
MNRAS 531, 5084–5096 (2024) https://doi.org/10.1093/mnras/stae1512 
Advance Access publication 2024 June 18 

Galaxy group-associated distances to very high energy gamma-ray 

emitting BL Lacs KUV 00311 −1938 and S2 0109 + 22 

Karri I. I. Koljonen , 1 , 2 , 3 ‹ Elina Lindfors , 2 , 4 ‹ Kari Nilsson, 2 Pekka Hein ̈am ̈aki 5 and Jari Kotilainen 

2 , 4 

1 Department of Physics, Norwegian University of Science and Technology, NO-7491 Trondheim, Norway 
2 Finnish Centre for Astronomy with ESO (FINCA), University of Turku, V ̈ais ̈al ̈antie 20, 21500 Piikki ̈o, Finland 
3 Aalto University Mets ̈ahovi Radio Observatory, PO Box 13000, FI-00076 Aalto, Finland 
4 Department of Physics and Astronomy, University of Turku, Vesilinnantie 5, 20014 Turku, Finland 
5 T uorla Observatory , Department of Physics and Astronomy , Vesilinnantie 5, University of T urku, 20014 T urku, Finland 

Accepted 2024 June 17. Received 2024 June 12; in original form 2023 December 7 

A B S T R A C T 

Blazars constitute the most numerous source class in the known extragalactic population of very high energy (VHE) gamma-ray 

sources. Ho we ver, determining their redshifts is often challenging due to weak or non-existent emission lines in their spectra. 
This study focuses on two BL Lacs, KUV 00311 −1938 and S2 0109 + 22, where previous attempts at redshift determination 

have faced difficulties. By combining spectroscopic observations with photometric redshift estimates, we tentatively assign a 
redshift of z = 0 . 634 to KUV 00311 −1938 and a likely redshift of z = 0 . 49 to S2 0109 + 22. Establishing redshift estimates 
for high-redshift blazars is crucial for understanding extragalactic VHE gamma-ray sources and their interactions with the 
surrounding Universe. 
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 I N T RO D U C T I O N  

he number of known extragalactic very high energy (VHE) gamma-
ay sources, with photon energies abo v e 100 GeV, has increased
rom 10 to approximately 100 in the last 15 yr, a trend anticipated to
ccelerate with the advent of the Cherenkov Telescope Array (CTA). 1 

hese sources are predominantly blazars, a subset of active galactic
uclei characterized by a relativistic jet aligned closely with our line
f sight. Consequently, the jet’s emission experiences strong Doppler
oosting. 
Nearly 80 per cent of the VHE gamma-ray-detected blazars belong

o a group called BL Lacertae objects (BL Lacs), characterized
y intrinsically weak optical emission lines likely resulting from a
adiati vely inef ficient accretion flo w to ward the central supermassi ve
lack hole (Rees et al. 1982 ). Determining their redshifts through
pectroscopy is particularly challenging due to the absence of
mission lines that are o v ershadowed by the non-thermal continuum
bscuring host galaxy features. Ho we ver, fairly accurate redshift
stimates can still be obtained based on absorption lines/edges of
he H I Lyman α forest (e.g. Danforth et al. 2010 ; Dorigo Jones et al.
022 ), redshift lower limits from intervening absorption systems (e.g.
urniss et al. 2013 ; Pita et al. 2014 ), and host galaxy CO lines in

he millimetre regime (Fumagalli et al. 2012 ), which do not depend
n the power of the non-thermal continuum. Nev ertheless, man y BL
acs ( ∼18 per cent) still lack confirmed redshifts, despite numerous
ajor observing programs targeting this abundant extragalactic VHE

amma-ray source population (e.g. Paiano et al. 2020 ; Goldoni et al.
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021 ; Kasai et al. 2023 ). Moreo v er, the leading candidate source
f astrophysical neutrinos, TXS 0506 + 056 (IceCube Collaboration
018 ), is a BL Lac object with weak spectral lines (Paiano et al.
017 ), further emphasizing the need for redshift determination efforts
Paiano et al. 2021 ). 

BL Lacs, as bright extragalactic sources, provide valuable insights
nto the region of the Universe between us and the blazar. VHE
amma-rays are absorbed through interactions with near- and mid-
nfrared photons of the extragalactic background light (EBL) that
ermeates the Universe. This absorption is energy-dependent and
ecomes more pronounced with increasing redshift. Prior to mod-
lling the VHE emission of blazars, this distortion must be corrected,
equiring knowledge of the redshift of the source. Conversely, if the
ntrinsic blazar spectrum is kno wn, VHE observ ations can be used to
onstrain the EBL in the infrared-UV bands. Thus, blazars at different
edshifts can serve as indicators of the EBL density at varying
avelengths. The most recent limit, provided by Acciari et al. ( 2019 )
ased on results from 32 gamma-ray spectra for 12 blazars within the
edshift range of z = 0 . 03 –0 . 944, is consistent with predictions from
urrent EBL models. While the CTA has the potential to enhance
hese limits (Abdalla et al. 2021 ), achieving this goal requires an
ncrease in the number of blazars with known redshifts, particularly
hose with z > 0 . 4, for which we currently have only ten sources. 2 

n addition to studying the EBL, X-ray bright BL Lacs can also be
tilized to investigate the warm–hot intergalactic medium (WHIM,
og T ( K) = 5 –7; e.g. Fang, Canizares & Yao 2007 ). 

In this study, we aim to determine the redshifts of two BL Lacs:
UV 00311 −1938 and S2 0109 + 22. Direct spectroscopic redshift
 See e.g. http:// tevcat.uchicago.edu/ 
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eterminations for these sources have proven challenging, and they 
re likely to be located within a redshift range where blazars are
carce for indirect EBL studies. To determine the likely redshift of
he blazars, we use multi-object spectroscopy to search for possible 
osmic neighbours by assessing the redshifts of the galaxies in the 
eld of view and comparing them with the previous redshift limits
rom direct spectroscopy and deep imaging of the blazars. A similar
ethod has been applied to other blazars previously: PKS 0447–439 

 z = 0 . 343; Muriel et al. 2015 ), PKS 1424 + 240 ( z = 0 . 601; Ro v ero
t al. 2016 ), PKS 2155–304 ( z = 0 . 116; Farina et al. 2016 ), 3C
6A ( z = 0 . 34; Torres-Zafra et al. 2018 ), PG 1553 + 113 ( z = 0 . 433;
ohnson et al. 2019 ), RGB 2243 + 203 ( z = 0 . 528; Rosa Gonz ́alez
t al. 2019 ), and S5 0716 + 714 ( z = 0 . 23; Pichel et al. 2023 ). 

KUV 00311 −1938 was suggested to be one of the farthest BL
acs detected at VHE, based on a tentative redshift of z = 0 . 61 by
iranomonte et al. ( 2007 ). Ho we ver, neither Pita et al. ( 2014 ) nor
ichel et al. ( 2021 ) could confirm this redshift. Pita et al. ( 2014 )
learly identified a Mg II doublet corresponding to a redshift of z =
 . 506, providing a lower limit for the distance of KUV 00311 −1938.
ichel et al. ( 2021 ) also presented observations of 41 galaxies around

his BL Lac, but due to the absence of a numerous group of galaxies,
hey could not conclusively determine the redshift. 

For S2 0109 + 22, Paiano et al. ( 2016 ) derived a redshift of
 > 0 . 35 through optical spectroscopy. Ho we v er, the y also reported
he presence of a group of faint galaxies at z ∼ 0 . 26, adopting
hotometric redshifts from the Sloan Digital Sk y Surv e y (SDSS).
he detection of the faint host galaxy in the near-IR band, as reported

n MAGIC Collaboration ( 2018 ), resulted in a redshift estimation of
 = 0 . 36 ± 0 . 07. 

In this paper, we identified cosmic neighbouring galaxies around 
hese two blazars, using both spectroscopic observations obtained 
rom the European Southern Observatory’s Very Large Telescope 
VLT), in conjunction with previous observations from the literature 
see Section 2 ), and photometric redshifts of the nearby galaxies 
erived from SDSS Data Release 17 (SDSS/DR17; see Section 3 ).
ssociating these cosmic neighbours with the blazars, combined 
ith redshift constraints from previous observations, enabled us to 
etermine a redshift of z = 0 . 49 for S2 0109 + 22 and a tentative
edshift of z = 0 . 64 for KUV 00311 −1938. We use a flat cosmology
ith H 0 = 69 . 6 km s −1 Mpc −1 for our calculations. 

 SPECTROSCOPIC  OBSERVATIONS  A N D  

NA LY SIS  

e conducted observations of the galaxies located close to KUV 

0311 −1938 and S2 0109 + 22 using the VLT’s FOcal Reducer/low
ispersion Spectrograph 2 (FORS2) instrument in the Multi-Object 
pectrometer (MOS) mode. Additionally, we analysed archi v al data 
rom the International Gemini Observatory for both fields, acquired 
ith the Gemini Multi-Object Spectrograph (GMOS) instrument. In 

he following sections, we describe the data reduction processes 
nd present the full galaxy sample, including spectroscopic and 
hotometric redshift estimates for additional galaxies in the FORS2 
elds of view, as obtained from the literature and SDSS/DR17. 

.1 FORS2 

e conducted observations of 24 targets in the vicinity of KUV 

0311 −1938 and 30 targets in the vicinity of S2 0109 + 22 using
ORS2/MOS on 22–23 October 2017 (P100). The selection of targets 
as based on their brightness and extended structure, considering the 

onstraints imposed by the slit arrangement and available observing 
ime. As a result, primarily the brightest targets in the field were
hosen. The ESO grism 600RI w as emplo yed, providing a w ave-
ength range of 512–845 nm for the resulting spectra. The FORS2
hips were exposed for 600 s each, and this process was repeated
hree times. The airmass ranged from 1.1 to 1.2 for the field of KUV
0311 −1938 and 1.5 to 1.6 for S2 0109 + 22. On 2017 October 22,
he seeing ranged from 0.8 to 1.4 arcsec during the observing blocks,
hereas on 2017 October 23, it varied between 0.7 and 0.9 arcsec. We
rocessed the FORS2/MOS data using FORS pipeline release 5.5.6 
n EsoRex (Freudling et al. 2013 ). In both fields, we utilized the
ame spectroscopic standard; HILT 600. We successfully processed 
he spectra from 21 and 15 galaxies in the field of KUV 00311 −1938
nd S2 0109 + 22, respectively. The remainder were either too faint
r identified as stars. 

.2 GMOS 

e retrieved the International Gemini Observatory data (observing 
rograms GS-2016B-Q-55 and GN-2017B-Q-50; PI Pichel) from 

he Gemini Observatory Archive. 3 These data were acquired using 
MOS on 2016 October 5, in the field-of-view of approximately 
 × 5 arcmin 2 centred on the blazar KUV 00311 −1938. Additional
ata were obtained on 2017 September 27, for the field of the
lazar S2 0109 + 22. The KUV 00311 −1938 field data were obtained
sing the Gemini South telescope, while S20109 + 22 field data
ere acquired using the Gemini North telescope. In both cases, 

he exposure time for the field was 5 × 900 s, divided for different
ispersion angles (ranging from 590 to 630 nm), and the grating used
as B600 + G5323, providing a wavelength range of approximately 
00–700 nm for the resulting spectra. For the KUV 00311 −1938
eld, the airmass ranged from 1.0 to 1.1, and seeing from 0.7 to
.3 arcsec, with the spectroscopic standard employed being LTT 

379. In contrast, for the S2 0109 + 22 field, the airmass varied
etween 1.0 and 1.1, with seeing approximately ∼0.9 arcsec, and 
he spectroscopic standard used was G191B2B. We processed the 
emini data using PYPEIT (Prochaska et al. 2020a , b ). Out of 43 and
9 targets for the fields of KUV 00311 −1938 and S2 0109 + 22,
espectively, we successfully obtained new spectra from 11 and 23 
alaxies, with the remaining targets being either too faint, acquisition 
argets, stars, identical to those in the FORS2 data, or located outside
he FORS2 fields of view. 

.3 The full galaxy sample 

or all sources, we averaged spectra from different exposures. In 
ases with a low signal, we also binned them by a factor of up to
our. We estimated source redshifts by scaling a galaxy template 
pectrum, selected from five galaxy templates 4 ranging from early- 
o late-type, to the normalization of a given observed spectrum and
hifting the wavelength to align with it. 

Additionally, we complemented our sample with redshift estimates 
f the galaxies in the field of KUV 00311 −1938 from Pichel et al.
 2021 ), who used data from Gran Telescopio Canarias (GTC) and the

OS instrument Optical System for Imaging and low-Intermediate- 
esolution Integrated Spectroscopy (OSIRIS). In total, we obtained 

edshift information for 39 and 38 galaxies in the fields of KUV
0311 −1938 and S2 0109 + 22, respectively. 
MNRAS 531, 5084–5096 (2024) 
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Figure 1. SDSS z -band magnitude histograms of the sources located in the fields of view of the FORS2 observ ations sho wn in Figs 2 and 4 . Sources probed 
by the MOS observations studied in this paper are highlighted in red, while all identified SDSS galaxies are highlighted in blue. 

 

fi  

t  

s  

d  

m  

r  

f  

f  

0  

t
 

fi  

a  

i  

l

3

T  

w  

h  

r  

n  

a  

c  

r  

s  

f  

f
 

i  

i  

0  

m  

r  

m  

f  

fi  

e  

0  

d

3

P  

r  

f  

i  

l  

g  

i  

2  

f  

a  

u  

C  

0  

d  

i  

H  

l  

a
 

X  

d  

s  

m  

z  

b  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/5084/7695932 by Library of M
edical Faculty user on 09 July 2024
We also obtained photometric redshifts for all galaxies in both
elds from SDSS/DR17 (Abdurro’uf et al. 2022 ) and compared

hem to spectroscopic redshifts obtained in our work and previous
tudies. We noticed that a few redshifts derived in earlier studies
eviated significantly ( > 3 σ ) from the photometric redshift esti-
ates. Comparing our derived redshifts from Gemini data to those

eported by Pichel et al. ( 2020 , 2021 ), we observed agreement
or all galaxies except for seven (slits 7, 19, 20, 24, 27, and 29
or the field of S2 0109 + 22, and slit 29 for the field of KUV
0311 −1938). In this paper, we use the results of our new analysis
hroughout. 

Fig. 1 displays the SDSS z -band magnitude histograms of both
elds, with the VLT, Gemini, and GTC targets highlighted in red,
longside all identified galaxies in the SDSS/DR17 shown in blue. It
s evident that our targets do not constitute a complete flux or volume
imited sample. 

 RESU LTS  A N D  DISCUSSION  

he estimated spectroscopic redshifts of all galaxies used in this
ork are presented in Figs 2 –5 , displayed as mosaic images and
istograms to identify potential groups of galaxies sharing similar
edshifts. It is important to note that these identified groups of cosmic
eighbours may not necessarily be genuine galaxy groups; they could
lso include galaxies from neighbouring groups or be part of the same
luster of galaxies. This ambiguity arises because, in this redshift
ange, we only observe the brightest galaxies in the groups. For
implicity, ho we ver, we refer to them as ‘group candidates’ in the
ollowing sections. Detailed redshift data for the galaxies can be
ound in Tables A1 and A2 . 

By combining our FORS2 data with reanalysed Gemini data and
ncorporating GTC galaxies from Pichel et al. ( 2021 ), we have
dentified multiple galaxy group candidates in the field of KUV
0311 −1938. Specifically, there are two group candidates with four
embers each, located at z = 0 . 147 –0 . 148, and z = 0 . 237 –0 . 240,
NRAS 531, 5084–5096 (2024) 
espectively . Additionally , there is one group candidate with five
embers at z = 0 . 411 –0 . 414. Furthermore, two galaxy pairs are

ound at z = 0 . 533 –0 . 535, and z = 0 . 639 –0 . 640. Similarly, in the
eld of S2 0109 + 22, we have identified two group candidates,
ach with seven members, located at z = 0 . 1835 –0 . 1867 and z =
 . 2662 –0 . 2694, respectively . Additionally , there is one group candi-
ate with five members at z = 0 . 490 –0 . 495. 

.1 Comparison with previous redshift limits 

revious redshift limits for both sources were determined through di-
ect optical spectroscopy and VHE γ -ray observ ations. Lo wer limits
rom optical spectroscopy are derived either by detecting lines from
ntervening absorption systems (Pita et al. 2014 ) or, in cases where no
ines are detected, by assuming that the host galaxy of the blazar is a
iant elliptical galaxy and estimating how faint the galaxy must be for
ts lines not to be detected in the obtained spectrum (Sbarufatti et al.
006 ; Paiano et al. 2016 ). On the other hand, upper limits for redshifts
rom the γ -ray spectrum, based on EBL absorption arguments, have
lso been established for both sources. Abdalla et al. ( 2020 ) set an
pper limit of z < 0 . 98 for KUV 00311 −1938, while MAGIC
ollaboration ( 2018 ) reported an upper limit of z ≤ 0 . 67 for S2
109 + 22. These upper limits exceed the redshifts of the group candi-
ates we detected in the fields of these two blazars, thus confirming all
dentified group candidates as potential associations with the blazar.
o we ver, in the following, we will compare the spectroscopic lower

imits with the redshifts of the group candidates identified in our
nalyses. 

In the case of KUV 00311 −1938, Pita et al. ( 2014 ) obtained an
-Shooter spectrum, and the UVB arm spectrum revealed a Mg II
oublet at 4215 Å, corresponding to a redshift of z = 0 . 506. This
erves as a strict lower limit to the blazar’s redshift. This finding
akes the association with the most numerous group candidates at
 = 0 . 147 –0 . 148, z = 0 . 237 –0 . 240, and z = 0 . 411 –0 . 414 unfeasi-
le. No companion galaxies were detected at the distance of z ∼ 0 . 5.
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Figure 2. Mosaic R -band image of the field of KUV 00311 −1938 taken with FORS2 from our observations. The green circles indicate the sources observed 
with FORS2 MOS, the yellow squares indicate the sources observed with Gemini, and the blue diamonds mark the GTC sources from Pichel et al. ( 2021 ). 
Corresponding source redshifts are shown along with the source numbering. Sources with a stellar spectrum are marked as ‘STAR’. Magenta dashed lines show 

angular radii of 0.5, 1.0, 1.5, and 2.0 Mpc at a redshift of z = 0 . 64 (the most likely distance of the blazar based on our analysis). The yellow and green stars 
show the centre locations of the spectroscopic and photometric groups at z = 0 . 64 and z = 0 . 7, respectively, derived from our analysis. The black lines crossing 
the image come from chip gaps and the image is cropped to show only the area co v ered by the two exposures. 
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f the absorption system is intrinsic to the host galaxy, this suggests
hat KUV 00311 −1938 is isolated at this distance. Ho we ver, since
ur sample does not encompass all galaxies in the field, we might
ave missed the ones at this particular distance. In addition, there 
ould be an intervening cold system absorbing the blazar light 
long the line-of-sight at z = 0 . 506, but the blazar itself could be
ositioned farther away. We identified two galaxy pairs situated 
t z = 0 . 533 –0 . 535 and z = 0 . 639 –0 . 640, which could potentially
e cosmic neighbours of the blazar. We will further e v aluate this
ossibility in the following sections. 
F or S2 0109 + 22, P aiano et al. ( 2016 ) presented a GTC spectrum
f the blazar, which did not reveal discernible line features. They sim-
lated source spectra by assuming an absolute magnitude for the host
alaxy of M R , Vega = −22.9 mag. If the blazar were associated with the
roup candidate at z = 0 . 265, Ca II and G -band lines would have been
isible in the GTC spectrum. Consequently, they suggested a redshift 
f z > 0 . 35 based on the assumed brightness of the host galaxy. 
We repeated this simulation analysis at three different redshifts: 

 = 0 . 18, z = 0 . 26, and z = 0 . 49, as determined by our spectro-
copic galaxy group candidate analysis. In each case, the apparent 
MNRAS 531, 5084–5096 (2024) 
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Figure 3. Redshift histogram of all galaxies studied in this paper in the field of KUV 00311 −1938 (see Fig. 2 ). The individual galaxy redshifts are also plotted 
as points, indicating their angular distance from the blazar position. The field contains two galaxy groups with four members each and one with five. A distance 
lower limit from the literature is shown as a dashed line. 
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 -band magnitude of S2 0109 + 22 was assumed to be m R , Vega =
4.8 mag, as reported in Paiano et al. ( 2016 ). Consequently, the core-
o-host flux ratio increased from 5.9 to 80 as the redshift increased
rom z = 0 . 18 to z = 0 . 49. We assumed a magnitude of M R , Vega 

 −22.9 mag and an ef fecti ve radius of 9 kpc for the host galaxy,
pplied the K- and evolution corrections, and accounted for the slit
osses, which varied with redshift for both the core and the host
alaxy. While Paiano et al. ( 2016 ) did not specify the full width
t half maximum (FWHM) of their observation, assuming FWHM
 0.7 arcsec provided a very accurate reproduction of the correct
ux level. Finally, we introduced Gaussian noise with the same
haracteristics as in the observed spectrum into the simulation. 

Fig. 6 illustrates the results of the simulations. A visual inspection
f the spectra clearly indicates that the host galaxy absorption lines
ould certainly be detectable at z = 0 . 18 and very likely at z = 0 . 26.

n contrast, at z = 0 . 49, they would be impossible to detect. This
upports the conclusion by Paiano et al. ( 2016 ) that the redshift is
ikely to be larger than z > 0 . 35, suggesting that the most numerous
andidate groups in the field are likely to be foreground groups. 

We previously conducted deep imaging of S2 0109 + 22 and
etected the host galaxy with an apparent I -band magnitude of
 I , Vega = 18.05 mag (MAGIC Collaboration 2018 ). In that study,

ssuming the host galaxy to be a giant elliptical galaxy with M R , Vega 

 −22.8 ± 0.5 mag, we utilized the method of Sbarufatti, Treves &
alomo ( 2005 ) to derive an imaging redshift of z = 0 . 36 ± 0 . 07. The
ssociation with a more distant candidate group suggests that the host
alaxy is somewhat more luminous, M R , Vega = −23.8 ± 0.5 mag, than
ypical blazar host galaxies. This aligns with our findings in Nilsson
t al. ( 2003 ): while imaging redshifts agree very well at redshifts
 < 0 . 3, at higher redshifts, we tend to detect only the most luminous
ost galaxies, making the imaging redshifts less accurate. 

.2 The probability of observing galaxy groups by chance 

o assess the probability that the observed galaxy group candidates
ccur in the fields by chance, we followed the methodology outlined
NRAS 531, 5084–5096 (2024) 
n Ro v ero et al. ( 2016 ). We utilized the galaxy group catalogue,
COSMOS 

5 (Lilly et al. 2009 ), containing groups within the redshift
ange of 0 . 1 < z < 1 . 0, and an apparent magnitude range of
 I , AB < 22 . 5 mag, to randomly select positions in the sky. This

rocess was based on the assumption that the sky exhibits similar
haracteristics throughout, as the zCOSMOS field is relatively small
nd not positioned in the same location as the source. In addition,
ince our sample is not complete to m I , AB ≈ m z , AB < 22.5 mag, this
stimation is conserv ati ve, as we are very likely missing members
rom our candidate groups. This enabled us to determine the likeli-
ood of a coincidental presence of groups with a specified minimum
umber in the observed field. The resulting coincidence probabilities
re detailed in Table 1 for both fields, various redshift ranges, and
izes of galaxy groups. 

Furthermore, assessing the distance between galaxies within
alaxy groups and the blazar can help estimate the likelihood of
ssociation. Galaxy groups typically have sizes smaller than 2 Mpc
see e.g. Tago et al. 2010 ), making this a common search radius
or cosmologically neighbouring galaxies. Massaro et al. ( 2019 ,
020a , b ) investigated groups around radio galaxies and BL Lac
bjects, revealing that if there are two companions at the same
edshift ( z < 0 . 005) within a distance of 1.0 Mpc from the blazar
nd/or four companions within 2.0 Mpc, the probability of the blazar
eing associated with that group exceeds 95 per cent. In addition
o distance, the location within the group is important. Massaro
t al. ( 2019 , 2020a , b ) noted that blazars tend to be positioned at the
roup centres. Utilizing Galaxy And Mass Assembly (GAMA) data
t higher redshifts (0 . 1 < z < 0 . 35), Wethers et al. ( 2022 ) observed
 similar tendency for quasars in general. Although these studies do
ot co v er the redshift range of our candidate groups and may not be
irectly applicable to our objects, we none the less explored the virial

https://github.com/wkcosmology/zCOSMOS-bright_group_catalog
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Figure 4. Mosaic R -band image for S2 0109 + 22 taken with FORS2 from our observations. The green circles indicate the sources observed with FORS2 MOS, 
and the yellow squares indicate the sources observed with Gemini. Corresponding source redshifts are shown along with the source numbering. Sources with a 
stellar spectrum are marked as ‘STAR’. Magenta dashed lines show angular radii of 0.5, 1.0, 1.5, and 2.0 Mpc at a redshift of z = 0 . 49 (the most likely distance 
of the blazar based on our analysis). The yellow and green stars show the centre locations of the spectroscopic and photometric groups at z = 0 . 49, respectively, 
derived from our analysis. The black lines crossing the image come from chip gaps and the image is cropped to show only the area co v ered by the two exposures. 

r  

e

d
a  

r
g  

c
a
A

i  

b  

b
 

g  

t  

f  

(  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/5084/7695932 by Library of M
edical Faculty user on 09 July 2024
adii of the candidate groups and the position of the blazar within
ach candidate group. 

For KUV 00311 −1938, the estimated virial radii of the can- 
idate group, which includes the blazar and the pair of galaxies 
t z = 0 . 533 –0 . 535 or z = 0 . 639 –0 . 640, are 1.25 and 1.21 Mpc,
especti vely. These v alues are notably larger than typical galaxy 
roup sizes (see e.g. Nurmi et al. 2013 ). Therefore, instead of
onstituting galaxy groups, they are likely neighbouring groups, 
nd we observe only the brightest galaxies from these structures. 
dditionally, we computed the geometrical centre for the pairs, and 
n both cases, they are within a few hundred kiloparsecs from the
lazar. The central point for the group at z = 0 . 639 –0 . 640 is marked
y a green star in Fig. 2 . 
In the case of S2 0109 + 22, there are five galaxies in the candidate

roup at z = 0 . 49 that may be associated with the blazar. Assuming
he blazar belongs to this group, we derive a virial radius of 0.35 Mpc,
alling within the range derived for luminous groups in Nurmi et al.
 2013 ). Additionally, the geometrical centre of this candidate group
s very close to the blazar (see Fig. 4 ). 
MNRAS 531, 5084–5096 (2024) 
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Figure 5. Redshift histogram of all galaxies studied in this paper in the field of S2 0109 + 22 (see Fig. 4 ). The individual galaxy redshifts are also plotted as 
points, indicating their angular distance from the blazar position. The field contains three galaxy groups with either five or seven members. Three distance 
lower/upper limits from the literature are shown as dashed lines. 
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.3 Search for possible groups using photometric redshifts 

e obtained the photometric redshifts for galaxies within our fields
f view using SDSS/DR17, resulting in 52 and 36 redshift estimates
or the fields of KUV 00311 −1938 and S2 0109 + 22, respectively.
o assess potential galaxy group candidates based on the photometric
edshift data, we created kernel density estimates (KDEs) of the red-
hift distributions, assuming a Gaussian distribution with a centroid
nd width corresponding to the values tabulated in SDSS/DR17.
NRAS 531, 5084–5096 (2024) 
he corresponding KDEs, including a combined one, are depicted in
igs 7 and 8 for both fields. 
Assuming that the combined KDE is primarily composed of a

ew galaxy groups (neglecting lower level ‘noise’ from individual
alaxies situated at random distances), we can approximate the
ombined KDEs using a few Gaussian components (coloured dashed
ines in Figs 7 and 8 ) representing the individual groups. These
aussian components have centroids at the group redshift and widths
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Table 1. Chance coincidence probabilities for several parameter sets using 
the galaxy group catalogue from zCOSMOS. 

Redshift N Prob Prob × 0.3 

KUV-like params: 
0 . 50 < z < 0 . 65 ≥2 0.56 0.17 

≥3 0.22 0.066 
S2-like params: 
0 . 49 < z < 0 . 85 ≥5 0.18 0.054 

≥6 0.12 0.036 
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imilar to the mean error of the photometric redshift values in 
DSS/DR17 ( �z ∼ 0 . 12). We note again that, for simplicity, we
efer to these groupings as ‘group candidates’, but they are more 
ikely to trace some larger structure such as neighbouring groups or
 cluster. 

For KUV 00311 −1938, we fitted the combined KDE with three 
aussian components. These three Gaussians, representing three 
alaxy group candidates, adequately account for the o v erall galaxy 
istribution. The Gaussian centroids of the two lower redshift groups 
losely align with the redshifts of the group candidates obtained 
rom the multi-object spectroscopy, considering that the group 
andidates at z = 0 . 18 and z = 0 . 27 are likely blended with each
ther. Additionally, a third group candidate at z ∼ 0 . 68 is necessary
o explain the combined KDE at higher redshifts. This peak is
ufficiently prominent in the field, suggesting it may represent a 
otential galaxy group located approximately at that distance, which 
ould be associated with the blazar. In the spectral analysis, we 
dentified a galaxy pair at a redshift of z = 0 . 639 –0 . 640 that could
epresent galaxies in this group candidate, fa v ouring this redshift o v er
he other galaxy pair at z = 0 . 533 –0 . 535. Nevertheless, this remains
 tentative association, and further data would be required to confirm 

t. 
Similar to KUV 00311 −1938, the galaxy distribution in the field 

f S2 0109 + 22 can be represented by three Gaussian components.
heir centroid values again closely match those obtained through our 
pectroscopic analysis. Ho we ver, the third group candidate identified 
n our spectral analysis at z = 0 . 19 is not clearly discernible in the
ombined KDE, likely because the redshift is quite close to the 
roup at z = 0 . 27. Thus, the SDSS photometric redshifts of galaxies
n the field of S2 0109 + 22 support the existence of the three group
andidates identified in our spectral analysis. 

Finally, we calculated the ‘composite’ group central location by 
eighting the coordinates (RA/Dec.) of each galaxy according to the 
aussian distribution of a given group and based on the individual 
alaxy redshifts (i.e. the weight would be unity if the redshift of
 galaxy matches the peak redshift of the Gaussian component 
nd gradually diminishes towards the tails of the distribution). As 
entioned abo v e, it is reasonable to assume that blazars should be

ituated near the centre of their associated group candidates (Massaro 
t al. 2019 , 2020a ). Therefore, the closer the group candidate centre
s to the blazar, the more likely the association. We computed the
eometrical centre of the candidate groups in both fields, and their 
eparation from the blazar is marked in Figs 7 and 8 . In the field of
UV 00311 −1938, the weighted group centres are roughly equally 
roximate to the blazar. Ho we ver, in the field of S2 0109 + 22, the
eighted group centre close to the redshift of z = 0 . 49 (group

 in Fig. 8 ) is notably much closer than the other two, further
trengthening its association with the blazar. 
.4 The probability that a blazar is not associated with any 
roup 

t is possible that the blazar is isolated and not associated with any
roup that may be present in the field. Ho we ver, there are limited
tudies to accurately quantify this. Muriel ( 2016 ) analysed a sample
f approximately 120 blazars and determined that 32 ± 4 per cent of
hem exist as single sources, while 43 ± 5 per cent are found in groups
ontaining three or more members. Nevertheless, Massaro et al. 
 2020a ) critiqued the sample used in this study, concluding that only
4 sources of the sample were genuinely blazars. Among these 14,
our were disco v ered to be isolated (i.e. 29 per cent), and seven were
ound in groups of three or more members (i.e. 50 per cent), aligning
ith Muriel ( 2016 ). It is worth noting that the blazars examined in

hese studies have redshifts less than z < 0 . 2. Based on the above, it
ppears that approximately 30 per cent of blazars tend to be isolated.
his probability is independent of the likelihood of finding groups in a

andom position in the sky . Consequently , the combined probabilities
f having a non-associated galaxy group in the same field with the
lazar are tabulated in Table 1 . Essentially, the probability that the
lazar S2 0109 + 22 is isolated and the field coincidentally hosts a
alaxy group of five or more members abo v e the redshift of z > 0 . 49
s quite low, at about 5 per cent. In the case of KUV 00311 −1938, the
robability is somewhat higher, approximately 15 per cent, primarily 
ue to the smaller size of the ‘groups’ abo v e z > 0 . 5. None the less,
t is important to consider these as conserv ati ve estimates. As sho wn
n Fig. 1 , our galaxy sample is not complete in the field, particularly at
igher redshifts, which makes it likely that we are missing members
rom the group candidates. 

.5 Prospects for using KUV 00311 −1938 and S2 0109 + 22 to 
etect warm–hot intergalactic medium 

 significant portion of the baryons predicted by the current leading
osmological theory ( λCDM) remains undetected (e.g. Shull, Smith 
 Danforth 2012 ; Danforth et al. 2016 ). Cosmological simulations

ndicate that these missing baryons reside in the WHIM phase 
mbedded in the filaments of the Cosmic Web (e.g. Cen & Ostriker
999 ; Martizzi et al. 2019 ). Ho we ver, due to its lo w density, the
xpected X-ray emission from the WHIM is at or beyond the
apabilities of current instrumentation. Instead, the WHIM could 
e detected as an absorption feature in the X-ray spectra of bright
lazars located behind the WHIM filaments (see e.g. Fang et al. 2007 ;
onamente et al. 2016 ; Ahoranta et al. 2020 , for possible detections).
WHIM filaments can be traced by galaxy groups in SDSS up to

 = 0 . 155, but the sample is only homogeneous up to z = 0 . 05 –0 . 06
Tempel et al. 2014 ). Therefore, although our observations indicate 
he presence of foreground groups or structures at z = 0 . 15 –0 . 26
or both blazars, it is impossible to ascertain if these groups
race filamentary structures with sufficient WHIM column density. 
ignificant impro v ement in this re gard is e xpected with the 4MOST
HS surv e y, where the chances of intercepting an absorbing system
re anticipated to increase to a level of ∼50 per cent per sight line
Tuominen et al. 2023 ). 

Both blazars are X-ray bright with fluxes of F (0.3–10 keV) =
 . 2 × 10 −12 erg / cm 

2 / s (KUV 00311 −1938, Tavecchio et al. 2010 )
nd F (0.3–10 keV) = (2 . 5 − 15) × 10 −12 erg / cm 

2 / s (S2 0109 + 22,
AGIC Collaboration 2018 ). These fluxes are sufficiently high 

o observe X-ray absorption features, similar to, for example, H 

356 −309, which has been utilized in such studies by Zappacosta
t al. ( 2010 ). Consequently, both blazars could be intriguing sources
MNRAS 531, 5084–5096 (2024) 



5092 K. I. I. Koljonen et al. 

M

Figure 7. A KDE analysis for the SDSS/DR17 photometric redshift distributions of galaxies within 2 arcmin from KUV 00311 −1938. Upper panel: the solid 
thin black lines show the KDEs for single galaxies in the field; the thick solid black line is their sum. The solid red line shows the estimated galaxy distribution 
in the field assuming that it consists mostly of a few individual galaxy groups (in this case three; coloured dashed lines and marked with roman numerals). The 
average, weighted group centre separation to the location of the blazar is marked in the figure legend. Lower panel: local derivative of the summed KDE. Red 
circles show the crossing points of the derivative from positive to negative values marking the locations of local maxima in the summed KDE (shown also in the 
upper panel). Black vertical dashed lines show the locations of the galaxy groups in the field from our spectral analysis. They match well with the zero crossings 
and peaks of the individual Gaussian profiles (I and III). The KDE analysis suggests an additional galaxy group in the field at z ∼ 0.68 (II) not picked up by the 
spectral analysis that could be associated with the blazar. 
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or investigating WHIM at higher redshifts with new or upcoming
-ray missions such as XRISM and NewAthena. 

 C O N C L U S I O N S  

n this paper, we identified several galaxy group candidates in
he fields of both blazars, KUV 00311 −1938 and S2 0109 + 22,
hrough both our spectroscopic observations and our analysis of
he distribution of photometric redshifts. We utilized previous direct
ptical spectroscopy limits to discern which of these groups are
ikely foreground groups. In both cases, we also observed galaxies
ith higher redshifts that could potentially be associated with the
lazar. 
Even before our study, KUV 00311 −1938 was known to be

ithin a redshift range where only a handful of VHE γ -ray emitting
bjects are available for indirect EBL studies. We did not detect any
alaxies at redshift z = 0 . 506, which is the lower limit from direct
pectroscopy based on the Mg II absorption line. Most of the galaxies
e observed in spectroscopy turned out to be members of foreground
roups. Intriguingly, our KDE analysis of the photometric redshifts
uggests the presence of an additional galaxy group at z ∼ 0 . 68.
wo of the galaxies we observ ed hav e spectroscopic redshifts
 = 0 . 639 –0 . 640, but since they are only two, the probability of a
NRAS 531, 5084–5096 (2024) 
hance coincidence is high ( ∼15 per cent). A spectroscopic follow-up
f the galaxies with photometric redshifts of z ∼ 0 . 68 could confirm
his high redshift. 

For S2 0109 + 22, we found a group of five galaxies with a
edshift of z = 0 . 49, and the chance probability for this association
s low ( ∼5 per cent). This association is further supported by our
DE analysis results, where we also identified this group. Both in

pectroscopic and photometric analysis, the weighted central points
f the candidate group lie very close to the blazar. Therefore, we
onclude that the blazar very likely belongs to this candidate group
nd has a redshift of z = 0 . 49. 

In summary, we have demonstrated in this work that combining
pectroscopic redshifts with an analysis of the photometric redshifts
f galaxies around the blazar with an unknown redshift allowed us
o determine the likely redshifts for both blazars. In the case of KUV
0311 −1938, further confirmation of this high redshift could be
chieved with additional observations. Many of the galaxies we used
n this work have r -band magnitudes larger than 20, and therefore,
pectroscopy still requires dedicated observations with rather large
elescopes. Nev ertheless, with upcoming surv e ys such as 4MOST
oming online in the next few years, this method of determining the
edshifts will become feasible for a larger sample of blazars. This
ill also help identify the most suitable blazars for studies of EBL

nd the WHIM. 
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Figure 8. A KDE analysis for the SDSS/DR17 photometric redshift distributions of galaxies within 2 arcmin from S2 0109 + 22 similar to Fig. 7 . The peaks of 
the individual Gaussian profiles (I and III) match well with the spectrometric redshifts, while the local maxima are dominated by KDEs from single sources. 
The average weighed group centres suggest group I as the most probable association to the blazar. 

A

A  

s  

o
a  

C
a
L
a  

(  

w
3

S

O
f
t
F
C
M  

d

b  

e
I
P
m

p
P
M
t
I
K
(
L  

p
H
M
A
N  

N  

U
P  

U
o
o
V

D

T
S
g  

(  

w

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/5084/7695932 by Library of M
edical Faculty user on 09 July 2024
C K N OW L E D G E M E N T S  

uthors w ould lik e to thank Simona Paiano for providing the
pectrum of S2 0109 + 22 and Francesco Massaro for discussions
n applicability of his mock sample results to larger redshifts. We 
lso thank Jukka Ne v alainen for discussion on detecting the WHIM.

This project had received funding from the European Research 
ouncil (ERC) under the European Union’s Horizon 2020 research 
nd innovation programme (grant agreement no. 101002352, PI: M. 
inares). KIIK acknowledges the financial support from the visitor 
nd mobility program of the Finnish Centre for Astronomy with ESO
FINCA), funded by the Academy of Finland grant nr 306531. EL
as supported by Academy of Finland projects 317636, 320045, and 
46071. 
This research is based on observations collected at the European 

outhern Observatory under ESO programme 0100.B-0833. 
This work is based on observations obtained at the Gemini 

bservatory, which is operated by the Association of Universities 
or Research in Astronomy, Inc., under a cooperative agreement with 
he NSF on behalf of the Gemini partnership: the National Science 
oundation (United States), the National Research Council (Canada), 
ONICYT (Chile), the Australian Research Council (Australia), 
inist ́erio da Ci ̂ encia, Tecnologia e Inova c ¸ ˜ ao (Brazil) and Ministerio

e Ciencia, Tecnolog ́ıa e Innovaci ́on Productiva (Argentina). 
Funding for the Sloan Digital Sky Survey IV has been provided 

y the Alfred P. Sloan Foundation, the U.S. Department of En-
rgy Office of Science, and the Participating Institutions. SDSS- 
V acknowledges support and resources from the Center for High 
erformance Computing at the University of Utah. SDSS-IV is 
anaged by the Astrophysical Research Consortium for the Partici- 
o

ating Institutions of the SDSS Collaboration including the Brazilian 
articipation Group, the Carnegie Institution for Science, Carnegie 
ellon University, Center for Astrophysics | Harvard & Smithsonian, 

he Chilean Participation Group, the French Participation Group, 
nstituto de Astrof ́ısica de Canarias, The Johns Hopkins University, 
avli Institute for the Physics and Mathematics of the Universe 

IPMU) / University of Tokyo, the Korean Participation Group, 
a wrence Berkele y National Laboratory, Leibniz Institut f ̈ur Astro-
hysik Potsdam (AIP), Max-Planck-Institut f ̈ur Astronomie (MPIA 

eidelberg), Max-Planck-Institut f ̈ur Astrophysik (MPA Garching), 
ax-Planck-Institut f ̈ur Extraterrestrische Physik (MPE), National 
stronomical Observatories of China, New Mexico State University, 
ew York Univ ersity, Univ ersity of Notre Dame, Observat ́ario
acional / MCTI, The Ohio State Uni versity, Pennsylv ania State
niversity, Shanghai Astronomical Observatory, United Kingdom 

 articipation Group, Univ ersidad Nacional Aut ́onoma de M ́exico,
ni versity of Arizona, Uni versity of Colorado Boulder, University 
f Oxford, University of Portsmouth, University of Utah, University 
f Virginia, University of Washington, University of Wisconsin, 
anderbilt University, and Yale University. 

ATA  AVAI LABI LI TY  

he VLT/FORS2 data analysed here are available at the European 
outhern Observatory Science Archive Facility ( http://archive.eso.or 
 ). The Gemini data is available at the Gemini Observatory archive
 https://archive.gemini.edu ). The SDSS data is available at the SDSS
ebsite: https://www.sdss4.org . The simulation data produced as part 
f this work are available from the authors on request. 
MNRAS 531, 5084–5096 (2024) 

http://archive.eso.org
https://archive.gemini.edu
https://www.sdss4.org


5094 K. I. I. Koljonen et al. 

M

R

A
A
A
A
A
B  

C
D
D  

D
F
F  

F  

F  

F
G
I
J
K
L
M
M
M
M  

M  

M
M
N  

N

P  

P
P  

P  

P
P
P  

P  

P
P
P
R  

R
R
S
S
S
T  

T  

T
T  

T  

W
Z  

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/531/4/5084/7695932 by
E FEREN C ES  

bdalla H. et al., 2020, MNRAS , 494, 5590 
bdalla H. et al., 2021, J. Cosmol. Astropart. Phys. , 2021, 048 
bdurro’uf A. et al., 2022, ApJS , 259, 35 
cciari V. A. et al., 2019, MNRAS , 486, 4233 
horanta J. et al., 2020, A&A , 634, A106 
onamente M. , Ne v alainen J., Tilton E., Lii v am ̈agi J., Tempel E., Hein ̈am ̈aki

P., Fang T., 2016, MNRAS , 457, 4236 
en R. , Ostriker J. P., 1999, ApJ , 514, 1 
anforth C. W. et al., 2016, ApJ , 817, 111 
anforth C. W. , Keeney B. A., Stocke J. T., Shull J. M., Yao Y., 2010, ApJ ,

720, 976 
origo Jones J. et al., 2022, MNRAS , 509, 4330 
ang T. , Canizares C. R., Yao Y., 2007, ApJ , 670, 992 
arina E. P. , Fumagalli M., Decarli R., Fanidakis N., 2016, MNRAS , 455,

618 
reudling W. , Romaniello M., Bramich D. M., Ballester P., Forchi V., Garc ́ıa-

Dabl ́o C. E., Moehler S., Neeser M. J., 2013, A&A , 559, A96 
umagalli M. , Dessauges-Zavadsky M., Furniss A., Prochaska J. X., Williams

D. A., Kaplan K., Hogan M., 2012, MNRAS , 424, 2276 
urniss A. et al., 2013, ApJ , 768, L31 
oldoni P. et al., 2021, A&A , 650, A106 

ceCube Collaboration , 2018, Science , 361, 147 
ohnson S. D. et al., 2019, ApJ , 884, L31 
asai E. et al., 2023, MNRAS , 518, 2675 
illy S. J. et al., 2009, ApJS, 184, 218 
AGIC Collaboration , 2018, MNRAS , 480, 879 
artizzi D. et al., 2019, MNRAS , 486, 3766 
assaro F. et al., 2020a, ApJS , 247, 71 
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Table A1. Properties of the galaxies in the field of KUV 00311 −1938. Columns are (1) right ascension in degrees, (2) declination is degrees, (3) SDSS z ’-band 
magnitude, (4) redshift from multi-object spectroscopy, (5) instrument used to obtain the spectrum, (6) SDSS photometric redshift, (7) separation to blazar in 
arcseconds, and (8) source numbering shown in Fig. 2 . 

RA DEC z ’ AB SpecZ Inst. PhotoZ �θ N 

(deg) (deg) (mag) SDSS (”) 

8.348750 −19.34886 21.05 ± 0.17 0.4554 OSIRIS 0.49 ± 0.17 156 #24 
8.349691 −19.33609 17.83 ± 0.03 0.1480 GMOS 0.12 ± 0.03 170 G#2 
8.354167 −19.37567 21.94 ± 0.12 0.2376 OSIRIS 0.25 ± 0.12 145 P#23 
8.357860 −19.37570 20.07 ± 0.08 0.4680 GMOS 0.45 ± 0.08 134 G#8 
8.358805 −19.39175 21.38 ± 0.13 0.4126 FORS2 0.32 ± 0.13 166 #28 
8.359580 −19.36220 20.75 ± 0.05 0.6400 GMOS 0.67 ± 0.05 115 G#7 
8.360320 −19.33116 16.70 ± 0.01 0.1470 GMOS 0.17 ± 0.01 151 G#24 
8.364630 −19.39061 19.73 ± 0.06 0.4140 FORS2 0.44 ± 0.06 149 #27 
8.368750 −19.39239 20.71 ± 0.11 0.4120 OSIRIS 0.58 ± 0.11 146 P#20 
8.369520 −19.35136 19.23 ± 0.13 0.2900 FORS2 0.35 ± 0.13 85 #11 
8.371250 −19.34828 22.76 ± 0.12 0.5350 OSIRIS 0.92 ± 0.12 84 P#19 
8.372214 −19.39001 20.50 ± 0.09 0.4830 FORS2 0.47 ± 0.09 132 #26 
8.372987 −19.38060 21.97 ± 0.74 0.4235 FORS2 – 103 #25 
8.375833 −19.36253 20.56 ± 0.10 0.4134 OSIRIS 0.39 ± 0.10 60 P#17 
8.376025 −19.33282 20.00 ± 0.09 0.2190 FORS2 0.40 ± 0.10 112 #23 
8.376279 −19.35206 20.73 ± 0.11 0.1605 GMOS 0.39 ± 0.11 63 G#13 
8.379091 −19.35232 18.18 ± 0.03 0.1605 FORS2 0.10 ± 0.03 54 #7 
8.383750 −19.34083 21.93 ± 0.21 0.1469 OSIRIS 0.47 ± 0.21 74 P#16 
8.384832 −19.38943 20.60 ± 0.07 0.1360 FORS2 0.18 ± 0.07 113 #24 
8.386320 −19.33076 20.96 ± 0.09 0.3520 GMOS 0.42 ± 0.09 105 G#15 
8.393923 −19.35252 19.42 ± 0.04 0.2373 FORS2 0.20 ± 0.04 24 #6 
8.397430 −19.32274 19.62 ± 0.08 0.3855 GMOS 0.46 ± 0.08 132 G#18 
8.402887 −19.38667 19.59 ± 0.13 0.1085 FORS2 0.24 ± 0.13 104 #9 
8.408049 −19.31351 19.41 ± 0.04 0.3330 GMOS 0.34 ± 0.04 172 G#21 
8.408534 −19.37380 19.84 ± 0.08 0.6390 FORS2 0.58 ± 0.08 74 #21 
8.409522 −19.39235 20.04 ± 0.18 0.5520 FORS2 0.37 ± 0.18 132 #22 
8.415103 −19.36052 19.88 ± 0.07 0.3260 FORS2 0.44 ± 0.07 74 #19 
8.415633 −19.33170 19.23 ± 0.12 0.2400 FORS2 0.37 ± 0.12 125 #17 
8.417479 −19.37740 17.88 ± 0.05 0.2180 FORS2 0.16 ± 0.05 105 #8 
8.418285 −19.34955 21.41 ± 0.07 0.3850 FORS2 0.24 ± 0.07 92 #18 
8.418388 −19.31421 21.05 ± 0.16 0.4760 FORS2 0.49 ± 0.16 183 #1 
8.420417 −19.34903 20.28 ± 0.08 0.5800 OSIRIS 0.53 ± 0.08 99 P#7 
8.420970 −19.31129 20.73 ± 0.16 0.4750 GMOS 0.45 ± 0.16 197 G#40 
8.422495 −19.33668 18.10 ± 0.03 0.1468 FORS2 0.10 ± 0.03 128 #3 
8.428500 −19.36273 19.40 ± 0.10 0.2400 GMOS 0.29 ± 0.10 120 G#30 
8.429510 −19.33802 20.26 ± 0.05 0.6550 GMOS 0.65 ± 0.05 145 G#28 
8.432358 −19.35128 17.57 ± 0.02 0.1113 FORS2 0.12 ± 0.02 136 #4 
8.434077 −19.33986 20.65 ± 0.12 0.5330 FORS2 0.30 ± 0.12 155 #15 
8.450750 −19.35922 20.44 ± 0.12 0.4110 FORS2 0.36 ± 0.12 195 #14 
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Table A2. Properties of the galaxies in the field of S2 0109 + 22. Columns are (1) right ascension in degrees, (2) declination is degrees, (3) SDSS z ’-band 
magnitude, (4) redshift from multi-object spectroscopy, (5) instrument used to obtain the spectrum, (6) SDSS photometric redshift, (7) separation to blazar in 
arcseconds, and (8) source numbering shown in Fig. 4 . 

RA DEC z ’ AB SpecZ Inst. PhotoZ �θ N 

(deg) (deg) (mag) SDSS (”) 

17.97224 22.71662 18.45 ± 0.05 0.1835 FORS2 0.14 ± 0.03 199 #29 
17.98279 22.79652 18.51 ± 0.04 0.330 FORS2 0.37 ± 0.05 233 #13 
17.98365 22.71332 18.02 ± 0.02 0.1835 FORS2 0.19 ± 0.03 174 #17 
17.98917 22.75067 20.20 ± 0.15 0.4901 GMOS 0.45 ± 0.13 119 G#20 
17.99043 22.78776 19.79 ± 0.11 0.1840 FORS2 0.28 ± 0.13 193 #12 
17.99250 22.78633 20.63 ± 0.16 0.6630 GMOS 0.54 ± 0.10 185 G#29 
17.99583 22.74864 19.78 ± 0.10 0.7050 GMOS 0.52 ± 0.07 95 G#19 
17.99606 22.69881 17.72 ± 0.03 0.0887 FORS2 0.10 ± 0.04 188 #15 
17.99691 22.76845 20.37 ± 0.13 0.2665 FORS2 0.25 ± 0.07 126 #9 
17.99833 22.76058 21.30 ± 0.29 0.8570 GMOS 0.88 ± 0.22 104 G#27 
18.00167 22.70736 19.87 ± 0.12 0.3489 GMOS 0.40 ± 0.10 152 G#30 
18.00417 22.70047 20.68 ± 0.20 0.4567 GMOS 0.35 ± 0.13 171 G#31 
18.00583 22.74936 20.58 ± 0.12 0.6880 GMOS 0.92 ± 0.04 63 G#38 
18.00958 22.78503 20.94 ± 0.24 0.1315 GMOS 0.30 ± 0.08 155 G#23 
18.01500 22.75117 21.86 ± 0.39 0.6630 GMOS – 40 G#36 
18.01625 22.75006 20.15 ± 0.11 0.2673 GMOS 0.38 ± 0.11 34 G#9 
18.01750 22.75922 20.46 ± 0.13 0.3900 GMOS 0.38 ± 0.07 59 G#10 
18.02375 22.75386 19.36 ± 0.08 0.2694 GMOS 0.36 ± 0.07 35 G#6 
18.02500 22.74794 17.43 ± 0.02 0.2674 GMOS 0.32 ± 0.02 14 G#3 
18.02625 22.74583 20.35 ± 0.11 0.2685 GMOS 0.24 ± 0.13 9 G#5 
18.02702 22.77615 18.25 ± 0.05 0.1230 FORS2 0.06 ± 0.04 116 #10 
18.02750 22.74100 20.33 ± 0.14 0.4950 GMOS 0.56 ± 0.06 16 G#7 
18.03042 22.74886 20.73 ± 0.17 0.4915 GMOS – 27 G#35 
18.03154 22.78269 17.06 ± 0.02 0.1230 FORS2 0.14 ± 0.03 141 #11 
18.03758 22.74753 18.13 ± 0.03 0.2662 FORS2 0.25 ± 0.03 46 #21 
18.04417 22.73317 22.17 ± 0.43 0.3345 GMOS – 77 G#18 
18.04583 22.75786 20.68 ± 0.21 0.4950 GMOS 0.48 ± 0.10 87 G#24 
18.04792 22.73986 19.88 ± 0.10 0.4930 GMOS 0.44 ± 0.05 80 G#17 
18.05326 22.77338 19.11 ± 0.09 0.3500 FORS2 0.41 ± 0.09 143 #25 
18.05339 22.74637 18.31 ± 0.03 0.1950 FORS2 0.24 ± 0.04 97 #22 
18.05458 22.75225 20.43 ± 0.12 0.2685 GMOS – 105 G#12 
18.05865 22.74699 21.82 ± 0.42 0.1860 GMOS 0.25 ± 0.12 115 G#37 
18.06000 22.78244 20.20 ± 0.16 0.1867 GMOS 0.23 ± 0.10 182 G#21 
18.06671 22.74903 18.27 ± 0.04 0.1855 FORS2 0.17 ± 0.03 142 #23 
18.06833 22.76264 20.70 ± 0.28 0.5170 GMOS 0.37 ± 0.06 161 G#16 
18.06942 22.73990 18.00 ± 0.04 0.1865 FORS2 0.18 ± 0.04 151 #2 
18.07092 22.76468 19.61 ± 0.08 0.5155 FORS2 0.30 ± 0.09 172 #8 
18.07358 22.77303 18.69 ± 0.05 0.4100 FORS2 0.38 ± 0.03 194 #27 
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