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ABSTRACT
Context. PKS 1424+240 is a BL-Lac blazar with unknown redshift that was detected at high-energy gamma rays by Fermi-LAT with

a hard spectrum. At very high energy (VHE), it was first detected by VERITAS and later confirmed by MAGIC. Its spectral energy
distribution is highly attenuated at VHE gamma rays, which is coherent with distant sources. Several estimations enabled the redshift
to be constrained to the range 0.6 < z < 1.3. These results place PKS 1424+240 in the very interesting condition of being probably
the most distant blazar that has been detected at VHE. The ambiguity in the redshift is still large enough to prevent precise studies of
the extragalatic background light and the intrinsic blazar spectrum.
Aims. Given the difficulty of measuring spectroscopic redshifts for BL-Lac objects directly, we aim to establish a reliable redshift
value for this blazar by finding its host group of galaxies.
Methods. Elliptical galaxies are associated with groups, and BL-Lac objects are typically hosted by them, so we decided to search
for the host group of the blazar. For this, we performed optical spectroscopic observations of thirty objects in the field of view
of PKS 1424+240 using the Gemini Multi-Object Spectrograph. After analysing the data for groups, we evaluated the probability
of finding groups of galaxies by chance around the position of PKS 1424+240, using a deep catalogue of groups. We also used
photometric data from the SDSS catalogue to analyse the red sequence of the proposed blazar host group
Results. We found a new group of galaxies with eight members at z = 0.6010±0.003, a virial radius of Rvir = 1.53 Mpc, and a velocity
dispersion of σv = 813 ± 187 km s−1 . The photometric study indicates that more members are probably populating this previously
uncatalogued group of galaxies. The probability of PKS 1424+240 being a member of this group was found to be &98%.
Conclusions. The new group of galaxies found at z = 0.6010 ± 0.003 is very likely hosting PKS 1424+240.
Key words. BL Lacertae objects: individual: PKS 1424+240 – galaxies: distances and redshifts – galaxies: groups: general

1. Introduction
Redshift determination of gamma-ray sources is a challenge in
extragalactic gamma-ray astronomy, which is mostly populated
by BL-Lac type blazars. Blazars are active galactic nuclei (AGN)
with strong emissions that are produced at all wavelengths in the
relativistic jets, and which are oriented along the line of sight.
Blazars are populated by two types of objects: flat-spectrum radio quasars and BL Lacertae (BL-Lac).
Spectroscopic redshifts are difficult to determine for
BL-Lacs. The absorption and emission optical lines that are
used to determine the redshift of the host galaxy are not strong
enough to rise over the non-thermal continuum from the jet (e.g.
Landt et al. 2002; Sbarufatti et al. 2005). The lack of redshift determination for extragalactic gamma-ray sources severely limits
the modelling of the source because the very high-energy (VHE;
E > 100 GeV) gamma radiation that reaches the Earth is attenuated by the extragalactic background light (EBL), the effects
of which depend on the distance (e.g. Reimer & Böttcher 2013).
The EBL is a diffuse cosmological radiation field that covers the
UV to far-IR, which encompasses all the radiative energy releases since recombination, and is dominated by the formation
of massive stars. Gamma rays interact with low-energy ambient EBL photons producing an electron-positron pair, which is

the main attenuation effect for extragalactic VHE gamma-ray astronomy (e.g. Stecker et al. 1992). Consequently, VHE sources
that are detected are relatively close (typically z < 0.6, except for the cases of lensing effect, e.g. Sitarek et al. 2015). At
these redshifts, the attenuation effect for gamma rays at highenergy (HE; E > 100 MeV) is negligible. Thus, by extending the spectrum from HE to VHE, a measure of the absorbed
gamma-ray radiation may be obtained, which in turn can be used
to estimate either the spectral properties of the EBL or the redshift of the source (e.g. Aharonian et al. 2006; Albert et al. 2008;
Finke & Razzaque 2009; Orr et al. 2011). Results obtained using
this procedure are quite uncertain, owing to the uncertainty of the
EBL density and because extending the SED from HE to VHE
involves making strong assumptions (e.g. Dwek & Krennrich
2013).
Other methods for estimating redshift include the analysis of absorption lines caused by intergalactic matter. The red
shifted spectra of far-away sources show absorption lines that
are caused by hydrogen clouds in the object line of sight (the
Ly forest). By analyzing the redshifts of those lines, it is possible
to find lower and upper limits to the redshift of the source (e.g.
Danforth et al. 2010, 2013; Furniss et al. 2013a). This method
requires far-UV spectra, which are not easy to get as they must
be obtained from space-borne observatories.
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Fig. 1. GMOS r0 -band image of the PKS 1424+424 field.
North is at the top and east to the left. Spectroscopically observed object are labelled according to the slit number (see
Table 1). Squares indicate objects that belong to the probable
blazar group, while circles show foreground or undetermined
redshift objects. The lower right bar indicates 1 arcmin.

With a totally different approach, in a recent publication
we proposed an alternative method to estimate the redshift of
BL-Lac blazars in an indirect way. Elliptical galaxies are known
to be combined to form groups or clusters, and also that BL-Lacs
are typically hosted by elliptical galaxies. We therefore proposed
to analyze spectroscopic observations to find the host group of
galaxies that are associated with the blazar (see Muriel et al.
2015 for details). This method needs to correctly estimate the
probability of detecting a group of galaxies by chance, i.e. of not
being the one the blazar belongs to, which strongly depends on
the type of observations used for the study.
PKS 1424+240 is a BL-Lac blazar (type HBL) with unknown redshift detected at HE by Fermi-LAT with a hard
spectrum (Abdo et al. 2009). It was first detected at VHE by
VERITAS (VER J1427+237; Acciari et al. 2010), and later confirmed by MAGIC (Aleksić et al. 2014). Modeling the change
from HE to VHE in the spectral index of PKS 1424+240, an
upper limit of z < 0.66 was found by considering different
EBL models (Acciari et al. 2010). Using a statistical approach
that correlates the drop in the gamma-ray spectra to real redshift measurements from known sources, Prandini et al. (2011)
estimated a probable redshift for PKS 1424+240 of z ∼ 0.26,
with an upper limit of z < 0.45 ± 0.15, although this result is
based on the assumption that all blazars behave the same way.
Yang & Wang (2010) found an upper limit of z < 1.19 using
only the lowest EBL estimation. Scully et al. (2014) determined
a conservative upper limit of z < 1.0 using new EBL data derived from deep galaxy surveys. A two-component synchrotron
self-Compton model was found to well describe the SED of the
source if it is located at z ∼ 0.6 (Aleksić et al. 2014). Considering PKS 1424+240 as a source of ultra-high-energy cosmic rays,
models were consistent with redshift ranges of 0.6 < z < 0.75
(Yan & Zhang 2015), and 0.6 < z < 1.3 (Yan et al. 2015).
Leaving the gamma-ray domain, a photometric upper limit of
z < 1.11 was reported by Rau et al. (2012). Also, a totally
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independent and more firm redshift lower limit z ≥ 0.6035 was
reported for PKS 1424+240 by Furniss et al. (2013b). They analyzed the Ly forest from recent UV observations taken with the
HST/COS, which covers the range 1135–1795 Å. All these results place PKS 1424+240 in the very interesting condition of
being one of the few most distant blazars detected at VHE, with
redshift in a range never populated by other VHE blazars, i.e.
0.6 < z < 1.3. This ambiguity in the redshift is still large enough
to prevent precise studies of the EBL and the intrinsic blazar
spectrum.
We used Gemini for spectroscopic observation of the blazar
PKS 1424+240 and other objects in the field of view. Spectroscopic redshift from the blazar spectrum could not be determined
(Rovero et al. 2015). In this paper, and following the idea outlined in a previous publication (Muriel et al. 2015), we analyze
spectroscopic observations of 30 objects in the environment of
the blazar, seeking its host group of galaxies. In Sect. 2, we describe the observations and data reduction; in Sect. 3, we present
the analysis and results, and Sect. 4 summarizes the conclusions.
A cosmology was applied with H0 = 70 km s−1 Mpc−1 ,
Ωm = 0.25, and ΩΛ = 0.75.

2. Observations and data reduction
Spectroscopic observations were carried out with the Gemini
North telescope using the Gemini Multi Object Spectrograph
(GMOS). These observations were acquired under the Gemini
program GN-2015A-Q12 (PI: A. C. Rovero). A multislit mask
was created using a 60 s exposure pre-image in the r0 filter taken
on March 15 2015 (Fig. 1). This image covers 5 × 5 arcmin2 ,
with a pixel scale of 0.146 arcsec. Objects were selected by
eye around the field when their integrated magnitudes were
not fainter than m0r = 22.5 to get spectra with a reasonable
S /R > 5 ratio. We also selected the centre and the position angle of the image to maximize the slit number in the mask.
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Table 1. Targets with spectroscopic observations used in this paper.

Slit
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

RA (J2000.0)
14:26:52.5
14:26:53.8
14:26:54.8
14:26:56.4
14:26:56.4
14:26:57.6
14:26:58.0
14:26:59.0
14:27:00.4
14:26:59.6
14:27:01.7
14:26:59.4
14:27:01.8
14:27:04.1
14:26:54.6
14:27:00.4
14:27:01.7
14:27:03.4
14:27:03.6
14:27:05.2
14:27:06.2
14:27:06.5
14:27:09.2
14:27:10.4
14:27:10.9
14:27:11.4
14:27:11.6
14:27:12.6
14:27:14.3
14:27:14.5
14:27:12.8

Dec (J2000.0)
23:47:47.7
23:47:18.5
23:48:48.2
23:50:29.5
23:48:33.3
23:48:09.7
23:47:53.8
23:47:42.0
23:48:00.4
23:46:39.1
23:48:33.1
23:50:20.0
23:46:31.1
23:47:49.8
23:50:32.6
23:49:38.4
23:49:43.0
23:49:10.0
23:47:35.5
23:49:17.9
23:49:19.9
23:47:14.2
23:50:10.4
23:49:40.1
23:49:37.5
23:47:54.1
23:47:34.5
23:46:16.1
23:48:13.1
23:50:07.6
23:48:50.9

m0r
22.2
22.6
20.3
21.5
21.8
19.1
21.4
20.5
–
21.0
18.8
20.6
17.5
20.1
21.5
21.6
21.3
21.6
20.4
21.6
21.4
21.0
20.2
19.8
19.8
21.7
21.9
22.0
18.4
17.2
22.3

Redshift
z = 0.5984 ± 0.0001
z = 0.5999 ± 0.0006
z = 0.5970 ± 0.0001
z = 0.2547 ± 0.0009
–
z = 0.2003 ± 0.0007
z = 0.6163 ± 0.0001
z = 0.4688 ± 0.0005
–
z = 0.4692 ± 0.0005
–
–
z = 0.1218 ± 0.0002
–
z = 0.6078 ± 0.0003
–
–
z = 0.6018 ± 0.0007
z = 0.1283 ± 0.0001
z = 0.6042 ± 0.0003
z = 0.5470 ± 0.0003
z = 0.5104 ± 0.0005
–
z = 0.2800 ± 0.0003
–
z = 0.2883 ± 0.0003
z = 0.5360 ± 0.0006
–
z = 0.1478 ± 0.0002
z = 0.1178 ± 0.0002
z = 0.5949 ± 0.0008

Comments

PKS 1424+240

Notes. Column 1: slit number; Cols. 2 and 3: RA and Dec (J2000.0); Col. 4: total r0 integrated magnitude; Col. 5: redshifts estimated in this work.

We were able to allocate 31 slits of 1 arcsec width and 4 arcsec
length. Spectra were taken in queue mode on April 26 2015, under excellent seeing conditions (FWHM ∼ 0.7 arcsec). A total
of 5 × 900 s exposures were obtained at three different central wavelengths (540 nm, 550 nm, and 560 nm) so as to correct for the gaps between CCDs. The B600±G5323 grating was
used with a dispersion of ∼0.9 Å per pixel and a resolution of
FWHM ∼ 5 Å. The spectra cover the range 4000−7000 Å, but
the exact range for each spectrum depends on the slit position
on the mask. Image and spectra reduction followed the standard
procedures, using IRAF and the Gemini IRAF package. Further
details may be seen in Rovero et al. (2015). Similarly, redshifts
were measured using the FXCOR task under IRAF. Details on
this procedure can be found in Muriel et al. (2015).

3. Results
Results of the spectroscopy performed on the targeted objects
are summarised in Table 1. Figure 2 shows the distribution of
redshift measured in this work for the 21 galaxies in the sample.

Within our field of view there are other galaxies included in the
spectroscopic Sloan Digital Sky Survey SDSS catalog; three of
them are the galaxies in slits 8, 13, and 30 (see Table 1), whose
reported redshifts are 0.4688, 0.1212, and 0.1195, respectively,
which confirm our measurements. There is a fourth galaxy at
RA(J2000.0) 216:48:55.5 and Dec(J2000.0) 23:48:51.7, which
is not included in our sample, with a redshift of z = 0.6047. We
are including this galaxy in our analysis.
From Fig. 2, it is apparent that there are three possible
galaxy systems at z ∼ 0.60, z ∼ 0.47, and z ∼ 0.12, respectively. The first is a group of eight galaxies, seven from our
observations (at slits 1, 2, 3, 15, 18, 20, and 31) and the one
added from the SDSS spectroscopic catalog. For this group,
using the Gapper estimator by Beers et al. (1990), we computed both zmean (mean redshift) and σv (velocity dispersion)
to be 0.6010 and 813 ± 187 km s−1 , respectively. The virial
radius was estimated as Rvir = 1.53 Mpc (using Nurmi et al.
2013). We note that both the virial radius and the velocity dispersion are somewhat high, which suggests that this is probably an intermediate-mass cluster rather than a group of galaxies.
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Fig. 2. Distribution of redshifts for the galaxies observed in the field of
view around PKS 1424+240. Inset: narrower range around the group of
seven members surrounding the blazar.

This led us to explore the red sequence to find evidence of a
richer system (see Sect. 3.2). The pair at z ∼ 0.47 is formed by
galaxies at slits 8 and 10, with a projected distance of 0.38 Mpc
and a difference in velocity of 81 km s−1 . The last possible structure is formed by galaxies at slits 13, 19, and 30. The differences
in speed between any two of them are 1733 km s−1 , 1071 km s−1 ,
and 2804 km s−1 , which are too high to be considered as a physical association. We note that the limitation on the number of
objects to be observed simultaneously with the GMOS implies
that the number of members reported here should be considered
as a lower limit.
3.1. Membership of PKS 1424+240

Within the restricted range of redshifts for PKS 1424+240, as
discussed in previous sections, the new group of eight members at z = 0.6010 found in this work would be the natural
host for the blazar. It could be argued that our observations are
not deep enough to rule out larger redshifts for PKS 1424+240.
However, we show in this section that the probability of finding
a group of eight or more members (P8 ) in an observation like
the one reported here by chance is sufficiently low to consider
this group the host of the blazar. To evaluate this probability we
use the zCOSMOS 20k group catalog (Knobel et al. 2012), an
optical group catalogue in the redshift range 0.1 <
∼ z <
∼ 1.0,
with 1498 identified groups, 192 of which contain more than
five observed members, in ∼1.7 deg2 of the COSMOS field
(Scoville et al. 2007). We use the catalogue that is restricted to
the most complete inner field in its field of view (149.58 deg <
RA < 150.66 deg; 1.76 deg < Dec < 2.68 deg), which we refer
to as the 20k catalog. The idea of the procedure to evaluate P8 is,
within the field of the 20k catalogue, to select random positions
and see the coincidence with groups with eight or more members in the catalogue, considering the groups as circle targets
with virial radius as defined by Knobel et al. (2012).
Before computing the probability mentioned above, there
are considerations to take into account: (i) the 20k catalogue is
deeper than the observation reported in this work, so, if we use
this catalogue as it is, P8 would be overestimated; (ii) the sample
A92, page 4 of 6

Fig. 3. Optical luminosity distribution of galaxies. Blue histogram:
galaxies in the 20k catalogue. Black shadow histogram: galaxies observed in this work plus one from the SDSS (the “observed sample”).
The curve was adjusted to match the blue histogram approximately at
high luminosities. Red histogram: one of the pruned catalogues (see
text).

we took from our field of view was limited by the number of
slits we could accommodate (30, excluding the blazar itself),
which was completed with the inclusion of one galaxy from the
SDSS spectroscopic catalog. We call these 31 objects the observed sample. A reduced sampling of the field introduces fluctuations, i.e. the number of members of the groups found in this
work would vary if we chose a different sample, which must be
included in the probability estimation.
To account for the first of these limitations, we constructed
a new catalogue (the so-called pruned catalogue) by selecting
galaxies from the 20k catalogue that have approximately the
same optical magnitude distribution as our observed sample. By
limiting the magnitude of the objects to what we observed, we
restrict the catalogue to members with redshifts within the depth
of our observations. A desired second effect is that some galaxies
in the 20k catalogue would be too faint for our observations and
so the members of their groups would be reduced accordingly in
the pruned catalogue.
In Fig. 3, we show the distributions involved in this process.
The blue histogram is the luminosity distribution of galaxies in
the 20k catalogue. The grey shadow is the luminosity distribution of the observed sample; because we are interested only in
the shape of this distribution, the histogram in Fig. 3 has been
properly scaled to average the content of the bins at the highest luminosities of the blue histogram (at 18–20 mag). Then, the
construction of the pruned catalogue is made for each luminosity
bin (as defined in Fig. 3) by keeping the ratio between the observed sample to the 20k catalogue; e.g. for the bin 21–22 mag
this ratio is ∼0.44, so we randomly select 44% of the galaxies
from the 20k catalog with luminosities in the range 21–22 mag
to populate the corresponding bin of the pruned catalogue.
To account for consideration (ii) above, we constructed
100 pruned catalogues by using different seeds for the random
function. This is a natural way to emulate the target selection
process in the field of view; a given luminosity bin would be
populated by a different set of galaxies for different pruned catalogues. As a consequence, the groups defined in one pruned
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catalogue are not necessarily the same as in any other; the groups
and their number of members are reanalysed for each pruned
catalogue. Depending on the richness and seed, the pruned catalogue could have 50% less groups than in the original catalogue.
An example of magnitude distribution of a pruned catalogue is
shown in Fig. 3 as a red histogram.
Finally, to estimate the probability of finding a group by
chance, we used a Monte Carlo procedure to select random positions within the field of view of the catalogue and, around each
of these positions, we searched the pruned catalogues for coincidences with groups of galaxies having a given number of
members or more. Following this procedure we found that the
probability of finding by chance a group of eight or more members in our observations is P8 = (7.3 ± 2.3)%, and the error is
the standard deviation from 100 values, which corresponds to all
pruned catalogues. Considering that the number of members of
the new group is a lower limit (see Sect. 3), this probability is an
upper limit, i.e. P8 < 7.3%.
On the other hand, as discussed in our previous work
(Muriel et al. 2015), BL-Lac objects are usually members of
galaxy groups. Although the frequency of this membership is
difficult to estimate, a value of <
∼0.3 for the probability of the
blazar being isolated would be sensible (e.g. Wurtz et al. 1997;
Pesce et al. 1995). Since this is independent of the probability that is computed above of finding a group by chance, then
the probability of PKS 1424+240 not being associated with the
group of eight members found in this paper would be the joint
probability of having both, i.e. <0.3 × 7.3% . 2%. This implies
that the possible membership of PKS 1424+240 in the group
found at z = 0.6010 has an occurrence probability of >
∼98%.
Moreover, if the most reliable redshift lower limit determined
by Furniss et al. (2013b) is taken into account, i.e. z > 0.6, the
probability for our observations detecting a group with eight or
more members by chance is practically zero, which would increase the probability of PKS 1424+240 being a member of the
newly identified group to nearly 100%.
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Fig. 4. Rest-frame colour–magnitude relation for galaxies in the field of
view of our GMOS image, taken from the SDSS photometric catalog.
Small circles correspond to galaxies with zphot > 0.4, assuming they
are at the same redshift as the group (z ∼ 0.6). Filled circles are the
members of the new group found in this work at z = 0.6010. The red
and blue lines correspond to the red and blue sequence, respectively.

group at z ∼ 0.6. If this is the case, a larger number of members
could help to explain the high values of Rvir and σv reported
in Sect. 3. Consequently, the eight spectroscopic galaxies in the
group reported in this paper should be taken as a lower limit of
its number of members. The expected higher richness, combined
with the presence of an evolved population of galaxies, suggests
that the 7.3% probability of finding this group by chance (see
Sect. 3.1) should be taken as an upper limit.

4. Discussion and conclusions
3.2. Red sequence of galaxies

Many galaxies in massive groups or clusters populate the wellknown red sequence (RS; Visvanathan & Sandage 1977) in the
color-magnitude diagram. A well-defined RS suggests that a system of galaxies is real and evolved. As it was pointed out in
Sect. 3, the field around PK 1424+240 overlaps with the SDSS.
In addition to the spectroscopic galaxies, there are 210 photometric galaxies in the SDSS field around PK 1424+240,
including all our spectroscopic targets. Based on the u and
g magnitudes of the SDSS, in Fig. 4 we plot the rest-frame colormagnitude relation for the eight spectroscopic members of the
group of galaxies at z ∼ 0.6 (filled circles). The magnitude of
galaxies are k-corrected using Blanton et al. (2003). The red and
blue lines correspond to the RS and blue sequence (BS) respectively according to Blanton (2006) for DEEP2 data (Davis et al.
2003). In Fig. 4, we can see that four members fall into the RS region and four into the BS region, suggesting that the group of
galaxies at z ∼ 0.6 is quite evolved.
Using the photometric redshifts (zphot ) provided by the
Twelfth Data Release of the SDSS (Alam et al. 2015) we selected all the galaxies with zphot > 0.4 that fall in the same
field of our GMOS image. Small circles in Fig. 4 correspond
to these galaxies assuming they are at the same redshift as the
group (z ∼ 0.6). We count at least 10 galaxies that are brighter
than our faintest spectroscopic RS member falling in the RS region of the group. These galaxies are potential members of the

Apart from lensed blazars, PKS 1424+240 is estimated to be the
farthest blazar detected at VHE gamma rays. The lack of a firm
redshift determination encouraged us to observe this blazar, applying the procedure we used previously for a similar source, i.e.
studying its environment to seek its host group of galaxies. Spectroscopic observations of 30 objects around PKS 1424+240 were
obtained using the Gemini Multi-Object Spectrograph. Twentyone of those were identified as galaxies and their redshift measured spectroscopically in the range 0.11 <
∼ z <
∼ 0.62. Seven
of these galaxies, plus one added from the SDSS spectroscopic
catalog in our field of view, were identified as a galaxy group
at z = 0.6010, with virial radius Rvir = 1.53 Mpc and velocity
dispersion σv = 813 ± 187 km s−1 (which adds a redshift uncertainty of 0.003). Performing a Monte Carlo analysis on a larger
and deeper catalogue of galaxy groups, and considering the limitations of our observations, we estimated the probability of finding a group of eight or more members by chance to be <7.3%.
If we add to this estimation the probability of the host galaxy of
a blazar being isolated (∼0.3), then there is a >
∼98% probability
that the new group of galaxies found at z = 0.6010 ± 0.003 is
hosting the blazar PKS 1424+240.
The literature contains many attempts to constrain the range
of redshift for PKS 1424+240, mostly related to the attenuation
suffered by VHE gamma rays when traversing the EBL photon field, a method that presents great uncertainties. Using a
much more reliable technique, Furniss et al. (2013b) determined
A92, page 5 of 6
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a “strict redshift lower limit of z ≥ 0.6035 for PKS 1424+240,
set by the detection of Lyβ and Lyγ lines from intervening hydrogen clouds”. Their result is remarkably coherent with that
found in this paper. Indeed, if we adopt their lower limit as the
true value for the redshift of PKS 1424+240, this blazar would
be naturally part of the group of galaxies found in this paper. It
also seems to be coherent with the fact that Furniss et al. (2013b)
have not found HI absorbers between z = 0.6035 and the red
edge of the detector in Lyβ , i.e. z = 0.75, at ∼2σ confidence
level. Moreover, if this strict lower limit is considered, our estimation of the probability of finding a group of eight or more
members by chance using our observations would be reduced to
nearly zero. This result is reinforced by our photometric study;
we concluded that more members should populate this group,
which in turn reduces the probability of finding it by chance.
In summary, we propose that the group of eight or more
members found near PKS 1424+240 at z = 0.6010 ± 0.003 is
the group that is hosting this blazar, and that very likely the true
redshift of PKS 1424+240 is z = 0.6035.
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