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ABSTRACT

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 A, the average
of the radial velocity difference between the cluster members and the cluster systemic velocity, reveals information on the
size of a combination of effects on the observed redshift, dominated by gravitational redshifting. The change of A with radial
distance is predicted for SPIDERS galaxies in General Relativity (GR), and f(R) gravity, and compared to the observations. The
values of A = —13.5+4.7kms™', A = —12.5+ 5.1 kms~", and A = —18.6 & 4.8 kms~! 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 (>2.50) of A. 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.

1 INTRODUCTION

Galaxy clusters are the largest gravitationally bound systems in the
Universe, making them an excellent test bed for theories of gravity.
They are composed of ~10>—10° galaxies and a large dark matter
halo.

In(1 + Zobs) = In(1 + Zeos) + In(1 + Zpec) T In(1 + Zgrav)- (D)

There are various effects that contribute to the observed redshifting
of light from galaxies in clusters (zops), shown in equation (1). There
is, of course, the cosmological redshift (z..s) due to the expansion of
the Universe, which will be the same for both the galaxy and the host
galaxy cluster. After this, the most prominent is the peculiar redshift
(zpec)-random isotropic motions of galaxies within the cluster in
the line of sight. Galaxies are in motion around the minimum of
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the cluster’s potential well, its dynamical centre, and so the average
offset between a galaxy’s peculiar redshift and that of the cluster
centre will be zero. To test this, a distribution of line-of-sight velocity
offsets, found from observed redshifts, can be created. If the peculiar
redshift were the only contribution along with the cosmological
redshift, this distribution would be centred on zero, due to isotropy.
But this is not the case, and so the shift of the centre of this
distribution is informative of the size of other contributions, namely
gravitational redshifting (zg.y) Whose possibility of detection was
investigated by Nottale (1983) and Cappi (1995). This shifting of
the average is the quantity of interest in this study; the size of the
shift and its evolution with distance from the cluster centre are
both informative on the theory of gravity governing the observed
redshifts of these galaxies. To create a distribution of line-of-sight
velocity offsets using galaxy redshifts, we define the quantity

A = c[In(1 + zgpe) — In(1 + Zeen)], 2

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,
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where z., is the redshift of the galaxy cluster’s centre. Differences
in the logarithm of the redshifts have been used instead of simply
assuming z = v/c as using the natural logarithm provides a better
approximation to the line-of-sight velocity (Baldry 2018):

Vs |1 v vl
In(1 + z) >~ . +2(c2 C2)+“.' 3)
Another advantage of this definition is that it removes some
of the dependence on the cosmological redshift, as otherwise
the expression would be A = c(Zobs — Zcen)/(1 + Zcen). This is
advantageous if the cosmological redshift has a large uncertainty.

A is a combination of the peculiar velocity, gravitational redshift,
and other effects that will be detailed in Section 3. Then, to find the
location of a distribution of A values, we define

A=(A). @)

Following Beers, Flynn & Gebhardt (1990), Tukey’s biweight
average is used as a minimum variance estimator for the location
and scale of galaxy velocity distributions, which are in general not
Gaussian due to the presence of interlopers and dynamical instability
of the cluster.

This paper will use those SDSS Data Run 16 galaxies and clusters
that have been spectroscopically measured as part of the SPectro-
scopic IDentification of ERosita Sources (SPIDERS) programme
(Clerc et al. 2016) to explore the size of A at different distances from
the centre of a cluster. Wojtak, Hansen & Hjorth (2011) made the
first tentative detection of gravitational redshifting in galaxy clusters,
with data from SDSS Data Run 7 (Abazajian et al. 2009). A similar
analysis has been performed on SDSS DR10 galaxies and clusters
(Sadeh, Feng & Lahav 2015). This paper aims to repeat and build
upon these analyses. The large amount of information available from
the spectroscopic follow-up of X-ray-selected galaxy clusters allows
for novel methods of calculating A as a function of distance from
the cluster centre.

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

Planck Collaboration VI (2018) values of Hy = 67.4kms~! Mpc™!
and Qp, o = 0.315 have been used throughout.

2 DATA

2.1 SPIDERS catalogue

SPectroscopic [Dentification of eROSITA Sources (SPIDERS: Clerc
et al. 2016, 2020; Chitham et al. 2020; G26 ) is the X-ray specific
subprogramme of the extended Baryonic Oscillation Spectroscopic
Survey (eBoss: Dawson et al. 2016), which is a part of the Sloan
Digital Sky Survey (SDSS: Gunn et al. 2006; Smee et al. 2013). The
SDSS is currently in its fourth generation, SDSS-IV (Blanton et al.
2017). SPIDERS is the spectroscopic follow-up of large numbers of
galaxies identified in the eBOSS survey. Galaxies are assigned to
clusters using the redMaPPer algorithm (Rykoff et al. 2014), which
then uses identified members to estimate cluster properties such as
optical richness and redshift.
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SPIDERS will eventually include eROSITA X-ray-selected clus-
ters. The most recent catalogue, Data Run 16, comprises a subset
of clusters that were identified in the CODEX program (Finoguenov
etal. 2020), which searched ROSAT All Sky Survey data for extended
X-ray sources. Data Run 16 contains 2740 clusters with close to
42000 galaxies with spectroscopic redshifts. There are a number of
parameters measured for each cluster, including the virial mass Mg
estimated from its velocity dispersion, and both M5y and the X-ray
luminosity Ly are iteratively calibrated using an Moy — Lx scaling
relation (Capasso et al. 2020). Also provided within SPIDERS are
three potential definitions of the centre of a cluster, each of which
has been used for an independent measurement of A.

2.2 Cluster properties

There are numerous reasons why it is advantageous to have a
large cluster sample. First, even assuming that every galaxy in a
cluster could be spectroscopically measured, there are simply too few
galaxies to allow the statistical detection of a non-zero gravitational
redshift. Typically A ~ 10kms™", and a cluster’s velocity dispersion
is o0y ~ 1000kms~!'. To have a standard error on the average value
of the distribution, o/ /N, that is small enough to resolve the
gravitational redshifting from no effect, around 10 000 galaxies are
required. By stacking many galaxy measurements from many clusters
into a composite cluster, this requirement can be satisfied. Secondly,
clusters do not in general exhibit spherical symmetry. There is often
asphericity in the matter distribution leading to anisotropic velocity
distributions. By stacking a large number of clusters, these features
will be smoothed out in the composite cluster.

When stacking these clusters, simply using a distance in Mpc is
not ideal, as clusters can have a large range of sizes and so have
different masses and densities at the same distance from the centre.
Clusters show a high degree of similarity in their virialized region
(e.g. Kaiser 1986). For this reason, the ratio 7 = r /ryg is used as a
distance measure. The virial radius 7o is the radius of the cluster
within which the mean density is equal to the overdensity parameter
v = 200 multiplied by the critical density of the Universe p.; the
density of a flat Friedmann—Lemaitre—Robertson—Walker Universe
at the redshift of the cluster. Throughout this paper, it is assumed
that clusters follow the Navarro—Frenk—White (NFW) density profile
(Navarro, Frenk & White 1995); a similar density profile across all
clusters is thus assumed at similar values of 7, and hence the effects
in each cluster can be stacked and compared. In SPIDERS, the size
of a cluster’s virial radius on the sky is measured in degrees. Hence,
to find the distance of a galaxy from its parent cluster’s centre in
units of the virial radius, the ratio A6/65 is calculated:

P AO )
6200

R describes the projected distance of the galaxy from the cluster

centre. By only knowing angular positions, information on the true

radial distance is lost. This is fine, so long as when calculating the

size of A as a function of distance in different theories of gravity, it

is done using the projected distance from the cluster centre.

2.3 Defining the cluster central position and redshift

Cluster miscentring is a leading cause of systematic error in cluster
velocity dispersion analyses (Becker et al. 2007), warranting careful
discussion of how the centre has been defined and comparing
possible methods. Within the SPIDERS catalogue are three methods

220z 1snBny z| uo 1senb Aq 08225 19/699/1/€0S/I0IME/SEIUW/WO0"dNo"olWapede//:Sdy Wwoly papeojumoq



Gravitational redshifting of galaxies in SPIDERS 671

of defining the cluster centre, and each one has been used for an
independent measurement of A in SPIDERS clusters.

The Brightest Cluster Galaxy (BCG) is the most luminous galaxy
in the cluster. This can be used as a proxy for the centre of a cluster,
as it is formed through the merger of other large galaxies and so is
likely to trace the dynamical centre, which would lie at the minimum
of the clusters substantial potential well (Oegerle & Hill 2001). The
redshift and central position of the cluster is then taken to be the
redshift and position of the BCG. In previous A analyses, this is the
method by which the cluster centre is defined.

The optical centre definition is found from the red-sequence
Matched-filter Probabilistic Percolation (redMaPPer) algorithm,
which uses a probabilistic approach to find the most likely Central
Galaxy (CG) (Rykoff et al. 2014). It is assumed that each cluster
has a single dominant galaxy at its centre, which is a red-sequence
galaxy. Potential CGs are assigned a centre probability based on
three observables: their i-band magnitude, red-sequence photometric
redshift, and the cluster density around the candidate CG. The most
likely CG is identified and thus used as the central position and
redshift of the cluster. In many cases, this coincides with the BCG,
but there are enough differences for it to be an independent method.

The X-ray centre is found using the peak of X-ray emission.
This poses a problem of how the redshift of the centre is defined.
One potential way of addressing this is by isolating the core of the
cluster, centred on the X-ray peak, identifying all the galaxies lying
in this region, and using their average as a measure of the central
redshift. Typical core radii are in the range r. >~ (0.1 — 0.25)h~' Mpc
(Bahcall 1996). As the typical cluster virial radius in the SPIDERS
catalogue is 09 2~ 1.5 Mpc , this gives a range of core radii of r. =~
(0.095 — 0.24)ry90. To give the best chance of observing sufficient
galaxies in the core region for a reasonable average, without diluting
the A signal by using a core radius too large for the majority of
clusters, a core radius of

Ie = 0.2}”200 (6)

is henceforth used. Galaxies within this region are used to find the
redshift of the X-ray-defined centre. There is an immediate problem
with this method: only information on the projected distance from
the cluster centre is known, so it is likely that in some cases galaxies
not in the core region are being used to estimate the central redshift.
Furthermore, the ROSAT centroid for very faint sources is poorly
determined, and so there is a strong possibility of miscentring in
these clusters.

Each method for defining the centre of the cluster has advantages
and disadvantages. For the BCG and optical centroid cases, the effects
contributing to A depend on the motion of the CGs themselves, which
are not at rest relative to the clusters’ potential minimum, and even
the increased internal dynamics of these large galaxies can have an
impact. These effects cause slight adjustments to A; however, in
Kaiser (2013), the net effect of these various modifications due to
CG properties is found to be small ($1kms™!), and affecting only
the innermost region where the CGs lie, and so for brevity, they
have been neglected in this analysis. Regardless, numerous studies
(e.g. Cui et al. 2015) have found that the BCG correlates well with
the minimum of the gravitational potential. Using an X-ray centroid
can be preferable as it avoids miscentring on foreground/background
galaxies and represents a better tracer in highly dynamical clusters.
The obvious drawback in this case is the lack of a clear central
redshift. In the optical centroid case, the redMaPPer algorithm is not
perfect. It requires the central galaxy to be a red-sequence member
and so fails when the CG is undergoing strong star formation (Rykoff
etal. 2014). Another problem is that for SPIDERS clusters, there is a

1.0F T T T T T T T =
—— X-Ray Centre

—— Optical Centre

—— BCG Centre K-S Test:
08 = G
X-ray - Optical: d = 0.04,p = 8¢ — 19
06 F X-ray - BCG: d = 0.09.p = 2¢ — 87 E
Y Optical - BCG: d = 0.06,p = 9¢ — 36

1.0 ' ' L s 1 L
0.00 0.25 0.50 0.75 1.00 1.25 L.50 1.75 2.00
R

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.

LoF T T T T T T T .|

08F a

0.6 | 1

0.4 F 1

—— X-ray and BCG Centre Difference

0.2 H
—— Optical and BCG Centre Difference
—— X-ray and Optical Centre Difference
0.0 . L A . . ) L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
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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.

large discrepancy (~0.17209 — 0.37200) between the optical centre and
the nearest spectroscopically observed galaxy in 188 clusters, with
around 400 clusters showing a largest difference between 0.002r59
and 0.1r500. This would suggest that in the more extreme of these
cases, redMaPPer has identified a CG that is not spectroscopically
measured, while the smaller offsets are likely to be down to positional
inaccuracies. To ensure that there is no accidental miscentring, only
galaxies within 0.033r,99 ~ 50 kpc, about the size of a large galaxy,
of the optical centre have been identified as a CG.

To test whether each choice of centroid creates statistically distinct
galaxy populations, a two-sided Kolmogorov—Smirnov (K-S) test
has been performed on the cumulative distribution functions (CDFs)
of the positions of the galaxies used in each independent analysis
(after the data reduction described in Section 2.4 has been performed)
from the cluster centre, shown in Fig. 1. Each case is shown to
represent a statistically distinct population. Fig. 2 shows the CDFs
of the difference of the central position for each centroid pair for
clusters in SPIDERS in units of the virial radius ryp. As expected
for 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
example, the BCG—X-ray centre offset could be a probe on cluster
substructure and the dynamical state of a cluster (Lopes et al. 2018).
The expectation is very small positional offsets for relaxed clusters
but non-negligible offsets for disturbed systems. The uncertainties of
RASS X-ray positions translate to positional uncertainties ranging
from 0.01 to 0.2rp00. Hence, from Fig. 2, it would appear that a
significant fraction of these clusters are likely to be disturbed systems,
consistent with De Propris et al. (2021), Seppi et al. (2020), and
references therein. Furthermore, Seppi et al. (2020) demonstrate that
the X-ray centroid uncertainty tends to increase the observed X-ray—
BCG/optical offset.

2.4 Data reduction

Table 1 demonstrates the different conditions imposed on the raw
SPIDERS DRI16 data set in an attempt to obtain an uncontaminated
measurement of A. The effect of each condition, isolated from all
the others, is also shown. The choice of a redshift uncertainty limit
of 0, < 0.0002 includes 98.5 per cent of the population and removes
the upper tail of galaxies with large redshift uncertainties. There are
also other, more subtle effects not included in the table. For the BCG
and optical case, 2512 galaxies are automatically removed, so the
central galaxy of a cluster is not compared with itself; furthermore,
in some cases, the BCG or CG has a redshift uncertainty of >0.0002,
and so that cluster is not used in the analysis, since all the velocity
offsets could potentially be biased. For the X-ray case, 5 604 galaxies
within R < 0.2 are removed to find the averaged central redshift of
the cluster. Finally, the restriction of there being a spectroscopically
observed galaxy within B < 0.033 of the optical centre also removes
some clusters from the optical analysis, resulting in an extra 4 405
galaxies removed. The net effect of these conditions and those in
Table 1 is the removal of 22 539, 20563, or 17 052 galaxies in the
X-ray, optical, or BCG centroid case, respectively, from the original
data set that contains 41 663 spectroscopic redshifts. The remaining
number of galaxies is greater than 10000 in all cases and so should
yield a small enough standard error on A to resolve it from zero
effect.

High-resolution X-ray data are needed to determine whether
the large centroid offsets in Fig. 2 are caused by clusters being
in a disturbed state, something that could in principle bias the
gravitational redshift signal. As this information is not available for
SPIDERS DR16 clusters, no selection cut has been made based on
the size of these centroid offsets. Tests were, however, performed to
ensure that the removal of those clusters with the largest offsets had
no significant effect on the results.

Fig. 3 shows density maps of the remaining galaxies used in the
final analysis for each centroid case. On the x-axis is their projected
distance from the cluster centre in units of the virial radius, while on
the y-axis is the size of each galaxy’s velocity offset from the centre
of its parent cluster.

3 CONTRIBUTIONS TO A

3.1 Gravitational redshifting

A distribution of velocity offsets between galaxies and their host clus-
ter’s centre is expected to have an average value that is blueshifted,
as light experiences the largest redshifting at the minimum of the
clusters potential well. For a single galaxy, the gravitational redshift,
expressed as a velocity offset, is given by the difference between
the gravitational potential at the galaxies’ distance from the cluster

MNRAS 503, 669-678 (2021)

centre (here, the dimensionless distance in units of 7, is used) and
that at the centre,

Ay (F) = (P(0) — () /c, @)

where the gravitational potential is that which is associated with
an NFW dark matter density profile (more detail is given in
Appendix A). Only line-of-sight information can be measured, and
therefore only the projected distance from the centre of the cluster,
R, is known; see equation (5). The density along the line of sight to
that distance must be integrated along with the potential difference.
Hence, for a single cluster (Lokas & Mamon 2001),

p(FFdF
VAR
where X (R) is the surface mass density profile found from integrating
the NFW density profile along the line of sight,

2ra00
c=(R)

Acg(R) = / (®(0) — (7)) ®)

S(R) = 2ry0 B g ©)

it~ R2
By integrating with respect to 7, and not the vector ¥, spherical
symmetry of the clusters is being assumed. Although often not the
case for a single cluster, a stacked set of many clusters is expected to
exhibit spherical symmetry.
Following Wojtak et al. (2011), the gravitational redshift signal
for a stacked cluster sample can be calculated using

Minax Acg(R)Z(R) (AN /d May) dM.
Ag(R) = St m‘xg( )X(R) (AN /dMpy) 200’ (10
me,“ S(R) (dN /d M) d Moy

where the gravitational redshift profile for a single cluster has been
convolved with the cluster mass distribution to accurately represent
the stacked signal.

3.2 Transverse Doppler effect

The peculiar redshift of a galaxy can be decomposed as follows:
v

B=-. an
c

1+Zpec:1+ﬂlos+ﬂ2/2+"" (12)

where Bj,s gives the component in the line of sight. And so there
is a second-order term due to transverse motion of the galaxy. This
gives rise to the transverse Doppler effect, which will contribute a
small positive shift in the location of a velocity distribution; this is
typically approximately few kms™! and is relatively constant with
distance from the cluster centre.

To find the size of this effect for a set of galaxy velocity offsets
from their host cluster’s centre, we calculate

—v3)/2c. (13)

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

2Qr290 o 7 - &) d(DEF) ,o(F)dF~
cX(R) dr 72 _ R2

A1p = <U$ al

Acn(R) = , (14)
where Q = 3/2 for isotropic orbits. This must be convolved with the
mass distribution as in equation (10),

S Bero(RYZ(R) (@N [dMaoo) d Moo

Arp(R) = = (15)
f 2(R) (dN /dMay) d Moo
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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. Removes 228 clusters.
ALLZ_NOQSO Use these redshifts ~ Removes Quasar templates. Accurate spectroscopic redshifts.
ALLZWARNING_NOQSO =0 Remove erroneous redshifts. Removes 390 galaxies.
ALLZ_ERR_NOQSO <0.0002 Remove galaxies with large redshift uncertainties. Removes 3794 galaxies.
R200C_DEG R<2 NFW model validity (Tavio et al. 2008). Removes 0/9 /91 galaxies in X/ O /B.
SCREEN_ISMEMBER.W =1 Identified as a cluster member by all inspectors. Removes 9716 galaxies.
SCREEN_CLUVDISP_BEST |Al <270, Removes interlopers (Mamon, Biviano & Removes 11839 /8888 /11406 galaxiesin X/ O /B.
Murante 2010; Mamon, Biviano & Boué 2013).
4 - velocity. The relation between the separation expressed in light-cone
| BCG Centre coordinates and rest-frame coordinates is (Kaiser 2013):
2- 1 dxe = (16)
r 1 —w/c

A10% km s™1]
o
———

1

Optical Centre

A[10% kms™1]
o
1

A[10° kms™!]

00 02 04 06 08 1.0

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).

3.3 Light-cone effect

The Universe is not static. Observations of galaxies lie in our
past light cone and, as such, there is some discrepancy between
the distance observed between two sources and the true distance.
In-between light being emitted from both sources, the second
emitter will have moved a distance depending on its line-of-sight

This extra factor of 1/(1 — v,/c) in the distance leads to an extra factor
of (1 — vy/c) in the number density as p o< 1/V and for the cylindrical
volume observed V o< dx. This bias on the observed density of objects,
dependent on their line-of-sight velocity, creates a bias on A.

Integrating over the line-of-sight coordinate x gives a contribution
proportional to v2:

Arc = (V] gu — V3g)/c (17)

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

2

Arc = gATD- (18)

3.4 Surface brightness modulation

Galaxies in spectroscopic samples are chosen according to their
apparent luminosity/magnitude. Due to the special relativistic beam-
ing effect, this apparent luminosity can be changed by the peculiar
motion of the galaxies. For galaxies lying just below the required
apparent luminosity, motion towards the observer could shift them
inside the cut, while those moving away could be shifted just outside
the cut. Generally, this creates a small preferential bias in favour of
galaxies moving towards the observer, with the overall effect of a
small blueshifting on the centre of a distribution of velocity offsets.

The size of this effect depends strongly on the galaxy survey, for
example, in Wojtak et al. (2011), the flux limit is an r-band magnitude
of r=17.77, while in SPIDERS the limit is an i-band fibre magnitude
ofi=212ina2’ aperture (Clerc et al. 2016). To calculate the size of
this effect, consider the fractional change in the apparent luminosity
as a function of the spectral index at the cosmological redshift of the
source, as well as the peculiar velocity of the source galaxy (Kaiser
2013), given by

Ux
AL/L = (3 + t(Zcos)) - (19)
The modulation of the number density of detectable objects is given
by

(AL/L)SG) = =B +a(@) = W

where §(z) is the redshift-dependent logarithmic derivative of the
number distribution of galaxies. The redshift dependence comes from
translating the apparent luminosity limit to an absolute luminosity

, (20)
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limit that varies with redshift. Following Kaiser (2013), a(z) >~ 2 is
assumed over the whole redshift range. Hence, assuming isotropy:

Asp = —=5(8(2)) (v; — vy ) /c, 21

10
Asp = -3 (6(2)) Arp. (22)

As (8(z)) is O(1), the shift due to the surface brightness modulation
is the largest correction besides gravitational redshifting and again is
fairly constant with distance from the cluster centre.

An exact expression involves an investigation into the variation of
8(z) over the redshift range of the SPIDERS cluster catalogue, which
we develop in Section 4.

3.5 Combined effect

These effects are not the only ones present. Cai et al. (2017)
give a comprehensive summary of the different contributions to A,
including cross-terms. These are shown to reduce the A signal by
only S1kms~! and so for the purposes of this analysis will not be
considered further.

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

ln(1+zpec):,3x+ﬁf+"'v (23)
Atps = <U§.ga1 - U,%,()>/C, (24)
2

Arps = gATD~ (25)
The combination of the effects considered in this analysis gives

A = Ay + Arc + Asp + Arps, (26)
N 2

A=Ay +(2-5(3)) gATD~ 27

And so from assuming isotropy, only the gravitational and Transverse
Doppler effects need to be calculated, as well as the logarithmic
derivative §(z), to account for the four largest contributions.

4 PREDICTED A(R)

To predict the size of A for the stacked SPIDERS clusters, first an
expression for the mass distribution is needed for the convolution in
equation (10). An advantage of such a well-studied cluster sample is
that there is pre-existing knowledge on the mass distribution found
from X-ray properties of the clusters. In Wojtak et al. (2011), the
mass distribution needed to be estimated directly from the velocity
distribution. The mass distribution of SPIDERS clusters used in the
final analysis is shown in Fig. 4. It is approximated as a Gaussian
with a mean of logo(M>p/Mg) = 14.5 and standard deviation of
0.3. A skewed normal would provide a better fit, but the effect on the
final result would be marginal.

The next step towards a prediction of A requires the calculation
of (§(z)) in equation (27). To find the surface brightness modulation
in SPIDERS clusters, the process demonstrated in Kaiser (2013) has
been closely followed, using values from Montero-Dorta & Prada
(2009); the result is shown in Fig. 5. Two functions have been
calculated: the logarithmic derivative 8(z) described in Section 3.4,
and the redshift-dependent number distribution dN/dz = z%n(z). The
fibre magnitude limit of 21.2 has been used for the magnitude cut,
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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.
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Figure 5. The blue—green solid curve gives the galaxy number distribution
dNldz = zzn(z), truncated at the host cluster maximum and minimum redshifts
in SPIDERS. The purple dot—dash cure shows the logarithmic derivative of the
number density with respect to magnitude, limited by the absolute magnitude
sensitivity, which is a function of redshift. Its average value over the relevant
redshift range, restricted by dN/dz = z%n(z), is (5(z)) ~ 0.7.

and while galaxies at low redshift may be up to ~1 mag brighter, this
is found to only slightly increase the gradient of §(z) at low redshift
and hence have a minor impact on the result. The y-axis in Fig. 5
shows the value of §(z), and the number distribution has been scaled
up for comparison. To find the average value of 5(z) over the redshift
range of the cluster catalogue, restricted by the number distribution,

Zu

J 2n(2)8(z) dz

(3(@) =, (28)
[ 22n(z)dz

where z; = 0.016 and z, = 0.667 corresponding to the lower and
upper redshift limit in the SPIDERS cluster catalogue. The result of
this integration is

(6(2)) = 0.7. (29)

Finally, reasonable values for the concentration parameter coo9 =
ra00/1s, which gives the ratio between the virial radius and the so-
called ‘scale radius’ r,, are needed. This relates to the form of the
NFW 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.

Appendix A. In Dutton & Macci6 (2014), a redshift-dependent Mg
— ¢yqp relation is found:

10g,(c200) = 0.52 + (0.905 — 0.52)¢ 617"

Moo ) . 30)

—(0.101 — 0.0262) log,, (m

This replaces cag9 in the integrations in equations (10) and (15). A z
— My relation for the SPIDERS clusters, seen in Fig. 6, is used to
replace z with My in equation (30). There is of course uncertainty
in this relation and the errors from the bivariate correlated errors and
intrinsic scatter (BCES) bisector fit G2 will be propagated through
to the predictions for General Relativity and f{R) gravity.

4.1 General relativity

Using equation (29), the combination of the effects in Section 3.5
gives

Acr = Ay, — Arp. 3D

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

4.2 f(R) gravity

For General Relativity with a cosmological constant — the standard
model of cosmology ACDM - the Einstein—Hilbert action, which
is integrated over all coordinates of space—time, describes the
interaction between matter and gravity:

/d“x«/ p' (R —2A)+ Lo (32)

Here, MPl =1/87G is the reduced Planck mass; R is the Ricci
scalar, which gives information on the curvature of space—time; A is
the cosmological constant; L., is the matter Lagrangian; and g is the

------ Transverse Doppler

—25 | ——- Light-Cone Effect F
—--- Surface Brightness Modulation
-30F — Gravitational Redshift F
—— Combined
3 = L "
9.0 05 10 15 2.0

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 0.

determinant of the Friedmann—Lemaitre-Robertson—Walker metric
describing a homogeneous and isotropic expanding Universe.

A simple modification can be made to this action, representing a
simple modification to gravity (Starobinsky 1980):

/d%ﬁ [ PR+ F(R)+ Lo (33)

where the cosmological constant A has been replaced by some
unknown function of the Ricci scalar. In Schmidt (2010), it is shown
that, in the limit where the background value of f{R) is much larger
than a cluster’s potential well, the effect on the gravitational force
experienced by a test mass in the cluster due to this modification
to gravity is G — 4/3 G, and in the reverse scenario, there is no
modification to G. A strong field model with |fro| = 10~* is shown
to cause the 4/3 enhancement for all halo masses used in their
simulations, and this is the condition that will be assumed in this
study for a simple comparison between the prediction of A in General
Relativity and f(R) gravity. It should be noted that constraints on
f(R) gravity (e.g. Cataneo et al. 2015) rule out this universal 4/3
enhancement for all cluster masses, but it is emphasized that this
simple model is used to provide some insight into the sensitivity of
A to variations on the theory of gravity.

5 RESULTS

In Fig. 8, the galaxy velocity offsets for each centroid, shown in
Fig. 3, have been split into three bins with equal numbers. The
biweight average of the distribution of As in each bin is found,
giving the y-value of each data point, while its value on the x-axis is
the average projected distance of the binned galaxies from the cluster
centre in units of the virial radius ry. It is the projected distance as
our observations measure only angles on the sky, so there is some
ignorance as to how far away from the cluster centre each galaxy truly
lies. The y-error gives the standard error of the average value, while
the x-error gives the dispersion of galaxy positions within each bin.
All errors give regions of 68 per cent probability. Three bins have
been chosen to maximize the number of galaxies per bin, while still
allowing easy visual comparison with the predictions of two theories
of gravity: General Relativity (solid black line) and f(R) gravity (blue
dashed line). The highlighted region around each prediction shows
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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 rqp.
Equal numbers of galaxies have been used for each bin. The observations
are compared with predictions for A from General Relativity (GR) and f(R)
gravity. The highlighted regions around these predictions demonstrate error
bounds propagated through from the redshift-mass relation.
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Figure 9. The velocity distributions and the integrated A shift over the range
0 < R < 1 for the stacked set of galaxies in each centroid case. Each bin has
a width of 100kms~!.

error bounds caused by the uncertainty in the redshift-mass relation
in Fig. 6.

In the BCG and the X-ray case, there is good agreement with the
General Relativity predicted variation of A with R. The apparent
tension between the GR prediction and the first optical data point
is not significant and is lessened when the data are rebinned.
Dependence of the optical result on the allowed difference between a
cluster’s optical centroid and the nearest spectroscopically observed
galaxy was also tested. All results agreed to within lo.

Another informative way of presenting these results is through the
total integrated A over a defined range of R. These results are shown
in Fig. 9, alongside the distribution of galaxies used for each centroid
to find the integrated effect. This further highlights the difference in
numbers for each case. Only galaxies in the range 0 < R < 1 have
been used as the number past this distance drops off rapidly, and there
needs to be a specific distance range to compare the integrated effect
of each centroid to the predictions of General Relativity and f(R)
gravity. Bootstrapping tests were performed to check the consistency
of the quoted uncertainties in Fig. 9, see Appendix B.
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The integrated General Relativity and f(R) signals in the range
0<R<1lare

Agr = —13.775 T kms™!, (34)

Ay = —18.37 9 kms™". (35)

Hence, all centroid cases are consistent with both GR and f(R) to
1o, while the BCG and X-ray centre cases show more similarity to
the GR prediction. The optical integrated effect appears to be more
consistent with the f(R) prediction, but in Fig. 8, the evolution of A
in the optical case does not particularly follow that of f{R), while the
BCG and X-ray cases do have similar evolution to GR. Further, the
BCG, X-ray, and optical cases show a ~2.90, ~2.5¢0, and ~3.9¢0
clear detection of A, respectively, in the range 0 < R < 1.

These results are broadly consistent with others in the liter-
ature. In Kaiser (2013), an updated prediction for the stacked
clusters in Wojtak et al. (2011), using the combination of effects
described in Section 3.5 (and other small contributions), gives
Agr = —11.8kms™". Also, the observational result in Woijtak et al.
(2011) is A = —7.7+3.0kms~". Considering they quote a mean
mass of ~2 x 10"M, and the distribution in Fig. 4 peaks around
3.2 x 10"™Mg and is skewed towards higher masses, the GR
prediction for the SPIDERS clusters and the size of the observed
A seem to follow the expected behaviour of a higher mass sample
leading a larger predicted A. Furthermore, Sadeh et al. (2015) found
A= —llfg kms~! using SDSS Run 10 galaxies and clusters. This
result is also in good agreement, albeit with large uncertainties.

6 DISCUSSION AND CONCLUSIONS

A positive detection of the gravitational redshift effect, along with
other small contributions to a shift of the average of a distribution
of galaxy velocity offsets, denoted A, is reported using SPIDERS
DR16 galaxies and clusters. This work considered three definitions
of the centre of a cluster: using the Brightest Cluster Galaxy, though a
probabilistic determination of a red-sequence Central Galaxy, or from
using the peak of X-ray emission. Each definition provides a distinct
galaxy population and produces results for A largely consistent
with one another. Most notably, the X-ray and BCG centroid cases
predict a very similar change of A with projected distance from the
cluster centre, R. This is despite the need for a slightly cumbersome
definition of the central redshift in the X-ray case.

Galaxy redshift errors have not been used when finding A as they
are likely to be correlated with the apparent magnitude and galaxy
type, which could introduce a bias on A. However, it is important to
note that the uncertainty in observed redshifts could still introduce
a bias; yet, it is hoped that the large numbers of galaxies used beats
down this systematic.

The result with the smallest error (largest sample of galaxies and
clusters) and most robust methods comes from using a BCG to trace
the centre of a cluster. Using the centre of X-ray emission to trace
the cluster centre is a promising method: it removes the issue of
accidental miscentring on foreground or background galaxies, and
in dynamic clusters where the BCG is unlikely to trace the centre of
mass, X-ray centres may be a more accurate measure. The downside
in this analysis was the large X-ray centroid uncertainty in faint
ROSAT sources and a cumbersome central redshift definition — from
finding the average redshift of galaxies in the core region. In general,
a combination of these two methods, using the BCG closest to the
X-ray centre, could provide a powerful hybrid, combining X-ray’s
lack of contamination and the ease of observing a BCG.
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For the optical case, although redMaPPer assigns an optical centre
based on a most likely Central Galaxy, in many cases, there was
no spectroscopically observed galaxy near to the optical centre. For
some clusters, this could simply be due to positional errors, but in
others, it is likely that the CG identified by redMaPPer has not been
spectroscopically observed by SPIDERS. Despite this shortcoming,
finding the CG using a probabilistic approach has potential benefits
over simply using a BCG. In cases where the cluster is highly
dynamic, the filters used by redMaPPer may identify a CG more
appropriately.

The integrated results for A in the range 0 < R < 1 found in
each centroid case were consistent with both theories of gravity—
General Relativity and f(R) gravity to within 1o; however, A(R)
slightly favours General Relativity in the BCG and X-ray cases.
Each centroid case demonstrates a significant (>2.5¢") detection of
the gravitational redshifting of galaxies in SPIDERS clusters.

Possible improvements to this work include a more robust predic-
tion for the size of A in the theories of gravity used, involving better
treatment of the redshift dependence, and a skewed normal fit to the
mass distribution. Furthermore, comparison with the predicted value
of A in other theories of gravity than the two considered could reveal
the usefulness of this approach. If most other alternative theories
have very similar predictions of A(R) to GR, then because it is
such a small effect with often large uncertainties, the efficacy of the
method may be limited.

SDSS-V using eROSITA X-ray data (Kollmeier et al. 2017)
promises more galaxy clusters with lower masses up to larger
redshifts. More clusters means a better constrained A and better
prospects for using this signal to distinguish between theories of
gravity. eROSITA will also have much better X-ray resolution,
giving more localized X-ray central positions. The 4AMOST eROSITA
Galaxy Cluster Redshift Survey (Finoguenov et al. 2019) aims
to provide spectroscopic redshifts for ~40000 eROSITA galaxy
groups/clusters, including their BCG and > 15 cluster members for z
< 0.7. By combining an X-ray central position found from eROSITA
data and the nearest 4AMOST BCG or redMaPPer-identified CG to
this X-ray position, there is the potential for accurate identification
of cluster centres, even in dynamic systems where simply using a
BCG causes miscentring.

To obtain a very strong positive detection of A, say > 100, consider
the BCG case with an uncertainty of +1kms~!. Assuming a similar
velocity dispersion, there needs to be ~530 000 galaxies in the whole
sample. While this is around an order of magnitude larger than
what is currently possible with SPIDERS, with forthcoming deep
optical telescopes such as The Vera C. Rubin Observatory for galaxy
identification and, for example, the Euclid satellite for spectroscopic
follow-up, this is certainly an achievable goal. The Vera C. Rubin
Observatory will overall observe billions of galaxies (Ivezi¢ et al.
2019), and Euclid’s Near Infrared Spectrometer plans to measure
~50 million spectroscopic redshifts of galaxies (Laureijs etal. 2011).
These numbers, coupled with well-measured X-ray-selected clusters
from eROSITA, promise tightly constrained measurements of A in
the near future.

The same error of ~1kms~! for the BCG result in this analysis,
compared with the f{R) prediction, would indicate an ~4o deviation
between observations and the prediction of this example of an
alternative theory of gravity.

Although these considerations demonstrate the sensitivity of
gravity theories to gravitational redshifting using galaxy clusters,
an important caveat is that kinematic data alone are insufficient to
provide adequate discrimination between theories of gravity. There is
a degeneracy between the size of G affecting the velocity distribution

and the mass of the cluster — both GR and f(R) can give rise to the
same gravitational redshift signal but with different dark matter halo
functions (Zhao et al. 2013). Knowledge on how the X-ray inferred
cluster mass changes for a given f(R) is needed (Li, He & Gao 2016;
Mitchell, Arnold & Li 2020). Furthermore, as weak lensing-based
cluster mass estimates are unaffected by an extension to f{R) (Lubini
et al. 2011; Barreira et al. 2015), this is a potential method by which
this degeneracy can be broken.
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APPENDIX A: THE NFW DENSITY PROFILE

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

_ Ma00¢3008(€200)
p(F) = —F—— .,
4mr5007 (1 4 c2007)
_ G Mo In (1 + co007)
®(F) = —g(ca00) — .
200 r

(AD)

(A2)

Important parameters here are the concentration parameter cop and
the function g(ca00):

7200
€200 = . (A3)

s

g(c200) = (In (1 + c200) — €200/(1 + c200)) " (A4)

The concentration parameter gives the ratio between the virial radius
of an astronomical body and its so-called scale radius and gives an
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indication of the mass concentration of the object. Typically, for
clusters ¢ ~ 5 and for bright galaxies cypo ~ 10 .

APPENDIX B: BOOTSTRAPPING TEST

Sampling with replacement was used to obtain 10° values for A for
the galaxy samples in each of the centroid cases to test the consistency
of the quoted uncertainties in Fig. 9; histograms of the results are
shown in Fig. B1. The average values and standard deviations of the
resulting Gaussians are consistent with the quoted results.
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Figure B1. Bootstrapping with 10° samples on the galaxy velocity offset
distributions for each centroid case.
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