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ABSTRACT
The concentration parameter is a key characteristic of a dark matter halo that conveniently connects the halo’s present-day
structure with its assembly history. Using ‘Dark Sky’, a suite of cosmological N-body simulations, we investigate how halo
concentration evolves with time and emerges from the mass assembly history. We also explore the origin of the scatter in the
relation between concentration and assembly history. We show that the evolution of halo concentration has two primary modes:
(1) smooth increase due to pseudo-evolution; and (2) intense responses to physical merger events. Merger events induce lasting
and substantial changes in halo structures, and we observe a universal response in the concentration parameter. We argue that
merger events are a major contributor to the uncertainty in halo concentration at fixed halo mass and formation time. In fact,
even haloes that are typically classified as having quiescent formation histories experience multiple minor mergers. These minor
mergers drive small deviations from pseudo-evolution, which cause fluctuations in the concentration parameters and result in
effectively irreducible scatter in the relation between concentration and assembly history. Hence, caution should be taken when
using present-day halo concentration parameter as a proxy for the halo assembly history, especially if the recent merger history
is unknown.
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1 IN T RO D U C T I O N

In the concordance, �CDM cosmological model (e.g. Komatsu et al.
2011; Planck Collaboration XVI 2014; Planck Collaboration VI
2018; Abbott et al. 2019), the formation of galaxies and clusters
proceeds hierarchically: smaller dark matter haloes are the first
to collapse and these haloes grow larger through mergers. Dark
matter haloes form around peaks in the initial density field, and
gas cools and condenses to form galaxies within the potential wells
provided by these haloes (White & Rees 1978; Blumenthal et al.
1984). The formation and evolution of haloes and galaxies are thus
inextricably linked. A key goal of developing a modern theory
of structure formation has thus been to understand the detailed
connection between galaxy properties and the structure and assembly
histories of the dark matter haloes in which they form.

Contemporary computational hardware and algorithms enable
large-volume, high-resolution, gravity-only, N-body simulations of
structure formation, as well as the rapid analysis of these simulations
(e.g. Springel et al. 2005; Klypin, Trujillo-Gomez & Primack 2011a;
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Klypin et al. 2016; Rodrı́guez-Puebla et al. 2016; Potter, Stadel
& Teyssier 2017; DeRose et al. 2019; Heitmann et al. 2019).
Consequently, simulations have largely replaced analytic models
(e.g. Press & Schechter 1974; Bond et al. 1991; Seljak 2000; Berlind
& Weinberg 2002; Cooray & Sheth 2002) as the primary framework
for the interpretation of large-scale structure measurements. In these
analyses, dark matter haloes are considered the basic units of non-
linear structure and observable statistics are computed by associating
galaxies with haloes using some physically motivated, empirical
model (see Wechsler & Tinker 2018, for a recent review). Therefore,
an understanding of halo structure is necessary in order to interpret
observations and to test models of galaxy formation, cosmology,
and/or the nature of the dark matter.

The most commonly accepted model for the density profiles of
haloes is the two-parameter profile defined by Navarro, Frenk, and
White (Navarro, Frenk & White 1995, 1996, 1997, NFW hereafter),

ρNFW(r) = ρs

(r/rs)(1 + r/rs)2
, (1)

where ρs is the inner scale density, and rs is the scale radius, which
characterizes the transition from ρ(r) ∝ r−1 in the inner halo to ρ(r) ∝
r−3 in the outer halo. Though refinements to the NFW profile have
been suggested (e.g. Einasto 1965; Moore et al. 1998; Gao et al.
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2008; Navarro et al. 2010), the NFW profile successfully describes
the general structure of haloes found in simulations and has become
the de facto standard halo profile.

It is now customary to quantify the relative concentration of a
halo’s mass towards its centre using the concentration parameter

cvir = Rvir/rs, (2)

where Rvir is the halo’s virial radius. NFW discovered that the
concentration parameter is a decreasing function of halo mass. This
is known as the concentration–mass relation, which has since been
extensively studied (e.g. Bullock et al. 2001; Wechsler et al. 2002;
Macciò, Dutton & van den Bosch 2008; Prada et al. 2012; Ludlow
et al. 2014; Correa et al. 2015c; Diemer & Kravtsov 2015; Klypin
et al. 2016; Child et al. 2018).

In addition to establishing the de facto standard density profile,
NFW suggested a relationship between halo concentrations and
halo mass assembly histories, and this was quickly seized upon in
subsequent studies. For example, Salvador-Solé, Solanes & Man-
rique (1998) argued that violent relaxation, induced by the rapidly
fluctuating gravitational potentials present during halo mergers,
rearranges halo structure leading to a nearly universal mass profile.
Based on the framework first proposed by Navarro et al. (1997),
Bullock et al. (2001) quantitatively modelled halo concentration by
relating it with an epoch of initial halo collapse that sets the initial
inner halo density. Wechsler et al. (2002, W02) found a general
functional form of the mass assembly history (see also van den
Bosch 2002; Tasitsiomi et al. 2004; McBride, Fakhouri & Ma 2009;
Wu et al. 2013; van den Bosch et al. 2014; Correa et al. 2015a), and
established a tight correlation between halo concentration and the
characteristic formation epoch, ac, at which dlog M/dlog a falls below
a specified value of S (W02 took S = 4.1 for their primary results).
Later works found that, on average, the halo mass assembly history
can be roughly divided into an early phase of fast accretion that builds
up the potential well, and a late phase of slow accretion that adds
mass without significantly changing the potential well (e.g. Zhao
et al. 2003; Li et al. 2007; Zhao et al. 2009). In this scenario, the fast
accretion phase sets an approximately universal initial concentration,
while the concentration only grows slowly during the slow accretion
phase. Moving beyond the one-parameter description characterized
by the concentration parameter, Ludlow et al. (2013) studied the
entire halo mass profile, and interpreted it in terms of the entire halo
assembly history, demonstrating a link between the two.

The physical nature of halo mass growth was further studied
by Diemer, More & Kravtsov (2013), who distinguished ‘physical
evolution’ from ‘pseudo-evolution,’ which refers to the increase in
halo mass resulting from the dilution of the background density
rather than the coherent infall of matter associated with mergers.
The virial radius of a halo, Rvir, is typically defined as the radius
of the spherical region within which the average density is some
multiple (the exact value depends upon the specific analysis) of the
mean density or critical density of the Universe. As the Universe
expands and the reference density dilutes, halo radii and halo masses
grow even in the absence of any physical mass accretion onto the
halo. Pseudo-evolution increases halo radii, so it also proportionally
increases halo concentrations. In the majority of models proposed
to explain the relation between concentration and mass, and/or the
relation between concentration and formation time, the scale radii
of haloes were assumed to be set during an initial stage of rapid
mass acquisition. After this initial phase, scale radii were typically
assumed to be fixed or to evolve only slowly. In these models,
concentrations subsequently increase as haloes slowly acquire mass

via mergers, smooth accretion,1 or pseudo-evolution, all of which
increase Rvir while rs is assumed to remain approximately fixed.
Differentiating between mass growth modes has had an important
role in interpreting the evolution of the concentration. Wang et al.
(2011), for instance, separated mergers that affect inner regions of
haloes from ‘diffuse’ accretion during which the inner regions remain
stable; this later effect in fact includes pseudo-evolution. However,
the assumption of a stable inner region and constant scale radius
would only hold if the halo has a perfectly quiescent assembly history.
Li et al. (2007), for example, found that the slow accretion phase is
still dominated by minor mergers, which, as we will show, can impact
the scale radius.

The scatter around the mean relation between concentrations and
mass assembly histories, and the origin of such scatter, have also
been of considerable interest. W02 demonstrated that a large part
of the scatter in the concentration–mass relation can be attributed to
different formation times at a fixed mass, but the remaining scatter
in the relation of concentration and formation time prompts further
investigation. W02 and Macciò et al. (2008) found that the scatter in
the concentration is reduced when the haloes with recent mergers are
excluded from the sample, which suggests that mergers contribute
to this scatter. Ludlow et al. (2012) found that haloes identified
when they are substantially out of equilibrium, primarily due to
mergers, experience oscillations in their concentrations. Lee et al.
(2018) observed similar behaviour in their phase-space analyses of
haloes during post-merger relaxation. This could result in a scatter in
the concentration, depending on the time of measurement. It is also
natural to expect that, beyond the identification of a single proxy for
the formation time of a halo, the various details of mass assembly
histories play a part in shaping halo structure. Neto et al. (2007), for
instance, found evidence suggesting that halo concentration depends
not only on the mass assembly history of the halo, but also on
the mass assembly histories of the haloes that merged to form
the final halo. A more recent study by Rey, Pontzen & Saintonge
(2019) demonstrated that halo concentrations are sensitive to both
the smoothness of the merger history and the order in which mergers
happen, by generating versions of the same halo with different
assembly histories (see also Roth, Pontzen & Peiris 2016). Johnson,
Benson & Grin (2020) developed a model for predicting scale
radii and hence concentrations, which takes into account the entire
structure of the merger tree, and were able to better capture the scatter
than previous models (e.g. Ludlow et al. 2016; Benson, Ludlow &
Cole 2019).

In this study, we seek a detailed understanding of the relationship
between the mass assembly histories of haloes and their concen-
trations. We perform a systematic search to identify characteristics
of the mass assembly history that can effectively predict present-
day concentration. Various summary statistics of the mass assembly
history are highly correlated with the present-day concentration.
In this work, we explore different ways to represent the mass
assembly history to further optimize such correlations. We then
study the evolution of the concentration parameter, and investigate
how pseudo-evolution and merger events impact the evolution of
concentration, both for individual haloes and statistical samples. We
study how mergers contribute to the scatter in the relation between
concentration and mass assembly history.

This paper is organized as follows. In Section 2, we describe the
simulations we use and specify the selection criteria for our samples.

1In this work, we consider smooth physical accretion as the limit of minor
mergers and do not treat it separately.
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In Section 3, we report the correlation between halo concentration
and mass assembly history that we find in our samples. The separate
roles of pseudo-evolution and physical growth in the evolution of
halo concentration and halo scale radius are examined in Section 4.
We discuss our findings and draw conclusions in Section 5.

2 SIMULATION AND SAMPLE SELECTION

2.1 Simulation

In this work, we use the Dark Sky Simulations, a suite of cosmolog-
ical, gravity-only simulations (Skillman et al. 2014). The Dark Sky
Simulations are run with the 2HOT code (Warren 2013), adopting
a flat cosmology with h = 0.688, �m = 0.295, ns = 0.968, and
σ 8 = 0.834. We use two of the Dark Sky Simulations: ds14 b
and ds14 i. The ds14 b box has a volume of (1 h−1 Gpc)3, with
102403 particles; however, the halo catalogues and merger trees
that we use are generated with a downsampled version2 of ds14 b
that has only 102403/32 � 32253 particles, with an effective mass
resolution of 2.44 × 109 h−1 M�. The ds14 i box has a volume of
(400 h−1 Mpc)3, with 40963 particles, and hence a mass resolution
of 7.63 × 107 h−1 M�.

Both simulations have outputs at 99 epochs, a = {0.06, 0.065,
..., 0.09, 0.095, 0.1, 0.11, 0.12, ..., 0.99, 1}. The halo catalogues
are generated by the ROCKSTAR halo finder (Behroozi, Wechsler
& Wu 2013a), using the virial definition as the halo boundary,
corresponding to a spherical overdensity of �crit, which takes the
value of 100.46 at a = 1 in this cosmology, with respect to the
critical density (Bryan & Norman 1998). Throughout the paper, we
use Mvir as the halo mass and cvir as the halo concentration, and we
will omit the subscript ‘vir’ in places for brevity.

ROCKSTAR identifies haloes in the 6D phase-space, utilizing both
position and velocity information. This algorithm greatly improves
performance in distinguishing subhaloes and tracking merger events,
compared with friends-of-friends algorithms that are based solely on
dark matter particle positions. Subhaloes are haloes with centres that
fall within the virial radius of a larger halo, while haloes with centres
that do not lie within the virial radius of any larger halo are referred
to as host haloes. In ROCKSTAR, the scale radius, rs, is directly fitted
using a χ2 fit of the NFW profile. The particles associated with a halo
are divided into up to 50 radial equal-mass bins, with a minimum of
15 particles per bin, and radial bins that are smaller than three times
the force resolution scale are assigned a low weight in the estimation
of χ2, to suppress resolution effects at small scales. The concentration
is calculated from c = R/rs, where R is the halo radius. As most halo
finders do, ROCKSTAR fits the radially averaged profile, and includes
substructures in the fit. It is reasonable to expect that the results of
our analyses would be different if substructures were removed from
the profile. A lower bound is enforced on the fitted concentration, c
≥ 1. We have tested that our conclusions do not rely on the fitting
scheme, and are not affected qualitatively when Vmax/Vvir is used as
a proxy for concentration (Klypin et al. 2011a).

The merger history is analysed using the CONSISTENT TREES

merger tree builder (Behroozi et al. 2013b). At each merger event,
we refer to the merging halo that shares the most particles with
the resulting halo, as the main progenitor halo. Merger trees are
constructed by tracing the evolution of a halo from today backward
in time. The main branch of the halo merger tree follows the main

2Unfortunately, halo catalogues and merger trees of the full ds14 b simula-
tion are not available due to computational infeasibility.

Table 1. Three present-day mass halo samples. We list the simulation box
from which each sample is selected, the lower and upper bounds of virial
mass, and the resulting sample sizes.

Present-day mass samples
Box Mmin Mmax Sample size

400 h−1 Mpc 1012h−1 M� 1.1 × 1012h−1 M� 21099
400 h−1 Mpc 1013h−1 M� 2.0 × 1013h−1 M� 14543
1 h−1 Gpc 1014h−1 M� 3.8 × 1015h−1 M� 25438

progenitor halo at each merger event. We refer the interested reader
to Behroozi et al. (2013a,b) for details.

2.2 Sample selection

2.2.1 Present-day mass samples

We first study three host halo samples defined by present-day
virial mass, around 1012h−1 M�, 1013h−1 M�, and 1014h−1 M�,
respectively. The details of the selection are listed in Table 1. We
choose to select the halo samples from different simulation boxes
because the mass resolution of the 1h−1 Gpc simulation does not
suffice to resolve the internal structures of lower mass haloes at early
times, while the number of cluster-size haloes in the 400h−1 Mpc
simulation is relatively limited. Hereafter, we will refer to these three
samples as the 1012h−1 M�, 1013h−1 M�, and 1014h−1 M� samples.

2.2.2 Major merger samples

To examine major merger events and the impacts of these mergers
on halo structure, we identify the haloes that undergo major mergers
in their main branches at the time-step preceding a = 0.33, 0.50,
0.67, and 0.80, corresponding to redshifts of z = 2, 1, 0.5, and 0.25,
respectively.3 Our sample selection is based on the major mergers
identified by CONSISTENT TREES, which defines major mergers as
mergers in which the ratio of the masses of the progenitors exceeds
1/3. We compare our major merger samples with a control group of
haloes selected randomly from the simulation. For all these samples,
we require the haloes to be host haloes today and at the time of
the major merger. We further require each halo in our samples to
have mass above 4 × 1010h−1M� since z = 2 to circumvent the
effect of mass resolution.4 All the samples are selected from the
400 h−1 Mpc box. Each halo can belong to multiple samples; a halo
that undergoes major mergers at more than one snapshot of interest
will be included in multiple major merger samples, and the random
sample can include haloes that are in the major merger samples. The
size of each sample is listed in Table 2.

3 R E L AT I O N B E T W E E N C O N C E N T R AT I O N
AND MASS A SSEMBLY HISTORY

In this section, we revisit the connection between halo concentration
and halo mass assembly history using the Dark Sky Simulations,
exploring several aspects of halo mass assembly histories. In all cases,
we study samples of haloes within a narrow range of contemporary
mass and further control for any mass-dependent effects within

3The time of merger is defined as the first snapshot in which the centre of the
smaller progenitor has entered the virial boundary of the main progenitor and
the smaller progenitor has become a subhalo.
4We have tested that this resolution requirement does not affect our results.
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Table 2. Sample size of each major merger sample and
the random sample. The parameter aMM denotes the scale
factor of the universe when the major merger occurred. The
samples are not mutually exclusive.

Major merger samples
Sample Sample size

aMM = 0.33 58 241
aMM = 0.50 17 784
aMM = 0.67 10 426
aMM = 0.80 7091
Random 95 087

each sample. This implies that these results also characterize the
correlations between present-day scale radii and halo mass assembly
histories because haloes of fixed mass have identical virial radii.

3.1 Correlation with mass at a specific time

There have been several attempts to summarize the mass assembly
history with a single parameter that correlates strongly with the
present-day concentration (e.g. Bullock et al. 2001; Wechsler et al.
2002; Zhao et al. 2003; Correa et al. 2015b). Two common choices
are the halo half-mass scale, a1/2, which is the epoch at which the halo
first assembled half of its present-day mass, and the W02 formation
time, ac, which serves as an estimate of the end of the early phase
of rapid mass accretion by the halo. These attempts were relatively
successful, suggesting that much of what determines contemporary
halo concentration can be summarized with one quantity and that
there may exist a ‘key stage’ in a halo’s assembly history that
substantially impacts the halo’s internal structure.

This motivates us to conduct a systematic, empirical search for the
stage of mass assembly that is most correlated with the present-day
concentration c. We quantify mass assembly histories in two ways:
(1) by the epoch a(m) at which a fraction m of the present-day halo
mass is first assembled (for example, the half-mass scale a1/2 = a(m =
0.5)); and (2) by the relative mass fraction m(a) = Mvir(a)/Mvir(a =
1), which is the mass of the halo at time a in units of its contemporary
mass.

For the purposes of this paper, we choose to represent the mass
assembly histories using the mass of main progenitors as a function
of scale factors. However, there are multiple other characterizations
of the formation history that we have not explored, for example,
the collapsed mass history (e.g. Navarro et al. 1997; Gao et al.
2008; Ludlow et al. 2012), and the transition between rapid and
slow accretion phases (e.g. Zhao et al. 2003).

Both concentration and mass assembly history are known to
correlate with present-day mass. While we work with mass-selected
halo samples, we further mitigate any correlations induced by the
mass dependence of the relative mass fraction and concentration as
follows (see Mao, Zentner & Wechsler 2018). We divide each mass-
selected halo sample shown in Table 1 into narrow bins. Within
each of these bins, we assign each halo a mark, M(x), where x is
the property of interest. Either x = c or x = m(a) in our present
discussion. M(x) is the percentile rank among all of x within the
bin. For example,M(x) ranges betweenM(x) = 0, for the halo with
the lowest value of x in the bin, and M(x) = 1, for the halo with the
highest value of x in the bin. Each of our three mass-selected samples
corresponds to a range of halo masses given in Table 1. We divide
the 1012 h−1 M� and 1013 h−1 M� samples into 20 logarithmically
spaced mass bins and the 1014 h−1 M� sample into 30 logarithmically
spaced bins.

We study correlations with the concentration mark M(c), for
the two forms of mass assembly history, M(a(m)) and M(m(a)),
as defined in the preceding paragraph. Specifically, we compute
M(m(a)) for the 99 values of a that correspond to the 99 available
snapshots of the simulations, andM(a(m)) for m = {0.01, 0.02, 0.03,
..., 0.99, 1}. We then calculate the Spearman rank-order correlation,
ρ, between these marks of the assembly history and M(c).

The Spearman rank-order correlations between M(a(m)) and
M(c) as a function of the fraction m are shown in the top panel
of Fig. 1. The lines of different colours represent the different mass
samples, as labelled in the same panel. The correlation coefficients
are negative for all the values of m, and we show them in absolute
values. This is in accordance with previous understanding that haloes
are likely to be more concentrated if they assembled their masses
at smaller scale factors. For all three samples, the correlations at
large mass fractions are smaller than those at both medium and
small fractions. The a(m)’s defined at a range of medium mass
fractions (0.3 � m � 0.7) contain similar and relatively high levels of
information about the present-day concentration. This also explains
the comparable effectiveness of various definitions of formation time
in previous literature. On the other hand, it is obvious from the figure
that the time at which the main progenitor of a halo gains a low
fraction of its final mass (e.g. 4 per cent as in Zhao et al. 2009) is
not as informative as medium mass fractions, such as the commonly
used half-mass scale, a1/2.

The Spearman correlations between M(m(a)) and M(c) as a
function of a are shown as solid lines in the middle panel of Fig. 1. The
positive correlation at all times before a = 1 is also consistent with
earlier-forming haloes being more concentrated. The correlations
for all three samples are relatively low at early and late epochs, and
peak between a ≈ 0.3 and a ≈ 0.7, depending upon halo mass. By
construction, m(a = 1) = 1 in all cases, so all correlations converge
to 0 at a = 1. The peak of the correlation curve, which indicates
the epoch at which the relative mass fraction m(a) is best correlated
with concentration, occurs later for more massive haloes. This is
consistent with the tendency of more massive haloes to form later,
so that if there is an important epoch in the evolution of a halo that
influences its internal structure, it too occurs later for more massive
haloes.

The significant correlation between the concentration and the two
characterizations of mass assembly history is in broad accordance
with previous studies that identify formation epochs of haloes that
influence halo concentration. However, notice that the correlation
curves in both the top and the middle panels peak at ρ � 0.7,
suggesting that factors in addition to the mass of a halo at a
particular time contribute to contemporary halo concentration. We
will investigate this further below.

3.2 Correlation with mass change at a specific time

The values of mass fraction, m(a), at successive time-steps are
strongly correlated with each other, and the resulting correlation
coefficients in the top panel of Fig. 1 are not independent. To resolve
the relative importance of instantaneous mass growth at different
epochs, we repeat the analysis in Section 3.1 for the increment in
mass fraction between adjacent snapshots, �m(a), instead of m(a),
with �m(ai) = m(ai + 1) − m(ai).

The correlations between instantaneous mass acquisition,
M(�m(a)), and concentration,M(c), are shown in the bottom panel
of Fig. 1. It is evident that earlier growth is positively correlated
with concentration (with the exception of the very earliest snapshots
at which time the haloes are poorly resolved), while later growth
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Figure 1. Spearman’s correlation between the mark values of haloes’
present-day concentrations and mass assembly histories. In the top panel,
mass assembly history is characterized by the epoch a(m) at which a
fraction m of the present-day mass has been first assembled. The absolute
values of the otherwise negative correlation coefficients are shown in this
panel, and m is shown in logarithmic scale. In the middle panel, the mass
assembly history is alternatively characterized by the fraction of the present-
day mass, m(a) = M(a)/M(a = 1), that has been assembled by the time
of each a, and in the bottom panel by �m(a), the step-wise increment in
m at each a. The top x-axes of the middle and bottom panels show the
corresponding redshift and age of the universe, respectively. In all three
panels, the different colours represent results for the different mass samples,
as is labelled in the top panel. The solid lines show the Spearman’s rank-order
correlation coefficients between M(c) and M(a(m)) (top panel), M(c) and
M(m(a)) (middle panel), or M(�m(a)) (bottom panel). Each horizontal
dashed line in the top panel shows the Spearman’s correlation between
M(c) and the mark value of the optimal linear combination of a(m)’s for
the corresponding mass sample, while the horizontal dashed lines in the
middle panel indicate the Spearman’s correlations between M(c) and the
mark values of the optimal linear combinations of m(a)’s. These optimal linear
combinations contain most but not all of the information about the present-day
concentration.

exhibits anticorrelation. Similar to Section 3.1, earlier growth is less
informative for more massive haloes. Moreover, ρ peaks at lower
values for more massive haloes indicating that their early assembly
histories generally have less information on concentration compared
to haloes of lower mass.

The peaks of the correlation curves in all panels of Fig. 1 are broad.
This indicates that a wide variety of times during the formation of a
halo provide similar amounts of information on contemporary halo
concentration. This is likely why a variety of halo formation time
measures, such as a1/2 and ac, show similar levels of correlation
with present-day halo concentration. The breadth of the peaks in
Fig. 1 further suggests that one cannot choose a single definition
of the formation time that will dramatically outperform a variety
of other reasonable choices. The distillation of the mass assembly
history into a single parameter inevitably leads to a significant loss
of information.

At late times, the correlation between concentration and mass
increase becomes negative and reaches a minimum at a ≈ 0.83 for
all three mass samples. This is suggestive that the same dynamical
process has caused this behaviour. In Section 4 below, we identify
this dynamical process to be mergers. Mergers account for the
anticorrelation in general, the stronger anticorrelation betweenM(c)
and M(�m(a)) for more massive haloes, and the uneven feature at
a ≈ 0.9.

3.3 Linear regression of mass assembly history to predict
concentration

Efforts to explain concentration with mass assembly history are often
focused on singling out a formation time that best represents the
mass assembly history. However, we have shown in the previous
subsections that multiple epochs in the mass assembly history
contain similar amounts of information on concentration, which
disfavours a single definition of formation time for this purpose.
In order to integrate information on concentration from the full
mass assembly histories, we perform an ordinary least-squares linear
regression with a = {a(m = 0.01), a(m = 0.02), ..., a(m = 0.99),
a(m = 1)} as the predictor variables and M(c) as the outcome
variable, by fitting for a set of linear coefficients that minimizes∑

n(A0 + ∑
i Aiai − M(c))2, where

∑
n is the sum over all haloes,∑

i is the sum over all values of mass fraction m at which a(m)’s
are defined, and A0 and Ai are the linear coefficients. Similarly,
we fit a set of linear coefficients, B0 and Bi, with m = {m(a =
0.06), m(a = 0.065), ..., m(a = 0.99), m(a = 1)} as the predictor
variables, that minimizes

∑
n(B0 + ∑

i Bimi − M(c))2, but here∑
i is the sum over all snapshots (i.e. over all values of a). For

this study, we elect to perform a simple linear regression, and refrain
from more sophisticated forms of regression, because mass assembly
histories of individual haloes are both volatile and noisy and these
properties introduce the possibility of unphysical overfitting. For this
reason, more complex regression methods warrant further, dedicated
study.

We compare the results of the linear regression to the results of
the previous section as follows. We determine the set of coefficients,
A0 and Ai, that gives the linear combination of the elements of a that
is the most strongly correlated with M(c). We repeat the process for
the elements of m to obtain the optimal coefficients B0 and Bi. We
then calculate the Spearman’s correlations between M(c) and the
marks corresponding to the resulting linear combinations.

The correlation coefficients for the optimal linear combinations of
the two characterizations of mass assembly histories are shown in the
top and middle panel of Fig. 1 respectively, as horizontal dashed lines.
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For both the set of a(m)’s and m(a)’s, and at all three masses, even
the optimal linear combinations leave much of the dependence of
concentration on mass assembly history unexplained, though they
exhibit moderate improvements upon the best-performing single
parameters. Performing the linear regression with log m instead of m
yields similar, but slightly weaker correlations.

For comparison, we measure the mark correlation between the
concentration and the formation time defined as the epoch at which
the mass of the main progenitor first reaches the characteristic mass
enclosed within the scale radius at the present-day, Ms = M(r < rs).
We find that the level of correlation for this formation time is similar
to the optimal linear combination of m(a)’s for all three of our mass
samples. We further note that this definition of the formation time
is not independent of the concentration measured at the present-day,
as it requires knowledge of rs, and therefore is different from the
proxies of the assembly history that we have employed so far. This
comparison suggests that our optimal linear combination captures
most of the information in different forms of the formation history
on the main branch.

In Section 4, we explore the combined effect of merger events
happening at different times on halo structure. We show that this
combined effect cannot be described linearly.

4 C O N C E N T R AT I O N FRO M
PSEUDO-EVO LUTION AND MERGERS

In the previous section, we attempted to explain contemporary halo
concentrations using halo mass assembly histories. The incomplete
success of this endeavour prompts further inquiry into additional fac-
tors in the evolution of haloes that may influence halo density profiles.
We expect the density profile of a halo to be largely determined by
the halo’s prior mass assembly history, independent of the redshift
at which the halo is observed. We therefore extend our investigation
to the study of the full evolution of halo concentrations, and search
for connections between the behaviour of halo concentrations and
events in halo mass assembly histories.

In this section, we study the evolution of halo concentration c, and
halo scale radius rs, both during quiescent periods of halo pseudo-
evolution and during merger events. We find that halo structure
undergoes significant changes in response to major, and even minor,
mergers in a manner that is qualitatively universal. We propose a
physical explanation for the response features that we observe. We
further propose that the scale radii and concentrations of haloes result
from pseudo-evolution punctuated by marked fluctuations associated
with merger activity.

4.1 The pseudo-evolution of halo mass and concentration

Pseudo-evolution refers to the fact that halo masses, virial radii, and
concentrations all evolve even in the absence of merger activity or
changes to scale radii (Diemer et al. 2013). This is because haloes are
traditionally defined to be regions with a mean density larger than
∼50–100 times the critical density (or ∼200–350 times the back-
ground density). As cosmological expansion dilutes the Universe,
the size of the region above the density threshold increases even in
the absence of any coherent, inward flow of mass. Consequently,
c = Rvir/rs grows because rs remains approximately constant in the
absence of significant merger activity.

In the left-hand column of Fig. 2, we show the pseudo-evolution
of halo mass, concentration, virial radius, and scale radius between
a = 0.2 and a = 1, calculated using the COLOSSUS software package
(Diemer 2018), and assuming NFW profiles. Each panel depicts halo

properties evolved both forwards and backwards from an initial point
of a = 0.4 assuming pure pseudo-evolution. The pseudo-evolution
is, itself, a function of halo concentration and we show halo pseudo-
evolution for three different initial concentration values, c0.4 ≡ c(a =
0.4) = 5, 10, 20, in each panel. The top panel shows the pseudo-
evolved mass normalized by the mass at a = 0.4, M(a)/M0.4, which is
only a function of the concentration, independent of halo mass. In the
middle panel, we show the pseudo-evolution of concentration for the
three values of c0.4 separately. The evolution of c(a) under pseudo-
evolution is also independent of mass. The bottom panel shows the
evolution of the scale radius rs(a)/rs,0.4 and virial radius Rvir(a)/Rvir,0.4

in physical units where rs,0.4 is the scale radius evaluated at a = 0.4
and likewise for Rvir,0.4. These ratios are also independent of mass,
and since the physical rs remains constant under pseudo-evolution,
the ratio rs(a)/rs,0.4 = 1 independent of a. In all of the panels, the
lines are labelled by the corresponding c0.4 values.

The left-hand panels of Fig. 2 show that pseudo-evolution con-
tributes substantially to the evolution of halo size and concentration in
the absence of any physical mass inflow or accretion. In the following
subsections, we study the effect of physical accretion, which includes
all the merger activities beyond pseudo-evolution.

4.2 Case study: the co-evolution of halo mass, concentration,
and scale radius during mergers

In the case of pure pseudo-evolution, the evolution of halo mass, virial
radius, and concentration from some initial state can be predicted.
Significant deviations from the predictions of pseudo-evolution can
likely be attributed to the physical inflow of mass across the virial
boundary of the halo. To investigate how deviations from pseudo-
evolution affect halo structure, we begin with a case study.

In the right-hand column of Fig. 2, we show the evolution of mass,
concentration, virial radius, and scale radius for an individual halo.
We neglect the evolution before a = 0.2, which is relatively poorly
resolved. For consistency, we use the same quantities as in the left-
hand column, i.e. the concentration, as well as the mass and radii
normalized by the values at a = 0.4, but note that the ranges of the
y-axes are different. In the middle panel, c = 1, the lower boundary
of fitted halo concentration is marked by the horizontal dashed line.
Major mergers in the mass assembly history of this halo are marked
by grey, vertical, dashed lines.

Notice in the top panel that this particular halo undergoes no
major mergers between a ≈ 0.25 and a ≈ 0.7. During this rel-
atively quiescent period in the halo’s mass accretion history, the
halo’s mass evolution is quite close to that predicted by pseudo-
evolution, which we show with a dashed line for comparison.
As in the left-hand column of Fig. 2, the pseudo-evolution is
computed from a = 0.4. In the middle and bottom panels, the
pseudo-evolution of the concentration and the scale radius during
this period are also shown as dashed lines. The evolution of both
the concentration and the scale radius during the period between
major mergers is relatively mild. Comparing the actual evolution
of these properties to the predictions of pseudo-evolution reveals
non-negligible differences. Furthermore, decreases in the actual
evolution of halo concentration seem to be visually associated
with small deviations in the mass assembly history that are not
identified as major mergers. This suggests that even small amounts
of physical mass accretion can lead to significant deviations from
the pseudo-evolution of concentration and scale radius. This, in
turn, suggests that the scatter in the profiles of a population of
haloes may be caused by small differences in mass assembly
histories.
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Figure 2. (a) In the left-hand column, we show the change in mass (top panel), concentration (middle panel), and virial radius and scale radius (bottom panel)
due to pseudo-evolution, choosing a = 0.4 as the reference state, denoted with the subscript ‘0.4’, and marked by vertical black dotted lines in the panels. In
the bottom panel, the y-axis indicates r(a)/r0.4, where r is either the virial radius Rvir or the scale radius rs. The change in mass and radii are plotted in terms
of the ratio between the pseudo-evolved values and the values at a = 0.4. Each line of pseudo-evolution is labelled with the corresponding concentration at the
reference point a = 0.4, as the ratios and concentration are only functions of the concentration, independent of halo mass. It can be observed that significant
growth in both halo mass and halo concentration can be associated with pseudo-evolution. (b) The right-hand column is similar to the left-hand column, but
shows the actual evolution of an individual halo’s mass, concentration, and virial radius and scale radius, as functions of the scale factor a. The vertical grey
dashed lines mark the major mergers identified by CONSISTENT TREES, and the horizontal dotted line in the middle panel indicates c = 1 to guide the eye.
Besides the actual evolution, we also show the pseudo-evolution for comparison. In each panel, the dashed curve of the same colour as the solid curve shows
the corresponding quantity pseudo-evolved from the state at a = 0.4 (vertical black dotted line), between a = 0.3 and a = 0.7. In the bottom panel, only the
pseudo-evolution of rs, which is a constant function of time, is shown, while the pseudo-evolution of Rvir is omitted for clarity.

Focus now on the major merger events in Fig. 2. Prominent features
can be observed in the temporal neighbourhood of each major
merger event. Concentration decreases rapidly and significantly to a
minimum at approximately the time of the major merger. Subsequent
to the merger, concentration immediately increases, decreases again,
and then stabilizes. After stabilizing, there is a long period of secular
increase of halo concentration. The change in concentrations due
to major mergers is large compared with the scale of the overall
concentration evolution throughout the entire history of the halo.
Meanwhile, the scale radius follows the same trend but in the opposite
sense, as is expected.

In the bottom panel, it is obvious that the change in Rvir is much
less dramatic and much simpler than that in rs in response to major
mergers. Rvir increases due to both pseudo-evolution and the physical
increase in mass, while rs remains constant unless the inner profile

is impacted. Concentration is the ratio c = Rvir/rs. As is now appar-
ent, discussing this ratio complicates our discussion unnecessarily,
because the two radii have very different mechanisms of evolution.
Rvir evolves rather modestly and in approximate correspondence with
predictions from pseudo-evolution along with mass increases due to
mergers. Large changes in concentration are induced by the large
deviations in rs brought about by mergers. We will therefore focus
on the scale radius rs instead of the concentration for the rest of this
subsection.

We take the major merger at a = 0.71 as an example to discuss
the common features, and interpret the response in rs with the
dynamical processes that occur during the major merger event. The
two progenitors of this major merger are examined in Fig. 3, which
illustrates the orbit of the incoming progenitor around the main
progenitor, as well as the mass evolution of the incoming and main
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Figure 3. In this figure, we show the process of the major merger that the halo in Fig. 2 undergoes at a = 0.71. The top left-hand and bottom panels show
the orbit of the incoming progenitor around the main progenitor in the three projected planes, respectively, displaying the comoving space from −1h−1 Mpc
to 1h−1 Mpc in each direction, and the comoving length scale of 0.5h−1 Mpc is shown in the upper left-hand panel for visual clarity. Each point in an orbit
represents the state in a different snapshot, colour coded from dark to bright with the increase of time; the scale factor a is labelled at several points. The upper
right-hand panel shows the time span between a = 0.2 and a = 1, with the time of the major merger marked by a grey vertical dashed line. The lower part of
this panel tracks the mass changes of the main and incoming progenitors in units of 1014h−1 M�. The incoming halo’s evolution ends when it is completely
disrupted and is no longer identified as an object, and the transition is shown as a dashed line. The increase in mass in the main branch afterwards is due to
another major merger that follows. The upper part of the same panel shows the evolution of d/Rmain, where d is the distance between the centres of the two
progenitors, and Rmain is the virial radius of the main progenitor. The ratio d/Rmain decreases below 1 at around aMM, marked by the horizontal dotted line, and
reaches 0 as the incoming object disappears.

progenitor haloes. During the major merger, the incoming progenitor
loses mass to the main progenitor before being completely disrupted.
Without significant physical mass growth, the scale radius only varies
slowly, which can be seen in the period prior to the major merger at
a = 0.71 in Fig. 2, where the mass growth of the halo is mainly due
to pseudo-evolution.

Notable deviations from the pseudo-evolution of the halo scale
radius can be seen as the incoming halo traverses the main progenitor
halo. As the merger begins, the halo’s scale radius departs from its
original evolution, and quickly increases, approaching the physical
boundary rs = Rvir, which suggests essential deviation from an NFW
profile. This is due to the incoming progenitor entering the virial
boundary of the main progenitor, shown in the upper part of the
upper right-hand panel in Fig. 3, placing a relatively large amount

of mass in the periphery of the main halo and rendering the outer
profile shallower. The shallower spherically averaged density profile
yields a larger scale radius. Later, as the incoming halo approaches
the centre of the main halo, the scale radius falls because mass is
then inordinately concentrated near the halo centre. The scale radius
increases again as the merging halo moves outwards from the centre
of the main halo on its orbit. Compared to the secular evolution in
scale radius seen during quiescent periods, this evolution of halo
scale radius is rapid, occurring over approximately one halo crossing
time.

The merger concludes with the incoming halo spiralling inward
towards the centre of the main halo due to dynamical friction. As
this happens, the scale radius once again increases. The incoming
object is gradually disrupted, and rs resumes secular evolution.
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The recovery after the major merger at a = 0.71 is interrupted
by a later major merger that follows at a = 0.94; however, the
recovery process can be observed in Fig. 2 after the major merger at
a = 0.26.

With this example, we have shown that during a major merger
event, rs experiences consequential changes, that can be attributed
to the dynamical processes of the progenitors. Our interpretation
is in agreement with Ludlow et al. (2012), who also observed the
oscillations in a halo and related them with the crossings of the
merging object before virialization. These changes are extended in
time, motivating an investigation of the time-scales that are involved
in the next section.

4.3 Universality of response

In the previous subsection, we followed the co-evolution of mass,
concentration, and scale radius of one halo, focusing on the dynami-
cal processes associated with major mergers that drive the evolution
of halo scale radius. Based on this case study, we argued that halo
scale radii respond to mergers in an oscillatory manner and that the
oscillations are due to orbital evolution. Accordingly, it is natural to
study the evolution of haloes due to mergers with time measured in
units of the local dynamical time, the time required to orbit across
an equilibrium dynamical system, in our case a halo. We adopt the
definition of the dynamical time

τdyn =
√

3π

16Gρ̄
, (3)

where G is the gravitational constant and ρ̄ is the mean density of
the system, which we choose to be the virial density of haloes. With
a given cosmology, the dynamical time τ dyn is dependent on the
scale factor a through ρ̄. In the cosmology adopted by the Dark Sky
Simulations, the dynamical time-scales as

τdyn ≈ 3.15(1 + z)−3/2 Gyr. (4)

Following Jiang & van den Bosch (2016), we then define a new
quantity T, which measures the time between two epochs in units of
the dynamical time, as

T (a; aref ) =
∫ t(a)

t(aref )

dt

τdyn(t)
, (5)

where t(a) is the age of the Universe corresponding to the scale factor
a, and aref is the reference epoch.

To study the general behaviour of major mergers, we select haloes
from the simulation that undergo major mergers along the main
branch, independently of their masses. The major merger times we
select are aMM = 0.33, 0.50, 0.67, 0.80, corresponding to z = 2, 1,
0.5, and 0.25 (see Table 2).

We stack each aMM group and examine the median evolution
to reduce noise. In Fig. 4, we show the median response of the
concentration and scale radius in logarithmic scale, normalized by
their respective values at aMM. Time is measured both in terms of
the scale factor and in terms of the number of dynamical times with
respect to the time of merger.

In both columns, we observe the orbital features discussed in
Section 4.2, demonstrating that the dynamical processes shown in
Fig. 3 are universal, and that the incoming progenitor goes through
one orbit on average before being disrupted (see also van den Bosch
2017). However, only in the right-hand column, where time is
measured in units of dynamical times, are the responses from the
different aMM groups aligned, going through the oscillations with

a remarkably universal dynamical time-scale. This further confirms
the connection between the concentration and scale radius evolution
and the dynamical processes during major mergers, as well as the
universality of this mechanism when scaled with dynamical time.

4.4 All merger activity

We have shown that the evolution of halo structure in response to
major mergers have common features, with universal time-scales
measured in units of dynamical times. The amplitude of the change
in rs due to major mergers is large compared with the average
scale of change over the entire history, and also much larger than
that of the halo radius evolution, causing large fluctuations in halo
concentration as well. However, major mergers are relatively rare
events. The average numbers of major mergers between a = 0.25
and a = 1 for a halo are 1.14, 1.51, and 2.00 for the 1012h−1 M�,
1013h−1 M�, and 1014h−1 M� samples respectively. Minor mergers
with smaller ratios between progenitor masses happen much more
frequently, and dominate the physical mass growth beyond pseudo-
evolution. As major mergers are the extreme cases of merger events,
it is reasonable to expect that minor mergers have similar but less
dramatic effects.

To examine the response to all merger activity, we search for
instances of minor merger events in the random catalogue described
in Section 2.2.2. As the CONSISTENT TREES code identifies major
mergers only, we define minor mergers based on the rate of fractional
mass increase between adjacent snapshots. We calculate the rate of
fractional mass increase as

�(ai) = �M(ai)/M(ai)

T (ai+1; ai)
, (6)

where �M(ai) = M(ai + 1) − M(ai) is the mass increase between the
adjacent snapshots, and T(ai + 1; ai) is the corresponding time interval
in units of dynamical times. The rate of fractional mass increase,
�(ai), is a dimensionless quantity. The time interval T(ai + 1; ai) for
a fixed scale factor interval ai + 1 − ai decreases as the Universe
evolves, and drops below 0.2 by a = 0.33, the first merger epoch
we consider. When selecting minor mergers, we consider the same
epochs as for the major merger samples, a = 0.33, 0.50, 0.67, 0.80.
The mean values of �(aMM) for the major merger samples are 2.77,
2.77, 2.96, and 3.43 for the four major merger times, respectively.
At each of these time-steps, we select our minor merger sample to
have values of � between 1.0 and 1.5. We also require that there are
no major mergers within ±0.25τ dyn around the minor mergers,5 to
exclude mass increase associated with major mergers.

In Fig. 5, we compare the haloes that undergo these minor mergers
against the major merger samples and the randomly selected halo
sample. The median evolution of each sample is plotted in terms
of both concentration and scale radius, as functions of time. In the
bottom x-axes, time is represented as the number of dynamical times
since the first available snapshot, while the corresponding scale factor
is labelled on the top x-axes. The major merger samples are shown
in the left-hand column, and the lines are colour coded according
to the time of merger, marked by vertical dashed lines of the same
colours. The solid black curve shows the evolution of the random
sample for comparison. Similarly, the right-hand column shows the
minor mergers that happen at the same time-steps.

It is obvious from Fig. 5 that minor mergers indeed cause
qualitatively similar responses in the halo structure. The magnitudes

5The mass increase associated with a major merger occurs over approximately
±0.25τ dyn around the time of merger.
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Figure 4. Median response to major mergers that happen at different times. The top row displays the concentration, and the bottom row displays the scale
radius, both in logarithmic scale and normalized by the value at the time of merger. In the left-hand column, time is measured in terms of the scale factor a,
shifted with respect to aMM, while in the right-hand column, time is measured in units of dynamical times, with the merger time as the reference point. The
groups are colour coded by their respective aMM. The time of merger is marked by a vertical dashed line in each panel. In the right-hand column, some of the
lines are truncated due to the limited time range of the simulation. The response of haloes of different masses and major merger times are remarkably similar
when scaled by dynamical time.

of these features, though smaller than those of the major merger
response, are still significant compared with the scale of overall
evolution throughout cosmic time. This shows that all mergers, major
or minor, involve similar dynamical processes, with the effect of
expanding the inner profile and suppressing concentration during an
extended period. We also note that the haloes that undergo mergers
have lower concentrations than the random sample of haloes even
after several dynamical times, and we have tested that this difference
in concentration cannot be accounted for by the difference in their
mass distributions. This could be due to the fact that mergers
are correlated, perhaps due to environmental dependences, or that
mergers have a persistent effect on the internal structures of haloes,
or a combination thereof. Determining the nature of this effect is
worthy of a distinct study in its own right. The fluctuations in the scale
radii and concentrations following minor mergers, which happen
frequently for most haloes, are also a likely source of spread in the
present-day values of halo internal properties, which we investigate
in Section 4.5.

4.5 Irreducible scatter due to stochastic mergers

With our improved understanding of mergers, we examine the role
that these events play in producing the present-day concentrations
and scale radii of halo samples with fixed masses. We have shown in
Fig. 5 that the impact on rs from major mergers and even minor
mergers is significant compared with the scale of the overall rs

evolution in the entire history, and persists over a considerable
amount of time (several dynamical times, meaning several Gyr).
Therefore, we expect that the cumulative response of a halo to

the merger events in its mass assembly history is crucial to the
determination of the scale radius and concentration of the halo.
Moreover, both the relative sizes of mergers and the temporal
distribution of these mergers are important in determining present-
day concentration and scale radius.

In the top panel of Fig. 6, we show the scatter in log c for each
present-day mass sample, and the remaining scatter after further
dividing the samples into quintiles by a1/2. There is a scatter of
approximately 0.1–0.2 dex in concentration with populations of
haloes with both mass and a1/2 fixed. The scatter increases with
later half-mass scales, as there are more recent merger events for
these haloes. This scatter originates from the variety of possible
paths of mass assembly. In the middle panel, we examine the same
samples, but exclude haloes that undergo major mergers since their
half-mass scales. The resulting scatter in log c decreases in every
sample, which is consistent with our conclusion that major mergers
contribute to the uncertainty in today’s concentration. The decrease
is not as significant as one might naively expect from the large
fluctuations in concentration caused by major mergers, because major
mergers are rare events and impact a small fraction of the population.
In the bottom panel, we further exclude all haloes that have stepwise
mass increases with � ≥ 1.0 since a1/2, and the scatter is indeed
further reduced. That a more stringent restriction on mergers further
reduces scatter in concentrations strongly suggests that it is the
mergers themselves that drive a significant portion of the scatter.
The dependence of the scatter on the half-mass scale is largely
removed by excluding these mass increase events, which confirms
that different frequencies of mergers are the cause of this dependence.
It is reasonable to expect that when even more stringent limits are put
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Figure 5. This figure compares major mergers with minor mergers that happen at the same epochs, which are marked by vertical dashed lines, each with the
same colour as the corresponding evolution curve. Similar to Fig. 4, the halo evolution is tracked in terms of concentration in the top row and scale radius in the
bottom row. Time is measured in units of dynamical times, adopting aref = 0.06, and the corresponding scale factor a is labelled at the top. The minor merger
events are selected from the random catalogue by their rates of fractional mass increase �, defined in equation (6), 1.0 ≤ � ≤ 1.5, and no major mergers within
±0.25τ dyn of the time-step of interest. The left-hand column shows the median evolution of each major merger sample, and the right-hand column shows those
of the minor merger samples. In every panel, the solid black curve depicts the median evolution of the random sample for comparison.

on the mass increase rate, the scatter will be further reduced; however,
we are unable to test this explicitly due to limited sample sizes. As
a supplement to Fig. 6, in Appendix A we show the dependence of
the concentration–mass relation on the half-mass scale.

It is tempting to synthesize the present-day concentration from
the full mass assembly history, by superposing the effect of each
merger event upon pseudo-evolution. However, we show in Fig. 7 that
even small deviations from pseudo-evolution in mass can cause large
fluctuations in concentration. This sensitivity of the concentration to
small mergers and the stochastic nature of mergers make it virtually
impossible to predict the concentration of an individual halo from its
formation history without some uncertainty. In Fig. 7, we select the
five haloes from the random catalogue that have the most quiescent
mass assembly histories in the last five dynamical times. We do
this by minimizing the deviation of the mass assembly history from
pure pseudo-evolution. We calculate the forward pseudo-evolution
of mass from the halo properties at T(a; aref = 1) = −5, which is
marked by the vertical dotted dark blue lines in Fig. 7, and quantify
the deviation in mass evolution by

∑|Mhist/Mpseudo − 1|, where Mhist

is the actual evolution, Mpseudo is the forward pseudo-evolution for
each halo, and the sum is taken over the available snapshots in the
last five dynamical times. The dark blue lines in the figure show the
logarithmic deviation in mass. For these haloes with quiescent mass
assembly histories, we then compare between the actual and pseudo-
evolution of concentration during the last two dynamical times, since
T(a; aref = 1) = −2 (vertical dashed pink lines), to exclude the effect
of mass evolution before the controlled period. The comparison of

concentrations is shown as pink lines in Fig. 7. In the first panel,
we also show the 68 per cent range of the absolute deviation from
both mass and concentration pseudo-evolutions for the entire random
sample.

From the figure it is apparent that even selecting the most quiescent
haloes in our sample, which are usually considered relaxed, does
not greatly reduce fluctuations in concentration. This shows that
even very minor mass accretion can affect halo structures. The
fluctuations in concentration seen in Fig. 7 could also be partly due to
the finite number of snapshots available from the simulation, which
leaves events that happen between the discrete snapshots undetected.
We also notice that for some haloes (e.g. Haloes 2 and 3), the
concentration evolution has a general trend that deviates from the
pseudo-evolution prediction. This is likely due to the oversimplified
assumptions in the pseudo-evolution model, such as an NFW profile
and an isolated halo, which may not hold true in simulations (e.g.
Diemer & Kravtsov 2014). The environments of individual haloes
and further details of mergers, such as the relative velocities of the
progenitors, the exact orbit of the incoming object, the detailed
density profiles of each progenitor, are beyond the scope of this
work, and might also have caused part of the uncertainty that we
observe.

At this point we reflect on the limited ability to predict halo
concentration with a linear regression of the mass assembly history
in Section 3.3, and conclude that this is unsurprising, because a
fixed set of linear coefficients is naturally incapable of describing a
convolution of merger responses at different times. Also, in the top
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Figure 6. In this figure, we show the logarithmic scatter in concentration
for the present-day mass samples. The present-day mass is colour coded and
labelled in the bottom panel. In the top panel, the first group of bars shows the
scatter for the entire samples, while the other groups are subsamples selected
by their half-mass scale percentiles within each mass sample. The error bars
are calculated using bootstrap resampling. The same bars are also shown in
the two lower panels for visual guidance. The filled bars in the middle panel
shows the scatter for the same samples, but excluding haloes that undergo
major mergers after the half-mass scale. The filled bars in the bottom panel
adopt a more stringent selection criterion, excluding haloes that have mass
increase events with � ≥ 1.0.

panel of Fig. 1, the concentration of the cluster-size halo sample is
less correlated with the step-wise mass assembly history than for the
less massive samples, probably ascribable to its higher frequency of
merger events. On the other hand, the higher frequency of mergers
in the cluster-size sample causes its stronger anticorrelation between
the concentration and the mass increment at late times in the bottom
panel of Fig. 1. The oscillatory behaviour in the bottom panel of
Fig. 1 has approximately the same time-scales as the oscillation of
the concentration and scale radius in Fig. 4, and it is now apparent
that it arises from merger responses.

We have demonstrated that mergers play a vital role in shaping
the internal structures of haloes, and merger events that happen at
different epochs trigger responses with non-trivial forms, preventing
a simple description of the combined end result, and contribute to
the scatter in the scale radius and hence concentration.

5 D I SCUSSI ON AND SUMMARY

In this study, we investigate the connection between halo concen-
tration and halo mass assembly history using the halo catalogues
and merger trees from the Dark Sky Simulations. In particular, we
scrutinize the effect of mergers on the subsequent evolution of halo
concentration. We summarize our primary results as follows:

(i) Conventionally defined halo formation times, such as the scale
factor at which a halo reaches 50 per cent of its contemporary
mass, exhibit significant correlations with the present-day halo
concentration. In fact, the same holds true for the broad range of
mass fractions between approximately 30 per cent and 70 per cent.
A linear combination of a(mi), where mi’s are different choices of
mass fractions, correlates with present-day concentration better than
any individual a(mi), but still does not fully account for the scatter
in concentration at a fixed halo mass. The same conclusions apply
when we use the mass fractions at different times, m(a), instead of
a(m). For more details, see Fig. 1.

(ii) Major mergers induce dramatic changes to halo concentra-
tions. These responses linger over a period of several dynamical
times, corresponding to many Gyr. The evolution of concentration
due to a merger can be associated with the orbital dynamics of the
merger and is largely universal. Minor mergers have similar, but less
dramatic effects on concentration compared with major mergers. In
the absence of merger events, pseudo-evolution causes a gradual
increase in halo concentration and halo mass (Fig. 2), in agreement
with Diemer et al. (2013). See Figs 3, 4, and 5.

(iii) The cumulative effect of major mergers and frequent minor
mergers leads to a scatter in concentration at fixed halo mass and
fixed formation time (any conventional definition). At fixed halo
mass, the scatter can be reduced from 0.2 dex to below 0.1 dex
when we control for both formation time and merger events. Even
minor mergers impart non-negligible alterations to concentrations.
Haloes with quiescent mass assembly histories experience fewer
fluctuations in concentration, but still with an irreducible scatter, due
to unresolved small mergers. See Figs 6 and 7.

In this work, we have developed a further understanding of the
relation between halo concentrations and mass assembly histories.
Our results show that the correlation strengths with concentration
at multiple intermediate epochs of the assembly history are similar
and relatively high, in accord with previously found concentration–
formation time relations (e.g. Wechsler et al. 2002; Zhao et al. 2009).
Our findings support the use of the half-mass scale, a1/2, as an
effective definition of formation time, whereas a variety of similar
formation time definitions would yield similar insight into concen-
trations. However, we also argue that such simple characterizations
of the mass assembly history inevitably omit information on halo
structure and leave a non-negligible residual scatter.

We find that merger events during the assembly of haloes con-
tribute to the scatter in the concentration–formation time relation (at
fixed halo mass), as was suggested by the results of, e.g. Wechsler
et al. (2002), Macciò et al. (2008), and Rey et al. (2019). We broaden
the discussion of the impact of recent mergers on the measurement of
concentration in Ludlow et al. (2012), confirming their explanation
of the features in the merger response with a case study of the orbital
processes during a merger, and these fluctuations in concentration
induced by mergers also lead to the non-monotonic relation between
concentration and formation time observed by Ludlow et al. (2012).
We recognize the significant effect of mergers on halo concentrations,
which greatly exceeds the secular evolution during quiescent periods.
The effect of mergers lasts for several Gyr (a few dynamical times).
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Figure 7. Comparison of the actual evolution against pseudo-evolution for five individual haloes in the simulation. These haloes are selected to have the least
deviation from pseudo-evolution in mass in the last five dynamical times, which is marked by the vertical dotted dark blue line in each panel, and the dark
blue arrow in the first panel. The concentration is compared against the forward pseudo-evolution from two dynamical times before a = 1 (vertical dashed pink
lines). We show the difference in logarithmic space between the pseudo-evolution of the mass and concentration. In the first panel, the shaded regions show the
68th percentile of the absolute deviation from pseudo-evolution as a function of time, for the entire random sample, in the time ranges of interest for the mass
and concentration, respectively.

Our results also establish the universality of halo responses to merger
events.

These results can have important implications for the interpretation
of observations, as the observed density profiles of the dark compo-
nent of clusters are systematically dependent on the merger history.
The concentration–mass relation is broadly adopted for inferring
concentrations from mass measurements, comparing measured con-
centrations against theoretical predictions, or modelling other halo
properties with concentrations (e.g. Comerford & Natarajan 2007;
Duffy et al. 2008; Mandelbaum, Seljak & Hirata 2008; Bhattacharya
et al. 2013; Merten et al. 2015; Li et al. 2019). Based on our findings
regarding the scatter around the mean relation due to mergers,
we advise caution in the application of the concentration–mass or
concentration–formation time relation without taking these effects
into account.

Our study provides insight into secondary halo biases, commonly
known as halo assembly bias (e.g. Gao, Springel & White 2005;
Li, Mo & Gao 2008; Mao et al. 2018), the dependence of halo
clustering on halo properties other than mass. Wechsler et al. (2006)
first found that with fixed masses above the typical collapse mass,
haloes with lower concentrations cluster more strongly than haloes
with higher concentrations. Lee et al. (2017), for example, found
that the scale radii of haloes evolve very differently in regions of
different environmental densities. Our findings suggest that these
are primarily due to the suppression of concentration by merger
events, which happen more frequently in denser environments. We
expect similar coupling of the environmental preference of mergers
and the impact of mergers on other secondary halo properties to be
present.

Our analyses are performed at the halo level, which introduces a
dependence on the halo finding algorithm. We limit our character-
ization of the mass assembly history to linear descriptions, and do

not propose a mathematical model of the concentration. We are also
unable to resolve all merger events, and further details, including the
initial profiles, initial velocities, and trajectories of merging objects,
are beyond the scope of this work. Each of these important issues
merits further study. More sophisticated statistics or machine learning
techniques might be more effective in extracting information on
concentrations from assembly histories. Using explicit mathematical
descriptions of concentration responses to mergers, together with
a comprehensive demographic study of merger events with even
higher mass and temporal resolutions is a possible way of improving
predictions of concentrations. We are hopeful that such follow-up
studies could greatly enhance our understanding of halo formation
and structure.
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APPENDIX A : C ONCENTRATION–MASS
RE LATION

In Fig. A1, we show the concentration–mass relation of the random
sample described in Section 2.2.2, and the dependence of the relation
on half-mass scales. The random sample is divided into five quintiles
based on the mass normalized marks of the half-mass scales. In
the figure, we show the mean concentration relation along with the
standard deviation in the relation for each subsample. The standard
error of the mean is naturally much smaller.

From the figure we observe that, in general, the concentration–
mass relation depends monotonically on the half-mass scale, again
in consistence with previous findings that earlier forming haloes tend
to be more concentrated. The scatter in the relation is larger for later
forming haloes except in a few cases, which can be explained by the
fact that they are more likely to have had recent mergers. This figure
complements our findings in Fig. 6.

Figure A1. Concentration–mass relation for halo samples. The solid lines
show the mean relations, while the error bars show the standard devia-
tion of the relation within each sample. The thicker grey line shows the
concentration–mass relation for all the haloes in the random sample described
in Section 2.2.2, while the other lines show subsamples with different mark
values of a1/2, as are labelled in the legend.
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