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Abstract
Observations of the intracluster medium (ICM) in the outskirts of galaxy clusters reveal shocks associated with gas accretion from the cosmic
web. Previous work based on non-radiative cosmological hydrodynamical simulations have defined the shock radius, rshock, using the ICM
entropy, K ∝ T/ne2/3, where T and ne are the ICM temperature and electron density, respectively; the rshock is identified with either the
radius at which K is a maximum or at which its logarithmic slope is a minimum. We investigate the relationship between rshock, which
is driven by gravitational hydrodynamics and shocks, and the splashback radius, rsplash, which is driven by the gravitational dynamics of
cluster stars and dark matter and is measured from their mass profile. Using 324 clusters from The Three Hundred project of cosmological
galaxy formation simulations, we quantify statistically how rshock relates to rsplash. Depending on our definition, we find that the median
rshock � 1.38rsplash(2.58R200) when K reaches its maximum and rshock � 1.91rsplash(3.54R200) when its logarithmic slope is a minimum; the
best-fit linear relation increases as rshock ∝ 0.65rsplash. We find that rshock/R200 and rsplash/R200 anti-correlate with virial mass, M200, and
recent mass accretion history, and rshock/rsplash tends to be larger for clusters with higher recent accretion rates. We discuss prospects for
measuring rshock observationally and how the relationship between rshock and rsplash can be used to improve constraints from radio, X-ray,
and thermal Sunyaev-Zeldovich surveys that target the interface between the cosmic web and clusters.
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1. Introduction

Galaxy clusters are the most massive virialised structures in the
present-day Universe; in hierarchical cosmologies such as the �

Cold Dark Matter model they assemble relatively recently, with
typical formation redshifts of zform � 0.5 (e.g. Hahn et al. 2007; Li,
Mo, & Gao 2008; Power et al. 2012). Clusters sit at the nodes of
the cosmic web, accreting material from filaments, which is evi-
dent in the relative positions and orbits of infalling galaxies and
groups (e.g. Tempel et al. 2015) and in accretion shocks in the
hot intracluster medium (hereafter ICM; e.g. Burns, Skillman, &
O’Shea 2010; Brown&Rudnick 2011; Power, Knebe, &Knollmann
2020).

A commonly used measure of the physical state of a cluster’s
ICM is the entropy, K, which is defined as,

K ≡ kBT
n2/3e

(1)
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(cf. Cavaliere & Lapi 2013); here kB is the Boltzmann constant, T
is the ICM gas temperature, and ne is the electron number density,
which is related to the ICM gas density. High-resolution X-ray
observations, including XMM-Newton (e.g. Jansen et al. 2001),
Chandra (e.g. Weisskopf et al. 2000), and eROSITA (e.g. Predehl
et al. 2021) have allowed the radial variation of cluster entropy to
be studied in detail, and consequently the functional form of the
entropy with respect to the radius r, K(r), is well understood (e.g.
Panagoulia et al. 2014; Hogan et al. 2017; McDonald et al. 2019;
Zhu et al. 2021). K(r) can be characterised by its logarithmic slope,
k, which is defined as,

k≡ d lnK
d ln r

, (2)

which is itself a function of radius.
Observationally we find that K is consistent with being a

power-law near R500 such that k� 1.1 (see, e.g. Babyk et al. 2018;
Ghirardini et al. 2019); here R500,crit is the radius at which the
enclosed matter density is 500 times the critical density, ρcrit =
3H2/8π G. This power-law behaviour is recovered in hydro-
dynamical cosmological simulations (e.g. Voit, Kay, & Bryan
2005), independent of hydrodynamics solver and galaxy formation
model (e.g. Sembolini et al. 2016). At larger radius, simulations
predict that K(r) reaches a maximum at �1.6 R200,mean, where
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R200,mean encloses a mean matter density that is 200 times the cos-
mological mean matter density, ρmean = �mρcrit, where �m is the
matter density parameter (cf. Lau et al. 2015). We note that this
predicted radius is larger than that inferred from observational
data (cf.Walker et al. 2012), which indicate that the entropy profile
reaches its maximum closer to R200,crit ≡ R200, the radius enclos-
ing a mean matter density of 200ρcrit. Regardless, the presence
of a turnover in the entropy profile is interpreted as arising from
infalling gas from the cosmic web generating an accretion shock at
the ‘shock radius’, rshock, which is consistent with empirical mea-
surements of the interface between cluster outskirts and filaments
in the cosmic web (e.g. Kawaharada et al. 2010). For this reason
we can regard rshock as a characteristic measure of the boundary
between a cluster’s accreted gas reservoir and gas in the process of
accreting from the cosmic web.

The splashback radius, rsplash, provides an analogous character-
isticmeasure of the boundary between collisionlessmaterial – dark
matter and galaxies – that is orbiting within a cluster’s potential
and material that is infalling for the first time (e.g. More, Diemer,
& Kravtsov 2015; Mansfield, Kravtsov, & Diemer 2017; Diemer et
al. 2017; Deason et al. 2021). By convention, rsplash is defined as
the radius at which the logarithmic slope of the spherically aver-
aged density profile reaches its minimum value. Observational
estimates of rsplash using, for example, the luminosity density pro-
file, galaxy number densities, and weak lensingmeasurements (e.g.
Chang et al. 2018; Bianconi et al. 2021; Gonzalez et al. 2021)
indicate good consistency between simulation predictions and
observationally inferred values, although observational estimates
will be sensitive to a cluster’s dynamical state and the structure of
the cosmic web in which it is embedded (e.g. Lebeau et al. 2024).

The question arises naturally as to the relationship between
rshock and rsplash. Both are characteristic of the growth of clusters
by the accretion of material from their surroundings. Analytical
models have assumed that rshock and rsplash are coincident (e.g. Patej
& Loeb 2015, who assume that the shock in the hot gas profile is
coincident with a break in the dark matter profile). However, rshock
arises because of the collisional nature of accreting gas whereas
rsplash is a result of the complex dynamics of collisionless compo-
nents in an evolving gravitational potential, and so it’s likely that
instances in which rshock and rsplash are coincident and infrequent
at cluster mass scales.

The goal of this paper is to quantify the relationship between
rshock and rsplash and its predicted variation with mass and recent
accretion history using a statistical sample of massive galaxy clus-
ters from The Three Hundred collaboration’s simulation suite (cf.
Cui et al. 2018, 2022). This is a mass complete sample of clusters
drawn from a 1 h−1 Gpc box, which have a diversity of assembly
histories and larger-scale environments.

In the following sections, we describe briefly The Three
Hundred project and our approach to calculating rshock and rsplash
(Section 2). We present the measured relationship between rshock
and rsplash and their variation with cluster mass and accretion rate
(Section 3), and we discuss our results in the context of previ-
ous work (Section 4). Finally, we summarise our main findings in
Section 5.

2. The simulated dataset

We use the 324 clusters from the latest GIZMO-Simba runs –
hereafter GIZMO-Simba-7k (Cui et al. in Preparation) – of The

ThreeHundred collaboration’s suite of zoom simulations of galaxy
clusters (cf. Cui et al. 2018). These are a higher resolution exten-
sion – with re-calibrated galaxy formation prescriptions – of the
GIZMO-Simba runs – hereafter GIZMO-Simba-3k – presented
in Cui et al. (2022). GIZMO-Simba-3k modelled galaxy forma-
tion processes (radiative cooling, star formation and feedback,
black hole formation and growth, multiple modes of black hole
feedback) using a variant of the SIMBA galaxy formation model
presented in Davé et al. (2019), calibrated for cluster scales as
detailed in Cui et al. (2022), and run with GIZMO (Hopkins 2015).
GIZMO-Simba-7k uses an updated version of the SIMBAmodel –
SIMBA-C (Hough et al. 2023), which adopts the advanced chem-
ical enrichment model of Kobayashi, Karakas, & Lugaro (2020).
SIMBA-C also includes several other modifications, including a jet
velocity that depends on the host dark matter halo’s mass via the
approximate escape velocity and a lower black hole seeding mass
(M∗ � 6× 106 M� compared toM∗ � 5× 109 M� in SIMBA).We
refer interested readers to Hough et al. (2023) for more details. We
note that the calibration of GIZMO-Simba-7k considered both the
stellar and gas properties of the cluster, unlike GIZMO-Simba-3k,
which was calibrated against only stellar properties; this produce
improved ICM properties in GIZMO-Simba-7k.

These clusters form a mass complete sample at z=0 in the
MultiDark Planck 2 simulation (Klypin et al. 2016), a 1h−1

Gpc box on a side. They have virial masses in the range 6.4×
1014h−1 M� �M200 � 2.6× 1015h−1 M�, where M200 is the mass
corresponding to an overdensity criterion of 200 times the crit-
ical density at that epoch. The zoom region extends 15 h−1Mpc
from the centre of the cluster at z=0, corresponding to sev-
eral virial radii; dark matter and gas cell masses in this region
are mdm � 108h−1 M� and mgas � 2× 107h−1 M�, respectively.
The adopted cosmological parameters are (�m,�B,��, h, σ8)=
(0.307, 0.048, 0.693, 0.678, 0.823).

For each cluster, we use group catalogues constructed with the
AHF halo finder (cf. Knollmann & Knebe 2009), which includes
information about the stellar and gas content of the main halo and
its substructures. We compute radial profiles for the mass den-
sity and gas entropy using 100 equally spaced logarithmic bins
between minimum and maximum cluster-centric radii of 0.5R200
and 5R200; here the centre is the density-weighted centre of the
adaptive mesh refinement grid in AHF. The presence of sub-
structure in the outskirts of the halo can bias estimates of the
logarithmic slope, which influences the value of rsplash. To avoid
this, we evaluate the density and mass-weighted temperature in 48
angular segments within each radial bin and take the median value
within the bin as our estimate of the density and temperature at
that radius.With this information we can estimate the entropy in a
given radial bin following Equation (1). Note that for each gas ele-
menta in the cluster we have an associated internal energy per unit
mass, u= 3kBT/(2μmp), from which we can estimate the temper-
ature, and a local density, ρ = μempne; hereμ andμe are the mean
molecular weights of the gas and the electrons, respectively, and
mp is the protonmass. The profiles and their logarithmic slopes are
smoothed by a Gaussian filter to allow for reliable identification of
maxima and minima.

Note that there are two different definitions for shock radius
in the literature – one defined by the radius at which the entropy

aA gas element can refer to either a gas particle, as in the GadgetXmodel (see Appendix),
or a gas cell, as in the Gizmo-Simba models.
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profile reaches its maximum or ‘peak’ (cf. Lau et al. 2015), which
we indicate by rshock,p, and one defined by the radius at which
the logarithmic slope of the entropy profile is a minimum (cf. Shi
2016), which we indicate by rshock,m. We provide predictions for
both rshock,p and rshock,m.

3. Results

Heavy solid, red solid, dashed, dotted and dot-dashed circles
indicate R200,crit, R200,mean, rsplash, rshock,p, and rshock,m, respectively.

We begin with a visual impression of the most massive clus-
ter in our sample, showing the relative positions of rsplash, rshock,p,
and rshock,m. This cluster has a z=0 virial mass of M200=2.82×
1015h−1 M� and virial radius of R200,crit = 2.298h−1Mpc. Although
it is not currently undergoing a significant merger, it has accreted
75% of its mass since z=0.5, which indicates that it has a high
recent accretion rate. In Fig. 1, we show projections of the dis-
tribution of dark matter (top panel), gas (middle panel), and stars
(lower panel) around the most massive cluster in our sample at
z=0 within a comoving cube of size 20 h−1Mpc. In each of the
panels, the heavy solid, red solid, and heavy dashed circles indicate
the virial radii, R200 = 2.30h−1Mpc and R200,mean = 3.81h−1Mpc,
and splashback radius, rsplash = 1.61R200 for dark matter; if not
specified, R200 indicates R200,crit throughout this paper. The heavy
dotted and dot-dashed circle in the middle panel (projected gas
distribution) indicate the two definitions of shock radius, rshock,p =
2.17R200 and rshock,m = 2.95R200, respectively. For completeness,
we also estimate rsplash = 1.93R200 for the gas profile and rsplash =
1.71R200 for stellar profile. It’s interesting to note that, for this par-
ticular cluster, the splashback radius of the gas is within ∼10% of
the shock radius defined relative to the peak of the entropy profile;
the splashback radii of the dark matter and stars are within 5% of
each other, as we might expect given their collisionless nature; and
the splashback radius of the dark matter is∼20% smaller than that
of the gas. For reference, the radial (dark matter, stellar, gas) den-
sity and gas entropy profiles used to estimate rsplash and rshock are
shown in Fig. 2.

This trend – for R200 < rsplash < rshock,p < rshock,m – is character-
istic of the typical cluster in this sample. We demonstrate this in
Fig. 3 in which we show the median dark matter density profiles
(blue curves and shaded regions; top) and gas entropy profiles (red
curves and shaded regions; bottom) and their corresponding log-
arithmic slopes for all 324 clusters; the shaded bands indicate the
range of variation between the 10th and 90th percentiles within
each radial bin. The dashed, dotted, and dot-dashed lines indicate
the locations of rsplash, rshock,p, and rshock,m of the median clus-
ter. We find that rsplash = 1.87+0.39

−0.41R200, rshock,p = 2.58+0.45
−0.43R200 and

rshock,m = 3.58+0.57
−0.62R200. We also include the splashback radii for

gas – rsplash/R200 = 1.72+0.55
−0.45 – and stars – rsplash/R200 = 2.07+0.42

−0.39 –
in Fig. 3 (purple and grey curves and shaded regions, top). This
means that the stellar mass density profile traces that of the under-
lying dark matter, and indeed we see a stronger splashback feature
in the stars. In contrast, the gas mass density profile is smoother
and shows no obvious feature, and formally reaches a minimum
slope at a smaller radius compared to the stars although this is not
a strong feature.

For this typical cluster, we note that the relative coincidence
of rsplash for the gas and rshock,p evident in Fig. 2 is absent. This is
not so surprising because we expect strong cluster-to-cluster vari-
ations in density and temperature in the outskirts of clusters (e.g.

Figure 1. Projected dark matter, gas, and stellar densities (top to bottom) at z= 0
in the most massive cluster in our sample within a cubic region 20 h−1Mpc, centred on
the density-weighted centred of AHF’s adaptivemesh refinement grid. The darkmatter
halo’s mass and radius are M200 = 2.82× 1015h−1M� and R200,crit = 2.298h−1Mpc, and it
has accreted 75% of its present day mass since z= 0.5.
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Figure 2. Density (top) and gas entropy (bottom) radial profiles, along with their
logarithmic slopes (lower panels) for the cluster shown in Fig. 1. Dashed vertical
lines in the top panel correspond to rsplash = 1.61R200 (blue) for dark matter, rsplash =
1.93R200 (purple) for gas, rsplash = 1.71R200 (grey) for stars, respectively. Dotted, and
dot-dashed vertical lines in the bottom panel correspond to rshock,p = 2.17R200 and
rshock,m = 2.95R200, respectively.

Power et al. 2020), which will dampen any splashback features in
the median gas density profile. We defer a more detailed study of
the relationship between gas splashback and shock radii to a sub-
sequent paper. Note that from here and for the remainder of the
paper, when we refer to rsplash we use the value defined for the dark
matter.

The clusters in our sample have diverse assembly histories
and larger-scale environments, and so we expect cluster-to-cluster
variations in rsplash and rshock. We quantify this in Fig. 4 in which
we show how rshock,p (upper panels) and rshock,m (lower panels) vary
with rsplash for each cluster, in units of R200; on the left we investi-
gate trends with virial mass, M200, while on the right we look at
trends with the fractional increase inM200 since z = 0.5,

�M
M

= M200(z = 0)−M200(z = 0.5)
M200(z = 0)

. (3)

Figure 3. Radial profiles of dark matter density (top) and gas entropy (bottom)
with their logarithmic slopes for all The Three Hundred collaboration’s suite of sim-
ulated clusters. The curves and shaded regions correspond to the median and the
range between the 10th to 90th percentiles from the distribution of cluster profiles.
The dashed line in the top panel represents the location of rsplash. The dotted and
dot-dashed lines in the bottom panel indicate the location of rshock,p and rshock,m,
respectively. Curves are colour coded as in Fig. 2.

Compared to �, the accretion rate conventionally used in the lit-
erature (cf. the equation 1 of Zhang et al. 2021),b Equation (3)
corresponds to � log (1+ z)�0.41� for z=0.5.

Fig. 4 reveals that rshock,p is larger than rsplash for all but a
handful of clusters, while rshock,m is consistently larger than rsplash
for all cases. The stars indicate the median values of rshock and
rsplash for the sample are rshock,p/rsplash = 1.38+0.27

−0.21 and rshock,m/

bThe conventional accretion rate is,

� = d logM
d loga

≡ �M/M
� log (a)

(4)

where a= 1/(1+ z) is the expansion factor. We assume that � log (a)≡ − log (a) when
considering a change in mass with respect to z=0, a=1.
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Figure 4. The relationship between the shock radius rshock and splashback radius rsplash for each of the 324 clusters in our sample. Upper panels correspond to rshock,p identified
with the maximum of K, while the lower panels correspond to rshock,m identified with the minimum of its logarithmic slope. The points are colour coded by the virial mass M200

(left panels) and the fractional increase in M200 since z= 0.5, �M/M (right panels). The red and blue stars indicate the median values rshock and rsplash, while the light and heavy
dashed lines correspond to the one-to-one relationships and the best-fit linear relationships. The shaded band in the left-hand panels indicates the 1-σ variation estimated by
bootstrapping.

rsplash = 1.91+0.31
−0.42, while the best-fit linear relationships between

rshock and rsplash – which we show in the left hand panels – are

rshock,p = 0.64(± 0.06) rsplash + 1.39(± 0.11), (5)

and

rshock,m = 0.65(± 0.07) rsplash + 2.38(± 0.14), (6)

where rsplash, rshock,p, and rshock,m are in units of h−1Mpc. We esti-
mate 1− σ uncertainties via bootstrapping; these are listed in
parentheses and by the shaded bands around the best-fit lines in
Fig. 4. The Spearman rank correlation coefficients are rs=0.469
and 0.564 (with vanishingly small p-values) for Equations (5) and
(6), respectively; this indicates that there is a moderate positive
correlation between the shock radii and the splashback radius.

Fig. 4 shows how rsplash and rshock relate to one another for a
given cluster and trends between this relationship and the cluster’s
virial mass,M200, and its recent fractional change inM200,�M/M.
In Fig. 5 we quantify the trends between rsplash and rshock withM200
and �M/M directly. The top panel shows how rsplash and rshock

vary with M200, in units of R200, for all 324 clusters in our sample.
The data can be characterised by the relations,

rshock,p
R200

= −0.82 log10 M200 + 15.02(± 0.08), (7)

rshock,m
R200

= −1.05 log10 M200 + 19.23(± 0.09), (8)

and
rsplash
R200

= −0.56 log10 M200 + 10.23(± 0.07), (9)

where, as before, M200 is in units of h−1M�. 1-σ uncertainties,
estimated via bootstrapping, are in parentheses, and are shown
as shaded bands in the Figure. We find Spearman rank correla-
tion coefficients of rs = −0.20 for rshock,p, rs = −0.18 for rshock,m
and rs = −0.14 for rsplash, with respect toM200, which indicates that
there is a weak anti-correlation with virial mass.

The bottom panel shows shows how rsplash and rshock vary with
�M/M, in units of R200. We find,

rshock,p
R200

= −1.05(± 0.11)�M/M + 3.13(± 0.06), (10)
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Figure 5. The relationship between the shock and splashback radii, rshock, p, rshock, m,
and rsplash as a function of virialmass,M200 (upper panel) and recentmass accretion his-
tory (lower panel) for each of the 324 clusters in our sample. The shadedbands indicate
the 1-σ variations for each set of points estimated by bootstrapping.

rshock,m
R200

= −1.34(± 0.12)�M/M + 4.27(± 0.07), (11)

and
rsplash
R200

= −0.98(± 0.10)�M/M + 2.36(± 0.05). (12)

As above, 1-σ uncertainties are in parentheses and are shown
as shaded bands in the figure. The Spearman rank correlation
coefficients are rs = −0.48 for rshock,p, rs = −0.51 for rshock,m and
rs = −0.57 for rsplash, which indicate a moderate anti-correlation
with our measure of the recent accretion rate.

These trends, along with the best-fit linear relationships
(Equations 5 and 6), indicate that there is a moderate positive cor-
relation between rshock and rsplash, driven by a cluster’s recent mass
accretion rate. This is consistent with the findings of Aung, Nagai,
& Lau (2021). These findings are largely insensitive to mass resolu-
tion and galaxy formationmodel, provided care is taken to recover
ICM properties that are consistent with observations. We discuss
this in more detail in Appendix 1.

4. Discussion

There has been significant progress over the last decade in our
understanding of the physical processes that shape the outskirts of
galaxy clusters, using both cosmological simulations and a variety
of observational data. Radio synchrotron emission and polarisa-
tion (e.g. Locatelli et al. 2021; Ha, Ryu, & Kang 2023; Vernstrom
et al. 2023; Böss et al. 2023), gas entropy (Lau et al. 2015; Aung
et al. 2021) and X-ray emission (e.g. Simionescu et al. 2021), and
the thermal Sunyaev–Zeldovich (tSZ) effect (Baxter et al. 2021;
Anbajagane et al. 2022; Anbajagane et al. 2024) all offer the means
to probe the shocked gas associated with accretion from the cosmic
web. That there is a relationship between this accretion shock and
the cluster boundary defined by the splashback radius has been
explored observationally (Anbajagane et al. 2022, 2024) and in
non-radiative cosmological hydrodynamical simulations (Walker
et al. 2019; Aung et al. 2021).

Our study leverages the latest iteration of The Three Hundred
collaboration’s suite of cosmological galaxy formation simulations
of galaxy clusters, which model a broad range of physical pro-
cesses – radiative cooling, star formation and supernovae, black
hole growth, outflows, and jets – and provide a more realistic
treatment of cluster formation than is possible in non-radiative
simulations. Nevertheless, we find that a relationship between
shock and splashback radii that is consistent with that found in
non-radiative simulations, such as those of Aung et al. (2021), who
found rshock,m/rsplash � 1.89 based on a sample of 65 clusters, com-
pared to our median value of �1.91. Our results also show that
both shock and splashback radii correlates with the cluster accre-
tion rate, which is consistent with previous studies. Baxter et al.
(2021) found clusters with high mass fraction of the cluster in sub-
structure, as a proxy for a high accretion rate, tend to have smaller
shock and splashback radii, as we show in Fig. 5.

We note that our results on the relationship between rsplash and
halo mass are broadly consistent with previous work. O’Neil et al.
(2021) found that rsplash decreases with mass for halo masses in the
range 1013–1015 M� in the Illustris TNG simulations, while Towler
et al. (2024) found that rsplash has a weak negative mass dependence
for halos more massive than 1014 M� in the FLAMINGO simu-
lations. Towler et al. (2024) also reported a correlation between
rsplash and accretion rate, in agreement with our results. O’Neil
et al. (2021) found that rsplash computed from the gas profile is
∼10–20% lower than computed using the dark matter profile,
while rsplash computed from the galaxy number density profile
(essentially the stellar mass density profile) is similar to that of the
dark matter profiles; this is consistent with our results.

Observational limits on the location of accretion shocks
in galaxy clusters’ outskirts have been recovered by stacking
Compton-y maps (Baxter et al. 2021; Anbajagane et al. 2022;
Anbajagane et al. 2024). These studies detect an integrated tSZ sig-
nal; this is proportional to the line-of-sight integral of the electron
pressure, which is related to, but not equal nor proportional to, the
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gas entropy. Anbajagane et al. (2022) locate the accretion shock
via a minimum in the logarithmic derivative of the tSZ signal
and estimate rshock,m/rsplash > 2.16± 0.59. This is slightly higher
than the results suggested by cosmological simulations, but this
is not a one-to-one comparison. Future X-ray experiments capa-
ble of mapping the outskirts of clusters should allow for a more
direct comparison with estimates of the shock radius based on gas
entropy (e.g. Simionescu et al. 2021).

5. Conclusions

Using 324 simulated galaxy clusters from The Three Hundred
collaboration, we have investigated the relationship between the
shock radius, rshock, which characterises the boundary between a
cluster’s gaseous outskirts and accreting gas from the cosmic web,
and the splashback radius, rsplash, which characterises the bound-
ary between collisionless material orbiting within the cluster and
matter that is infalling for the first time. Depending on our defini-
tion, we find the shock radius is larger than splashback radius for
most, if not all, clusters. If we stack our clusters and estimate rsplash
and rshock from the median radial profiles for dark matter den-
sity and gas entropy, respectively, we find that the median cluster
has rshock,p � 1.38rsplash(2.58R200), estimated from where K reaches
its maximum, and rshock,m � 1.91rsplash(3.54R200), estimated from
when its logarithmic slope is a minimum. If we evaluate rsplash and
rshock for each cluster individually, we find that the best-fit linear
relation increases as rshock ∝ 0.65rsplash, independent of definition,
and we observe that rshock/rsplash tends to be larger in clusters
that have experienced higher recent mass accretion rates, which
is driven primarily by strength of the dependence of rsplash on the
accretion rate rather than any dependence of rshock. We find that
rshock/R200 and rsplash/R200 anti-correlate with virial mass, M200,
and recent mass accretion history.

These results are consistent with the results of recent stud-
ies (e.g. Aung et al. 2021) but draw on a larger statistical, mass
complete, sample of simulated, run using a state-of-the-art galaxy
formation model, and calibrated to reproduce the observed galaxy
cluster population, building on the work of Cui et al. (2022).While
this consistency is to be expected – as previous work has shown
(e.g. Power et al. 2020), the key properties of galaxy cluster out-
skirts are shaped by the physics of gravitational dynamics and
strong hydrodynamic shocks – it is important to verify it. These
results also confirm that analytical models that assume the coin-
cidence of rshock and rsplash (e.g. Patej & Loeb 2015) need to be
modified, and need to account for mass accretion history and
larger scale environment.

Our work has potentially interesting consequences for obser-
vational studies of the outskirts of clusters, and efforts to measure
empirically the accretion shock. Measurements of rsplash and phase
space caustics using cluster galaxies (e.g. Deason et al. 2021) could
offer the means to constrain the recent mass accretion history.
This could help to predict the projected radial scale at which we
might expect to detect the accretion shock, based on the relation-
ship we havemeasured in our sample of clusters, which would help
to guide measurements of non-thermal emission with radio tele-
scopes (e.g. Vernstrom et al. 2023), X-ray emission (e.g. Ichikawa
et al. 2013; Simionescu et al. 2021; McCall et al. 2024) and the
thermal Sunyaev–Zeldovich (tSZ) effect (Anbajagane et al. 2024),
especially when stacking is required to boost sensitivity. Future
work will focus on using mock observables to verify the most

reliable methods to recover accurate combined measurements of
rsplash and rshock.
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Figure A1. The relationship between the shock and splashback radii, rshock, m, rshock, p and rsplash as a function of virial mass, M200 and recent mass accretion history �M/M in the
GIZMO-Simba-3k (left two panels) and GadgetX (right two panels) runs for each of the 324 clusters in our sample. The shaded bands indicate the 1-σ variations for each set of
points estimated by bootstrapping.

Appendix 1. Sensitivity to Mass Resolution and Galaxy
Formation Model

We have checked the sensitivity of our results to mass reso-
lution, by comparing measurements for the GIZMO-Simba-7k
shown here and the GIZMO-Simba-3k runs, and galaxy forma-
tion model, by comparing both sets of the GIZMO-Simba runs
to the GadgetX runs (cf. Cui et al. 2018). We see similar qual-
itative trends regardless of mass resolution or galaxy formation
model.

The relation between rshock,p to rsplash predicted by GIZMO-
Simba-7k, GIZMO-Simba-3k, and GadgetX in the form of
Equation (5) is given by the pairs of coefficients (0.64,1.39), (0.54,
1.45), and (0.58, 1.64), respectively. And the relation between
rshock,m to rsplash predicted by GIZMO-Simba-7k, GIZMO-Simba-
3k, and GadgetX in the form of Equation (6) is given by the pairs
of coefficients (0.65,2.38), (0.41, 2.88), and (0.47, 3.19), respec-
tively. Similarly, Fig. A1 shows the relationship between shock
and splashback radii as a function of M200 and �M/M, for the
relations encoded in

• rshock,p/R200 versus M200 (Equation 7): (−0.82,15.02),
(-0.81,14.59), and (-0.70,13.17)

• rshock,m/R200 versus M200 (Equation 8): (−1.05,19.22),
(−1.31,23.26), and (−0.85,16.73)

• rsplash/R200 versus M200 (Equation 9): (−0.56,10.23),
(−0.45, 8.59), and (−0.53,9.78)

• rshock,p/R200 versus �M/M (Equation 10): (−1.05,3.13),
(−1.01, 2.99), and (−1.10,3.29)

• rshock,m/R200 versus �M/M (Equation 11): (−1.05,3.13),
(−1.01, 4.18), and (−1.02,4.59)

• rsplash/R200 versus �M/M (Equation 12): (−0.98,2.36),
(−0.94, 2.37), and (−1.01,2.40)

The trends between rsplash/R200, rshock,m/R200, rshock,p/R200 and
�M/M are similar across the different resolutions and galaxy
formation models. There are differences in the strength of the
anti-correlation between the R200 normalised values of rsplash,
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rshock,m, rshock,p, andM200 between runs; there is better quantitative
agreement between rshock,p/R200 and M200 between the GIZMO-
Simba-7k run and the GIZMO-Simba-3k run than between the
GIZMO-Simba-7k run and the GadgetX. This partly reflects the
philosophy underpinning the GadgetX runs, which were cali-
brated to recover the properties of ICM of observed clusters
and partly the improvement in calibration of the GIZMO-Simba-
7k runs compared to the GIZMO-Simba-3k runs, which have

produced ICM properties more consistent with observations. This
explains the stronger scaling of rshock,p with M200 and the larger
spread in values at a given M200 compared to the two other
models.

We conclude that, provided care is taken to calibrate runs to
recover ICM properties that are consistent with observed clus-
ters, the relations between rshock, rsplash, M200, and �M/M are
consistent across mass resolution and galaxy formation model.
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