fills in a redshift gap between previous such studies. Integral Field Spectroscopy is required to fully

understand the relationship between the large scale radio emission and the overall distribution, kinematics and over

density of Lyα emission in the field of these RLQs.
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1 INTRODUCTION

Detailed investigations of the spatial distribution, kinemat-
ics, and excitation of the gas traced by the extended Lyα
emission can provide vital clues on various feedback processes
that drive star formation and AGN activities in high-z galax-
ies. The advent of ultra sensitive and high spatial resolution
integral field spectrographs (IFS) like the Multi-Unit Spec-
troscopic Explorer (MUSE; Bacon et al. 2010) and the Keck
Cosmic Web Imager (KCWI; Morrissey et al. 2012) on 8-
10 metre class telescopes, have aided tremendously to study
the environments of galaxies and quasars up to redshifts as
high as z∼6 (see, Farina et al. 2019; Drake et al. 2019). Sev-
eral studies using IFS observations now routinely report the
presence of large scale (few tens to hundreds of kpc) extended
Lyα halos around quasars and star forming galaxies (Borisova
et al. 2016; Wisotzki et al. 2016; Leclercq et al. 2017; Ar-
rigoni Battaia et al. 2018, 2019; Cai et al. 2019; O’Sullivan
et al. 2020; Mackenzie et al. 2021; Fossati et al. 2021). The
detection rate of extended Lyα halos has gone up to 100% in
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most of these studies that achieve typical surface brightness
sensitivities of few×10−19erg s−1cm−2 arcsec−2.

The most commonly discussed origins for the source of the
observed extended Lyα emission are: (i) shock induced radia-
tion, powered by radio jets or outflows (Mori et al. 2004; Allen
et al. 2008); (ii) gravitational cooling radiation (Haiman et al.
2000; Dijkstra et al. 2006; Rosdahl & Blaizot 2012); (iii) fluo-
rescent Lyα emission due to photoionization by UV luminous
sources like an AGN or star formation activity (McCarthy
1993; Cantalupo et al. 2005; Geach et al. 2009; Overzier
et al. 2013), and (iv) resonant scattering of Lyα photons
from embedded sources (Villar-Martin et al. 1996; Dijkstra &
Loeb 2008). The presence of associated high-ionization lines
like C iv and He ii can provide additional information on the
kinematics of the gas and help disentangle the various physi-
cal processes powering the Lyα emission (e.g. Prescott et al.
2015; Arrigoni Battaia et al. 2015).

In the case of radio-loud AGN, the relation between the
properties of the extended Lyα emission and their radio mor-
phology can also be investigated (van Ojik et al. 1997; Heck-
man et al. 1991a,b; Villar-Mart́ın et al. 2007b). For example,
the observed morphology of the radio emission can, in prin-
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ciple, be used to quantify (i) the orientation of the putative
ionizing cone and dusty torus, (ii) the anisotropic nature of
the ambient medium or the young nature of the radio source
(based on morphological asymmetries), and (iii) the interac-
tion between the radio-jet and the ambient medium (based
on the distorted structures and hot-spots) (e.g., Fanti et al.
2001; Saikia & Gupta 2003). Such studies are also important
to probe the viewing angle based unification models (Barthel
1989) of radio-loud AGN in which radio-loud quasars (RLQs)
and high-z radio galaxies (HzRGs) are of the same class of
objects but viewed differently, along and perpendicular to ra-
dio axis, respectively. Alternatively, RLQs may simply be the
maximum quasar activity phase of a radio galaxy.

It has been found that HzRGs are hosted by massive star-
forming protoclusters (Miley & De Breuck 2008; Mayo et al.
2012; Galametz et al. 2012; Wylezalek et al. 2013; Danner-
bauer et al. 2014) and are usually associated with luminous
and often large gaseous halos (McCarthy 1988; Chambers
1989; van Ojik et al. 1997; Best et al. 2000; Reuland et al.
2003). Strong correlation is seen between the radio axis and
the major axis of the diffuse/optical gas emission (Chambers
et al. 1987; van Ojik et al. 1997; Villar-Mart́ın et al. 2007a;
Humphrey et al. 2006, 2007). Using long-slit spectroscopy,
van Ojik et al. (1997) have found a clear correlation between
the sizes of the radio sources and the diffuse Lyα emission,
along with an anti-correlation between the Lyα velocity width
and the radio size. In more than 60% of these cases, strong
associated H i absorption ( with NHI > 1018cm−2) was de-
tected. The detection rate of H i absorption was found to be
higher in smaller radio sources (i.e., ∼ 90% when the source
size is < 50 kpc and 25% when > 50 kpc). In 61% of the
cases, Lyα was more extended than the radio source itself.
The inner parts of the Lyα halo within the extent of the ra-
dio emission showed perturbed kinematics (FWHM > 1000
km s−1), whereas the more extended (∼100 kpc) regions were
dominated by quiescent kinematics (FWHM < 700 km s−1).

One of the first studies of spatially resolved Lyα emission
in a large statistical sample of RLQs was by Heckman et al.
(1991a). Their sample consists of 19 RLQs in the redshift
range 1.98 6 z 6 2.91 with a median z = 2.2. The 1.4 GHz
flux density is in the range 0.14 to 2.2 Jy with a median of
754 mJy. They specifically considered extended radio sources
– 16 of their targets have largest angular size (LAS) measured
in the range 3 - 17′′ and four are compact (LAS<1.5′′). They
detected extended Lyα halos with a typical surface bright-
ness sensitivity of few×10−17erg s−1 cm−2 arcsec−2 around
15 quasars all with extended radio morphology. The halos
associated with these RLQs were typically ∼100 kpc large
with Lyα halo luminosity of ∼ few ×1044 erg s−1, and showed
alignment between the radio axis and the Lyα morphological
axes to within 30◦. However, unlike in the case of HzRGs the
radio size do not correlate with the size of the extended Lyα
halo. Nevertheless, the brightest regions of the Lyα emission
are located on the brightest side of the radio emission. Heck-
man et al. (1991a) concluded that the Lyα halos were most
likely ionized by the UV continuum of the quasars and the
alignment between the radio and Lyα axis was ascribed to
dense gas existing along the radio axis and/or anisotropic
emission from quasar escaping preferentially along the radio
axis.

Based on the spectroscopic follow up of 5 RLQs in their
sample, Heckman et al. (1991b) have inferred that the associ-

ated Lyα halos were kinematically perturbed with FWHM of
1000-1500 km s−1. They also found that the equivalent width
(EQW) of the nuclear He ii emission strongly correlates with
the EQW of the extended Lyα halo. They suggested that the
presence of strong narrow He iiλ1640 nuclear emission line
should flag high-z quasars with prominent Lyα halos. Roche
et al. (2014) have reobserved 6 sources from Heckman et al.
(1991a), two of them being common with those studied by
Heckman et al. (1991b). They claimed to have seen infall sig-
nature (with infall velocities in the range 250-460 km s−1 with
respect to the Lyα emission) in three of these cases.

Arrigoni Battaia et al. (2019) have presented MUSE ob-
servations of a sample of 61 z ∼ 3 quasars, of which
15 are radio-loud i.e., satisfy the radio-loudness criteria,
R=fν,5GHz/fν,4400 > 10, of Kellermann et al. (1989). Borisova
et al. (2016) have studied 17 bright quasars with MUSE, two
being radio-loud. Diffuse Lyα emission is detected around
both radio-loud and radio-quiet quasars and no clear distinc-
tion has emerged. While Borisova et al. (2016) notice higher
velocity dispersion (i.e., >1000 km s−1) for the two RLQs
they observed, Arrigoni Battaia et al. (2019) did not see any
violent kinematics introduced by radio jet - gas interactions in
their sample. However, the sample of Arrigoni Battaia et al.
(2019) consists of relatively less powerful RLQs (i.e., only 5
of them have L-band flux density >100 mJy) compared to
objects in the sample of Heckman et al. (1991a). Also as of
now, most of the RLQs studied with MUSE have compact
morphology (only one out of 11 sources studied by Arrigoni
Battaia et al. (2019), for which arcsec scale radio images can
be found, has radio emission extending beyond arcsec scales).
In that source (TEX1033+137) the extended Lyα emission
seems to avoid the extended radio emitting regions. Thus,
based on the data available at the moment from MUSE stud-
ies there is no clear picture of the influence of radio sources
on the morphology and kinematics of the Lyα halo.

We have recently completed a large spectroscopic cam-
paign (see Krogager et al. 2018; Gupta et al. 2021b) us-
ing the Nordic Optical Telescope (NOT) and the South-
ern African Large Telescope (SALT) to confirm the na-
ture and measure the redshifts of a subset of radio bright
(flux density in excess of 200 mJy at 1.4 GHz in the
NRAO VLA Sky Survey (NVSS); Condon et al. 1998)
southern (i.e δ < +20◦) AGN candidates selected using
WISE MIR-colors (i.e W1 −W2 < 1.3× (W2 −W3)− 3.0
and W1 −W2 > 0.6). This has resulted in 250 spectroscopic
identifications with median redshift z = 1.8. Overall, objects
in this MALS-SALT-NOT sample are optically fainter (∆i =
0.6 mag) and redder (0.2 mag) than radio-selected quasars,
and are representative of the fainter quasar population de-
tected in deep optical surveys (Gupta et al. 2021b). These
objects are being studied as part of the MeerKAT Absorp-
tion Line Survey (MALS; see Gupta et al. 2016, for key sci-
ence objectives), an ongoing large survey at the South African
precursor MeerKAT (Jonas & MeerKAT Team 2016) of the
upcoming Square Kilometer Array (SKA).

There are 25 AGN in MALS-SALT-NOT sample at z > 2.7.
(see Gupta et al. 2021b, for details). We select all 24 AGN i.e.,
23 quasars and 1 radio galaxy at 2.7 < z < 3.5 as the basic
sample for the present study where we search for diffuse Lyα
emission around these objects using long-slit spectroscopy.
The detailed properties of the radio galaxy and the associated
Lyα halo are already presented in Shukla et al. (2021). Here
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we will focus on understanding various aspects relating the
optical/radio properties of quasars to the properties of the
extended Lyα halos.

The organization of the paper is as follows. In Section 2, we
provide details of our sample, long-slit spectroscopic observa-
tions using SALT, radio observations using upgraded Giant
Meterwave Radio Telescope (uGMRT) and data reduction. In
Section 3, we discuss quasar parameters extracted from the
1D spectra, 2D spectral analysis to detect diffuse line emis-
sion around quasars and radio properties of all the objects
in our sample. In Section 4, we discuss our results. In par-
ticular we explore the connection between the extended Lyα
emission and (i) the presence of C iv associated absorption,
(ii) the equivalent width of the nuclear He ii emission, (iii)
the size of the radio emission and (iv) the quasar parameters
like the mass of the black-hole, the bolometric luminosity, the
Eddington ratio and radio power. In this section we also com-
pare our results with the findings from the literature. Finally,
in Section 5, we summarize our results. In this paper, we have
adopted a cosmology with H0 = 67.4 km s−1Mpc−1, Ωm =
0.315 and ΩΛ = 0.685 (Planck Collaboration et al. 2018).

2 SAMPLE AND OBSERVATIONS

2.1 The Sample

In order to study the extended Lyα emission, we have se-
lected all 24 sources having emission redshift 2.7 <zem< 3.5
in our MALS-NOT-SALT sample. The redshift range is cho-
sen such that the Lyα, C iv and He ii lines are fully cov-
ered in our observations and Lyα falls in the most sen-
sitive part of the detector. The highest redshift source in
our sample, M131207.86−101932.90 at zem= 5.064, is not
considered here for the statistical analysis as the observed
wavelength range of Lyα emission in this case is severely af-
fected by skylines and fringes (Table 1 lists all 25 AGN at
z > 2.7). Based on C iv emission line width, we have only one
radio galaxy (M151304.72−252439.70 at zem= 3.1318 with
FWHMCIV < 2000 km s−1) and 23 quasars in our sample. As
shown by Gupta et al. (2021b), the fraction of AGN with
broad emission lines in our sample is consistent with the ex-
pectations from the SDSS. The radio loudness parameter,
R = f5GHz/f2500, for 23 RLQs in the sample considered here
are in the range, 1400 6 R 6 7000, confirming that our ob-
jects are among the most radio bright high-z quasars known.

As initial target selection is based on NVSS, their radio
morphology at a few arcsec scales is a priory unknown. There-
fore, we obtained broad band uGMRT observations in Band-
3 (presented in Gupta et al. 2021a) and Band-5 (presented
here). Based on the Band-5 (1.4 GHz) uGMRT images we
find that only six of our sources are clearly well resolved, 17
are compact (< 1′′) and one is partially resolved (∼1.1′′).
We point out that though object M063613.53−310646.30 is
compact in Band-5, it shows extended structure in Band-
3 (0.42 GHz) image, whereas M135131.92−101932.90 and
M151304.72−252439.70 (radio galaxy) have extended radio
morphology in both the bands.

As mentioned before, the only dedicated Lyα survey
around RLQs with similar radio luminosity is by Heckman
et al. (1991a). Our sample differs from the Heckman et al.
(1991a) sample in the following way. Heckman et al. (1991a)

primarily selected known optically selected quasars with large
radio sizes. On the other hand, our selection criteria picks ra-
dio bright AGN unbiased to dust through MIR colour selec-
tion (Gupta et al. 2021b). Our selection process preferentially
picks z > 1.4 quasars associated with radio emission that is
compact or of the symmetric radio morphology (e.g., Com-
pact Symmetric Objects; O’Dea & Saikia 2021). The RLQs
in our sample are also at a higher redshift (median zem ∼ 2.9
in comparison to 2.2 of Heckman et al. 1991a).

2.2 Long-slit observations with RSS/SALT

To obtain long-slit spectra of sources in our sample, we have
used Robert Stobie Spectrograph (RSS, Burgh et al. 2003;
Kobulnicky et al. 2003) on the Southern African Large Tele-
scope (SALT, Buckley et al. 2006). The RSS detector is a
combination of three CCD detectors with total 3172 × 2052
pixels and spatial resolution of 0.1267′′ per pixel. We further
used 2 × 2 binning to improve SNR. For all our observations
we have used long-slit with width of 1.5′′(matched to the typ-
ical seeing in Sutherland) and grating PG0900. The typical
spectral resolution obtained is ∼ 350 km s−1. The grating
angle (GR-ANGLE) and camera angle (CAMANG), which
determine the wavelength range covered, were set carefully
from known redshift for each source such that Lyα line falls
in the most sensitive part of the CCD, and C iv and He ii
lines are also covered. In all cases, we choose the sky position
angle (PA) to accommodate a comparison star in the slit.
This star spectrum is used for secondary flux calibration and
constructing the spectral point spread function (SPSF) de-
termination whenever needed. The observations were carried
out between December 2016 to February 2020.

The observational details are provided in Table 1 (see the
table foot note for the column information). In the following
we identify sources using the source IDs given in the first col-
umn of this table. Each target is observed mostly along two
position angles (PAs), so that we can study the spatial distri-
bution of gas around the quasars. For extended radio sources,
we also made an effort to align the slit along the radio axis.
However, due to bad weather or scheduling constraints, for
six targets spectra could be obtained along only one PA. The
total on-source exposure times for each PA along with the
number of exposures are provided in column 9 of the Ta-
ble 1. Each observation is usually split into two exposures of
∼ 1200 s, however for 6 sources we have more than two ex-
posures available and for 2 only single exposure was obtained
(see Table 1 and Fig. 1). Therefore, total on-source exposure
time is not uniform for all the sources in the sample. The sky
conditions prevailed during our observations are summarized
in the last column of the Table 1.

The data were reduced using the SALT science pipeline
(Crawford et al. 2010) and standard IRAF tasks1. For cosmic
ray removal, we used the IRAF task crmedian, based on me-
dian filtering approach to identify cosmic rays and bad pixels.
The algorithm creates a residual image by first subtracting
median filtered image from input image and then dividing the

1 IRAF is distributed by the National Optical Astronomy Obser-

vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with

the National Science Foundation.
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Figure 1. Pan-STARRS1 i-band or Digitized Sky Survey (for sources with declination δ < −30◦) images of 24 objects (excluding #15)(DSS
images were obtained from http://archive.eso.org/dss/dss). The slit positions along which the long-slit observations were carried out are
shown using dashed lines. The red plus marks the WISE position. The cyan contours correspond to Band-5 (1.4 GHz) radio emission from

our uGMRT observations, and the corresponding synthesized beam is shown in red in the lower left corner. The contour levels are plotted
at 4 × (rms) (-1, 1, 2, 4, 8, 16, 32, 64, ..), where rms is taken from column 5 of Table 2. The symbol “T” corresponds to top of the 2D
long-slit spectra shown in Figs. 3, A5 and A6.
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Table 1. Log of RSS/SALT long-slit observations for our sample

ID Source RA DEC PA Observing date Wavelength coverage Air mass Exposure time Spectral PSF Skya

(J2000) (J2000) (deg) year/mm/dd (Å) (sec) (arcsec) Conditions

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

1 M025035.54−262743.10 02:50:35.54 -26:27:43.10 30 2018-09-15 4203-7261 1.23 2×1200 2.9 TN

120 2019-08-20 ” 1.17 4×1200 2.2 CL

2 M041620.54−333931.30 04:16:20.54 -33:39:31.30 15 2016-12-22 4486-7533 1.26 2×1300 1.6 CL

111 2018-02-10 ” 1.19 1×1200 2.4 CL overhead

3 M050725.04−362442.90 05:07:25.04 -36:24:42.90 118 2019-08-23 4203-7261 1.19 2×1400 2.2 CL

178 2019-08-20 ” 1.20 2×1400 1.9 CL

4 M052318.55−261409.60 05:23:18.55 -26:14:09.60 89 2019-10-19 4486-7533 1.24 2×1200 2.1 NA

167 2019-08-25 ” 1.23 4×1200 2.4 CL

5 M061038.80−230145.60 06:10:38.80 -23:01:45.60 60 2018-09-30 4061-7124 1.23 2×1200 2.0 Clouds/NPH

306 2017-11-18 ” 1.25 5×1200 1.9 CL

6 M063613.53−310646.30 06:36:13.53 -31:06:46.30 34 2018-10-01 3919-6987 1.26 2×1200 2.8 TN/NPH

118 2019-10-06 ” 1.25 4×1200 2.0 CL

7 M080804.34+005708.20 08:08:04.34 +00:57:08.20 17 2017-03-30 4486-7533 1.27 2×1300 1.8 CL

124 2017-01-21 ” 1.20 2×1200 2.6 CL

8 M101313.10−254654.70 10:13:13.10 -25:46:54.70 84 2017-12-25 4344-7397 1.23 2×1150 1.9 CL

9 M104314.53−232317.50 10:43:14.53 -23:23:17.50 10 2018-02-17 4203-7261 1.23 2×1150 1.7 Cloudy

10 M114226.58−263313.70 11:42:26.58 -26:33:13.70 100 2018-02-27 4627-7668 1.27 2×1200 1.5 CL

11 M121514.42−062803.50 12:15:14.42 -06:28:03.50 65 2017-01-22 4486-7533 1.27 2×1300 2.0 CL

124 2017-01-09 ” 1.22 2×1300 2.2 CL/PH

12 M123410.08−332638.50 12:34:10.08 -33:26:38.50 95 2019-04-12 4061-7124 1.38 1×1200 2.7 CL

13 M124448.99−044610.20 12:44:48.99 -04:46:10.20 12 2017-03-04 4486-7533 1.19 2×1200 1.7 CL

111 2017-03-08 ” 1.22 2×1200 1.6 CL∗

14 M125442.98−383356.40 12:54:42.98 -38:33:56.40 11 2020-02-02 4203-7261 1.23 4×1200 2.3 CL

15† M131207.86−202652.40 13:12:07.86 -20:26:52.40 22B 2018-02-24 6582-9530 1.23 1400,1300 2.3 Cloudy/NPH

16 M135131.98−101932.90 13:51:31.98 -10:19:32.90 0 2017-04-02 4486-7533 1.21 2×1300 1.9 CL

157 2020-03-17 4344-7397 1.23 2×1300 2.6 CL

17 M141327.20−342235.10 14:13:27.20 -34:22:35.10 76 2019-06-29 4061-7124 1.30 4×1200 2.4 CL

18 M151304.72−252439.70 15:13:04.72 -25:24:39.70 72 2017-05-23 4486-7533 1.30 2×1200 1.8 CL

350 2017-05-18 ” 1.28 2×1200 1.4 CL

19 M155825.35−215511.50 15:58:25.35 -21:55:11.50 15 2019-04-12 3919-6987 1.23 2×1400 2.4 TN∗∗

97 2018-09-03 ” 1.30 2×1300 2.6 CL∗∗∗

20 M161907.44−093953.10 16:19:07.44 -09:39:53.10 0 2018-06-05 4203-7261 1.29 2×1200 1.9 CL

89 2018-08-15 ” 1.29 2×1300 2.5 CL

21 M204737.66−184141.60 20:47:37.66 -18:41:41.60 30 2017-07-20 4203-7261 1.23 2×1300 2.0 CL/TN

110 2017-07-23 ” 1.21 1300,1125 1.5 CL

22 M210143.29-174759.20 21:01:43.29 -17:47:59.20 30 2017-06-20 4203-7261 1.22 2×1300 2.1 CL

112 2017-06-25 4203-7261 1.25 2×1300 2.2 TN

23 M215445.08−382632.50 21:54:45.08 -38:26:32.50 45 2017-07-26,2018-07-04 4203-7261,4061-7124 1.26 4×1200 1.8 PH, CL

135 2017-07-27,2018-08-18 4203-7261,4061-7124 1.26 4×1200 1.9 CL, CL

24 M222332.81−310117.30 22:23:32.81 -31:01:17.30 0 2017-05-21 4486-7533 1.21 1200,407 1.7 TN/NPH

90 2017-05-17 ” 1.23 2×1200 1.4 CL

25 M235722.47−073134.30 23:57:22.47 -07:31:34.30 20 2018-08-18 4203-7261 1.22 2×1300 2.5 CL

90 2018-09-15 ” 1.23 2×1300 2.5 TN

Columns 1, 2, 3, and 4: Source ID, name, ra and dec, respectively; Column 5: PA along which long-slit were aligned; Column 6: Date of observations

Column 7: Wavelength coverage of the spectrum; columns 8 and 9: Air mass and total exposure time as multiple of number of exposures, respectively

Column 10: Spectral point spread function (SPSF). Column 11: Sky condition during the observations. The labels are defined as: CL-Clear night;

PH-Photometric night; TN-Thin clouds; NPH-Not photometric night; NA-information not available.

† Not part of the Lyα sample properties discussed here.
∗ : SCAM (a UV–Visible imaging and acquisition camera of SALT) died midway through the first exposure, took a few minutes to start up again (star

seemed to still be on the slit).
∗∗ :Not totally clear, but better moon and seeing conditions were reported.
∗∗∗ : Some issues were reported with guidance.

same by the sigma image. The pixels in the residual image
are then flagged depending on the σ threshold chosen. We
have used lsigma=10 and hsigma=3. This means that values
above hsigma are identified as cosmic rays and below lsigma

as bad pixels. The chosen σ threshold provide us satisfac-
tory results. The wavelength calibration was performed using
Xenon/Argon arc lamp. 1D spectra are extracted from 2D
using IRAF task apall choosing the aperture size manually
such that it includes entire emission above background level.
The spectrophotometric standard stars observed close to the
date of observation of source with same instrumental setting
were used for flux calibration, where corrections for atmo-
spheric extinction and air mass have been taken into account.
The wavelengths were then shifted to vacuum wavelengths.
We further apply correction to all the flux calibrated spectra
using the magnitudes of sources obtained from PanSTARRS-
1 (PS1; Chambers & Pan-STARRS Team 2018) catalogue.

Correction factor is estimated for each band as the ratio be-
tween average flux corresponding to PS1-band magnitude and
average flux within 100 Å around the effective wavelength of
the filter band. The final correction factor is the mean of the
correction factors estimated from all the bands. Since, the
SALT standard star spectra were not obtained at the same
time as the target source, this correction is critical to set the
flux scale accurately.

There are 8 sources with δ < −30◦ for which PS1 mag-
nitudes are unavailable. We obtained their photometry from
the SuperCosmos Sky Survey(SSS, Hambly et al. 2001). We
used R-band photometry to correct for the flux or B band if R
magnitude is not present. Once all the exposures are corrected
for flux, we combined them using IRAF task scombine with
scale=median and weight=median. The final 1D spectrum is
combination of 1D spectra obtained from individual expo-
sures of two PAs (when available) and are shown in Fig. A1.
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The same scaling factors are also applied to 2D exposures.
The flux corrected exposures corresponding to individual PA
of each source were combined using median weight. Here we
emphasize that while correcting for flux, we have ignored the
variability in quasar magnitudes between the epoch of our
observations and that of the PS1 or SSS observations. As
ADC was unavailable during our observations, we have not
corrected for differential slitloss due to atmospheric disper-
sion.

2.3 uGMRT Band-5 and complementary radio data

The Band-5 observations (10 hrs of total observing time) of
the sample were carried out on 2018 June 30 and 2018 July 14.
We used uGMRT Wideband Backend (GWB) with a base-
band bandwidth of 200 MHz covering 1260-1460 MHz and
split into 8192 frequency channels. Each target was observed
for typically ∼15 mins. 3C 48, 3C 147 and 3C 286 were ob-
served for flux density and bandpass calibrations. A complex
gain calibrator was also observed for each target source. Only
parallel hand correlations XX and YY were recorded.

The data were processed using the Automated Radio Tele-
scope Imaging Pipeline (ARTIP) that has been developed to
perform the end-to-end processing (i.e., from the ingestion of
the raw visibility data to the spectral line imaging) of data
from the uGMRT and MeerKAT absorption line surveys. The
pipeline is written using standard Python libraries and the
Common Astronomy Software Applications (CASA) package;
details are provided in Gupta et al. (2020). In short, follow-
ing data ingestion, the pipeline automatically identified bad
antennas, baselines, time ranges and radio frequency inter-
ference (RFI), using directional and median absolute devia-
tion (MAD) statistics. After excluding these bad data, the
complex antenna gains as a function of time and frequency
were determined using the standard flux/bandpass and phase
calibrators. Applying these gains, a continuum map was ob-
tained, which was then improved using four rounds of phase-
only and two rounds amplitude-and-phase self calibrations.

The uGMRT radio continuum emission overlaid on the op-
tical images are shown in Fig. 1. The synthesize beams, con-
tinuum rms, peak and integrated flux densities of the radio
sources are provided in columns 4 - 7 of Table 2. In the last
two columns of this table, we also provide the largest angular
size (LAS) and largest linear size (radio size in kpc at the
redshift of the quasars) of the radio emission. The upper lim-
its correspond to deconvolved size estimated using a single
Gaussian component fit. Note that in 6 cases radio emission
shows extended radio morphology (>1′′) with multiple com-
ponents. In three of these, i.e., M1351-1019 (#16), M1513-
2524 (#18) and M2101-1747(#22), the radio emission is in
the form of double lobe structure. In the case of M1142-2633
(#10), multiple components exist but the majority of emis-
sion is associated with a single, presumably core, component.
For M1043-2323 (#9), the emission is barely resolved to as-
certain the morphology. M0808+0057 (#7) has most of the
emission in a single component and a nearby weak component
(3% flux) which may also be an unrelated source.

The uGMRT Band-3 (250 - 500 MHz) images of our sam-
ple were obtained as part of a larger survey to search for
high-z H i 21-cm and OH 18-cm absorption lines. Specifi-
cally, relevant for this paper are the spectral indices, α1.4

0.4,
estimated using the NVSS 1.4 GHz and uGMRT 0.42 GHz

images. The details of these observations, the radio source
properties and α1.4

0.4 are provided in Gupta et al. (2021a). Al-
though M0636−3106 (#6) is compact at 1.4 GHz, it exhibits
structure at arcsec scales in the Band-3 image Gupta et al.
(2021a). This is an indication of weak extended emission re-
solved out in our 1.4 GHz image. For the analysis presented
in this paper, we will consider this object to be compact at
arcsec scales.

3 ANALYSIS

In this section, we summarize line fluxes, velocity width,
equivalent width and line ratios of Lyα, C iv and He ii emis-
sion lines, and details of absorption systems detected towards
each quasar sight line. We also describe our Lyα halo detec-
tion technique and properties of the Lyα halos, and properties
of the radio emission.

3.1 Analysis of 1D spectra

3.1.1 Emission line analysis

In Table 3, we present zem, line fluxes, FWHM, velocity sepa-
ration with respect to systemtic redshift (∆Vsys), rest equiv-
alent width (EQW) of emission lines and emission line ratios.
To measure these quantities, we fit the emission line pro-
files using multiple Gaussians to measure velocity width and
line peak. For this we use the combined spectrum from all
the available spectra (including those obtained with differ-
ent PA). The method we follow is similar to that discussed
in Shen et al. (2011) for the analysis of SDSS spectra. Ba-
sically, we identify regions around each emission line to de-
fine the continuum. For example, in the case of C iv we use
the rest wavelength ranges 1445−1465Å and 1700−1705Å,
and for He ii we used 1620−1635Å and 1650−1660Å. We fit-
ted the measured fluxes in these regions using a powerlaw
of the form, fλ = Aλα. We subtracted this fitted continuum
from the observed spectrum. Then, we fit the emission lines
in this continuum subtracted spectrum using multiple Gaus-
sians – up to three Gaussians for C iv and five in the case
of Lyα were used. The actual number of Gaussian compo-
nents needed to fit an emission line is decided by the fit that
provides minimum χ2 and Akaike Information Criterion with
correction (AICC) value2. While fitting the emission line pro-
file we masked the regions affected by narrow absorption lines,
CCD gap regions and artifacts from the cosmic ray removal
and sky background subtraction. The errors in the Gaussian
parameters were estimated using Monte Carlo method. We
randomly generated 50 mock profiles of the emission line us-
ing the error on original spectrum and fitted them using the
same method as above. The best fit parameters and the er-
rors are obtained from these 50 measurements. This method
of estimating errors is widely used for measuring emission line
properties (Shen et al. 2008, 2011).

Similar to Shen et al. (2011), we use the best fitted pro-
files to measure the FWHM. While doing this we reject any

2 The Akaike information criterion with correction is given by
AICC=χ2

min + 2kN/(N − k − 1), where χ2
min is the minimum Chi-

squared of the fit, N is the number of data points and k is the
number of fitted parameters (Akaike 1974).
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Table 2. Radio properties of the sample from NVSS (column 3) and uGMRT (columns 4-8) survey

ID Name F1.4GHz Beam rms Fp,1.4GHz F1.4GHz Radio size Radio size

(mJy) (mJy beam−1) (mJy beam−1) (mJy) (arcsec) (kpc)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 M025035.54-262743.10 389.20 5.0′′×1.9,′′-49.1
◦

0.4 208 212 <0.5 < 4

2 M041620.54-333931.30 264.10 5.6′′×2.0,′′+43.2
◦

0.9 145 149 <0.3 < 2

3 M050725.04-362442.90 212.40 5.0′′×1.9,′′+34.8
◦

0.8 162 164 <0.5 < 4

4 M052318.55-261409.60 1354.90 3.8′′×2.0,′′+35.7
◦

3.4 1266 1278 <0.5 < 4

5 M061038.80-230145.60 360.20 3.2′′×2.0,′′+28.2
◦

1.3 313 321 <0.5 < 4

6 M063613.53-310646.30 208.00 5.4′′×3.3,′′+19.8
◦

1.9 95 99 <0.9† < 7

7 M080804.34+005708.20 317.00 2.3′′×2.1,′′+21.7
◦

0.4 287 305 3.9 (Resolved?) 30

8 M101313.10-254654.70 248.80 3.0′′×1.8,′′-10.3
◦

0.7 206 220 <0.6 < 5

9 M104314.53-232317.50 212.10 3.3′′×1.9,′′-13.0
◦

0.5 105 182 3.7 (Resolved) 30

10 M114226.58-263313.70 294.70 3.3′′×1.9,′′-22.5
◦

0.6 216 239 11.9 (Core+diffuse) 92

11 M121514.42-062803.50 360.40 2.2′′×1.9,′′-39.4
◦

1.5 202 270 <0.8‡ < 6

12 M123410.08-332638.50 297.90 3.9′′×1.9,′′-17.0
◦

0.7 182 228 <1.1 < 9

13 M124448.99-044610.20 384.90 2.3′′×1.9,′′-45.9
◦

0.8 348 366 <0.4 < 3

14 M125442.98-383356.40 219.20 4.4′′×1.9,′′-18.5
◦

0.7 237 239 <0.2 < 2

16 M135131.98-101932.90 726.10 2.7′′×2.1,′′-33.1
◦

0.9 413 599 9.5 (Double) 75

17 M141327.20-342235.10 274.70 4.2′′×1.9,′′-25.8
◦

0.7 229 230 <0.5 < 4

18 M151304.72-252439.70 217.60 3.7′′×1.9,′′-35.5
◦

0.4 100 152 23.7 (Double) 185

19 M155825.35-215511.50 206.90 3.9′′×2.0,′′-45.9
◦

0.8 138 141 <0.5 < 4

20 M161907.44-093953.10 340.30 3.1′′×2.1,′′-51.4
◦

0.4 300 307 <0.3 < 2

21 M204737.66-184141.60 241.70 2.5′′×2.1,′′+13.8
◦

0.7 198 209 <0.6 < 5

22 M210143.29-174759.20 959.50 2.5′′×2.1,′′+12.8
◦

1.1 537 948 2.6 (Double) 21

23 M215445.08-382632.50 759.80 3.9′′×1.8,′′+6.7
◦

2.3 638 649 <0.4 < 3

24 M222332.81-310117.30 231.70 3.2′′×1.7,′′+2.7
◦

0.6 212 224 <0.5 < 4

25 M235722.47-073134.30 235.50 2.0′′×1.8,′′-40.1
◦

0.5 185 216 <0.7 < 6

Column 1, 2: Source ID, name. Column 3: Radio flux denstity at 1.4 GHz from NVSS. Column 4: Synthesize beams and beam PA with respect to North, for

Band-5 uGMRT radio observations. Column 5-7: Continuum rms, peak and integrated flux densities from Band-5 uGMRT observations. Column 8,9: Largest

angular size (LAS) of the radio emission and corresponding linear size at the redshift of the quasars.

† Compact at 1.4 GHz, it shows extended structure in Band-3 image at 0.42 GHz. ‡ The uGMRT image is of poor quality. The LAS constraint is based on the

3 GHz VLA Sky Survey (VLASS) image.

Gaussian component that contains < 5% of the total flux.
Fits to the C iv and Lyα emission lines are shown in Fig. A2
and A3 respectively. The gray shaded regions are excluded
from the fits. The C iv and Lyα fluxes and equivalent widths
are measured from the observed spectra within four times of
C iv FWHM around peak of the line determined from the fit
(see also Roettgering et al. 1997). The He ii emission line is
detected significantly (> 4σ level) only in eight cases. The fits
to the He ii emission lines are shown in Fig. A4. In most cases
we were able to fit this line with a single Gaussian compo-
nent. In the case of non-detections, we estimate the 3σ upper
limits on the He ii line flux by adopting the C iv line FWHM.

As He ii emission line is particularly weak and not detected
for most of the quasars in our sample, we have used peak of
the overall fit to the C iv line to estimate the redshift. In this
paper, we will treat C iv based redshift measurements (tab-
ulated in column 3 of Table 3) as systemic redshift. It is well
known that C iv lines can under-predict the systemic red-
shift by ∼810 km s−1 for RQQs and ∼ 360 km s−1 for RLQs
(Richards et al. 2011). Also this shift is known to be corre-
lated with the quasar luminosity (e.g., Pâris et al. 2012; Shen
et al. 2016). As we do not apply luminosity based redshift
corrections, we will treat the zem provided here with caution.

3.1.2 Virial Black hole mass from C iv emission lines

To measure the black hole mass (MBH), we use C iv emis-
sion line which is readily observed for all the sources in our
sample and has also been calibrated as virial black hole mass
estimator (Vestergaard & Peterson 2006; Park et al. 2013).

We measure the FWHM of C iv using the fitted profile (also
listed in Table 3). We estimated the continuum luminosity
at rest frame 1350Å using our flux calibrated spectra. These
are also summarized in the third column of the Table 4. The
bolometric luminosity (Lbol) estimated using L1350 and the
bolometric correction factor (BC1350 = 3.81) from Richards
et al. (2006) are provided in column 4 of Table 4. The virial
BH mass calibration equation used is from Vestergaard &
Peterson (2006) and is given by,( logMBH

M�

)
= 0.660 + 0.53 log

( λL1350

1044erg s−1

)
+ 2log

(FWHMCIV

km s−1

)
. (1)

The BH mass estimates are summarized in column 5 of Ta-
ble 4. Considering only RLQs, i.e., excluding the radio galaxy
(object #18), the MBH are in the range, (0.15− 12.6)× 109

M�, with a median of 1.9 × 109 M�. We also estimated the
Eddington ratios (Lbol/LEdd

3.) and computed the luminosity
of the H i ionizing Lyman continuum photon by extrapolating
the power-law fit to the UV wavelengths. These are provided
in columns 6 and 7 of Table 4. The Eddington ratios are in
the range: 0.16-1.37 with a median of 0.39. The ratio of line
widths of C iv with respect to Hβ and Mg ii have shown large
scatter (∼ 0.5 dex), therefore C iv based virialMBH estimates

3 LEdd = 4πGMcmHσT= 1.25×1038(M/M�) erg s−1, where σT
is Thomson scattering cross section, mH is mass of hydrogen atom
and M used is estimated virial MBH (see Rybicki & Lightman
1986, for details)
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Table 3. Measurements based on broad emission lines

ID Name zem Line Flux FWHM ∆Vsys EQW fLyα/fCIV fLyα/fHeII fCIV/fHeII

(10−16 erg s−1cm−2) (km s−1) (km s−1) (Å)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

1 M025035.54-262743.10 2.9257±0.0037 Lyα 61.54±0.23 8547±954 1476 64.73 3.44 > 321.73 > 93.63

C iv 17.91±0.16 5735±407 0 23.53

He ii < 0.19 - - < 0.25

2 M041620.54-333931.30 3.0409±0.0006 Lyα 42.01±0.21 5697±229 1001 75.22 1.96 > 451.90 > 230.54

C iv 21.43±0.13 8090±136 0 47.88

He ii < 0.09 - - < 0.19

3 M050725.04-362442.90 2.9344±0.0016 Lyα 71.23±0.17 11299±2023 -282 70.96 3.80 > 603.00 > 158.77

C iv 18.75±0.09 6190±261 0 23.37

He ii < 0.12 - - < 0.15

4 M052318.55-261409.60 3.1125±0.0005 Lyα 146.01±0.22 5748±653 -508 165.91 2.62 > 846.94 > 323.48

C iv 55.76±0.13 5184±48 0 79.37

He ii < 0.17 - - < 0.22

5 M061038.80-230145.60 2.8308±0.0009 Lyα 117.08±0.17 8903±602 1231 78.14 4.15 > 446.80 > 107.62

C iv 28.20±0.11 5542±174 0 23.55

He ii < 0.26 - - < 0.22

6 M063613.53-310646.30 2.7559±0.0030 Lyα 13.34±0.17 2737±944 914 52.98 2.41 61.54 25.50

C iv 5.53±0.11 4508±601 0 27.54

He ii 0.22±0.05 755±225 640 1.08

7 M080804.34+005708.20 3.1402±0.0035 Lyα 115.36±0.19 4776±1573 261 70.89 3.69 > 617.93 > 167.24

C iv 31.22±0.12 6641±99 0 24.00

He ii < 0.19 - - < 0.14

8 M101313.10-254654.70 2.9647±0.0004 Lyα 3.51±0.04 2043±257 382 60.84 1.59 > 60.87 > 38.30

C iv 2.21±0.03 2738±952 0 47.85

He ii < 0.06 - - < 1.13

9 M104314.53-232317.50 2.8784±0.0009 Lyα 31.85±0.13 2834±351 293 80.57 2.67 157.90 59.25

C iv 11.95±0.09 4403±223 0 36.83

He ii 0.20±0.04 777±177 54 0.57

10 M114226.58-263313.70 3.2372±0.0002 Lyα 108.38±0.18 2408±180 450 101.83 2.61 77.01 29.47

C iv 41.48±0.11 3916±51 0 48.45

He ii 1.41±0.06 1534±168 783 1.56

11 M121514.42-062803.50 3.2237±0.0020 Lyα 50.15±0.13 1528±28 -468 118.39 2.74 80.20 29.29

C iv 18.32±0.17 2428±144 0 53.77

He ii 0.63±0.06 629±88 -435 1.72

12 M123410.08-332638.50 2.8182±0.0013 Lyα 15.68±0.38 1940±236 490 236.10 2.98 > 61.59 > 20.68

C iv 5.27±0.17 2558±361 0 96.86

He ii < 0.25 - - < 3.85

13 M124448.99-044610.20 3.1052±0.0066 Lyα 10.18±0.15 2082±131 1281 43.42 2.91 > 52.72 > 18.15

C iv 3.50±0.11 3737±856 0 18.64

He ii < 0.19 - - < 1.05

14 M125442.98-383356.40 2.7793±0.0012 Lyα 29.58±0.18 3600±348 311 93.92 3.74 > 128.59 > 34.37

C iv 7.91±0.17 2827±353 0 31.54

He ii < 0.23 - - < 0.80

16 M135131.98-101932.90 3.0006±0.0004 Lyα 110.35±0.18 4605±611 668 69.41 2.47 96.37 39.01

C iv 44.67±0.12 5921±178 0 34.93

He ii 1.15±0.07 2032±421 240 0.88

17 M141327.20-342235.10 2.8106±0.0018 Lyα 278.24±0.72 4769±189 375 205.45 3.30 > 280.26 > 84.90

C iv 84.29±0.47 5571±443 0 56.86

He ii < 0.99 - - < 0.55

18 M151304.72-252439.70 3.1312±0.0004 Lyα 14.64±0.11 1383±27 188 197.10 4.44 15.09 3.40

C iv 3.29±0.08 1810±102 0 53.45

He ii 0.97±0.05 897±46 82 15.38

19 M155825.35-215511.50 2.7633±0.0023 Lyα 25.56±0.22 2745±366 -525 86.70 2.41 65.42 27.13

C iv 10.60±0.17 3350±241 0 32.46

He ii 0.39±0.09 661±158 -6 1.05

20 M161907.44-093953.10 2.9031±0.0063 Lyα 47.72±0.23 3491±315 -94 137.62 5.09 > 204.53 > 40.20

C iv 9.38±0.14 5428±280 0 21.64

He ii < 0.23 - - < 0.44

21 M204737.66-184141.60 2.9956±0.0007 Lyα 81.88±0.14 5194±251 738 77.02 3.60 > 451.03 > 125.41

C iv 22.77±0.08 5024±78 0 26.70

He ii < 0.18 - - < 0.20

22 M210143.29-174759.20 2.8030±0.0005 Lyα 15.39±0.14 942±772 832 109.85 1.47 21.92 14.95

C iv 10.50±0.10 4051±232 0 91.48

He ii 0.70±0.05 840±162 -10 4.80

23 M215445.08-382632.50 2.7913±0.0007 Lyα 250.80±0.19 10144±1340 2055 49.19 5.57 > 704.18 > 126.35

C iv 45.00±0.14 7321±48 0 10.29

He ii < 0.36 - - < 0.09

24 M222332.81-310117.30 3.2035±0.0024 Lyα 61.51±0.21 10197±153 1387 53.99 2.90 > 293.18 > 100.93

C iv 21.17±0.13 7016±542 0 23.04

He ii < 0.21 - - < 0.24

25 M235722.47-073134.30 2.7648±0.0046 Lyα 28.60±0.56 1967±315 129 41.88 2.18 > 38.83 > 17.80

C iv 13.11±0.40 4631±205 0 22.16

He ii < 0.74 - - < 1.24

Column 1-2, Source ID, name. Column 3: redshift measured using C iv emission line. Column 4-6: line ID, line flux and velocity width of the corresponding

line. Column 7-8: Velocity shift of the line with respect to measured redshift and equivalent width of the line. Column 9-11: Line ratios based on flux

provided in Column 5.
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Table 4. Radio loud quasar sample observed properties

ID Name λL1350 Lbol log10[MBH/M�] Eddington L912 L420MHz L1.4GHz α1.4
0.4

(1046 erg s−1) (1046 erg s−1) ratio (1030erg s−1Hz−1) (1027W Hz−1) (1027W Hz−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

1 M025035.54-262743.10 3.47 13.18 9.53±0.06 0.30 10.31±0.05 8.84 8.21 -0.06

2 M041620.54-333931.30 2.34 8.91 9.73±0.01 0.13 6.84±0.04 1.00 2.24 0.64

3 M050725.04-362442.90 3.72 14.13 9.61±0.04 0.27 10.94±0.03 22.26 9.97 -0.64

4 M052318.55-261409.60 3.89 14.79 9.46±0.01 0.39 11.51±0.05 2.80 8.40 0.88

5 M061038.80-230145.60 5.01 19.05 9.58±0.03 0.39 14.68±0.08 0.79 2.20 0.82

6 M063613.53-310646.30 0.76 2.88 8.97±0.10 0.24 2.26±0.05 19.98 8.76 -0.66

7 M080804.34+005708.20 7.41 28.18 9.83±0.01 0.32 21.92±0.03 14.65 10.30 -0.28

8 M101313.10-254654.70 0.22 0.83 8.25±0.17 0.36 0.65±0.01 3.78 4.31 0.10

9 M104314.53-232317.50 1.41 5.37 9.09±0.04 0.34 4.00±0.15 24.37 10.22 -0.69

10 M114226.58-263313.70 5.37 20.42 9.29±0.01 0.80 15.93±0.04 12.96 11.21 -0.35

11 M121514.42-062803.50 2.24 8.51 8.68±0.05 1.37 6.22±0.05 14.03 10.95 -0.20

12 M123410.08-332638.50 0.22 0.83 8.19±0.12 0.42 0.63±0.05 32.70 13.71 -0.69

13 M124448.99-044610.20 1.05 3.98 8.88±0.20 0.41 3.09±0.04 22.58 14.11 -0.38

14 M125442.98-383356.40 0.98 3.80 8.62±0.10 0.70 2.92±0.10 7.49 5.45 -0.25

16 M135131.98-101932.90 6.31 23.99 9.69±0.03 0.38 18.76±0.04 109.63 42.19 -0.76

17 M141327.20-342235.10 5.01 19.05 9.59±0.07 0.38 8.98±0.29 0.35 1.28 1.02

18 M151304.72-252439.70 0.35 1.32 7.99±0.04 1.04 0.98±0.05 106.36 28.24 -1.26

19 M155825.35-215511.50 1.05 3.98 8.78±0.06 0.51 1.82±0.16 4.76 4.17 -0.10

20 M161907.44-093953.10 1.51 5.75 9.28±0.04 0.23 2.14±0.01 29.00 14.19 -0.57

21 M204737.66-184141.60 4.27 16.22 9.45±0.01 0.44 12.46±0.03 6.88 5.85 -0.13

22 M210143.29-174759.20 0.46 1.74 8.76±0.05 0.23 1.30±0.13 123.74 47.92 -0.76

23 M215445.08-382632.50 16.60 64.57 10.10±0.01 0.40 44.56±0.15 9.23 7.01 0.50

24 M222332.81-310117.30 5.62 21.38 9.81±0.07 0.26 16.50±0.04 11.13 7.81 -0.28

25 M235722.47-073134.30 2.19 8.32 9.23±0.04 0.38 5.71±0.70 12.29 7.27 -0.42

Column 1-2: Source ID, name. Column 3: Continuum luminosity at 1350 Å, measured from the power law fit. Column 4: Bolometeric luminosity estimated

using L1350 and bolometric correction factor from Richards et al. (2006). Column 5: Virial black hole mass estimated using Eqn. 1 (see Vestergaard &

Peterson 2006). Column 6: Eddington ratio (Lbol/LEdd). Column 7: 912 Å luminosity extrapolated from power law fit to Lyα continuum region. Column 8:

Radio power at 420 MHz estimated using radio flux density provided by Gupta et al. (2021a) using uGMRT radio observations at 420 MHz. Column 9: radio

power at 1.4 GHz estimated from NVSS observations provided in Column 3 of Table 2. Column 10: Radio spectral index taken from Gupta et al. (2021a).

are uncertain and should be used with caution (e.g. Shen &
Liu 2012; Trakhtenbrot & Netzer 2012; Ho et al. 2012).

We note that in the Lbol −MBH plane, in comparison to
the core-dominated RLQs in SDSS, the objects in our SALT-
NOT sample (i.e., 86 RLQs at 1.9 < z < 3.5) with C iv-
based BH masses are fainter and have slightly lower MBH

(see section 5.5.2 of Gupta et al. 2021b, for details). However,
the median Lbol and MBH of the 23 RLQs (2.7 < z <3.5)
considered here are slightly higher (0.25 dex) compared to the
MALS-SALT-NOT sample. This is simply because the Lyα
sample has selected higher redshift, and hence intrinsically
more luminous, RLQs.

3.1.3 Absorption systems

We identified all the absorption lines that are present in the
1D spectra. The list of absorption systems identified based
on the presence of C iv doublets and/or strong H i Lyα ab-
sorption are presented in Table 5. Here, we mainly focus on
associated (or proximate) absorption systems, defined to be
within 5000 km s−1 of the systemic redshift of the quasar.
In column 3 of Table 5, we identify these systems by suf-
fix “A” appended to the absorption redshift. The main idea
is to quantify the nature of gas flows close to the AGNs in
our sample (i.e infall/outflow signatures and/or high density
environments) and to connect the properties of diffuse Lyα
halos to these.

As is typical of high-z radio galaxies (van Ojik et al. 1997),
in the case of the zem= 2.7602 radio galaxy M1513-2524, we
do see Lyα absorption signatures superimposed on the Lyα
emission profile. There are also indications that the absorb-
ing region is spatially extended. However, we do not detect
associated C iv absorption. A detailed analysis of this object
is presented by Shukla et al. (2021).

We find 6 damped Lyα absorption systems (DLAs), (i.e.,
Lyα absorbers with H i column density in excess of 2 ×
1020cm−2, Wolfe et al. 2005), in our sample. One of these is
within 3000 km s−1to the quasar redshift. Details of these sys-
tems along with the results of H i 21-cm absorption searches
are presented in Gupta et al. (2021a). Gupta et al. (2021a)
have also identified a potential proximate sub-DLA towards
M0507−3624 (#3). This system has zabs∼zem and shows sig-
natures of damping wing in the Lyα absorption profile and
absorption from singly ionized species. However, we do detect
some residual flux in the core of the Lyα absorption. In our
recent spectrum we also notice similar associated absorption
with Lyα showing damping wings with some residual flux in
the core in case of M0523-2614 (#4). In this case also the ab-
sorption redshift is slightly more than the emission redshift
(see Table. 5). DLAs at the redshift of the quasars with non-
zero residual flux are detected in SDSS spectra in a few cases
(see for example, Fathivavsari et al. 2018; Noterdaeme et al.
2019). Given the low resolution of our spectra it is difficult
to confirm whether the residual flux is indeed related to the
partial coverage and not an artifact of poor spectral resolu-
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Figure 2. Distribution of number of C iv absorbers at different β.

The dashed and dotted horizontal lines respectively give the mean
and standard deviation of number of absorbers per bin for β >
0.05. The excess absorption is clearly visible in the low β bins.

tion. In summary, in total there are three high column density
Lyα absorbers (i.e two potential sub-DLAs and a DLA) with
detectable low ion absorption very close (i.e relative velocity
within 3000 km s−1 to the quasar) to the quasar. In all these
three cases the radio source is compact (<1′′).

Next we focus on C iv absorption associated with 23 RLQs.
In two cases, i.e., M1215-0628 (#11) and M2223-3101 (#24),
the red part of the C iv emission line falls in the ccd gap. So
we will not consider these cases for the discussion below. In
the remaining 13/21 cases, we see C iv and associated Lyα
absorption within 5000 km s−1. This implies associated ab-
sorption detection rate of 62 ± 17%. Even if we restrict our-
selves to strong C iv lines i.e., with rest equivalent width >
0.5Å, we find associated absorption in 43±14% (i.e., 9/21) of
the quasars. This can be interpreted as ∼ 40% of the solid an-
gle to the central source being covered by C iv absorbers with
equivalent width greater than 0.5Å. In 29±12% of the cases,
the strong C iv absorption is detected in the red wing of the
C iv emission line, which may imply infalling gas. However
this scenario needs further confirmation using accurate sys-
temic redshift measurements obtained from rest frame optical
emission lines such as Hα, Hβ and [O iii].

Further, in Fig. 2 we plot the distribution of C iv absorbers
as a function of relative ejection velocity (β) with respect to
the quasar. The dashed and dotted horizontal lines in this
figure correspond to the mean expected number and 1σ range
in each β bin computed from the observed values β > 0.05
bins. As has been found in the earlier studies (e.g., Wild et al.
2008), we see a statistical excess of associated C iv absorption
even in our sample. Also, the fraction of quasars showing
associated C iv absorption is higher than that reported in
the literature (Vestergaard & Peterson 2006; Wild et al. 2008;
Nestor et al. 2008; Perrotta et al. 2016; Chen & Pan 2017).

Table 5. Absorption systems detected in our SALT spectra.

Quasar zem zabs Species

(1) (2) (3) (4)

M025035.54-262743.10 2.9257 2.4134 C iv

2.8419 Lyα, C iv, Si iv

2.8774A Lyα, C iv, Si iv
2.9393A Lyα, N v, C iv

M041620.54-333931.30 3.0409 2.3927 C iv

2.6525 C iv, Si iv
2.8558 DLA

3.0395A Lyα, C iv
M050725.04-362442.90 2.9344 2.3554 C iv

2.9544A pDLA

M052318.55-261409.60 3.1125 2.8375 Lyα, C iv
3.0076A C iv, Lyα

3.1129A pDLA

M061038.80-230145.60 2.8308 2.3975 DLA
2.4400 C iv, Si iv

2.6441 C iv, Lyα

2.7519 Lyα, C iv, Si iv
2.8138A Lyα, N v, C iv, Si iv

M063613.53-310646.30 2.7559 2.3449L Lyα, C ii, Si ii, C iv

2.7641A Lyα, N v, Si iv, C iv
M080804.34+005708.20 3.1402 2.4990 C iv, Si ii, Si iv,

Al iii, Al ii
2.6784 C iv, Si iv

M101313.10-254654.70 2.9647 2.6838 DLA

M104314.53-232317.50 2.8784 2.2276 C iv, Si ii, Si iv,
Al iii, Al ii

2.2358 C iv, Si iv

2.4210 C iv, Si iv
2.5656 Lyα, C iv, Si iv

2.8960A Lyα, C iv, Si iv

M114226.58-263313.70 3.2372 3.1271 C iv, Lyα
M121514.42-062803.50 3.2237 2.4869 C iv

3.2414 Lyα(?)

M123410.08-332638.50 2.8182 2.8089A Lyα, C iv
M124448.99-044610.20 3.1052 2.4060 C iv

3.0731A C iv
3.1280A Lyα, C iv

M125442.98-383356.40 2.7793 2.7921A Lyα, N v,C iv

M135131.98-101932.90 3.0006 2.7705 DLA
3.0139A Lyα, N v, Si iv, C iv

M141327.20-342235.10 2.8106 2.1581 Si ii, Al ii, Al iii

2.5828 C iv, Lyα
M155825.35-215511.50 2.7633 2.6380 C iv, Lyα

2.7350 C iv, Lyα

2.7665A Lyα, C iv, N v
M161907.44-093953.10 2.9031 2.1894 C iv

2.3382 C iv

2.6570 C iv, Lyα
2.7923 DLA

M204737.66-184141.60 2.9956 2.2309 C iv
2.5226 C iv

2.7303 C iv, Lyα

M210143.29-174759.20 2.8030 2.7990A C iv, Lyα
2.8065A C iv, Lyα

M215445.08-382632.50 2.7913 2.7611A pDLA

M222332.81-310117.30 3.2035 2.4919 C iv
2.8064 C iv, Lyα

M235722.47-073134.30 2.7648 2.6696 C iv

2.7375 C iv, Lyα

Column 1: Source name. Column 2: Quasar redshift from
Table 3. Column 3: Redshift of the absorption systems listed in

column 4. “A” stands for associated absorption systems defined to

be within 5000 km s−1 of the systemic redshift.

Gupta et al. (2021b) constructed a comparison sample of
quasars from SDSS with similar WISE color-cuts and radio
flux density cut-off. There are 189 quasars in that sample at
zem> 2.0. We searched for the associated C iv absorption in
this and find the detection rate to be 31±4% as compared
to 62± 17% in the Lyα sample. However, due to small num-
ber of systems in our sample the difference is statistically
insignificant. As mentioned above, Fig. 2 also confirms slight
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excess of systems with negative β in our sample. We note that
the redshift differences are larger (i.e > 1000 km s−1in more
than 70% cases) than typical error in the systemic redshift
measurements using C iv line. Nevertheless, C iv-based mea-
surements usually under predict systemic redshifts. There-
fore, more accurate redshifts are needed to understand the
nature of excessive C iv absorption observed in our sample.

3.2 Analysis of 2D spectra

We use the 2D spectra and SPSF subtraction method to de-
tect and quantify the spatial distribution of the extended Lyα
halo. Here, we present the details of the method (see also
Shukla et al. 2021), the systems with Lyα halo detections
and the measurement of various parameters of the Lyα halo.

3.2.1 SPSF subtraction and detection of extended Lyα Halos

We carry out SPSF subtraction at each pixel along the wave-
length axis over 300 Å centered at the peak of the Lyα emis-
sion line. To construct a model SPSF, we extract spatial pro-
files by collapsing continuum emission over the wavelength
interval of ∼40 Å wide in the quasar spectrum close to Lyα
line and free of contamination from strong emission and/or
absorption lines. Recall that in all our observations, we also
have a reference star included in the long slit. In the cases
with weak quasar continuum4, we have used the reference
star spectrum for modeling SPSF.

At each wavelength, we construct the model profile by
matching the observed spatial profile (over ±2 pixels around
the peak of the quasar trace) with SPSF by varying its ampli-
tude and centroid location. The best fitted values of the am-
plitude and location are obtained using χ2 minimization. We
then refine the centroid positions by fitting a line to centroid
vs wavelength scatter plot using a lower order polymonimal.
We use the fitted values to center the scaled SPSF while sub-
tracting the 2D SPSF model from the quasar spectrum. The
original and SPSF subtracted 2D spectra around the Lyα
emission lines are shown in Figs. 3, A5 and A6.

In the column 10 of Table 1 we provide the measured
FWHM of the SPSF for each observations. As can be seen
from the table, the FWHM of SPSF ranges from 1.4-2.9′′,
which allows us to detect Lyα halos extending beyond cen-
tral ∼ 2′′ region. For the cosmological parameter assumed
here 1′′ corresponds to 7.9 proper kpc at the median red-
shift of our sample. This together with the inherent nature of
SPSF method to over-subtract around the quasar trace will
mean our spectra have poor sensitivity to detect Lyα halos
of smaller sizes (i.e., <10-15 kpc).

We first smoothed the SPSF subtracted spectra by 3×3
pixels and estimate the background σ level per pixel reached
in the data. We take a segment of ∼ 15000 km s−1×10′′ of
this spectra around Lyα peak and quasar spatial center (but
avoiding the central over subtracted regions) and use that
for the purpose of Lyα halo detection. We use the connected
component labelling algorithm with union finding of classical
binary image analysis for identifying the Lyα halos (simi-
lar to the procedure used by Borisova et al. 2016; Arrigoni
Battaia et al. 2019). In this method, pixels above a defined

4 For objects #8, #12, #13, #18, #19, #22 and #25 (PA=90◦).

σ threshold are selected and connected. Once the pixels are
thresholded the components with total number of pixels less
than 10 are rejected as suspects of cosmic rays and other
artifacts. We put another threshold on the minimum size of
the connected component and its total significance for it to
be considered as a candidate halo, i.e. the halo sizes must
be >350 km s−1×2.5′′ along the dispersion and spatial axis
respectively with a total significance > 4. The condition on
the minimum size of the halo is based on the spectral PSF
(ranging from 1.4-2.9′′) and the spectral resolution (ranging
from 200-300 km s−1) reached in our data. For thresholding
of pixels we have used 3σ level to find the halos.

Considering 3σ thresholding, we find 8 quasars possessing
extended halo (i.e. quasars with IDs #6, #10, #11, #13,
#16, #18, #22 and #23 in Table 1). The extended Lyα
emission for these objects are presented in Fig. 3. One of
these objects is a radio-galaxy (M1513-2524; #18) showing
the largest Lyα extent in our sample, for which we have pre-
sented a detailed analysis in Shukla et al. (2021). The quasar
M215445.08-382632.5 (i.e #23) has a faint companion fore-
ground source that is blended with the quasar light for typ-
ical seeing prevailed during our observations. Therefore, the
spectrum of this source is not spatially resolved in any of our
observations and its contamination results in poor SPSF sub-
traction which prevents us from detecting faint diffuse emis-
sion. So we cannot confirm presence/absence of Lyα halo and
will not consider this object in our analysis any further. Thus
we have Lyα halo detections in 7 out of 23 AGNs when we
use 3σ threshold. Apart from 1 case (i.e, object # 10), we
have spectra along two PAs for the remaining 6 Lyα halo
detections.

Thresholding pixels with 3σ cut reduces our chance of de-
tecting underlying fainter halos, as for some objects we do
see clear residual Lyα emission, but below 3σ cut. So just
to be sure that the method prescribed above does not miss
any quasar with extended emission, we visually search for ha-
los around the Lyα emission peak in the smoothed 2D spec-
tra. Once we identify the possible halo (having sizes > 350
km s−1 and 2.5′′ along the dispersion and spatial axes and
having consistent signals in the two available exposures) we
estimate the significance of the features by measuring the
rms in random locations in our spectrum over a box of size
similar to the identified Lyα emitting region. We confirm the
extended Lyα halos in all the above mentioned 7 sources us-
ing this method as well. We also find excess Lyα emission in
additional five sources viz. #8, #9, #19, #21 and #24 (see
A5) with total significance of the emission within the box
ranging from 3-5 σ. For three sources (#19, #21 and #24)
we have obtained spectra along two PAs. It is evident from
Figs. A5 and A7 that we detect narrow Lyα emission features
in at least one of these spectra. The extended emission is seen
along single PA for objects #19 (PA=97◦), #21 (PA=110◦)
and #24 (PA=90◦). We notice that the object #24 has large
emission close to the quasar trace in the SPSF subtracted
spectra of both the PAs, which we believe to be residuals
from poor subtraction. However, the emission ∼ 2200 km s−1

in PA=90◦ is real. In our discussions we will treat these 5
cases as tentative detections. For the 11 remaining cases we
do not have any clear signatures of extended Lyα emission in
the SPSF subtracted images (see Fig. A6).

In summary, in the sample of 23 AGNs we confirm the pres-
ence of clear extended Lyα emission in 7 cases (objects #6,
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Figure 3. Long-slit 2D spectra of the 7 RLQs in our sample showing presence of extended emission. In each row we have shown the 2D
spectra along available PAs before and after SPSF subtraction. Black dashed horizontal lines mark the SPSF FWHM. The clear detections

are shown by blue boxes and the non-detections by orange. These boxes are used for measuring the Lyα halo size (at 3σ flux levels) for
clear detections and the total flux (flux limit) for detections (non-detections). All the 2D spectra are smoothed by 3×3 pixels to improve

the SNR and to remove the pixel-to-pixel correlation. The 3σ and 5σ flux contour level for individual PAs spectra for all the quasars are

shown in black and brown, respectively. The North and East directions are also indicated.

#10, #11, #13, #16, #18 and #22). Six of these are quasars
and one (i.e #18) is a radio galaxy. In five additional cases
(objects #8, #9, #19, #21 and #24), we rather see small
scale and faint halos with total significance of the emission
around Lyα in the range 3-5 σ. We consider these as tenta-
tive detections, since high SNR and better spatial resolution
observations are required to confirm the presence of extended
Lyα emission at a higher significant level.

We summarise the parameters of the extended Lyα ha-
los in Table 6 for each source along available PAs. For both

clear and tentative detections, we measure the sizes of the
halo from the 3σ contour level (values provided in column 7)
shown in Figs. 3 and A5. Here σ is the standard deviation
per pixel obtained in the background region. The halo extent
provided in column 8 of Table 6 is the distance between far-
thest spatial points of the 3σ contour and is shown by height
of the box in Fig 3 and A5. To estimate the total halo flux,
we mask the central SPSF FWHM+0.5 ′′ region in the 2D
spectra and sum the fluxes of all the pixels within the box
and multiply with the pixel width dλ. For non-detections, we
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Table 6. Properties of extended Lyα halos

ID Name PA zhalo
Lyα LLyα FWHM f3σ Halo Extent ∆Vhalo

(degree) (1043 erg s−1) (km s−1) (10−18 erg s−1cm−2Å−1) (kpc) (km s−1)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

1 J025035.54-262743.10 30 - < 0.09 - 0.90 - -

120 - < 0.13 - 1.22 - -

2 J041620.54-333931.30 15 - < 0.14 - 0.81 - -

111 - < 0.16 - 1.50 - -

3 J050725.04-362442.90 118 - < 0.09 - 0.85 - -

178 - < 0.13 - 0.77 - -

4 J052318.55-261409.60 89 - < 0.14 - 1.43 - -

167 - < 0.16 - 1.58 - -

5 J061038.80-230145.60 60 - < 0.18 - 1.93 - -

306 - < 0.12 - 0.71 - -

6 J063613.53-310646.30 34 - < 0.19 - 1.40 - -

118 2.7712 0.68 1144 0.45 41 1222

7 J080804.34+005708.20 17 - < 0.17 - 0.62 - -

124 - < 0.12 - 0.92 - -

8 J101313.10-254654.70 84 2.9672 0.03 1022 0.26 36 187

9 J104314.53-232317.50 10 2.8781 0.23 678 0.59 34 -27

10 J114226.58-263313.70 100 3.2473 17.11 1007 0.54 68 713

11 J121514.42-062803.50 65 3.2172 4.13 1016 1.27 39 -462

124 3.2161 3.91 906 1.38 49 -539

12 J123410.08-332638.50 95 - < 0.23 - 2.48 - -

13 J124448.99-044610.20 12 - < 0.16 - 0.94 - -

111 3.1291 1.80 1154 3.92 24 1745

14 J125442.98-383356.40 11 - < 0.17 - 1.25 - -

16 J135131.98-101932.90 0 3.0144 3.18 474 0.70 72 1035

157 3.0137 2.87 476 0.60 84 983

17 J141327.20-342235.10 76 - < 0.28 - 3.55 - -

18 J151304.72-252439.70 72 3.1375 14.91 921 0.72 87 461

350 3.1366 15.06 1150 0.81 83 392

19 J155825.35-215511.50 15 - < 0.17 - 1.89 - -

97 2.7576 0.37 510 1.87 25 -451

20 J161907.44-093953.10 0 - < 0.16 - 1.52 - -

89 - < 0.16 - 1.41 - -

21 J204737.66-184141.60 30 - < 0.11 - 1.02 - -

110 3.0197 0.11 357 0.40 32 1810

22 J210143.29-174759.20 30 2.7967 2.19 1574 3.17 51 -495

112 2.8046 2.35 1259 0.75 53 127

24 J222332.81-310117.30 0 - < 0.09 - 0.84 - -

90 3.2264 0.63 3099 1.46 21 1637

25 J235722.47-073134.30 20 - < 0.33 - 2.17 - -

90 - < 0.85 - 11.62 - -

Column 1-2: Same as Table 1. Column 3: Observed PAs for long-slit observations. Column 4: Redshift of the Lyα when detected, measured from Gaussian fits

to the extracted spectral profile of the halos shown in Figs. 4 and A7. Column 5: Lyα halo luminosity (or luminoisty limit) estimated from measured fluxes or

3σ flux limits. Column 6: Lyα halo velocity FWHM from Gaussian fits. Column 7: 3σ flux level per pixel reached in our observations. Column 8: Lyα halo

extent estimated at corresponding 3σ flux level. Column 9: Velocity shift of the Lyα halo with respect to the quasar redshift, positive velocities indicate

redshifted halos.

Note: The f3σ varies among each observations despite having similar exposure times. This is due to varying weather conditions and non-uniform aperture of

SALT telescope during the course of observations as target moves across the sky.

estimate the standard deviation (σbox) from a region within
-500 to 500 km s−1 and -2.5′′ to 2.5′′ around the Lyα region
(also shown as box in Figs. A5 and A6). The lower limit on
the total flux is then given by 3σbox

√
N , where N is the total

number of pixels used for estimating σbox. The correspond-
ing luminosities are provided in column 5 of Table 6. Upper
limits in Lyα luminosities in the case of non-detections were
obtained using the above mentioned 3σ limits on the Lyα
flux.

To measure the width and peak of the Lyα halo emission,
we extract velocity profiles summing the spatial region within
the box after masking the central SPSF FWHM+0.5 ′′ region
for the 7 cases where we detect extended emission (see Fig. 4).
In this figure we show the profile (i.e., 1D spectrum extracted
above and below the quasar trace separately in addition to
the total profile). Derived parameters using these 1D spectra

are summarised in Table 6. We fit these profiles with one or
two Gaussian components, and measure the redshift from the
peak of the fit (column 4), width at half maximum of the fit
(column 6), and the velocity separation between the Lyα halo
and quasar redshift (column 9). Positive velocities indicate
redshifted halos with respect to the systemic redshift. The
gaussian fits to the tentative detections are shown in Fig A7.

In the case of confirmed detections, the measured extent
of the Lyα emission ranges from ∼ 24-87 kpc and Lyα halo
luminosities of (0.79-17.11)×1043 erg s−1. For two cases (#6
and #13), the extended Lyα emission is seen along one PA
only, i.e. along 118◦ and 111◦, respectively. Even in the spec-
tra where we see extended emission we do see the emission
being asymmetric with respect to the quasar trace. In the
case of #10 we have obtained spectra along only one PA. In
this case also the distribution of Lyα emission is asymmetric
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with respect to the quasar trace (see Fig. 3). These results
are consistent with the non-spherical nature of the extended
Lyα emission. In the remaining 4 cases the measured sizes
along two PAs are consistent with each other within 20%
(see Table 6).

From the column 6 of Table 6, the measured FWHM of the
Lyα halo emission is more than 900 km s−1 (covering a range
of 906-1574 km s−1) in 6 out of 7 cases. In only one case (i.e
object #16) we have its value in the range 534-596 km s−1.
Typically profiles with FWHM more than 1000 km s−1 are
considered systems with perturbed kinematics (as per the
definitions used in van Ojik et al. 1997) and possible jet-
gas interaction. Thus it appears that most of our detections
may have perturbed kinematics. We discuss this for individ-
ual sources in more detail in the Appendix.

In Fig. 5, we plot the FWHM of SPSF against the 3σ flux
level (see column 7 of Table 6) for all the sources along each
available PA (i.e., a total of 40 2D images for 23 objects).
The filled circles mark the PA along which extended Lyα
emission is seen and the empty circles are for non-detections.
The stars are tentative detections. The two dashed lines mark
the median values of the FWHM of SPSF (2.1′′) and f3σ flux
(1.21 × 10−18erg s−1cm−2Å−1). It is obvious that our sur-
vey is limited by seeing, sensitivity and covering factor, with
maximum number of Lyα halos (including tentative ones)
detected for sources having both seeing and flux sensitivity
below the respective medians.

Our detection rate is considerably lower than 77−100%
claimed in the very recent studies (Borisova et al. 2016; Ar-
rigoni Battaia et al. 2019; Cai et al. 2019; O’Sullivan et al.
2020; Fossati et al. 2021) using IFU-spectroscopy with 8-10m
class telescopes and by Heckman et al. (1991a) towards ex-
tended radio sources using narrow band imaging. The aver-
age 2σ surface brightness (SBLyα) limit reached in 1 arcsec2

aperture in a single wavelength channel (1.25Å) of MUSE
observations is 8.8 × 10−19 erg s−1cm−2arcsec−2. If we sim-
ply convert this number to per pixel 3σ flux level corre-
sponding to our observations then the 3σ flux limit would
be 4.0 × 10−19erg s−1cm−2Å−1, which is three times deeper
than median 3σ flux level reached in our SALT observations.
If we further split our sample into two; (i) objects with only
single PA spectra observed (total 6), and (ii) objects with two
PA observations available (total 17), then only 1/6 and 6/17
are sources with confirmed extended Lyα emission in the two
sets, respectively. Thus we attribute the non-detection of Lyα
halos in few cases to poor sensitivity and inherent difficulties
associated with slit spectroscopy of our observations.

3.2.2 Detection of extended C iv and He ii lines

In addition to searching for extended Lyα halos, we have also
searched for the presence of extended emission in C iv and
He ii lines using the same procedure as used for Lyα line.
Extended C iv and He ii emission is seen clearly in the radio
galaxy M151304.72−252439.7 (i.e., object #18; see Shukla
et al. 2021). In addition, M114226.58−2633137 (object #10)
shows clear extended emission in C iv (∼ 12 kpc) and a rela-
tively faint and low significant extension in He ii line as well
(see Fig. 6). An accurate measurement of the size of He ii
extension is not possible for the source #10 as the flux level
is below 3σ. The line ratios of fCIV/fLyα, fHeII/fLyα are
0.010±0.006 and 0.001±0.001, respectively.

5

0

5

PA = 34°

06

0

10

PA = 118°

0

50

100

PA = 100°

10

0

20

PA = 65°

11

0

20

40

PA = 124°

5

0

5

PA = 12°

13

25

0

25

PA = 111°

0

50

PA = 0°

16

0

25

PA = 157°

0

50

100

PA = 72°

18

0

50

100

PA = 350°

6 4 2 0 2 4 6

0

50

PA = 30°

22

6 4 2 0 2 4 6

0

10

PA = 112°

total (top+bottom)
top
bottom
fit

Fl
ux

[1
0

18
er

g
s

1 c
m

2 Å
1 ]

Relative velocity (km s 1)

Figure 4. Velocity profiles (with respect to zem) of the extended

Lyα halos for clear detections. The blue and red colors are for

spectra extracted from the ‘top’ and ‘bottom’ region around the
quasar trace obtained collapsing the spatial region within the box

(see Fig. 3). The black solid lines are sum of the ‘top’ and ‘bottom’

profiles and the green lines are Gaussian fits (see Sec. 3.2.1) to the
total profile.

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.0010 19

10 18

10 17

a

b c

d

FWHMSPSF (arcsec)

flu
x 3

(e
rg

s
1 c

m
2 Å

1 )

Figure 5. Comparison of SPSF FWHM and f3σ for the sources with
(filled cirles) and without (empty circles) extended Lyα emission.

The tentative detections are shown by stars.

MNRAS 000, 1–30 (2021)



Lyα emission from RLQs 15

Figure 6. 2D spectra covering the C iv (top panel) and He ii (bot-

tom panel) emission in source #10. Left panels show the observed
quasar spectra and right panels show spectra after SPSF subtrac-

tion. The horizontal lines mark the SPSF FWHM.

Guo et al. (2020), compiled the sample of Borisova et al.
(2016); Arrigoni Battaia et al. (2019), which has a total of 80
AGNs, with 17 RLQs, rest RQQs and 6 unknown types, to
study the extended emission in UV emission lines C iv, He ii
and C iii. The overall detection rate of extended C iv and He ii
in their full sample is 19% and 13%, respectively. For RLQs,
the detection rates of extended C iv and He ii are 23% and
∼18%, respectively. But note that these studies have almost
100% detection rate of extended Lyα. If we consider only 7
objects with extended Lyα emission from our sample, we get
two cases with extended C iv and one with extended He ii.
This observed detection rate for C iv (28%) and He ii (14%)
is consistent with these results from the literature. Note that
the uncertainties on these rates are also large due to small
number statistics of our sample.

3.3 Radio properties

The spectral luminosities at 0.42 GHz and 1.4 GHz are
listed in columns 8 and 9 of Table 4. These have been esti-
mated using flux density measurements from uGMRT Band-3
(0.42 GHz; Gupta et al. 2021a) and NVSS (1.4 GHz; Condon
et al. 1998), and the spectral indices, α1.4

0.4, provided in col-
umn 10 of Table 4. We use higher spatial resolution uGMRT
Band-5 images to estimate LAS of the radio emission (see col-
umn 8 of Table 2). For objects with single radio component,
we define LAS as the beam deconvolved size. For objects with
well-defined double lobed structure it is defined as the sep-
aration between the farthest hot spots. The corresponding
largest linear sizes are provided in column 9 of Table 2.

We note that in the case of M1558-2155 (object #19), in
addition to a radio source coincident with the AGN identified
in WISE and PS1, we detect two radio sources symmetrically
placed on the opposite sides of the AGN. If we consider these
two components, hereafter referred to as North-East (NE)
and South-West (SW), separated by 58′′ as two radio lobes
then the projected linear size will be 470 kpc at zem, mak-
ing this the largest radio source in our sample. However, in
PS1 the NW component may be associated with a optical
source (separted by 2.4′′). The nearest optical source to the

SW component is 8′′ away, and it also has a counterpart in
WISE. Thus, NE and SW components may not be associated
with M1558-2155 at all. Therefore, for M1558-2155 we have
adopted LAS corresponding to the compact radio component
to estimate the extent of the radio emission.

4 RESULTS

4.1 Lyα halos of extended radio sources

Here we examine any possible connection between the extent
of radio emission and the presence of extended Lyα halo. Our
sample has 5 objects with extended radio emission at 1.4 GHz.
These are objects #9, #10, #16, #18 and #22. We do not
consider object #7 (see Section 2.3 for details). We find 4
of these, i.e., 80%, also exhibit extended Lyα emission. Note
that one of these (object #9) is a tentative detection. The
typical sizes of Lyα halos are in excess of 2.6′′. Interestingly,
all 4 extended radio sources with the confirmed Lyα halos
also show nuclear He ii emission in their spectra. Thus, if we
only consider objects with extended radio emission i.e., pro-
jected linear sizes > 10 kpc from our sample (similar to the
criteria used in, Heckman et al. 1991a), then ∼80% (100%
if we consider #9 as a detection) of these also exhibit ex-
tended Lyα emission. The detailed comparsion of Lyα and
radio morphologies of the RLQs #10, #16 and #22 is pro-
vided in Appendix A. The same for the radio galaxy (#18)
is provided by Shukla et al. (2021).

Despite the previously discussed deficiencies of our spec-
tra, our sample indicates a strong connection between the
presence of kpc-scale radio emission and the extended Lyα
halo. Already, a strong correlation between the size of the
radio source and the extent of Lyα halos has been noticed in
the case of radio galaxies (see van Ojik et al. 1997, and their
Fig. 7). However, Heckman et al. (1991a) did not find any
such correlation in their sample of RLQs. We discuss this in
Section 4.5 in more detail using the larger sample of AGN
with Lyα halos compiled from the literature.

4.2 Connection to the presence of associated absorption

In Table 5, we have summarized the C iv and Lyα absorbers
detected in our spectra. Out of the 21 objects listed in this
table where C iv absorption can be searched, no associated
C iv absorption is detected in 8 cases. We do not find any sta-
tistically significant difference in SPSF or sensitivity reached
between the two sub-samples (i.e., with and without the asso-
ciated C iv absorption). Only one of the 8 RLQs (i.e., 12.5%)
without associated absorption (i.e., M1142-2633, object #10)
shows extended Lyα emission. While we detect a strong as-
sociated Lyα absorption in the case of the radio galaxy (i.e.,
#18) no associated C iv absorption was detected in that case
(Shukla et al. 2021). As previously mentioned, there are 13
cases with clear detection of associated C iv absorption. In
9 of these, the rest equivalent width of C iv absorption is in
excess of 0.5Å. There are confirmed and tentative detections
of Lyα halo in 4 and 2 (i.e., total 6/9) cases, respectively,
among these. Thus, there is a slight excess of Lyα halo de-
tection among objects showing C iv associated absorption.

Note in the two cases we could not ascertain the presence
of C iv absorption in the red wing of the C iv emission. One
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of these, i.e., M1215-0628 (object #11) shows detectable ex-
tended Lyα emission. In our SALT spectrum we detect a
narrow Lyα absorption at z >zem. We also see a dip in the
expected position of C iv in our NOT spectrum (Krogager
et al. 2018). As the spectral resolution of NOT spectrum is
low, confirming the C iv absorption in this case will further
consolidate our finding of a correlation between the detection
of Lyα halos and presence of C iv associated absorption.

In general, the RLQs in our sample show excess associated
C iv absorption (section 3.1.3). Wild et al. (2008) performed
large scale clustering analysis of absorbers around quasars.
They concluded that the C iv absorption excess within ±
3000 km s−1 to the quasar is mainly due to the gas in the
environment and not due to the large scale clustering. In such
cases, the C iv detection rate can be linked to the covering
factor of gas around quasars. The same can also be linked to
the presence of bright and possibly large Lyα halos. As deep
observations usually detect Lyα halos in all the cases, our re-
sult means a possible correlation between the Lyα luminosity
and/or size with the presence of associated absorption. It will
be interesting to verify this correlation in samples with deep
IFS observations.

The gas distribution around quasars can also be probed
through H i 21-cm absorption, an excellent tracer of cold neu-
tral medium (CNM; T∼100 K). Since radio emission is often
extended the gas properties can be probed towards multi-
ple sight lines (see e.g., Srianand et al. 2015). Gupta et al.
(2021a) have searched for H i 21-cm absorption towards all
z > 2 quasars in the MALS-SALT-NOT sample. Based on
the lack of H i 21-cm absorption (detection rate = 1.6+3.8

−1.4%)
they concluded that the powerful RLQs in our sample have
low CNM covering factor. Unfortunately the spectral range
of H i 21-cm absorption from 18 quasars in our sample are af-
fected by radio frequency interference. This prevents us from
directly investigating the connection between the Lyα halos
and cold H i gas. For remaining 5 objects (#3, #6, #8, #16
and #21) H i 21-cm absorption is observable but no absorp-
tion is detected. However, for object #3 with no Lyα halo
detection, we detect an associated pDLA at the redshift of
the quasar (see Table 5 and section 6 of Gupta et al. 2021a,
for discussions). Using the lack of H i 21-cm absorption in this
case, we constrain the spin temperature, TS > 216 K.

Recall that objects #6 and #16 have confirmed Lyα halo
detections. They also exhibit associated C iv absorption (see
Table 5). The H i 21-cm absorption non-detection (assuming
TS = 100 K) for these correspond to N(H i) less than 5.6 ×
1020 cm−2 and 2.4×1019 cm−2, respectively. The objects #8
and #21 have tentative Lyα halo detections. No associated
C iv absorption is detected in these cases. The non-detection
of 21-cm absorption in these cases correspond to an upper
limit of 5.6 × 1020 cm−2 and 5.6 × 1020 cm−2, respectively.
The H i 21-cm absorption and Lyα halos in our observations
are probing gas at different physical scales. Specifically, the
radio emission in the former case probes gas at scales smaller
than 10 kpc whereas the detected Lyα halos are much larger
than this. Thus, unlike C iv absorption which may originate
from gas with a wide range of physical conditions, there is no
connection between the detection of extended Lyα halos and
the presence of large reservoirs of cold atomic gas at smaller
(<10 kpc) scales.
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Figure 7. Comparison of the He ii equivalent width with Lyα halo
size (measured at f0=1.0 × 10−18 erg s−1cm−2Å−1, Lyman con-

tinuum luminosity (L912), Radio size and the equivalent width of
the Lyα halos (EQWhalo

Lyα) for our sources with clear extended Lyα

halo (red), tentative (orange) and non-detections (black). In the

bottom panel we have included data from the sample of (Heckman
et al. 1991a,b).

4.3 Nuclear He ii emission and Lyα halo detection

The nuclear He ii emission is a good probe of the quasar
spectral energy distribution in the extreme-UV to soft X-
ray regime. In our sample, out of 23 RLQs searched for the
extended Lyα halos, 8 show detectable nuclear He ii emission
(see Table 3 and Fig A4). For 20 objects, our spectra reach
a 4σ equivalent width sensitivity of 1Å or better. We detect
He ii emission with rest equivalent width in excess of 1Å in
6 cases (i.e objects #6, #10, #11, #18, #19 and #22). In 5
of these sources we have the firm detection of Lyα halos and
for one (i.e object #19) we have tentative detection. In the
remaining 14 cases, we have two firm detection (i.e in objects
#13 and #16) and 2 cases show tentative Lyα halo detection.
Thus it appears that in our sample there is a clear trend of
increase in the Lyα detection rate with the rest equivalent
width of the nuclear He ii emission line. This is consistent
with the finding of Heckman et al. (1991a).

In Fig. 7, we compare the rest frame He ii equivalent width
(EQWHeII) of the nuclear emission with the Lyα halo size, Ly-
man continuum luminosity (L912), Radio size and the equiv-
alent width of the Lyα halos (EQWhalo

Lyα). To estimate the
equivalent width of the extended Lyα halo emission, we have
taken the ratio of the halo luminosity provided in Table 6
and the specific luminosity at 1350Å (see Table 4). In these
plots, the confirmed and tentative Lyα detections, and the

MNRAS 000, 1–30 (2021)



Lyα emission from RLQs 17

non-detections are represented by red, orange and black filled
squares, respectively. In the bottom panel we also show the
data from Heckman et al. (1991a,b) as blue circles.

We estimate, Kendall rank correlation coefficient (a.k.a.
Kendall’s τ) between EQWhalo

Lyα and EQWHeII (see panel (d)),
using all the data points from our sample and Heckman et al.
(1991a), including upper limits. We use python package ‘pym-
ccorrelation’ (Curran 2014; Privon et al. 2020) for estimat-
ing the coefficient (r) and p-value. Since the number of data
points are small, we use Nboot = 10 − 30 and find that the
coefficients do not change drastically. For Nboot = 10 and
100 realizations, we obtain, r=0.61 and p= 7× 10−5, for our
sample, and r=0.50 and p=0.03 for Heckman et al. (1991a)
sample. For the combined data set, we get r = 0.52 and p =
3 × 10−6. The same between Lyα halo size and EQWHeII

(see panel (a)) gives r=0.50 and p=0.003. The Lyα halo
sizes plotted here are measured at constant flux threshold
of 1.0 × 10−18 erg s−1cm−2Å−1 for all the sources to elimi-
nate the effect of different sensitivities reached for individual
sources. The threshold flux level is approximately the average
flux level reached for clear detections+tentative detections
(see Table 6). These results strengthen the suggestion that
the presence of narrow He ii nuclear emission line is a strong
indicator of finding extended gas around AGNs, especially
around RLQs. It will be interesting to explore this in more
detail for the objects in IFS samples.

Panel (b) of Fig. 7 shows radio size vs EQWHeII. It is ev-
ident that the frequency of Lyα halo detection is enhanced
among sources having large radio size and high equivalent
width of He ii nebular emission. The low EQWHeII observed
for compact sources could also be due to the additional con-
tribution to the optical continuum from the radio jets.

In the panel (c) of Fig. 7, we plot the He ii rest equiva-
lent width vs. Lyman continuum luminosity (L912). We do
find a possible anti-correlation between L912 and EQWHeII

(r=−0.23) albeit with less statistical significance (p=0.14).
This is similar to the already known anti-correlation between
L2500 and EQWHeII (i.e “Baldwin effect”) (Zheng & Malkan
1993; Laor et al. 1995; Green 1996; Korista et al. 1998; Di-
etrich et al. 2002; Timlin et al. 2021). Note, we inferred L912

using a simple power-law extrapolation from the rest UV
spectrum. For RQQs, a strong correlation has been found
between αOX and EQWHeII, and anti-correlation between
αOX and L2500 (Timlin et al. 2021). Thus, we expect L2500

to anti-correlate with EQWHeII as well. Therefore, the trend
observed in the top panel of Fig. 7, is consistent with the gen-
eral trends seen in RQQs. Also presence of beamed continuum
from the compact radio core can reduce the measured equiv-
alent widths in some of the sources in our sample. In these
cases, the actual UV continuum seen by the line emitting gas
will be less luminous compared to what we infer.

4.4 Are RLQs intrinsically different?

In this section, we compare the intrinsic properties of RLQs
with and without extended Lyα halo detection. In particu-
lar, we compare the cumulative distribution functions (CDFs)
of various parameters for the following three subsets: con-
firmed detections, tentative detections and non-detections.
The CDFs of quasar continuum luminosity (λL1350), black-
hole mass (MBH), Lyα continuum luminosity (L912), line
width of C iv (FWHMCIV), spectral luminosity at 420 MHz

45.5 46.0 46.5 47.0
log10[ L1350(erg s 1)]

0.00

0.25

0.50

0.75

1.00 Detections
Tentative

8.0 8.5 9.0 9.5
MBH (M )

0.00

0.25

0.50

0.75

1.00 Non-detections

30.0 30.5 31.0 31.5
log10[L912(erg s 1Hz 1)]

0.00

0.25

0.50

0.75

1.00

2000 4000 6000 8000
FWHMCIV (km s 1)

0.00

0.25

0.50

0.75

1.00

27 28 29
L420(W Hz 1)

0.00

0.25

0.50

0.75

1.00

1.0 0.5 0.0 0.5 1.0
1.4
0.4

0.00

0.25

0.50

0.75

1.00

Cu
m

ul
at

iv
e 

di
st

rib
ut

io
n

Figure 8. Cummulative distributions of various quasar properties

measured for our sample. The sources showing clear extended Lyα
are shown by red. The tentative detections and non-detections are

shown by orange and black, respectively.

Table 7. Results of Kolmogorov-Smirnov statistics

Parameter ks statistics p-value

(1) (2)

Detections vs Non-detections

λL1350 4.31e-01

MBH 1.16e-01

L912 5.67e-01

FWHM(CIV) 6.46e-02

L420MHz 3.42e-02

Radio spectral index (α1.4
0.4) 1.73e-01

L1420MHz 2.05e-02

Detections+tentative vs Non-detections

λL1350 2.41e-01

MBH 9.15e-02

L912 5.51e-01

FWHM(CIV) 3.23e-02

L420MHz 3.51e-01

Radio spectral index (α1.4
0.4) 3.26e-01

L1420MHz 5.20e-01

Kolmogorov statistics results for various parameters (Column 1) and the

resulting p-values (Column 2) between the sources with clear detections

and non-detections (upper half of the table) and clear detections+tentative

versus non-detections (lower half of the Table).

(L420MHz) and radio spectral index (α1.4
0.4) are shown in Fig. 8.

The Kolomogorov Smirnov test (KS-test) results are provided
in Table 7. Visual inspection of the Fig. 8 shows that the de-
tections are apparently different from the non-detections in
all the variables with the median of the non-detections always
being higher than those of detections except for L420MHz,
where the median of the non-detection is lower. Interestingly
we also see that the distribution of tentative detections tend
to be more similar to those of the detections than to the non-
detections, an exception again being L420MHz where tenta-
tive detections are more similar to non-detections. However,
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the table shows that the KS-test p-values (see Table 7) are
typically not very significant.

We find the difference in the radio luminosity (both
L420MHz and L1420MHz) between clear detections and non-
detections with p-values less than 0.03. However, the signifi-
cance gets diluted when we combine the tentative detections
with confirmed detections. This indicates the Lyα halo prop-
erties to be correlated with the radio power. In the following
section we explore this further using the literature sample.
In the case of FWHMCIV we find the p-values to be 0.06
and 0.03 when we compare detections vs. non-detections and
detections+tentative detections vs. non-detections, respec-
tively. This suggests that objects with narrower C iv emission
line width may have luminous and/or larger Lyα halos.

4.5 Comparison with sample from Literature

In this section, we combine our sample with those from the
literature to understand some of the above discussed trends.
To start with, we investigate the differences between our sam-
ple and those from previous studies of extended Lyα emission
around high-z quasars and radio galaxies.

In Fig. 9, we show the distribution of absolute i-band mag-
nitude vs. zem for objects in our sample and various samples
from the literature. For comparison, we have selected major
studies on diffuse Lyα emission from the literature: Heckman
et al. (1991a,b) (H91), van Ojik et al. (1997) (VO97), Chris-
tensen et al. (2006), Borisova et al. (2016) (B19), Fathivavsari
et al. (2016), Arrigoni Battaia et al. (2019) (A19), Cai et al.
(2019); O’Sullivan et al. (2020); Mackenzie et al. (2021). The
absolute magnitudes are taken from the respective studies if
provided, otherwise are estimated using the SDSS apparent

i-band magnitude after k-correcting it using the method by
Ross et al. (2013). If the SDSS magnitude is also not available
then we use the PS1 magnitudes (see table 6 in Tonry et al.
2012)/ SSS magnitudes (see eqn 2 in Peacock et al. 2016) to
calibrate the apparent magnitude in SDSS i-band. Since the i
band bandpass filters are very similar for PS1 and SDSS, cal-
ibrating SDSS i-band magnitude from PS1 has smaller error
(magnitude difference, ∆m = 0.002+0.14

−0.17) compared to using
SSS. While the Mi distribution of our sources are similar to
those in the literature, our sample fills the gap in the distri-
bution around z = 2.7− 3.0.

In Fig. 10, we compare radio power L420MHz and radio
size with the luminosity and size of Lyα halos for our sample
(squares) and sample of 17 RLQs from B16+A19, 19 from
H91 (open circles) and HzRGs from VO97 (downward tri-
angle). To estimate L420MHz of the sources from literature,
we compute spectral index (α1.4

0.2) between 200 MHz flux den-
sity obtained from GaLactic and Extragalactic All-sky MWA
Survey (GLEAM) Extragalactic Catalog (GLEAMEGCAT;
Hurley-Walker et al. 2017) and 1.4 GHz flux density mea-
surements from NVSS/FIRST. The radio sizes for H19 and
VO97 are available from literature. For RLQs from B16+A19,
we use VLASS 3 GHz images to estimate the deconvolved ra-
dio sizes in the same way as our sample. We point out that
for a few sources one or both radio size and L420MHz mea-
surements are unavailable, so number of points shown in each
subplot of Fig. 10 are different. The upper limits on the quan-
tities are shown by downward/leftward arrows.

We note that both Lyα luminosity and halo size for our
sample may be underestimated as we use slit-based spectra
(same is the case for VO97). In the case of Heckman et al.
(1991a), the size measurements are based on narrow band
images and are more reliable compared to the slit based mea-
surements. We compute Kendall rank correlation coefficient
between the two parameters shown in each subplot, account-
ing for the upper limits using Nboot = 10. We find the coef-
ficient and p-values change with each realization, even when
Nboot = 10 is kept constant. So, we compute the correlation
coefficients 100 times and report the mean and standard de-
viation on these. We compute these correlation coefficients
separately for the sample of RLQs with IFS measurements
(B16+A19), RLQs of H19, HzRGs and our sample. We also
study these correlations combining the IFS and H91 samples
together. The correlation coefficient r and associated p-values
(in brackets) for all the cases are summarized in Table 8.

For RLQs observed with MUSE (i.e., B16+A19), we find a
strong correlation between the Lyα luminosity and L420MHZ

(Kendall r = 0.56; p-value = 0.02). Our sample also shows
significant correlation. However, correlations are relatively
less significant in the RLQ sample of Heckman et al. (1991a)
and HzRG sample of van Ojik et al. (1997). This could be
related to the smaller range in L420MHz probed in these sam-
ples. When we combine the IFS sample with that of Heckman
et al. (1991a), we find r = 0.28 and a p-value of 0.07.

Similarly the IFS sample also shows strong correlation be-
tween L420MHZ and Lyα halo size (Kendall r = 0.53 and a
p-value of 0.03). However, when we consider only the sample
of Heckman et al. (1991a) or van Ojik et al. (1997), we do
not find any significant correlation. Correlation is also not
evident when we combine the IFS sample with that of Heck-
man et al. (1991a). Interestingly, in the Lyα halo luminosity
vs L420MHZ plane both our and Heckman et al. (1991a)’s
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Figure 10. Comparison of L420MHz and radio size with Lyα halo luminosity and sizes for objects in our sample and from the literature.
The squares correspond to our sample of RLQs, the red ones indicate objects with extended Lyα halo detection and the orange and black

are for tentative and non-detections, respectively. RLQs from literature sample are shown with circles and HzRGs by lower triangle. The

samples from Borisova et al. (2016) (B16) and Arrigoni Battaia et al. (2019) (A19) includes 2 RLQs and 17 RLQs, respectively. Note that
the number of points are not same in each subplot, as not all quantities are simultaneously available for all the objects. Note that the

Lyα halo sizes used for our sample are measured at 3σ flux level.

Table 8. Measured correlation Coefficients and p-values

Sample L420MHz-Lyα luminosity L420MHz-Lyα halo size Radio size -Lyα luminosity Radio size -Lyα halo size

(1) (2) (3) (4) (5)

IFS (B16+A19 RLQs) 0.56±0.06 (0.0158±0.0135) 0.54±0.07 (0.0222±0.0217) 0.25±0.07 (0.1832±0.1156) 0.27±0.07 (0.1605±0.0961)

Heckman 1991 0.18±0.08 (0.3606±0.1514) 0.01±0.09 (0.5026±0.1291) 0.17±0.09 (0.3229±0.1653) -0.42±0.04 (0.0415±0.0215)

VanOjik 1997 0.23±0.10 (0.2498±0.1426) -0.08±0.06 (0.5320±0.1373) 0.08±0.08 (0.4643±0.1267) 0.43±0.06 (0.0333±0.0276)

This work 0.32±0.05 (0.0540±0.0430) 0.42±0.10 (0.0797±0.0806) 0.33±0.07 (0.0462±0.0661) 0.61±0.07 (0.0079±0.0076)

IFS+Heckman 0.28±0.05 (0.0656±0.0522) 0.16±0.06 (0.2903±0.1363) 0.27±0.05 (0.0482±0.0433) 0.06±0.05 (0.4129±0.1399)

Kendall rank correlation coefficient between two parameters (Columns 2-5) as shown in Fig. 10 for IFS observations, Heckman et al. (1991a,b), van Ojik

et al. (1997), our sample and IFS+Heckman et al. (1991a) sample as provided in Column 1. The Lyα halo sizes used are measured at 3σ flux level.

RLQs occupy similar regions. However, as expected the Lyα
halo sizes are much larger for the Heckman et al. (1991a)
sample as they use narrow band images to measure the sizes.

Next we consider the correlation between radio size and
Lyα halo luminosity. In the MUSE IFS sample, we find an
insignificant correlation (i.e r = 0.25 and p =0.18) of the Lyα

halo properties with the radio size. However, it is evident
from the Fig. 10 that the MUSE IFS samples probe a narrow
range of radio sizes with very few large radio sources (i.e ∼
80 percent of the sources have sizes less than 10 kpc). Both
samples of Heckman et al. (1991a) and van Ojik et al. (1997)
do not show any significant correlation between radio size and
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Figure 11. Distribution of FWHM of the Lyα halo emission. We

compare the distribution from different samples discussed here.

Lyα luminosity. As discussed before both the sample lack
compact radio sources. However, when we combine MUSE
IFS and the Heckman et al. (1991a) samples, we find r =
0.27 and p=0.048. This suggest a possible correlation between
radio size and Lyα luminosity. Presence of such a correlation
will explain frequent detection of Lyα halos in the extended
radio source in our sample.

A strong anti-correlation is seen between radio source size
and Lyα halo size in the case of Heckman et al. (1991a) (pre-
dominantly have large radio sources) sample and strong cor-
relation in the case of HzRG sample of van Ojik et al. (1997).
In the MUSE IFS sample, this correlation is not very signifi-
cant. As expected when we combine IFS sample with that of
Heckman et al. (1991a), we do not find any significant corre-
lation. Our sample alone shows a strong correlation between
these two quantities, where the halo sizes are measured at
3σ flux level (see Table 6). However if we find the correlation
between radio size and Lyα halo sizes measured at constant
flux f0, then this correlation reduces significantly. It is impor-
tant to probe the radio-size vs. Lyα halo size relationship for
a sample spanning large radio-sizes with IFS spectroscopy.

In Fig. 11, we plot the distribution of measured Lyα
FWHM from our sample (firm as well as tentative detections)
and those from the literature. As we mentioned before 6 out
of 7 firm detections show FWHM in excess of 900 km s−1

in our sample. Among the 5 tentative detections two have
FWHM in excess of 1000 km s−1. In the sample of Borisova
et al. (2016), the two RLQs have FWHM in excess of 1000
km s−1. But the radio quiet quasars have FWHM in the range
320−930 km s−1with a median of 640 km s−1. Arrigoni Bat-
taia et al. (2019) found FWHM to be 6 940 km s−1 for all
the objects in their sample including RLQs. They suggested
that the gas kinematics are consistent with that expected for
gas motions in the gravitational potentials of galaxies host-
ing these quasars. For the HzRG in the sample of van Ojik
et al. (1997), the measured FWHM are in the range 670−1575
km s−1with a median of 1237 km s−1. There are 5 sources in
the sample of Heckman et al. (1991a) for which long-slit spec-
troscopy was presented in Heckman et al. (1991b). All 5 of
them have FWHM in excess of 1000 km s−1. Thus our detec-

tions are consistent with what is typically seen in HzRGs and
RLQs.

5 SUMMARY

In this work, we present a detailed analysis of long-slit spec-
troscopic observations with SALT of 23 newly discovered
RLQs at 2.7 6 z 6 3.3. These objects are part of a com-
plete sample of 25 RLQs (brighter than > 200 mJy at 1.4
GHz) at z > 2.7 found in our dust-unbiased MALS-SALT-
NOT survey (Gupta et al. 2021b). We present measurements
of various quasar properties based on optical spectra and L-
band images from our uGMRT observations. The redshift
range covered in our work fills a gap between previous stud-
ies focusing on diffuse Lyα emission from HzRGs, RLQs and
RQQs. We arrive at the following conclusions based on our
detailed study and comparison with previous studies.

(i) We report 7 clear detection and 5 tentative detection of
extended Lyα halos. Our detection rate is much lower than
∼ 83-100% detection rate of Lyα halos in Heckman et al.
(1991a) and MUSE studies (Borisova et al. 2016; Arrigoni
Battaia et al. 2019). The reason for low number of Lyα halo
detection is mostly due to poor seeing (∼ 2′′) and flux sensi-
tivity achieved in our case compared to the recent IFS studies.

(ii) We find the Lyα detection to be more frequent among
the extended radio sources. If we select only sources with
radio sizes > 10 kpc, we find 4 confirmed and 1 tentative
detection among the 6 extended radio sources. Note the sen-
stivity and SPSF in these cases are typical of what we achieve
for the full sample. This finding is consistent with the high
detection rate found by Heckman et al. (1991a) for extended
radio sources in their sample.

(iii) Among objects with a confirmed Lyα halo detections
we find extended C iv emission in only two cases and extended
He ii emission in only one case. The extended C iv and He ii
emission in the case of the radio galaxy M1513-2524 (ob-
ject #18) is discussed in detail in Shukla et al. (2021). The
frequency of detection of extended C iv and He ii emission
among sources showing Lyα halos is consistent with very re-
cent study by Guo et al. (2020) using MUSE data of Borisova
et al. (2016); Arrigoni Battaia et al. (2019).

(iv) We find a possible connection between the detection
of extended Lyα emission and the presence of associated
C iv absorption. Our sample, shows clear excess of associated
C iv absorption, suggesting high covering factor of ionized
gas around our quasars. We also find the Lyα halo detection
among the sources showing associated C iv systems are much
higher than those without associated absorption. However,
H i 21-cm searches (see Gupta et al. 2021a) towards 18/23
RLQs in our sample are affected by RFI. The non-detection
in remaining 5 cases suggests a low covering factor of cold
neutral gas even in the cases where Lyα halos are detected.

(v) Nuclear He ii emission is detected in 8 out of 23 cases.
It has been shown that He ii emission is a good indicator
of the far-UV to soft-X-ray spectral energy distribution of
quasars. We have 6 confirmed and 2 tentative detection of
Lyα halos among the 8 sources with detectable He ii nu-
clear emission. We see a clear trend of increase in diffuse Lyα
emission equivalent width with rest frame equivalent width
of He ii emission line. This is consistent with the findings of
Heckman et al. (1991a,b).
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(vi) We compare several quasar properties (such as L1350,
MBH , L912, FWHMCIV, L420MHz and α1.4

0.4) among detec-
tions, tentative detections and non-detections in our sample.
Detections are found to be different from non-detections in all
the parameters with the median of the non-detections being
higher than those of detections except for L420MHz. However,
due to small number of objects involved the statistical signif-
icance of these differences are not high for most cases. Nev-
ertheless spectral luminosity (L420MHz) and C iv line width
(FWHMCIV) have p-values less than 5%.

(vii) We find all our confirmed detections have FWHM of
the diffuse Lyα emission in excess of 900 km s−1, except one
with FWHM< 600 km s−1. Among tentative detections 2 out
of 5 have FWHM in excess of 1000 km s−1. In the remaining
cases the FWHM spans the range 357−678 km s−1. This is
consistent with a perturbed kinematics of the halo gas as seen
in the radio-loud quasar sample of Heckman et al. (1991a,b)
and radio galaxy sample of (van Ojik et al. 1997). The FWHM
in the case of radio quiet quasars are found to be much less
than what we find in the case of radio-loud objects (Borisova
et al. 2016; Arrigoni Battaia et al. 2019). Based on the low
FWHM it is argued that the gas kinematics is governed by
the gravitational potential of the host galaxies. In the case of
radio-loud objects either the jet-gas interactions or the abil-
ity of the host galaxy to sustain large scale winds over a long
period of time are invoked to understand the perturbed kine-
matics. It is important to have deep IFS observations of our
targets to fully quantify the velocity field and its connection
to the radio jet orientation. Such a study is important to
understand the origin of gas kinematics.

(viii) Finally, we probe the correlation between the Lyα
luminosity and size with the radio power and size using data
from the literature. We measure the radio size and L420MHz

for radio loud objects studied in MUSE IFS samples. These
data clearly show a strong correlation of L420MHz with Lyα
luminosity and halo size. A relatively weaker correlation is
seen between the radio size and Lyα luminosity and halo size.
These above mentioned correlations could also be the reason
for us detecting Lyα emission more frequently amongst the
objects having higher L420MHZ and radio size in our sample.
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APPENDIX A: APPENDIX

A0.1 M135131.98-101932.90 (#16)

This quasar is among top three in our sample in terms of
radio size, radio power and Lbol (see Table 4) and with He ii
line clearly detected in its spectra (see Fig. A4). We have
obtained spectra along PA = 0◦ and 157◦, where PA = 157◦

is aligned with the axis of radio emission (see Fig. 1). We
detect the Lyα halo in both these spectra (see Fig. 3).

To better understand the correlation between radio and
Lyα halo morphology, we measure the extent of the Lyα as
a distance between quasar trace and outermost spatial loca-
tions of 3σ contour for the emission on either side of the trace
separately. For PA=157◦, the extents are ∼ 40 kpc, 44 kpc
and the Lyα luminosities are 1.30× 1043, 1.54× 1043 erg s−1

for the South-East and North-West direction, respectively
(refer to the slits shown in Fig. 1). Therefore, total extent
of the Lyα halo is 84 kpc (distance between the outer most
contours on either sides of the quasar trace) along PA=157◦

and has a total luminosity of 2.84× 1043 erg s−1.
As mentioned above the radio emission is extended with a

double lobe structure (see Fig. 1). The separation between the
WISE location and peak of the South-East and North-West
lobes are ∼ 28 kpc and 58 kpc with peak flux densities of
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Figure A1. 1D spectrum of the sources in our sample. Vertical lines mark the locations of different emission lines and the orange points

are photometry from Pan-Starrs1. The cyan shaded regions indicate the two ccd gap ranges as mentioned in Section 2.2. The source IDs

are shown in the top-left corner. Note that the spectra are combination of all available PAs for each source.
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Figure A1. Continued.
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Figure A2. C iv (black) emission line profiles of the quasars from our sample. The green shaded region is 1σ error bar, the red curve is the
Gaussian+power law fit and the dashed horizontal red line is the power law fit to the local continuum region. The grey and cyan shaded

regions were masked while fitting the Gaussian to the emission line profile and linearly interpolated to measure the line fluxes. The cyan

regions indicated ccdgap ranges. For M121514.42-062803.50, the C iv line falls in the CCD gap, so we have used our NOT spectrum to
measure the C iv line properties.

∼ 0.41 and 0.09 mJy b−1, respectively. Clearly the observed
Lyα emission is more symmetric than the radio emission with
respect to optical source. The radio emission is extended be-
yond the Lyα halo in the North-west direction whereas it is
well within the Lyα halo (in projection) in the South-East

direction. In the case of radio galaxies, van Ojik et al. (1997)
have found the inner parts of the Lyα halo within the extent
of the radio emission to show perturbed kinematics (FWHM
> 1000 km s−1) due to jet–gas interaction. The fact that the
radio emission is within the Lyα halo along PA=157◦ and the
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Figure A3. Same as Fig. A2 for Lyα emission line.

halo velocity widths are ∼ 600 km s−1(see Table 6) indicates
that the velocity field of the gas associated with the extended
Lyα emission is not heavily influenced by the radio source.

In the case of spectra taken with PA = 0◦, the Lyα is
extended∼ 36 kpc both along North and South direction with
total Lyα luminosities of 1.0 × 1043 and 2.2 × 1043 erg s−1,
respectively. The line widths are also similar to what we find
along the PA = 157◦. This also confirms that the effect of

turbulence introduced by any possible interaction of the radio
source with the ambient medium, if at all present, is not that
strong in this quasar.

As can be seen from column 9 of the Table 6 and Fig. 4
the peak of the Lyα emission from the halo is shifted with
respect to the systemic redshift by 975 and 1027 km s−1 for
PA = 157◦ and 0◦, respectively. As we discussed before the
systemic redshifts are determined based on the C iv emission
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Figure A4. Same as Fig. A2 for He ii emission line for sources in our sample with clear detection with 4σ significance.

and therefore underestimated in our study. We detect red-
shifted C iv associated absorption system (See Table 5 and
Fig. A2 where C iv absorption is seen in the red wing of the
C iv emission line) in its spectrum. We clearly detect Lyα also
from this absorber that is redshift by 990 km s−1 with respect
to the systemic redshift. This is within 15 km s−1 to the red-
shift of the Lyα halo. Thus it is possible that the Lyα halo is
associated with an infalling gas and with minimal interaction
with the radio emission. To substantiate this interpretation,
it is important to measure the systemic redshift of this quasar
using rest frame optical lines.

A0.2 M210143.29-174759.20 (#22)

As can be seen from Table 2, this sources has the largest radio
luminosity in our sample. However, it has the fourth lowest
bolometric luminosity and inferred Lyα continuum luminos-
ity in our sample (see Table 4). Thus naively one expects the
photoionization to be less efficient compared to other sources
in the list. However, we do see a strong nuclear He ii emission
in this quasar (see Fig. A4).

This is another radio source for which we have obtained
optical spectra along (PA = 112◦) and perpendicular (i.e PA
= 30◦) to the extended radio emission (see Fig 5). The radio
source shows double component with the optical counterpart
coinciding with one of the radio peaks (which we believe is the
core of the radio emission). The other radio peak (probably
related to an one sided jet) is along the South-East direc-
tion with respect to the optical source. Extended Lyα halo
is detected along both the PAs, with maximum extension of
53 kpc and luminosity 2.35×1044 erg s−1 along PA = 112◦.
In this case the Lyα halo is found to be asymmetric both
in terms of size and luminosity. It is much brighter (i.e by
more than 40 times) and extended (i.e up to 30 kpc from the
quasar trace) in the North-West direction (see Fig. 3) com-
pared to that in the South-East direction. The FWHM of
this extended Lyα emission is found to be 1259 km s−1. This
suggests a perturbed kinematics (as per the definitions used
in van Ojik et al. 1997) and possible jet-gas interaction for
the Lyα emission detected in the North-West direction.

In the spectra obtained with PA = 30◦, we detect Lyα emis-
sion both in the North-East and South-West directions (i.e

MNRAS 000, 1–30 (2021)



28 Shukla et.al

Figure A5. Same as Fig. 3 for five sources with tentative Lyα halo detection. For # 21 along PA=30◦ the two tiny blobs in the SPSF

subtracted image are residuals of cosmic ray. In #24, we see significant residual emission from SPSF subtraction within the FWHM
especially at the top.

PA = 112◦). The measured luminosities are at least a factor
1.5 less than what has been found for North-west direction.
Also we notice that, the velocity width of the extended Lyα
emission measured along North-East and South-West direc-
tion are smaller than what has been measured along PA =
112◦. This once again confirms the asymmetric nature of the
Lyα halo. The fact that the radio source has a one sided jet
structure with the strongest Lyα emission (also having large
velocity width) is found in the opposite direction may favor
jet cloud interaction leading to the observed Lyα asymmetry

both in terms of Lyα luminosity and velocity field. Higher
resolution radio images with IFU spectroscopy will be very
important to explore this possibility.

As can be seen from Table 5, we detect two C iv associ-
ated absorption systems with relative velocities of −316 and
275 km s−1with respect to the systemic redshift. These are
well within the measurement uncertainties of the systemic
redshift. Thus we do not have any clear signatures of infall,
with velocity beyond that is allowed by errors in the systemic
redshift, in this case.
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Figure A6. Same as Fig. 3 for rest of the sources with no clear Lyα emission beyond SPSF FWHM at 3σ level (see column 7 of Table 6).

A0.3 M114226.58-263313.70 (#10)

As can be seen from Table 2, this sources has the second
largest linear size for radio emission in our sample. This also
has the fifth highest bolometric luminosity and Lyman con-
tinuum luminosity in our sample (see Table 4). The nuclear
He ii emission is clearly detected in this quasar (see Fig. A4).

The radio sources shows a compact component coinciding
well with the optical source and an extended component to-
wards south with respect to the optical position. The radio
emission extend up to 92 kpc. Thus the radio morphology is
consistent with the one-sided jet. We have long-slit observa-

tions taken alone only one PA (=100◦) for this source, which
is roughly perpendicular to the the axis of radio emission (see
Fig. 1). We have also taken narrow band observations using
SALT centered around the Lyα emission, to understand over-
all distribution of the gas. But unfortunately the data quality
(in particular the image quality) is not good for the analysis.
Therefore, a direct comparison of radio morphology with Lyα
halo is difficult.

The Lyα halo is clearly detected showing asymmetry both
in the size and the Lyα luminosity. The Lyα halo luminosity
(LLyα) of this source is one of the highest in our sample, with
luminosity of 1.7×1044 erg s−1 and halos size of 68 kpc. The

MNRAS 000, 1–30 (2021)



30 Shukla et.al

Figure A6. Continued.

emission is asymmetric being more extended and brightest
along South-East direction. The emitting gas is perturbed
with FHWM ∼ 1007 km s−1, indicating interaction with the
radio source. As discussed before, this is the only quasar in
our sample where we also detect the extended C iv emission.
There is no extended radio emission along the direction of our
slit (see Fig. 1). Therefore, if at all there is any unresolved
radio structure it has to be well inside the observed Lyα halo.
Thus with the present radio images in hand we are not in a
position to associate the observed asymmetry we have seen
in the radio emission with the jet-gas interaction.

Unlike the other two cases discussed above we do not detect

any associated C iv absorption (see Table 5) for this source.
However, the peak of the Lyα emission is shifted by ∼ 713
km s−1 with respect to the systemic redshift of the quasar
(see Fig 4). Presence of detectable C iv and He ii extended
emission, strong asymmetric Lyα emission and one side jet
radio morphology clearly make this target ideal for VLBA
imaging and IFU based spectroscopic followup study to probe
the radio jet interactions with the ambient medium.

This paper has been typeset from a TEX/LATEX file prepared by

the author.

MNRAS 000, 1–30 (2021)



Lyα emission from RLQs 31

0

2

PA = 84°

08

5

0

5

PA = 10°

09

10

0

PA = 15°

19

10

0

10

PA = 97°

10

5

0

5

PA = 30°

21

0

5

PA = 110°

6 4 2 0 2 4 6
5

0

5

10

PA = 0°

24

6 4 2 0 2 4 6

0

20

PA = 90°

Fl
ux

[1
0

18
er

g
s

1 c
m

2 Å
1 ]

Relative velocity (km s 1)

Figure A7. Same as Fig. 4 for five sources with tentative Lyα halo

detection.
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