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A B S T R A C T 

Data from the SPectroscopic IDentification of ERosita Sources (SPIDERS) are searched for a detection of the gravitational 
redshifting of light from ∼20 000 galaxies in ∼2500 galaxy clusters using three definitions of the cluster centre: its Brightest 
Cluster Galaxy (BCG), the redMaPPer identified Central Galaxy (CG), or the peak of X-ray emission. Distributions of velocity 

offsets between galaxies and their host cluster’s centre, found using observed redshifts, are created. The quantity 

ˆ � , the average 
of the radial velocity difference between the cluster members and the cluster systemic v elocity, rev eals information on the 
size of a combination of effects on the observed redshift, dominated by gravitational redshifting. The change of ˆ � with radial 
distance is predicted for SPIDERS galaxies in General Relativity (GR), and f ( R ) gravity, and compared to the observations. The 
values of ˆ � = −13 . 5 ± 4 . 7 km s −1 , ˆ � = −12 . 5 ± 5 . 1 km s −1 , and 

ˆ � = −18 . 6 ± 4 . 8 km s −1 for the BCG, X-ray, and CG cases, 
respectively, broadly agree with the literature. There is no significant preference of one gravity theory over another, but all cases 
give a clear detection ( > 2.5 σ ) of ˆ � . The BCG centroid is deemed to be the most robust method in this analysis, due to no 

well-defined central redshift when using an X-ray centroid, and CGs identified by redMaPPer with no associated spectroscopic 
redshift. For future gravitational redshift studies, an order-of-magnitude more galaxies, ∼500 000, will be required – a possible 
feat with the forthcoming Vera C. Rubin Observatory , Euclid and eROSITA . 

Key words: gravitation – galaxies: clusters: general – galaxies: kinematics and dynamics. 
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 I N T RO D U C T I O N  

alaxy clusters are the largest gravitationally bound systems in the 
niverse, making them an excellent test bed for theories of gravity. 
hey are composed of ∼10 2 −10 3 galaxies and a large dark matter
alo. 

ln (1 + z obs ) = ln (1 + z cos ) + ln (1 + z pec ) + ln (1 + z grav ) . (1) 

here are various effects that contribute to the observed redshifting 
f light from galaxies in clusters ( z obs ), shown in equation (1). There
s, of course, the cosmological redshift ( z cos ) due to the expansion of
he Universe, which will be the same for both the galaxy and the host
alaxy cluster. After this, the most prominent is the peculiar redshift
 z pec )-random isotropic motions of galaxies within the cluster in 
he line of sight. Galaxies are in motion around the minimum of
 E-mail: c.mpetha@ed.ac.uk �

2021 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
he cluster’s potential well, its dynamical centre, and so the average
ffset between a galaxy’s peculiar redshift and that of the cluster
entre will be zero. To test this, a distribution of line-of-sight velocity
ffsets, found from observed redshifts, can be created. If the peculiar
edshift were the only contribution along with the cosmological 
edshift, this distribution would be centred on zero, due to isotropy.
ut this is not the case, and so the shift of the centre of this
istribution is informative of the size of other contributions, namely 
ravitational redshifting ( z grav ) whose possibility of detection was 
nvestigated by Nottale ( 1983 ) and Cappi ( 1995 ). This shifting of
he average is the quantity of interest in this study; the size of the
hift and its evolution with distance from the cluster centre are
oth informative on the theory of gravity governing the observed 
edshifts of these galaxies. To create a distribution of line-of-sight 
elocity offsets using galaxy redshifts, we define the quantity 

 = c [ ln (1 + z obs ) − ln (1 + z cen ) ] , (2) 
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here z cen is the redshift of the galaxy cluster’s centre. Differences
n the logarithm of the redshifts have been used instead of simply
ssuming z = v/ c as using the natural logarithm provides a better
pproximation to the line-of-sight velocity (Baldry 2018 ): 

ln (1 + z) � 

v los 

c 
+ 

1 

2 

(
v 2 

c 2 
− v 2 los 

c 2 

)
+ · · · . (3) 

nother advantage of this definition is that it remo v es some
f the dependence on the cosmological redshift, as otherwise
he expression would be � = c ( z obs − z cen )/(1 + z cen ). This is
dvantageous if the cosmological redshift has a large uncertainty. 
� is a combination of the peculiar velocity, gravitational redshift,

nd other effects that will be detailed in Section 3. Then, to find the
ocation of a distribution of � values, we define 

ˆ 
 ≡ 〈 � 〉 . (4) 

ollowing Beers, Flynn & Gebhardt ( 1990 ), Tukey’s biweight
verage is used as a minimum variance estimator for the location
nd scale of galaxy velocity distributions, which are in general not
aussian due to the presence of interlopers and dynamical instability
f the cluster. 
This paper will use those SDSS Data Run 16 galaxies and clusters

hat have been spectroscopically measured as part of the SPectro-
copic IDentification of ERosita Sources (SPIDERS) programme
Clerc et al. 2016 ) to explore the size of ˆ � at different distances from
he centre of a cluster. Wojtak, Hansen & Hjorth ( 2011 ) made the
rst tentative detection of gravitational redshifting in galaxy clusters,
ith data from SDSS Data Run 7 (Abazajian et al. 2009 ). A similar

nalysis has been performed on SDSS DR10 galaxies and clusters
Sadeh, Feng & Lahav 2015 ). This paper aims to repeat and build
pon these analyses. The large amount of information available from
he spectroscopic follow-up of X-ray-selected galaxy clusters allows
or no v el methods of calculating ˆ � as a function of distance from
he cluster centre. 

The outline of this paper is as follows: in Section 2, the SPIDERS
atalogue is introduced and the properties of its clusters are discussed,
ncluding three different definitions of the centre of a cluster, and then
he data reduction process is presented. Next in Section 3, the various
ontributions to ˆ � are described, before its variation with distance
rom the centre of the cluster is predicted for two theories of gravity in
ection 4. In Section 5, ˆ � is found for each of the three centroid cases
rom observations of galaxies and clusters in the SPIDERS catalogue
nd compared to the predictions. We conclude with closing remarks
nd future prospects in Section 6. 

Planck Collaboration VI ( 2018 ) values of H 0 = 67.4 km s −1 Mpc −1 

nd �m, 0 = 0.315 have been used throughout. 

 DATA  

.1 SPIDERS catalogue 

Pectroscopic IDentification of eROSITA Sources (SPIDERS: Clerc
t al. 2016 , 2020 ; Chitham et al. 2020 ; G26 ) is the X-ray specific
ubprogramme of the extended Baryonic Oscillation Spectroscopic
urv e y (eBoss: Da wson et al. 2016 ), which is a part of the Sloan
igital Sky Survey (SDSS: Gunn et al. 2006 ; Smee et al. 2013 ). The
DSS is currently in its fourth generation, SDSS-IV (Blanton et al.
017 ). SPIDERS is the spectroscopic follow-up of large numbers of
alaxies identified in the eBOSS surv e y. Galaxies are assigned to
lusters using the redMaPPer algorithm (Rykoff et al. 2014 ), which
hen uses identified members to estimate cluster properties such as
ptical richness and redshift. 
NRAS 503, 669–678 (2021) 
SPIDERS will eventually include eROSITA X-ray-selected clus-
ers. The most recent catalogue, Data Run 16, comprises a subset
f clusters that were identified in the CODEX program (Finoguenov
t al. 2020 ), which searched ROSAT All Sk y Surv e y data for extended
-ray sources. Data Run 16 contains 2740 clusters with close to
2 000 galaxies with spectroscopic redshifts. There are a number of
arameters measured for each cluster, including the virial mass M 200 

stimated from its velocity dispersion, and both M 200 and the X-ray
uminosity L X are iteratively calibrated using an M 200 − L X scaling
elation (Capasso et al. 2020 ). Also provided within SPIDERS are
hree potential definitions of the centre of a cluster, each of which
as been used for an independent measurement of ˆ � . 

.2 Cluster properties 

here are numerous reasons why it is advantageous to have a
arge cluster sample. First, even assuming that every galaxy in a
luster could be spectroscopically measured, there are simply too few
alaxies to allow the statistical detection of a non-zero gravitational
edshift. Typically ˆ � ∼ 10 km s −1 , and a cluster’s velocity dispersion
s σ v ∼ 1000 km s −1 . To have a standard error on the average value
f the distribution, σv / 

√ 

N , that is small enough to resolve the
ravitational redshifting from no effect, around 10 000 galaxies are
equired. By stacking many galaxy measurements from many clusters
nto a composite cluster, this requirement can be satisfied. Secondly,
lusters do not in general exhibit spherical symmetry. There is often
sphericity in the matter distribution leading to anisotropic velocity
istributions. By stacking a large number of clusters, these features
ill be smoothed out in the composite cluster. 
When stacking these clusters, simply using a distance in Mpc is

ot ideal, as clusters can have a large range of sizes and so have
ifferent masses and densities at the same distance from the centre.
lusters show a high degree of similarity in their virialized region

e.g. Kaiser 1986 ). For this reason, the ratio ˜ r = r/r 200 is used as a
istance measure. The virial radius r 200 is the radius of the cluster
ithin which the mean density is equal to the o v erdensity parameter
 = 200 multiplied by the critical density of the Universe ρc ; the
ensity of a flat Friedmann–Lema ̂ ıtre–Robertson–Walker Universe
t the redshift of the cluster. Throughout this paper, it is assumed
hat clusters follow the Navarro–Frenk–White (NFW) density profile
Navarro, Frenk & White 1995 ); a similar density profile across all
lusters is thus assumed at similar values of ˜ r , and hence the effects
n each cluster can be stacked and compared. In SPIDERS, the size
f a cluster’s virial radius on the sky is measured in degrees. Hence,
o find the distance of a galaxy from its parent cluster’s centre in
nits of the virial radius, the ratio �θ / θ200 is calculated: 

˜ 
 = 

�θ

θ200 
. (5) 

˜ 
 describes the projected distance of the galaxy from the cluster

entre. By only knowing angular positions, information on the true
adial distance is lost. This is fine, so long as when calculating the
ize of ˆ � as a function of distance in different theories of gravity, it
s done using the projected distance from the cluster centre. 

.3 Defining the cluster central position and redshift 

luster miscentring is a leading cause of systematic error in cluster
elocity dispersion analyses (Becker et al. 2007 ), warranting careful
iscussion of how the centre has been defined and comparing
ossible methods. Within the SPIDERS catalogue are three methods
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Figure 1. Cumulative distribution functions for all the galaxies used in each 
centroid analysis as a function of their projected separation from the cluster 
centre. A K–S test has been performed to check whether there is a significant 
difference between the populations used in each case. An extremely small p 
value was found in each combination, so the null hypothesis that these are 
members of the same distribution can be rejected. 

Figure 2. Cumulative distribution functions of the differences between the 
position of the centre for each centroid combination for all clusters used in 
the analysis. 
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f defining the cluster centre, and each one has been used for an
ndependent measurement of ˆ � in SPIDERS clusters. 

The Brightest Cluster Galaxy (BCG) is the most luminous galaxy
n the cluster. This can be used as a proxy for the centre of a cluster,
s it is formed through the merger of other large galaxies and so is
ikely to trace the dynamical centre, which would lie at the minimum
f the clusters substantial potential well (Oegerle & Hill 2001 ). The
edshift and central position of the cluster is then taken to be the
edshift and position of the BCG. In previous ˆ � analyses, this is the
ethod by which the cluster centre is defined. 
The optical centre definition is found from the red-sequence 
atched-filter Probabilistic Percolation (redMaPPer) algorithm, 
hich uses a probabilistic approach to find the most likely Central 
alaxy (CG) (Rykoff et al. 2014 ). It is assumed that each cluster
as a single dominant galaxy at its centre, which is a red-sequence
alaxy. Potential CGs are assigned a centre probability based on 
hree observables: their i -band magnitude, red-sequence photometric 
edshift, and the cluster density around the candidate CG. The most
ikely CG is identified and thus used as the central position and
edshift of the cluster. In many cases, this coincides with the BCG,
ut there are enough differences for it to be an independent method.

The X-ray centre is found using the peak of X-ray emission.
his poses a problem of how the redshift of the centre is defined.
ne potential way of addressing this is by isolating the core of the

luster, centred on the X-ray peak, identifying all the galaxies lying 
n this region, and using their average as a measure of the central
edshift. Typical core radii are in the range r c � (0.1 − 0.25) h −1 Mpc
Bahcall 1996 ). As the typical cluster virial radius in the SPIDERS
atalogue is r 200 � 1.5 Mpc , this gives a range of core radii of r c �
0.095 − 0.24) r 200 . To give the best chance of observing sufficient
alaxies in the core region for a reasonable average, without diluting 
he ˆ � signal by using a core radius too large for the majority of
lusters, a core radius of 

 c = 0 . 2 r 200 (6) 

s henceforth used. Galaxies within this region are used to find the
edshift of the X-ray-defined centre. There is an immediate problem 

ith this method: only information on the projected distance from 

he cluster centre is known, so it is likely that in some cases galaxies
ot in the core region are being used to estimate the central redshift.
urthermore, the ROSAT centroid for very faint sources is poorly 
etermined, and so there is a strong possibility of miscentring in 
hese clusters. 

Each method for defining the centre of the cluster has advantages 
nd disadvantages. For the BCG and optical centroid cases, the effects 
ontributing to ˆ � depend on the motion of the CGs themselves, which 
re not at rest relative to the clusters’ potential minimum, and even
he increased internal dynamics of these large galaxies can have an 
mpact. These effects cause slight adjustments to ˆ � ; however, in 
aiser ( 2013 ), the net effect of these various modifications due to
G properties is found to be small ( � 1 km s −1 ), and affecting only

he innermost region where the CGs lie, and so for brevity, they
ave been neglected in this analysis. Regardless, numerous studies 
e.g. Cui et al. 2015 ) have found that the BCG correlates well with
he minimum of the gravitational potential. Using an X-ray centroid 
an be preferable as it a v oids miscentring on foreground/background 
alaxies and represents a better tracer in highly dynamical clusters. 
he obvious drawback in this case is the lack of a clear central

edshift. In the optical centroid case, the redMaPPer algorithm is not 
erfect. It requires the central galaxy to be a red-sequence member 
nd so fails when the CG is undergoing strong star formation (Rykoff
t al. 2014 ). Another problem is that for SPIDERS clusters, there is a
arge discrepancy ( ∼0.1 r 200 − 0.3 r 200 ) between the optical centre and
he nearest spectroscopically observed galaxy in 188 clusters, with 
round 400 clusters showing a largest difference between 0.002 r 200 

nd 0.1 r 200 . This would suggest that in the more extreme of these
ases, redMaPPer has identified a CG that is not spectroscopically 
easured, while the smaller offsets are likely to be down to positional

naccuracies. To ensure that there is no accidental miscentring, only 
alaxies within 0.033 r 200 ∼ 50 kpc, about the size of a large galaxy,
f the optical centre have been identified as a CG. 
To test whether each choice of centroid creates statistically distinct 

alaxy populations, a two-sided Kolmogoro v–Smirno v (K–S) test 
as been performed on the cumulative distribution functions (CDFs) 
f the positions of the galaxies used in each independent analysis
after the data reduction described in Section 2.4 has been performed)
rom the cluster centre, shown in Fig. 1 . Each case is shown to
epresent a statistically distinct population. Fig. 2 shows the CDFs 
f the difference of the central position for each centroid pair for
lusters in SPIDERS in units of the virial radius r 200 . As expected
or the optical and BCG centres, there are many cases of coincidence
61 per cent of the cluster population). 
MNRAS 503, 669–678 (2021) 
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These centre offsets can be informative in their own right. For
xample, the BCG–X-ray centre offset could be a probe on cluster
ubstructure and the dynamical state of a cluster (Lopes et al. 2018 ).
he expectation is very small positional offsets for relaxed clusters
ut non-negligible offsets for disturbed systems. The uncertainties of
ASS X-ray positions translate to positional uncertainties ranging

rom 0.01 to 0.2 r 200 . Hence, from Fig. 2 , it would appear that a
ignificant fraction of these clusters are likely to be disturbed systems,
onsistent with De Propris et al. ( 2021 ), Seppi et al. ( 2020 ), and
eferences therein. Furthermore, Seppi et al. ( 2020 ) demonstrate that
he X-ray centroid uncertainty tends to increase the observed X-ray–
CG/optical offset. 

.4 Data reduction 

able 1 demonstrates the different conditions imposed on the raw
PIDERS DR16 data set in an attempt to obtain an uncontaminated
easurement of ˆ � . The effect of each condition, isolated from all

he others, is also shown. The choice of a redshift uncertainty limit
f σ z < 0.0002 includes 98 . 5 per cent of the population and remo v es
he upper tail of galaxies with large redshift uncertainties. There are
lso other, more subtle effects not included in the table. For the BCG
nd optical case, 2512 galaxies are automatically remo v ed, so the
entral galaxy of a cluster is not compared with itself; furthermore,
n some cases, the BCG or CG has a redshift uncertainty of ≥0.0002,
nd so that cluster is not used in the analysis, since all the velocity
ffsets could potentially be biased. For the X-ray case, 5 604 galaxies
ithin ˜ R ≤ 0 . 2 are remo v ed to find the av eraged central redshift of

he cluster. Finally, the restriction of there being a spectroscopically
bserved galaxy within ˜ R ≤ 0 . 033 of the optical centre also remo v es
ome clusters from the optical analysis, resulting in an extra 4 405
alaxies remo v ed. The net effect of these conditions and those in
able 1 is the removal of 22 539, 20 563, or 17 052 galaxies in the
-ray, optical, or BCG centroid case, respectively, from the original
ata set that contains 41 663 spectroscopic redshifts. The remaining
umber of galaxies is greater than 10 000 in all cases and so should
ield a small enough standard error on ˆ � to resolve it from zero
ffect. 

High-resolution X-ray data are needed to determine whether
he large centroid offsets in Fig. 2 are caused by clusters being
n a disturbed state, something that could in principle bias the
ravitational redshift signal. As this information is not available for
PIDERS DR16 clusters, no selection cut has been made based on

he size of these centroid offsets. Tests were, ho we ver, performed to
nsure that the removal of those clusters with the largest offsets had
o significant effect on the results. 
Fig. 3 shows density maps of the remaining galaxies used in the

nal analysis for each centroid case. On the x -axis is their projected
istance from the cluster centre in units of the virial radius, while on
he y -axis is the size of each galaxy’s velocity offset from the centre
f its parent cluster. 

 C O N T R I BU T I O N S  TO  

ˆ � 

.1 Gravitational redshifting 

 distribution of velocity offsets between galaxies and their host clus-
er’s centre is expected to have an average value that is blueshifted,
s light experiences the largest redshifting at the minimum of the
lusters potential well. For a single galaxy, the gravitational redshift,
xpressed as a velocity offset, is given by the difference between
he gravitational potential at the galaxies’ distance from the cluster
NRAS 503, 669–678 (2021) 
entre (here, the dimensionless distance in units of r 200 is used) and
hat at the centre, 

 gz ( ̃ r ) = ( � (0) − � ( ̃ r )) /c, (7) 

here the gravitational potential is that which is associated with
n NFW dark matter density profile (more detail is given in
ppendix A). Only line-of-sight information can be measured, and

herefore only the projected distance from the centre of the cluster,
˜ 
 , is known; see equation (5). The density along the line of sight to

hat distance must be integrated along with the potential difference.
ence, for a single cluster (Lokas & Mamon 2001 ), 

 c , gz ( ̃  R ) = 

2 r 200 

c	( ̃  R ) 

∫ ∞ 

˜ R 

( � (0) − � ( ̃ r ) ) 
ρ( ̃ r ) ̃ r d ̃  r √ 

˜ r 2 − ˜ R 

2 
, (8) 

here 	( ̃  R ) is the surface mass density profile found from integrating
he NFW density profile along the line of sight, 

( ̃  R ) = 2 r 200 

∫ ∞ 

˜ R 

˜ r ρ( ̃ r ) √ 

˜ r 2 − ˜ R 

2 
d ̃  r . (9) 

y integrating with respect to ˜ r , and not the vector ˜ r , spherical
ymmetry of the clusters is being assumed. Although often not the
ase for a single cluster, a stacked set of many clusters is expected to
xhibit spherical symmetry. 

Following Wojtak et al. ( 2011 ), the gravitational redshift signal
or a stacked cluster sample can be calculated using 

 gz ( ̃  R ) = 

∫ M max 

M min 
� c , gz ( ̃  R ) 	( ̃  R ) ( d N/d M 200 ) dM 200 ∫ M max 

M min 
	( ̃  R ) ( d N/d M 200 ) dM 200 

, (10) 

here the gravitational redshift profile for a single cluster has been
onvolved with the cluster mass distribution to accurately represent
he stacked signal. 

.2 Transverse Doppler effect 

he peculiar redshift of a galaxy can be decomposed as follows: 

= 

v 
c 
, (11) 

 + z pec � 1 + βlos + β2 / 2 + · · · , (12) 

here βlos gives the component in the line of sight. And so there
s a second-order term due to transverse motion of the galaxy. This
ives rise to the transverse Doppler effect, which will contribute a
mall positive shift in the location of a velocity distribution; this is
ypically approximately few km s −1 and is relatively constant with
istance from the cluster centre. 
To find the size of this effect for a set of galaxy velocity offsets

rom their host cluster’s centre, we calculate 

 TD = 

〈
v 2 gal − v 2 0 

〉
/ 2 c. (13) 

alculating this effect involves a similar integral over the line-of-
ight density profile and a convolution with the mass distribution
Zhao, Peacock & Li 2013 ). For a single cluster, 

 c , TD ( ̃  R ) = 

2 Qr 200 

c	( ̃  R ) 

∫ ∞ 

˜ R 

(
˜ r 2 − ˜ R 

2 
) d� ( ̃ r ) 

d ̃  r 

ρ( ̃ r ) d ̃  r √ 

˜ r 2 − ˜ R 

2 
, (14) 

here Q = 3/2 for isotropic orbits. This must be convolved with the
ass distribution as in equation (10), 

 TD ( ̃  R ) = 

∫ M max 

M min 
� c , TD ( ̃  R ) 	( ̃  R ) ( d N/d M 200 ) dM 200 ∫ M max 	( ̃  R ) ( d N/d M ) dM 

. (15) 

M min 
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Table 1. Table of the different imposed conditions on all the SPIDERS DR16 galaxies and clusters and the isolated effect of each. X = X-ray centroid, O = 

Optical centroid, and B = BCG centroid. 

SPIDERS parameter Condition Explanation Isolated effect 

NCOMPONENT = 1 No mergers or more than one cluster. Remo v es 228 clusters. 
ALLZ NOQSO Use these redshifts Remo v es Quasar templates. Accurate spectroscopic redshifts. 
ALLZWARNING NOQSO = 0 Remo v e erroneous redshifts. Remo v es 390 galaxies. 
ALLZ ERR NOQSO < 0.0002 Remo v e galaxies with large redshift uncertainties. Remo v es 3794 galaxies. 
R200C DEG ˜ R ≤ 2 NFW model validity (Tavio et al. 2008 ). Remo v es 0 / 9 / 91 galaxies in X / O / B . 
SCREEN ISMEMBER W = 1 Identified as a cluster member by all inspectors. Remo v es 9 716 galaxies. 
SCREEN CLUVDISP BEST | � | < 2.7 σ v Remo v es interlopers (Mamon, Biviano & 

Murante 2010 ; Mamon, Biviano & Bou ́e 2013 ). 
Remo v es 11 839 / 8 888 / 11 406 galaxies in X / O / B . 

Figure 3. Density maps of the velocity offsets of all the remaining galaxies 
after refining the original SPIDERS catalogue, as a function of their projected 
distance from the cluster centre in units of the virial radius. In the BCG centre 
case (top), there are 24 611 galaxies, there are 21 100 for the optical (middle), 
and 19 124 for the X-ray (bottom). 
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.3 Light-cone effect 

he Universe is not static. Observations of galaxies lie in our 
ast light cone and, as such, there is some discrepancy between 
he distance observed between two sources and the true distance. 
n-between light being emitted from both sources, the second 
mitter will hav e mo v ed a distance depending on its line-of-sight
elocity. The relation between the separation expressed in light-cone 
oordinates and rest-frame coordinates is (Kaiser 2013 ): 

 x LC = 

d x RF 

1 − v x /c 
. (16) 

his extra factor of 1/(1 − v x / c ) in the distance leads to an extra factor
f (1 − v x / c ) in the number density as ρ ∝ 1/ V and for the cylindrical
olume observed V ∝ dx . This bias on the observed density of objects,
ependent on their line-of-sight velocity, creates a bias on ˆ � . 
Inte grating o v er the line-of-sight coordinate x giv es a contribution

roportional to v 2 x : 

 LC = 

〈
v 2 x , gal − v 2 x , 0 

〉
/c. (17) 

nce again, this gives a small positive contribution to the shifting of
he location, opposite in sign to the effect of gravitational redshifting.
ssuming isotropic orbits of the galaxies, we obtain 

 LC = 

2 

3 
� TD . (18) 

.4 Surface brightness modulation 

alaxies in spectroscopic samples are chosen according to their 
pparent luminosity/magnitude. Due to the special relativistic beam- 
ng effect, this apparent luminosity can be changed by the peculiar

otion of the galaxies. For galaxies lying just below the required
pparent luminosity, motion towards the observer could shift them 

nside the cut, while those moving away could be shifted just outside
he cut. Generally, this creates a small preferential bias in fa v our of
alaxies moving towards the observer, with the overall effect of a
mall blueshifting on the centre of a distribution of velocity offsets. 

The size of this effect depends strongly on the galaxy surv e y, for
xample, in Wojtak et al. ( 2011 ), the flux limit is an r -band magnitude
f r = 17.77, while in SPIDERS the limit is an i -band fibre magnitude
f i = 21.2 in a 2 

′′ 
aperture (Clerc et al. 2016 ). To calculate the size of

his effect, consider the fractional change in the apparent luminosity 
s a function of the spectral index at the cosmological redshift of the
ource, as well as the peculiar velocity of the source galaxy (Kaiser
013 ), given by 

L/L = ( 3 + α( z cos ) ) 
v x 

c 
. (19) 

he modulation of the number density of detectable objects is given
y 

 �L/L ) δ( z) = − ( 3 + α( z) ) 
v x 

c 

d ln n ( > L lim 

( z)) 

d ln L 

, (20) 

here δ( z) is the redshift-dependent logarithmic deri v ati ve of the
umber distribution of galaxies. The redshift dependence comes from 

ranslating the apparent luminosity limit to an absolute luminosity 
MNRAS 503, 669–678 (2021) 
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Figure 4. Distribution of the logarithm of virial masses of the SPIDERS 
clusters used in this analysis. The distribution can be approximately fitted 
with a Gaussian. 

Figure 5. The blue–green solid curv e giv es the galaxy number distribution 
dN / dz = z 2 n ( z), truncated at the host cluster maximum and minimum redshifts 
in SPIDERS. The purple dot–dash cure shows the logarithmic deri v ati ve of the 
number density with respect to magnitude, limited by the absolute magnitude 
sensitivity, which is a function of redshift. Its average value o v er the rele v ant 
redshift range, restricted by dN / dz = z 2 n ( z), is 〈 δ( z) 〉 � 0.7. 
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imit that varies with redshift. Following Kaiser ( 2013 ), α( z) � 2 is
ssumed o v er the whole redshift range. Hence, assuming isotropy: 

 SB = −5 〈 δ( z) 〉 〈v 2 x − v 2 x , 0 

〉
/c, (21) 

 SB = −10 

3 
〈 δ( z) 〉 � TD . (22) 

s 〈 δ( z) 〉 is O(1), the shift due to the surface brightness modulation
s the largest correction besides gravitational redshifting and again is
airly constant with distance from the cluster centre. 

An exact expression involves an investigation into the variation of
( z) o v er the redshift range of the SPIDERS cluster catalogue, which
e develop in Section 4. 

.5 Combined effect 

hese effects are not the only ones present. Cai et al. ( 2017 )
ive a comprehensive summary of the different contributions to ˆ � ,
ncluding cross-terms. These are shown to reduce the ˆ � signal by
nly � 1 km s −1 and so for the purposes of this analysis will not be
onsidered further. 

Importantly, the Transverse Doppler effect discussed in Section 3.2
ssumes that differences in redshift are being used to approximate
elocity differences. The choice of using logarithmic differences
lters the size of the Transverse Doppler effect. Assuming isotropy: 

ln (1 + z pec ) � βx + β2 
x + · · · , (23) 

 TD ∗ = 

〈
v 2 x , gal − v 2 x , 0 

〉
/c, (24) 

 TD ∗ = 

2 

3 
� TD . (25) 

he combination of the effects considered in this analysis gives 

ˆ 
 = � gz + � LC + � SB + � TD ∗, (26) 

ˆ 
 = � gz + ( 2 − 5 〈 δ( z) 〉 ) 2 

3 
� TD . (27) 

nd so from assuming isotropy, only the gravitational and Transverse
oppler effects need to be calculated, as well as the logarithmic
eri v ati ve δ( z), to account for the four largest contributions. 

 PR EDIC TED  

ˆ � ( ˜ R ) 

o predict the size of ˆ � for the stacked SPIDERS clusters, first an
xpression for the mass distribution is needed for the convolution in
quation (10). An advantage of such a well-studied cluster sample is
hat there is pre-existing knowledge on the mass distribution found
rom X-ray properties of the clusters. In Wojtak et al. ( 2011 ), the
ass distribution needed to be estimated directly from the velocity

istrib ution. The mass distrib ution of SPIDERS clusters used in the
nal analysis is shown in Fig. 4 . It is approximated as a Gaussian
ith a mean of log 10 ( M 200 / M �) = 14.5 and standard deviation of
.3. A sk ewed normal w ould provide a better fit, but the effect on the
nal result would be marginal. 
The next step towards a prediction of ˆ � requires the calculation

f 〈 δ( z) 〉 in equation (27). To find the surface brightness modulation
n SPIDERS clusters, the process demonstrated in Kaiser ( 2013 ) has
een closely followed, using values from Montero-Dorta & Prada
 2009 ); the result is shown in Fig. 5 . Two functions have been
alculated: the logarithmic deri v ati ve δ( z) described in Section 3.4,
nd the redshift-dependent number distribution dN / dz = z 2 n ( z). The
bre magnitude limit of 21.2 has been used for the magnitude cut,
NRAS 503, 669–678 (2021) 
nd while galaxies at low redshift may be up to ∼1 mag brighter, this
s found to only slightly increase the gradient of δ( z) at low redshift
nd hence have a minor impact on the result. The y -axis in Fig. 5
ho ws the v alue of δ( z), and the number distribution has been scaled
p for comparison. To find the average value of δ( z) over the redshift
ange of the cluster catalogue, restricted by the number distribution, 

〈 δ( z) 〉 = 

z u ∫ 
z l 

z 2 n ( z ) δ( z ) dz 

z u ∫ 
z l 

z 2 n ( z) dz 

, (28) 

here z l = 0.016 and z u = 0.667 corresponding to the lower and
pper redshift limit in the SPIDERS cluster catalogue. The result of
his integration is 

〈 δ( z) 〉 � 0 . 7 . (29) 

Finally, reasonable values for the concentration parameter c 200 =
 200 / r s , which gives the ratio between the virial radius and the so-
alled ‘scale radius’ r s , are needed. This relates to the form of the
FW density profile, and the explicit dependence can be seen in
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Figure 6. A redshift–mass relation for the clusters in the SPIDERS cata- 
logue. The line of best fit is found using the BCES bisector method. 
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Figure 7. Different contributions to a General Relativity predicted shift of 
the average of galaxy velocities in the stacked SPIDERS clusters as a function 
of the projected distance from the centre of the cluster in units of the virial 
radius r 200 . 
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ppendix A. In Dutton & Macci ́o ( 2014 ), a redshift-dependent M 200 

c 200 relation is found: 

log 10 ( c 200 ) = 0 . 52 + (0 . 905 − 0 . 52) e −0 . 617 z 1 . 21 

− (0 . 101 − 0 . 026 z) log 10 

(
M 200 

10 12 h 

−1 M �

)
. (30) 

his replaces c 200 in the integrations in equations (10) and (15). A z 

M 200 relation for the SPIDERS clusters, seen in Fig. 6 , is used to
eplace z with M 200 in equation (30). There is of course uncertainty
n this relation and the errors from the bi v ariate correlated errors and
ntrinsic scatter (BCES) bisector fit G2 will be propagated through 
o the predictions for General Relativity and f ( R ) gravity. 

.1 General relativity 

sing equation (29), the combination of the effects in Section 3.5 
ives 

ˆ 
 GR = � gz − � TD . (31) 

he results using fiducial values are demonstrated in Fig. 7 . The net
ffect of the other contributions is a small added blueshifting to the
ravitational redshift. 

.2 f ( R ) gravity 

or General Relativity with a cosmological constant – the standard 
odel of cosmology 
 CDM – the Einstein–Hilbert action, which 

s integrated over all coordinates of space–time, describes the 
nteraction between matter and gravity: 

 = 

∫ 

d 4 x 
√ −g 

[ 

M 

2 
pl 

2 
( R − 2 
 ) + L m 

] 

. (32) 

ere, M 

2 
pl = 1 / 8 πG is the reduced Planck mass; R is the Ricci

calar, which gives information on the curvature of space–time; 
 is
he cosmological constant; L m 

is the matter Lagrangian; and g is the
eterminant of the Friedmann–Lema ̂ ıtre–Robertson–Walker metric 
escribing a homogeneous and isotropic expanding Universe. 
A simple modification can be made to this action, representing a

imple modification to gravity (Starobinsky 1980 ): 

 = 

∫ 

d 4 x 
√ −g 

[ 

M 

2 
pl 

2 
( R + f ( R) ) + L m 

] 

, (33) 

here the cosmological constant 
 has been replaced by some 
nknown function of the Ricci scalar. In Schmidt ( 2010 ), it is shown
hat, in the limit where the background value of f ( R ) is much larger
han a cluster’s potential well, the effect on the gravitational force
xperienced by a test mass in the cluster due to this modification
o gravity is G → 4 / 3 G , and in the reverse scenario, there is no
odification to G . A strong field model with | f R0 | = 10 −4 is shown

o cause the 4/3 enhancement for all halo masses used in their
imulations, and this is the condition that will be assumed in this
tudy for a simple comparison between the prediction of ˆ � in General
elativity and f ( R ) gravity. It should be noted that constraints on

 ( R ) gravity (e.g. Cataneo et al. 2015 ) rule out this universal 4/3
nhancement for all cluster masses, but it is emphasized that this
imple model is used to provide some insight into the sensitivity of
ˆ 
 to variations on the theory of gravity. 

 RESULTS  

n Fig. 8, the galaxy velocity offsets for each centroid, shown in
ig. 3 , have been split into three bins with equal numbers. The
iweight average of the distribution of � s in each bin is found,
i ving the y -v alue of each data point, while its value on the x -axis is
he average projected distance of the binned galaxies from the cluster
entre in units of the virial radius r 200 . It is the projected distance as
ur observations measure only angles on the sky, so there is some
gnorance as to how f ar aw ay from the cluster centre each galaxy truly
ies. The y -error gives the standard error of the average value, while
he x -error gives the dispersion of galaxy positions within each bin.
ll errors give regions of 68 per cent probability. Three bins have 
een chosen to maximize the number of galaxies per bin, while still
llowing easy visual comparison with the predictions of two theories 
f gravity: General Relativity (solid black line) and f ( R ) gravity (blue
ashed line). The highlighted region around each prediction shows 
MNRAS 503, 669–678 (2021) 
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Figure 8. The biweight location of the distribution of SPIDERS galaxy 
velocity offsets using three definitions of the cluster centre, as a function 
of their projected distance from the centre in units of the virial radius r 200 . 
Equal numbers of galaxies have been used for each bin. The observations 
are compared with predictions for ˆ � from General Relativity (GR) and f ( R ) 
gravity. The highlighted regions around these predictions demonstrate error 
bounds propagated through from the redshift–mass relation. 

Figure 9. The velocity distributions and the integrated ˆ � shift over the range 
0 < 

˜ R ≤ 1 for the stacked set of galaxies in each centroid case. Each bin has 
a width of 100 km s −1 . 
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rror bounds caused by the uncertainty in the redshift–mass relation
n Fig. 6 . 

In the BCG and the X-ray case, there is good agreement with the
eneral Relativity predicted variation of ˆ � with ˜ R . The apparent

ension between the GR prediction and the first optical data point
s not significant and is lessened when the data are rebinned.
ependence of the optical result on the allowed difference between a

luster’s optical centroid and the nearest spectroscopically observed
alaxy was also tested. All results agreed to within 1 σ . 

Another informative way of presenting these results is through the
otal inte grated ˆ � o v er a defined range of ˜ R . These results are shown
n Fig. 9 , alongside the distribution of galaxies used for each centroid
o find the integrated effect. This further highlights the difference in
umbers for each case. Only galaxies in the range 0 < 

˜ R ≤ 1 have
een used as the number past this distance drops off rapidly, and there
eeds to be a specific distance range to compare the integrated effect
f each centroid to the predictions of General Relativity and f ( R )
ravity. Bootstrapping tests were performed to check the consistency
f the quoted uncertainties in Fig. 9 , see Appendix B . 
NRAS 503, 669–678 (2021) 
The integrated General Relativity and f ( R ) signals in the range
 < 

˜ R ≤ 1 are 

ˆ 
 GR = −13 . 7 + 0 . 7 

−0 . 6 km s −1 , (34) 

ˆ 
 f(R) = −18 . 3 + 1 . 0 

−0 . 8 km s −1 . (35) 

Hence, all centroid cases are consistent with both GR and f ( R ) to
 σ , while the BCG and X-ray centre cases show more similarity to
he GR prediction. The optical integrated effect appears to be more
onsistent with the f ( R ) prediction, but in Fig. 8 , the evolution of ˆ �

n the optical case does not particularly follow that of f ( R ), while the
CG and X-ray cases do have similar evolution to GR. Further, the
CG, X-ray, and optical cases show a ∼2.9 σ , ∼2.5 σ , and ∼3.9 σ
lear detection of ˆ � , respectively, in the range 0 < 

˜ R ≤ 1. 
These results are broadly consistent with others in the liter-

ture. In Kaiser ( 2013 ), an updated prediction for the stacked
lusters in Wojtak et al. ( 2011 ), using the combination of effects
escribed in Section 3.5 (and other small contributions), gives

ˆ 
 GR = −11 . 8 km s −1 . Also, the observational result in Wojtak et al.

 2011 ) is ˆ � = −7 . 7 ± 3 . 0 km s −1 . Considering they quote a mean
ass of ∼2 × 10 14 M �, and the distribution in Fig. 4 peaks around

.2 × 10 14 M � and is skewed towards higher masses, the GR
rediction for the SPIDERS clusters and the size of the observed

ˆ 
 seem to follow the expected behaviour of a higher mass sample

eading a larger predicted ˆ � . Furthermore, Sadeh et al. ( 2015 ) found
ˆ 
 = −11 + 7 

−5 km s −1 using SDSS Run 10 galaxies and clusters. This
esult is also in good agreement, albeit with large uncertainties. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

 positive detection of the gravitational redshift effect, along with
ther small contributions to a shift of the average of a distribution
f galaxy velocity offsets, denoted ˆ � , is reported using SPIDERS
R16 galaxies and clusters. This work considered three definitions
f the centre of a cluster: using the Brightest Cluster Galaxy, though a
robabilistic determination of a red-sequence Central Galaxy, or from
sing the peak of X-ray emission. Each definition provides a distinct
alaxy population and produces results for ˆ � largely consistent
ith one another. Most notably, the X-ray and BCG centroid cases
redict a very similar change of ˆ � with projected distance from the
luster centre, ˜ R . This is despite the need for a slightly cumbersome
efinition of the central redshift in the X-ray case. 
Galaxy redshift errors have not been used when finding ˆ � as they

re likely to be correlated with the apparent magnitude and galaxy
ype, which could introduce a bias on ˆ � . Ho we ver, it is important to
ote that the uncertainty in observed redshifts could still introduce
 bias; yet, it is hoped that the large numbers of galaxies used beats
own this systematic. 
The result with the smallest error (largest sample of galaxies and

lusters) and most robust methods comes from using a BCG to trace
he centre of a cluster. Using the centre of X-ray emission to trace
he cluster centre is a promising method: it remo v es the issue of
ccidental miscentring on foreground or background galaxies, and
n dynamic clusters where the BCG is unlikely to trace the centre of

ass, X-ray centres may be a more accurate measure. The downside
n this analysis was the large X-ray centroid uncertainty in faint
OSAT sources and a cumbersome central redshift definition – from
nding the average redshift of galaxies in the core region. In general,
 combination of these two methods, using the BCG closest to the
-ray centre, could provide a powerful hybrid, combining X-ray’s

ack of contamination and the ease of observing a BCG. 
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For the optical case, although redMaPPer assigns an optical centre 
ased on a most likely Central Galaxy, in many cases, there was
o spectroscopically observed galaxy near to the optical centre. For 
ome clusters, this could simply be due to positional errors, but in
thers, it is likely that the CG identified by redMaPPer has not been
pectroscopically observed by SPIDERS. Despite this shortcoming, 
nding the CG using a probabilistic approach has potential benefits 
 v er simply using a BCG. In cases where the cluster is highly
ynamic, the filters used by redMaPPer may identify a CG more 
ppropriately. 

The integrated results for ˆ � in the range 0 < 

˜ R ≤ 1 found in
ach centroid case were consistent with both theories of gravity–
eneral Relativity and f ( R ) gravity to within 1 σ ; ho we ver, ˆ � ( ̃  R )

lightly fa v ours General Relativity in the BCG and X-ray cases.
ach centroid case demonstrates a significant ( > 2.5 σ ) detection of

he gravitational redshifting of galaxies in SPIDERS clusters. 
Possible impro v ements to this work include a more robust predic-

ion for the size of ˆ � in the theories of gravity used, involving better
reatment of the redshift dependence, and a skewed normal fit to the

ass distribution. Furthermore, comparison with the predicted value 
f ˆ � in other theories of gravity than the two considered could reveal
he usefulness of this approach. If most other alternative theories 
av e v ery similar predictions of ˆ � ( ̃  R ) to GR, then because it is
uch a small effect with often large uncertainties, the efficacy of the
ethod may be limited. 
SDSS-V using eROSITA X-ray data (Kollmeier et al. 2017 ) 

romises more galaxy clusters with lower masses up to larger 
edshifts. More clusters means a better constrained ˆ � and better 
rospects for using this signal to distinguish between theories of 
ra vity. eROSITA will also ha ve much better X-ray resolution, 
iving more localized X-ray central positions. The 4MOST eROSITA 

alaxy Cluster Redshift Surv e y (Finogueno v et al. 2019 ) aims
o provide spectroscopic redshifts for ∼40 000 eROSITA galaxy 
roups/clusters, including their BCG and > 15 cluster members for z 
 0.7. By combining an X-ray central position found from eROSITA 

ata and the nearest 4MOST BCG or redMaPPer-identified CG to 
his X-ray position, there is the potential for accurate identification 
f cluster centres, even in dynamic systems where simply using a 
CG causes miscentring. 
To obtain a very strong positive detection of ˆ � , say > 10 σ , consider

he BCG case with an uncertainty of ±1 km s −1 . Assuming a similar
elocity dispersion, there needs to be ∼530 000 galaxies in the whole
ample. While this is around an order of magnitude larger than 
hat is currently possible with SPIDERS, with forthcoming deep 
ptical telescopes such as The Vera C. Rubin Observatory for galaxy 
dentification and, for example, the Euclid satellite for spectroscopic 
ollow-up, this is certainly an achie v able goal. The Vera C. Rubin
bservatory will o v erall observ e billions of galaxies (Iv ezi ́c et al.
019 ), and Euclid ’s Near Infrared Spectrometer plans to measure 
50 million spectroscopic redshifts of galaxies (Laureijs et al. 2011 ). 
hese numbers, coupled with well-measured X-ray-selected clusters 

rom eROSITA , promise tightly constrained measurements of ˆ � in 
he near future. 

The same error of ∼1 km s −1 for the BCG result in this analysis,
ompared with the f ( R ) prediction, would indicate an ∼4 σ deviation
etween observations and the prediction of this example of an 
lternative theory of gravity. 

Although these considerations demonstrate the sensitivity of 
ravity theories to gravitational redshifting using galaxy clusters, 
n important caveat is that kinematic data alone are insufficient to 
rovide adequate discrimination between theories of gravity. There is 
 de generac y between the size of G affecting the velocity distribution
nd the mass of the cluster – both GR and f ( R ) can give rise to the
ame gravitational redshift signal but with different dark matter halo 
unctions (Zhao et al. 2013 ). Knowledge on how the X-ray inferred
luster mass changes for a given f ( R ) is needed (Li, He & Gao 2016 ;
itchell, Arnold & Li 2020 ). Furthermore, as weak lensing-based 

luster mass estimates are unaffected by an extension to f ( R ) (Lubini
t al. 2011 ; Barreira et al. 2015 ), this is a potential method by which
his de generac y can be broken. 

C K N OW L E D G E M E N T S  

e thank the referee for helpful suggestions leading to tests that
mpro v ed the robustness of our results. CTM and CAC acknowledge-
upport from Liverpool John Moores University. JAP was supported 
y the European Research Council under grant no. 670193. AS is sup-
orted by the ERC-StG ‘ClustersXCosmo’ grant agreement 716762, 
nd by the FARE-MIUR grant ‘ClustersXEuclid’ R165SBKTMA. 

ATA  AVAI LABI LI TY  

PIDERS data are available through membership of the SDSS-IV 

K Participation Group funded by LJMU. 
Funding for the Sloan Digital Sk y Surv e y IV has been provided by

he Alfred P. Sloan Foundation, the U.S. Department of Energy Office 
f Science, and the Participating Institutions. SDSS acknowledges 
upport and resources from the Center for High-Performance Com- 
uting at the University of Utah. The SDSS web site is www.sdss.org .
SDSS is managed by the Astrophysical Research Consortium for 

he Participating Institutions of the SDSS Collaboration including the 
razilian Participation Group, the Carnegie Institution for Science, 
arne gie Mellon Univ ersity, Center for Astrophysics | Harvard &
mithsonian (CfA), the Chilean Participation Group, the French 
articipation Group, Instituto de Astrof ́ısica de Canarias, The Johns 
opkins University, Kavli Institute for the Physics and Mathematics 
f the Uni verse (IPMU)/Uni versity of Tokyo, the Korean Partic-
pation Group, Lawrence Berkeley National Laboratory, Leibniz 
nstitut f ̈ur Astrophysik Potsdam (AIP), Max-Planck-Institut f ̈ur As- 
ronomie (MPIA Heidelberg), Max-Planck-Institut f ̈ur Astrophysik 
MPA Garching), Max-Planck-Institut f ̈ur Extraterrestrische Physik 
MPE), National Astronomical Observatories of China, New Mexico 
tate Uni versity, Ne w York Uni versity, Uni versity of Notre Dame,
bservat ́orio Nacional/MCTI, The Ohio State University, Pennsyl- 
ania State University, Shanghai Astronomical Observatory, United 
ingdom Participation Group, Universidad Nacional Aut ̀onoma de 
 ́exico, University of Arizona, University of Colorado Boulder, 
niversity of Oxford, University of Portsmouth, University of Utah, 
ni versity of Virginia, Uni versity of Washington, Uni versity of
isconsin, Vanderbilt University, and Yale University. 

EFERENCES  

bazajian K. N. et al., 2009, ApJS , 182, 543 
kritas M. G., Bershady M. A., 1996 ApJ, 470, 706 
ahcall N. A., 1996, preprint ( arXiv:astro-ph/9611148 ) 
aldry I. K., 2018, preprint ( arXiv:1812.05135 ) 
arreira A., Li B., Jennings E., Merten J., King L., Baugh C. M., Pascoli S.,

2015, MNRAS , 454, 4085 
ecker M. R. et al., 2007, ApJ , 669, 905 
eers T. C., Flynn K., Gebhardt K., 1990, AJ , 100, 32 
lanton M. R. et al., 2017, AJ , 154, 28 
ai Y.-C., Kaiser N., Cole S., Frenk C., 2017, MNRAS , 468, 1981 
apasso R. et al., 2020, MNRAS , 494, 2736 
appi A., 1995, A&A, 301, 6 
MNRAS 503, 669–678 (2021) 

http://www.sdss.org
http://dx.doi.org/10.1088/0067-0049/182/2/543
http://arxiv.org/abs/astro-ph/9611148
http://arxiv.org/abs/1812.05135
http://dx.doi.org/10.1093/mnras/stv2211
http://dx.doi.org/10.1086/521920
http://dx.doi.org/10.1086/115487
http://dx.doi.org/10.3847/1538-3881/aa7567
http://dx.doi.org/10.1093/mnras/stx469
http://dx.doi.org/10.1093/mnras/staa888


678 C. T. Mpetha et al. 

C
C
C
C
C
D
D
D
F
F
G
I
K
K
K
K
L
L
L
L  

L  

M
M
M
M
N
N
O
P
R
S
S
S
S
S
T  

W
Z

A

T  

d  

&

ρ

�

I  

t

c

g

T  

o  

i  

c

A

S  

t  

o  

s  

r

F  

d

T

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/503/1/669/6152280 by guest on 12 August 2022
ataneo M. et al., 2015, Phys. Rev. D , 92, 044009 
hitham J. I. et al., 2020, MNRAS, 499 , 4768 
lerc N. et al., 2016, MNRAS , 463, 4490 
lerc N. et al., 2020, MNRAS , 497, 3976 
ui W. et al., 2015, MNRAS , 456, 2566 
awson K. S. et al., 2016, AJ , 151, 44 
e Propris R. et al., 2021, MNRAS , 500, 310 
utton A. A., Macci ́o A. V., 2014, MNRAS, 441, 3359 
inoguenov A. et al., 2019, Messenger , 175, 39 
inoguenov A. et al., 2020, A&A , 638, A114 
unn J. E. et al., 2006, AJ , 131, 2332 
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PPENDIX  A :  T H E  NFW  DENSITY  PROFILE  

he NFW density profile gives the mass density as a function of the
istance from the centre of a cluster in units of its virial radius (Lokas
 Mamon 2001 ): 

( ̃ r ) = 

M 200 c 
2 
200 g( c 200 ) 

4 πr 3 200 ̃  r (1 + c 200 ̃  r ) 2 
, (A1) 

 ( ̃ r ) = −g( c 200 ) 
GM 200 

r 200 

ln (1 + c 200 ̃  r ) 

˜ r 
. (A2) 

mportant parameters here are the concentration parameter c 200 and
he function g ( c 200 ): 

 200 = 

r 200 

r s 
, (A3) 

( c 200 ) = ( ln (1 + c 200 ) − c 200 / (1 + c 200 ) ) 
−1 . (A4) 

he concentration parameter gives the ratio between the virial radius
f an astronomical body and its so-called scale radius and gives an
NRAS 503, 669–678 (2021) 
ndication of the mass concentration of the object. Typically, for
lusters c 200 ∼ 5 and for bright galaxies c 200 ∼ 10 . 

PPENDI X  B:  BOOTSTRAPPI NG  TEST  

ampling with replacement was used to obtain 10 6 values for ˆ � for
he galaxy samples in each of the centroid cases to test the consistency
f the quoted uncertainties in Fig. 9 ; histograms of the results are
hown in Fig. B1 . The average values and standard deviations of the
esulting Gaussians are consistent with the quoted results. 

igure B1. Bootstrapping with 10 6 samples on the galaxy velocity offset
istributions for each centroid case. 
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