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ABSTRACT
The splashback radius, Rsp, is a physically motivated halo boundary that separates infalling
and collapsed matter of haloes. We study Rsp in the hydrodynamic and dark matter only
IllustrisTNG simulations. The most commonly adopted signature of Rsp is the radius at which
the radial density profiles are steepest. Therefore, we explicitly optimise our density profile
fit to the profile slope and find that this leads to a ∼ 5% larger radius compared to other
optimisations. We calculate Rsp for haloes with masses between 1013−15M� as a function of
halo mass, accretion rate and redshift. Rsp decreases with mass and with redshift for haloes of
similar M200m in agreement with previous work. We also find that Rsp/R200m decreases with
halo accretion rate. We apply our analysis to dark matter, gas and satellite galaxies associated
with haloes to investigate the observational potential of Rsp. The radius of steepest slope in
gas profiles is consistently smaller than the value calculated from dark matter profiles. The
steepest slope in galaxy profiles, which are often used in observations, tends to agree with
dark matter profiles but is lower for less massive haloes. We compare Rsp in hydrodynamic
and N-body dark matter only simulations and do not find a significant difference caused by
the addition of baryonic physics. Thus, results from dark matter only simulations should be
applicable to realistic haloes.

Key words: methods: numerical – galaxies: haloes – galaxies: clusters: general – galaxies:
formation – cosmology: dark matter – cosmology: large-scale structure of universe.

1 INTRODUCTION

In our current understanding of structure formation, small matter
perturbations in our early universe grow over cosmic time via grav-
ity to form the structures we observe today (e.g. Rees 1977; White
& Rees 1978; Blumenthal et al. 1984). These structures come in a
variety of geometries, e.g. haloes, filaments and sheets (e.g. Bond
et al. 1996). Because these structures are woven together in a “cos-
mic web” and not distinct objects, any study that relies on knowing
the size or extent of an object implicitly relies on a choice estab-
lishing the meaning of size.

Commonly, a halo is defined as a sphere within which the av-
erage density is a constant multiple of some reference density. Its
mass is then the enclosed mass and its radius is that of the sphere.
Typically, the reference density is either the critical or mean den-
sity of the universe, ρc or ρm respectively. The critical density of
the universe is given by the total energy density corresponding to
the density required for a flat universe:

ρc =
3H2(t)

8πG
, (1)

where H is the time-dependent Hubble factor and G is the gravi-

? E-mail: sloneil@mit.edu

tational constant. The mean density of the universe refers to only
the matter component of the energy budget, Ωmρc with Ωm corre-
sponding to the matter fraction of the universe. The enclosed den-
sity is typically defined as 200, 500 or 2500 times the reference
density.

A value of 200 times the critical density is close to the value
predicted by the spherical top-hat collapse model (Gunn & Gott
1972; Gunn 1977; Peebles 1980), in which a spherical constant
overdensity detaches from the Hubble flow to collapse into a halo.
In this scenario, the amount of mass required for the overdentiy is
roughly 200 times the critical density (e.g. Bryan & Norman 1998).

However, there are a number of problems that arise from us-
ing the spherical overdensity definition of halo size in realistic situ-
ations. Defining a halo based on a fixed ratio to a reference density
likeR200m causes a halo to experience pseudoevolution, i.e. change
in size due to the evolution of the reference density (e.g. Diemer
et al. 2013). As the universe expands, ρm decreases, so the radius
of a halo must be adjusted to keep the enclosed density at a constant
multiple of ρm. This occurs even if the halo itself is unchanging, so
the spherical overdensity definition does not necessarily reflect the
dynamical nature of the halo (e.g. Cuesta et al. 2008).

Additionally, all parts of a halo do not collapse simultaneously
as assumed in the spherical top-hat model. Bertschinger (1985)
modelled the infall of shells around an overdensity and showed that
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caustics form for collisionless fluids. Infalling shells tend to pile up
near the apocentre of their orbits where their velocities are smaller.
This results in a steepening of the density profile at the boundary of
the halo. This motivates an alternative way to identify the bound-
ary of a halo: that which encloses the first orbits of infalling parti-
cles. This is referred to as the “splashback radius” (e.g. Diemer &
Kravtsov 2014; Adhikari et al. 2014; More et al. 2015) and is what
we attempt to measure in this work.

The location of the splashback radius as determined by the
caustic depends on the dynamics of the halo. Adhikari et al. (2014)
motivated the relationship between the accretion rate of a halo and
the orbital radius of infalling particles. Collapsing matter adds mass
to the halo; therefore, mass collapsing at a later epoch enters a
deeper potential which shrinks its orbit. Increasing the mass of the
halo also increases the enclosed overdensity, which contributes to
the decrease in its position relative to the spherical overdensitiy
definition.

In idealised spherical environments, the caustic marking the
splashback radius occurs in the same location as the first apocen-
tre of orbits. In practice, the caustic and first apocentre are not the
same, although they are correlated. In phase-space, infalling mate-
rial forms streams that are visible as caustics in the density profile
(Vogelsberger et al. 2009). Diemer et al. (2017) traced the trajecto-
ries of particles in N-body simulations and found that the averaged
first apocentre occurs at a similar radius as the maximal rate of
change in the density profile, i.e. the steepest slope. Although the
two features are similar, the steepest slope is not the strict defini-
tion of the splashback radius. The trajectories of particles, however,
cannot be observed, so the point of steepest slope in a halo’s density
profile is useful as an observable proxy for Rsp. More et al. (2015)
used the steepest slope in spherically averaged density profiles to
relate the splashback radius to the accretion rate and found a de-
crease in Rsp/R200m with accretion rate similar to what would be
expected of the splashback radius calculated from particle trajecto-
ries.

To identify the splashback radius from a halo’s density pro-
file, it is necessary to have a good description of the density profile.
Navarro et al. (1996) fit a density profile across haloes with sizes
ranging from dwarf galaxies to galaxy clusters in N-body simu-
lations and found that they all had a similar spherically averaged
density profile. More recently, the Einasto (1965, 1969) profile has
been used to describe dark matter halo density profiles (e.g. Merritt
et al. 2006; Graham et al. 2006; Gao et al. 2008; Stadel et al. 2009;
Navarro et al. 2010; Ludlow et al. 2011). The caustic expected in
the density profile near the first apocentre of orbits, however, is ex-
pected at a radius larger than the region of haloes that is generally
well described by these profiles.

Recently, there has been an effort to understand the behaviour
of dark matter haloes at larger radii where the steepening in the den-
sity profile would be apparent. Diemer & Kravtsov (2014) studied
the density profiles out to radii of∼ 9Rvir and detected the caustic.
They proposed a density profile that combines an Einasto profile
with a term describing the gradual approach to the mean density of
the universe that captures the drop in density. The proposed density
profile has been used to find the steepest point in spherically aver-
aged dark matter, stellar and subhalo profiles in simulations (e.g.
More et al. 2015; Fong et al. 2018; Xhakaj et al. 2020; Deason
et al. 2021) and in observational work using galaxies as traces of
dark matter density (More et al. 2016; Baxter et al. 2017; Chang
et al. 2018; Shin et al. 2019; Murata et al. 2020).

If the splashback radius can be robustly identified, it may pro-
vide a more physical boundary to characterise the size of a given

halo. However, while the majority of a halo’s mass is dark matter,
it is not the most easily observed component of a halo and we must
link our results to observable quantities. For spherical overdensity
definitions, there exist well known relations between observable
properties and halo mass (Kaiser 1986; Allen et al. 2011; Kravtsov
& Borgani 2012; Biffi et al. 2014; Baxter et al. 2015; Barnes et al.
2017a,b; Bocquet et al. 2019; Barnes et al. 2021). Baryons have
additional physical processes associated with them (e.g. Pike et al.
2014; McCarthy et al. 2017) that influence the relationship between
observable quantities and collisionless orbital dynamics. With the
development of large hydrodynamic simulations (e.g. Schaye et al.
2015; Vogelsberger et al. 2014b; Springel et al. 2018; Vogelsberger
et al. 2020), it is now possible to study these processes in a cosmo-
logical context.

Similarly to dark matter, subhaloes are also largely collision-
less and galaxies have been used to trace the density profile of clus-
ters (e.g. More et al. 2016; Baxter et al. 2017; Zürcher & More
2019). These measurements extend sufficiently far to detect the
steepening in the density profile and identify the splashback ra-
dius. However, the formation of a galaxy deepens the potential of
a subhalo, impacting its resistence to tidal stripping and dynami-
cal friction. Additionally, the processes of galaxy formation alter a
galaxy’s colour during its infall into a larger object. Combined with
issues surrounding membership determinaton (e.g. Koester et al.
2007; Rozo et al. 2007; Rykoff et al. 2014; Klein et al. 2019), there
are potential effects not captured by dark matter only simulations
that may impact the determination of the splashback radius. For
example, Deason et al. (2020) studied the splashback radius in Lo-
cal Group simulations by studying both the dark matter and sub-
haloes. They found that the subhaloes tend to produce a caustic in
the density profile at a smaller radius than the dark matter for Local
Group-like haloes. Xhakaj et al. (2020) also found that the subhalo
profiles yield smaller values for the splashback radius for haloes
with M ∼ 1014 M� and subhaloes with M ∼ 1012 M�. Deason
et al. (2021), however, found that the stellar component of haloes,
including star particles not bound within subhaloes, resulted in den-
sity profiles similar to those of the dark matter component in cluster
mass haloes.

In addition to stars and galaxies, gas is also a major observ-
able component of halos that can be detected through X-ray and the
Sunyaev-Zel’dovich effect (e.g. Reiprich et al. 2013). Gas, how-
ever, is collisional and thus not expected to be governed by the
same orbital dynamics as dark matter. Instead of orbital dynamics,
the gaseous boundary of a halo is expected to be determined by the
shock jump conditions. However, it is not unreasonable to expect
that, at some level, the gas profile correlates with the dark matter
profile even if the two components are not exactly aligned (e.g Lau
et al. 2015).

If the splashback radius can be measured reliably, it is a po-
tential observable signature of otherwise hidden physics such as
dynamical friction (Adhikari et al. 2016), galaxy evolution in clus-
ters (Adhikari et al. 2020), the nature of dark matter (Banerjee
et al. 2020), and deviations from General Relativity (Adhikari et al.
2018; Contigiani et al. 2019).

While in reality, haloes are not perfectly spherical (e.g. Fill-
more & Goldreich 1984; Sheth et al. 2001) and it is possible to de-
fine a non-spherical “splashback shell” (e.g. Mansfield et al. 2017),
we use the spherically averaged profiles since they are more easily
related to observations and provide a defined “size” of a halo based
on a single radius.

The goal of this paper is to explore the impact of baryons, and
their associated processes, on the splashback radius using the Illus-
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trisTNG simulations. We use the point of steepest slope as a proxy
for the splashback radius and refer to it as Rsp throughout the pa-
per. Using both the full physics and the dark matter only runs, we
can compare the determination of the splashback radius from dif-
ferent physical components, i.e. total matter, dark matter, gas and
galaxies. First, we will establish a robust method for identifying
the splashback radius and the inherent bias associated with a cho-
sen method. Then we will examine the location of the splashback
radius in haloes as a function of halo mass and accretion rate for the
different components. We will compare results from hydrodynamic
simulations and N-body simulations and explore if the astrophysi-
cal processes associated with baryons impact the results obtained in
N-body simulations. We do not consider observational constraints
in this paper, and leave this to future work.

The rest of this paper is structured as follows. In Section 2, we
briefly describe the IllustrisTNG simulations, our halo selection,
and our method for identifying the splashback radius. In Section 3,
we compare the splashback radius in the density profiles of dark
matter, gas, and galaxies as a function of halo mass, halo accretion
rate, and redshift. We summarise our conclusions in Section 4.

2 METHODS

In this paper, we explore the location of the splashback feature,Rsp

as a function of halo mass, halo accretion rate, and redshift. In this
Section, we briefly introduce the IllustrisTNG simulations, outline
our halo and galaxy selection methods, and define our procedure
for measuring the splashback feature.

2.1 Simulations

We analyse the largest simulation volume of the IllustrisTNG
Project, TNG300, as described in Nelson et al. (2018); Marinacci
et al. (2018); Springel et al. (2018); Naiman et al. (2018); Pillepich
et al. (2018b). The IllustrisTNG Project is a suite of cosmological
magnetohydrodynamic simulations performed using the moving-
mesh code AREPO (Springel 2010; Weinberger et al. 2020) and an
updated version of the Illustris galaxy formation model (Vogels-
berger et al. 2013; Torrey et al. 2014). This produces a range of
galaxy types and realistic clusters (e.g. Vogelsberger et al. 2014b,
2018; Barnes et al. 2018; Genel et al. 2018; Donnari et al. 2021).

All runs use cosmological parameters consistent with Planck
Collaboration et al. (2016): Ωm = Ωdm + Ωb = 0.3089, Ωb =
0.0486, ΩΛ = 0.6911, σ8 = 0.8159, ns = 0.9667, and Hub-
ble constant H0 = 100h km s−1 Mpc−1 where h = 0.6774.
TNG300 is a periodic cube with a side length of 302 Mpc and was
run at three resolution levels. We focus on the highest resolution
run, TNG300-1 in the main body of this work. For details of the
lower resolutions runs, TNG300-2 and TNG300-3, as well as con-
vergence tests, we refer the reader to Appendix A.

TNG300-1 has 2 × 25003 cells/particles, with a target gas
cell mass of 1.1 × 107 M� and a dark matter particle mass of
5.9×107 M�. The gravitational softening length of the dark matter
particles is 1.5 kpc in physical (comoving) units for z 6 1 (z > 1).
The gas cells utilise an adaptive comoving softening that reaches a
minimum of 0.37 kpc. The corresponding dark matter-only sim-
ulation, TNG300-1-DM, removes the gas cells but has the same
number of dark matter particles as its hydrodynamic counterpart.
The dark matter only run has a particle mass of 4.7× 107M�.

The galaxy formation model is an evolution of the original

Illustris project (Vogelsberger et al. 2014a). This includes a re-
calibrated supernova wind model (Pillepich et al. 2018a), a new
radio mode active galactic nuclei (AGN) feedback scheme (Wein-
berger et al. 2017), and further refinements that improve the con-
vergence of the numerical scheme (Pakmor et al. 2016). Gas cells
that are radiatively cooling, with metal line cooling contributions,
form stars stochastically via the Springel & Hernquist (2003) two-
phase effective equation of state model. These stars evolve and re-
turn mass, metals and energy to their surroundings via winds from
asymptotic giant branch stars and supernovae. Following Di Mat-
teo et al. (2005), 1.2 × 106M� black holes are seeded in haloes
that reach a mass of 7.4 × 1010M�. Black holes then accrete gas
following an Eddington limited Bondi prescription and can grow
through mergers with other black holes. Feedback is injected into
the surrounding medium in either the quasar mode or kinetic mode
depending on the accretion rate, see Weinberger et al. (2017) for
further details.

2.2 Halo properties

We stack haloes by either mass or accretion rates to calculate the
density profiles of the stacked set. When plotting quantities as a
function of mass or accretion rate, we use the median value within
a bin for the set of haloes.

We can define the size of a halo to be the radius R200m of
a sphere with enclosed density 200 times the mean density of the
universe ρm such that

R200m =

(
3M200m

4π200ρm

)1/3

(2)

and the halo mass is thenM200m, the mass enclosed withinR200m.
When referring to a halo’s mass throughout the paper, we use
M200m.

2.2.1 Accretion rates

Past work on the splashback radius has found a strong correlation
between Rsp/R200m and the mass accretion rate of haloes (e.g.
Diemer & Kravtsov 2014; Adhikari et al. 2014; More et al. 2015;
Mansfield et al. 2017; Diemer et al. 2017). We compute the accre-
tion rate Γ of a halo using

Γ =
∆ log10 M

∆ log10 a
, (3)

where M is the mass of the halo and a is the scale factor. For con-
sistency with our mass definition, we use M = M200m.

The value of the accretion rate depends on the time interval
used to compute the change in mass and scale factor. We follow
Diemer et al. (2017) and measure the accretion rate over one dy-
namical time, which corresponds to approximately a halo crossing
time. We define the dynamical time tdyn as a function of redshift z
following Diemer (2017):

tdyn(z) = 23/2tH(z)

(
ρ∆(z)

ρc(z)

)−1/2

, (4)

where tH is the Hubble time and ρ∆ is the average enclosed density.
Since we use M200m as our mass, ρ∆/ρc = 200Ωm by definition.
Then tdyn simplifies to:

tdyn =

(
23/2

√
200Ωm

)
tH =

tH

5
√

Ωm

. (5)
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Simulation z
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

TNG300-1 1401 1447 1496 1558 1578 1568 1568 1546 1506 1459 1393
TNG300-1-DM 1529 1568 1634 1692 1725 1720 1693 1682 1647 1607 1547

Table 1. The number of haloes included in our sample for each redshift in the full physics (TNG300-1) and dark matter only (TNG300-1-DM) high resolution
runs. This is the number of Friends-of-Friends groups with M200m > 1013M�. Haloes within 10 × R200m of a larger halo have been removed from the
sample. See Table 3 for the sample sizes in the medium and low resolution runs.

This time interval is therefore the same for all haloes at a given
redshift.

To compute the accretion rate of a halo at a given redshift, we
first calculate the dynamical time. We then select the snapshot ear-
lier in the simulation with a time difference closest to the calculated
dynamical time. We use the SubLink merger trees (Rodriguez-
Gomez et al. 2015) to identify the main progenitor of the halo. The
SubLink algorithm tracks subhaloes through the simulation by link-
ing subhaloes in consecutive snapshots that share the most bound
particles. The haloes are linked by associating each halo with its
most bound subhalo. We then calculate the change in mass between
the snapshots as well as the change in scale factor.

2.3 Halo and galaxy samples

We select samples of haloes from simulation snapshots over the
redshift range 0 6 z 6 1. Gravitationally bound structures
are identified within the simulation via the SUBFIND algorithm
(Springel et al. 2001; Dolag et al. 2009). These are associated with
each other and additional particles using a Friends-of-Friends (FoF)
algorithm (Davis et al. 1985). This identifies structures by linking
particles with neighbouring particles that lie within a linking length
of b = 0.2. The most massive gravitationally bound object in a FoF
group is identified as the main halo and others are labelled as sub-
haloes. The centre of the halo is defined as the position of the most
bound particle within the main halo, as determined by SUBFIND.
For the purposes of this paper, we define a galaxy as a subhalo with
M200m > 109M� and a non-zero stellar mass.

We select an initial sample of haloes at a given redshift by
taking all haloes with a total mass M200m > 1013M�. Given our
interest in effects occurring beyond the outskirts of the halo, we re-
move haloes from our sample that fall within 10R200m of a more
massive object. This tends to exclude haloes in more dense environ-
ments and with lower accretion rates due to stronger tidal forces,
but it also ensures that the haloes in our sample are not being dis-
rupted by larger objects. With this selection criteria, we obtain 1401
haloes at z = 0 and 1393 haloes at z = 1 from the TNG300-1 sim-
ulation. For the number of haloes at redshifts between 0 and 1, see
Table 1.

2.4 Identifying the splashback feature

The splashback radius has been identified in a variety of ways.
Diemer & Kravtsov (2014) and More et al. (2015, 2016) used the
steepest point in a spherically averaged density profile as the feature
identifying the splashback radius. Diemer et al. (2017) and Diemer
(2020) instead traced the trajectories of individual dark matter par-
ticles as they fall in to haloes, selecting a radius that encloses the
first apocentre of a percentage of their orbits. The splashback radius
is then defined as the smoothed average of the apocentre radii of in-
dividual particles. Mansfield et al. (2017) sampled the density field
around individual haloes to identify a “shell” around a halo based
on the steepest point in the density profile along various lines of

sight. This creates a non-spherical boundary instead of defining a
single radius. In idealised spherical collapse models, the apocentre
of all particles occurs at the same radius, creating a caustic in the
density profile (Huss et al. 1999; Adhikari et al. 2014). This man-
ifests itself as a minimum of the density profile, although there is
not a one-to-one match in practice.

In this work, we follow the first method and compute the lo-
cation of the splashback radius as the steepest rate of change of
stacked, spherically averaged density profiles within a given mass
or accretion rate range. The steepest slope of a density profile does
not necessarily indicate the presence of the splashback feature; any
halo will have a steepest point in its density profile. The splashback
feature is associated with the orbit of matter in a halo and the log-
arithmic slope decreasing significantly, typically below a value of
-3. However, we do not trace particle dynamics in this work to test
the association between the steepest slope and particle orbits.

We also examine the density profiles of gas in haloes. Though
the gas density follows a similar shape to the dark matter profiles
(see Figure 5), there are important differences. Gas, as a collisional
fluid, is not subject to the same orbital dynamics as dark matter and
stars. Given that there is an identifiable characteristic minimum in
the gas profile similar to the dark matter profiles, however, we find
it useful to investigate the location of steepest slope in the gas pro-
file in our study of halo boundaries. The method to identify this
feature in the gas profiles follows the method to identify the feature
in dark matter haloes, and it has the potential to provide a valu-
able basis for comparison to observations in the future. We refer to
the point of steepest slope as Rsp throughout the paper, keeping in
mind that the underlying physics differs for the gas.

To get an idea of the difference between Rsp and R200m,
we show the two radii relative to the dark matter and gas densi-
ties of four representative haloes in Figure 1. We calculate Rsp

from a stacked density profile of similarly sized haloes, with the
haloes shown in the figure corresponding to the median mass of
the stacked haloes. Rsp (solid circle) tends to be larger than R200m

(dashed circle) by ∼ 20− 50%.

2.4.1 The density profile of haloes

We compute the profile of a halo about its centre as defined by the
halo finder descibed in Section 2.3. We read in all particles in the
simulation and bin them into 85 logarithmically spaced spherical
bins between 0.01R200m and 5R200m. The dark matter, gas or to-
tal mass density profiles are computed by summing the mass of
the dark matter particles, gas cells and stellar particles within each
radial bin and dividing by the bin volume.

We also compute a galaxy number density profile. Galaxies
in this work are as defined in Section 2.3: subhaloes with M >
109M� and a non-zero stellar mass. There are fewer galaxies in
each halo than particles and cells, so we instead use 41 linearly
spaced bins between 0 and 5R200m. This ensures that there are an
adequate number of galaxies in the inner bins while maintaining
sufficient resolution in the outer regions to identify the splashback
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2 Mpc

Dark Matter

4.4× 1014M�

Gas

1.6× 1014M� 5.1× 1013M� 1.6× 1013M�

Figure 1. Projections for the dark matter (top) and gas (bottom) density for representative haloes in our samples. We split the haloes into four logarithmically
spaced mass ranges and show the median mass halo in each mass range. R200m is shown with the dashed line. Our method for identifying the splashback
feature is not robust for single haloes, so we calculate Rsp for the stacked dark matter profile of haloes in each mass range and show this with the solid line.
These demonstrate the difference between R200m and Rsp shown with representative haloes.

Simulation z log10 (Mhalo /M�) Γ

13.0-13.5 13.5-14.0 14.0-14.5 14.5-15.0 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0
0.0 770 394 185 47 109 361 316 237 154 90 87 25

TNG300-1 0.5 991 444 119 13 83 197 267 222 182 176 228 127
1.0 1005 336 50 2 39 102 152 145 168 157 243 198
0.0 845 445 186 48 140 447 343 235 140 111 81 21

TNG300-1-DM 0.5 1110 478 119 12 79 258 301 250 207 188 251 119
1.0 1136 360 49 2 44 109 207 180 184 173 286 196

Table 2. The number of haloes found in the high resolution hydrodynamic (TNG300-1) and N-body (TNG300-1-DM) simulations for mass and accretion rate
thresholds for select redshifts. See Table A1 for the sample sizes in the medium and low resolution runs.

feature. The density profile is then the number of galaxies in each
bin divided by the bin’s volume.

Individual haloes are not themselves spherically symmetric
objects and the averaged density profiles can be noisy, especially
for low-mass haloes. Therefore, we stack sets of haloes with sim-
ilar masses or accretion rates. When grouping by mass, we sep-
arate the haloes into four logarithmically spaced mass bins, with
log10 (M200m/M�) between 13− 13.5, 13.5− 14, 14− 14.5, or
14.5− 15, respectively. For accretion rate, we separate haloes into
eight bins with Γ between 0 − 0.5, 0.5 − 1, 1 − 1.5, 1.5 − 2, 2 −
2.5, 2.5− 3, 3− 4, or 4− 5, respectively. The number of haloes in
each mass or accretion rate bin for TNG300-1 and TNG300-1-DM
is shown for a few representative redshifts in Table 2. The number
of haloes in each mass or accretion rate bin for the lower resolu-
tion runs is shown in Table A1 in Appendix A. Radial bins for each
halo are normalised by R200m. We take the median average den-
sity value in each radial bin to yield a stacked density profile as a
function of R200m.

To identify the splashback feature, we fit our density profiles

with the analytic function proposed in Diemer & Kravtsov (2014):

ρ(r) = ρinner × ftrans + ρouter (6)

ρinner = ρEinasto = ρs exp

(
− 2

α

[(
r

rs

)α
− 1

])

ftrans =

[
1 +

(
r

rt

)β]− γβ
ρouter = ρm

[
be

(
r

5R200m

)−Se
+ 1

]
.

The parameters ρs, rs, rt, α, β, γ, be, and Se are left free to vary
for a given stacked density profile. This formula combines descrip-
tions for the inner region of a halo ρinner, in this case an Einasto
profile, and for the outer region ρouter, where the profile begins to
flatten to the mean density of the universe. The transitional region
between the inner and outer regions is described by ftrans.

This formula was developed for dark matter only simulations,
and we have found that it continues to work well for hydrodynamic
simulations. To fit the gas profile, which does not follow an Einasto
profile at low radius due to pressure, we adapt Equation 3 from
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Figure 2. The stacked density profile from TNG300-1-DM for haloes with
1014.5M� < M200m < 1015M� at z = 0. We test six fitting methods
using Equation 6 or 10. The red lines fit the logarithmic slope directly using
Equation 10, the blue lines fit the profile using the log of Equation 6 and
the green lines fit the profile using Equation 6 multiplied by r2. The darker
solid lines leave all eight parameters in the fitting function free, while the
lighter dashed lines constrain three parameters according to empirical trends
and use five free parameters. The vertical lines show Rsp for each fitting
method found by identifying the minimum of the analytic derivative. Each
fit follows the sharp decline in the slope to a varying degree, and there is a
small difference in the resulting value for the splashback radius.

Vikhlinin et al. (2006) to adjust the inner region such that

ρinner,gas =ρs

(
r

rs

)−α
2

(
1+

(
r

rs

)2
)−3b

2
+α

4
(

1+

(
r

rx

)3
)−ε

6

, (7)

where ρs, rs, rx, α, b, and ε are left free to vary when fitting the
density profile. Since the gas density consists only of baryons, we
also adjust ρm in the ρouter component of the density profile to use
the Universal baryon fraction: Ωb

Ωm
ρm.

2.4.2 Fitting methods

In addition to exploring the variation of Rsp with mass, accre-
tion rate, redshift, and halo components, we also explore the im-
pact of the method used to fit Equation 6 to the stacked profiles.
We compute Rsp by identifying the minimum of the logarithmic
derivative, so having a robust, accurate fitting method is critical

to obtaining reliable results. Previous work has used a variety of
methods to characterise the density profile and find the steepest
slope. Diemer & Kravtsov (2014) computed the profile slope us-
ing a Savitsky-Golay filter, which provides a piecewise polynomial
fit for a moving window of points along the profile, although they
did not identifyRsp as the minimum of the slope. Others, e.g. More
et al. (2015) and More et al. (2016), fit the profile using Equation
6 with a reduced number of free parameters and found the steepest
slope from the derivatives of their fit. Observational work, e.g. Bax-
ter et al. (2017) and Chang et al. (2018), used a Bayesian analysis
to fit the parameters to projected density profiles of galaxies.

Several of the fit parameters can be constrained due to known
relations or degeneracies, as in e.g. Diemer & Kravtsov (2014) and
More et al. (2015). The Einasto parameter α in Equation 6 can be
set according to Equation 5 from Gao et al. (2008) for dark matter
haloes:

α = 0.155 + 0.0095ν2 , (8)

where ν is the peak height of the haloes. The peak height is related
to the size of the overdensity from which the halo formed and has a
one-to-one correspondence with halo mass and redshift. To use this
in our fits of stacked haloes, we take the median mass of haloes
in the sample and convert to peak height for the given redshift.
Two additional parameters, β and γ may also be fixed. Diemer &
Kravtsov (2014) find that β = 4 and γ = 8 provide a good fit if
haloes are stacked by mass, while β = 6 and γ = 4 provide a good
fit if haloes are stacked by accretion rate.

Previous work used the best-fit parameters of the density pro-
file then differentiated to find the minimum of the slope. However,
as we are interested in the splashback feature that manifests itself
as the minimum of the slope, we propose fitting the slope directly
by taking the numerical logarithmic derivative of the stacked halo
profiles and the logarithmic derivative of Equation 6. We compute
the numerical derivative of the density profiles using a central finite
difference scheme with fourth-order accuracy for the logarithmic
profile:

d log ρ

d log r
(r0) =

1
12

log ρ(r−2)− 2
3
log ρ(r−1) + 2

3
log ρ(r+1)− 1

12
log ρ(r+2)

log r+2 − log r−2

(9)

where r0 is the point for which the derivative is being calculated
and r±1, r±2 are the surrounding points. The logarithmic derivative
of Equation 6 is given by:

d log ρ

d log r
=
r

ρ

dρ

dr
(10)

with

dρ

dr
=
dρinner

dr
× ftrans + ρinner × dftrans

dr
+
dρouter

dr
,

where ρinner, ftrans, and ρouter are given in Equation 6 with deriva-
tives

dρinner

dr
= − 2

rs

(
r

rs

)α−1

× ρinner

dftrans

dr
=

(
1 +

(
r

rt

)β)− γβ−1 (
− γ
rt

)(
r

rt

)β−1

(11)

dρouter

dr
= − ρmbese

5R200m

(
r

5R200m

)−se−1

.

When fitting the density profiles of the gas, we adjust the inner
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Figure 3. The χ2 value defined as in Equation 14 as a function of halo mass (top) or accretion rate (bottom) for redshifts 0, 0.5 and 1 (left, middle, and right
panels). The difference between the numerical logarithmic derivative and the analytic logarithmic derivative is computed for points between 0.8R200m and
2R200m, which encloses the splashback region for all our profiles. The red lines show χ2 obtained from minimising the fit to the slope, the blue lines are
obtained from minimising log(ρ) and the green lines are obtained from minimising ρ× r2. Solid lines leave all parameters from Equation 6 free, and dashed
lines fix α, β, and γ. The solid red line, fitting the slope with all parameters free, produces consistent fits across haloes and redshifts and is the method we use
for the remainder of our results.
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(12)

Once the slope is fit, we fit an additional normalisation param-

eter N :

ρ(r) = Nρfit . (13)

This adjusts the normalisation of the density profile on the loga-
rithmic plot without changing the slope, and we use it to show the
results of our fits in the figures presented in this paper. This nor-
malisation parameter is not used in any other calculations.

We use a least squares method to fit the analytic function to
our density profiles then identify the minimum of d log ρ

d log r
to calcu-

late the value of Rsp. We test the impact of the fitting scheme on
Rsp by varying the weighting used in the least squares fit. For the
weighting schemes, we minimise the difference in ρ× r2, log ρ, or
d log ρ
d log r

. When fitting ρ × r2 or log ρ, we perform the fit, then take

the derivative to calculate Rsp. When fitting d log ρ(r)
d log r

, we use the
method described above.

We also test the impact of fixing parameters or leaving them
free to vary. For each of these weightings, we perform fits with all
eight parameters given in Equation 6 free or fixing α, β, and γ as
described above. This gives us a total of six fitting schemes. An
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Figure 4. The fractional difference of Rsp for each of the six fiting methods as compared to fitting the slope with all eight free parameters. We show the
fractional difference for density profiles stacked by mass (left) and by accretion rate (right). We fit the density profile for each redshift and mass or accretion
rate range for each method. We then take the median Rsp value for the set of mass or accretion rate ranges for each redshift and fitting method. The slope fit
with all parameters free is generally higher than using other fitting methods on the same density profile by ∼ 5%.

example of each of these fits on the same density profile is shown
in Figure 2. Previous work, e.g. Diemer & Kravtsov (2014), Diemer
(2020) and More et al. (2015), used the constrained ρr2 weighting
to fit their profiles.

Our method for finding Rsp for a density profile can be sum-
marised as follows:

• Calculate the spherically averaged density profiles of individ-
ual haloes out to 5R200m.
• Select a set of haloes within a given mass or accretion rate

range and take the median density values.
• Use a least squares method to find the best-fit parameters.
• If constraining some parameters to leave five free, fix α ac-

cording to Equation 8. Set β and γ to 4 and 8 if haloes are stacked
by mass or to 6 and 4 if haloes are stacked by accretion rate.
• Use the best-fit parameters to calculate the minimum of the

analytic derivative of the density profile.

2.4.3 Error estimation

We use the bootstrapping method to estimate the uncertainty in our
calculation of Rsp. We randomly sample our halo profiles with re-
placement 10,000 times. This sampling occurs before separation
by mass or accretion rate, so we create a sample of all haloes and
then separate them into sets of stacked haloes. If a sample results in
zero haloes in a given range, e.g. no high mass haloes, we discard
that sample and create another. We compute independent samples
for each redshift, resolution and halo component. We calculate the
splashback radius of the stacked profiles for haloes in each sample
and show the 16th and 84th percentiles, approximating a standard
deviation of a Gaussian distribution.

3 RESULTS

In this section, we explore the splashback feature in a sample of
haloes selected from the TNG300 volume. Appendix A utilises
the lower resolution simulations to highlight the numerical conver-
gence of our results. Throughout this section, we compare to the
results in More et al. (2015) and Diemer (2020). They use N-body

dark matter only simulations to build a model that predicts the lo-
cation of Rsp for a given halo. These models are implemented in
the PYTHON toolkit COLOSSUS (Diemer 2018), yielding predicted
Rsp /R200m values. For More et al. (2015), the prediction is given
as a function of accretion rate and redshift. The fitting function for
Rsp from Diemer (2020) is implemented as a function of redshift,
accretion rate and peak height. These models can also be used as
functions of mass by assuming relations between accretion rate and
mass. Additionally, COLOSSUS provides a convenient function to
convert between peak height and halo mass at a given redshift for a
given cosmology.

More et al. (2015) explored the splashback radius and en-
closed mass as a function of halo mass, accretion rate, and peak
height for dark matter haloes. They defined the splashback radius as
the steepest slope of the spherically-averaged stacked median den-
sity profile, computed by fitting the density profile. Diemer (2020)
studied the splashback radius using the orbital dynamics of dark
matter particles. They compute the apocentre of first orbit by trac-
ing particle trajectories as they fall into the halo. As each particle
reaches a slightly different apocentre, the splashback radius is ap-
proximated as the distance enclosing a percentile of the infalling
particles. Although there is no exact match between any given per-
centile and the point of steepest slope found in More et al. (2015),
we use the 75th percentile of the Diemer (2020) as a basis of com-
parison.

3.1 Impact of the fitting method

We begin by examining the impact of the fitting method on the re-
covered Rsp. Using the six weightings described in Section 2.4.2,
we fit stacked profiles extracted from the highest resolution dark
matter only simulation. Additionally, we examine the impact of
leaving all eight parameters in Equation 6 free, “all free”, or con-
straining the α, β, and γ parameters, “constrained”.

The aim of fitting the profile is to accurately identify the sharp
decrease in the slope of the profile. As a measure of how well fit
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Figure 5. Examples of stacked density profiles for haloes between 1014M� and 1014.5M� at z = 0 in TNG300-1. The calculated densities and fits for
dark matter are on the left (black), gas in the middle (orange) and galaxy number density on the right (purple). The lighter squares are the densities and slopes
calculated from the simulation, the solid lines are the fit and dashed vertical lines show the location of the splashback radius for each density profile. The fits
use Equation 6, adjusted for the gas profile using Equation 7. These equations provide a good description for the density profile for each component.

the profile is, we calculate a χ2 value defined as follows:

χ2 =
∑(

d log ρfit
d log r

− d log ρsim
d log r

)2

N −m , (14)

where ρfit is the analytic profile fit and ρsim is the density profile
obtained via the method outlined in Section 2.4.1. N is the num-
ber of data points we use to calculate χ2 and m is the number of
free parameters in the fit. To focus on Rsp, we only include points
in the range 0.8 6 R/R200m 6 2, although the fit is performed
using all points in the density profile. This also increases the sig-
nificance of m compared to N in the denominator of Equation 14
so we can better compare fits with different numbers of free param-
eters. However, calculating χ2 using all points in the fit does not
significantly change our results since the difference between the fit
and numerical results is dominated by the splashback region.

This χ2 value is shown for each fit as a function of halo mass
and accretion rate at z = 0, 0.5 and 1 in Figure 3. Fitting to the
density derivative with all eight parameters free, shown by the solid
red line, consistently yields a lower χ2 across our mass, accretion
rate and redshift ranges. The increase of χ2 with mass is due to
having fewer haloes with larger mass, which results in more scatter
in the median profile and therefore a larger χ2.

In addition to having a comparable χ2 value as previously
used methods, we found that fitting the slope worked more robustly
on larger variety of profiles. This resulted in less tuning of initial
guesses in the fitting routines and fewer failed fits. This was espe-
cially important for the gas profiles, which have more shape vari-
ation than the dark matter profiles, and galaxy profiles, which are
noisier than the dark matter profiles. Qualitatively, fitting the slope
with all parameters free consistently fit the sharp decrease in all
profiles we fit while the other methods sometimes did not suffi-
ciently decrease, as in e.g. the ρ× r2 method in Figure 2.

How well a method fits the sharp decrease in the derivative
of the profile systematically influences the Rsp recovered. Figure
4 shows the fractional difference between Rsp obtained for all fit-
ting methods relative to the eight free parameter density derivative
fit. At each redshift, we calculate the median fractional difference
of fits for each mass (left) or accretion rate (right) range and plot
the result. Fitting the density derivative with eight free parameters
yields Rsp values that are ∼ 5% larger than the other methods.
Those fitting methods that fail to capture the sharp drop in density
around the splashback feature are generally biased low relative to
the minimum of the derivative, as shown in Figure 2.

More accurately capturing the derivative of the density profile
about the point of maximal change appears to result in the recov-
ery a systematically larger splashback radius. For the remainder of
the paper, all results are derived from fitting the derivative of the
density profile with all parameters left free to vary, as it more accu-
rately captures the derivative of the density profile.

3.2 The splashback radius of halo components

We now explore three components of the haloes in the TNG300
simulations: dark matter density, gas density and galaxy number
density. The galaxy profiles are the number densities of all galaxies
around a halo, where a galaxy is defined in Section 2.3.

Figure 5 shows example stacked density profiles and best-fit
models for the dark matter, gas and galaxy profiles of haloes in
TNG300-1 at z = 0 for haloes in the range 1014M� 6 M <
1014.5M�. The top panel shows the median stacked density pro-
files, while the bottom panel shows the corresponding logarithmic
slope. The splashback radius is shown by the vertical line, which is
defined as the minimum of the slope.

Both galaxies and dark matter are primarily influenced by or-
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10 S. O’Neil et al.

bital dynamics, resulting in splashback, but the gas is highly col-
lisional and therefore governed by shocks. While both splashback
and shocks lead to a drop in density, this also results in the wider,
shallower steepening in the gas profiles compared to the dark mat-
ter and galaxy profiles.

In idealised spherical collapse models, e.g. Shi (2016), the ac-
cretion shock position is expected to be near the splashback ra-
dius. It is also expected to behave similarly to the splashback ra-
dius and decreases with accretion rate, although this similarity is
coincidental for gas with an adiabatic constant γ ≈ 5/3 (also see
Bertschinger (1985)). However, the presence of mergers in the ac-
cretion history of halos can significantly change the behaviour of
shocks.

In more realistic simulations, e.g. Lau et al. (2015) and Aung
et al. (2020), the accretion shock occurs at ∼ 1.5 − 2 times the
splashback radius. Recent analyses have shown that a number of
physical effects can cause the decreases in the gas profiles, includ-
ing accretion shocks, runaway merger shocks, and contact disconti-
nuities (Aung et al. 2020; Zhang et al. 2021). Although Aung et al.
(2020) find that the accretion shock occurs at larger radius than the
splashback radius and the dip in the gas density profile, the accre-
tion shock radius also decreases with halo accretion rate similarly
to the splashback radius. Contact discontinuities where the runaway
shock overcomes the accretion shock could contribute to a drop in
gas density near the virial radius that is shallower compared to the
splashback feature (e.g. Zhang et al. 2021). These contact disconti-
nuities can easily be formed during mergers due to stripping from
the subcluster (see Markevitch & Vikhlinin 2007, for review) and
can persist for 3− 5 Gyr (Zhang et al. 2021).

Therefore, we expect to find the steepening in the gas density
profile in a similar place as in the dark matter. However, some dif-
ference in its location and the behaviour of the density profile is to
be expected. Understanding these similarities and differences could
provide an essential basis for the detection of the splashback feature
in observational data. Exact observational predictions, however, are
beyond the scope of this paper and we leave it for future work.

3.2.1 Dependence on halo mass

We examine the position ofRsp as a function of halo mass for each
halo component by splitting the haloes into four mass bins between
1013M� and 1015M�. This has been explored in e.g. Diemer et al.
(2017), although they focused primarily on the correlation between
the splashback radius and halo accretion rate. Halo mass, however,
is more easily inferred from observations than accretion rate.

Figure 6 shows Rsp/R200m calculated as the point of steepest
slope as a function of halo mass for the dark matter, gas, total (dark
matter, stars and gas) mass and galaxy profiles in the TNG300-1
simulation at z = 0. In general, this quantity decreases with in-
creasing halo mass. The total mass profiles yield results similar to
the dark matter profiles. This is expected because dark matter ac-
counts for most of the mass in haloes.

The deviation between the steepest slope in the gas and dark
matter profiles increases with halo mass. Rsp/R200m is ∼ 20%
lower for the gas relative to the dark matter for the largest two
mass bins, 1014−14.5M� and 1014.5−15M�. In the next largest
mass bin, 1013.5−14M�, we find that Rsp/R200m is ∼ 15% lower
in the gas than in the dark matter. Finally, Rsp/R200m is ∼ 10%
lower in the gas relative to the dark matter for the smallest mass
bin, 1013−13.5M�.

The difference betweenRsp in the galaxy and dark matter pro-
files is smaller than between gas and dark matter, but it is more sig-
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Figure 6. Location of the splashback radius as a function of halo mass for
the dark matter mass, gas mass, total mass and galaxy number density at
z = 0. We stack the density profiles for haloes with log10 (M200m/M�)

in 13−13.5, 13.5−14, 14−14.5 and 14.5−15 and compute the splash-
back radius of the median profile, shown by the solid lines. To estimate
error, we use a bootstrap method and show the 16th and 84th percentiles as
the shaded band around each line. Rsp occurs in a similar location in the
total mass profiles as in the dark matter profile. It also occurs in a similar
location for the galaxy profile except for low mass haloes, where dynamical
friction is more important. Rsp in the gas profiles tends to occur at a lower
radius than in the other profiles.

nificant for lower mass haloes. For haloes with masses between
1013.5M� and 1014M�, the ratio of Rsp/R200m in the galaxy
and dark matter profiles is slightly lower than for the largest two
mass bins, but all three are in agreement with one. For haloes with
M200m between 1013M� and 1013.5M�, Rsp/R200m is ∼ 12%
lower for galaxies than for dark matter.

The tendency for Rsp to be lower in the galaxy profile than
in the dark matter profile agrees with previous work. Deason et al.
(2020) found that subhaloes gave a significantly smaller Rsp than
the dark matter in Local Group simulations. Notably, the most sig-
nificant deviation between Rsp for galaxies and dark matter oc-
curs for our smallest mass bin, the mass closest to that of the Local
Group. This suggests that there is an environmental effect and that
it should not necessarily be assumed that the galaxy number den-
sity matches the dark matter mass density. Xhakaj et al. (2020),
however, found that subhalo profiles yield smaller Rsp values even
for haloes with M ∼ 1014M� but with larger subhaloes of masses
∼ 1012M�. We also fit our profiles using different methods, which
can produce different values for Rsp.

Adhikari et al. (2016) noted that subhaloes are subject to dy-
namical friction as they fall into a halo while dark matter parti-
cles are not. To understand the impact this has on the orbits, they
modified the subhalo equation of motion to account for dynamical
friction to

dvr
dt

= −GM(r)

r2
− ηG

2msubρ(r)

|vr|3
vrf(vr/σ) , (15)

where vr is the radial velocity of the subhalo, msub is its mass
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Figure 7. The top panels show the splashback radius as a function of redshift for the four halo mass bins. Here we compare results from the dark matter mass,
gas mass and galaxy number density profiles. We stack the density profiles for haloes in four mass bins between 1013M� and 1015M� and compute the
splashback radius of the median profile, shown by the solid lines. Each colour corresponds to a mass bin labeled with the log10 of its bounds. To estimate
error, we use a bootstrap method and show the 16th and 84th percentiles as the shaded band around each line. We compare to two analytic models, found in
More et al. (2015) and Diemer (2020), using the middle of each mass range (log(M/M�) = 13.25, 13.75, 14.25 and 14.75) at each redshift. These models
predict Rsp for dark matter haloes, but we show them in each panel for reference. Although our normalisation differs, we find a similar evolution of Rsp with
redshift. The bottom panels show the fractional difference between each component and the dark matter. The gas profiles have Rsp that is lower than the dark
matter Rsp across all redshifts by ∼ 10 − 20%. The galaxy profiles have similar Rsp as the dark matter and the smallest mass bin consistently produces Rsp

lower for the galaxies by ∼ 10%.

and M(r) is the halo mass enclosed within the orbital radius r
with local density ρ(r). f(vr/σ) is the phase space factor, typically
taken to be Maxwellian so f(x) = erf(x) − 2√

π
xe−x

2/σ2

. η is a
constant that depends on the distribution function of particles and
the subhalo’s internal structure, which Adhikari et al. (2016) finds
to be ∼ 1− 2.

To find how the effect of dynamical friction might vary with
the mass of the halo, we can assume the velocity of a subhalo is
altered over one orbital period T = 2πr/v by

∆v = −ηG
2msubρ(r)

v2
fT . (16)

For orbital motion v2 = GM(r)
r

, we get

2v∆v = −GM(r)

r2
∆r

⇒∆v = −1

2
v

(
∆r

r

)
. (17)

Combining Equations 16 and 17 gives

∆r

r
= ηf

4πmsubρ(r)r3

M(r)2
. (18)

For our density profiles, the density near R200m does not de-
pend strongly on mass and is ∼ 20ρm. For M(r) ∼ r3, we get a
change in radius dependent on halo mass

∆r

r
∝ msub

M(r)
. (19)

This implies that dynamical friction has a larger fractional effect in
smaller haloes and larger subhaloes as in Adhikari et al. (2016). As

halo mass increases, this effect becomes negligible and we see the
location of Rsp more closely agrees with the dark matter results.

Additionally, a subhalo’s mass is stripped as it falls into a
halo. The more mass a subhalo loses, the more bound its orbit
will become and the position of its first apocentre will decrease.
This further adds to the disparity between the galaxy and dark mat-
ter splashback feature. However, the formation of a galaxy within
a subhalo steepens the potential and makes it less susceptible to
stripping. Dark matter only simulations may not fully capture this
effect, so it is unclear how well our galaxy number density profiles
should agree with dark matter only subhaloes.

3.2.2 Redshift evolution

We now explore the evolution of the splashback feature with red-
shift. The redshift evolution of Rsp is primarily due to a depen-
dence on Ωm (Diemer & Kravtsov 2014; Adhikari et al. 2014; More
et al. 2015; Mansfield et al. 2017; Diemer et al. 2017). This is easily
converted into a redshift dependence assuming the Flat ΛCDM cos-
mology of IllustrisTNG. Rsp as a function of redshift for each halo
mass bin is shown in Figure 7. Rsp is computed independently for
each mass bin and redshift, so haloes at each redshift are treated as
independent. We find that haloes will have a larger Rsp than haloes
at a higher redshift with the same M200m. At earlier times, in a
more dense environment, matter will accrete more quickly onto a
halo. This will increase the mass, and therefore the gravitational po-
tential, of the halo during the first orbit of infalling material, which
will decrease the radial orbit of the material (Adhikari et al. 2014).
The gas and galaxy profiles follow a similar evolution with red-
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Figure 8. The logarithmic derivative of the dark matter density profile stacked in each accretion rate range. The grey points are computed numerically from
the simulation, and the solid line is the analytic derivative using the fit described in Section 2.4.2. Lower accretion rates show a second local minimum in the
logarithmic derivative, which disappears for Γ > 1. The fit consistently identifies the minimum due to splashback at slightly larger radius.

shift, but they differ from the dark matter profiles in their normal-
isation and mass dependence as discussed in the previous section.
The trends in mass dependence persist across redshifts for both the
gas and galaxy profiles.

Diemer et al. (2017) explicitly tested the dependence of
Rsp/R200m on Ωm. For constant Γ, Rsp/R200m increased, con-
verging for z > 2 where Ωm ∼ 1. Similarly, when the cosmol-
ogy of the simulation is altered, Rsp/R200m increases for larger
Ωm. When Ωm is fixed at 1, Rsp/R200m does not evolve with red-
shift. The power-spectrum slope also has some impact on this de-
pendence, but this has not been explored.

3.2.3 Dependence on halo accretion rate

Previous work, e.g. Diemer & Kravtsov (2014); Adhikari et al.
(2014); More et al. (2015); Mansfield et al. (2017); Diemer et al.
(2017), has found a strong correlation between the splashback ra-
dius and halo accretion rate, Γ. The mass dependence of Rsp,
discussed in Section 3.2.1, is typically attributed to the tendency
for larger haloes to have higher accretion rates (e.g. Diemer &
Kravtsov 2014). In this section, we examine the relationship ofRsp

and Γ to properly compare to these models.
Several models have been proposed in these past studies for

predicting the location of the splashback radius based on the accre-
tion rate of haloes. In general, Rsp/R200m decreases for higher ac-
cretion rates. For a high accretion rate, the potential deepens more
quickly, causing splashback to occur at a smaller radius (Adhikari
et al. 2014) as discussed in Section 3.2.2. At a constant accretion
rate, Rsp/R200m decreases with z, which is predicted to be depen-

dence on Ωm. At higher redshifts,R200m will be smaller for haloes
of similar masses, so the ratioRsp/R200m will increase. Increasing
Rsp/R200m with redshift for a constant accretion rate agrees with
the Ωm dependence discussed in Diemer et al. (2017). For compar-
ison with previous work, which related Rsp/R200m to Γ, we plot
the ratio of Rsp and R200m rather than Rsp.

At low accretion rate (Γ < 1), a second caustic appears at a
smaller radius thanRsp in the dark matter profiles, visible in Figure
8. This has also been observed in previous work, and it is likely due
to the more distinct streams of infalling material for lower accretion
rates (e.g. Adhikari et al. 2014; Deason et al. 2020). There is some
evidence of this in our galaxy profiles, although the large spacing of
linear bins at smaller radii and increased noise compared to the dark
matter profiles makes it difficult to identify, and it does not appear
in our gas profiles. For suitable fit parameters, the minimum value
of the lograthmic derivative is dominated by the splashback feature
even at low accretion rates (see Figure 8). Since we are interested
in the properties of the splashback feature, we do not attempt to
include this second caustic in our fits. We have checked that our
fitting method consistently finds the appropriate minimum.

Like the mass dependence, we find that our results follow
similar trends as previous work but that Rsp, as calculated using
the point of steepest slope, is slightly higher compared to previous
work. In Figure 9, we show the location of the splashback radius,
Rsp/R200m, for the dark matter mass, gas mass and galaxy num-
ber density profiles as a function of halo accretion rate between
z = 0 and 1. We compare to the More et al. (2015) and Diemer
(2020) models with the dashed and dotted lines, respectively. As a
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Figure 9. The top panels show the location of the splashback radius as a function of accretion rate Γ for the dark matter mass, gas mass and galaxy number
density profiles. The colours show several redshifts, and we compare to the models described in More et al. (2015) and Diemer (2020). The location of the
splashback radius decreases with accretion rate and increases with redshift. The haloes are stacked based on accretion rates in eight bins between 0 and 5. We
compute the splashback radius of the median stacked profile for each accretion range. To compare to the More et al. (2015) and Diemer (2020) models, we
calculate a value for Rsp/R200m based on the median R200m value for each accretion rate range. These models predict Rsp for dark matter haloes, but we
show them in each panel for reference. The bottom panels show the fractional difference between each component and the dark matter. The gas profiles result
in Rsp/R200m lower than the dark matter profiles, especially at lower Γ, while the galaxy profiles do not deviate significantly from the dark matter profiles.

function of redshift z and accretion rate Γ, More et al. (2015) find

Rsp

R200m
= 0.54 [1 + 0.53Ωm(z)]

(
1 + 1.36e−Γ/3.04

)
. (20)

Diemer et al. (2017) and Diemer (2020) propose a similar form for
Rsp:

Rsp = A+Be−Γ/C , (21)

where A,B,C contain a dependence on Ωm and peak height.
These parameters also contain the dependence on the percentile of
first apocentres enclosed byRsp, which we set to 0.75 for our com-
parisons. As in Figure 7, we show these models in all three panels
for reference, though they were developed from dark matter only
simulations.

The Diemer (2020) model converges across redshifts at low
Γ more than the More et al. (2015) model. Despite following a
method that more closely resembles that of More et al. (2015), we
also find thatRsp/R200m converges for low Γ in both the dark mat-
ter and galaxy profiles. However, given the noise in our samples, it
is difficult to determine the significance of this observation.

The gas profiles again yield lower results than the dark mat-
ter profiles and the deviation depends on accretion rate more than
on redshift. Across all redshifts, the lowest accretion rate bin has
an Rsp/R200m value that is slightly lower for the gas profiles, but
there is significant variance across the redshifts. For Γ between
0.5− 3, Rsp/R200m is ∼ 10% lower for the gas. For Γ between 3
and 4, Rsp/R200m is ∼ 5% lower for the gas, and we do not find a
significant difference in the highest accretion rate bin between the
gas and dark matter profiles.

Xhakaj et al. (2020) found that subhalo profiles produce a sig-
nificantly lowerRsp than dark matter profiles for all accretion rates.
While on average, Rsp for the galaxy profiles is slightly lower than

the dark matter profiles, we do not find a significant difference. As
noted in Section 3.2.1, Xhakaj et al. (2020) binned haloes by ac-
cretion rate over a narrow mass range near 1014M� and used sub-
haloes near 1012M�. It is possible that this difference is washed out
in our profiles due to wider mass ranges and the statistical noise of
our sample. Our subhalo sample is also significantly less massive,
with masses down to 109 M�. The effect of subhalo populations
on Rsp and effects of the fitting method on subhalo profiles will be
investigated in future work.

Since our results are consistently higher than the predictions
from previous work, we fit a function based on the More et al.
(2015) model to test if our results can be well described by these
models. We fit a modified version of Equation 20:

Rsp

R200m
= A[1 +BΩm(z)]

(
1 + Ce−Γ/D

)
(22)

and obtain A = 0.80, B = 0.26, C = 1.14, and D = 1.25 for the
dark matter profiles in TNG300-1, which are significanly different
from the values in Equation 20. We fit all redshifts simultaneously,
so each profile has two independent variables, Γ and z. Figure 10
shows this fit along with the original More et al. (2015) model and
our measurements.

The modified More et al. (2015) model is in better agreement
with our results, although there is still a discrepancy in the shape
of the curves and spacing between redshifts. Given the noise in our
profiles, it is difficult to determine the significance of this discrep-
ancy. We do not attempt to fit a modified Diemer (2020) model
since this model depends on parameters obtained from tracing the
trajectories of particles. We leave a more detailed exploration of a
functional form that better describes our results to future work.
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Figure 10. The location of the splashback radius as a function of accretion
rate Γ for the dark matter in the hydrodynamic simulation. The measure-
ments from TNG300-1 are shown in the solid lines with the 16th and 84th
percentiles of our bootstrap sample shown by the shaded bands. We fit a
function following the form of Equation 22, shown with the dot-dashed
lines. The original model from More et al. (2015) is shown with the dashed
lines. Our measurements are consistently higher than the More et al. (2015)
model, which results in a different fit. Although the modified fit is in better
agreement with our results, there is still a difference between our measure-
ments and the model in the shape of the lines and the spacing between
redshifts.

3.3 Comparison between N-body and hydrodynamic
simulations

The majority of previous work has been done using dark matter
only simulations. We explore the impact of baryonic physics on
the splashback feature by comparing the magnetohydrodynamic
TNG300 runs to the N-body, dark matter only TNG300-DM runs.
We use both the dark matter and total mass (dark matter, gas, and
stars) in the TNG300 simulations to compare to the dark matter
mass in the TNG300-DM simulations. In this section, we focus on
the highest resolution (level 1) runs.

We follow the same procedure for this comparison as was used
in the previous Section. The haloes are split into four mass or eight
accretion rate bins and we measure Rsp for the median stacked
profile at redshifts ranging between 0 and 1.

We show comparisons for Rsp/R200m as a function of mass
between in Figure 11. Similarly to the total mass and dark mat-
ter profiles in the hydrodynamic simulation, Rsp/R200m decreases
with increasing halo mass, and we do not find a significant differ-
ence with the introduction of the baryonic component and galaxy
formation processes.

Rsp for each mass bin is also shown as a function of redshift
in Figure 12, with the More et al. (2015) and Diemer (2020) shown
in the dashed and dotted lines. We do not find a significant differ-
ence in the results between either the dark matter or total mass in
TNG300-1 and the dark matter mass in TNG300-1-DM. The largest
difference occurs in the smallest smallest mass bin, where the de-
viation between TNG300-1 and TNG300-1-DM is less than 5%.
Given the inaccuracies inherent in our simulation data and profile

3×1013 1014 3×1014

M/M�

1.20

1.25

1.30

1.35

1.40

1.45

1.50

R
sp
/R

2
0
0
m

Dark matter (hydro)
Total mass (hydro)
Dark matter (N-body)

Figure 11. Location of the splashback radius as a function of halo mass for
the dark matter and total mass in a hydrodynamic simulation (solid lines)
and the dark matter mass in an N-body simulation (dashed line) at z = 0.
We stack the density profiles for haloes with log10 (M200m/M�) in 13−
13.5, 13.5−14, 14−14.5 and 14.5−15 and compute the splashback radius
of the median profile, shown by the solid and dashed lines. To estimate
error, we use a bootstrap method and show the 16th and 84th percentiles as
the shaded band around each line. We do not find a significant difference
between the hydrodynamic and N-body simulations for Rsp/R200m as a
function of halo mass.

fits, it is not clear that the small differences we measure are statis-
tically significant.

We show Rsp/R200m again as a function of accretion rate for
several redshifts in Figure 13. We find no significant difference be-
tween Rsp in the dark matter and total mass profiles in the hydro-
dynamic run and the dark matter profiles in the N-body run for all
accretion rates and redshifts. As in Figure 12, we compare to the
More et al. (2015) and Diemer (2020) models shown in the dashed
and dotted lines respectively.

Overall, the results from the TNG300-1 run agree well with
the TNG300-1-DM run.

4 CONCLUSIONS

We have explored the splashback radius, Rsp, in the TNG300 vol-
ume of the IllustrisTNG simulations and compared to its N-body
dark matter only counterpart TNG300-DM. The methods devel-
oped in dark matter only simulations work well in hydrodynamic
simulations, and the addition of baryonic physics has minimal im-
pact on our work. Defining Rsp as the minimum of the derivative
of the spherically averaged density profile, we computed Rsp for
haloes with 1013M� < M200m < 1015M�. Our conclusions are
summarised as follows:

• The identification of the point of steepest slope in the density
profile relies on choices in describing the density profile, and the
method used to fit the density profile systematically influences the
results. Methods that better fit the sharp decrease in the derivative
of the profile have a bias towards larger Rsp (Figure 2). Our results

MNRAS 000, 1–18 (2021)



Splashback boundaries in hydrodynamic simulations 15

0.0 0.2 0.4 0.6 0.8 1.0

500

1000

1500

2000

2500

3000

R
sp

[k
p

c]

Dark Matter (N-body)

14.5-15.0
14.0-14.5

13.5-14.0
13.0-13.5

0.2 0.4 0.6 0.8 1.0

500

1000

1500

2000

2500

3000

Dark Matter (hydro)

IllustrisTNG
More+ 15
Diemer 20

0.2 0.4 0.6 0.8 1.0

500

1000

1500

2000

2500

3000

Total (hydro)

0.0 0.2 0.4 0.6 0.8 1.0

z

0.8

1.0

1.2

f D
M

0.2 0.4 0.6 0.8 1.0

z

0.8

0.9

1.0

1.1

1.2

0.2 0.4 0.6 0.8 1.0

z

0.8

0.9

1.0

1.1

1.2

Figure 12. The top panels show the splashback radius as a function of redshift for four halo mass ranges. Here we compare results from the dark matter mass
density in the N-body simulation TNG300-1-DM (left) to the dark matter mass (middle) and total mass (right) density profiles in the hydrodynamic simulation
TNG300-1 . We stack the density profiles for haloes in four mass bins between 1013M� and 1015M� and compute the splashback radius of the median
profile, shown by the solid lines. Each colour corresponds to a mass bin labeled with the log10 of its bounds. To estimate error, we use a bootstrap method and
show the 16th and 84th percentiles as the shaded band around each line. We compare to two analytic models, found in More et al. (2015) and Diemer (2020),
using the middle of each mass range (log(M/M�) = 13.25, 13.75, 14.25 and 14.75) at each redshift. These models predict Rsp for dark matter haloes,
but we show them in each panel for reference. The bottom panels show the fractional difference with the N-body simulations. The lowest mass bin is slightly
higher in the hydrodynamic than in the N-body simulation, but there is overall agreement between the two across all redshifts.
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Figure 13. The top panels show the location of the splashback radius as a function of accretion rate Γ for the dark matter mass in TNG300-1-DM (left) and
the dark matter (middle) and total mass (right) in TNG300-1. The colours show several redshifts, and we compare to the models described in More et al.
(2015) and Diemer (2020) shown in the dashed and dotted lines repsectively. The location of the splashback radius decreases with accretion rate and increases
with redshift. The haloes are stacked based on accretion rates in eight bins between 0 and 5. We compute the splashback radius of the median profile for each
accretion range. To compare to the analytic models, we calculate a value for Rsp/R200m based on the median R200m value for each accretion rate range.
These models predict Rsp for dark matter haloes, but we show them in each panel for reference. The bottom panels show the fractional differences between
Rsp/R200m for TNG300-1-DM and the dark matter and total mass density profiles in TNG300-1.
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are most robust when we fit the derivative of the density profile di-
rectly to find its minimum. We leave eight parameters in the fitting
function free to vary. Our calculated χ2 value for this method re-
mains low relative to other fitting methods (e.g. fitting the density
profile and then differentiating) for our range of halo mass, halo
accretion rate and redshift (Figure 3). Our calculations yield a Rsp

value that is generally higher than other methods by ∼ 5% (Figure
4).
• We calculated the density profiles of the dark matter, gas

and galaxies in haloes and fit each density profile (Figure 5). We
stacked haloes in four logarithmically spaced mass bins between
1013M� − 1015M� and found that Rsp/R200m decreases with
M200m (Figure 6). This trend is most evident in the dark matter
and gas profiles.
• The steepest slope computed from the gas profile is ∼ 10 −

20% lower than computed using the dark matter profile. The differ-
ence is larger for haloes with larger masses (Figure 6). This is not
surprising given that the gas dynamics is governed by shocks rather
than collisionless orbital dynamics.
• Rsp computed from galaxy number density profiles is simi-

lar to the value from dark matter profiles for haloes with M >
1013.5M� (also see Figure 6). For haloes with 1013M� < M <
1013.5M�, Rsp is ∼ 12% lower in the galaxy profiles than in
the dark matter profiles. This is likely due to dynamical friction
as galaxies fall into less massive haloes.
• We computed Rsp for redshifts 0 − 1 and found that Rsp de-

creases with with redshift for haloes with similarM200m (Figure 7).
The dark matter, gas and galaxy profiles yield similar dependence
on redshift. The differences computed in Rsp for a given mass are
consistent across this redshift range.
• We also stacked our sample of haloes in eight accretion rate

bins between 0 and 5. At lower accretion rate (Γ < 1), a second,
smaller caustic appears at a smaller radius than Rsp, but this does
not affect our results (Figure 8). Rsp/R200m decreases with accre-
tion rate (Figure 9). This is consistent with previous work, although
our values are consistently higher. We fit a modified version of the
Rsp model proposed in More et al. (2015) to our data that produces
better agreement, but the shapes of our curves still differ from the
More et al. (2015) model (Figure 10). A decrease with accretion
rate is expected because haloes with a higher accretion rate will
have a larger increase in potential after one orbit, causing the first
apocentre to occur at a smaller radius.
• The dark matter and total mass density profiles in the hydrody-

namic simulation TNG300 yield results similar to the dark matter
profiles in the dark matter only TNG300-DM simulation, with dif-
ferences less than 5% (Figures 11, 12 and 13). We therefore con-
clude that the addition of baryonic physics does not significantly
influence the dark matter dyanamics near Rsp.

Comparison with previous work is complicated by the differ-
ences in methods used to identify Rsp and by systematic differ-
ences caused by the method used to fit a given profile. However,
we demonstrate qualitative agreement with past work, which in-
dicates that Rsp could be a reliable measure of halo size. Given
the minimal impact due to baryonic physics on the value of Rsp,
results from dark matter only simulations should produce reliable
predictions in more physical contexts. Additionally, a splashback-
like feature is evident in the observable components of haloes, gas
and galaxies, although they differ somewhat in underlying physics.
This is a promising indication that Rsp could be inferred from op-
tical and X-ray observations. Initial studies have been done in ex-
isting surveys, e.g. SDSS, and this holds the potential to be more

widely used in observations from eROSITA, the Nancy Grace Ro-
man Space Telescope and the James Webb Space Telescope. Future
work will be needed to better understand any biases introduced by
observational constraints. An extension of the work presented here
would be to study the effect of galaxy definition and introduce mag-
nitude limits on subhaloes included in the galaxy sample.
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Simulation z
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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TNG300-3 1431 1465 1526 1574 1570 1563 1588 1559 1528 1481 1405

Table 3. The number of haloes included in our sample in each resolution level (1, 2 and 3 for high, medium and low resolution) of the full hydrodynamic
(TNG300) runs. We select haloes for redshifts 0 6 z 6 1 in increments of 0.1. This number is the number of Friends-of-Friends groups with M200m >

1013M�, and haloes within 10 × R200m of a larger halo are not counted. See Table A1 for the number of haloes in each mass and accretion rate range we
examined.
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APPENDIX A: NUMERICAL CONVERGENCE

Here we examine the effects of resolution on our results to ensure
that they are robust. TNG300 and TNG300-DM were run at three
resolution levels with 25003, 12503 and 6253 dark matter particles.
To compare the resolution levels, we computeRsp for the dark mat-
ter profiles in TNG300-1, TNG300-2 and TNG300-3.

The intermediate resolution, TNG300-2, reduces the number
of resolution elements by a factor 8 and the spatial resolution by
a factor 2, and the lowest resolution run, TNG300-3, reduces the
resolution elements and spatial resolution by a further factor of 8
and 2, respectively.

Figure A1 shows the fractional difference of Rsp between the
lower resolution runs, TNG300-2 and TNG300-3, and the high res-
olution run, TNG300-1, in each mass bin as a function of redshift
for each resolution level as described in Section 3.2.2. TNG300-3
deviates from the expected behaviour at high redshift for the most
massive haloes, although the error here is also large. This is likely
due to the small number of haloes in this range combined with the
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Simulation z log10 (Mhalo /M�) Γ
13.0-13.5 13.5-14.0 14.0-14.5 14.5-15.0 0.0-0.5 0.5-1.0 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-4.0 4.0-5.0

0.0 770 394 185 47 109 361 316 237 154 90 87 25
TNG300-1 0.5 991 444 119 13 83 197 267 222 182 176 228 127

1.0 1005 336 50 2 39 102 152 145 168 157 243 198
0.0 782 391 186 47 115 331 356 217 156 99 92 23

TNG300-2 0.5 1001 446 117 13 83 195 261 220 177 166 251 143
1.0 1008 329 48 2 38 105 142 140 162 149 265 169
0.0 787 417 177 44 106 358 347 222 154 96 101 29

TNG300-3 0.5 978 456 117 11 69 184 281 237 184 172 214 126
1.0 1026 334 43 2 29 103 140 199 155 146 267 165

Table A1. The number of haloes found in the high, medium and low resolution (levels 1, 2 and 3) hydrodynamic (TNG300) simulations for each mass
and accretion rate threshold for z = 0, 0.5 and 1. This is the number of friends-of-friends groups in the given mass or accretion range, and haloes within
10 ×R200m of a larger halo are not counted.

lower resolution. In general, however, all three simulations yield
results in good agreement.

Figure A2 shows the fractional difference ofRsp between res-
olution levels as a function of accretion rate for redshifts between 0
and 1. We do not find any significant deviation in the results in the
three resolution levels. This indicates that resolution does not play
a role in our main results.
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Figure A1. Here we compare results of the dark matter mass profiles between the resolution levels of TNG300. Each resolution level has
(

1
2

)3 as many
particles as the previous resolution level. We stack the density profiles for haloes with log10 (M200m/M�) in 13 − 13.5, 13.5 − 14, 14 − 14.5 and
14.5 − 15 and compute the splashback radius of the median profile, shown by the solid lines. To estimate error, we use a bootstrap method and show the 16th
and 84th percentiles as the shaded band around each line. We show the fractional difference in Rsp between TNG300-1 and TNG300-2 (left) or TNG300-3
(right) and do not find a significant difference. TNG300-1 deviates at higher redshift for high-mass haloes, but this is well-behaved in TNG300-2. Rsp also
pushes against (or past) the bootstrap error bands in the high mass bin for TNG300-3 where the sample size is small.
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Figure A2. We show the fractional difference between Rsp in TNG300-1 and TNG300-2 (left) or TNG300-3 (right) calculated as a function of accretion
rate Γ. The colours show several redshifts. Each resolution level has

(
1
2

)3 as many particles as the previous resolution level. The haloes are stacked based on
accretion rates in eight bins between 0 and 5. We compute the splashback radius of the median profile for each accretion range as described in Section 3.2.3.
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