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ranges, corresponding to the average mass trajectories
shown in Figure 4. From this figure it is clear that halo con-
centrations have a stronger trend with less scatter when
binned on ac (right) than when binned on mass (left).9 We
therefore investigate how cvir is related to ac directly.

Figure 6 shows the relation between concentration and ac
for halos at z ¼ 0. The concentration of a halo is strongly
correlated with its characteristic formation time, and a good
fit is obtained with the inverse relation:

cvir ¼
c1
ac

; ð6Þ

where c1 ¼ 4:1 is the typical concentration of halos forming
today. The scatter about this relation is already not too
large for all the halos, but we note that most outliers fall in
one of the following three special categories:

1. The halo has a truncated trajectory that does not
extend far back to the past, and thus ac is not well deter-
mined.
2. The halo has a significant discontinuity in its cvir trajec-

tory at the final output time only, so that this value is not
representative of the whole trajectory (this can occur if there
is a merger or other disruption occurring at the final output
time).

3. The assembly history includes a merger that is sub-
stantially larger than the average accretion rate at that time,
and thus equation (3) does not provide a good description
of the actual history.

To deal with special case 1, halos with trajectories that do
not extend as far back as z ¼ 1 are excluded from further
analysis (fewer than 5% of cases; these halos are indicated
by plus signs in Fig. 6). For case 2, outlined by squares in
Figure 6, we find that a much better agreement with the
median relation is obtained when the last discrepant value
of cvir is replaced by the value of cvir in the preceding output
time.We do not attempt to cure the problem associated with
case 3, except for keeping in mind that the outliers remain-
ing in the cvir-ac relation are often due to a failure of equa-
tion (3) to adequately model the history of that halo. With
these modifications, the scatter in cvir for a given ac is
Dðlog cvirÞ $ 0:09, without removing additional scatter due
to large NFW fit errors (see also Fig. 9), and
Dðlog cvirÞ $ 0:05 0:06 when errors in cvir are corrected for.

We have also examined the dependence of cvir on the
merger history of halos, which is correlated with but distinct
from the mass accretion history of the most massive progen-
itor discussed above. Since halos that did not undergo a
recent major merger are more likely to have accreted most
of their mass early, they typically have earlier formation
times and higher concentration values (see Fig. 17). How-
ever, we find that the parameter acwe have defined based on
the mass assembly history is more useful; for halos with a
given ac-value, the occurrence of a recent merger is not an
important factor affecting the concentration. This can be
seen in Figure 6, which demonstrates that halos that have
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Fig. 4.—Average mass accretion histories, normalized at a ¼ 1. Left: binned in three bins by final halo mass:M0 ¼ ð1 4Þ % 1012 h&1 M' (dot-dashed line),
M0 ¼ ð0:4 3Þ % 1013 h&1M' (solid line), andM0 > 3% 1013 h&1M' (dashed line). The three curves connect the averages ofMðaÞ=M0 at each output time. The
pair of dotted lines shows the 68% spread about the middle case (the spread is comparable for the other bins). We see that massive halos tend to form later than
lower mass halos, whose mass accretion rate peaks at an earlier time. Right: binned in three bins by formation epoch ac. The dot-dashed lines correspond to
early formers (typically low-mass halos) and the dashed lines to late formers (typically higher mass halos). The averages and spread are displayed in analogy to
the left-hand panel.

9 Note that the figure only shows this directly for z ¼ 0, although it is
true at any redshift zo when ac is measured at zo. However, the scatter about
the average trajectory increases with z since a halo cannot uniquely predict
its future.
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“pseudo-evolution”
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as “island” halos, divorced from the cosmic background,
at z . 1.
Pseudo-evolution has a number of important implica-

tions for understanding phenomenological links between
galaxies and dark-matter halos as well as for models of
galaxy evolution. For example, observations are probing
the relation between the stellar mass of a galaxy and the
virial mass of its host halo, including its evolution with
time (for example, Leauthaud et al. 2012; Yang et al.
2012; Behroozi et al. 2013; Hudson et al. 2013) finding
that the relation between galaxy mass and halo mass
evolves only weakly at z < 1 (and possibly at higher
z), which suggests that galaxy mass evolves largely in
sync with halo mass. Similarly, Kravtsov (2013) found
a tight linear relation between the size of a galaxy and
the size of its host halo across a wide range of masses at
z ⇡ 0, despite the significantly varying ratio of stellar-to-
halo mass across this range. These studies suggest that
the mass and size of a galaxy is set by, or at least re-
sponds to, that of its host halo, but these relations are
meaningful only insofar as one uses a physically sensi-
ble radius (and thus mass) for a halo. Moreover, many
(semi-analytic) models of galaxy evolution try to link
the accretion rate of a halo in simulations to its bary-
onic accretion rate, and in turn to the star formation
rate of the galaxy (for example, Bouché et al. 2010; Ben-
son 2010; Lilly et al. 2013; Lu et al. 2014, and references
therein). Halo mass growth that is incorrectly attributed
from pseudo-evolution would a↵ect all of these analyses.
However, it remains unclear what role pseudo-

evolution plays in the cosmic accretion of baryons, be-
cause gas dynamics can be markedly di↵erent: gas is
collisional, so it can shock and mix, and it also can dis-
sipate energy via radiative cooling. A number of works
have examined the accretion rates of gas into galaxies (for
example, Ocvirk et al. 2008; Kereš et al. 2009) and halos
(for example, van de Voort et al. 2011; Faucher-Giguère
et al. 2011; Woods et al. 2014; Nelson et al. 2014), though
in essentially all cases they measured mass growth/flux
at some predefined and evolving virial radius. Few works
have compared in detail the specific accretion rates of
gas versus dark matter: van de Voort et al. (2011) found
that specific accretion rates into halos were broadly sim-
ilar for baryons and dark matter, while Faucher-Giguère
et al. (2011) found that, at z < 2, the specific accretion
rates of gas were notably lower than for dark matter.
However, all of these works used di↵ering techniques to
measure accretion and at somewhat di↵erent choices for
virial radii. Furthermore many of these work focused
on the role of feedback from stars and/or black holes on
baryonic accretion rates, using various phenomenological
models for driving stellar winds. While there is general
consensus that stellar winds can alter accretion rates into
the galaxies, results are mixed regarding the regulation
of gas accretion at larger radii within a halo. However,
almost all of these works find some level of gas accre-
tion into galaxies at late cosmic time, suggesting that
pseudo-evolution of dark matter may not extend to gas.
More generally, the physical nature of cosmic accre-

tion has a variety of implications for the evolution of
gas in halos and galaxies at late cosmic time, espe-
cially for low-mass galaxies. For example, galaxies at
M

star

. 1010.5 M� formed > 60% of their mass since
z = 1 (Leitner 2012), and the rate of decline of the

cosmic density of star formation broadly mimics the de-
cline of accretion rates into halos (for example, Bouché
et al. 2010; Lilly et al. 2013). However, it is not clear
how much star formation and galaxy growth at z < 1
is linked to cosmic accretion, as opposed to consump-
tion of gas that already is within galaxies, given that
(molecular) gas fractions are observed to decrease over
time (for example Bauermeister et al. 2013), or recycling
of gas in galaxies from stellar winds (for example, Op-
penheimer et al. 2010; Leitner & Kravtsov 2011). Addi-
tionally, cosmic gas accretion into halos drives the evolu-
tion of extended gas around galaxies, referred to as the
circum-galactic medium, as many observations and sur-
veys now are probing (for example, Rudie et al. 2012;
Tumlinson et al. 2013). For such studies, it is important
to understand both the most physically meaningful virial
definition to use for a halo, as well as the rate of accre-
tion of (relatively unenriched) gas and how it propagates
to smaller radii.
The primary goal of this work is to understand the

physical nature of cosmic accretion into halos and how
it propagates down to scales of the galaxy inside, for
both baryons and dark matter. In particular, we aim to
bridge the gap between detailed studies of halo growth,
typically based on dark-matter-only simulations, and de-
tailed studies of cosmic gas accretion into galaxies. More
specifically, we seek to understand the significance of
pseudo-evolution not only for dark-matter accretion, but
also its role in baryon accretion and hence galaxy growth.
We focus on halos of mass 1011�13 M�, which host galax-
ies with M

star

⇡ 109�11 M�, at late cosmic time (z < 2).
This corresponds to where the e↵ects of pseudo-evolution
are particularly strong (Diemer et al. 2013), where obser-
vations constrain well the relation between galaxies and
their host halos as well as gas in/around galaxies. We use
simulations with varying treatments of gas physics, some
including star formation and thermal feedback, though
our simulations only marginally resolve the scales within
galaxies, and our prescription for stellar feedback does
not drive particularly strong winds out of galaxies, which
play a strong role in regulating accretion into the galaxy
itself. Thus, we focus on cosmic accretion and mass
growth on scales within a halo, but we do not investi-
gate accretion into the galaxy, or stellar mass growth,
directly. We defer such work to a follow-up analysis.
Throughout, we cite all masses using h = 0.7 for the

dimensionless Hubble parameter.

2. THEORY OF HALO COLLAPSE

We first review the basic theoretical framework for
spherical collapse and virialization of a halo, to set the
stage for and aid in interpretation of our numerical re-
sults. In the standard model (Gunn & Gott 1972; Gunn
1977; Fillmore & Goldreich 1984; Cole & Lacey 1996), if a
spherical region is su�ciently overdense, its gravitational
self-attraction overcomes the initial cosmological expan-
sion, such that a mass shell will reach a maximum radius
and then collapse. Specifically, for flat ⇤CDM cosmology,
the radial acceleration around some overdense region is:

d2r

dt2
= �Gm(< r)

r2
+

8⇡G

3
⇢
⇤

r (1)

in which r is the physical radius from the center of the
overdensity, m(< r) is the enclosed mass, G is the gravi-

3

to determine the enclosed overdensity inside the splash-
back radius, ∆s. Our results do not strongly depend on
our assumed mass profile inside the halo. For example,
using an isothermal profile instead of NFW gives results
that are consistent at the∼ 10% level. Figure 2 shows the
predicted values of the enclosed overdensity. Throughout
this paper, we define overdensities relative to the mean
matter density, not the critical density. In our model,
∆s depends only on the halo’s accretion rate s, along
with the values of the background cosmological parame-
ters ΩM and ΩΛ at the time the halo is observed. The
behavior we find is unsurprising. As the accretion rate is
increased (larger s), the potential deepens more quickly
in time, resulting in splashback occuring at a smaller ra-
dius, or equivalently, at a larger enclosed overdensity ∆s.
Similarly, at low redshift when ΩM diminishes and ΩΛ

increases, the mean background density of the universe
ρ̄m decreases more during the time between turnaround
and splashback, again resulting in a larger ∆s.
Finally, although the model presented here is ex-

tremely simple to evaluate, we also provide a very rough
fitting function to approximate the location of splash-
back:

∆s ≈ AΩ−b−c s
M edΩM+e s3/4 , (3)

with fitted parameters A = 38, b = 0.57, c = 0.02, d =
0.2, e = 0.52. This fitting function has ∼ 5% accuracy
over the range 0.5 < s < 4, 0.1 < ΩM < 1. The results
shown in this paper do not use this fitting function, since
it is equally simple to evaluate the spherical toy model.

III. COMPARISON WITH SIMULATIONS

In this section, we compare the predictions of the toy
model described in the previous section with results of
numerical simulations. First, we compare our model with
the similarity solutions that arise from the collapse of
scale-free perturbations [2, 7]. Fig. 3 shows one exam-
ple, for accretion rate s = 3. In all cases, we find good
agreement between the caustic location obtained in the
similarity solution and that predicted by the toy model.
This even holds true for collapse of highly triaxial per-
turbations: the main effect of the triaxiality is to make
the splashback surface nonspherical, reducing the maxi-
mal depth of the slope of the spherically averaged profile,
while preserving the mean radial location of splashback.
Our toy model also predicts a significant dependence

on redshift (or equivalently, a dependence on the value
of ΩM ). We cannot test that prediction using similar-
ity solutions, because they assume ΩM = 1. To test
this prediction, we therefore ran 1-dimensional N-body
simulations of the collapse of isolated overdensities. The
simulations evolve the motion of spherical shells follow-
ing Eqn. (1). The initial linear overdensity profiles are
chosen to produce M ∝ as for various values of s. Figure
4 shows an example, for s = 3. The solid curves in the
figure show the results of the 1-D simulations, while for
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FIG. 3. Caustics for self-similar halos [2, 7] with accretion
rate s = 3. The top panel shows the phase space diagram for
spherically symmetric collapse (solid black curve) and for 3D
collapse with e = 0.05 (colormap), while the bottom panel
shows the density vs. radius. The vertical line in the bottom
panel indicates the splashback radius predicted by the spher-
ical collapse model for this value of s. As the density profiles
demonstrate, the caustic location depends mainly on accre-
tion rate, with little if any dependence on the initial ellipticity
e. However, the caustic width does depend on e, apparently
because the shape of the splashback surface is related to the
initial ellipticity.

comparison, the dashed curve shows the similarity solu-
tion for s = 3. Note that for ΩM = 1, the 1-D simulation
does not exactly match the similarity solution. This is
because the dynamics, even in spherical symmetry, are
subject to a slew of instabilities that are not present in
the similarity solution [15, 19, 20]. To suppress these in-

Adhikari, Dalal & Chamberlain 2014
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from simulation with only dark matter
Physical Cosmic Accretion of Dark Matter
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Physical accretion of gas & dark matter
from simulation with gas - non-radiative
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Physical accretion of baryons & dark matter
from simulation with star formation + thermal feedback
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Physical significance of R200m?
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Physical accretion of baryons & dark matter
from simulation with star formation + feedback
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Dark matter growth is subject to pseudo-evolution 

at z <~ 1, no significant growth of mass at any radius

Physical Cosmic Accretion of Dark Matter & Baryons

Most meaningful radius to measure cosmic accretion of both 
dark matter and gas is ~2 R200m(z)

Baryon growth is not subject to pseudo-evolution 

Physical growth at all radii because gas is dissipational 

Accretion rate at all r < R200m (nearly) tracks that at R200m 

Accretion radius of low-mass halos not increase at z <~ 1


