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A B S T R A C T 

The splashback radius, coinciding with the minimum in the dark matter radial density gradient, is thought to be a universal 
definition of the edge of a dark matter halo. Observational methods to detect it have traced the dark matter using weak gravitational 
lensing or galaxy number counts. Recent attempts have also claimed the detection of a similar feature in Sun yaev–Zel’do vich 

(SZ) observations of the hot intracluster gas. Here, we use the FLAMINGO simulations to investigate whether an extremum 

gradient in a similar position to the splashback radius is predicted to occur in the cluster gas profiles. We find that the minimum 

in the gradient of the stacked 3D gas density and pressure profiles, and the maximum in the gradient of the entropy profile, 
broadly align with the splashback feature though there are significant differences. While the dark matter splashback radius varies 
with specific mass accretion rate, in agreement with previous work, the radial position of the deepest minimum in the log-slope 
of the gas density is more sensitive to halo mass. In addition, we show that a similar minimum is also present in projected 2D 

pseudo-observable profiles: emission measure (X-ray), Compton- y (SZ), and surface mass density (weak lensing). We find that 
the latter traces the dark matter results reasonably well albeit the minimum occurs at a slightly smaller radius. While results for 
the gas profiles are largely insensitive to accretion rate and v arious observ able proxies for dynamical state, they do depend on 

the strength of the feedback processes. 

Key words: methods: numerical – galaxies: clusters: general – galaxies: clusters: intracluster medium – dark matter – large-scale 
structure of Universe. 
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 I N T RO D U C T I O N  

alaxy clusters are the result of hierarchical structure formation, 
orming from the collapse of dark matter o v erdensities. The grav-
tational potential provided by these massive haloes allows gas, 
alaxies, and stars to reside within and form the galaxy clusters we
bserve. Defining an edge of these systems is not trivial. Currently, 
pherical o v erdensities are used, where the boundary radius is defined
s the point within which the average density of a cluster reaches a
ertain value. For example, R 200m 

and R 200c correspond to the radii at
hich the average cluster density within reaches 200 times the mean 

nd critical density of the uni verse, respecti vely, and M 200m 

and M 200c 

re the masses within these radii, respectively. It has been proposed 
o instead define a cluster’s boundary following the trajectories 
f dark matter particles. The splashback radius is a boundary 
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etween infalling and collapsed dark matter, defined as the radius 
f the apocentre of the first orbit of dark matter particles (Diemer
 Kravtsov 2014 ) and as such is a model-independent physical

efinition of the cluster edge. It has been shown using simulations
hat this radius can be identified using the local logarithmic slope of
he dark matter density profiles, where the steepest slope corresponds 
o the dark matter particles piling up at the apocentre of their first
rbit (Diemer et al. 2017 ). Diemer ( 2020 ) found that defining the
ass function of a halo using the splashback radius/mass leads to
 more universal mass function, i.e. more independent of redshift 
nd cosmology, than using radii such as R 200m 

. For Lambda cold
ark matter models, they find the universality to be similar to
sing either the virial mass or spherical o v erdensities. Ho we ver, in
ome alternative cosmologies, the splashback mass functions are 
ignificantly more universal. Therefore, the splashback radius is 
ikely to be a more meaningful halo boundary definition. 

The splashback radius has been detected observationally using 
 variety of methods. Often, this is done using a stacked sample
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f galaxy clusters by using a proxy to measure the mass content
f the cluster, for example, via weak lensing (e.g. Chang et al.
018 ; Contigiani, Hoekstra & Bah ́e 2019 ; Shin et al. 2021 ; Fong
t al. 2022 ). In addition, the splashback radius has been detected
sing measurements of the galaxy number density (e.g. More et al.
016 ; Baxter et al. 2017 ; Z ̈urcher & More 2019 ; Shin et al. 2021 ;
opylova & Kopylov 2022 ; Rana et al. 2023 ). Ho we ver, past works
ave found that the method of galaxy cluster selection affects the
btained splashback radius (e.g. Busch & White 2017 ), with optically
elected clusters resulting in smaller splashback radii than expected
rom simulations (More et al. 2016 ; Chang et al. 2018 ; Shin et al.
019 ). Currently, there has only been one tentative measurement of
he splashback radius of an individual cluster rather than a stacked
ample, measured using intracluster light (Gonzalez et al. 2021 ). 

Simulations, both N -body and hydrodynamical, have been used to
nvestigate the splashback radius. They allow both the measurement
f the trajectories of the individual dark matter particles as well as of
he slope of the density profiles to determine the splashback radius,
hich Diemer & Kravtsov ( 2014 ) showed are the same feature.

nvestigation has led to the well-known negative correlation between
pecific mass accretion rate and the splashback radius of a cluster
normalized using the spherical o v erdensity radius, R 200m 

) (e.g.
iemer & Kravtsov 2014 ; Diemer et al. 2017 ; Mansfield, Kravtsov
 Diemer 2017 ; Deason et al. 2021 ; O’Neil et al. 2021 ; Diemer

022 ). In addition, Diemer et al. ( 2017 ) and O’Neil et al. ( 2021 )
the latter of which used IllustrisTNG, a full hydro simulation) have
oth shown further correlations between the splashback radius of a
luster and its mass and redshift. Furthermore, simulations allow the
nvestigation of projection effects on the obtained splashback radius.
 or e xample, Deason et al. ( 2021 ), who studied both dark matter and
tellar density profiles in simulated clusters, found that, on average,
he location of the caustic in projected profiles is approximately ten
er cent smaller than the caustic found in 3D density profiles. 

It may also be possible to infer the position of the dark matter
plashback radius from gas observables. Lau et al. ( 2015 ) and Aung,
agai & Lau ( 2021 ) studied a set of 65 clusters from the Omega500
on-radiative cosmological simulation Nelson et al. ( 2014 ), finding
he location of the minimum gas density gradient (and maximum
ntropy gradient) to occur around the same location as the splashback
adius. O’Neil et al. ( 2021 ) studied the Illustris-TNG300 simulation
e.g. Nelson et al. 2018 ) and showed that the gas density gradient
inima consistently occurred at smaller radii than for the dark matter

rofiles (around 20–30 per cent on cluster scales). Observationally,
nbajagane et al. ( 2023 ) found a similar feature when analysing
Z Compton- y (i.e. projected gas pressure) profiles of around 10 5 

lusters. 
As the gas is collisional, it does not behave in the same way as the

ark matter so any physical origin of the association between their
ensity gradient minima is unclear. One possibility is that the gas
eature is associated with the accretion shock. Shi ( 2016 ) studied self-
imilar spherical collapse models (Bertschinger 1985 ) and showed
hat this radius coincides with the splashback radius in clusters with

= 5/3 and moderate accretion rates. Ho we ver, Aung, Nagai &
au ( 2021 ), who locate the shock radius using the minimum entropy
radient, find cluster accretion shocks at around twice the splashback
adius (a similar result was found by Baxter et al. 2021 , based on
Z Compton- y profiles). An alternative possibility is that the gas
rofile shape is the result of the underlying (dark matter-dominated)
ravitational potential. 
In this work, we use the FLAMINGO simulations (Kugel et al.

023 ; Schaye et al. 2023 ) to investigate methods of identifying
he splashback radius in galaxy clusters, focusing particularly on
NRAS 529, 2017–2031 (2024) 
dentifying a reflection of the splashback feature in baryonic profiles
nd whether it is possible to find a corresponding splashback
eature in potentially observable projected profiles. The FLAMINGO
imulation suite contains cosmological boxes run with full hydrody-
amics up to a box of side length 2.8 Gpc. This results in hundreds
f thousands of simulated galaxy clusters with M 200m 

> 10 14 M �,
iving an excellently sized sample to determine the best way to
dentify the splashback radius and potentially its reflection in cluster
as properties. 

In Section 2 , we summarize the FLAMINGO simulations and the
ifferent baryonic models we have analysed in this work. We also
efine the profiles we have extracted from the simulations, both 3D
ensity profiles and 2D projected observable profiles. In Section 3 ,
e discuss stacking the cluster profiles. Next, we discuss the minima
btained from the log-slope of various cluster profiles, how these
epend on cluster properties and how well the minima in the dark
atter and gas densities correspond. Furthermore, in Section 3.3 ,
e discuss how the correspondence between the minima in the dark
atter and gas densities varies between simulations with different

aryonic physics and cosmological models. In Section 4 , we present
ur results for projected observables, both gas and dark matter, and
nvestigate which give a good estimate for the splashback radius.
inally, in Section 5 , we summarize our results. 

 F L A M I N G O  SI MULATI ONS  

he FLAMINGO simulations (Full-hydro Large-scale structure
imulations with All-sky Mapping for the Interpretation of Next
eneration Observations Schaye et al. 2023 ) are a suite of cosmo-

ogical simulations for cluster physics and cosmology run using the
moothed particle hydrodynamics (SPH) code SWIFT (Schaller et al.
023 ). The suite contains a variety of cosmological simulation boxes
ith side lengths up to 5.6 Gpc when running dark matter only and
.8 Gpc with full hydrodynamics. 
FLAMINGO bases its subgrid prescriptions on those developed

or the OWLS (Schaye et al. 2010 ) and EAGLE (Schaye et al.
015 ) projects. This includes element-by-element radiative cooling
nd heating rates from Ploeckinger & Schaye ( 2020 ); stellar mass-
oss from stellar winds arising from core-collapse supernovae, type
a supernov ae, massi ve stars, and asymptotic giant branch stars
mplemented as described in Wiersma et al. ( 2009 ) and Schaye
t al. ( 2015 ); stellar feedback as in Dalla Vecchia & Schaye ( 2008 )
nd Chaikin et al. ( 2023 ), which is implemented by kicking SPH
eighbours of young star particles; placing black hole seeds in
uf ficiently massi v e re gions following Di Matteo et al. ( 2008 ) and
ooth & Schaye ( 2009 ); and thermally implemented AGN feedback

ollowing Booth & Schaye ( 2009 ). 
A variety of models were run in addition to the fiducial model in

 1 Gpc box, this includes eight alternative astrophysics variations
nd four additional cosmologies. The astrophysical variations were
alibrated to different values of the low-redshift galaxy stellar mass
unction and galaxy cluster gas fractions (see table 2 of Schaye et al.
023 , for details of the variations of the observable data). Varying
our of the subgrid parameters allowed these observed quantities to
e altered in the resulting simulation by fixed amounts (the variations
f these four parameters are given in table 1 of Schaye et al. 2023 ). In
ection 3.3 , in addition to the fiducial model, we look at results from

he alternative astrophysics models that vary the cluster gas fraction
labelled as fgas + 2, –2, –4, and –8 σ ). The subgrid parameters of the
ducial model were calibrated directly to observations whereas the
ifferent fgas models were calibrated to match observed error bars of
he cluster gas fraction using machine-learning optimization (Kugel
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t al. 2023 ). In addition, we also look at the two models that alter the
GN feedback mechanism from thermal injection to jet feedback 

Jet and Jet fgas-4 σ ) using the method of Hu ̌sko et al. ( 2022 ). These
ere separately calibrated to observed data or their error bars. This

esults in more energy output from AGN feedback being distributed 
o the outskirts of clusters, albeit non-isotropically. 

In addition to the effect of the baryonic model, we also briefly
ook at the cosmology variations of the simulation (see Appendix 
 ). The fiducial model uses the cosmological model given by the
ark Energy Surv e y Y3 (DES Collaboration et al. 2022 ) and the

lternative models use results from Planck (Planck Collaboration 
I 2020 ) or the ‘lensing cosmology’ from Amon et al. ( 2023 ) and

nclude varying neutrino masses. 
In this work, we analyse the results of two simulation box sizes:

.0 and 2.8 Gpc with a resolution giving a particle gas mass of m gas ≈
0 9 M �, these are labelled as L1 m9 and L2p8 m9, respectively. The
arger of these was only run with the fiducial model. We use data
rom the smaller box to compare the different cosmological models 
nd baryonic physics runs as well as to investigate the effects of
rojection. In both cases, our sample is selected such that all clusters
ave a mass of M 200m 

> 10 14 M �. 

.1 Profile definitions 

n this work, profiles were extracted from galaxy clusters in the 
LAMINGO simulation data set. 3D density profiles for both gas and 
ark matter ( ρgas and ρDM 

, respectively) were obtained by centring a 
eries of spherical shells on the VELOCIRAPTOR (Elahi et al. 2019 )
etermined halo centre within 0.1–5 R 200m 

with 44 equally spaced 
ogarithmic bins and measuring the total mass of each particle type 
n that shell. The density profiles were extracted for all clusters with
 mass M 200m 

> 10 14 M � (defined as the mass within R 200m 

), giving
pproximately 16 000 clusters for each model in the 1 Gpc box and
80 000 clusters in the 2.8 Gpc box. In addition to the 3D density
rofiles for gas and dark matter, we also measure the mass-weighted 
as temperature, 

 = 

∑ 

i m i T i ∑ 

i m i 

, (1) 

here we weight the temperature by the mass ( m ) of the i th particle.
e use the gas density and temperature profiles to estimate the 

ressure, P , and entropy, K , profiles as 

 = 

ρgas 

μm p 
k B T , (2) 

 = 

k B T 

( ρgas /μm p ) 2 / 3 
, (3) 

here we assume homogeneous clusters with primordial abundance 
iving μ = 0.59 as the mean molecular weight. 
In addition to the 3D profiles, we extract potentially observable 

D profiles to investigate how well we can obtain the splashback 
adius from different observables. These include the total mass 
urface density profile (rele v ant to weak lensing), hot gas emission
easure (a proxy for the soft X-ray band), and integrated Compton-
 profiles (SZ). For each of these, a series of cylindrical shells
ere placed around the cluster centre of potential with a total 
epth of 10 R 200m 

, this depth was found to be sufficiently deep to
nsure the profiles were converged. Each cylindrical bin is split into 
 seg = 50 angular segments and a median value for each radial
in is calculated (more detail of this process is in Towler, Kay &
ltamura 2022 ) to reduce the noise in the profile due to substructures

Mansfield, Kravtsov & Diemer 2017 ; Deason et al. 2021 ). While this
zimuthal median method has been used observationally in X-rays, 
he splashback radius is located in the very outskirts of clusters, where
he signal to noise is limited. Therefore, it will only be possible to

easure observable profiles using this technique in future surv e ys.
e measure the surface density, �, by calculating the total mass

ensity in each segment and taking a median o v er all se gments
represented by 〈〉 seg ) in each radial bin, 

 = 

〈∑ 

i m i 

V seg 

〉
seg 

, (4) 

here V seg is the volume of the angular segment. The emission
easure is computed as 

M( R) = 

〈 

X H 

μe m 

2 
p A seg 

∑ 

i= 1 

ρi m i 

〉 

seg 

, (5) 

here X H = 0.76 represents the hydrogen mass fraction, μe = 

.14 the mean molecular weight per free electron and, A seg the
ross-sectional area of the angular segment. Finally, the integrated 
ompton- y is measured following 

 = 

〈 

k B σT 

m e c 2 μe m H A seg 

N seg ∑ 

i= 1 

T i m i 

〉 

seg 

. (6) 

e measure these profiles three times for each cluster, one for each
erpendicular projection along each simulation axis and each of these 
re treated as an independent cluster profile. 

.2 Stacking 

he splashback radius is large enough that observers normally need 
o stack profiles to be able to identify the splashback feature in the
utskirts of clusters. In addition, clusters contain intrinsic scatter in 
heir density profile due to the presence of substructure and so we can
mpro v e the noise levels of the extracted density profiles by stacking
hem and obtain an average profile for similar clusters. We split the
luster sample o v er bins of equal spacing in the chosen quantity for
tacking. Once a set of profiles have been stacked, we smooth the
rofiles using the fourth-order Savitzky–Golay smoothing algorithm 

Savitzky & Golay 1964 ) with a window size of the 19 nearest bins
o remo v e an y remaining noise, but this effect is minimal due to the
arge sample used. From these profiles, we take the radial gradient of
he log profiles and then extract the radius of the gradient minimum
n the profile to get the splashback radius or the location of the gas
inima. In this section, we discuss the criteria we use to stack, using

riteria which are all indicators of cluster dynamical state, and the
ffect of the cluster selection and stacking on the profiles. 

.2.1 Theoretical criteria 

t has been shown that the splashback radius is strongly correlated
ith the accretion rate of the cluster (Diemer & Kravtsov 2014 ). The
ravitational potential in high accretion rate clusters deepens faster, 
ecreasing the splashback radius because it reflects earlier infall. The 
orrelation between these means that stacking in bins of accretion 
ate leads to profiles with similar splashback radii and so the stacked
plashback feature is relati vely narro w and will not be broadened due
o stacking. 

Following Diemer et al. ( 2017 ), we define the specific accretion
ate to be 

( t ) = 

log [ M 200m 

( t ) ] − log 
[
M 200m 

( t − t dyn ) 
]

log [ a( t ) ] − log 
[
a 
(
t − t dyn 

)] , (7) 
MNRAS 529, 2017–2031 (2024) 
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here t dyn is the dynamical time and corresponds to approximately
( t − t dyn ) = 

2 
3 ( z = 0.5) for haloes at a ( t ) = 1 ( z = 0) (Diemer 2017 ;

eason et al. 2021 ). 
The ratio of the kinetic and thermal energy ( E kin and E therm 

,
espectively) within a cluster can also be used to measure the
ynamical state of simulated clusters (e.g. Barnes et al. 2017 ). This is
easured using only one snapshot of the simulation and so is a more

nstantaneous measure of the dynamical state of the cluster than the
ccretion rate, which is measured o v er a dynamical time. In addition,
s it is measured using the energy of the gas, it can capture any
ynamical differences that arise in the gas that might not exist in the
ark matter, for example, due to feedback processes. It is calculated
ia 

 E = 

E kin 

E therm 

= μm H 

∑ 

i m i v 
2 
i 

3 k B 
∑ 

i m i T i 
, (8) 

umming o v er the mass, cluster rest-frame speed ( v i ) and temperature
f the gas particles i within R 200m 

. Similar to the accretion rate and
he true mass of a cluster, this is a purely theoretical quantity and so
annot be derived from observational data. 

.2.2 Observable criteria 

ue to the well-known correlation between the splashback radius and
he accretion rate (e.g. Diemer & Kravtsov 2014 ; Wetzel & Nagai
015 ; Mansfield, Kravtsov & Diemer 2017 ; O’Neil et al. 2021 ),
e would ideally stack cluster profiles in bins of accretion rate.
o we ver, it is not directly observable, so instead we use methods
f measuring the current dynamical state of clusters, as those that
ave recently accreted large amounts of mass, for example, through
ergers, are much more likely to be disturbed. We investigate a series

f gas morphology criteria to investigate their correlations with the
ccretion rate and splashback radius. These were measured using
mission measure maps of the clusters and therefore trace the gas
istribution within a cluster. We use the following: 

(i) The concentration parameter, 

 = 

EM( < 0 . 15 R 500c ) 

EM( < R 500c ) 
, (9) 

hich compares the total emission measure within two apertures of
.15 R 500c and R 500c to find clusters with a brighter, cooler core, which
end to be more relaxed (Peterson & Fabian 2006 ) and have a larger
 . 

(ii) The symmetry statistic (Mantz et al. 2015 ), 

 = − log 10 

⎛ 

⎝ 

1 

N el 

N el ∑ 

j= 1 

δj,c 

〈 b el 〉 j 

⎞ 

⎠ , (10) 

here a series of N el = 5 ellipses have been fit to an emission
easure map (a proxy for surface brightness in this case) of a cluster

t different brightness levels varying between 0.1 −1.0 R 500c . The
istances between the centres of the ellipses and the cluster centre,
j , c , are compared with the average of the minor and major axes
f the j th ellipse, 〈 b el 〉 j . This measures the symmetry of a cluster
round its global centre, in this case the point of minimum potential.
 higher value of s shows that a cluster is more symmetrical and

herefore more relaxed. 
(iii) The alignment statistic, 

 = − log 10 

⎛ 

⎝ 

1 

N el − 1 

N el −1 ∑ 

j= 1 

δj ,j + 1 

〈 b el 〉 j ,j + 1 

⎞ 

⎠ , (11) 
NRAS 529, 2017–2031 (2024) 
hich is measured using the same fitted ellipses as the symmetry
tatistic. Ho we ver, this parameter aims to measure how the amount of
ubstructure shifts at different radii. Therefore, it instead compares
he distances between the centres of adjacent ellipses, δj , j + 1 , to
he average of the ellipse axes of the same adjacent ellipses, 〈 b el 〉 .
imilarly to the symmetry statistic, a larger value of a shows a cluster

s more relaxed. 
(iv) The centroid shift (Maughan et al. 2012 ) 

 w〉 = 

1 

R 500c 

√ ∑ M 

i ( 	 i − 〈 	 〉 ) 2 
M − 1 

, (12) 

easures the distance between the centroid of the surface brightness
nd the global centre of the cluster ( 	 ), averaged over M = 8
ncreasingly smaller apertures within 0.15 − 1.0 R 500 c . Smaller values
f 〈 w〉 correspond to a smaller shift and the clusters are therefore
ore relaxed. 

In addition to these morphology criteria, we investigate whether
he magnitude gap, the difference in magnitude between the brightest
luster galaxy (BCG) and the n th brightest galaxy, can be used as a
roxy for the accretion rate. Over time, satellite galaxies get tidally
isrupted and stripped of matter, and it has been shown that larger
atellites are affected more by dynamical friction. Therefore, as a halo
ges, the brightness gap between the BCG and the brightest satellites
rows. Shin & Diemer ( 2022 ) proposed that the magnitude gap
hould ne gativ ely correlate with accretion rate as a large magnitude
ap is an indicator of an old halo and hence low accretion rate.
 ollowing F arahi, Ho & Trac ( 2020 ), we measure the magnitude
ap between the BCG and fourth brightest galaxy and denote this
s M 14. We use the galaxy r -band luminosities measured within
 50 pkpc 3D aperture around the galaxy centre provided by the
pherical Overdensity and Aperture Processor (SOAP 

1 ) catalogue to
etermine the galaxy luminosities and hence measure the magnitude
ap of each cluster. 

We compare both the theoretical and observational criteria taken
rom L1 m9 in Fig. 1 , the relationships between quantities are shown
n the off diagonals and the distribution of each quantity on the
iagonal. In addition, in the top right, we show a correlation matrix
howing the Pearson correlation coefficients between the different
riteria. The morphology criteria were calculated three times for
ach cluster, one for each perpendicular axis from emission measure
aps. In Fig. 1 , only one direction is chosen to keep the sample

izes the same between 2D and 3D criteria. We find that there is
 weak correlation between the mass of a cluster and almost all
ther quantities. Therefore, when splitting clusters into bins of the
ther quantities, each bin will be dominated by low-mass clusters.
onversely, we find particularly strong correlations between the
ccretion rate and the energy ratio, symmetry statistic and centroid
hift. In cases with higher mass accretion, we expect the gas within a
luster to be more disturbed and therefore the energy ratio increases
ith the accretion rate. In addition, both the symmetry statistic and

entroid shift measure how visibly dynamically disturbed the cluster
s and so we expect these to correlate well with the accretion rate. 

 RESULTS  F RO M  3 D  PROFILES  

n this section, we investigate the effects of stacking the 3D profiles
btained from the z = 0 output of FLAMINGO’s fiducial hydro run,

https://github.com/SWIFTSIM/SOAP
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Figure 1. Corner plot comparing the total cluster mass, specific accretion rate (equation 7 ), gas energy ratio (equation 8 ), magnitude gap, concentration (equation 
9 ), symmetry (equation 10 ), alignment (equation 11 ), and centroid shift (equation 12 ) for the L1 m9 cluster sample. The diagonal gives the distribution for each 
quantity. The upper right corner shows a correlation matrix with the Pearson coefficients for each of the different stacking criteria. The dashed box shows the 
area containing the correlations between the different 2D criteria. 
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he 2.8 Gpc box, L2p8 m9. We investigate both the stacked dark
atter and gas profiles as well as the radius and depth of the minima

f the slope found in each profile. 

.1 Effects of stacking DM profiles 

ig. 2 shows the stacked dark matter density (top row), gas density
second row), pressure (third row), and entropy (bottom row) gradient 
rofiles in bins of accretion rate (left column), mass (middle column), 
nd energy ratio (right column). In agreement with Diemer & 

ravtsov ( 2014 ), Diemer et al. ( 2017 ), and O’Neil et al. ( 2021 ),
e find that the minimum (most ne gativ e) local gradient in the dark
atter profile corresponding to the splashback radius depends on 

he accretion rate of the clusters (see top left panel). This is to be
xpected as a larger recent accretion rate results in a steeper potential
hich leads to a smaller splashback radius. We also find that the

lusters with the lowest accretion rate have an additional feature in 
he dark matter profiles at a smaller radius than the splashback radius.
eason et al. ( 2021 ) suggest this is a ‘second caustic’ feature (first
iscussed in Adhikari, Dalal & Chamberlain 2014 ), corresponding 
o a build-up of dark matter particles at the apocentre of their second
rbit. Clusters with low accretion rates tend to be older and more
elaxed, and so the particles will have had enough time to enter their
econd orbit. 

We also find a weak mass dependence for the splashback radius
see middle column of top row) o v er the range M 200m 

> 10 14 M �
where the maximum mass is set by the most massive cluster in
ur sample, M 200m 

= 10 15 . 58 M �). This is in agreement with what
as been found by Diemer et al. ( 2017 ) and O’Neil et al. ( 2021 ).
o we ver, the mass dependence of the splashback radius may be
ue to a correlation between the mass and accretion rate (Diemer &
ravtsov 2014 ) as we expect less massive clusters to be more relaxed.
o we ver, from Fig. 1 , we expect this correlation to be weak. We

nvestigate this directly by splitting our cluster sample into both mass
MNRAS 529, 2017–2031 (2024) 
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Figure 2. Comparison of the effect of using different stacking criteria on the stacked (from top to bottom) dark matter density , gas density , pressure, and entropy 
gradient profiles. Left column: accretion rate (equation 7 ), middle column: mass, and right column: gas kinetic-thermal energy ratio (equation 8 ). 
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ins and bins of accretion rate within that. Fig. 3 shows the resulting
ark matter and gas density gradient profiles when stacked in this
anner. We find that the dark matter profiles are nearly independent

f the cluster mass for a fixed range of accretion rate values.
herefore, it is likely that the small-mass dependence in the dark
atter profiles of Fig. 2 originates entirely from the accretion rate 

ependence. 
In Fig. 2 , we also investigate whether there is a correlation between

he splashback radius and the gas kinetic-thermal energy ratio within
lusters. In general, the density gradient of the more relaxed clusters,
hich have a lower fraction of kinetic energy ( X E ), match that of

he clusters with smaller accretion rates and have a larger splashback
adius. In addition, the strong correlation between the mass accretion
ate and energy ratio is clear from the fact that the second caustic
eature in the least accreting clusters is also visible in the clusters
ith the lowest energy ratio. 
Fig. 4 explicitly shows the parameter dependence of the minimum

radient radius (top row) and depth (bottom row) for the dark matter
ensity, gas density and gas pressure profiles. The left panels shows
NRAS 529, 2017–2031 (2024) 
ow the radii and depths of the minima depend on the accretion rate.
n the upper left panel, we compare our FLAMINGO results with
he More, Diemer & Kravtsov ( 2015 ) model for dark matter density
rofiles, 

 SP /R 200m 

= A [ 1 + B
m 

( z) ] 
(
1 + Ce −�/D 

)
, (13) 

ith the values for the free parameters, A , B , C , and D found in
ore, Diemer & Kravtsov ( 2015 ), O’Neil et al. ( 2021 ), and fitted

n this work; see Table 1 for the values of the fitted parameters.
Ho we ver, one should note that More, Diemer & Kravtsov ( 2015 )
se a slightly different accretion rate definition.) We find that this
odel fits our relation reasonably well for dark matter. Overall, we
nd that our results agree with previous results (Diemer & Kravtsov
014 ; Deason et al. 2021 ; O’Neil et al. 2021 ). In addition, Fig. 4
hows the dependence on mass (central panels) and energy ratio
rightmost panels). Typically, the mass dependence of the radius of
he splashback feature in the dark matter is attributed to larger haloes
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Figure 3. Stacked dark matter (left panel) and gas (right panel) density 
gradient profiles in bins of both accretion rate (equation 7 ; different rows) 
and mass (different colours). 
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aving a higher accretion rate (e.g. Diemer & Kravtsov 2014 ), which
e also find to be true (see Fig. 3 ). 

.2 Effects on stacking gas property profiles 

eyond the accretion shock radius, the gas traces the dark matter 
omponent. Aung, Nagai & Lau ( 2021 ) found the accretion shock
o be 20–100 per cent larger than the splashback radius, when the
ormer is defined as minimum in the log-slope of the entropy. Farahi,
agai & Anbajagane ( 2022 ) also found that the dark matter and
as densities are tightly coupled beyond R 200c and the correlation 
etween the two quantities weakens within 0.3 R 200c of the centre of
he cluster. Therefore, there is likely a coupling between the gas and
ark matter density at scales close to the splashback radius, even if
t is not particularly strong. 

While minima in the log-slope of the dark matter density profile 
re dependent on the orbital dynamics within a halo, the cluster 
as is strongly affected by shocks. Shi et al. ( 2016 ) find that for an
diabatic index of γ ≈ 5/3, the self-similar collapse model predicts 
hat the splashback radius and the accretion shock radius align. 
o we ver , other works in vestigating the accretion shock radius have

ound it to be much larger than the range in which we expect to
nd the splashback radius. As mentioned before, Aung, Nagai & 

au ( 2021 ) find that the shock radius is 1.89 times larger than the
plashback radius. In addition, Anbajagane et al. ( 2022 ) measured
he location of minima in stacked observed Compton- y (projected 
hermal electron pressure) profiles. They find two minima, one at a
arge radius of 4.58 R 200m 

, which they find is consistent with accretion
hocks seen in other works, and one at 1.08 R 200m 

, consistent with
hat Anbajagane et al. ( 2023 ) found in the SPT and ACT data.
hey attribute this latter depression to arise from the thermal non-
quilibrium between electrons and ions in the intracluster medium. 
o we v er, the y also find that this feature does not appear when

reating a comparable stacked sample from The Three Hundred 
imulations. When including only the most relaxed cluster sample 
rom The Three Hundred simulations, they do find a reproduction 
f the same minimum even though the simulations do not model
on-equilibrium effects between electrons and ions, implying that, in 
imulations, the existence of this minimum in the extracted Compton- 
 profile depends on the dynamical state of the cluster sample. Both
hocks and the splashback lead to a drop in the gas density profile
O’Neil et al. 2021 ), but the shocks lead to a wider and shallower
inimum when profiles from multiple clusters are stacked, which 
e see in the right column of Fig. 2 , showing the stacked gas density
rofiles. The radius of the minimum of the gas density slope often
atches that of the dark matter, but this feature could be a reflection

f the splashback in the gravitational potential or a result of shocks. 
In Fig. 3 , where we split the clusters into bins of both cluster
ass and accretion rate, we see that the location of the gas minimum

s dependent on both properties (particularly mass), whereas the 
plashback minimum is solely dependent on the accretion rate. This 
ighlights the effect that the feedback and other baryonic processes 
re having on the gas density profiles (see also Fig. 4 ). 

In addition to the gas density, we investigate the logarithmic slope
rofiles of the gas pressure (left panel) and entropy (right panel) in
ottom two rows of Fig. 2 . We find that the pressure profiles also
ave a minimum gradient at approximately R 200m 

, but not a minimum
orresponding to the accretion shock radius in the expected range, 
–3 R 200m 

. The location of the pressure minimum corresponds well
ith the minima at smaller radii found by Anbajagane et al. ( 2022 ,
023 ) in observed Compton- y profiles. Ho we ver, they hypothesize
hat their pressure deficit arises from a thermal non-equilibrium 

etween ions and electrons, which our simulations do not model. 
e find minima in the log-slopes of the entropy profile at a radius

hat corresponds to the expected location of a shock feature, and
axima at approximately the splashback radius. The shapes of the 

ntropy profiles match that of Aung, Nagai & Lau ( 2021 ), but we find
hat our minima are much shallower and very strongly dependent on
he mass of the cluster. Ho we ver, we found that the way in which the
ntropy profiles are constructed affects the results in the outskirts. We
ombine our temperature and density profiles to obtain our entropy 
hereas, Aung, Nagai & Lau ( 2021 ) calculates the volume-weighted 

ntropy. 
Fig. 4 also shows the radii of the minima in the 3D pressure

radient profiles. The parameter dependence of the radius of the 
inimum of the pressure gradient profiles closely resembles that 

f the dark matter for the cluster mass and energy ratio. Ho we ver,
hen looking at the radii of the minima when stacking according to

he cluster mass accretion rate, we find almost no correspondence 
etween the minima in the dark matter density gradient and gas
ressure gradient. For example, in the most relaxed clusters ( � <
MNRAS 529, 2017–2031 (2024) 
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Figure 4. The dependence of the splashback radius on the three properties used to bin the haloes, accretion rate (equation 7 , left panel), mass (centre panel) and 
ratio of kinetic and thermal energy of the gas (equation 8 , right panel). The error bars show the three-sigma error found from bootstrapping the cluster sample 
in each bin used for stacking the profiles. 

Table 1. Fitted parameter values of equation ( 13 ) from More, Diemer & 

Kravtsov ( 2015 ), O’Neil et al. ( 2021 ) and this work. 

Model A B C D 

More, Diemer & Kravtsov ( 2015 ) 0 .54 0 .53 1 .36 3 .04 
O’Neil et al. ( 2021 ) 0 .8 0 .26 1 .14 1 .25 
This work 0 .88 0 .16 0 .87 1 .18 
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), the splashback radius is around 50 per cent larger than the gas
ressure (and density) gradient minimum radius. 
In summary, we find that the minimum of the log-slope in the

as density and pressure profiles often aligns with that of the dark
atter. Ho we ver, the radii of the minima in the gas properties are

articularly dependent on the mass of the cluster, showing that there
re other baryonic processes affecting these profiles. Furthermore,
e have identified minima in the log-slope of the entropy profiles,

orresponding to potential shock features which do not appear in the
as density or pressure profiles. 

.3 Alternati v e simulation models 

o investigate the effect of the baryonic physics model on the
plashback radius, we extract gas and dark matter density profiles
rom clusters from simulation runs with alternative physics, detailed
n Section 2 . This includes eight astrophysics variations, which are
alibrated to vary the resulting galaxy stellar mass function and
alaxy cluster gas fractions at low redshift. Furthermore, there are
our alternative cosmology runs including varying neutrino masses
see Schaye et al. 2023 , for further details), results from these runs
re presented in Appendix B . 

.3.1 Dark-matter-only simulations 

efore looking at the different baryonic physics models, we first in-
estigate how the inclusion of baryons affects the dark matter density
rofiles and reco v ered splashback radii. We compare the dark matter
nly run (hereafter DMO), L1 m9 DMO, with the hydro L1 m9 run.
he sample chosen from each simulation followed the previous mass
ut with all haloes with M 200m 

> 10 14 M � included. Ho we ver, haloes
end to be slightly more massive in DMO simulations due to feedback
lowing out baryonic matter in the hydrodynamical simulations.
onsequently, there are approximately 600 more haloes in the DMO

ample than the hydro sample, sufficiently small to not have a large
ffect on the resulting profiles. We highlight the differences in the
NRAS 529, 2017–2031 (2024) 
plashback radii obtained from each set of profiles in Fig. 5 , when
tacked according to the mass (left panel) and accretion rate (right
anel). We find that the differences between the dark matter density
rofiles for the DMO and hydro runs are minimal. On average, the
plashback radius taken from the DMO data is 1 per cent larger than
or the same cluster bin in the hydro run. Therefore, the addition of
aryons to the simulation has a minimal effect on the presence of the
plashback feature in the dark matter, in agreement with O’Neil et al.
 2021 ). The depth of the splashback feature is similarly unaffected,
n the DMO clusters the gradient is on average 1 per cent lower than
he clusters from the hydro simulation. 

.3.2 Alternative baryonic models 

e now look at the splashback feature obtained from dark matter
nd gas profiles from simulations that vary the resulting cluster gas
raction (models fgas + 2, –2, –4, and –8 σ ) and feedback mechanism
Jet and Jet fgas-4 σ , the latter also altering the cluster gas fraction).
his allows us to probe whether the baryonic physics model used in
 simulation affects the splashback feature and ho w sensiti ve it is to
arying amounts of AGN feedback. 

We compare the radius of the splashback minimum feature with
ifferent hydro runs relative to the fiducial run, L1 m9, in Fig. 6 , with
rror bars showing an estimate on the amount of noise we expect due
o sampling calculated by bootstrapping the clusters. The top row
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Figure 6. The variation between the splashback radius obtained for different stacking bins (from left to right, haloes are binned based on their accretion rate, 
mass, and energy ratio, respectively) for different baryonic physics runs in comparison to the fiducial run, L1 m9. The top row shows the splashback radius 
obtained from the dark matter density gradient profiles and the bottom row shows the radius of the feature reflected in the gas. The error bars show the uncertainty 
obtained by bootstrap resampling the clusters from the fiducial model. 
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hows the differences between the splashback feature found in the 
ark matter density profiles and the second row shows the same for
inima in the gas. We find, in agreement with O’Neil et al. ( 2021 ),

hat the location of the splashback radius itself (i.e. in the dark matter
ensity) is mostly unaffected by the baryonic physics model used. 
ven in the most extreme cases shown, the splashback radius only 
aries by about 5–6 per cent from the fiducial run but the difference
s not significantly larger than the sampling uncertainty. 

Ho we ver, we find that the baryonic physics model used has a much
arger effect on the radius of the gas minimum density gradient. The
tronger AGN feedback runs, for example, fg as-4 σ and fg as-8 σ , tend
o have minima at larger radii and similarly the weaker AGN run,
gas + 2 σ , at smaller radii. The ‘Jet’ runs result in the gas minima
ccurring at smaller radii. The location of the minimum is strongly
ependent on the amount of feedback, i.e. energy given off by the
luster AGN, within a cluster and increased feedback ef fecti vely 
blows’ out the minimum to a larger radius. Lower mass clusters are
ore susceptible to the effects of feedback so this is most obvious

n the middle panel where we can see models with higher levels of
eedback have a stronger effect on the radius of the minima of lower
ass clusters. This shows that the location of the minimum in the

as is not strictly defined by the location of the splashback (which
s set by gravitational physics) and various other hydrodynamical 
ffects within the gas can easily shape and mo v e it a way from the
plashback radius. 

 RESULTS  F RO M  PROJECTED  PROFILES  

dentifying the splashback radius in 3D profiles is useful to check how
t is affected by cluster properties, baryonic physics, and statistical 
f fects. Ho we v er, observ ers will only obtain projected images of
lusters and so the resulting measurement of the splashback radius 
ill be different. We discuss the effects of projection on the log-slope
ensity profiles as well as pseudo-observable profiles to investigate 
he differences between the splashback radii obtained from 3D 

ensity profiles and the radii of the minima of observable profiles. 

.1 Projected splashback radius 

e can calculate the radius where we expect to find splashback
eatures in projected profiles by fitting a model to the stacked 3D
ark matter density profile and projecting that model. Following 
iemer & Kravtsov ( 2014 ), we fit the following model for the dark
atter density: 

( r) = ρinner × f trans + ρouter , (14) 

here 

inner = ρs exp 

(
− 2 

α

[(
r 

r s 

)α

− 1 

])
(15) 

s the Einasto model describing the inner halo, 

 trans = 

[ 

1 + 

(
r 

r t 

)β
] − γ

β

(16) 

odels the transition region and 

outer = ρm 

[ 

b e 

(
r 

5 R 200m 

)−S e 

+ 1 

] 

, (17) 

odels the outer density profile. Once the ideal free parameters, { ρs ,
 s , r t , α, β, γ , b e , S e } , have been fitted to each dark matter density
rofile, we project the model using, 

( R) = 2 
∫ 5 R 200m 

R 

ρ( r ) r dr √ 

r 2 − R 

2 
, (18) 

nd identify the minimum from the gradient of the resulting projected
rofile. We then use this as the expected splashback radius in 2D
MNRAS 529, 2017–2031 (2024) 
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Figure 7. Maps of an example FLAMINGO cluster with mass M 200m 

= 1 . 97 × 10 14 M � and accretion rate � = 1.99 at z = 0. From left to right, these maps 
show the emission measure, Compton- y and total mass surface density of the cluster. Each map shows the location of the splashback radius ( R SP = 1.27 R 200m 

) 
obtained from the cluster’s 3D dark matter density gradient profile in white and the location of the minimum in the gradient profile of the respective 2D 

observable in black. We find the location of the minima to be R min = 1.04, 0.82, and 0.94 R 200m 

for the emission measure, Compton- y and total mass surface 
density , respectively . 
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o compare with observable profiles. Observational works such as
ore et al. ( 2016 ) and Z ̈urcher & More ( 2019 ) have shown that

he splashback radius found from projected profiles is smaller than
he radius found in 3D. In this work, we find that the minima in
hese projected gradient profiles are located on average at roughly
.82 ± 0.03 times that of the 3D splashback radii. 

.2 Obser v able profiles 

s described in Section 2.1 , profiles have been extracted from the
LAMINGO haloes to broadly represent what can be obtained
rom observations. Each halo was projected three times, once for
ach perpendicular axis of the simulation, and azimuthally averaged
mission measure (X-ray), Compton- y (SZ) and total surface density
weak lensing) profiles were extracted from each projection with
 total thickness of 10 R 200m 

. In this section, we show how these
rofiles are affected by different stacking methods as well as if
hese observable profiles could be used to accurately measure the
plashback radius. 

We show maps of an example FLAMINGO cluster of mass
 200m 

= 1 . 97 × 10 14 M � and accretion rate � = 1.99 in each of
hese three observables in Fig. 7 . The maps include circles denoting
he location of the 3D splashback radius for this cluster (1.27 R 200m 

,
n white) calculated from the dark matter density gradient profiles
nd the location of the minimum, R min , in each observable’s gradient
rofile (shown in black). The 3D splashback radius, as well as R min ,
n both emission measure and in surface density are approximately
ocated where one would expect for a cluster of this mass (see Figs 4
nd 8 ). Ho we ver, R min for the Compton- y profile is smaller than
e find in the stacked profiles. This is the result of looking at a

ingular cluster rather than a stacked cluster. Compton- y profiles
f individual clusters often contain multiple minima and so the
adius of the deepest minimum is found at smaller radii than in
tacked profiles where it is smoothed by the larger shock radius
eature. 

The observable gradient profiles stacked according to the accretion
ate, mass and energy ratio are shown in Fig. 9 . The log-slope of the
mission measure profiles shows a much deeper minimum than the
og-slope of the gas density (Fig. 4 ), because of the density-squared
ependence of the emission measure. The SZ profiles are similar to
hat we obtained from the 3D pressure profiles (Fig. 2 ), ho we ver,
e find much broader minima in the SZ due to projection effects.
NRAS 529, 2017–2031 (2024) 
s the mass of the cluster is dominated by dark matter, we expect
hat the surface density gradient profiles are similar to the gradient
rofiles for the 3D dark matter density (Xhakaj et al. 2020 ). We find
hat this is true, and that the location of the minima mo v es to smaller
adii and is broader than in the 3D dark matter profiles. 

We study the radius of the minimum gradient more closely in
ig. 8 . We also include the location of the minima we expect from
rojecting the same sample of 3D dark matter density profiles (black
ine). Overall, there is little correspondence between the radius of
he minima in the three observables. In general, the surface density
atches that of the projected model, again as expected as the surface

ensity will be dominated by dark matter. We consistently identify
inima in the emission measure and Compton- y profiles but these

ccur at a larger radius than the splashback radius. The differences
etween the locations of these minima and the splashback radius
ay have implications for the underlying physics of the components

ach of the observables probe. 
Furthermore, in Fig. 8 , we find that there is a mild anticorrelation

etween the accretion rate and the radius of the minimum in the
otal surface density gradient, similar to what we found for the dark
atter density in Fig. 4 but with a slightly less steep curve at low

ccretion rates. We find that the minimum radius is smaller in the
urface density than for the projected 3D dark matter density due to
he gas contribution. The minimum of the gas density gradient tends
o occur at smaller radii than the dark matter density (see Fig. 4 ) and
o when these are combined in the total surface density, the radius
f the gradient minimum is reduced with respect to the dark matter
lone. 

Fig. 8 also shows that there is no strong correlation between
 min for the surface density and the mass or the energy ratio. In
ddition, we find that the radius of the minimum in the emission
easure depends on the mass of the cluster. High-mass clusters

ave minima at smaller radii, at similar locations as the dark matter
plashback radii. Fig. 4 showed that the minima found in 3D gas
ensity gradient profiles do not show much of a correlation with either
he accretion rate or the energy ratio. Similarly, we find that R min for
he emission measure has a weak correlation with both quantities.
mission measure is expected to scale roughly with density squared
nd so we expect similar trends between the emission measure and 3D
as density. In addition, while there is not much of a trend between
he minima in the Compton- y gradient and the accretion rate or
nergy ratio, the radius of the minimum generally increases with 
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Figure 8. Comparison of the location of the minima of the three dif ferent observ able gradient profiles used in this work (emission measure, gold; Compton- y , 
blue; and surface density, purple) as well as the expected 2D splashback feature obtained from projecting the 3D dark matter density profiles. Each panel 
compares different bins used to stack the profiles (left panel: accretion rate, centre panel: mass, and right panel: energy ratio). Error bars show the 1 σ uncertainty 
from bootstrap resampling. 

Figure 9. Stacked projected gradient profiles for the three observables tested in this work. Top panel: X-ray emission measure, middle panel: Compton- y , 
bottom panel: total mass surface density. These profiles have been stacked according to the mass accretion rate (equation 7 , left column), mass (central column), 
and gas energy ratio (equation 8 , right column) of the clusters. 

 

w
s  

g
t  

m
b  

s
C
t  

u  

m  

a  

i  

s

4

W  

r  

o  

a  

w
m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/529/3/2017/7623036 by Sarah D
akin user on 25 Septem

ber 2024
This is at odds with the minimum in the pressure profiles (Fig. 2 )
hich decreases slightly for increasing mass, though this effect is not 

trong o v er the mass range used. In Fig. 9 , we saw that the Compton- y
radient profiles of the high-mass clusters have a broader minimum 

han at lower masses. In the pressure, it is common to have additional
inima in the gradient profiles of individual higher mass clusters, 

ut as these profiles have been stacked, the extra minima have been
moothed out to create a single broader minimum. In the projected 
ompton- y gradient profiles, this broadening of the minima tends 

o lead to R min being identified at larger radii but with an increased
ncertainty. Ho we ver, in the stacked 3D pressure profiles, Fig. 2 , the
inima at the larger radii are not as significant. The radii of minima
re reduced by projection and so the outer minima are further out
n 3D and have less of an effect on the pressure profiles around the
plashback radius. 

.2.1 Stacking profiles using observables 

hile the splashback radius has a strong dependence on the accretion
ate of the host halo, the accretion rate is not an observable property
f clusters. Instead, we aim to find an observable proxy that would
llow the cluster profiles to be stacked appropriately. In Fig. 10 ,
e show the three projected gradient profiles (top panel: emission 
easure, middle panel: Compton- y , and bottom panel: surface den-
MNRAS 529, 2017–2031 (2024) 
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M

Figure 10. Stacked projected gradient profiles of the three observables tested in this work, top panel: X-ray emission measure, middle panel: Compton- y , bottom 

panel: total mass surface density obtained from weak lensing. These profiles have been stacked according to the four morphology criteria and the magnitude 
gap, see Section 2.2.2 . From left to right, the plot shows bins in concentration, symmetry, alignment, centroid shift, and magnitude gap. The clusters shown are 
restricted to the range 10 14 . 2 < M 200m 

< 10 14 . 4 M �. 
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ity) from clusters in the mass range 10 14 . 2 < M 200m 

/ M � < 10 14 . 4 .
hese were stacked in bins of the five properties introduced in
ection 2.2.2 (left to right: concentration, symmetry, alignment,
entroid shift, and magnitude gap). When stacking according to
he surface brightness concentration, we find that the profiles are
ll very similar, particularly towards the minimum. The differences
ppear in the core of the cluster, which is to be expected as the
oncentration parameter probes differences in the centre rather
han the outskirts of the cluster. The profiles separate more when
tacked according to the symmetry statistic, so much so that a
mall second caustic feature appears in the surface density gradient
rofiles of the most regularly shaped clusters ( s > 1.4). Due to the
trong correlation between the symmetry statistic and the accretion
ate (see Fig. 1 ), we expect there to be a large number of low
ccretion rate clusters within the bins with high s , increasing the
ikelihood for the second caustic to appear. Ho we ver, this feature
s not as clearly defined as seen previously for the accretion rate
ecause the symmetry statistic and accretion rate do not correlate
erfectly. 
Moti v ated by the stronger correlations between the accretion

ate and the symmetry statistic, centroid shift, and magnitude
ap, we plot in Fig. 11 how the extracted minimum radii of
he three projected profiles varies with each of these statistics. A
maller symmetry and a lower centroid shift both correspond to
ore dynamically disturbed clusters and we find that, for both

tatistics, the radius of the minimum extracted from the surface
ensity and emission measure gradient profiles decreases for more
ynamically disturbed clusters, matching the more dynamically
NRAS 529, 2017–2031 (2024) 
isturbed clusters with higher accretion rates and smaller splashback
adii. 

Shin & Diemer ( 2022 ) proposed that the accretion rate of haloes
e gativ ely correlates with the magnitude gap between the BCG and
he brightest satellite galaxy. Over time, satellites get stripped of
atter and tidally disrupted, and larger galaxies sink to the centres

f clusters due to dynamical friction. It has been shown that this
ffect is most prominent for the largest satellites, meaning that o v er
ime the brightness gap increases as a halo grows. We measured the
agnitude gap following Farahi, Ho & Trac ( 2020 ), see Section 2.2.2 .
e find a mild, ne gativ e correlation between the accretion rate and

he magnitude gap (this was found to be slightly dependent on the
esolution of the simulation, see Appendix A ) and therefore expect a
ositive correlation between the magnitude gap and the splashback
adius. The rightmost column of Fig. 11 compares R min obtained from
he observable profiles with the magnitude gap. We find that there is
 slight correlation between the two, most prominent in the surface
ensity profiles. Ho we ver, we find almost no correlation between the
agnitude gap and the minima found in either the emission measure

r Compton- y gradient profiles. 

 C O N C L U S I O N S  

n this work, we have used clusters from the FLAMINGO cosmo-
ogical hydrodynamical simulations to obtain dark matter density,
 as density, g as pressure, and g as entropy profiles. From these, we
av e e xtracted the location of the minimum local gradient to identify
he splashback radius from the dark matter or a potentially matching
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Figure 11. Same as Fig. 8 but instead compares the parameter dependence of the radius of the minimum in the gradient profile with the centroid shift (equation 
12 , left panel), symmetry statistic (equation 10 , middle panel), and magnitude gap (right panel). 
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eature in the gas profiles. We investigated the effect of stacking the
rofiles in a variety of ways and how the location of the radius changes
hen using projected profiles. Our results can be summarized as 

ollows: 

(i) The splashback radius identified using the dark matter density 
radient profile has a strong anticorrelation with the accretion rate, 
n agreement with previous works (see Figs 2 and 4 ). 

(ii) The splashback radius has a weak ne gativ e mass dependence. 
revious works have suggested that this is due to the connection 
etween cluster mass and accretion rate (Diemer & Kravtsov 2014 ). 
e find a weak correlation (see Fig. 1 ) and when stacking in bins

f both mass and accretion rate (Fig. 3 ), while the accretion rate has
b vious qualitativ e effects on the location of the splashback radius,
here is not a significant mass dependence. 

(iii) We also identify a minimum in the cluster gas density 
radient profiles, approximately corresponding to the dark matter 
plashback radius, but the radius of this minimum has a stronger
ass dependence (Figs 2 and 3 ). In addition, we find a similar

eature in the gas pressure gradient, with no further minima indicating 
otential shock features at higher radii. Ho we ver, the gas entropy
radient profiles have minima in the region, we expect to find 
 shock feature in the gas, i.e. 2–3 R 200m 

(Aung, Nagai & Lau
021 ). 
(iv) Comparison between hydrodynamical and dark matter only 

imulations finds minimal difference in the reco v ered splashback 
adii (see Fig. 5 ). 

(v) Altering the astrophysical parameters used in the simulation 
esults in an essentially unchanged splashback radius. Ho we ver, the 
adius of the gas minima is much more sensitive to the astrophysics
odels within the simulation, reducing the correspondence between 

he splashback and gas minimum (Fig. 6 ). 
(vi) In Section 4 , we investigate the effects of projection on 

he reco v ered splashback radius. Fitting the dark matter density 
ollowing Diemer & Kravtsov ( 2014 ) to 3D profiles out to 5 R 200m 

nd projecting the fitted profiles results in the minima occurring at 
.8 times that of the minima in the 3D profiles (Section 4.1 ). 
(vii) We find that the minimum of the total mass surface density 

radient profile has a similar radius to what we expect from the
rojected 3D dark matter profiles. Ho we ver , although similar , it is
ound at a systematically smaller radius due to the contribution of
he gas (see Fig. 8 ). 

(viii) We find that the minima of the observable profiles (emission 
easure, Compton- y and total surface density) are dependent on 

he morphology measures used to stack the profiles: to varying 
egrees more regular clusters tend to have larger splashback radii 
see Fig. 11 ). In addition, the radius of the surface density minima
ost closely resembles where we expect the splashback radius 

o be after projection. This is to be expected, as the surface
ensity is dominated by dark matter. Ho we ver, the minima of the
mission measure and Compton- y gradient profiles are located at 
ubstantially larger radii and are nearly independent of the dynamical 
tate. 

The gas density and pressure gradient profiles of the FLAMINGO 

lusters demonstrate that there exists a minimum at approximately the 
plashback radius. There are similarly also minima at similar radii in
he gradient profiles of gas observables such as the emission measure
nd Compton- y . Ho we ver, due to the dif fering physics go v erning the
as and dark matter motions, it is unclear whether these minima are a
rue reflection of the splashback radius or coincidentally located at a
imilar radius. Observational works such as Anbajagane et al. ( 2023 )
ave started to identify minima at radii similar to what we have found
n Compton- y gradient profiles of clusters. Future optical/IR, X-ray, 
nd SZ observations will be useful to compare with simulations and
urther our understanding of the behaviour of baryons and dark matter
n cluster outskirts. 
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PPENDI X  A :  EFFECTS  O F  RESOLUTI ON  O N  

AG N I T U D E  G A P  

he magnitude gap between the BCG and the fourth brightest
alaxy within a cluster correlates with the cluster’s accretion rate
nd therefore, its splashback radius. Ho we ver, galaxies within the
osmological simulation are poorly resolved. In the case of smaller
aloes or haloes with much more mass concentrated in the main halo,
he fourth brightest galaxy can be difficult to resolve and therefore
ur estimates for the magnitude difference between the two galaxies
ay be more uncertain. The FLAMINGO suite contains multiple

esolutions of the same simulation box, L1 m9 for the standard
esolution used in this work (gas particle mass m gas ≈ 10 9 M �
nd L1 m8 a higher resolution where the particles are a factor of
 less massive (note the models are calibrated separately but to
he same observable). This allows us to directly test whether the
esolution of the simulation has an effect on the retrieved magni-
ude gap and its correlation with the accretion rate or splashback
adius. 

We find that the Pearson correlation coefficient between the ac-
retion rate and the magnitude gap increases in the higher resolution
imulation, from –0.35 in L1 m9 to –0.48 in L1 m8. We plot the
plashback radius obtained from the dark matter density gradient
rofile stacked according to the magnitude gap in Fig. A1 . We find
hat there is a slightly steeper relationship between the magnitude
ap and the splashback radius in the higher resolution simulation,
ut the two results are qualitatively similar. 

igure A1. Comparison between the splashback obtained from dark matter
ensity profiles when stacked according to the magnitude gap for two different
esolution simulations. The clusters all have a mass of M 200m 

> 10 14 M �.
he error bars show the expected 1 sigma errors due to resampling. 
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Figure B1. The variation between the splashback radius obtained for different stacking bins (from left to right panels, haloes are binned based on their accretion 
rate, mass and energy ratio) for runs with different cosmological models in comparison to the fiducial run, L1 m9. The top row shows the splashback radius 
obtained from the dark matter density gradient profiles and the bottom row shows the radius of the feature in the gas. 
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PPEN D IX  B:  A LT E R NAT I V E  C O S M O L O G I C A L  

O D E L S  

n addition to the varying baryonic physics models in Section 3.3 ,
e also investigate the effects of varying the cosmological model on 

he splashback radius. Fig. B1 shows the variation of the minima 
n the dark matter (top panels) and gas (bottom panels) density 
radient profiles relative to the fiducial model when using different 
osmological models. We find that the splashback radius extracted 
rom the dark matter density profiles is essentially unaffected by 
he change in cosmological model of the simulation, agreeing with 
he cosmological independence found in Diemer et al. ( 2017 ). In
2024 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
ddition, we find that the location of the gas minimum is less affected
y the change in cosmological model as expected as the cosmological
odel has less of an effect on the g as ph ysics. Additionally, for

oth the gas and the dark matter, the effect of the variation of the
osmological model on the depth of the minima is only of the order
f a few percent. Thus, the depth of the minimum is also much more
ensitive to the baryonic physics than to the cosmological model of
he simulation. 
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