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A B S T R A C T 

The masses of galaxy clusters can be measured using data obtained e xclusiv ely from wide photometric surv e ys in one of two 

ways: directly from the amplitude of the weak lensing signal or, indirectly, through the use of scaling relations calibrated using 

binned lensing measurements. In this paper, we build on a recently proposed idea and implement an alternative method based 

on the radial profile of the satellite distribution. This technique relies on splashback, a feature associated with the apocentre 
of recently accreted galaxies that offers a clear window into the phase-space structure of clusters without the use of velocity 

information. We carry out this dynamical measurement using the stacked satellite distribution around a sample of luminous red 

galaxies in the fourth data release of the Kilo-De gree Surv e y and validate our results using abundance-matching and lensing 

masses. To illustrate the power of this measurement, we combine dynamical and lensing mass estimates to robustly constrain 

scalar–tensor theories of gravity at cluster scales. Our results exclude departures from General Relativity of the order of unity. 
We conclude the paper by discussing the implications for future data sets. Because splashback mass measurements scale only 

with the surv e y volume, stage-IV photometric surv e ys are well-positioned to use splashback to provide high-redshift cluster 
masses. 

Key words: gravitational lensing: weak – galaxies: clusters: general – dark energy – dark matter. 
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 I N T RO D U C T I O N  

he majority of ordinary matter, a.k.a. baryonic matter, is thought
o be trapped inside the potential wells of the large-scale structure
f the Universe. The main constituent of this invisible scaffolding is
ark matter, and its fully collapsed o v erdensities, known as haloes,
ontain most of the mass in the Universe. These structures are not
solated, and the process of structure formation is known to be
ierarchical (Press & Schechter 1974 ). In simple terms, this means
hat smaller haloes become subhaloes after they are accreted on to
arger structures. Unsurprisingly, baryonic matter also follows this
rocess, resulting in today’s clusters of galaxies. Due to their joint
volution, a tight relationship exists between the luminosity of a
alaxy and the mass of the dark matter halo it inhabits. These galaxy
lusters are associated with the largest haloes in the Universe and
hey are still accreting matter from the surrounding environment, i.e.
hey are not fully virialized yet. 

Galaxies can be divided into two populations: red and blue
Strate v a et al. 2001 ). Whereas red galaxies derive their colour
rom their aging stellar population, blue galaxies display active
tar formation, and young stars dominate their light. The exact
 E-mail: contigiani@cita.utoronto.ca 
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echanism behind quenching, i.e. the transition from star-forming
o ‘red and dead’, is still not fully understood (see e.g. Schaye et al.
010 ; Trayford et al. 2015 ), but it is known to be connected to both
aryonic feedback (see e.g. Somerville et al. 2008 ; Schaye et al. 2010 )
nd interactions inside the dense cluster environment (see e.g. Larson,
insley & Caldwell 1980 ; Moore et al. 1996 ; van den Bosch et al.
008 ). An important consequence of this environmental dependence
s the formation of a red sequence, i.e. a close relationship between the
olour and magnitude of red galaxies in clusters. By calibrating this
ed sequence as a function of redshift, it is possible to identify clusters
n photometric surv e ys, ev en in the absence of precise spectroscopic
edshifts (Gladders & Yee 2000 ). 

In recent years, splashback has been recognized as a feature located
t the edge of galaxy clusters. The radius of this boundary, r sp , is close
o the apocentre of recently accreted material (see e.g. Adhikari,
alal & Chamberlain 2014 ; Diemer 2017 ; Diemer et al. 2017 ) and

t is associated with a sudden drop in matter density. This is because
t naturally separates the single and multistream regions of galaxy
lusters: orbiting material piles up inside this radius, while collapsing
aterial located outside it is about to enter the cluster for the first

ime. 
In simulations and observations, the distribution of red galaxies

nd dark matter in the correlated structure surrounding clusters seem
o trace this feature in the same fashion (Contigiani, Bah ́e & Hoekstra
© 2022 The Author(s) 
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021 ; O’Neil et al. 2021 ), with a possible dependence on secondary
alaxy properties (Shin et al. 2021 ; O’Neil et al. 2022 ). For the sake
f clarity, we point out that both the literature and this paper refer to
orrelated substructures as satellites, even if their population is not 
ntirely composed of objects gravitationally bound to the cluster. 

In the wider context of galaxy evolution models, the mechanism 

ehind this feature has been known under the name backsplash 
or almost two decades and has been previously explored both in 
bservations and simulations (Gill, Knebe & Gibson 2005 ; Mahajan, 
amon & Raychaudhury 2011 ). Compared to these ef forts, ho we ver,

he recent interest in this feature is guided by theoretical and 
bservational implications for the study of the large-scale structure 
f the Universe. 
Since haloes are perturbations on top of a background of constant 

ensity, their size can be quantified in terms of o v erdensity masses.
 or e xample, M 200m 

is defined as the mass contained within a sphere
f radius r 200m 

such that the average density within it is 200 times
he average matter density of the Universe ρm 

( z), 

 200m 

= 200 × 4 π

3 
ρm 

( z) r 3 200m 

. (1) 

rom a theoretical perspective, the splashback radius defines a more 
ccurate cluster mass and sidesteps the issue of pseudo-evolution due 
o an evolving ρm 

( z) as a function of redshift z (Diemer, More &
ravtsov 2013 ; More, Diemer & Kravtsov 2015 ). Thanks to this
roperty, this definition implies a universal mass function that is 
alid for a variety of cosmologies (Diemer 2020b ). Moreo v er, the
hape of the matter profile around this feature can also be used to
earn about structure formation, the nature of dark matter (Banerjee 
t al. 2020 ), and dark energy (Contigiani, Vardanyan & Silvestri
019a ). 
Observationally, one of the most noteworthy applications of the 

plashback feature is the study of quenching through the measure- 
ent of the spatial distribution of galaxy populations with different 

olours (Adhikari et al. 2021 ). While notable, this was not the earliest
esult from the literature, and many other measurements preceded 
t. Published works can be divided into three groups: those based 
n targeted weak lensing observations of X-ray selected clusters 
Umetsu & Diemer 2017 ; Contigiani, Hoekstra & Bah ́e 2019b ),
hose based on the lensing signal and satellite distributions around 
Z-selected clusters (see e.g. Shin et al. 2019 ), and those based
n samples constructed with the help of cluster-finding algorithms 
pplied to photometric surv e ys (see e.g. More et al. 2016 ; Chang et al.
018 ). Ho we ver, we note that in the case of the last group, the results
re difficult to interpret because the splashback signal correlates 
ith the parameters of the cluster detection method (Busch & White 
017 ). 
In this work, we implement an application of this feature based 

n Contigiani et al. ( 2021 ). The location of the splashback radius is
onnected to halo mass, and its measurement from the distribution 
f cluster members can therefore lead us to a mass estimate. Because
his distribution can be measured without spectroscopy, this means 
hat we can extract a dynamical mass purely from photometric data. 
o a v oid the issues related to cluster -finding algorithms explained
bo v e, we studied the average distribution of faint galaxies around
uminous red galaxies (LRGs) instead of the targets identified through 
 v erdensities of red galaxies. If we consider only passive evolution,
he observed magnitude of the LRGs can be corrected to construct 
 sample with constant comoving density (Rozo et al. 2016 ; Vakili
t al. 2019 ), and, by selecting the brightest among them, we expect
o identify the central galaxies of groups and clusters. 
We present our analysis in Section 3 and produce two estimates of
he masses of the haloes hosting the LRGs in Section 4 . The first is
ased on the splashback feature measured in the distribution of faint
alaxies, while the second is based on the amplitude of weak lensing
easurements. After comparing these results with an alternative 
ethod in Section 5 , we discuss our measurements in the context of
odified models of gravity. We conclude by pointing out that, while
e limit ourselves to redshifts z < 0.55 here, the sample constructed

n this manner has implications for the higher redshift range probed
y future stage-IV photometric surv e ys (Albrecht et al. 2006 ) such
s Euclid (Laureijs et al. 2011 ) and the Le gac y Surv e y of Space
nd Time (LSST; LSST Science Collaboration 2009 ). Section 5.2 
iscusses these complications in more detail and explores how this 
ethod can be used to complement the use of lensing to extract the
asses of X-ray (Contigiani et al. 2019b ) or SZ selected clusters

Shin et al. 2019 ). 
Unless stated otherwise, we assume a cosmology based on the 

015 Planck data release (Adam et al. 2016 ). For cosmological
alculations, we use the Python packages ASTROPY (Price-Whelan 
t al. 2018 ) and COLOSSUS (Diemer 2018 ). The symbols R and
 sp al w ays refer to a comoving projected distance and a comoving
plashback radius. 

 DATA  

his section introduces both the Kilo-Degree Survey (KiDS; de Jong 
t al. 2013 ) and its infrared companion, the VISTA Kilo-degree
Nfrared Galaxy surv e y (VIKING; Edge et al. 2013 ). Their combined
hotometric catalogue and the sample of LRGs extracted from it 
Vakili et al. 2020 ) are the essential building blocks of this paper. 

.1 KiDS 

iDs is a multiband imaging surv e y in four filters ( ugri ) co v ering
350 deg 2 . Its fourth data release (DR4; Kuijken et al. 2019 ) is the
asis of this paper and has a footprint of 1006 deg 2 split between
wo regions, one equatorial and the other in the south Galactic cap
770 deg 2 in total after masking). The 5 σ mean limiting magnitudes
n the ugri bands are, respectively, 24.23, 25.12, 25.02, and 23.68. The
ean seeing for the r -band data, used both as a detection band and

or the weak lensing measurements, is 0.7 arcsec. The companion 
urv e y VIKING co v ers the same footprint in fiv e infrared bands,
YJHK s . 
The raw data have been reduced with two separate pipelines, 

HELI (Erben et al. 2005 ) for a lensing-optimized reduction of
he r -band data, and AstroWISE (McFarland et al. 2013 ), used to
reate photometric catalogues of extinction-corrected magnitudes. 
he source catalogue for lensing was produced from the THELI 

mages. Lensfit (Miller et al. 2013 ; Fenech Conti et al. 2017 ;
annawadi et al. 2019 ) was used to extract the galaxy shapes. 

.2 LRGs 

he LRG sample presented in Vakili et al. ( 2020 ) is based on
iDS DR4. In order to construct the catalogue, the red sequence
p to redshift z = 0.8 was obtained by combining spectroscopic
ata with the griZ photometric information provided by the two 
urv e ys mentioned abo v e. Furthermore, the near-infrared K s band
rom VIKING was used to perform a clean separation of stellar
bjects to lower the stellar contamination of the sample. 
The colour–magnitude relation that characterizes red galax- 

es was used to calibrate redshifts to a precision higher than
MNRAS 518, 2640–2650 (2023) 
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M

Figure 1. The redshift distributions of the LRG samples studied in this paper. 
As visible in the figure, the distributions are consistent with the assumption of 
a constant comoving density up to redshift z = 0.55, the maximum considered 
in our main analysis. For higher redshifts, we find that the empirical selection 
criteria explicitly designed to select for a constant comoving density do not 
hold. We use the high-redshift tail of our LRG sample (All, z > 0.75) to 
investigate the behaviour of our measurements in this regime. 
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Figure 2. Separating red and blue galaxies. We calculated the distribution 
of KiDS galaxies in the ( g - r )-( r - i ) colour plane for objects around random 

points in the sky and around LRGs in the high-mass sample between redshifts 
0.3 and 0.35 ( R < 1 Mpc). This histogram represents the difference between 
the two distributions as a fraction of the entire KiDS population. The black 
and white squares mark the pixels with the lowest and highest value. An 
o v erdensity of red objects and an underdensity of blue objects is apparent, 
and the line separating the two locations is used to split the full KiDS sample 
into two populations. 
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eneric photometric-redshift (photo-zs) methods, resulting in red-
hift errors for each galaxy below 0.02. For more details on
ow the total LRG sample is defined and its broad properties,
e direct the interested reader to Vakili et al. ( 2020 ), or Vakili

t al. ( 2019 ), a similar work based on a previous KiDS data 
elease. 

Fortuna et al. ( 2021 ) further analysed this same catalogue and cal-
ulated absolute magnitudes for all LRGs using LEPHARE (Arnouts &
lbert 2011 ) and EZGAL (Mancone & Gonzalez 2012 ). The first code
orrects for the redshift of the rest-frame spectrum in the different
assbands ( k -correction), while the second corrects for the passive
volution of the stellar population (e-correction). For this work,
e used these (k + e)-corrected luminosities as a tracer of total
ass since the two are known to be highly correlated (see e.g.
andelbaum et al. 2006 ; van Uitert et al. 2015 ). Based on this, we

hen defined two samples with different absolute r -band magnitude
uts, M r < −22.8 and M r < −23, that we refer to as all and high-
ass samples. These are the 10 and 5 percentile of the absolute
agnitude distribution of the luminous sample studied in Fortuna

t al. ( 2021 ), and the two samples contain 5524 and 2850 objects 
ach. 

Because the (k + e)-correction presented abo v e is designed to
orrect for observational biases and galaxy evolution, the expected
edshift distribution of the LRGs should correspond to a constant
omoving density. Ho we ver, when studying our samples (see Fig. 1 ),
t is clear that this assumption holds only until z = 0.55. This suggests
hat the empirical corrections applied to the observed magnitudes
re not optimal. It is important to stress that this discrepancy was
ot recognized before because our particular selection amplifies it:
ecause we consider here the tail of a much larger sample ( N ∼ 10 5 )
ith a steep magnitude distribution, a small error in the lower limit

nduced a large mismatch at the high-luminosity end. To o v ercome
his limitation, we discard all LRGs abo v e z = 0.55. After fitting
he distributions in Fig. 1 , we obtained comoving densities n =
.5 × 10 −6 Mpc −3 and n = 4.0 × 10 −6 Mpc −3 for the full and the
igh-mass samples. 
NRAS 518, 2640–2650 (2023) 
 PROFILES  

n this section, we discuss how we used our data sets to produce
w o stack ed signals measured around the LRGs: the galaxy profile,
apturing the distribution of fainter red galaxies, and the weak lensing
rofile, a measure of the projected mass distribution extracted from
he distorted shapes of background galaxies. We present these two
rofiles and the 68 per cent contours of two separate parametric
ts in Fig. 3 . The details of the fitting procedure are explained in 
ection 4 . 

.1 Galaxy profile 

e expect bright LRGs to be surrounded by fainter satellites, i.e. we
xpect them to be the central galaxies of galaxy groups or clusters.
o obtain the projected number density profile of the surrounding
iDS galaxies, we split the LRG samples in seven redshift bins
f size δz = 0.05 in the range z ∈ [0.2, 0.55]. We then defined a
orresponding KiDS galaxy catalogue for each redshift bin, obtained
he background-subtracted distribution of these galaxies around the
RGs, and finally stacked these distributions using the weights w i 

efined below. 
We did not select the KiDS galaxies by redshift due to their

arge uncertainty. Instead, we created one KiDS catalogue for each
edshift bin by applying two redshift-dependent selections to the
ntire catalogue: a lower limit in magnitude and a sample selection
n colour space. The reason behind the first selection is simple: in
rder to identify populations with the same intrinsic luminosity as
 function of redshift, a redshift-dependent magnitude threshold is
ecessary (as suggested by More et al. 2016 ). On the other hand,
he colour cut has a more physical explanation. Red satellites are
he most abundant population in galaxy clusters and, due to their
epeated orbits inside the host cluster, they are known to better trace
ynamical features such as splashback (see e.g. Baxter et al. 2017 ).

art/stac3027_f1.eps
art/stac3027_f2.eps
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Figure 3. The signals studied in this paper. We measure the number density of KiDs red galaxies (left-hand panel) and the lensing signal (right-hand panel) 
around the LRGs in our sample (all) and its high-luminosity subsample (high-mass). Both measurements are based on the KiDS photometric catalogue. The 
steep drop around 1 Mpc visible in the left-hand panel is the splashback feature, and it is connected to the total mass of the LRG haloes. Similarly, the amplitude 
of the lensing signal on the right is also a measure of the same mass. In addition to the data and the 1 σ error bars, we also display the 68 per cent contours of two 
profile fits performed to extract the mass measurements. The fit on the right is performed either by varying only the amplitude of the signal (thinner contours) or 
by varying its amplitude and concentration (wider contours). See the text for more details. Section 2 presents the data and the two samples, Section 3 discusses 
how the profiles are measured, and Section 4 discusses the fitting procedure. 
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ombining these two criteria also has the effect of selecting a similar
opulation even in the absence of k-corrected magnitudes. 
For the highest redshift considered here, z max , we limited ourselves

o observed magnitudes m r < 23, equi v alent to a 10 signal-to-noise
atio (SNR) cut. We then extrapolated this limit to other redshift bins
y imposing 

 r < 23 − 5 log 

(
d L ( z max ) 

d L ( z i ) 

)
, (2) 

here z i is the upper edge of the redshift bin considered, and d L ( z)
s the luminosity distance as a function of redshift. Afterwards, 
e divided the galaxy catalogues into two-colour populations by 

ollowing the method of Adhikari et al. ( 2021 ). Compared to random
oints in the sky, the colour distribution of KiDS galaxies around 
RGs contains two features: an o v erdensity of ‘red’ objects and
 deficit of ‘blue’ objects. Based on the red-sequence calibration of
akili et al. ( 2020 ) and the location of the 4000 Å break, we identified

he ( g − r ) − ( r − i ) plane as the most optimal colour space to separate
hese two populations at redshifts z ≤ 0.55. We also noted that the ( i

Z ) − ( r − i ) plane would be better suited for higher redshifts. From
he distribution in the colour–colour plane, the two classes can then 
e separated by the line perpendicular to the segment connecting 
hese two loci and passing through their midpoint. Fig. 2 provides 
n example of this procedure. We point out that a more sophisticated
election could be used since the structure in colour space suggests
he existence of a compact red cloud. For the purposes of this work,
o we ver, we do not find this to be necessary. 
We used TREECORR (Jarvis, Bernstein & Jain 2004 ; Jarvis 2015 )

o extract the correlation functions from the red galaxy catalogues 
efined abo v e 

i = 

DD i 

DR i 

− 1 , (3) 

here DD and DR are the numbers of LRG-galaxy pairs calculated 
sing the KiDS catalogues or the random catalogues, respectively 
Landy & Szalay 1993 ). These randoms are composed of points
niformly distributed in the KiDS footprint. The error covariance 
atrices of these measurements were obtained by dividing the surv e y

rea into 50 equal-areal jackknife regions. Because the signal is 
tatistics limited, the off-diagonal terms of this matrix are found to
e negligible. To further support this statement, we point out that due
o the low number density of the sample (see Fig. 1 ), the clusters do
ot o v erlap in real space. 
Formally, the correlation function written above is related to the 

urface o v erdensity of galaxies: 

 i ( R) = ξi ( R) � 0 ,i , (4) 

here � 0, i is the average surface density of KiDS galaxies in the
 -th redshift bin. Ho we ver, since we are interested in the shape of
he profile and not its amplitude, we did not take this parameter
nto account when stacking the correlation functions ξ i . The signal 
onsidered in this paper is a weighted sum of the individual
orrelation functions. Formally: 

� g ( R) 

� 0 
= 

∑ 

i w i ( R) ξi ( R) ∑ 

i w i ( R) 
, (5) 

here � 0 is a constant needed to transform the dimension-less 
orrelation function into the projected mass density. Because we 
ecided to fit the combination � g ( R )/ � 0 directly, the value of
his constant is unimportant. To optimize the stacked signal, we 
sed as weights w i the inverse variance of our measurement. This
orresponds to an SNR weighted average, where the SNR is, in our
ase, dominated by the statistical error of the DD counts. 

The left-hand side of Fig. 3 presents our measurement of the galaxy 
rofile around the LRGs. As expected, the high-mass subsample has 
 higher amplitude compared to the entire sample. 

.2 Weak lensing profile 

he shapes of background sources are deformed, i.e. lensed, by 
he presence of matter along the line of sight. In the weak lensing
egime, this results in the observed ellipticity ε of a galaxy being
MNRAS 518, 2640–2650 (2023) 
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 combination of its intrinsic ellipticity and a lensing shear. If we
ssume that the intrinsic shapes of galaxies are randomly oriented,
he coherent shear in a region of the sky can therefore be computed
s the mean of the ellipticity distribution. 

Consider a circularly symmetric matter distribution acting as a
ens. In this case, the shear only contains a tangential component,
.e. the shapes of background galaxies are deformed only in the
irection parallel and perpendicular to the line in the sky connecting
he source to the centre of the lens. Because of this, we can define
he lensing signal in an annulus of radius R as the average value
f the tangential components of the ellipticities ε( t ) . The next few
aragraphs provide the details of the exact procedure we followed
o measure this lensing signal around the LRGs in our samples. For
his second measurement, we used the weak lensing KiDS source
atalogue extending up to redshift z = 1.2 (see also Viola et al. 2015 ;
vornik et al. 2017 ). 
Based on the lensfit weights w s associated with each source, we

efined lensing weights for every lens-source combination, 

 l,s = w s 

(
� 

−1 
crit, l 

)2 
, (6) 

here the two indices l and s are used to indicate multiple lens-source
airs. The second factor in the product abo v e represents a lensing
fficiency contribution and, in our formalism, this quantity does not
epend on the source. It is calculated instead as an av erage o v er the
ntire source redshift distribution n ( z s ): 

 

−1 
crit, l = 

4 πG 

c 2 

d A ( z l ) 

(1 + z l ) 2 

∫ ∞ 

z l + δ

d z s 
d A ( z l , z s ) 

d A (0 , z s ) 
n ( z s ) , (7) 

here d A ( z 1 , z 2 ) is the angular diameter distance between the
edshifts z 1 and z 2 in the chosen cosmology. Sources that belong to
he correlated structure surrounding the lens might scatter behind it
ue to the uncertainty of the photometric redshifts. The gap between
he lens plane and the source plane in the expression above ( δ = 0.2)
nsures that our signal is not diluted by this effect (see appendix A4
f Dvornik et al. 2017 ). Once all of these ingredients are computed,
n estimate of the measured lensing signal is given by: 

�( R) = 

∑ 

l,s ε
(t) 
l,s w l,s � crit, l ∑ 

l,s w l,s 

1 

1 + m 

, (8) 

here the sums are calculated o v er ev ery source-lens pair, and m is
 residual multiplicative bias of the order of 0.014 calibrated using
mage simulations (Fenech Conti et al. 2017 ; Kannawadi et al. 2019 ).
his signal is connected to the mass surface density � m 

( R ) and its
verage value within that radius, � m 

( < R). 

�( R) = � m 

( < R) − � m 

( R) . (9) 

The covariance matrix of this average lensing signal was ex-
racted through bootstrapping, i.e. by resampling 10 5 times the 1006
 × 1 deg 2 KiDS tiles used in the analysis. This signal, like the
alaxy profile before, is also statistics limited. Therefore, we have not
ncluded the negligible off-diagonal terms of the covariance matrix
n our analysis. 

Finally, we note that we have thoroughly tested the consistency
f our lensing measurement. We computed the expression in equa-
ion ( 8 ) using the cross-component ε( ×) instead of the tangential ε(t) 

nd verified that its value was consistent with zero. Similarly, we also
onfirmed that the measurement was not affected by additive bias by
easuring the lensing signal e v aluated around random points. 
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 T H R E E  WAY S  TO  MEASURE  CLUSTER  

ASSES  

his section presents three independent measures of the total mass
ontained in the LRG haloes. We refer to these estimates as
plashback (or dynamical) mass, lensing mass, and abundance mass.
he first two are extracted by fitting parametric profiles to the two
ignals presented in the previous section (Fig. 3 ), and the third is
ased on a simple abundance matching argument. Fitting the galaxy
rofile allows us to constrain the splashback feature and provides
 dynamical mass, while fitting the amplitude of the lensing signal
rovides a lensing mass. 

.1 Splashback mass 

hanks to the splashback feature, it is possible to estimate the total
alo mass by fitting the galaxy distribution with a flexible enough
odel. The essential feature that such 3D profile, ρ( r ), must capture

s a sudden drop in density around r 200m 

. Its most important parameter
s the point of steepest slope, also known as the splashback radius
 sp . Equi v alently, this location can be defined as the radius where the
unction dlog ρ/dlog r reaches its minimum. 

In general, the average projected correlation function can be
ritten in terms of the average 3D mass density profile as: 

� g ( R) 

� 0 
= 

2 

� 0 

∫ ∞ 

0 
d 
 ρ

(√ 


 

2 + R 

2 
)

, (10) 

n practice, we e v aluated this integral in the range [0, 40] Mpc and
onfirmed that our results are not sensitive to the exact value of the
pper integration limit. 
The specific density profile that we have used is based on Diemer &

ravtsov ( 2014 ), and it has the following form: 

( r) = ρEin ( r ) f trans ( r ) + ρout ( r) , (11) 

Ein ( r) = ρs exp 
(
− 2 

α

[ (
r 
r s 

)α

− 1 
] )

, (12) 

 trans ( r) = 

[
1 + 

(
r 
r t 

)β
]−g/β

, (13) 

out = ρ̄
(

r 
r 0 

)−s e 

. (14) 

These expressions define a profile with two components: an inner
alo and an infalling region. The term ρEin ( r ) f trans ( r ) represents
he collapsed halo through a truncated Einasto profile with shape
arameter α and amplitude ρs (Einasto 1965 ). The parameters g ,

in the transition function determine the maximum steepness of
he sharp drop between the two regions, and r t determines its
pproximate location. Finally, the term ρout ( r ) describes a power-law
ass distribution with slope s e and amplitude ρ̄, parametrizing the

uter region dominated by infalling material. For more information
bout the role of each parameter and its interpretation, we refer the
eader to Diemer & Kravtsov ( 2014 ), and previous measurements
resented in the introduction (see e.g. Contigiani et al. 2019b , for
ore details about the role of the truncation radius r t ). 
This profile is commonly used to parametrize mass profiles but

s used in this section to fit a galaxy number density profile. When
erforming this second type of fit, the amplitudes ρs and ρ̄ are
imension-less and, together with the flexible shape of the profile,
ompletely capture the connection between the galaxy and matter
ensity fields. Similarly to � 0 , the value of these constants is not the
ocus of this paper. 

To extract the location of the splashback radius for our two LRG
amples, we fitted this model profile to the correlation function
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Table 1. The priors used in the fitting procedure of Section 4 . When fitting 
the data in the left-hand panel of Fig. 3 , we employ the model in equation ( 11 ) 
with the priors presented abo v e. F or some parameters, we impose flat priors 
in a range, e.g. [ a , b ], while for others we impose a Gaussian prior N ( m, σ ) 
with mean m and standard deviation σ . We do not restrict the prior range of 
the two degenerate parameters ρ̄ and r 0 . 

Parameter Prior 

α N (0 . 2 , 2) 
g N (4 , 0 . 2) 
β N (6 , 0 . 2) 
r t /(1 Mpc) N (1 , 4) 
s e [0.1, 2] 
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ata using the ensemble sampler EMCEE (F oreman-Macke y et al. 
013 ). The priors imposed on the various parameters are presented 
n Table 1 , and we highlight in particular that the range for α is a
enerous scatter around the expectation from numerical simulations 
Gao et al. 2008 ). The best-fitting profiles extracted from this
rocedure are shown in Fig. 3 . 
In clusters, the location of the central galaxy might not correspond 

o the barycenter of the satellite distribution. While this discrepancy 
s usually accounted for in the modelling of the projected distribution
n equation ( 10 ), we chose not to consider this effect in our primary
nalysis. This is justified by the fact that the mis-centring term affects
he profile within R ∼ 0.1 Mpc, while we are interested in the

easurement around R ∼ 1 Mpc (Shin et al. 2021 ), and the data
o not require a more flexible model to provide a good fit. 
Finally, to transform the r sp measurements into a value for 
 200m 

, we used the relations from Diemer ( 2020a ), e v aluated at our
edian redshift of z̄ = 0 . 44. In this transformation, we employed

he suggested theoretical definition of splashback, based on the 75th 
ercentile of the dark matter apocentre distribution. In the same paper, 
his definition of splashback based on particle dynamics has been 
ound to accurately match the definition based on the minimum of
og ρ/log r used in this work. For more details about the relationship
etween these two definitions, we refer the reader to section 3.1 of
ontigiani et al. ( 2021 ). 
Because the splashback radius depends on accretion rate, we used 

he median value of this quantity as a function of mass as a proxy
or the ef fecti ve accretion rate of our stacked sample. We note, in
articular, that the additional scatter introduced by the accretion rate 
nd redshift distributions is expected to be subdominant given the 
arge number of LRGs we have considered. 

.2 Lensing mass 

o extract masses from the lensing signal, we performed a fit using
n NFW profile (Navarro, Frenk & White 1996 , 1997 ): 

( r ) = 

1 

4 πF ( c 200m 

) 

M 200m 

r ( r + r 200m 

/c 200m 

) 2 
, (15) 

here M 200m 

and r 200m 

are related by equation ( 1 ), c 200m 

is the halo
oncentration, and the function appearing in the first term is defined 
s: 

 ( c) = ln (1 + c) − c/ (1 + c) . (16) 

rom this 3D profile, the lensing signal can be derived by replacing
 g / � 0 with � m 

in the projections equations ( 9 ) and ( 10 ). 
We point out that we did not use the complex model of equa-

ion ( 11 ) for the lensing measurement. This is because, the differences
etween the Einasto profile used there and the NFW profile presented 
bo v e are not expected to induce systematic biases at the precision
f our measurements (see e.g. Sereno, Fedeli & Moscardini 2016 ).
lthough e xtra comple xity might not be warranted, particular care

hould still be taken when measuring profiles at large scales, where
he difference between the more flexible profile and a traditional 
FW profile is more pronounced. Consequently, we reduce any bias 

n our measurement by fitting only projected distances R < 1.5 Mpc,
here the upper limit is decided based on the r sp inferred by our
alaxy distribution measurement. 

Since the mass and concentration of a halo sample are related,
everal mass–concentration relations calibrated against numerical 
imulations are available in the literature. For the measurement 
resented in this section, we used the mass–concentration relation 
f Bhattacharya et al. ( 2013 ). Ho we ver, because this relation is cal-
brated with numerical simulations based on a different cosmology, 
e also fit the lensing signal while keeping the concentration as a free
arameter. This consistency check is particularly important because 
alo profiles are not perfectly self-similar (Diemer & Kravtsov 2015 )
nd moving between different cosmologies or halo mass definitions 
ight require additional calibration. We perform the fit to the profiles

n the right-hand panel of Fig. 3 using the median redshift of
ur samples, z̄ = 0 . 44. We find that statistical errors dominate the
ncertainties, and we do not measure any systematic effect due to
he assumed mass–concentration relation. 

.3 Abundance mass 

n addition to the two mass measurements extracted from the galaxy
nd lensing profiles, we also calculated masses using an abundance 
atching argument. 
The comoving density of haloes of a given mass is a function

f cosmology (Press & Schechter 1974 ). Since we expect a tight
elationship between the mass of a halo and the luminosity of the
ssociated galaxy, any lower limit in the first can be converted
nto a lower limit in the second. Therefore, our measurement of
he comoving density in Fig. 1 can be converted into a mass

easurement. We note, in particular, that this step assumes that Vakili 
t al. ( 2020 ) built a complete sample of LRGs with no contamination
nd that the luminosity estimates obtained in Fortuna et al. ( 2021 )
re accurate, at least in ranking. 

We used the mass function of Tinker et al. ( 2008 ) at the median
edshift ̄z = 0 . 44 to convert our fixed comoving densities into lower
imits on the halo mass M 200m 

. To complete the process, we then
xtracted the mean mass of the sample using the same mass 
unction. 

The relation between halo mass and galaxy luminosity is not 
erfect, ho we ver, since the galaxy luminosity function is shaped by
ctive galactic nuclei activity and baryonic feedback. These processes 
nduce an increased scatter in the stellar mass-halo mass relation 
Genel et al. 2014 ), which we have not accounted for. This effect,
ombined with the uncertainties in the LRG selection and luminosity 
tting, are the main sources of error for our abundance matching
ass. Since we have not performed these steps in this work, ho we ver,
e decided not to produce an uncertainty for this measurement and

eport it here without an error bar. For the same reason, we also do
ot explore the effect of the slightly different cosmology assumed by
inker et al. ( 2008 ) and the one used here. 

 DI SCUSSI ON  

n this section, we compare and validate the measurements presented 
n the previous one. As an example of the power granted by multiple
MNRAS 518, 2640–2650 (2023) 
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luster mass measurements from the same surv e y, we also present
n interpretation of these measurements in the context of modified
heories of gravity. 

In Fig. 4 and Table 2 , we present the results of our two main
ass measurements combined with the abundance-matching es-

imate introduced in the previous subsection. All measurements
re in agreement, providing evidence that there is no significant
orrelation between the selection criteria of our LRG sample and
he measurements performed here. The inferred average splashback

asses of our LRG samples have an uncertainty of around 50 per 
ent. 

The first striking feature is the varying degree of precision
mong the different measurements. The lensing result is the most
recise, even when the concentration parameter is allowed to vary.
n particular, the fact that the inferred profiles do not exhaust the
reedom allowed by error bars in the right-hand panel of Fig. 3
mplies that our NFW model prior is responsible for the strength
f our measurement and that a more flexible model will result in
arger mass uncertainties. On the other hand, with splashback, we
an produce a dynamical mass measurement without any knowledge
f the shape of the average profile. 
There is also a second, more important, difference between the

wo measurements that we want to highlight here. The SNR of
he splashback mass is dominated by high-redshift LRGs since
NR ∼ √ 

N LRG . While the ability to capture intrinsically fainter
bjects at low redshift might affect this scaling, we point out that
he redshift-dependent magnitude cut introduced in equation ( 2 )
 xplicitly prev ents this. In contrast, the lensing weights in equa-
ions ( 6 ) imply that the more numerous high-redshift objects do
ot dominate the lensing signal. This is due to a combination of
he lower number of background sources av ailable, the lo wer lensfit
eights associated with fainter sources, and the geometrical term in 

quation ( 7 ). 
This point is explored quantitatively in Fig. 5 , where we compare

he two techniques for different redshift bins. The top panel is a
rojection of the left-hand panel of Fig. 4 in terms of r sp , while
he other two are new results. These new measurements at higher
edshift are obtained using the same methods presented in Section 3 .
o be precise: for the galaxy distribution, we impose a 10 SNR
ut for the KiDS galaxies and a subsequent colour selection in the
 i − Z ) − ( r − i ) plane; while for the lensing signal, we use the
ame source selection presented before. As visible in the figure,
oth measurements degrade for higher redshifts, but the two scale
ifferently. If we consider the size of the 68 percentile intervals for the
wo measurements, at z = [0.2, 0.5] we obtain a ratio between the two
f 1:7, while at z = [0.65, 0.7] we obtain a ratio of 1:2.5, significantly
etter. We point out that these results are not part of our main analysis
ecause of the problems encountered in Section 2.2 when building
 high- z selection. Ho we ver, as discussed in a future section, the
ifferent scaling highlighted here has important implications for
uture photometric missions. 

As a final note on our main results, we point out that the difference
etween the masses of the two samples ( all and high-mass ) is 2 σ
or the lensing measurement, but it is not even marginally significant
or the splashback values (due to the large error bars). As already
hown in Contigiani et al. ( 2019b ), splashback measurements are
eavily weighted towards most massive objects. To produce a non-
ass-weighted measure of the splashback feature, it is necessary

o rescale the individual profiles with a proxy of the halo mass.
o we ver, because the study of r sp as a function of mass is not the
ain focus of this work, we leave this line of study open for future

esearch. 
NRAS 518, 2640–2650 (2023) 
.1 Gravitational constants 

n this subsection, we discuss how the combination of the lensing
asses and splashback radii measured here can be used to constrain
odels of gravity. Due to the wide scope of the theories considered,
e limit this discussion to a brief introduction and choose to focus
rimarily on the physical interpretation of our measurements. For
dditional details about the models, we refer the reader to the
eferences provided in the text. 

The principle behind this constraint is the fact that, while General
elativity (GR) predicts that the trajectories of light and massive
articles are affected by the same metric perturbation, extended
odels generally predict a discrepancy between the two. 
In extended models, the equations for the linearized metric

otentials ( 
 and �, see Bardeen 1980 ) can be connected to the
ackground-subtracted matter density ρ( x ) through the following
quations (Amendola, Kunz & Sapone 2008 ; Bertschinger & Zukin
008 ; Pogosian et al. 2010 ), 

 

2 ( 
 + �) = 8 πG�( x ) ρ( x ) , (17) 

 

2 
 = 4 πGμ( x ) ρ( x ) . (18) 

n the expressions above, the functions μ and �, also known as
 matter / G and G light / G can be in principle a function of space and

ime (collectively indicated by x ). We stress that the symbol �,
reviously used to refer to projected 3D distributions ( � g , � m 

), has
 different use in this context. These equations are expressed in terms
f 
 and 
 + � because the trajectories of particles are affected by
he first, while the deflection of light is go v erned by the second. In
he presence of only non-relativistic matter, Einstein’s equations in
R reduce to 
 = � and we have � = μ = 1. 
The same type of deviation from GR can also be captured in the

ost-Newtonian parametrization by a multiplicative factor γ between
he two potentials: � = γ
 . If μ, �, and γ are all constants, the
hree are trivially related: 

μ

� 

= 

1 + γ

2 
. (19) 

nder this same assumption, the ratio between the masses measured
hrough lensing and the mass measured through the dynamics of test
articles (e.g. faint galaxies or stars) can be used to constrain these
arameters and the literature contains multiple results concerning
hese extended models. Solar System experiments have constrained γ
o be consistent with its GR value ( γ = 1) up to five significant digits
Bertotti, Iess & Tortora 2003 ), but the current measurements at larger
cales are substantially less precise. For kpc-sized objects (galaxy-
cale), stellar kinematics have been combined with solid lensing
easurements to obtain 10 per cent constraints (Bolton, Rappaport &
urles 2006 ; Collett et al. 2018 ), while large-scale measurements
 ∼10–100 Mpc) can be obtained by combining cosmic shear and
edshift space distortion measurements to achieve a similar precision
see e.g. Simpson et al. 2013 ; Joudaki et al. 2018 ). As for the scales
onsidered in this paper, a precision of about 30 per cent can be
btained by combining lensing masses with either the kinematics of
alaxies inside fully collapsed cluster haloes (Pizzuti et al. 2016 )
r the distribution of hot X-ray emitting gas (Wilcox et al. 2015 ).
o we ver, in this case, the effects of the required assumptions (e.g.

pherical symmetry and hydrostatic equilibrium for the gas) are
arder to capture. In all cases, no deviation from GR has been
easured. 
As an example of the power of the measurements presented in

ection 4 , we present here their implication for beyond-GR effects.
n one hand, our lensing signal is a measurement of the amplitude
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Figure 4. Comparison of the mass measurements performed in this paper. Using three different techniques, we measured the mass of the haloes hosting our 
LRG sample ( all ) and a high-luminosity subsample ( high-mass ). The remarkable consistency between the three methods for both samples is a testament to the 
robustness of our LRG selection and the prospect of measuring halo masses from the splashback feature. Table 2 reports the same results in textual form. See 
Section 5 for more details about this comparison. 

Table 2. The mass measurements performed in this paper. This table 
summarizes the discussion of Section 5 and the measurements presented 
in Fig. 4 for our LRG samples ( all and high-mass ). The quoted splashback 
radii are in comoving coordinates. The abundance-matching measurements 
are provided without error bars as we have not modelled the selection function 
of our LRGs. Most measurements and conversions between M 200m 

and r sp 

are computed using a model at the median redshift z̄ = 0 . 44, identical for 
both samples (see the end of Section 4.1 for details). 

Technique M 200m 

(10 14 M �) r sp (Mpc) 
All High-mass All High-mass 

Splashback 0 . 57 + 0 . 36 
−0 . 21 0 . 9 + 0 . 85 

−0 . 38 1.48 ± 0.2 1.68 ± 0.28 
Lensing (fixed c) 0.46 ± 0.03 0.62 ± 0.05 1.40 ± 0.01 1.52 ± 0.02 
Lensing (free c) 0.44 ± 0.05 0.54 ± 0.07 1.39 ± 0.03 1.6 ± 0.04 
Abundance 0.48 0.74 1.42 1.6 
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1 Ho we ver, we stress here that this constraint does not have implications for 
dark energy, as the model considered is not able to drive cosmic acceleration 
in the absence of a cosmological constant. 
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 200m, L of the lensing matter density ρL = ρ�. On the other hand,
he splashback radius r sp depends on the amplitude of ρL × μ/ � and
t is related to the splashback mass M 200m, sp . Therefore, we focus on
he ratio of these two amplitudes measured in the high-mass sample: 

μ

� 

= 

M 200m, L 

M 200m, sp 
= 0 . 8 ± 0 . 4 ⇔ γ = 0 . 6 ± 0 . 8 . (20) 

In high-density regions such as the Solar System, the expectation 
= 1 must be reco v ered with high precision. Hence, alternative

heories of gravity commonly predict scale- and density-dependent 
ffects, which cannot be captured through constant values of μ and 
. Because r sp marks a sharp density transition around massive 

bjects, it is more suited to test these complicated dependencies. To 
ro vide an e xample of the constraints possible under this second,
ore complex, interpretation, we followed Contigiani et al. ( 2019a ) 

o convert the effects of an additional scale-dependent force (also 
nown as a fifth force) on the location of the splashback radius r sp .
n particular, the model we employed is an extension of self-similar
pherical collapse models and neglects any non-isotropic effects, e.g. 
hose introduced by mis-centring and halo ellipticity. 

In the context of symmetron gravity (Hinterbichler et al. 2011 ), the
hange in r sp introduced by the fifth force is obtained by integrating
he trajectories of test particles in the presence or absence of this
orce. In total, the theory considered has three parameters: (1) 
0 / R ( t 0 ), the dimension-less vacuum Compton wavelength of the
eld that we fix to be 0.05 times the size of the collapsed object;
2) z SSB , the redshift corresponding to the moment at which the fifth
orce is turned on in cosmic history, that we fix at z SSB = 1.25; and (3)
 , a dimension-less force-strength parameter that is zero in GR. The
hoices of the fixed values that we imposed are based on physical
onsiderations due to the connection of these gravity models to dark
nergy while maximizing the impact on splashback. See Contigiani 
t al. ( 2019a ) for more details. 

To match the expectation of the model to observations, we 
rst converted the M 200m 

lensing measurement into an expected 
plashback radius r sp, L by reversing the procedure explained at the 
nd of Section 4.1 and then compared the measured r sp to this value.
rom the high-mass data, we obtained the following 1 σ constraints: 

r sp, L − r sp 

r sp, L 
= 0 . 07 ± 0 . 20 ⇒ f < 1 . 8 . (21) 

The symmetron theories associated with z SSB ∼ 1 and cluster-sized 
bjects correspond to a coupling mass M S scale of the order of 10 −6 

lanck masses, a region of the parameter space which is still allowed
y the solar-system constraints (Hinterbichler et al. 2011 ) and which
as not been explored by other tests of symmetron gravity (see e.g.
urrage & Sakstein 2018 ; O’Hare & Burrage 2018 ). In particular,

he upper limit on f produced here directly translates into a constraint
n the symmetron field potential of Contigiani et al. ( 2019a ). 1 In
erms of the explicit parameters of the potential, reported here with
n additional subscript s for clarity ( M s , λs , μs ), we can define the
e generac y line delimiting the boundary of the constraint using the
ollowing relations: 

 ∝ μs λ
−1 
s M 

−4 
s (1 + z ssb ) 

3 ∝ M 

2 
s μ

2 
s . (22) 
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M

Figure 5. Galaxy distribution measurements scale better with redshift 
compared to lensing measurements. The three panels show the posterior 
distribution of r sp obtained with the two techniques discussed in this paper 
for three different redshift ranges. The coloured error bars indicate the 68 
percentile interval of each distribution. From top to bottom the ratio between 
the intervals for the two techniques increases significantly: [0.15, 0.25, 0.4], 
proving the presence of a different redshift dependence that benefits the galaxy 
distribution measurement. Note that this figure uses r sp as a comparison 
variable instead of the mass used in Fig. 4 . This choice is due to the smaller 
error bars for this parameter. See the final paragraph of Section 4.1 for more 
details about how the one-to-one transformation between these two variables 
was obtained. 
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herefore, our result shows that we can test the existence of
calar fields with quite weak couplings and directly project these
easurements into a broader theory parameter space. 

.2 Futur e pr ospects 

ur results show that the precision of the reco v ered splashback mass
s not comparable to the low uncertainty of the lensing measurements.
ecause of this, every constraint based on comparing the two is
NRAS 518, 2640–2650 (2023) 
urrently limited by the uncertainty of the first. While this paper’s
ocus is not to provide accurate forecasts, we attempt to quantify
ow we expect these results to improve in the future with larger and
eeper samples. In particular, we focus our attention on wide stage-
V surv e ys such as Euclid (Laureijs et al. 2011 ) and Le gac y Surv e y
f Space and Time (LSST; LSST Science Collaboration 2009 ). 
First, we investigate how our results can be rescaled. In the process

f inferring M 200m 

from r sp , we find that the relative precision of the
ormer is al w ays a multiple (3–4) of the latter. This statement, which
e have verified over a wide range of redshifts ( z ∈ [0, 1.5]) and
asses ( M 200m 

∈ [10 13 , 10 15 ] M �), is a simple consequence of the
ow slope of the M 200m 

− r sp relation. Secondly, we estimate the size
f a cluster sample we can obtain and how that translates into an
mpro v ed errorbar for r sp . LSST is expected to reach 2.5 magnitudes
eeper than KiDS and to co v er an area of the sky 18 times larger
LSST Science Collaboration 2009 ). Part of this region is covered by
he Galactic plane and will need to be excluded in practice, but the
esulting LRG sample will reach up to z ∼ 1.2 and co v er a como ving
olume about a factor 100 larger than what is considered in this work.
ecause the selected LRGs are designed to have a constant comoving
ensity, we can use this estimate to scale the error bars of our galaxy
rofile measurement. A sample N = 100 times the size would result
n a relative precision in r sp of about 2.5 per cent, which translates
nto a measured M 200m 

below 10 percentage points. This result is
btained by simply re-scaling the error bars of the galaxy profiles
y a factor 

√ 

N = 10, but we stress that the effects do not scale
inearly for r sp due to the slightly skewed posterior of this parameter.

hile this uncertainty is still larger than what is allowed by lensing
easurements, we point out that this method can easily be applied to

igh-redshift clusters, for which lensing measurements are difficult
ue to the fewer background sources available (see Fig. 1 ). 
We note that this simple forecast sidesteps a few issues. Here

e consider three of them and discuss their implications and
ossible solutions. (1) At high redshift, colour identification requires
dditional bands, as the 4000 Å break mo v es out of the LSST grizy
lters. Additional photometry might be required to account for this
nd to produce an accurate redshift-dependent selection throughout
he entire volume co v ered by the surv e y. (2) Ev en if we assume that an
RG sample can be constructed, the population of orbiting satellites
t high redshift might not necessarily be easy to identify as the red
equence is only beginning to form. Ideally, there is al w ays a colour–
agnitude galaxy selection that provides a profile compatible with

he dark matter profile, but, at this moment, further investigation
s required. (3) Finally, with more depth, we also expect fainter
atellites to contribute to the galaxy profile signal, but the details
f this population for large cluster samples at high redshift are not
nown. A simple extrapolation of the observed satellite magnitude
istribution implies that the number of satellites forming the galaxy
istribution signal might be enhanced by an additional factor 10,
educing the errors in mass to a few percentage points. This, ho we ver,
s complicated by the fact that different galaxy populations might
resent profiles inconsistent with the dark matter features (O’Neil
t al. 2022 ). 

In addition to the forecast for the galaxy profiles discussed
bo v e, we also e xpect a measurement of r sp with a few percentage
oint uncertainty directly from the lensing profile (Xhakaj et al.
020 ). This precision will only be available for relati vely lo w
edshifts ( z ∼ 0.45), enabling a precise comparison of the dark
atter and galaxy profiles. This cross-check can also be used to

nderstand the effects of galaxy evolution in shaping the galaxy
hase-space structure (Shin et al. 2021 ) and help disentangle the
ffects of dynamical friction, feedback, and modified models of
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ark matter (Adhikari, Dalal & Clampitt 2016 ; Banerjee et al. 
020 ). 

 C O N C L U S I O N S  

ccretion connects the mildly non-linear environment of massive 
aloes to the intrinsic properties of their multistream regions. In the 
ast few years, precise measurements of the outer edge of massive 
ark matter haloes have become feasible thanks to the introduction 
f large galaxy samples and a new research field has been opened. 
In this paper, we have used the splashback feature to measure the

verage dynamical mass of haloes hosting bright KiDS LRGs. To 
upport our result, we have validated this mass measurement using 
eak lensing masses and a simple abundance-matching argument 

see Fig. 4 and Table 2 ). 
The main achievement that we want to stress here is that these self-

onsistent measurements are e xclusiv ely based on photometric data. 
n particular, the bright LRG samples used here can be easily matched
o simulations, offer a straightforward interpretation, and, in general, 
re found to be robust against systematic effects in the redshift
alibration (Bilicki et al. 2021 ). This is in contrast to other dynamical
ass results presented in the literature: such measurements are based 

n e xpensiv e spectroscopic data (see e.g. Rines et al. 2016 ) and are
ound to produce masses higher than lensing estimates (Herbonnet 
t al. 2020 ), an effect which might be due to systematic selection
iases afflicting these more accurate measurements (Old et al. 2015 ). 
Because the relation between r sp and halo mass depends on cos-
ology, this measurement naturally provides a constraint on structure 

ormation. In this work, we have shown how the combination of
plashback and lensing masses has the ability to constrain deviations 
rom GR and the presence of fifth forces (see Section 5.1 ). 

Although the precision of the splashback measurement is relatively 
ow with current data, trends with redshift, mass, and galaxy proper- 
ies are expected to be informative in the future (Xhakaj et al. 2020 ;
hin et al. 2021 ). Next-generation data will enable new studies of the
hysics behind galaxy formation (Adhikari et al. 2021 ), as well as the
arge-scale environment of massive haloes (Contigiani et al. 2021 ). 
s mentioned in Section 5.2 , stage IV surv e ys will substantially

dvance these new research goals. In particular, we have shown that 
plashback masses scale purely with surv e y volume, unlike lensing. 
his implies that this technique is uniquely positioned to provide 
ccurate high-redshift masses. 
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