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ABSTRACT
A recent paper, Martín-Navarro et al. (2021), presents the interesting observational result that
the quenching of satellites in groups at 𝑧 = 0.08 has an angular dependence relative to the
semi-major axis of the central galaxy. This observation is described as ‘anisotropic quenching’
or ‘angular conformity’. In this paper I study the variation in the colour of a mass limited
sample of satellite galaxies relative to their angle from the major axis of the Brightest Cluster
Galaxy in the CLASH clusters up to 𝑧 ∼ 0.5, 4 Gyr further in lookback time. The same result
is found: galaxies close to the major axis are more quenched than those along the minor axis.
I also find that the star-forming galaxies tend to avoid a region ±45° from the major axis.
Martín-Navarro et al. (2021) explain that this quenching signal is driven by AGN outflows
along the minor axis reducing the density of the intergalactic medium and thus the strength of
ram pressure. Here I discuss potential alternative mechanisms. Finally, I note that the advent
of the LSST and Euclid surveys will allow for a more detailed study of this phenomenon and
its evolution.
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1 INTRODUCTION

Dense environments are known to quench the star formation within
galaxies, which leads to the observation that a higher fraction of
galaxies in massive clusters are passive early-types compared with
the field (e.g. Dressler 1980; Peng et al. 2010). The processes re-
sponsible for this must relate to the cluster environment, i.e. the
massive dark matter halo, the hot gas of the intra-cluster medium
(ICM) or the increased number density of the galaxy population.

Environmental quenching is thought to be due to a number of
mechanisms. Quenching via ram pressure stripping occurs when a
galaxy falls into the cluster and passes through the ICM. The force
of the ICM gas on the cold gas in the disc of the galaxy removes this
gas from the galaxy and thus the fuel for star formation (Gunn &
Gott 1972). This may temporarily increase the star formation rate,
causing a star burst (Dressler & Gunn 1983), with star formation
induced in both the gas compressed on the leading edge and that
which is disturbed and pulled out into a tail behind (Fumagalli et al.
2014; Poggianti et al. 2017). Ram pressure stripping is thought to
lead to rapid quenching on a timescale of ∼ 1Gyr regardless of
whether the gas is removed and/or partially used up in a starburst
(Roberts et al. 2019).

Instead of removing the cold gas from the disc the cluster
environment may instead remove (or heat) the gas in the extended
reservoir that surrounds the galaxy, stopping the replenishment of
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cold gas in the disc and therefore quenching the galaxy (Larson
et al. 1980), a phenomenon often known as ‘starvation’ (e.g. Bekki
et al. 2002) or ‘strangulation’ (e.g. Balogh & Morris 2000). This
is a slower quenching process than ram pressure stripping, on a
timescale of & 3 − 4Gyr (Roberts et al. 2019), as the cold gas
in the disc is unaffected and so can continue to form stars until it
is exhausted. The original paper by Larson et al. (1980) suggests
that the gas surrounding galaxies will be removed by interactions
with other galaxies in the cluster and their extended gas reservoirs.
However, the current view is that within the hot ICM, the galaxy’s
halo gas is kept hot or is ram pressure stripped by, or absorbed into,
the ICM itself and so is unable to cool and fall back down onto the
disc where it can form stars (Bekki et al. 2002).

Galaxy major merging, which can cause quenching, is rela-
tively rare in massive galaxy clusters due to the galaxies moving
at speeds of & 1000 km s−1. However, gravitational interactions
between galaxies can disturb the gas in spiral galaxies, initially cre-
ating a burst of star formation followed by subsequent quiescence
(Moore et al. 1996). Tidal effects due to the cluster potential as
a whole may also produce a similar result (e.g. Byrd & Valtonen
1990).

Outflows and radiation from the supermassive black hole in the
central galaxy can keep the ICM from cooling, thus suppressing the
fuel for star formation on the central galaxy, an observation known
as Active Galactic Nuclei (AGN) feedback (see Fabian 2012 for a
review). A further possibility is that the AGN activity of the central
galaxy can act to suppress star formation in satellites. This has

© 2019 The Authors

ar
X

iv
:2

11
2.

03
93

7v
1 

 [
as

tr
o-

ph
.G

A
] 

 7
 D

ec
 2

02
1



2 J. P. Stott

been seen in simulations, in which AGN feedback from the central
galaxy increases the temperature and velocity of the intergalactic
gas, therefore making it less suitable as a fuel for star formation in
satellites (Dashyan et al. 2019).

It has been observed that the star formation rate of the cen-
tral galaxy and its satellites are linked, such that a quenched cen-
tral galaxy will have quenched satellites and a star forming cen-
tral galaxy will have star-forming satellites, a phenomenon termed
‘galactic conformity’ (Weinmann et al. 2006). In a recent paper,
Martín-Navarro et al. (2021) present the result that galaxy quench-
ing in halos is anisotropic, such that the quenched galaxy fraction
has an angular dependency; satellite galaxies that live along the mi-
nor axis of the central galaxy are less quenched than those along the
major axis. This anisotropic quenching observation has been termed
‘angular conformity’ by the authors ofMartín-Navarro et al. (2021).
The explanation they provide for anisotropic quenching, is that the
AGN of the central galaxy preferentially acts along the minor axis
creating bubbles in the halo gas and lowering the density. The lower
density halo gas along the minor axis leads to a lowering of the
strength of ram pressure acting on the satellites and therefore they
are less quenched. This perhaps has the opposite effect of what one
might naively expect for AGN activity acting along the minor axis.
This is supported by their observation that the anisotropic quench-
ing signal is stronger for satellites around centrals with the most
massive black holes. They present further evidence for the AGN
feedback connection, as the anisotropic quenching signal is also
seen in the IlIustrisTNG simulations with improved AGN feedback
treatment (Nelson et al. 2019), while it is absent for the less realistic
prescription employed in the original Illustris simulation (Nelson
et al. 2015).

In their paper Martín-Navarro et al. (2021) examine ∼ 30K
groups and clusters containing a total of ∼ 124𝐾 satellite galaxies,
with a halo mass range of log (M/M�) = 12 − 14.5 at a median
redshift of 𝑧 = 0.08, from the Sloan Digital Sky Survey (SDSS, Ahn
et al. 2014).Here, I testwhether it is visible in amuch smaller sample
of 13 rich clusterswith halomasses log (M/M�)> 14, observedwith
much deeper Hubble Space Telescope (HST) photometry, enabling
me to probe the anisotropic quenching signal in galaxies of log
(M★/M�)> 9.5 out to 𝑧 ∼ 0.5. The reason for testing this in massive
clusters only, is because Martín-Navarro et al. (2021) find a greater
anisotropic quenching signal in the satellite population when in the
presence of more massive and quiescent central galaxies.

I adopt a cosmology with ΩΛ = 0.7, Ω𝑚 = 0.3, and
H0 = 70 km s−1Mpc−1. All quotedmagnitudes are on theABsystem
and I use a Chabrier (2003) IMF throughout. This research makes
use of Astropy,1 a community-developed core Python package for
Astronomy (Astropy Collaboration et al. 2013, 2018).

2 SAMPLE AND DATA

The cluster sample was taken from the Cluster Lensing and Super-
nova Survey with Hubble (CLASH, Postman et al. 2012) sample.
The sample was initially reduced from the original 25 to 23 clusters
by removing the two highest redshift clusters (MACSJ0744+39 at
𝑧 = 0.686 and CLJ1226+3332 and 𝑧 = 0.890), as they fall into a
redshift range outside the main body of the sample and are therefore
inappropriate for the consistent rest-frame photometry employed for
the remaining clusters.

1 http://www.astropy.org

The photometric catalogue was taken from Molino et al.
(2017), which is available on the CLASH website. 2 More specifi-
cally, I used their photoz photometry, which uses a consistent aper-
ture across the wavebands and is therefore well suited to accurate
colour determination. The photometry was corrected for galactic
extinction using the Schlegel et al. (1998) dust maps. I also used
the Molino et al. (2017) tabulated photometric redshifts and stellar
masses of the galaxies, and the position angle and axis ratio of the
Brightest Cluster Galaxy (BCG).

The central galaxy in the context of a galaxy cluster is the
BCG. In order to compare with Martín-Navarro et al. (2021) an
unambiguous BCG with good photometric data was required. I
therefore visually inspected all the clusters and their BCGs to further
refine the samples, in order to identify the BCG and any problems
associated with it. As a note of caution, there are columns for BCG
coordinates in the published Molino et al. (2017) catalogues but
these appear to instead be the CLASH cluster centroid, which is
either the BCG coordinates or the X-ray centroid and so it was
important to perform this by-eye check.

The visual inspection performed led to the further removal
of several clusters by comparing the image with the Molino et al.
(2017) catalogues. The reasons for removing clusters were: the
BCG contains dust lanes which significantly affect the photometry
as it becomes two sources (Abell 383); the BCG contains multi-
ple cores, which affect the photometry and the catalogue position
angle (Abell 2261); the BCG is a merger which affects the photom-
etry and potentially the catalogue position angle (MACSJ1931-26,
MACSJ0329-02 and MACSJ1149+22); There are multiple BCGs,
perhaps due to a cluster merger, and so the central galaxy is am-
biguous (MACSJ0416-24, RXJ1347-1145, MACSJ0717+37 and
MACSJ0647+70); The catalogue position angle appears incorrect
(MACSJ0429-02); Strong lensing within the BCG affects the cata-
logue position angle (MACSJ2129-07). The outcome of this sample
cleaning was that 13 CLASH clusters remained.

In order to determine whether a galaxy was quenched or not
I used a colour composed of a filter either side of the the rest-
frame 4000Å break. This colour correlates well with specific star
formation rate (sSFR) for galaxies with a relatively low dust content,
as it is essentially the UV flux divided by a redder optical flux (i.e. it
is a star formation rate indictor divided by a stellar mass indicator).
This allowed for comparison with Martín-Navarro et al. (2021), as
they found that the anisotropic quenching signal was also seen in
the average sSFR. The cleaned CLASH sample had a redshift range
𝑧 = 0.206 − 0.545 and so in order to obtain consistent colours in
the vicinity of the 4000Å break, I first split this into low and high
redshift samples, which cover the ranges 𝑧 = 0.206 − 0.352 and
𝑧 = 0.391 − 0.545 and consist of 8 and 5 clusters respectively. The
average masses of the samples, taken fromMerten et al. (2015), are
8.6±2.0×1014M� and 6.7±1.4×1014M� for the low and high−𝑧
samples respectively. Finally, the filters used to straddle the 4000Å
break were F390W-F625W and F475W-F814W respectively. In §3
I discuss the corrections applied to obtain a consistent colour for
each cluster. The final cleaned low and high−𝑧 samples are provided
in Table 1.

To determine cluster membership I designated any galaxy with
aMolino et al. (2017) photometric redshift withinΔ𝑧 = 0.05×(1+𝑧)
of the cluster redshift to be a member, to account for the uncertainty
of the photometric redshifts. I also chose to include only galaxies
with stellar mass log (M★/M�)> 9.5 as the mass is complete to

2 https://archive.stsci.edu/prepds/clash/
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Anisotropic quenching in massive clusters 3

approximately log (M★/M�)= 9.0 for the highest redshift cluster
I use at 𝑧 = 0.545. Finally, for a fair comparison between clusters
within the same redshift sample, a limiting radius from the BCG
was used. This radius was set by the maximum radius in proper
kpc, which fitted within the HST Wide Field Camera 3 (WFC3)
field-of-view, for the lowest redshift galaxy cluster in the sample.
This radial limit was 200kpc for the low−𝑧 sample and 350kpc for
the high−𝑧 sample.

3 ANALYSIS AND RESULTS

The main goal of this paper was to study the relationship between
how quenched a satellite galaxy is and its angle on the sky compared
with the major axis of the central galaxy. In practice I compared the
colour of the cluster galaxies to their angle relative to the major
axis of the BCG. As discussed in §2 I split the CLASH clusters
into low and high redshift samples so that two different sets of
observed filters could be used to measure a consistent rest-frame
colour in the vicinity of the 4000Å break. However, the clusters
within the samples still had a range of redshifts (𝑧 = 0.206 − 0.352
and 𝑧 = 0.391 − 0.545) and so the probed rest-frame colour was
affected by k correction and potentially galaxy evolution across
these ranges. I therefore k and evolution corrected the photometry to
the central redshifts of the samples using a simple stellar population
(SSP) model with a formation redshift of 𝑧 𝑓 = 2, solar metallicity
and a Chabrier (2003) IMF, from Bruzual & Charlot (2003). This
model is appropriate to quenched cluster galaxies and not those with
continued star formation, but as the redshift ranges were relatively
small the corrections were suitable for the majority of the galaxies.

The angles between the satellite galaxies and the BCG ma-
jor axis (provided in the Molino et al. 2017 catalogue) were then
computed. The colour is plotted against satellite galaxy angle from
the BCG major axis for both the low and high−𝑧 samples in Fig.
1. A median colour value was calculated in bins of 40 degrees,
with an error bar corresponding to the standard error. A sinusoidal
least squares fit was then performed to these median values. For
agreement with the observations of Martín-Navarro et al. (2021)
one would expect the fits to produce a cosine with a period of 180
degrees, with a peak coinciding with 0 degrees and a trough at 90
degrees, as I define 0 degrees to be along the major axis. The fit to
the low−𝑧 samplemedians gives an amplitude of 0.048±0.029mag,
a period of 207 ± 32 degrees and the peak has a phase offset from
the major axis of 15 ± 30 degrees. The amplitude of this signal is
therefore only significant at the 1.7𝜎 level. This fit has a reduced
chi-squared value of 𝜒2a = 1.4which is the same value as for a hori-
zontal straight line. This shows that the sinusoidal fit is not preferred
to a straight line fit. The fit to the high−𝑧 sample medians gives an
amplitude of 0.064 ± 0.020mag, a period of 197 ± 14 degrees and
the peak has a phase offset from themajor axis of 2±12 degrees. The
amplitude of this signal is therefore significant to the 3.2𝜎 level.
This fit has a reduced chi-squared value of 𝜒2a = 0.9, compared with
𝜒2a = 2.3 for a horizontal straight line, which shows that the sinusoid
is preferred. The difference between the cosine-fitted peak in colour
compared with the trough is 0.13mag. This corresponds to a factor
of ∼ 1.5 in sSFR, which I estimated empirically by fitting a straight
line to the relationship between the colour and sSFR for galaxies
with log (M★/M�)> 9.5 at 𝑧 = 0.45 − 0.47 (as the high−𝑧 sample
average 𝑧 = 0.46) from the Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey (CANDELS) catalogues of Barro et al.
(2019). By examining Extended Data Figure 5 of Martín-Navarro
et al. (2021), which shows sSFR plotted against satellite angle to the

central galaxy major axis, I estimate the equivalent change in sSFR
to be a factor of ∼ 1.8 and so the signal amplitude is comparable.

The above analysis shows that in the low−𝑧 sample there may
be a weak signal of anisotropic quenching but it appears stronger in
the the high−𝑧 sample. Martín-Navarro et al. (2021) find that along
the major axis, galaxies are quenched out to much larger cluster-
centric radii than along the minor axis. Therefore, a possible reason
for the discrepancy in the power of the signal between the low and
high−𝑧 samples is that the cluster-centric radius is 200 kpc for the
low−𝑧 analysis and 350 kpc for the high−𝑧 sample due to the fixed
angular size of the HST camera. This potentially means that the
low−𝑧 sample was not being probed to a large enough radius to see
the reduction in quenching along the minor axis. The average R200
of the low−𝑧 and high−𝑧 samples are 1.8Mpc and 1.5Mpc, and so
on average I can only probe to 0.11R200 and 0.23R200 respectively.
I investigated the effect of radius by reducing the cluster-centric
radius of the high−𝑧 sample to 170 kpc (i.e. 0.11R200) for a fairer
comparison. The result of this test is shown in Fig. 2, with the fit
to the sample medians giving an amplitude of 0.047 ± 0.019mag,
a period of 149 ± 11 degrees and the peak has a phase offset from
the major axis of 49 ± 29 degrees. The amplitude of this signal is
therefore only significant to the 2.5𝜎 level and the period and phase
offset are significantly different from the expected cosine wave. This
suggests that the radius within which the quenching is quantified is
important, with the radius needing to be large enough to observe
the reduction in quenching along the minor axis in order to give a
strong anisotropic signal.

As well as being well fit by the sinusoid, one can also see
that the bluer galaxies in the high−𝑧 sample (those below the red
sequence with colours 𝐶 . 2.0) appear to be less numerous in a
range of angles within ∼ 45 degrees of the major axis, although
this is not seen for the weaker signal of the low−𝑧 sample. This
colour, 𝐶 = 2.0, corresponds to an sSFR of ≈ 2× 10−11yr−1, based
on an estimation from CANDELS as discussed above, which is an
appropriate dividing line between passive and star-forming galaxies
(e.g. Figure 2. of Davies et al. 2019). This is in agreement with the
results presented in Martín-Navarro et al. (2021), who studied the
fraction of quenched galaxies with angle instead of average colour,
as I have presented in Fig. 1. In Fig. 3 I show the ratio of quenched
galaxies to the total, as a function of angle from the BCG major
axis for the high−𝑧 sample, assuming a colour of 𝐶 = 2.0 is the
delimiter between star-forming and passive.

4 DISCUSSION

As discussed in §1, Martín-Navarro et al. (2021) explain that the
observed anisotropic quenching signal is due to AGN outflows act-
ing preferentially along the minor axis of the central galaxy, which
lowers the density of the intergalactic medium in that direction,
reducing the effect of ram pressure stripping on satellites, thus re-
sulting in weaker quenching along the minor axis. This explanation
is well supported by their hydrodynamic simulations. Their sample
consists of 30K halos in the mass range M200 = 1012 − 1014.5M� ,
and so is dominated by halos much less massive than the galaxy
clusters I consider here. However, the analysis in §3 demonstrates,
at least for the high−𝑧 sample, evidence of anisotropic quenching
even in a relatively small sample of massive clusters. For this to
be the case BCG radio jets that lead to bubbles which reduce the
density of the ICM would need to preferentially occur along their
minor axis. This is likely to be the case as radio galaxies classified

MNRAS 000, 1–6 (2019)
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Table 1. The final low and high redshift cluster samples.

Cluster BCG R.A. BCG Dec. 𝑧

(degrees) (degrees)

low−𝑧 sample
Abell 209 22.9690 -13.6112 0.206
Abell 1423 179.3223 33.6110 0.213
RXJ 2129+0005 322.4164 0.0892 0.234
Abell 611 120.2367 36.0566 0.288
MS2137.3-2353 325.0632 -23.6611 0.313
RXJ 1532.9+3021 233.2241 30.3498 0.345
RXJ 2248-4431 342.1832 -44.5309 0.348
MACSJ 1115+01 168.9663 1.4986 0.352

high−𝑧 sample
MACSJ 1720+35 260.0698 35.6073 0.391
MACSJ 1206-08 181.5507 -8.8009 0.440
MACSJ 0329-02 52.4232 -2.1962 0.450
MACSJ 1311-03 197.7575 -3.1777 0.494
MACSJ 1423+24 215.9495 24.0784 0.545

Figure 1. Left: The corrected colour plotted against the angle between the position of the satellite galaxies and the BCG major axis for the low redshift sample.
The orange circle points are the individual galaxies, the blue squares are the median colour values in bins of 40 degrees. The solid green line is a sinusoidal fit
to the median values and the dashed green line is a linear fit for comparison. Right: The corrected colour plotted against the angle between the position of the
satellite galaxies and the BCG major axis for the high redshift sample. The symbols are defined in the same way as for the low redshift version. The high−𝑧
sample is well described by the sinusoidal fit, whereas the signal is weaker for the low−𝑧 sample.

as elliptical are found to have radio jets and lobes preferentially with
30° of their minor axis (Condon et al. 1991).

The ability to detect the anisotropic quenching signal in such a
small sample is likely because the CLASH clusters are some of the
most massive known and therefore the environmental effects within
them will be strong. This is particularly true for the combination
of AGN feedback and ram pressure stripping given as a favoured
mechanism by Martín-Navarro et al. (2021). The most massive
clusters have the most massive central galaxies (e.g. Lauer et al.
2014), with the most massive black holes (e.g. Merritt & Ferrarese
2001), and the ICM is the most dense (e.g. Mohr et al. 1999).

In §3 I found a discrepancy between the low and high−𝑧 sam-
ples as the anisotropic quenching signal is much weaker in the
former. The difference between the mean redshifts (𝑧 = 0.287
and 𝑧 = 0.463) corresponds to a difference in lookback time of
1.48Gyr, which is a relatively small timescale for such massive,
mature clusters and so evolution cannot explain the discrepancy in

signal strength. It appears from Fig. 2 that this is instead due to
the difference in cluster-centric radius between the samples (200
and 350 kpc respectively), as Martín-Navarro et al. (2021) find that
the along the major axis, galaxies are preferentially quenched out
to larger distances than along the minor axis and so there is little
anisotropic quenching signal at smaller radii, where galaxies along
both axes are quenched. While my study is limited by the size of the
HST field, Martín-Navarro et al. (2021) are uninhibited as they use
SDSS. It is not clear what their maximum radius is and they perform
the analysis in terms of virial radius in order to compare halos from
M200 = 1012−1014.5M� . They state that their satellite galaxies are
at cluster-centric radii up to ∼900 kpc and so assuming this is for
their quoted most massive cluster with M200 = 1014.5M� , this cor-
responds to ∼0.64R200 and in other places in their paper 0.75R200
is quoted. The largest radii I consider in this paper is 350 kpc, which
corresponds to ∼0.23R200 and so one would expect a weaker signal

MNRAS 000, 1–6 (2019)
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Figure 2.The corrected colour plotted against the angle between the position
of the satellite galaxies and the BCG major axis for the high redshift sample
but within a restricted analysis radius of 170 kpc (∼0.11R200) to match the
low−𝑧 sample. The symbols are defined in the same way as for Fig. 1. In this
case the signal is weaker, with a smaller period and a phase shift compared
with the 350 kpc radius version plotted in Fig. 1.

Figure 3.The ratio of the number of star-forming galaxies to passive galaxies
plotted in 40° bins of angle to the BCG major axis for the high redshift
sample. The grey shaded regions mark the ±45° either side of the major
axis, which the star-forming galaxies appear to avoid.

than Martín-Navarro et al. (2021) for that reason, as well as the
significantly small sample size.

An alternative explanation for the anisotropic quenching could
be the that the shape and major axis of the BCG tends to align with
the shape and major axis of the cluster (Binggeli 1982). This major
axis is thought to be along the major infall direction for matter and
galaxies from the cosmic web (collimated infall) and this drives
both the BCG and cluster to have the same alignment (West 1994).
In this scenario the ICM density of a significantly ellipsoidal or
elongated cluster would be higher at a given cluster-centric radius
along the major axis than the minor axis, even in the absence of
an AGN. This would still reduce the magnitude of ram pressure
stripping and strangulation/starvation, and therefore the quenching

Figure 4. An illustration of the alternative explanations, other than AGN
outflows, for the anisotropic quenching signal. In this example the BCG
(black) and cluster (green) share the same significantly ellipsoidal shape
and major axis. The green shades, dark to light, indicate decreasing density
in either the ICM, dark matter or galaxy number density (or stellar mass
density), which will lead to decreasing quenching of satellites. The black
dashed circle is the cluster-centric radius within which the quenching signal
is measured and so one would expect this to be weaker along the minor axis
as compared with the major axis.

effect, and so when galaxy quenching is studied within a circular
cluster-centric radius, this anisotropic quenching signal may appear.
This would also be true of the dark matter density, which could lead
to a reduction in quenching along the minor axis due to weaker tidal
effects (e.g. Byrd & Valtonen 1990). Another related explanation
is that the galaxies of the cluster align more along the BCG major
axis because of the collimated infall direction, discussed above,
and therefore the galaxy number density (or stellar mass density) is
higher, leading to more gravitational interactions between satellites
away from the minor axis (Moore et al. 1996). I have included a
basic illustration of the above scenarios in Fig. 4. I do not attempt
to test these possibilities here as the CLASH data is too narrow-
field but they are worth investigating despite the strong backing for
the AGN outflow scenario seen in simulations. A potential test of
these scenarios would be to find clusters with apparent spherical
halos from lensing but elliptical BCGs, to see if the result holds.
However, it would be difficult to assess whether this was due to
viewing the cluster at an angle which was straight down the infall
axis. I note that the CLASH clusters are selected to be close to
spherical, with an average ellipticity of 𝜖 = 0.19 (Postman et al.
2012; Maughan et al. 2008) and so there is no evidence for strongly
ellipsoidal or elongated clusters here. The final possibility is also
discussed by Martín-Navarro et al. (2021), which is that satellites
along the minor axis may have somehow had their star formation
enhanced by the AGN outflow from the central galaxy. However,
there is little evidence for this in previous studies (e.g. Pace & Salim
2014; Lan & Prochaska 2021)

5 SUMMARY & CONCLUSIONS

In this paper the recently discovered phenomenon of anisotropic
quenching (a.k.a angular conformity) was investigated using the
CLASH cluster survey. This is the observation that satellite galaxies
appear more quenched along the major axis of the central galaxy as
opposed to the minor axis (Martín-Navarro et al. 2021).

I looked for a periodic signal in the colour and quenched frac-
tion of amass limited sample of satellite galaxieswith angle from the
major axis of the BCG. There is evidence for such an anisotropic

MNRAS 000, 1–6 (2019)
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quenching signal in the high−𝑧 sample at 𝑧 = 0.391 − 0.545 at
the > 3𝜎 level but only a weak signal in the low−𝑧 sample at
𝑧 = 0.206 − 0.352. The explanation for this difference appears to
be the smaller cluster-centric radius probed for the low−𝑧 sample,
imposed by the relatively narrow field of view of WFC3 camera.
The amplitude of the anisotropic quenching signal is similar to that
of Martín-Navarro et al. (2021), as I estimate a fit to their sSFR plot
would give a factor of ∼ 1.8 change in sSFR, when comparing the
satellites along the major axis to the minor axis. My fit indicates a
factor of ∼ 1.5 change in sSFR.

Observing this signal out to 𝑧 ∼ 0.5 pushes the study of this
phenomenon 4Gyr further in lookback time than Martín-Navarro
et al. (2021), who used the shallow but wide field area of SDSS to
study 30K halos at 𝑧 ∼ 0.08. This was made possible by the depth
and resolution of the CLASH survey and the careful photometry
and photometric redshifts of Molino et al. (2017).

Martín-Navarro et al. (2021) have good evidence from their
simulations that this signal is driven by AGN outflows along the
minor axis, reducing the density of the intergalactic medium and
therefore the strength of ram pressure on the satellites, leading
to a directional reduction in quenching. I proposed some possible
alternative explanations such as a reduction in ICM density and
therefore ram pressure along the minor axis of the BCG as a natural
consequence of the major axis and shape of the BCG and cluster
tending to align. This alignment between the BCG and the cluster
may also lead to a preferential quenching along themajor axis due to
tidal effects. Finally, due to the collimated infall and accretion onto
the cluster from the cosmic web, the galaxy density along this major
axis will be higher and therefore gravitational interactions between
satellite galaxies, that lead to quenching, will be more likely.

Deep wide-field data with good quality photometric redshifts
will be available in the coming years from the Legacy Survey of
Space and Time (LSST) and Euclid that will enable more detailed
studies of this anisotropic quenching phenomenon, to discover the
mechanism that drives it and potentially observe its evolution.

ACKNOWLEDGEMENTS

I would first like to thank the referee for their report, which improved
the clarity of this paper. This research was prompted by attending a
remote seminar given by Dylan Nelson to the Lancaster University,
UK, Observational Astrophysics group on the 12th July 2021. This
paper was entirely written on my dining room table due to the
COVID-19 restrictions and guidelines in the UK. It is also my first
paper using Python for the analysis rather than IDL. I would like
to thank Harriet Rosenthal-Stott for proof reading this manuscript.

DATA AVAILABILITY

The data underlying this article are publicly available from
the CLASH cluster website (https://archive.stsci.edu/prepds/clash/)
and the Mikulski Archive for Space Telescopes (MAST,
https://archive.stsci.edu/hst/).

REFERENCES

Ahn C. P., et al., 2014, ApJS, 211, 17
Astropy Collaboration et al., 2013, A&A, 558, A33
Astropy Collaboration et al., 2018, AJ, 156, 123
Balogh M. L., Morris S. L., 2000, MNRAS, 318, 703

Barro G., et al., 2019, ApJS, 243, 22
Bekki K., Couch W. J., Shioya Y., 2002, ApJ, 577, 651
Binggeli B., 1982, A&A, 107, 338
Bruzual G., Charlot S., 2003, MNRAS, 344, 1000
Byrd G., Valtonen M., 1990, ApJ, 350, 89
Chabrier G., 2003, PASP, 115, 763
Condon J. J., Frayer D. T., Broderick J. J., 1991, AJ, 101, 362
Dashyan G., Choi E., Somerville R. S., Naab T., Quirk A. C. N., Hirschmann
M., Ostriker J. P., 2019, MNRAS, 487, 5889

Davies L. J. M., et al., 2019, MNRAS, 483, 1881
Dressler A., 1980, ApJ, 236, 351
Dressler A., Gunn J. E., 1983, ApJ, 270, 7
Fabian A. C., 2012, ARA&A, 50, 455
Fumagalli M., Fossati M., Hau G. K. T., Gavazzi G., Bower R., Sun M.,
Boselli A., 2014, MNRAS, 445, 4335

Gunn J. E., Gott J. Richard I., 1972, ApJ, 176, 1
Lan T.-W., Prochaska J. X., 2021, MNRAS, 502, 5104
Larson R. B., Tinsley B. M., Caldwell C. N., 1980, ApJ, 237, 692
Lauer T. R., Postman M., Strauss M. A., Graves G. J., Chisari N. E., 2014,
ApJ, 797, 82

Martín-Navarro I., Pillepich A., Nelson D., Rodriguez-Gomez V., Donnari
M., Hernquist L., Springel V., 2021, Nature, 594, 187

Maughan B. J., Jones C., Forman W., Van Speybroeck L., 2008, ApJS, 174,
117

Merritt D., Ferrarese L., 2001, ApJ, 547, 140
Merten J., et al., 2015, ApJ, 806, 4
Mohr J. J., Mathiesen B., Evrard A. E., 1999, ApJ, 517, 627
Molino A., et al., 2017, MNRAS, 470, 95
Moore B., Katz N., Lake G., Dressler A., Oemler A., 1996, Nature, 379, 613
Nelson D., et al., 2015, Astronomy and Computing, 13, 12
Nelson D., et al., 2019, Computational Astrophysics and Cosmology, 6, 2
Pace C., Salim S., 2014, ApJ, 785, 66
Peng Y.-j., et al., 2010, ApJ, 721, 193
Poggianti B. M., et al., 2017, ApJ, 844, 48
Postman M., et al., 2012, ApJS, 199, 25
Roberts I. D., Parker L. C., Brown T., Joshi G. D., Hlavacek-Larrondo J.,
Wadsley J., 2019, ApJ, 873, 42

Schlegel D. J., Finkbeiner D. P., Davis M., 1998, ApJ, 500, 525
Weinmann S. M., van den Bosch F. C., Yang X., Mo H. J., 2006, MNRAS,
366, 2

West M. J., 1994, MNRAS, 268, 79

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

MNRAS 000, 1–6 (2019)

http://dx.doi.org/10.1088/0067-0049/211/2/17
https://ui.adsabs.harvard.edu/abs/2014ApJS..211...17A
http://dx.doi.org/10.1051/0004-6361/201322068
https://ui.adsabs.harvard.edu/abs/2013A&A...558A..33A
http://dx.doi.org/10.3847/1538-3881/aabc4f
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A
http://dx.doi.org/10.1046/j.1365-8711.2000.03826.x
https://ui.adsabs.harvard.edu/abs/2000MNRAS.318..703B
http://dx.doi.org/10.3847/1538-4365/ab23f2
https://ui.adsabs.harvard.edu/abs/2019ApJS..243...22B
http://dx.doi.org/10.1086/342221
https://ui.adsabs.harvard.edu/abs/2002ApJ...577..651B
https://ui.adsabs.harvard.edu/abs/1982A&A...107..338B
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B
http://dx.doi.org/10.1086/168362
https://ui.adsabs.harvard.edu/abs/1990ApJ...350...89B
http://dx.doi.org/10.1086/376392
https://ui.adsabs.harvard.edu/abs/2003PASP..115..763C
http://dx.doi.org/10.1086/115692
https://ui.adsabs.harvard.edu/abs/1991AJ....101..362C
http://dx.doi.org/10.1093/mnras/stz1697
https://ui.adsabs.harvard.edu/abs/2019MNRAS.487.5889D
http://dx.doi.org/10.1093/mnras/sty2957
https://ui.adsabs.harvard.edu/abs/2019MNRAS.483.1881D
http://dx.doi.org/10.1086/157753
https://ui.adsabs.harvard.edu/abs/1980ApJ...236..351D
http://dx.doi.org/10.1086/161093
https://ui.adsabs.harvard.edu/abs/1983ApJ...270....7D
http://dx.doi.org/10.1146/annurev-astro-081811-125521
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..455F
http://dx.doi.org/10.1093/mnras/stu2092
https://ui.adsabs.harvard.edu/abs/2014MNRAS.445.4335F
http://dx.doi.org/10.1086/151605
https://ui.adsabs.harvard.edu/abs/1972ApJ...176....1G
http://dx.doi.org/10.1093/mnras/stab297
https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.5104L
http://dx.doi.org/10.1086/157917
https://ui.adsabs.harvard.edu/abs/1980ApJ...237..692L
http://dx.doi.org/10.1088/0004-637X/797/2/82
https://ui.adsabs.harvard.edu/abs/2014ApJ...797...82L
http://dx.doi.org/10.1038/s41586-021-03545-9
https://ui.adsabs.harvard.edu/abs/2021Natur.594..187M
http://dx.doi.org/10.1086/521225
https://ui.adsabs.harvard.edu/abs/2008ApJS..174..117M
https://ui.adsabs.harvard.edu/abs/2008ApJS..174..117M
http://dx.doi.org/10.1086/318372
https://ui.adsabs.harvard.edu/abs/2001ApJ...547..140M
http://dx.doi.org/10.1088/0004-637X/806/1/4
https://ui.adsabs.harvard.edu/abs/2015ApJ...806....4M
http://dx.doi.org/10.1086/307227
https://ui.adsabs.harvard.edu/abs/1999ApJ...517..627M
http://dx.doi.org/10.1093/mnras/stx1243
https://ui.adsabs.harvard.edu/abs/2017MNRAS.470...95M
http://dx.doi.org/10.1038/379613a0
https://ui.adsabs.harvard.edu/abs/1996Natur.379..613M
http://dx.doi.org/10.1016/j.ascom.2015.09.003
https://ui.adsabs.harvard.edu/abs/2015A&C....13...12N
http://dx.doi.org/10.1186/s40668-019-0028-x
https://ui.adsabs.harvard.edu/abs/2019ComAC...6....2N
http://dx.doi.org/10.1088/0004-637X/785/1/66
https://ui.adsabs.harvard.edu/abs/2014ApJ...785...66P
http://dx.doi.org/10.1088/0004-637X/721/1/193
https://ui.adsabs.harvard.edu/abs/2010ApJ...721..193P
http://dx.doi.org/10.3847/1538-4357/aa78ed
https://ui.adsabs.harvard.edu/abs/2017ApJ...844...48P
http://dx.doi.org/10.1088/0067-0049/199/2/25
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...25P
http://dx.doi.org/10.3847/1538-4357/ab04f7
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...42R
http://dx.doi.org/10.1086/305772
https://ui.adsabs.harvard.edu/abs/1998ApJ...500..525S
http://dx.doi.org/10.1111/j.1365-2966.2005.09865.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.366....2W
http://dx.doi.org/10.1093/mnras/268.1.79
https://ui.adsabs.harvard.edu/abs/1994MNRAS.268...79W

	1 Introduction
	2 Sample and Data
	3 Analysis and Results
	4 Discussion
	5 Summary & conclusions

