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Abstract

We use the IllustrisTNG (TNG) simulations of galaxy formation to measure the velocity dispersion profiles of dark
matter and stars in Milky Way–mass, galaxy group, and cluster-scale dark matter halos. The mean profiles
calculated from both tracers are similar in shape, exhibiting a large halo-to-halo scatter around the average profile.
The so-called “splashback” radius demarcates the outer boundary of the halo, and manifests as a kink in the
velocity dispersion profile, located on average between ∼1.0–1.5r200m, where r200m is the radius within which the
density of the halo equals 200 times the background density of the universe. We find that this location may also be
identified as the radius at which the (stacked) dispersion profile drops to 60% of its peak value (for line-of-sight
motions in TNG halos). We further show that the scatter in the dispersion profiles may be attributed to the
variations in the assembly history of the host halos. In particular, this segregates the profile into two regimes: one
within ∼0.1r200m, where the scatter is set by the early assembly history of the halo; and the other beyond this
radius, where the scatter is influenced more strongly by its late-time assembly. Finally, we show that a two-
parameter model can be used to fit the measured velocity dispersion profiles and the fit parameters can be related
directly to two fundamental halo properties: mass and concentration. We describe a simple model that allows us to
express the stellar velocity dispersion profile in terms of these halo properties only.

Unified Astronomy Thesaurus concepts: Cosmology (343); Galaxy formation (595)

1. Introduction

Dark matter halos are the fundamental units of cosmic
structure formation. These objects are formed through the
assembly of dark matter particles, in which initially overdense
regions of the universe collapse through gravitational instabil-
ity. In hierarchical structure formation, low-mass dark halos
form first, while more massive structures form gradually
through mergers, combined with the smooth accretion of dark
matter. Eventually, baryonic matter settles into the gravitational
potential wells of these halos, leading to the eventual cooling of
gas into a star-forming state, and the subsequent production of
stars and black holes.

Given the chronology of structure formation, understanding
the assembly and present-day mass distribution of dark matter
halos is an important first step in developing a comprehensive
theory of galaxy formation. N-body simulations of collisionless
“cold” dark matter agree that the mass distribution within dark
halos takes on a universal shape, most conveniently para-
meterized by the Navarro–Frenk–White (NFW) density profile
(Navarro et al. 1996, 1997; Wang et al. 2020). The NFW
density profile is defined such that, for halos of fixed mass, the
density distribution depends on only one additional parameter:
the so-called “concentration” of the halo, i.e., a measure of how
centrally peaked the density profile is. Concentration may also
be interpreted as a measure of the formation epoch of the halo,
with low-mass, older halos exhibiting larger concentrations
than high-mass objects that have assembled more recently in
cosmic history (e.g., Bullock et al. 2001; Wechsler et al. 2002;
Zhao et al. 2003; Ludlow et al. 2013).

The concept of halo mass is not without ambiguity. Dark
matter halos exhibit irregular shapes, and quantifying the mass
of a halo then becomes an exercise in determining a suitable
boundary demarcating its dark matter content. The most
commonly adopted definitions of halo boundaries originate

from the spherical collapse model (Gunn et al. 1972), in which
halos condense out of initial overdensities that decouple from
the background expansion through their own gravity; the
resulting extent of the collapsed object is then determined using
the virial theorem. This condition then defines halos as
virialized objects with a mean enclosed density equal to 178
times the critical density of the universe. This condition applies
specifically to an Einstein–de Sitter universe (with Ωm= 1); the
extension to arbitrary cosmologies is more involved and
requires numerical solutions (e.g., Eke et al. 1996; Bryan &
Norman 1998; Rubin & Loeb 2013). Nevertheless, these
virialization conditions act as convenient criteria that can be
used to identify (spherical) halos from groups of particles in
cosmological simulations of structure formation, where an
overdensity closer to 200 times the critical (or sometimes the
mean) density is assumed. The corresponding “virial” radius is
denoted as r200c (r200m).
Visual depictions of halos in simulations show them to be

anything but spherical. In particular, the equilibrium state of
halos is, in some ways, a function of radial distance from the
halo center. The inner cores of halos assemble earlier and are
typically more relaxed. On the other hand, the exterior portions
of halos (particularly those of galaxies more massive than the
Milky Way) may still be accreting new material in the form of
diffuse dark matter and merging halos, and do not show an
obvious separation from the cosmological background. This
has led to several authors advocating for the “splashback
radius” as a more natural definition of a halo boundary (e.g.,
Fillmore & Goldreich 1984; Bertschinger 1985; Adhikari et al.
2014; Diemer & Kravtsov 2014; More et al. 2015), identified as
a caustic in the density profile in the outskirts of halos.
Physically speaking, the splashback definition may be more
robustly defined as the (smoothed) average of the apocentric
radii of all particles in the halo (Diemer 2017). Defined as such,
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the splashback radius then separates material that is infalling
from that which is in orbit within the gravitational potential of
the halo.

A number of recent programs have targeted the identification
of the splashback feature in observations. The majority of these
efforts have been focused in the regime of rich galaxy clusters,
in which the comparatively large number of tracers enables a
more faithful detection of the caustic in the (projected) number
density profile and cross-correlation functions of member
galaxies (e.g., More et al. 2016; Patej & Loeb 2016; Baxter
et al. 2017; Chang et al. 2018; Nishizawa et al. 2018; Shin et al.
2019; Zürcher & More 2019; Murata et al. 2020; Tomooka
et al. 2020). Though the comparison between the observation-
ally inferred and theoretically predicted splashback radii can be
hindered by systematics (e.g., Busch & White 2017), there is
now a considerable body of evidence that the outermost realms
of massive galaxies are imprinted with a caustic splashback
feature.

A particularly interesting feature of the splashback radius is
its dependence on redshift, the accretion rate and environment
of the halo (e.g., Diemer et al. 2017; Mansfield et al. 2017), and
perhaps even the underlying theory of gravity (Adhikari et al.
2018). The dependence on accretion rate is especially
informative, as it influences the relationship between the
splashback radius and the more conventionally defined virial
radius derived from the spherical collapse model. Using
cosmological N-body simulations, More et al. (2015) observe
that, in slowly accreting halos, the splashback feature occurs at
around ≈1.2–1.5 r200m, while in more rapidly accreting
systems, in which the added mass causes particle orbits to
“turn around” at smaller radii, this feature occurs closer to
≈0.8–1.0 r200m. The dynamics of particle orbits, which after all
defines the splashback radius, therefore retains memory of the
accretion events that punctuate the history of the halo.

Recent theoretical works have demonstrated that caustic
features that demarcate natural halo boundaries may be
measured in other quantities apart from the radial density
profile. For example, Fong & Han (2021) construct a new
definition, the “depletion radius,” by identifying the radial
location of the minimum in the bias profile of halos (i.e., a
measure of the overdensity profile of a given object). The
location of this depletion radius is somewhat larger than the
typical splashback radius (on average by a factor of two or
greater), and coincides with the location of the maximum infall
velocity around the halo. Using high-resolution, zoom hydro-
dynamical simulations of Milky Way–mass analogs, Deason
et al. (2020) showed that a series of caustics may also be
identified in the radial velocity dispersion profile, with the
innermost caustic (located around ∼0.6r200m) defined by
material that has undergone at least two pericentric passages,
and which provides a means to define the “edge” of the Milky
Way halo.

Unsurprisingly, the (radial) stellar velocity dispersion profile
has been measured most comprehensively in the case of the
Milky Way (e.g., Brown et al. 2010; Deason et al. 2012; Cohen
et al. 2017). The extension to galaxies beyond the Milky Way
has been more limited in terms of the maximum projected
distance up to which the velocity dispersion profile has been
measured, where the component being measured is the stellar
motion along the line of sight (e.g., Tempel & Tenjes 2006;
Veale et al. 2018; Mogotsi & Romeo 2019). Identifying
caustics in the velocity dispersion profile in the most exterior

portions of external galaxies may be enabled by stacking
profiles of multiple objects, and by obtaining deeper spectra
from future observational facilities.
The aim of this paper is to investigate the extent to which

visible tracers in the halo—in particular, their stellar content—
can be used to determine aspects relating to the mass and the
formation history of the host dark matter halo. We make use of
the IllustrisTNG cosmological, hydrodynamical simulations
(Pillepich et al. 2018b; Nelson et al. 2019) to measure the
velocity dispersion profile of stars of objects ranging from the
scale of Milky Way–mass halos to those of rich clusters of
galaxies. We find that sharp breaks in the velocity dispersion
profile, occurring at radii consistent with the expected splash-
back radius of these halos, are prominent in both the dark
matter and stellar velocity dispersion profiles. Furthermore, we
establish a connection between the shape of these profiles and
the mass and concentration of the host halos, which opens up
the possibility to infer these quantities from the velocity
dispersion profile of galaxies measured in future observations.
This paper is organized as follows. In Section 2, we describe

the simulation set used in this work. Our main results are
presented in Section 3, in which we establish the connection
between the stellar velocity dispersion profiles and the
assembly history of halos. We further demonstrate how the
form of the stellar velocity dispersion can be used to determine
the virial radius of the host dark matter halo. Finally, Section 4
provides a summary of our investigation.

2. Numerical Methods

First, we provide a brief description of the IllustrisTNG
simulation suite, which provides the computational domain
analyzed in this paper.

2.1. Simulations

The IllustrisTNG project is a suite of cosmological,
magnetohydrodynamical simulations of galaxy formation
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018; Pillepich et al. 2018a; Springel et al. 2018), carried out in
periodic volumes with comoving lengths of 50, 100, and
300Mpc (TNG50, TNG100, and TNG300, respectively, with
only the two latter boxes used in this paper). Each simulation
follows the coevolution of dark matter and baryons, and has
been run using the AREPO code (Springel 2010; Weinberger
et al. 2020), in which the equations of magnetohydrodynamics
governing gas elements are solved using an unstructured,
Voronoi mesh. The Voronoi tessellation is adaptive in nature:
regions with high gas density are resolved with many small
cells, as compared to more diffuse regions. This vastly
increases the dynamical range achievable in any given
simulation.
The TNG model is the successor to the original Illustris

galaxy formation model presented in Vogelsberger et al.
(2013, 2014); a comprehensive list of all the changes
introduced in the new version is provided in Pillepich et al.
(2018b). TNG incorporates a range of physical processes
thought to be important to regulating the evolution of galaxies,
including gas cooling and star formation; the seeding, growth,
and feedback resulting from supermassive black holes; the
launching of galactic winds; and the influence of galactic-scale
magnetic fields. A sequence of works have shown that this
model is able to successfully reproduce a variety of properties
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of the real galaxy population as a function of cosmic time
(Marinacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018a; Springel et al. 2018).

All simulation data used in this work (particle snapshots,
halo and galaxy catalogs, and merger trees) have been made
publicly available1 (Nelson et al. 2019). The higher-resolution
TNG100 simulation consists of a periodic box of length
Lbox= 75 h−1 Mpc≈ 100Mpc, with 2× 18203 resolution ele-
ments corresponding to dark matter particles and gas cells. This
corresponds to a mass resolution of 9.44× 105 h−1Me in
baryons and 5.06× 106 h−1Me in dark matter. The maximum
physical softening length of dark matter and star particles is set
to 0.5 h−1 kpc. TNG300 simulates an even larger cosmological
box of size Lbox= 205 h−1 Mpc≈ 300Mpc with 2× 25003

resolution elements. The increased volume comes at the
expense of more modest particle resolution: in particular, the
mass resolution is 7.44× 106 h−1Me in baryonic matter and
3.98× 107 h−1Me in dark matter. The maximum physical
softening length of dark matter and star particles is set to
1.0 h−1 kpc. TNG300 serves as our primary data set for
sampling the regime of low-mass groups and rich galaxy
clusters (1013Me), which, in particular, is the mass range of
interest in this paper.

Both sets of simulations have been evolved until z= 0,
starting from initial conditions generated at z= 127. The initial
particle set is constructed by assuming cosmological para-
meters estimated by Planck (Planck Collaboration et al. 2016):
Ω0= 0.3089 (total matter density), Ωb= 0.0486 (baryon
density), ΩΛ= 0.6911 (dark energy density), H0= 67.74
km s−1 Mpc−1 (Hubble parameter), and σ8= 0.8159 (linear
rms density fluctuation in a sphere of radius 8 h−1 Mpc
at z= 0).

2.2. Halo Identification

Dark matter particles in all TNG simulations are first linked
together using the “friends of friends” (FOF) algorithm (e.g.,
Davis et al. 1985), providing an initial catalog of dark matter
halos. This FOF algorithm connects dark matter particles
separated by at most 0.2 times the mean interparticle separation
to form groups; the SUBFIND algorithm (Springel et al. 2001) is
then used to identify gravitationally bound substructures within
each group. In this work, we will focus on the properties of
FOF groups as a whole—in particular, considering the set
of dark matter and star particles associated with each FOF
group. Throughout this paper, we will refer to the mass of an
FOF group as M200, which is the mass contained within the
radius r200c, the radius that encloses a mean density equal to
200 times the critical density of the universe at the redshift
at which the halo is identified. We will also quote a second
radius, r200m, which is the radius within which the enclosed
density of the halo is equal to 200 times the mean background
density of the universe at that redshift. Defined in this way,
r200m is always greater than r200c (for typical NFW-like halos,
r200m≈ 1.6r200c). Owing to its substantially larger volume,
we use TNG300 as our primary data set for halos more
massive than [ ] M Mlog 13.0;200 for less massive halos
( [ ] [ ] =M Mlog 12.0, 13.0200 ), we resort to TNG100, which
offers somewhat better mass and force resolution in this
regime.

3. Results

In the following subsections, we present the main results of
our analysis. In Section 3.1, we showcase the diversity of dark
matter and stellar velocity dispersion profiles (in 3D) measured
in TNG halos. Section 3.2 then establishes the connection
between the diversity of these profiles and the assembly history
of the halo. Finally, in Section 3.3, we present a simple model
that describes the dependence of stellar velocity dispersion
profile on physical properties of the host halo, such as its mass
and concentration.

3.1. Dispersion Profiles in Three Dimensions

We begin our investigation by considering the three-
dimensional velocity dispersion profiles of dark matter and
star particles measured from TNG halos. Throughout this
paper, we consider all particles within the spherical region
enclosed by a radius 5r200m from the center of the halo.
Figure 1 shows the 3D velocity dispersion profiles in bins of

halo mass (separate panels). The thick lines in each color shows
the mean profile of the dark matter (black) and the stars (red).
To provide an impression of the diversity in dispersion profiles,
a subset of individual stellar velocity curves are represented by
the thin red lines. Finally, the gray shaded region marks the
“convergence radius,” i.e., the regime below which the velocity
profiles cannot be expected to have converged numerically,
given the numerical settings adopted in TNG. To determine this
radius, we use the criterion described in Power et al. (2003).
Tests of the convergence of these profiles as a function of
resolution are shown in Appendix A.
The similarity in the shape of the dark matter and stellar

velocity dispersion profiles is apparent; indeed, both curves
show a prominent dip toward the exterior of the halo, typically
occurring at around ∼1.2–1.5r200m. The location of this feature
is commensurate with that of the so-called “splashback” radius
of dark matter halos (e.g., Fillmore & Goldreich 1984;
Bertschinger 1985; Adhikari et al. 2014; Diemer & Kravtsov
2014; More et al. 2015), which demarcates the outermost
caustic in the matter distribution. Indeed, a sharp rise in the
velocity dispersion of material in the outskirts of halos is a
hallmark of the region that separates infalling material from
their surroundings.
While the stacked dispersion profiles for dark matter and

stars differ in their amplitude, it is striking to note the extent to
which the stellar distribution traces the overall shape of the
underlying dark matter potential, particularly for halos in the
mass range [ ] M Mlog 14.0200 . On inspecting the disper-
sion profiles of individual halos, we notice several cases where
the “kink” in the exterior of the profile is barely noticeable; this
is typically the case for well-isolated halos, in which the
velocity dispersion drops precipitously beyond ∼r200m. Where
there is a second, neighboring halo, the velocity dispersion
profiles turn upward as the gravitational potential of the
neighboring object starts to dominate. The stacked, averaged
profiles show this effect clearly.
In subsequent sections, we divert our attention away from

3D velocity dispersion profiles and focus instead on line-of-
sight velocity dispersions as may be measured with deep
measurements of galaxy spectra.1 http://www.tng-project.org/data/

3

The Astrophysical Journal, 912:114 (13pp), 2021 May 10 Bose & Loeb

http://www.tng-project.org/data/


3.2. The Effect of Assembly History on Velocity Dispersion
Profiles

In this subsection, we establish the connection between the
diversity of velocity dispersion profiles and the assembly
history of halos in IllustrisTNG.

In Figure 2, we identify halos from TNG300 in the
mass range [ ] – =M Mlog 13.0 13.5200 . We differentiate
between halos with “early-” and “late-time” formation
histories by defining, respectively, the epochs at which 10%
(top row) and 90% (bottom row) of the final-day (dark matter)
mass of the halo has collapsed. For each definition, we then
split halos that are the 20% earliest-forming (solid lines)
and 20% latest-forming (dashed lines). This selection there-
fore singles out halos at fixed z= 0 mass that are most
discrepant in their early- and late-time formation histories.
The left-hand panels in Figure 2 show the corresponding
line-of-sight velocity dispersion profiles for dark matter
and star particles. Solid lines show the mean stacked profile,
while the shaded bands encompass the scatter around the
mean, showing the range in profiles spanned by the halos
that are picked out when selected according to their formation
history.

From these two panels, we see a clear spatial dependence of
the scatter in velocity dispersions when selecting on halo
formation time. In particular, we find that halos that differ most
in their late-time formation history show scatter in the outskirts
of their velocity dispersion profiles (r 0.1r200m). On the other
hand, the scatter is larger in the regime of the inner profile
when selecting halos that differ most in their early formation
history.
Figure 2 is an example of how the inside-out formation of

dark matter halos manifests in the observable properties of
visible tracers. In the standard picture of hierarchical structure
formation, the central cores of halos collapse first, while the bulk
of the mass of the halo continues to accumulate in the outskirts
of halos through accretion and mergers. A tight scatter in
velocity dispersions reflects regions of halos that are in some
semblance of virial equilibrium. As the cores of halos collapse
early on, selecting on differences in the early accretion histories
of halos directly reflects differences in the central velocity
dispersions of dark matter and stars. When selecting on
differences in the late-time assembly history of halos, we
specifically select objects that show large variances in the
outskirts of their dispersion profiles. As seen in Figure 2, the
inner regions (r 0.1r200m) show very little scatter, as this

Figure 1. Stacked 3D velocity dispersion profiles of dark matter (black) and star particles (red) in halos identified from TNG. Thick lines represent mean profiles. Thin
red curves show a selection of individual profiles from a subset of halos in each mass bin (as defined in the textbox within each subpanel). Vertical dashed and solid
lines, respectively, mark the averaged values of r200c and r200m for each mass bin. Shaded gray band is bounded by the convergence radius, below which the dispersion
profiles can no longer be expected to have converged numerically. Shape of the velocity dispersion profile for stellar particles is similar to that of the dark matter, albeit
with a lower amplitude.
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portion of the halo is only marginally affected by late-time
accretion events.

Figure 2 also shows that the impact of assembly history is
imprinted upon the dispersion profile for both dark matter and
stars. The size of the scatter is also comparable between the two
sets of tracers. The bottom row of this figure hints that scatter in
the exterior profile may be somewhat larger for stars than for
dark matter; this implies that, following a late-time merger
event, it takes longer for the stellar tracers to virialize than it
does for the dark matter. The results suggest that luminous
tracers may indeed be used to decipher aspects of the formation
history of their host dark matter halos. In the following
subsection, we investigate this in more detail and tie together
the quantities that can be measured from the stellar velocity

dispersion profiles with metrics that are associated with the
host halo.

3.3. A Model for the Velocity Dispersion Profiles of Dark
Matter Halos

In the previous subsection, we have seen a distinct
connection between the early/late-time formation histories of
dark matter halos and the imprint this leaves on the velocity
dispersion profiles of dark matter and stars at the present day.
In this subsection, we establish this relationship more formally.
The general shape of the normalized line-of-sight velocity

dispersion profiles may, to first order, be described simply by a
parabola defined by a normalization term and the radial
location of the peak of this function. While it is, in principle,

Figure 2. Scatter in the line-of-sight velocity dispersion profiles of dark matter and stars after selecting halos by formation time at fixed final-day
mass ( [ ] – =M Mlog 13.0 13.5200 in this example). Profiles have been computed as a function of the projected halocentric radius, rp. Top row: selecting
the earliest-forming 20% and the latest-forming 20% of halos as determined by the epoch by which 10% of their z = 0 dark matter content was assembled
(right panel); the corresponding scatter in the line-of-sight velocity dispersion profiles, σlos(rp), are shown in the left panel as the shaded portions of the
profiles. Bottom row: as in the top row, but now selecting halos that are the earliest- and latest-forming 20% as defined by the redshift by which 90% of their
z = 0 halo masses were assembled. This figure demonstrates that scatter in σlos(rp) in the inner parts of halos (r  0.1r200m) is driven primarily by scatter
in the early assembly history of these halos; on the other hand, the scatter in σlos(rp) in the outskirts of halos is driven by variations in the late-time assembly
of the same objects.
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possible to predict the dispersion profile starting from the NFW
profile itself (e.g., Binney & Mamon 1982; Łokas &
Mamon 2001), here we define a simpler functional form and
parameterize the stellar dispersion profile as:

⎜ ⎟
⎛
⎝

⎡
⎣⎢

⎤
⎦⎥

⎞
⎠

( )
( )

s

s
c= + 



r r

r
1 log , 1

p p
los

max
los

2

in which rp is the projected distance from the halo center, χå is
a normalization factor, and rå is the characteristic radius at
which the profile is maximum ( ( )s s=rlos

max
los ).

Figure 3 shows the fits made to the normalized velocity
dispersion profiles using Equation (1), separated in bins of host
halo mass. The fit is performed only in the region to the right of
the shaded gray box, which marks the radius within which
particle dynamics are unreliable due to finite force resolution.
The panels show only the mean normalized profiles, and we
leave out the scatter for clarity. The blue dashed line is the best-
fit profile obtained using Equation (1). The two-parameter
model provides a good fit to the dispersion profiles across the
full range of halo mass.

It is interesting to note that, when expressed in normalized
units, the “kink” in the velocity dispersion profile—which is

related to the value of r200m (Section 3.1)—appears at the
radius at which ( )s s»r 0.6p

los
max
los . This is certainly the case

for the mean stacked profile in each mass bin, and the exact
location depends on the assembly history of the halo (as
indicated by the width of the shaded regions in Figure 2). This
suggests that it may be possible, to within a factor of a few, to
predict the value of r200m by estimating the halocentric distance
at which the line-of-sight velocity dispersion profile drops to
∼0.6 of its maximum value. We also note that at this radius, the
logarithmic slope of normalized dispersion profile (denoted as
s̃) also reaches its minimum value; this is shown in the lower
subpanels in each frame in Figure 3.
The intersection of the horizontal dotted line in each panel of

Figure 3, which marks the condition ( )s s»r 0.6p
los

max
los , with

the velocity dispersion profile showing that this radial location
is indeed coincident with r200m. For objects in the range

[ ] >M Mlog 13.0200 , the value of r200m estimated from the
dispersion profile is quite close to its true value, while the
agreement is substantially worse in the regime of Milky Way–
mass halos (top left panel of Figure 3). The reason for this may
be partly due to the limited numerical resolution afforded by
TNG100, the simulation box from which these halos have been
extracted. As the top left panel shows, the full parabolic shape

Figure 3. Normalized line-of-sight velocity dispersion profiles for dark matter (black) and stars (red) as a function of projected halocentric radius, rp, in TNG halos.
Blue dashed curves represent fits to the stellar velocity dispersion profile using Equation (1). Lower subpanels show the radial variation of the slope, s̃d d rlog log ,
where ˜ ( )s s s= rp

los
max
los . Horizontal dotted line marks the case where the normalized stellar velocity dispersion falls to 60% of its maximum value; the intersection of

this line with the velocity dispersion profile is typically consistent with r200m. Note that this is also the location where the slope, s̃d d rlog log , reaches its minimum
value.
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is not resolved fully in TNG100 for this mass range—in
particular, profile peaks below the convergence radius, the
portion of the halo internal to which issues pertaining to finite
force softening start to dominate (gray shaded region).

It is worthwhile to explore the physical interpretation of the
fit parameters χå and rå in more detail—in particular, their
connection to the properties of the host dark matter halo.
Figure 4 shows the mass dependence of these parameters as
obtained through fitting Equation (1) to the velocity dispersion
profiles of the stars in TNG halos.

Mathematically, the normalization parameter, χå, determines
the concavity (or width) of the profile—which, as we discussed
in Section 3.2, is related to the assembly history of the host
halo. For dark matter halos, a simple parameter that is often
used to characterize the assembly history of halos is the
concentration, c200, defined as the ratio r200c/rs where, for a
dark matter halo described by an NFW profile, rs is the “scale
radius” at which the slope of the density profile is −2.

The solid blue line in the left-hand panel of Figure 4 shows
the median halo mass–concentration relation for dark matter
halos in the Planck cosmology, as predicted by the model
described in Ludlow et al. (2016). In this model, the
concentration of NFW halos may be predicted using only
the initial power spectrum, which determines (at least to first
order) the subsequent assembly history of the halo. The
predictions of the Ludlow et al. (2016) model have been
rescaled to facilitate comparison of their relationship with χå.
The blue shaded region shows a constant scatter of 0.13 dex in
the halo mass–concentration relation (see, e.g., Dutton &
Macciò 2014).

It is striking to note that the gradient of the M200–χå relation
obtained from the stellar velocity dispersion profile is nearly
identical to that of the M200–c200 of DMO halos across this
mass scale (albeit with a different normalization). This
reaffirms our earlier interpretation of χå as a parameterization

of the assembly history of the host dark matter halo. This
suggests that, given a halo of mass M200, the parameter χå,
which sets the normalization of the profile in Equation (1), may
be predicted using the standard mass–concentration relation of
dark matter halos.
Focusing next on the relationship between rå and M200

(right-hand panel of Figure 4), we find a strong correlation
between these quantities. This is unsurprising: the radius at
which the velocity dispersion profile peaks is tied directly to the
depth of the potential well of the halo (and therefore, its mass).
Indeed, the parameter rå bears a relationship with halo mass
similar to that of the more familiar parameter, rmax, which
denotes the radius at which the halo’s 3D circular velocity
profile reaches its maximum. This is represented by the solid
gray line (rescaled by a factor of 0.1), which shows the M200–

rmax relationship for halos in this mass range in TNG DMO; the
corresponding relation for the full-physics TNG simulation is
shown in orange.
The –M r200 max relation, which is nearly identical in the full-

physics and DMO versions of TNG in the mass scale
[ ] M Mlog 13.0200 , steepens at lower masses in the

hydrodynamical simulation. This is likely the consequence of
gas cooling and subsequent star formation, which is concen-
trated primarily in the central regions of halos, thereby
contracting the radius at which the peak circular velocity is
achieved in the hydrodynamical simulation compared to TNG
DMO; the effect on the largest halos is modest. Both
observations are consistent with the conclusions of Lovell
et al. (2018), who investigated the impact of baryon physics on
the dark matter content of TNG halos. TheM200–rå relationship
measured from the stellar velocity dispersion profile shows a
gradient similar to that of the M200–rmax,hydro in the mass scale

[ ] M Mlog 14.0200 , but exhibits a somewhat steeper mass
dependence in the regime of galaxy clusters.

Figure 4. Halo mass dependence of the parameters χå and rå obtained through fitting Equation (1) to stellar velocity dispersion profiles in TNG. Stars represents the
value of these parameters obtained from fitting the mean dispersion profile in any given mass bin, while error bars show the range of χå values measured from fitting
the 16th–84th percentile scatter around the mean profile. Left panel: comparison of the relationship between M200 and χå with the (rescaled) mass–concentration of
DMO halos, as predicted by the model of Ludlow et al. (2016). Shaded blue region encompasses the typical scatter in this relation, on the order of 0.13 dex (see, e.g.,
Dutton & Macciò, 2014). Halo mass dependence of χå is very similar to that of the halo concentration, further establishing the intimate connection between the shape
of the stellar velocity dispersion profiles and the assembly history of the host dark matter halo. Agreement worsens below [ ] M Mlog 12.5200 , the mass scale below
which the peak of dispersion profile is only marginally resolved in the TNG100 simulation (Figure 3). Right panel: halo mass dependence of rå, which is the
characteristic radius at which the velocity dispersion profile reaches its peak value. Relationship between halo mass and rmax, the radius at which the 3D circular
velocity profile for TNG halos peaks is shown in orange (rescaled by a factor of 0.1 to aid comparison with χå). This same relation, computed in the dark-matter-only
version of TNG, is shown in gray. In all cases, we see a strong, positive correlation between halo mass and each of these characteristic radii. Blue line shows the best-
fitting power law (defined in Equation (2)) that describes the M200–rå relation measured in TNG.
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In TNG, we find that the relationship between rå and M200

can be described by the following functional form:
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This equation, when combined with the realization that the
normalization parameter χå may be predicted by the mass–
concentration relation, allows us to recast Equation (1) in terms
of halo mass, M200, and halo concentration, c200, only:
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The fact that line-of-sight velocity dispersion profile can be
expressed in terms of halo mass and concentration should come
as no surprise, since it is indeed possible to predict the velocity
dispersion starting from the NFW profile itself (see, e.g., More
et al. (2009), for the functional form of the radial velocity
dispersion in terms of the same quantities). The formula
expressed in Equation (3) provides a simple and convenient
functional form that accurately captures the form of these
profiles measured in TNG.

In Figure 5, we show comparisons between predictions of
the model defined by Equation (3) (solid lines) and the
dispersion profiles actually measured in our simulations
(symbols, made fainter below the convergence radius). The
open circles represent the dispersion profiles of the dark matter
component, while the filled stars represent the stellar velocity
dispersion profile. Different bins of halo mass are represented
by the different colors. Lines and symbols of a given color have

been renormalized by a constant factor to offset them for
clarity. The average location of r200m is shown using the
vertical solid lines.
The model defined in Equation (3), in which the only two

free parameters are the mass and concentration of the halo, does
a good job of describing the shape of the velocity dispersion
profiles across the full range of host halo masses. Given the
relatively simple parameterization that we have adopted, the
model fails to fully capture the intricacies of the dispersion
profile, particularly at its extremities, but the quality of the fit is
good in and around the peak of the profile. Using the fact that
the tentative location of r200m may be identified as the radius at
which velocity dispersion reaches ∼0.6 of its peak value, we
can extrapolate the smooth profiles defined by Equation (3) to
estimate this radius in each mass bin.
Figure 6 compares the quality of our predictions for r200m

(using Equation (3)) quantitatively. Here, we show the ratio of
the predicted value to the true value of r200m as a function of
halo mass. The gray shaded band shows a 25% error region
about the true value. In general, we find that the value of r200m
estimated by extrapolating Equation (1) to ( )s s»r 0.6p

los
max
los

agrees with the true, averaged value of r200m to within a factor
of two, and often to within 25%. The exceptions are at the
extreme ends of the mass scale, where finite resolution affects
our measurements at the scale of halos less massive than
groups, while finite box size (i.e., statistics) in TNG300 affects
our ability to measure the profile at the scale of rich clusters.
The behavior of this ratio at the low-mass end stresses the
importance of resolving the peak of the dispersion profile when
using Equation (3) to predict r200m. Note that the exercise of
measuring the value of r200m by estimating where the
dispersion profile falls to 60% of its peak value is most

Figure 5. Normalized line-of-sight velocity dispersion profiles for dark matter and stars as a function of projected halocentric radius, rp, in TNG halos. Colors
represent results from different mass bins, and each pair of profiles has been offset vertically for clarity. Furthermore, the symbols representing individual profiles are
made fainter below the convergence radius. Vertical solid lines mark the location of r200m for the corresponding mass bin. Thick curves represent predictions of the
halo mass and concentration-based model defined in Equation (3), where the concentration for any given mass bin is predicted using the Ludlow et al. (2016) model.
We find that, across the range of halo masses considered in this work, the model in Equation (3) provides a good fit to the velocity dispersion profiles measured in the
TNG simulations.
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effective when the dispersion profiles of several objects have
been stacked. Individual galaxies are likely to be noisy and will
exhibit significant deviation from spherical symmetry (see
Figure 1); the stacking procedure helps in reducing this noise.
Stacking will, of course, also be necessary to probe the exterior
portion of the dispersion profile, where the surface brightness
in individual galaxies is extremely low.

It is an instructive exercise to compare the quality of these
predictions with existing observational techniques for measur-
ing the boundary of halos. Recent efforts include the
measurement of the weak lensing mass profile (Chang et al.
2018) or of (projected) galaxy density profiles around massive
clusters (typically with mass [ ] M Mlog 14.2200 ), selected
either optically (e.g., More et al. 2016; Baxter et al. 2017;
Bianconi et al. 2021; Murata et al. 2020) or via the Sunyaev–
Zel’dovich effect (Shin et al. 2019). These techniques have
typically measured the splashback radius to within 10%–20%
of the values predicted from N-body simulations. Yet another
way to estimate the virial radius (or more accurately, the virial
mass) of halos from observations is to use the halo abundance
matching technique, which assigns the measured stellar mass to
halo mass by pairing galaxies with halos with the same
cumulative number densities (e.g., Kravtsov et al. 2004;
Tasitsiomi et al. 2004; Vale & Ostriker 2004). After applying
the abundance matching technique to a sample of galaxies from
the Sloan Digital Sky Survey, Calderon & Berlind (2019)
found this method to yield errors in the predicted halo mass at
the 0.27–0.90 dex level; the error depends on the mass scale of
interest, as well as the halo property used as a proxy for
abundance matching (halo mass, maximum circular velocity
etc.). In comparison to these methods, the methodology for
using the velocity dispersion profile for estimating the halo
virial radius as outlined in this paper is competitive, particularly
in the regime of clusters. Furthermore, it serves as an
orthogonal measurement, which can be employed jointly with
existing techniques to obtain more robust estimates of the halo
virial radius.

As a final test of our main conclusions, in Figure 7 we show the
normalized line-of-sight velocity dispersion profiles of well-
resolved halos in the mass range [ ] – =M Mlog 13.5 14.0200 ,
split now by the ages of their stellar populations. We use a
definition analogous to the one for halo formation time, such that
the stellar age of a halo is defined as the epoch at which 50% of
the object’s final-day stellar mass was accumulated. The oldest
50% of halos, according to this definition, are shown in red, while
the remaining 50%, consisting of younger halos, are shown
in blue.
It is immediately clear that selecting halos by stellar age (at

fixed mass) also separates them in the space of the velocity
dispersion profiles, just as it did when selecting on halo
formation time (Figure 2). The solid lines are the best-fit
profiles obtained using the model in Equation (3); the best-fit
concentration, c200, is listed in the legend. We find that our
model predicts that older halos have higher concentrations than
younger halos, as expected. Furthermore, the range of
concentrations predicted is also consistent with the values
expected of halos at this mass scale. The difference in
concentration between the old and young halo subsets is not
large (∼10%). Indeed, the predicted difference is larger if the
populations are selected using halo formation time instead,
which is to be expected, given that the concentration is tied
more directly to the assembly of the dark matter halo than it is
the assembly of the stars. Finally, we also note that the familiar
kinks in the outskirts of the profile are present in both the
young and old stellar population subsets.
The results presented in this section suggest that the velocity

dispersion profiles of stars contain substantial amounts of
information on the dark matter halos in which they reside. In
particular, they encode both the mass and the memories of the
accretion history of the halo. The function presented in
Equation (1) contains two free parameters, rå and χå, which
capture this information. Furthermore, these quantities are

Figure 6. Ratio between the true and predicted values of r200m, where the latter
is determined by using Equation (3) to estimate where the normalized line-of-
sight velocity dispersion profile drops to ∼0.6 of its peak value (see main text
for details). Gray shaded band marks the 25% error region around the true
value. For halos more massive than low-mass groups, which are the best-
resolved objects in our data set, the agreement is generally quite good, often to
within 25%. The level of agreement toward lower halo mass is substantially
poorer.

Figure 7. Normalized line-of-sight velocity dispersion profile of halos in the
mass range [ ] – =M Mlog 13.5 14.0200 , split by stellar age. Objects are split
into two halves: those with “older” stars, represented in red; and those with
“younger” stars, shown in blue. Here, stellar age is defined as the epoch at
which the halo accumulated 50% of its final-day stellar mass. Measurements
from the simulated halos are represented by star symbols. Smooth curves are
fits to the measured profiles obtained using Equation (3). As noted in the
legend, we find that our model successfully predicts the expected trend where
older objects have higher concentrations (c200) than younger ones, although the
difference within a fixed mass bin is small.

9

The Astrophysical Journal, 912:114 (13pp), 2021 May 10 Bose & Loeb



closely associated with their analogs in NFW halos formed in
DMO simulations, rmax and c200; this association allows us to
then rewrite Equation (1) into a form that depends explicitly on
halo mass and concentration (Equation (3)). In principle,
therefore, a measurement of the stellar velocity dispersion
profile allows a potential avenue to directly infer halo mass and
concentration.

4. Conclusions

In this paper, we have explored the dynamics of dark and
luminous tracers of the potential wells of dark matter halos. In
particular, we used the IllustrisTNG cosmological, hydrodyna-
mical simulations to measure the (line-of-sight) velocity
dispersion profiles of dark matter and stars, σlos(rp), and
established the connection between the form of these profiles
and the properties of the encompassing dark matter halo. In
order to sample a wide range of halo mass, we combined data
from the publicly available 100Mpc (TNG100) and 300Mpc
(TNG300) TNG simulation volumes. Our main results are
summarized as follows:

1. The velocity dispersion profiles for halos exhibit a
universal shape (as a function of halo mass), and are
nearly identical for both dark matter and stars. The
exterior profile shows a characteristic “kink,” on average
around ∼1.2 r200m, consistent with the expected location
of the so-called “splashback radius” of the halo
(Figure 1).

2. Halos at fixed mass exhibit significant scatter around the
mean dispersion profile shape. This scatter may be
explained, at least in part, by differences in the assembly
history of the halo compared to the average assembly
history of halos in that mass bin. In particular, the late-
time formation history of the halo influences the shape of
the exterior portion of the velocity dispersion profile
(r 0.1r200m), while the region interior to this is more
strongly affected by the early accretion history of the halo
(Figure 2).

3. When expressed in normalized units, the kink in the
exterior of the profile occurs approximately where the
velocity dispersion profile drops to 60% of its peak value
( ( )s s»r 0.6p

los
max
los ). The (normalized) velocity disper-

sion profiles obtained from both dark matter and stars are
fit well by the two-parameter functional form presented in
Equation (1). This simple model provides a good fit to the
velocity dispersion profile across a wide range of halo
mass (Figure 3).

4. There are distinct connections between the fit parameters
in Equation (1) and the properties of the host dark matter
halo (Figure 4). In particular, we find that the coefficient
in this equation, χå, bears a dependence on halo mass
nearly identical to that of the concentration of the host
halo. The characteristic length scale in this fitting
formula, rå, is directly correlated with the mass of the
halo (Equation (2)).

5. The consequence of this relationship is that it allows us to
recast Equation (1) in terms of halo mass and concentra-
tion only, in the form described in Equation (3). The
resulting model does a reasonably good job of matching
the shape of the velocity dispersion profiles measured in
the TNG simulation suite, across the full range of halo
masses considered in this work (Figure 5). This figure

also suggests that halo mass and concentration may be
inferred directly from (stacked) stellar velocity dispersion
profiles measured in galaxies.

6. Using Equation (3) to estimate where ( )s s»r 0.6p
los

max
los ,

one can “predict” the virial radius, r200m, based on the
measured velocity dispersion profile. In general, the
predicted and true values of r200m agree to within a factor
of two, although it is worse for halos with mass

[ ] <M Mlog 13.0200 , where we do not properly resolve
the peak of the dispersion profile (Figure 6).

7. The velocity dispersion profiles also reflect differences in
the assembly of the stellar component of halos at fixed
mass. In particular, we find clear differences in the
velocity dispersion profiles of halos selected based on
young/old stellar populations, in a manner that is
consistent with the dependence on the halo formation
time (Figure 7). Encouragingly, we find that using
Equation (3) to estimate the concentrations of halos at
fixed mass, split by stellar age, predicts that halos with
younger stellar populations have lower concentrations on
average than halos with an older stellar component, as
expected.

Our study demonstrates the value of measuring the dynamics
of tracers of the gravitational potential in the very outskirts of
galaxies. Accurate measurements in this regime may inform us
of both the mass and details of the assembly history of the host
dark matter halo. Indeed, the measurement of the outskirts of
these entities may soon be within reach, at least after stacking
profiles of several objects. For example, the surface brightness
of massive clusters around r200m ranges between 32 and 36 mag
arcsec−2 at z= 0.25 (e.g., Deason et al. 2021), which will be
within the operational capabilities of future observational
facilities like the Rubin Observatory Legacy Survey of Space
and Time (LSST; Ivezić et al. 2019), Euclid (Laureijs et al.
2011), and The Nancy Grace Roman Space Telescope (Spergel
et al. 2015). As these and other facilities geared toward low
surface brightness measurements begin to come online (for a
review, see Kaviraj (2020)), the feasibility of running the deep
and wide surveys necessary for this kind of measurement will
become reality.

We are grateful to the referee for providing us with a
constructive report, and for suggesting the test in Figure 7,
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www.tng-project.org/). We thank Benedikt Diemer for insight-
ful discussions during the course of this project, and for
providing helpful feedback on this manuscript. We are also
grateful to Lars Hernquist and Ken Freeman for their input at
the onset of this project. This project made use of the SAO/
NASA Astrophysics Data System (ADS), the arXiv.org
preprint server, and the matplotlib (Hunter 2007), numpy
(Harris et al. 2020), and scipy (Virtanen et al. 2020) Python
packages. S.B. is supported by Harvard University through the
ITC Fellowship.

Appendix A
Numerical Convergence

In this section, we show the level of convergence in the
velocity dispersion profiles measured in the TNG simulations.
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By comparing the stacked profiles across two levels of
numerical resolution, we are able to diagnose the extent to
which the features we have identified in Section 3 are “real,”
as opposed to being numerical artifacts. To this end, we
compare results from two versions of the TNG300 simulation:
TNG300-1, which is the high-resolution, fiducial data set used
in this work; and TNG300-2, its low-resolution counterpart.
With 2× 12503 resolution elements in the same 300 Mpc box,
the TNG300-2 simulation has an effective mass resolution
that is 8× poorer than TNG300-1, but is run using the same
initial phases and the same underlying galaxy formation
model.

Figure 8 compares the mean (normalized) velocity disper-
sion profiles of dark matter and star particles from each of these
simulations across two mass bins: [ ] – =M Mlog 13.0 13.5200

(left panel) and [ ] – =M Mlog 14.0 14.5200 (right panel). The
solid lines show results from TNG300-1, while the dashed
curves are the corresponding results from TNG300-2. The gray
shaded regions mark the convergence radii at each of the
resolution levels. The light gray band (which extends to larger
radii) corresponds to TNG300-2, and specifies the minimum
radius down to which the profiles can be expected to converge
given the numerical settings adopted in the simulation.

In general, we find excellent agreement in the dispersion
profiles extracted from the two versions of the TNG300
simulation, particularly in the region outside the convergence
radius of the TNG300-2 simulation. Not only is the general
shape captured equally well (in both dark matter and stars), we
also find that the location of the peak and the overall concavity
of the profile (which, respectively, define rå and χå in
Equation (1)) are well-matched. Finally, we also note that the
kink in the outer profile is present at both resolution levels, and
occurs at roughly the same location (rp≈ 1.5r200m). We also
find that the level of agreement is, in general, much better in the
case of the normalized dispersion profiles (i.e., where, at a
given resolution level, σlos(rp) is rescaled by smax

los ) than when
comparing the absolute magnitude of the velocity dispersion
profiles.

Appendix B
The Radial Velocity Dispersion Profile

Our main focus in this paper has been on the nature of the
velocity dispersion profiles of TNG halos as measured by their
line-of-sight motions. In this appendix, we also present the
radial velocity dispersion profiles of these objects; the results
are shown in Figure 9. Each panel shows the stacked radial
profiles in bins of halo mass, with the colors and linestyles
identical to those in Figure 3.
We notice immediately that the normalized radial velocity

dispersion profiles exhibit a number of features similar to those
of the line-of-sight dispersion profiles examined in Figure 3. In
particular, the kink in the outer profile is also imprinted in the
radial velocities, while the average location of r200m can once
again be identified as the radial distance at which the velocity
dispersion falls to 60% of its maximum value.
The dashed green line in each panel shows the radial velocity

dispersion profile for NFW halos of the corresponding mass.
Each curve is computed as a solution to the isotropic Jeans
equation, giving:
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and V200 is the circular velocity measured at the halo virial radius.
The concentration, c200, is allowed to vary as a free parameter; the
value that provides the best agreement between the theoretical
prediction (Equation (B1)) and the dark matter radial velocity
dispersion profiles in Figure 9 is quoted as ‐cNFW

best fit in each panel.
Note that this value is consistently lower than the value of the
(median) concentration inferred from fitting NFW profiles directly
to the dark matter density profiles of individual halos in each mass
bin (quoted simply as cNFW in each panel). In general, we find that

‐ »c c0.8NFW
best fit

200, where c200 is the concentration of the halo
predicted using the Ludlow et al. (2016) model, which was also
the definition used in Equation (3).

Figure 8. Comparison of the line-of-sight velocity dispersion profiles for dark matter (black) and star particles (red) obtained from the TNG300-1 (solid lines) and
TNG300-2 simulations (dashed lines). Shaded gray bands are bounded by the convergence radius appropriate to each simulation set.
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Equation (B1), which is generally found to provide an excellent
fit to the radial velocity dispersion profiles of halos extracted from
dark-matter-only simulations (see, e.g., Diemer et al. 2013), does
reasonably well in describing the profiles from the full-physics
TNG halos in the regime r 0.1r200m. Internal to this radius,
however, there is a significant discrepancy between the measure-
ments from the simulation and the NFW prediction. This is not
unexpected, as it has been known for some time that the presence
of baryons has a non-negligible impact on the inner velocity
structure of dark matter halos. In particular, the velocity dispersion
in the inner regions of halos in hydrodynamical simulations are
larger than their counterparts in dark-matter-only simulations (e.g.,
Pedrosa et al. 2010; Tissera et al. 2010). While the NFW profile
predicts a sharp temperature inversion at the centers of halos, the
presence of baryons increases the velocity dispersion, broadens
the profile below ∼0.05r200m, and also isotropizes particle orbits
in the inner halo (see, e.g., Chua et al. (2019), for comparisons
made using the Illustris simulation).
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