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Overview

Cosmological simulations of stellar halos that use semi-analytics and particle tagging. 

Semi-analytic/particle tagging simulations are useful approximations to cosmological hydro models in the 
regimes we care about. 

“Semi-analytics” and “particle tagging” cover a diverse range of methods, even for cosmological sims. 

Tagging can be accurate enough (and its dynamical biases well enough understood) that model-to-model 
differences in predicting when and where stars form dominate uncertainty in comparisons. 

There is value in comparing new observational data with semi-analytic/particle tagging simulations. 

More details in APC+ 2017, MNRAS 469, 1691 (further to Bailin et al. 2014 ApJ 783, 95)
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ABSTRACT

Particle tagging is an efficient, but approximate, technique for using cosmological N-
body simulations to model the phase-space evolution of the stellar populations predicted, for
example, by a semi-analytic model of galaxy formation. We test the technique developed by
Cooper et al. (which we call STINGS here) by comparing particle tags with stars in a smooth
particle hydrodynamic (SPH) simulation. We focus on the spherically averaged density profile
of stars accreted from satellite galaxies in a Milky Way (MW)-like system. The stellar pro-
file in the SPH simulation can be recovered accurately by tagging dark matter (DM) particles
in the same simulation according to a prescription based on the rank order of particle binding
energy. Applying the same prescription to an N-body version of this simulation produces a
density profile differing from that of the SPH simulation by . 10 per cent on average between
1 and 200 kpc. This confirms that particle tagging can provide a faithful and robust approxim-
ation to a self-consistent hydrodynamical simulation in this regime (in contradiction to pre-
vious claims in the literature). We find only one systematic effect, likely due to the collision-
less approximation, namely that massive satellites in the SPH simulation are disrupted some-
what earlier than their collisionless counterparts. In most cases this makes remarkably little
difference to the spherically averaged distribution of their stellar debris. We conclude that, for
galaxy formation models that do not predict strong baryonic effects on the present-day DM
distribution of MW-like galaxies or their satellites, differences in stellar halo predictions asso-
ciated with the treatment of star formation and feedback are much more important than those
associated with the dynamical limitations of collisionless particle tagging.
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1 INTRODUCTION

A number of studies have used so-called particle tagging tech-
niques to predict the distribution and kinematics of Milky Way
(MW) halo stars accreted from tidally disrupted dwarf satellite
galaxies (Bullock et al. 2001b; Bullock & Johnston 2005; De Lucia
& Helmi 2008; Tumlinson 2010; ?; Libeskind et al. 2011; Rashkov
et al. 2012). These techniques attempt to model both stars and dark
matter (DM) with a single collisionless particle species in a cos-
mological N-body simulation by ‘painting’ subsets of the particles
with stellar mass, according to a weighting function, without chan-
ging the mass of the particle used in the gravitational calculation.
This is intended as an approximation to the more self-consistent ap-
proach of hydrodynamical simulations, in which a separate species
of collisionless ‘star particles’ is inserted into the calculation to re-
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place gas particles that become sufficiently cold and dense. This
replacement is usually done according to a ‘subgrid’ model of star
formation describing the state of the interstellar medium represen-
ted by the gas particle (e.g. Schaye et al. 2015). In particle tagging
models, all the baryonic physics of galaxy formation (including dis-
sipative cooling, star formation and feedback of mass and energy
to the interstellar medium) are modelled semi-analytically1 on the
scale of DM haloes (De Lucia & Helmi 2008; ?). The assignment
of stellar mass to DM is usually expressed as a function of the bind-
ing energy of the DM particles, in order to account for the prior
dissipation of energy by the star-forming gas (Bullock et al. 2001a;
Bullock & Johnston 2005; Peñarrubia et al. 2008).

1 An alternative approach ignores the physics of galaxy formation and in-
stead assigns stellar mass directly to DM haloes using theoretical or empir-
ical scaling relations (e.g. Bullock & Johnston 2005; Rashkov et al. 2012;
Laporte et al. 2013).

© 2017 The Authors

ar
X

iv
:1

61
1.

03
49

7v
2 

 [a
st

ro
-p

h.
G

A
]  

17
 A

ug
 2

01
7



Role of cosmological models (regardless of technique)

Galaxy formation is complicated: interplay of DM halo assembly history and star formation 
history, with many nonlinear “feedback loops” over finite cosmic time. 

Ideally we want to model/constrain only smallest scales and let the larger-scale astrophysical 
consequences ‘emerge’ as predictions.  

Some things we care about, from the point of view of this conference: 

Origin of halo stars/ICL (progenitor mass functions, formation times, stellar populations). 

Trends in observables with stellar mass and halo mass. 

6D structure/mock observations; where do the stars from progenitor X end up in its 
hierarchical descendants?  

Inference of DM halo properties from stellar phase space.



Semi-Analytic Models

Structure formation modelled with N-body; reduced to merger 
trees, used as boundary conditions for a system of coupled 
differential equations describing mass/energy flows. 

Impose symmetries to reduce e.g. structure of galaxies to ‘moments’ 
of 1D profiles (e.g. half mass radius). 

Compared to hydrodynamics, much, much faster in terms of 
computer and person-time, hence easier to calibrate. 

Hydrodynamical models great for discovery; semi-analytics good for 
explanation, parameter exploration, and mass-production. 

We are a long way from understanding the baryon cycle, particularly 
at high redshift — freedom to explore diverse landscape of models 
subject to wide range of constraints is still important.



Semi-Analytic Stellar Halos without tagging

Mass function, size-mass relation => stellar 
halos! 

Various channels for ‘bulge’ growth. 

“Which satellites merge with the central galaxy, 
and which merge into the stellar halo/ICL?”

Galaxy formation in a !CDM cosmology 107

Figure 2. The top panel gives the distribution of the radius containing half
the stellar mass as a function of stellar mass for local late-type galaxies.
These are defined as having SDSS concentration parameter c < 2.86 (see
details in the text). The solid curve is the median half-mass radius predicted
by our model applied to the MS-II, while dashed curves indicate the rms
scatter in log R at each stellar mass. Symbols are the observed median and
scatter from the SDSS study by Shen et al. (2003). The middle panel gives
the 10, 25, 50, 75 and 90 per cent points of the distribution of the ratio of
sizes of the gaseous and stellar discs in our model, also as a function of the
total stellar mass, while the bottom panel shows the same percentile points
of the distribution of the relative inclination of the two discs.

is 1.72 and values within their sample of 49 galaxies range from 0.6
to 4.1.

The bottom panel of Fig. 2 shows the distribution of the mis-
alignment angle θ = arccos( Jgas · J∗/|Jgas||J∗|) between the two
discs for several ranges of stellar mass, again for the same galaxies.
The distribution of misalignment angles is quite broad and seems
to depend very little on stellar mass. Warps are quite often seen
in the outer parts of spiral galaxies, particularly when the outer
H I distribution is compared to the inner stellar disc. The struc-
ture and evolution of the two components is quite strongly coupled
(e.g. Binney & Tremaine 2008, section 6.6), but our simple model
nevertheless gives some indication of the extent to which misalign-
ments might reflect changes with time in the orientation of accreted
angular momentum.

3.4 Star formation

In this paper, we assume stars to form from cold gas in the disc
according to a simplified version of the empirical relation which
Kennicutt (1998) found to give a good description of galaxy-scale
star formation in the bulk of low-redshift star-forming galaxies.
Stars form efficiently only in regions where the surface mass density
exceeds a critical value which is plausibly related to the Toomre

(1964) threshold for local instability of a rotationally supported
disc. Toomre’s criterion is a function of local velocity dispersion,
of the surface densities of stars and gas and of the local rotation
curve. We adopt a simple model which assumes a flat rotation curve
and a gas velocity dispersion which is everywhere 6 km s−1, leading
to the critical surface density suggested in Kauffmann (1996) and
Croton et al. (2006):

#crit(R) = 12 ×
!

Vmax

200 km s−1

" !
R

10 kpc

"−1

M⊙ pc−2. (15)

We integrate this out to three exponential scale radii, Rgas,d, and then
divide by a factor of 2 to obtain a critical gas mass which is required
for any stars to form:

Mcrit = 11.5 × 109

!
Vmax

200 km s−1

" !
Rgas,d

10 kpc

"
M⊙. (16)

The final reduction by a factor of 2 is introduced to agree with the
assumptions of Croton et al. (2006) who took the cold gas surface
density to be constant with radius in discs at threshold.

The amount of cold disc gas that is converted into long-lived stars
per unit time is assumed to be

Ṁ∗ = α(Mgas − Mcrit)/tdyn (17)

where tdyn = 3Rgas,d/Vmax is the characteristic time-scale at the edge
of the star-forming disc and α is an adjustable efficiency parameter.
We will adopt α = 0.02, which results in a few per cent of the gas
in a disc being converted into stars each rotation period. The SFRs
implied by this model are, in the mean, quite similar to those in
DLB07, but our revised treatments of cooling and of disc size lead
to considerably smoother evolution than before, with less ‘bursty’
star formation histories in the bulk of the galaxy population.

3.5 Supernova feedback

During their short lives, massive stars emit large amounts of ra-
diation through optical and UV emission, and large amounts of
mechanical energy through their winds. As they die, comparable
amounts of radiative and mechanical energy are liberated by the
final SN explosion. This can dramatically reshape the surrounding
ISM, ionizing and heating it, and in many cases driving galactic-
scale winds. Such effects are generically referred to as SN feed-
back. As Larson (1974) showed, they can have a major impact on
the evolution of low-mass galaxies, determining, for example, their
metallicities. White & Rees (1978) argued that such SN feedback
may induce the strong dependence of galaxy formation efficiency
on halo mass required to explain why most stars live in galaxies with
stellar mass close to the upper limit imposed by cooling constraints
and why the overall conversion of baryons into stars is relatively
inefficient. These ideas have subsequently been explored by many
authors, particularly in the context of understanding the shape of the
galaxy luminosity function at low luminosities (e.g. Benson et al.
2003a). Here we assume that SN feedback injects gas from the cold
disc into the hot halo and, in addition, can transfer halo gas to the
ejecta reservoir.

We estimate the amount of cold disc gas that is reheated by SN
feedback and injected into the hot halo component as

δMreheat = ϵdisc × δM∗. (18)

where δM∗ is the mass of newly formed long-lived stars. DLB07
took ϵdisc to be a constant, based on some observational indications
that mass outflow rates are typically a few times the SFR in actively
star-forming galaxies. We find that this scaling does not suppress

C⃝ 2011 The Authors, MNRAS 413, 101–131
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

 by guest on M
arch 11, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

112 Q. Guo et al.

self-gravity of the disc is dominant. Here we adopt the same simple,
schematic criterion as DLB07 to delineate disc instability:

Vmax <

!
GM∗,d

3R∗,d
(34)

where M∗,d and R∗,d are the stellar mass and exponential scale-
length of the stellar disc, respectively, and Vmax, as usual, is the
maximum circular velocity of the DM (sub)halo hosting the disc.
In the original presentation of this criterion by Efstathiou, Lake &
Negroponte (1982), the factor of 3 was missing and Vmax repre-
sented the maximum circular velocity of the combined disc–halo
system. The smaller coefficient used here reflects the fact that the
latter Vmax is expected to be significantly larger than the maximum
circular velocity of the unperturbed dark halo for realistic systems
near the instability boundary and that more recent simulations have
shown exponential discs in Navarro–Frenk–White (NFW) haloes
to be somewhat more stable than would be inferred from the early
experiments of Efstathiou et al. (1982) (see e.g. Sellwood & Moore
1999; Sellwood & Evans 2001).

When the criterion of equation (34) is met, we transfer mass,
δM∗, from the disc to the bulge to keep the disc marginally stable.
Recall that we assume an exponential density profile for the stellar
disc. Here we further assume that the mass is transferred from the
inner part of the disc and that the bulge formed in this way occupies
the corresponding region (i.e. the bulge half-mass radius equals to
the radius of this region):

δM∗ = 2π"∗0R∗,d

"
R∗,d − (Rb + R∗,d) exp

#−Rb

R∗,d

$%
, (35)

where Rb is the half-mass radius of the newly formed bulge and
covers the region from which the stellar mass is transferred into the
bulge. We assume that negligible angular momentum is transferred
to the bulge from the disc with these stars so that the angular momen-
tum of the disc is unchanged. Since we also assume an unchanged
rotation velocity and an exponential profile, the disc exponential
scalelength increases and its central surface density decreases when
stars are transferred to the bulge.

If there is already a bulge present when a disc goes unstable, then
we assume the instability to produce a new bulge with the half-mass
radius, Rb, given by equation (35), which ‘merges’ into the existing
bulge in the same way as in galaxy mergers, simply replacing M1

and R1 with the mass and half-mass radius of the existing bulge, and
replacing M2 and R2 with δM∗ and Rb. The only difference is that
we set αinter = 2 in this case, since the interaction energy between
the ‘old’ and ‘new’ bulges is stronger than in the case of galaxy
mergers since the two are concentric.

To illustrate how well these recipes work, Fig. 4 compares obser-
vational data to model predictions for the distribution of galaxies
across morphological types as a function of stellar mass. Red curves
are for galaxies with MBulge/Mtotal ≥ 0.7 (‘elliptical galaxies’), blue
curves are for galaxies with 0.7 > MBulge/Mtotal ≥ 0.03 (‘normal
spirals’) and green curves are for galaxies with MBulge/Mtotal < 0.03
(‘pure discs’). Solid and dashed curves are results based on the
MS-II and the MS, respectively. The two simulations produce con-
vergent results above log M∗ = 10, but they differ progressively at
lower stellar masses because the resolution of the MS is no longer
good enough to follow accurately the detailed formation histories
of the galaxies. The symbols in Fig. 4 are observational results from
Conselice (2006). These agree well with the models, provided the
MS-II results are taken at low stellar masses. To study the rela-
tive roles in of disc instability and mergers in building bulges, we
calculated a model without the disc instability mode. This showed

Figure 4. The distribution of galaxies across morphological types as a
function of stellar mass. Red lines show the fraction of galaxies with

Mbulge
Mtotal

>

0.7, which we consider to represent elliptical galaxies. Blue lines indicate
galaxies with 0.03 <

Mbulge
Mtotal

< 0.7 (normal spirals) and green lines indicate

galaxies with
Mbulge
Mtotal

< 0.03, essentially pure-disc or extreme late-type
galaxies. Model results for the MS are shown with dashed lines and those
for the MS-II are shown with solid lines. The symbols give observational
results for real galaxies from Conselice (2006).

that in our default model, disc instability is a major contributor to
bulge formation in intermediate-mass galaxies like the Milky Way.
At both higher and lower masses, mergers are the dominant mecha-
nism; in particular, massive elliptical galaxies are built by mergers.
This is consistent with the results found by De Lucia et al. (2006)
using our previous galaxy formation model.

To illustrate how well our simple recipe reproduces the sizes
of the spheroidal components of galaxies, Fig. 5 plots half-mass
radii against stellar mass for early-type galaxies defined to be those
with the concentration parameter c > 2.86 (see Section 3.3 for how
we estimate c; in practice, this limit corresponds approximately
to MBulge/Mtotal > 0.20). A solid curve gives our model predic-
tion for the median half-mass radius at each stellar mass, while
dashed curves indicate the predicted scatter. The symbols are SDSS

Figure 5. Half-mass radius as a function of stellar mass for early-type
galaxies, which we define as galaxies with the SDSS concentration param-
eter c > 2.86. The solid curve gives the median half-mass radius predicted
by our model at each stellar mass, while dashed curves show the rms scatter
in log R. Symbols with error bars indicate the median and rms scatter of
observational estimates taken from the SDSS study of Shen et al. (2003).

C⃝ 2011 The Authors, MNRAS 413, 101–131
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galaxies in our models. This is unrealistic for galaxies in the inner
regions of rich clusters and results in passive S0 galaxies retaining
significant gas and dust which should probably have been removed
(see Fig. 11).

We illustrate the effect of our modification of stripping recipes
in Fig. 3. We select 1000 galaxy clusters from the MS with Mvir >

2 × 1014 M⊙. For each, we calculate the fraction of actively star-
forming galaxies as a function of the projected distance from the
centre in units of Rvir and we average over all clusters. ‘Actively star-
forming’ here means having a specific SFR (SSFR, the ratio of SFR
to stellar mass) above 10−11 yr−1. We consider galaxies with velocity
relative to the cluster centre (peculiar + H0 × line-of-sight distance
difference) less than 3Vvir, dividing them into four stellar mass
bins as indicated by the log M∗ ranges given in the bottom right-
hand corner of each panel. To emphasize the environmental effects
which concern us here, each active galaxy fraction is normalized
to its ‘field’ value, estimated at 20Rvir. Symbols with error bars are
observational data from Weinmann et al. (2010) based on the SDSS
cluster sample of von der Linden et al. (2007). Predictions from
our model are in red and those from the model of DLB07 are in
black. Clearly, within Rvir, the changes we have introduced do slow
down the decline of star formation in satellite galaxies, although
the differences are not large. This is because satellites start to be
stripped later in our new recipes and even thereafter they retain some
hot gas which can fuel star formation and keep them blue, whereas
in DLB07, hot gas is stripped immediately once galaxies become
attached to a larger FOF group and star formation ceases once their
cold ISM gas is used up. Note, however, that the fraction of active
galaxies in the field differs between our model and DLB07, with
our model predicting somewhat lower active fractions in general,
thereby worsening the overall agreement with observation. This is

Figure 3. The reduction in the fraction of actively star-forming galaxies
(Ṁ∗/M∗ > 10−11 yr−1) as a function of the projected distance from the
cluster centre in units of Rvir. The four panels refer to different ranges of
log M∗/M⊙ as indicated by the labels. Predictions from the preferred model
of this paper applied to the MS are shown in red and those from the model
of DLB07 are shown in black. Symbols with error bars are SDSS data for
a large sample of nearby clusters taken from Weinmann et al. (2010). For
each curve, the fraction of actively star-forming galaxies is normalized by
its ‘field’ value, taken to be the value at 20Rvir. This emphasizes the effect
of cluster environment on star formation activity.

a result of the enhanced feedback we have introduced in order to
match the observed stellar mass function (see Section 3.9).

3.6.2 Disruption

The stellar component in subhaloes can also be stripped in the
presence of very strong tidal forces. Usually, the galaxy is harder
to disrupt than its dark halo because it is more compact and denser.
We thus assume that the stellar component of a satellite galaxy
is affected by tidal forces only after its subhalo has been entirely
disrupted, that is, it has become a type 2 galaxy. The position of
such a galaxy is identified with that of the most-bound particle of its
subhalo at the last time the subhalo could be identified. To estimate
when stripping of stars is important, we assume the satellite orbits
in a singular isothermal potential

φ(R) = V 2
vir ln R. (28)

Assuming conservation of energy and angular momentum along the
orbit, its pericentric distance can be estimated from
!

R

Rperi

"2

= ln R/Rperi + (1/2) (V /Vvir)2

(1/2) (Vt/Vvir)2 , (29)

where R is the current distance of the satellite from halo centre, and
V and V t are the velocity of the satellite galaxy with respect to the
halo centre and its tangential part, respectively.

We compare the main halo density at the pericentre with the
average baryon mass (cold gas mass + stellar mass) density of the
satellite within its half-mass radius. If

MDM,halo(Rperi)
R3

peri
≡ ρDM,halo > ρsat ≡ Msat

R3
sat,half

, (30)

then we assume the satellite galaxy is disrupted entirely. Its stars are
then assigned to a population of intracluster stars (ICSs), and its cold
gas and the associated metals are added to the hot gas atmosphere
of the halo central galaxy. Note that this calculation does not fully
account for dynamical friction effects on the satellite orbit, which
are underestimated by the simulation, once the remaining mass of
a subhalo drops below the stellar mass of its associated galaxy.
Note also that we do not model continuous disruption. Rather, once
equation (30) is satisfied, satellite galaxies are disrupted completely.
When a central type 0 galaxy merges into a larger system and
becomes a type 1 satellite, it carries its ICS with it until it becomes
a type 2 galaxy. At this point, its current central galaxy acquires its
ICS.

3.7 Mergers

Mergers can occur between a central galaxy and a satellite galaxy,
and between two satellite galaxies. In the MS, the minimum re-
solved subhalo has a mass of 2.3 × 1010 M⊙. The stellar mass of
the galaxy within a given subhalo is thus smaller than the subhalo
mass, except in the case of very massive satellites. In the MS-II,
however, the minimum subhalo mass is 1.9 × 108 M⊙ and the stel-
lar mass of a galaxy often becomes larger than the mass of its host
subhalo well before we lose the track of the subhalo. In this situa-
tion, the simulation no longer correctly follows the expected decay
of the satellite orbit through dynamical friction. In this paper, we
therefore modify the DLB07 treatment of mergers, which estimated
a dynamical friction time until merging only, once the satellite’s
subhalo is fully disrupted. Here we estimate this decay time as soon
as the mass of a subhalo drops below that of the galaxy it contains

C⃝ 2011 The Authors, MNRAS 413, 101–131
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Semi-Analytic Stellar Halos without tagging

Galform: disk + bulge. Bulges grow through mergers and instabilities. Bulge profile is r1/4. 

L-Galaxies: (Guo et al. 2010 variant): disk + bulge + ICL. Bulge profile is Jaffe, no profile for the ICL 
(ICL grows only by accretion). 

Following Cole et al. (2000) (c.f. Naab+ 2009), ‘virial’ prescriptions to track scale radii of bulges 
through mergers:
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Semi-Analytic Stellar Halos without tagging

Lots of assumptions involved (including dynamical friction, 
major/minor distinction etc.). 

Profile shapes fixed. Most interest focused on ‘sizes’. 

Rigid definitions of ‘bulge’ and ‘stellar halo’/ICL. 

Stellar halo/ICL simply classed as ‘unobservable’ for 
purposes of most relations with stellar mass. 

Likely that all models will do a much better job of this 
in their next iterations, following comprehensive 
libraries of detailed N-body merger models.

122 Q. Guo et al.

Figure 16. The stellar mass fraction in intergalactic stars as a function of
virial mass for clusters. The solid black line shows the fraction of all stars
within Rvir, which are assigned to the intracluster component when our
preferred model is applied to the MS. Dashed black lines show the 16 and
84 per cent points of the distribution of this fraction. Solid and dashed red
lines show the same statistics but for the fraction of stars in the main subhalo
of each cluster, which are associated with its diffuse component, rather than
with its central galaxy.

in clusters with Mvir ∼ 1.4 × 1015 M⊙. Thus, in the richest clusters,
the mass in intergalactic stars is comparable to the stellar mass of
the main body of the central galaxy or, alternatively, the extended
envelope of the cD galaxy contains about half of its stars. In galaxy
groups, this fraction decreases rapidly with decreasing virial mass,
reaching 1 per cent in groups of mass 2 × 1013 M⊙.

4.8 Luminosity function of Milky Way satellites

The abundance of the very lowest mass galaxies can be measured ob-
servationally only in the Local Group, in particular, in the halo of the
Milky Way. The apparent discrepancy between the relatively small
number of observed satellites and the many DM subhaloes predicted
in a !CDM cosmogony has been promoted as ‘the missing-satellite
problem’, a possible flaw in the concordance structure formation
model (Klypin et al. 1999; Moore et al. 1999), despite earlier sug-
gestions that it might rather reflect the astrophysics of galaxy for-
mation in weak potential wells (Kauffmann et al. 1993). Over the
last decade, new observational results, primarily from the SDSS,
have increased the directly observed number of satellites by almost
a factor of 2 and the estimated total number of satellites by about a
factor of 4 (e.g. Koposov et al. 2008). At the same time, improved
simulations have increased the predicted number of subhaloes by a
factor of 1000 (e.g. Springel et al. 2008). Thus, the discrepancy has
grown. Our galaxy formation models make it possible to address
this issue in the context of the more general problem of matching
the low-mass end of the stellar mass function of galaxies. This is
because the MS-II contains several thousand isolated galaxies sim-
ilar in mass to the Milky Way and its resolution turns out to be
(just) sufficient to get predictions for objects with stellar masses
comparable to those of the observed Milky Way satellites.

In the MS-II, there are around 7000 haloes with virial mass within
a factor of 3 of that estimated for the halo of the Milky Way (see
Boylan-Kolchin et al. 2010 for an analysis of the properties of these
haloes and their substructure). In order to make a detailed com-
parison, we select all disc-dominated (M∗,disc > M∗,bulge) central
galaxies with total stellar mass between 4 × 1010 and 8 × 1010 M⊙.

[The stellar mass of the Milky Way is estimated to be 5 × 1010 M⊙
(Flynn et al. 2006).] This provides us with a sample of 1603 ‘Milky
Ways’ which have median halo mass Mvir = 1.30 × 1012 M⊙ with
lower and upper quartiles at 0.90 × 1012 and 2.18 × 1012 M⊙,
respectively. For the purposes of this section, all galaxies within
280 kpc of each ‘Milky Way’ are defined to be its satellites. Fig. 17
shows the cumulative V-band luminosity function of these satellite
systems in our preferred model and in two variations with different
assumptions about reionization. Specifically, we plot the median and
the 10 and 90 per cent points of the distribution of satellite counts
as a function of the limiting absolute magnitude MV . A dashed red
curve plotted for MV < −8 represents the cumulative luminosity
function of the 11 ‘classical’ Milky Way satellites. To this limit,
the observed sample is thought to be (almost) complete. We also
use a large filled red circle to indicate the estimate of 45 Milky
Way satellites with MV < −5 and r < 280 kpc from Koposov et al.
(2008). This estimate required a large and uncertain incompleteness
correction, so we have arbitrarily assigned it an error bar of a factor
of 2.

The top panel of Fig. 17 shows results for our preferred model
which assumes the Okamoto et al. (2008) prescriptions when esti-
mating the effects of reionization. The predicted satellite abundance
is consistent with observation all the way from bright Light Mag-
ellanic Cloud/M33 like systems down to MV ∼ −11, even though
model parameters were set to match the general galaxy stellar mass
function rather than Local Group data. For fainter systems, the ob-
servational estimates are close to the lower 10 per cent point of
the predicted counts, but, as just noted, the Koposov estimate has
a substantial intrinsic uncertainty. In addition, the classical satellite
count may well have missed a one or two systems behind the Galac-
tic plane. As the middle panel shows, if we substitute the Gnedin
(2000) parameters used by DLB07 with those of Okamoto et al.
(2008), the predicted number of faint galaxies is reduced and the
match to the observational estimates is almost perfect. However,
Okamoto et al. (2008) and Hoeft et al. (2006) argue that the simu-
lations of Gnedin (2000) substantially overestimated the extent to
which an ionizing background suppresses the accretion of gas on to
small haloes. Conversely, if we neglect the effects of reionization
altogether, then the bottom panel shows the disagreement with the
observational data to worsen only at the faintest magnitudes. The
median count of satellites with MV < −5 is predicted to be about
four times the Koposov estimate, but brighter than MV ∼ −10;
the abundances are almost unchanged from our preferred model.
Thus, if Okamoto et al. (2008) are right, then reionization has a
significant effect only on the very faintest galaxies. This is consis-
tent with results of previous work (Bullock, Kravtsov & Weinberg
2000; Somerville 2002; Benson et al. 2003b; Gnedin & Kravtsov
2006; Okamoto et al. 2010).

We explore this point further in Fig. 18, which shows how reion-
ization modelling affects the low-mass end of the overall stellar
mass function. We plot the factor by which the galaxy abundance
in the MS-II is changed as a function of stellar mass if our pre-
ferred model, which uses the Okamoto et al. (2008) reionization
parameters, is altered to use those of Gnedin (2000), as in DLB07
(green line), or to neglect the effects of reionization altogether (red
line). In our preferred model, reionization affects the abundance
of galaxies notably only below about 107 M⊙. The stronger effects
implied by the Gnedin (2000) recipe reduce the abundance by about
20 per cent already at 108 M⊙ but remain small for more-massive
systems. Thus, we conclude that reionization has very little effect
on galaxies similar to the brighter Local Group dwarfs, but may
significantly affect the abundance of the fainter dwarf spheroidals.

C⃝ 2011 The Authors, MNRAS 413, 101–131
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

 by guest on M
arch 11, 2016

http://m
nras.oxfordjournals.org/

D
ow

nloaded from
 

Guo et al. (2011) — Fraction of 
stars in ICL component.

Face-value profiles from Guo et al. (2011) approximate tagging/hydro/real data fairly well! Ask if you want to see the plot.



Particle Tagging: the basic idea

A means of extending semi-analytic predictions to 6D phase space using collisionless simulations. 

Weight collisionless particles to reproduce a model for the energy distribution function of stars.

and accreted much later, and hence have more extended, lower
level star formation histories. Stars formed in these latter environ-
ments represent a negligible fraction of the stellar halo in all our
models. This is confirmedby the last columnof Table 1,which lists
the percentage contribution of surviving satellites to the total
halo (less than 10% in every case). Note that the contributions of
surviving satellites to the local halo (i.e., within 10–20 kpc of the

Sun), which is the only region of the halo where detailed abun-
dance studies have been performed, are even lower (less than 1%
in every case).

A more quantitative investigation of the consequences of the
difference between the ‘‘accretion age’’ of stars and satellites in
the halo is presented elsewhere (Robertson et al. 2005a; Font
et al. 2005).

Fig. 13.—‘‘External galaxy’’ views for halo realizations 1 (left) and 2 (right). The boxes are 300 kpc by 300 kpc. The blue/white color scale indicates surface
brightness: 23 mag arcsec!2 (white) to 38 magarcsec!2 (dark blue/black), where we have assumed a stellar mass-to-light ratio of 2. The eye picks up lighter blue (middle
of the bar) at about 30 mag square arcsec!2.

Fig. 14.—‘‘External galaxy’’ images for halos 6 (left) and 9 (right). The color codes are the same as those in Fig. 13. A recent disruption has occurred in halo 9 ("1.5Gyr
look-back time) and the residue of this event is seen as the bright plume running from the ‘‘northwest’’ of the halo (upper left) down toward the halo center. The bright
feature just to the ‘‘southwest’’ of halo 9’s center is also associated with the same disruption event.

TRACING GALAXY FORMATION WITH STELLAR HALOS. I. 945No. 2, 2005

Bullock & 
Johnston 
(2005)



26 G. De Lucia and A. Helmi

Figure 10. Projected distribution of the star particles that end up in the stellar halo of the highest resolution simulation used in our study (GA3), at the same
redshifts as in Fig. 1, and colour-coded as a function of their metallicity as indicated in the top left-hand panel. If we assume [α/Fe]∼ + 0.4 dex, the highest
metallicity bin could be translated into −0.7! [Fe/H], while the lowest to [Fe/H] ! −1.6 (Salaris, Chieffi & Straniero 1993). As for Fig. 1, the box at z =
0 is centred on the most bound particle of the GA3 halo, while those at higher redshifts are centred on the most bound particle of the main progenitor at the
corresponding redshift.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 391, 14–31
Downloaded from https://academic.oup.com/mnras/article-abstract/391/1/14/1116870
by guest
on 19 June 2018

A brief (and incomplete) history of tags
and accreted much later, and hence have more extended, lower
level star formation histories. Stars formed in these latter environ-
ments represent a negligible fraction of the stellar halo in all our
models. This is confirmedby the last columnof Table 1,which lists
the percentage contribution of surviving satellites to the total
halo (less than 10% in every case). Note that the contributions of
surviving satellites to the local halo (i.e., within 10–20 kpc of the

Sun), which is the only region of the halo where detailed abun-
dance studies have been performed, are even lower (less than 1%
in every case).

A more quantitative investigation of the consequences of the
difference between the ‘‘accretion age’’ of stars and satellites in
the halo is presented elsewhere (Robertson et al. 2005a; Font
et al. 2005).

Fig. 13.—‘‘External galaxy’’ views for halo realizations 1 (left) and 2 (right). The boxes are 300 kpc by 300 kpc. The blue/white color scale indicates surface
brightness: 23 mag arcsec!2 (white) to 38 magarcsec!2 (dark blue/black), where we have assumed a stellar mass-to-light ratio of 2. The eye picks up lighter blue (middle
of the bar) at about 30 mag square arcsec!2.

Fig. 14.—‘‘External galaxy’’ images for halos 6 (left) and 9 (right). The color codes are the same as those in Fig. 13. A recent disruption has occurred in halo 9 ("1.5Gyr
look-back time) and the residue of this event is seen as the bright plume running from the ‘‘northwest’’ of the halo (upper left) down toward the halo center. The bright
feature just to the ‘‘southwest’’ of halo 9’s center is also associated with the same disruption event.
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Napolitano+ (2003)

Bullock & Johnston (2005) 
Font+, Robertson+ (2005/6)

Peak particle density.

Scaling relations, 
f(E) at infall.

De Lucia & Helmi (2008)

Semi-analytic (cos.) 
1% MB at infall.

Semi-analytic. 
10% MB continual.

Lots of different 
implementations over 
the years. 

All focused on 
accretion. 

Mostly not an 
evolutionary sequence. 

Fixed faction at infall/
max mass now the 
default.

Tumlinson (2010)

754 A. P. Cooper et al.

Figure 6. V-band surface brightness of our model haloes (and surviving satellites), to a limiting depth of 35 mag arcsec−2. The axis scales are in kiloparsec.
Only stars formed in satellites are present in our particle model; there is no contribution to these maps from a central galactic disc or bulge formed in situ (see
Section 3.3).

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 744–766
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APC+ (2010,13,15,17)

Semi-analytic (cos.) 
1-5% MB continual.

Laporte+ (2015)
Scaling relations (clusters), 
f(E) at z=2.

Libeskind+ (2011)

SPH comparison 
Effectively x%MB

Scannapieco (2006)

Semi-analytic. 
10% smallest radius

Diemand (2005)

White & Springel (2000)
Galaxies-as-particles

Peak particle density.

(STINGS)



Tagging prescriptions/schemes/philosophies for cosmological simulations

Common principle: stars form from dissipative collapse, so they should be 
more deeply embedded than the bulk of the DM. 

Fundamental approximation: motions of baryons do not affect the distribution of 
collisionless mass (DM + stars). 

When to tag: either represent newly-formed stars SSP by SSP (i.e. tag 
continuously, e.g. STINGS) or specify the entire distribution function of a composite 
stellar population at a single point in time (i.e. tag-at-infall, e.g. De Lucia & Helmi 
2008). 







Accretion and galaxy structure in CDM 9
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Figure 6. Median profiles of circularly averaged stellar mass surface density, ⌃?, for accreted stars (red dashed lines) and in situ stars (red dotted lines), in
logarithmic bins of dark halo virial mass (range of log

10

M
200

/M� and number of galaxies per bin are shown in the top right of each panel). A blue solid
line shows the median profile for f

mb

= 1% combining accreted and in situ components; a light blue region indicates the 10–90 per cent scatter of the median
profile. Arrows indicate half-mass radii of the median profiles (from left to right, in situ stars, all stars and accreted stars). Grey lines (dotted, dashed and solid)
reproduce the corresponding red and blue lines from the 12.5 < log

10

M
200

/M� < 13.0 panel. A purple line and pink shading show the median dark
matter density profile and its 10–90 per cent range. A black horizontal bar shows the range of R

200

in each mass bin, and a vertical dotted black line indicates
the effective softening scale 2.8✏. The scale on the right of the lower central panel gives an approximate conversion from ⌃? to surface brightness (in Vega
magnitudes per square arcsecond) for the Johnson-Cousins V band, assuming ⌥V = M?/LV = 2.5.
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Figure 7. Average stellar mass surface density profiles as in Fig. 6 for our 100 least massive haloes (left) and 100 most massive haloes (centre) with f
mb

= 1%,
and our 100 least massive haloes with f

mb

= 10% (right). Legends indicate the corresponding range of log

10

M
200

/M�. Grey lines show our simulation
results, red lines show Sèrsic model fits to the accreted (dashed) and in situ (dotted) components, which overplot the simulation data almost everywhere.
From left to right, the Sèrsic parameters of the accreted star fits are [log

10

⌃

50

/M� kpc

�2, R
50

/kpc, n] = [5.31, 10.4, 2.56], [7.21, 24.6, 3.64] and
[5.37, 10.1, 2.96]. The in situ star fits are [9.00, 2.3, 0.79], [7.96, 5.5, 1.90] and [8.21, 5.4, 0.88].

c� 2013 RAS, MNRAS 000, 1–21

The results presented in this and the previous subsection clearly
indicate that our star formation scenario, coupled with setting the
King parameters of our infalling dwarfs to match Local Group
observations, leads to surviving satellite populations consistent
both in number and structural properties with the Milky Way’s.

3.2.3. The Stellar Halo’s Mass and Density Profile

Estimates for the size, shape, and extent of the Milky Way’s
stellar halo come either from star count surveys (Morrison et al.
2000; Chiba & Beers 2000; Yanny et al. 2000; Siegel et al.
2002) or from studies where distances could be estimated using
RR Lyraes (Wetterer & McGraw 1996; Ivezić et al. 2000). These
studies agree on a total luminosity of order LV !109 L" (or mass
!2 ; 109 M"), which is in good agreement with the unbound
stellar luminosity for all 11 of our model stellar halos, listed in
column (6) of Table 1 (numbers in parentheses again refer to stars
from accretion events since the last >10% merger). The match
between predicted and observed total halo mass is nontrivial and
depends sensitively on the mass accretion history of the dark
matter halo alongwith the value of the star formation timescale, t?.
Specifically, we show in x 4.1.1 that the majority of dwarf galax-
ies that make up the stellar halo were accreted early, more than
!8 Gyr ago. The total stellar halo mass (!109M") is relatively
small compared to the total cold baryonic mass in accreted sat-
ellites (!1010 M"), because the star formation timescale is long
compared to the age of the universe at typical accretion times, and
the stellar mass fractions are correspondingly low (see Fig. 4). If
we would have chosen a star formation timescale short compared
to the time of typical accretion for a destroyed system (e.g.,!5Gyr),
this would have resulted in a stellar halo of stripped stellar much
more massive than that observed for the Milky Way. This is in
agreement with the results of Brook et al. (2004b), who found
that a strong feedback model (effectively slowing the star for-

mation rate in dwarf galaxies) in their smoothed particle hydro-
dynamic simulations of galaxy formation was necessary in order
to build relatively small halo components in their models.
The observational studies find density profiles falling more

steeply than the dark matter halo (a power-law index in the range
#2.5 to#3.5, compared to about#2 for the darkmatter at relevant
scales). Some of the variance between results fromdifferent groups
can be attributed to substructure in the halo since these studies
have commonly been limited in sky coverage with surveys cov-
ering significant portions of the sky only now becoming feasible.
Figure 9 plots the density profiles generated (arbitrarily normal-
ized) from our four representative stellar halo models (light solid
curves), which transition between slopes of #1 within !10 kpc
tok#3.5 at!50–100 kpc and fall off even more steeply beyond
this. To illustrate the general agreementwith observations, the dot-
ted line is a power law with exponent of #3.
To contrast to the light, the density profiles of the dark matter

in our models are plotted in bold lines Figure 9 (also with arbi-
trary normalization). The dark matter profiles are all close to an
NFWprofilewithmhalo¼1:4;1012M" and rhalo¼10 kpc.Within
!30 kpc of the Galactic center it appears that our stellar halos
roughly track the darkmatter, but beyond this they tend to fallmore
steeply. The difference in profile shapes—and the steep rollover
in the light matter at moderate to large radii—is a natural conse-
quence of embedding the light matter deep within the dark mat-
ter satellites: the satellites’ orbits can decay significantly before
any of themore tightly boundmaterial is lost. Hence,we anticipate
that more/less extended stellar satellites would result in a more/
less extended stellar halo. Studies of the distant Milky Way halo
are still sufficiently limited that it is not possible to saywhether the
location of the rollover in our model stellar halos is in agreement
with observations, and this could be an interesting test of our
models in the near future (see, e.g., Ivezić et al. 2004).

Fig. 9.—Density profiles for our four example simulated stellar halos (thin solid lines) compared to the dark matter halo (heavy lines). Dotted lines represent a power
law with exponent #3. The long-dashed lines show best-fit ‘‘modified’’ Hernquist profiles (eq. [21]). Fit parameters for these and the other halos are given in Table 1.
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4.2. Substructure

Abundant substructure is one of the most basic expectations
for a hierarchically formed stellar halo. Here we give a short de-
scription of the substructurewe see in our simulations, and reserve
more detailed and quantitative explorations for future work. Re-
call, our study (bydesign) follows themore recent accretion events
in our halo more accurately than the earlier ones—we showed in
x 4.1.2 that these are the dominant contributors to the halo at radii
of 30–60 kpc and beyond. Hence we can expect our study to

make fairly accurate predictions of expectations of the level of
substructure in the outer parts of galactic halos—precisely the re-
gion where substructure should be more dominant and easier to
detect.
Figures 13 and 14 show external galactic views for halo reali-

zations 1, 2, 6, and 9. The color code reflects surface brightness
per pixel: white at 24 mag arcsec!2, to light blue at 30 mag
arcsec!2, to black, which is (fainter than) 38 mag arcsec!2. The
darkest blue features are of course too faint to be seen (except by
star counts). We have simply set the scale in order to reveal all

Fig. 15.—Radial phase-space diagrams (Vr vs. r relative to the host halo center) for halos 1 (left) and 9 (right). Each point represents 1000 solar luminosities. The color
code reflects the time each particle became unbound to its parent satellite. White points are either bound or became unbound in the last 1.5 Gyr, while dark blue points
became unbound more than 12 Gyr ago. The radial color gradient reflects the tendency for inner halo stars to be accreted (and stripped) early in the Galaxy’s history. The
white feature at r " 80 kpc in halo 9 represents a very recent disruption event—the most recent massive disruption seen in our ensemble of 11 halo realizations.

Fig. 16.—Radial phase-space diagrams for halo 2, where the left and right figures represent to separate quarters of the sky. The color code and axis labels are the same
as those in Fig. 15.

BULLOCK & JOHNSTON946 Vol. 635
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2004). However, recent work predicts only mild contraction for star
formation efficiencies compatible with observations (Dutton et al.
2007; Abadi et al. 2010; Schaller et al. 2014) and also a counteract-
ing expansion due to feedback (Navarro, Eke & Frenk 1996; Pontzen
& Governato 2012). Moreover, this paper is focused on early-type
galaxies, which result from mergers occurring at z < 1, after the
majority of stars have formed in their progenitors (in our model, in
situ star formation triggered by low-redshift mergers only accounts
for a small fraction of the mass in present-day BCGs). Violent re-
laxation in low mass ratio mergers and dynamical friction acting on
infalling substructures can reduce the central density cusps created
by any dissipative contraction at high redshift and can simultane-
ously increase the central DM mass fraction (El-Zant, Shlosman
& Hoffman 2001; Gao et al. 2004; Ruszkowski & Springel 2009;

Hilz et al. 2012; Laporte et al. 2012; Remus et al. 2013). Strong
lensing observations of the total mass profiles of massive early-type
galaxies imply very little nett modification of the DM in the inner
regions despite the central concentration of stars (Newman et al.
2013a,b; Dutton & Treu 2014). On the other hand, hydrodynami-
cal simulations have shown that baryonic effects can alter the DM
distribution even in the outer parts of massive haloes (van Daalen
et al. 2011).

3 IMAG ES

Fig. 1 shows 3 Mpc × 3 Mpc stellar mass surface density images
of the Phoenix clusters, including both stars bound to the clus-
ter potential (which we identify with the BCG) and stars bound

Figure 1. Projected 3 Mpc × 3 Mpc images of the Phoenix clusters centred on their BCGs. M200 increases from left to right and top to bottom. The white
dashed line shows R200 (outside the image for Ph-I). The viewing angle is chosen randomly. Colours correspond to stellar mass surface density on a log10
scale. Particles are smoothed by a cubic spline kernel scaled by the density of their 64 nearest neighbours. ‘Hot spots’ are individual cluster galaxies; only very
small scale density fluctuations are due to shot noise. The brightest galaxies are surrounded by extensive diffuse envelopes of tidal debris.

MNRAS 451, 2703–2722 (2015)
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Bullock & Johnston (2005) (quasi-cosmological)

SB scaling with halo/stellar mass: APC+ (2013)

Intracluster Light: APC+ (2015)

Selected results from tagging cosmological simulations



Some well-known limitations of tagging

The more the ‘true’ potential diverges from N-body, the worse the approximation. Strictly only 
‘works’ at high M/L. 

Doesn’t account for structural changes induced by baryons (e.g. cusps/cores in satellites). 

No enhanced disruption from the disk (should show up in comparisons to observations). 

Tagging probably gets shapes wrong; 

Effects such as halo flattening by growth of disk seem very likely (and should show up clearly in 
comparisons to observations). 

No disks, even massless ones — all ‘stellar populations’ are triaxial by construction in f(E) schemes.  

No in situ halo (or other sub-components of in situ stars).

Blue bullets: not really fundamental, could be ‘improved’.



What tagging is Not (supposed to be)

A model in which stars have the same phase space distribution as ‘all’ the DM in a 
halo: the whole point is the ‘bias’. 

An alternative/competitor to hydrodynamical simulations: it’s complementary.  

A single technique/model: many approaches and implementations exist — more and 
less approximate, more and less efficient, more and less ‘correct’, with tradeoffs 
between these.



How Tagging Works 
(in cosmological simulations with semi-analytics)



Most particle tagging implementations nowadays 
are of the ‘most bound fraction’ type.  

Give equal stellar mass weight to all particles in 
rank order of binding energy, up to some fraction 
of the most bound. 

1 free parameter, same for all halos/galaxies: fmb.  

Implicit assumption: all N-body particles have the 
same mass, so fmb can refer to either particle 
number or mass, interchangeably. 

How it works: tagging a ‘most bound fraction’

Can plot this function for newly-formed 
star particles in a hydro simulation:



How it works: binding energy rank

Tagging a fixed fraction in rank order of biding 
energy => newly-formed stars inherit the f(E) 
of the most bound subset of DM. 

This subset doesn’t have to resemble the full 
set of DM particles in configuration/velocity 
projections.  

The corresponding initial density profile is 
predictable, given f(E) for a particular halo. 

Scale of profile naturally scales with the mass 
and concentration of the halo (c.f. Mo, Mao & 
White). 



How it works: binding energy rank toy model

Integrating the Widrow (2000) fits to an 
isotopic NFW f(E) over velocities predicts 
the density of most-bound subsets. 

Very roughly, seems to be the case in 
practice, with some fudge for diffusion over 
the sharp cut-off. 

Comment: tagging stars at a single time per merger tree 
branch (tag-at-infall) is a significantly different concept 
from tagging continuously along branches (e.g. Le Bret 
et al. 2015). The tagging scheme should reflect this. 

Accretion and galaxy structure in CDM 3351

The particle-tagging technique associates (‘tags’) sets of dark
matter particles in an N-body simulation (here Millennium II) with
stellar populations of a single metallicity and age. The tagged parti-
cles can be used to track the evolution of their associated population
in phase space, from the time when the stars form to the present
day (z = 0). Our definition of a stellar population comprises all the
stars formed in a single galaxy between two consecutive snapshots
of the G11 model. An isolated galaxy that forms stars at a constant
rate for a Hubble time will produce a number of these populations
equal to the number of simulation snapshots. All model galaxies at
z = 0 are a superposition of many such populations, because they
accrete populations formed in their hierarchical progenitors as well
as forming their own stars in situ.

For every population, particles are selected according to a tagging
criterion (described below). An equal fraction of the total mass of the
population is given to each particle thus selected. Every new pop-
ulation tags a new set of particles, selected from the corresponding
dark matter halo at the snapshot immediately after the population
forms. This means that a DM particle can be tagged more than
once, if it meets the tagging criterion for two or more populations
(by construction, this can only happen at different snapshots). In
such cases, each tag is tracked separately. A corollary is that each
tagged particle carries its own unique star formation and enrichment
history, with the time resolution of the Millennium II snapshots.

2.3 Tagging criterion and the fmb parameter

The particles we select for tagging are supposed to approximate the
phase space distribution of the stars immediately after they form.
Stars are the end result of dissipative collapse, so a basic requirement
is that particles tagged with newly formed stars should be deeply
embedded in the potential well of their dark halo when we tag them.
We achieve this by ranking DM particles in the halo by their binding
energy and selecting all those more bound than a threshold value,
corresponding to a fixed fraction of the mass of the halo. Following
C10, we call this free parameter of the method the ‘most-bound
fraction’, fmb. A value of fmb = 0.01 means that we selected the
1 per cent most-bound particles.

The choice of fmb is more-or-less arbitrary, but this freedom allows
us to tune the scalelength of the in situ components of our galaxies
in a predictable way. This is because, in an NFW potential (Navarro,
Frenk & White 1996b), the surface density profile of dark matter
more bound than a given energy is roughly exponential (at least
for fmb < 10 per cent), with a scale radius that depends on the
threshold energy. This result can be verified easily by integrating the
cumulative energy distribution of an NFW halo up to a given fraction
of its virial mass, and constructing the corresponding density profile
from the phase space distribution function. We have done this using
numerical approximations for the distribution function and density
of states given by Widrow (2000) for a spherical NFW halo with an
isotropic velocity distribution.

To illustrate this point, Fig. 2 shows the profile of in situ stars
in two ‘Milky Way’ mass haloes from Millennium II (top and bot-
tom panels), according to our full particle-tagging model (dots) with
fmb = 1 per cent (blue) and fmb = 10 per cent (red). Dotted lines show
the profile we obtain using the Widrow (2000) distribution function
to select the equivalent most-bound mass fraction at z = 1, by which
time most of the stars in these galaxies have already formed (the
central regions of these haloes are very stable thereafter, e.g. Wang
et al. 2011). The dotted profiles are not exactly exponential because
our procedure obviously imposes an energy threshold, which corre-
sponds to a truncation radius. Solid lines show exponential profiles

Figure 2. Dots show in situ surface density profiles in two Milky Way-like
haloes at z = 0 from G11, predicted by our particle-tagging model with
fmb = 1 per cent (blue) and 10 per cent (red). Upper and lower panels,
respectively, correspond to galaxies with M200 = (12.1, 12.3), M⋆ = (10.8,
10.9) and NFW concentration c = (7.2, 8.2). Dotted lines show density
profiles for the corresponding fractions of most bound DM particles at z = 1
(assuming an isotropic NFW distribution function with virial radius and
concentration given by the N-body halo of each galaxy), normalized to
the same stellar mass. Solid lines show exponential profiles with the same
amplitude and half-mass radius as the dotted lines.

that have the same scale radius as the dotted profiles – these roughly
approximate the diffusion of tagged particles across the initial en-
ergy threshold over time. Note that because we perform our tagging
procedure at every snapshot, each new population in our full model
will have a different amount of time to diffuse away from its initial
configuration.

We stress that our model for the structure of merger remnants is
not purely collisionless, because the G11 model explicitly includes
enhanced dissipative star formation (in the bulge component) during
mergers. This is important because hydrodynamical simulations
of galaxy mergers have shown that nuclear starbursts increase the
central phase space density of merger remnants (Hernquist, Spergel
& Heyl 1993; Robertson et al. 2006; Hopkins et al. 2008). We
include stars formed in these bursts in our tagging in the same way
as those formed in the ‘quiescent’ mode.

2.4 Constraints on fmb from the galaxy mass–size relation

From the above, we conclude that our analytic approximation can
reproduce the z = 0 density profiles of particles that we tag to
represent in situ stars with reasonable accuracy. This provides an
intuitive understanding of why the parameter fmb sets the sizes of
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How it works: calibrating the most bound fraction
Accretion and galaxy structure in CDM 5
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Figure 3. Points plot stellar mass M? against projected half-mass radius
R

50

for all galaxies in our full particle tagging models; colours correspond
to different values of f

mb

. Dotted lines of the same colours show our an-
alytic approximation for the sizes of all central galaxies in Millennium II,
using their in situ stellar mass and z = 1 halo properties. The dashed grey
line and shaded region plot the late-type galaxy relation of Shen et al. (2003)
and its 1� range. The dot-dashed grey line shows the early-type galaxy re-
lation of Guo et al. (2009) corrected from a Kroupa to a Chabrier IMF using
� log

10

M?/M� = �0.04. The green triangle corresponds to a stack of
deep images of 14 nearby ellipticals (van Dokkum et al. 2010).

we can determine a range of suitable f
mb

values empirically, by
comparing the predicted relation between stellar mass (M?) and
projected half-mass radius (R

50

) to observations of galaxies dom-
inated by in situ star formation, i.e. those with log

10

M? . 10.8;
e.g. Guo & White 2008). By using only in situ stars to constrain
f
mb

, the distribution of accreted stars remains a valid prediction of
our model. With a similar approach, C10 found that f

mb

= 1%

gave reasonable agreement between their simulations and the M?–
R

50

relation of dwarf satellite galaxies in the Local Group. We re-
examine the choice of f

mb

because C10 considered only galaxies
that were predominantly satellites, with very different stellar and
dark matter mass scales to those in our simulation.

In Fig. 3 we show the median M?–R
50

relation for all galax-
ies in our full particle tagging model at z = 0 (red, green and blue
points, corresponding to f

mb

= 10%, 5% and 1% respectively).
Each galaxy in the model contributes three values of R

50

from three
orthogonal projections to its M? bin. Model galaxies have a con-
siderable scatter in R

50

at fixed stellar mass (the 16–84 percentile
range for f

mb

= 1 per cent is shown by the error bars on the blue
points; other values of f

mb

have very similar scatter). Note that our
sample contains only 13 galaxies with M? > 10

11.5
M�.

At M? . 10

11M�, where galaxies in our model are dom-
inated by in situ stars, we can use our analytic approximation to
extrapolate our results below the limit of M? > 5 ⇥ 10

10

M� we
imposed when selecting galaxy merger trees for tagging. We take
all central galaxies at z = 0 in the G11 Millennium II catalogue
with 10

8 6 M? < 10

11.1
M� and use the virial radius (r

200

) and

concentration3 c of their dark matter haloes at z = 1 to predict R
50

at z = 0. These predictions are shown as dotted lines in Fig. 3.
They agree roughly with the results of the full tagging model in
the range where they overlap, although we find that R

50

is under-
estimated by ⇠ 33% for f

mb

= 1%. This is not surprising as the
f
mb

= 1% results are most sensitive to the simple representation
of the central dark matter potential.

This extrapolation confirms that our tagging model produces
a curved log

10

M?–log

10

R
50

relation similar to the observed re-
lation of Shen et al. (2003) for late-type galaxies (grey dashed line
with 1� scatter). At lower M? the model with f

mb

= 1% under-
predicts the observed relation. Our approximation predicts that a
model with f

mb

⇡ 3% would be closer to the data; f
mb

= 5%

is also plausible, as the Shen et al. (2003) relation may underpre-
dict the sizes of edge-on galaxies by ⇠ 0.15 dex (e.g. Dutton et al.
2007). On the other hand, the relation from our model also includes
early-type galaxies, which are known to be significantly more com-
pact at than late-types at M? . 10

11

M� (Shen et al. 2003). Kauff-
mann et al. (2003a) do not separate galaxies by morphology and
find R

50

= 2.38 kpc (h = 0.73) for 10.0 < log

10

M? < 10.5
which supports 1% . f

mb

. 3%.
Having determined a plausible range of f

mb

with reference to
in situ stars, we can now examine the predictions of these models
for more massive galaxies that are dominated by accreted stars. In
Fig. 3, the mass–size relation clearly steepens at M? > 10

11

M�
(e.g. Shen et al. 2003; Hyde & Bernardi 2009). In this regime the
f
mb

= 1% model follows approximately the relation for early-
type galaxies found by Guo et al. (2009; grey dot-dashed line4).
This relation agrees with the results of van Dokkum et al. (2010)
(green triangle), who stacked Sèrsic fits to individual deep images
of 14 galaxies with log

10

hM?i/M� = 11.45 from a mass-selected
and approximately volume-limited sample of early types (Tal et al.
2009).

A value of f
mb

= 5%, which gives a reasonable scale for in
situ stars in lower-mass galaxies, overpredicts R

50

from Guo et al.
(2009) by ⇠ 0.15 dex at M? > 10

11

M�. A value of f
mb

= 10%

overpredicts R
50

by . 0.3 dex, indicating that our predictions for
R

50

in this mass range are less sensitive to f
mb

than they are for in-
situ dominated galaxies, where R

50

changes by ⇠ 0.5 dex over the
same range in f

mb

. As we will show in the following section, this
sensitivity is still mostly driven by the strong effect of f

mb

on the
scale of in situ stars even in very massive galaxies. The effects on
the accreted component are even weaker, the most notable being an
increase in R

50

with f
mb

because more extended satellite galaxies
are more easily stripped.

The apparent excess in R
50

at M? > 10

11.5
M� even for

an f
mb

⇠ 1% model may arise in part because masses and sizes
derived from SDSS photometric measurements miss a substantial
fraction of light in the outer regions of massive galaxies with high
Sèrsic index (Graham et al. 2005; Bernardi et al. 2007; Lauer et al.
2007; Blanton et al. 2011; Bernardi et al. 2012; Meert et al. 2012;
Mosleh, Williams & Franx 2013).

Subject to this uncertainty, we conclude that the median half-
mass radii of accretion-dominated galaxies in our models are con-
sistent with observations for 1% < f

mb

. 3%. We prefer not to

3 We determine c as c = 2.16 r
200

/r
max

where r
max

is the radius of
maximum circular velocity (e.g Cole & Lacey 1996).
4 We note that the observations plotted in figure 8 of Guo et al. (2009)
for M? > 10

11.5
M� lie systematically above the linear relation we plot,

which suggests that the relation may curve upwards at higher M? (e.g.
Bernardi et al. 2011).

c� 2013 RAS, MNRAS 000, 1–21

If the halo is not disrupted/disturbed (i.e. remains as 
a ‘central’), diffusion doesn’t change scale radius 
much. 

For ‘in situ dominated’ galaxies ‘input’ size-mass 
relation (which basically depends on halo mass-size-
concentration relation) is more-or-less the ‘output’ (at 
z=0). 

Changing fmb changes the amplitude of the late-type 
size-mass relation. A toy approximation using the 
NFW f(E) at z=1 is not so bad at predicting this, 
more so for larger fmb. 

Hence this relation can be used as a constraint on fmb. 
The favoured value is 3-5%.

Size-Mass relation from tagging APC+ (2013)



How it works: choosing the most bound fraction

Might be reasonable enough for high M/L dwarfs, but for 
Milky Ways?  

A curiosity: the scale comes out OK and the profile is 
exponential. Scatter from concentration-vs-mass relation, 
as well as full history. 

Tagging can be applied on group/cluster scales too (e.g. 
APC+ 2013, 2015a) 

Not really supposed to be a good model for the late-type 
size-mass relation. Universal fmb is a pretty rough 
approximation! 

If the changes to the DM and the complexity of the DF 
matter then the results will disagree with real data.

Size-Mass relation from tagging APC+ (2013)
Accretion and galaxy structure in CDM 5
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Figure 3. Points plot stellar mass M? against projected half-mass radius
R

50

for all galaxies in our full particle tagging models; colours correspond
to different values of f

mb

. Dotted lines of the same colours show our an-
alytic approximation for the sizes of all central galaxies in Millennium II,
using their in situ stellar mass and z = 1 halo properties. The dashed grey
line and shaded region plot the late-type galaxy relation of Shen et al. (2003)
and its 1� range. The dot-dashed grey line shows the early-type galaxy re-
lation of Guo et al. (2009) corrected from a Kroupa to a Chabrier IMF using
� log

10

M?/M� = �0.04. The green triangle corresponds to a stack of
deep images of 14 nearby ellipticals (van Dokkum et al. 2010).

we can determine a range of suitable f
mb

values empirically, by
comparing the predicted relation between stellar mass (M?) and
projected half-mass radius (R

50

) to observations of galaxies dom-
inated by in situ star formation, i.e. those with log

10

M? . 10.8;
e.g. Guo & White 2008). By using only in situ stars to constrain
f
mb

, the distribution of accreted stars remains a valid prediction of
our model. With a similar approach, C10 found that f

mb

= 1%

gave reasonable agreement between their simulations and the M?–
R

50

relation of dwarf satellite galaxies in the Local Group. We re-
examine the choice of f

mb

because C10 considered only galaxies
that were predominantly satellites, with very different stellar and
dark matter mass scales to those in our simulation.

In Fig. 3 we show the median M?–R
50

relation for all galax-
ies in our full particle tagging model at z = 0 (red, green and blue
points, corresponding to f

mb

= 10%, 5% and 1% respectively).
Each galaxy in the model contributes three values of R

50

from three
orthogonal projections to its M? bin. Model galaxies have a con-
siderable scatter in R

50

at fixed stellar mass (the 16–84 percentile
range for f

mb

= 1 per cent is shown by the error bars on the blue
points; other values of f

mb

have very similar scatter). Note that our
sample contains only 13 galaxies with M? > 10

11.5
M�.

At M? . 10

11M�, where galaxies in our model are dom-
inated by in situ stars, we can use our analytic approximation to
extrapolate our results below the limit of M? > 5 ⇥ 10

10

M� we
imposed when selecting galaxy merger trees for tagging. We take
all central galaxies at z = 0 in the G11 Millennium II catalogue
with 10

8 6 M? < 10

11.1
M� and use the virial radius (r

200

) and

concentration3 c of their dark matter haloes at z = 1 to predict R
50

at z = 0. These predictions are shown as dotted lines in Fig. 3.
They agree roughly with the results of the full tagging model in
the range where they overlap, although we find that R

50

is under-
estimated by ⇠ 33% for f

mb

= 1%. This is not surprising as the
f
mb

= 1% results are most sensitive to the simple representation
of the central dark matter potential.

This extrapolation confirms that our tagging model produces
a curved log

10

M?–log

10

R
50

relation similar to the observed re-
lation of Shen et al. (2003) for late-type galaxies (grey dashed line
with 1� scatter). At lower M? the model with f

mb

= 1% under-
predicts the observed relation. Our approximation predicts that a
model with f

mb

⇡ 3% would be closer to the data; f
mb

= 5%

is also plausible, as the Shen et al. (2003) relation may underpre-
dict the sizes of edge-on galaxies by ⇠ 0.15 dex (e.g. Dutton et al.
2007). On the other hand, the relation from our model also includes
early-type galaxies, which are known to be significantly more com-
pact at than late-types at M? . 10

11

M� (Shen et al. 2003). Kauff-
mann et al. (2003a) do not separate galaxies by morphology and
find R

50

= 2.38 kpc (h = 0.73) for 10.0 < log

10

M? < 10.5
which supports 1% . f

mb

. 3%.
Having determined a plausible range of f

mb

with reference to
in situ stars, we can now examine the predictions of these models
for more massive galaxies that are dominated by accreted stars. In
Fig. 3, the mass–size relation clearly steepens at M? > 10

11

M�
(e.g. Shen et al. 2003; Hyde & Bernardi 2009). In this regime the
f
mb

= 1% model follows approximately the relation for early-
type galaxies found by Guo et al. (2009; grey dot-dashed line4).
This relation agrees with the results of van Dokkum et al. (2010)
(green triangle), who stacked Sèrsic fits to individual deep images
of 14 galaxies with log

10

hM?i/M� = 11.45 from a mass-selected
and approximately volume-limited sample of early types (Tal et al.
2009).

A value of f
mb

= 5%, which gives a reasonable scale for in
situ stars in lower-mass galaxies, overpredicts R

50

from Guo et al.
(2009) by ⇠ 0.15 dex at M? > 10

11

M�. A value of f
mb

= 10%

overpredicts R
50

by . 0.3 dex, indicating that our predictions for
R

50

in this mass range are less sensitive to f
mb

than they are for in-
situ dominated galaxies, where R

50

changes by ⇠ 0.5 dex over the
same range in f

mb

. As we will show in the following section, this
sensitivity is still mostly driven by the strong effect of f

mb

on the
scale of in situ stars even in very massive galaxies. The effects on
the accreted component are even weaker, the most notable being an
increase in R

50

with f
mb

because more extended satellite galaxies
are more easily stripped.

The apparent excess in R
50

at M? > 10

11.5
M� even for

an f
mb

⇠ 1% model may arise in part because masses and sizes
derived from SDSS photometric measurements miss a substantial
fraction of light in the outer regions of massive galaxies with high
Sèrsic index (Graham et al. 2005; Bernardi et al. 2007; Lauer et al.
2007; Blanton et al. 2011; Bernardi et al. 2012; Meert et al. 2012;
Mosleh, Williams & Franx 2013).

Subject to this uncertainty, we conclude that the median half-
mass radii of accretion-dominated galaxies in our models are con-
sistent with observations for 1% < f

mb

. 3%. We prefer not to

3 We determine c as c = 2.16 r
200

/r
max

where r
max

is the radius of
maximum circular velocity (e.g Cole & Lacey 1996).
4 We note that the observations plotted in figure 8 of Guo et al. (2009)
for M? > 10

11.5
M� lie systematically above the linear relation we plot,

which suggests that the relation may curve upwards at higher M? (e.g.
Bernardi et al. 2011).

c� 2013 RAS, MNRAS 000, 1–21



Comparing Tagging and SPH 
(short version)



Tagging compared to SPH

Is tagging any use? Can I use results from tagging simultions to interpret my data, or have 
hydrodynamical simulations superseded/contradicted those results? 

Not straightforward, since “all models are wrong”. To claim hydro schemes are ‘more accurate’, need to 
specify a reference point (not hard to make hydro schemes less ‘accurate’ !) 

So more precisely: how accurate is particle tagging as an approximation to a specific hydro simulation? 



Bailin et al. (2014): tagging makes much less concentrated profiles?
The Astrophysical Journal, 783:95 (11pp), 2014 March 10 Bailin et al.

Figure 1. Stellar mass M∗ of all halos in the MUGS SPH simulation as a
function of their dark matter content MDM at their time of maximum mass. The
line is the power law fit given in Equation (1).

maximum mass (Figure 1). The following relationship provides
a good fit to the majority of halos:

M∗ = 4.5 × 106 M⊙

!
MDM

109 M⊙

"1.7

. (1)

It is possible in the real universe to use the observed satellite
galaxy luminosity function and the simulated DM subhalo
mass function to estimate the stellar mass fraction satellites
must have at infall (which usually corresponds to their time
of maximum mass). Studies that do this require there to be a
much steeper relationship with lower normalization than what
is seen in Equation (1), with power law indices ranging from
2.5 to 3 and normalizations at 109 M⊙ ranging from 2 × 103 to
2 × 104 M⊙ (Koposov et al. 2009; Kravtsov 2010; Rashkov
et al. 2012). The SPH simulations, however, produce many
more stars in the small objects as a consequence of their well
documented tendency to overcool (e.g., Stinson et al. 2010). In
order to compare the SPH-STARS and SPH-PAINTED model
halos, and therefore determine the effect that particle tagging
has on the predicted properties of halos, we must make the
progenitors in these models as similar as possible. We therefore
match the stellar mass of the progenitor to what forms in the
hydrodynamic simulation rather than the stellar content of real
galaxies. If the SPH simulations could perfectly reproduce
satellite galaxies, then these calibrations would be identical.
Equation (1) is therefore the correct stellar mass fraction to
adopt for this purpose.

There are a minority of AHF groups (23%) with an unusually
high stellar mass content, with stellar masses greater than or
equal to their dark masses. These objects are usually subgroups
of larger galaxies, and turn out to be stellar concentrations
(e.g., star clusters and spiral arms) that are not independent
contributors to the merger history of the main galaxy and should
not be painted separately. However, they are assigned a stellar
mass that is commensurate with their relatively small dark mass,
and are therefore also small and do not contribute significantly
to the model halo.

We paint the most-bound7 1% of the particles in the halos
at the time of maximum mass, and divide the stellar mass evenly
amongst these particles. We tested painting different fractions
of most-bound particles, and found little qualitative difference

7 In determining the “most-bound” particles, we use the total potential plus
kinetic energies.

in the properties of the resulting stellar halos for values less
than ∼10%. Our approach is similar to what Rashkov et al.
(2012) adopted to generate the halo analyzed by Schlaufman
et al. (2012).

The final SPH-PAINTED halo model contains 2.25×1010 M⊙
in 5179 particles, while the NOSUBS version contains 1.58 ×
1010 M⊙ in 4043 particles.

DM-PAINTED. The DM-PAINTED model is constructed in
the DM-only simulation from painted particles. In order to
compare the DM-PAINTED and SPH-PAINTED model halos,
and therefore determine the effect that non-gravitational physics
has on the predicted properties of stellar halos, we must use the
identical painting scheme. We therefore also paint the most-
bound 1% of the particles in the DM halos at the time of
maximum mass with a total stellar mass from Equation (1),
evenly divided amongst the particles. The AHF groups that are
bound by their stellar mass, rather than their DM, are absent in
the DM-only simulation, and therefore do not contribute at all
to the model halo.

The DM-PAINTED halo model contains 1.45 × 1010 M⊙
in 4405 particles, while the NOSUBS version contains 1.22 ×
1010 M⊙ in 3862 particles.

SPH-EXACT. The SPH-EXACT model, like the SPH-
PAINTED model, is constructed in the SPH simulation from
painted DM particles. However, rather than using Equation (1)
to determine the total stellar mass of each progenitor, the exact
stellar mass for that progenitor in the SPH simulation is used,
as shown in Figure 1. This allows us to ascertain whether any
differences between SPH-STARS and SPH-PAINTED are due
to the particular method of assigning stellar masses to DM ha-
los, or whether they are generic to the enterprise of painting DM
particles.

The SPH-EXACT halo model contains 6.42 × 1010 M⊙ in
5179 particles, while the NOSUBS version contains 4.49 ×
1010 M⊙ in 4043 particles. The choice of painted particles are
identical to the SPH-PAINTED model, but they are assigned
different stellar masses. The total mass is higher than in SPH-
PAINTED because the subhalos that do not fall on the best fit
relation of Figure 1 scatter systematically high.

4. HALO STRUCTURE

4.1. Overview

Two-dimensional projected maps of the density of the stellar
halo models are shown in Figure 2, which includes all accreted or
painted particles, and Figure 3, which excludes those contained
in a bound substructure. The pixel size is adaptively expanded
from a minimum of 5 kpc per side until there are at least
five particles per pixel, so the signal-to-noise per pixel is
approximately equal in the low density regions.

We first note that the models unambiguously trace the evolu-
tion of the same galaxy: the massive satellites are recognizable
in each model at similar locations. It is therefore valid to di-
rectly compare the quantitative structure measurements in the
different models and be confident that the differences are due to
differences in the assumptions of the models, not due to different
evolutionary histories.

Second, we note that the models show systematic differences.
In particular, it is clear that the global concentration and shape
of the stellar halos are different. There also appears to be
more structure in the SPH-STARS model than in the SPH-
PAINTED model, and yet more structure to the DM-PAINTED
halo. We will quantify these differences below, which can be

4
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Figure 4. Cumulative radial profile of the stellar mass in the five stellar
halo models, starting at 1 kpc. The top panel contains substructure, while the
substructure has been removed in the bottom panel. The SPH-STARS model is
significantly more radially concentrated than the SPH-PAINTED model, which
is itself more concentrated than the DM-PAINTED model. The SPH-EXACT
halo profile is similar to that of the SPH-PAINTED halo, but slightly more
concentrated. The smaller particle number in the LOWSAMP halo has no effect
on the concentration, as it lies essentially overtop the SPH-STARS halo. The
gray lines in the bottom panel indicate cumulative mass profiles of halos with a
power law density profile with slope α between 1 kpc and the virial radius.

This indicates that halos that scatter high in Figure 1 end up at
systematically smaller radii, but that the more dominant effect
is that painted DM particles are less concentrated than accreted
stars.

To assess the impact of the potential, we compare the SPH-
PAINTED and DM-PAINTED models. We find that they have
similar functional forms, but that the SPH-PAINTED model
is significantly more concentrated; for example, the half-mass
radius is 1.7 times smaller. Therefore, the baryonic contribution
to the potential, which is itself more centrally concentrated than
the DM, leads to a more centrally concentrated stellar halo.

4.3. Shape

Another difference between the models is their global spheric-
ity. Figure 5 shows the shape of the stellar distribution, which
has been calculated using the second moment tensor of the stel-
lar mass in an iteratively defined ellipsoidal shell (e.g., Zemp
et al. 2011) of width 25% of the quoted radius. Both the SPH-
STARS and SPH-PAINTED halos are somewhat oblate, with
b/a ∼ 0.8–1 and a total flattening rising from c/a ∼ 0.5 in
the inner regions up to 0.8 at the virial radius. On the other
hand, model DM-PAINTED, which contains no disk, is very
strongly prolate, with b/a ≈ c/a ∼ 0.4–0.7 depending where
it is measured. This is not surprising, since the DM halos of
simulations with disks are strongly modified by the presence of
the disk, becoming less flattened and more oblate, relative to the
more flattened prolate DM halos that predominate in pure DM
cosmological simulations (e.g., Kazantzidis et al. 2004; Bailin
et al. 2005).

4.4. Substructure

A key prediction of stellar halo models is the degree of
substructure. A rough measurement of this is the variation in the
stellar mass density within a shell of a given radius; this is similar
to the “sigma/total” measurement used by Bell et al. (2008).
Formally, we divide the virial region of the halo into (initially)
spherical shells, and then subdivide each shell into angular
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Figure 5. Intermediate (left) and minor (right) axis ratio of each stellar halo
model as a function of radius. Shapes are determined iteratively using the
second moments of the mass distribution within ellipsoidal shells of width 25%
of the radius, and are plotted at the geometric mean radius of the principal axes.
Bound substructures have been removed.

sectors of equal volume. The divisions between these sectors
are spaced equally in azimuthal angle φ and in the cosine of the
polar angle θ . We use Nφ = 4 azimuthal divisions and Nθ = 4
polar divisions. This probes different physical scales at different
radii, and therefore one should not compare the quantitative
measurements between radial bins, but rather compare different
models at the same radius. We compute the mean stellar mass
density of each model within the entire shell ⟨ρ⟩, and the rms
of the sector-to-sector variation, σρ . There is some contribution
due purely to shot noise from the finite number of particles, σshot,
the magnitude of which can be determined by noting that the
total mass M within a sector is equal to the number of particles
N times their mean mass ⟨m⟩:

M = N⟨m⟩ (2)

σ 2
shot =

!
dM

dN

"2

σ 2
N +

!
dM

d⟨m⟩

"2

σ 2
⟨m⟩ (3)

= ⟨m⟩2N + N2
!

σ 2
m

N

"
(4)

= ⟨m⟩2N + N (⟨m2⟩ − ⟨m⟩2) (5)

= N⟨m2⟩. (6)

Technically, this derivation assumes that the mass per sector
within each radial bin is independent, while in reality there is an
additional constraint that the sum of the masses of the sectors
must equal the mass in the shell. However, with 16 sectors,
the reduction of one degree of freedom only changes the shot
noise by ≈3%. We have verified the accuracy of this analytic
expression using Monte Carlo experiments. The intrinsic sector-
to-sector dispersion σρ is then the measured rms minus the shot
noise σshot, in quadrature.

An additional complication is that the shapes of the halos are
different. As noted by Knebe & Wießner (2006), densities at a
given radius can vary by 10%–50% due to the ellipticity of the
density distribution, which could dominate the sector-to-sector
dispersion if not taken into account. We therefore calculate the
shape of the density distribution in a shell of geometric mean
radius 30 kpc and width 20 kpc, using the method described in
Section 4.3, and use these principal axes to define ellipsoidal
shells in which to determine σρ . These shells have the same
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This way of assigning stellar mass to subhalos is not so bad in principle, but it does not result in a 
1:1 comparison. 

Tag at infall neglects diffusion (c.f. Le Bret et al. 2015).
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Figure 1. Stellar mass M∗ of all halos in the MUGS SPH simulation as a
function of their dark matter content MDM at their time of maximum mass. The
line is the power law fit given in Equation (1).

maximum mass (Figure 1). The following relationship provides
a good fit to the majority of halos:

M∗ = 4.5 × 106 M⊙

!
MDM

109 M⊙

"1.7

. (1)

It is possible in the real universe to use the observed satellite
galaxy luminosity function and the simulated DM subhalo
mass function to estimate the stellar mass fraction satellites
must have at infall (which usually corresponds to their time
of maximum mass). Studies that do this require there to be a
much steeper relationship with lower normalization than what
is seen in Equation (1), with power law indices ranging from
2.5 to 3 and normalizations at 109 M⊙ ranging from 2 × 103 to
2 × 104 M⊙ (Koposov et al. 2009; Kravtsov 2010; Rashkov
et al. 2012). The SPH simulations, however, produce many
more stars in the small objects as a consequence of their well
documented tendency to overcool (e.g., Stinson et al. 2010). In
order to compare the SPH-STARS and SPH-PAINTED model
halos, and therefore determine the effect that particle tagging
has on the predicted properties of halos, we must make the
progenitors in these models as similar as possible. We therefore
match the stellar mass of the progenitor to what forms in the
hydrodynamic simulation rather than the stellar content of real
galaxies. If the SPH simulations could perfectly reproduce
satellite galaxies, then these calibrations would be identical.
Equation (1) is therefore the correct stellar mass fraction to
adopt for this purpose.

There are a minority of AHF groups (23%) with an unusually
high stellar mass content, with stellar masses greater than or
equal to their dark masses. These objects are usually subgroups
of larger galaxies, and turn out to be stellar concentrations
(e.g., star clusters and spiral arms) that are not independent
contributors to the merger history of the main galaxy and should
not be painted separately. However, they are assigned a stellar
mass that is commensurate with their relatively small dark mass,
and are therefore also small and do not contribute significantly
to the model halo.

We paint the most-bound7 1% of the particles in the halos
at the time of maximum mass, and divide the stellar mass evenly
amongst these particles. We tested painting different fractions
of most-bound particles, and found little qualitative difference

7 In determining the “most-bound” particles, we use the total potential plus
kinetic energies.

in the properties of the resulting stellar halos for values less
than ∼10%. Our approach is similar to what Rashkov et al.
(2012) adopted to generate the halo analyzed by Schlaufman
et al. (2012).

The final SPH-PAINTED halo model contains 2.25×1010 M⊙
in 5179 particles, while the NOSUBS version contains 1.58 ×
1010 M⊙ in 4043 particles.

DM-PAINTED. The DM-PAINTED model is constructed in
the DM-only simulation from painted particles. In order to
compare the DM-PAINTED and SPH-PAINTED model halos,
and therefore determine the effect that non-gravitational physics
has on the predicted properties of stellar halos, we must use the
identical painting scheme. We therefore also paint the most-
bound 1% of the particles in the DM halos at the time of
maximum mass with a total stellar mass from Equation (1),
evenly divided amongst the particles. The AHF groups that are
bound by their stellar mass, rather than their DM, are absent in
the DM-only simulation, and therefore do not contribute at all
to the model halo.

The DM-PAINTED halo model contains 1.45 × 1010 M⊙
in 4405 particles, while the NOSUBS version contains 1.22 ×
1010 M⊙ in 3862 particles.

SPH-EXACT. The SPH-EXACT model, like the SPH-
PAINTED model, is constructed in the SPH simulation from
painted DM particles. However, rather than using Equation (1)
to determine the total stellar mass of each progenitor, the exact
stellar mass for that progenitor in the SPH simulation is used,
as shown in Figure 1. This allows us to ascertain whether any
differences between SPH-STARS and SPH-PAINTED are due
to the particular method of assigning stellar masses to DM ha-
los, or whether they are generic to the enterprise of painting DM
particles.

The SPH-EXACT halo model contains 6.42 × 1010 M⊙ in
5179 particles, while the NOSUBS version contains 4.49 ×
1010 M⊙ in 4043 particles. The choice of painted particles are
identical to the SPH-PAINTED model, but they are assigned
different stellar masses. The total mass is higher than in SPH-
PAINTED because the subhalos that do not fall on the best fit
relation of Figure 1 scatter systematically high.

4. HALO STRUCTURE

4.1. Overview

Two-dimensional projected maps of the density of the stellar
halo models are shown in Figure 2, which includes all accreted or
painted particles, and Figure 3, which excludes those contained
in a bound substructure. The pixel size is adaptively expanded
from a minimum of 5 kpc per side until there are at least
five particles per pixel, so the signal-to-noise per pixel is
approximately equal in the low density regions.

We first note that the models unambiguously trace the evolu-
tion of the same galaxy: the massive satellites are recognizable
in each model at similar locations. It is therefore valid to di-
rectly compare the quantitative structure measurements in the
different models and be confident that the differences are due to
differences in the assumptions of the models, not due to different
evolutionary histories.

Second, we note that the models show systematic differences.
In particular, it is clear that the global concentration and shape
of the stellar halos are different. There also appears to be
more structure in the SPH-STARS model than in the SPH-
PAINTED model, and yet more structure to the DM-PAINTED
halo. We will quantify these differences below, which can be
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Tagging compared to SPH

Definition of good agreement: are the differences between a particle tagging simulation and a hydro 
simulation from the same initial conditions more significant than the difference between the same hydro 
simulation and another run with different subgrid models (that claims to be equally well-constrained)? 

If I run the same simulation with the Eagle / FIRE / Illustris / … code (recalibrating everything to similar 
resolution) are the differences bigger or smaller than if I tag an N-body version (in a suitably controlled 
way, i.e. reproducing the SFR of the benchmark hydro simulation)? 

As an approximation, hard to ask any more than this of particle tagging!  



Aq-C-4  from Parry et al. (2014)
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Short version (accreted stars only)

Compare accreted star particles in the SPH 
simulation to tagged DM particles in the 
same simulation (very similar to star 
particles). 

Compare accreted stars in the SPH 
simulation to accreted stars in a pure N-
body version of the same ICs with a semi-
analytic model (Galform) roughly tuned to 
reproduce a similar SFH. 

Semi-analytic tagging of the collisionless 
simulation reproduces the accreted 
component at the 10-20% level.
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Figure 10. Cumulative mass fraction between 1 and 250 kpc for star
particles in AqC-SPH (black), and particle tagging results described above
for AqC-SPH (green and orange) and AqC-DM (blue and red). Upper panel:
all stars, lower panel: accreted stars only. This figure can be contrasted with
fig. 4 of Bailin et al. (2014).

roughly equivalent to f
mb

⇠ 1 per cent. This is not easy to inter-
pret, however, because, for a simple NFW profile, the minimum of
the potential has �

cen

/�
subhalo

6 16 for concentrations c
NFW

. 46

(e.g. Cole & Lacey 1996), which implies that, for a typical mass–
concentration relation, no mass should be as tightly bound as they
require in the majority of haloes. Even for a (rather extreme) halo
with c

NFW

= 50,  = 16 corresponds to only f
mb

⇠ 0.2 per
cent. Libeskind et al. do not recommend a way to apply their tech-
nique in cases where no particles in a subhalo are more bound than
their threshold. Overall, however, the Libeskind et al. (2011) study
seems to be in broad agreement with our conclusions and those of
Le Bret et al. (2015).

6.2.2 Bailin et al. (2014)

Bailin et al. (2014) present a critique of particle tagging, also in the
context of the MW stellar halo and based on a comparison between
hydrodynamical and collisionless simulations from the same ini-
tial conditions. The discussion and results they present underscore
several well-known potential pitfalls of particle tagging methods,
which were noted (and avoided) in the implementations of ? and
Libeskind et al. (2011). Their work emphasizes discrepancies in the
3D shape and smoothness of the stellar halo (the latter quantified
by the variance of fluctuations in the density of halo stars in broad
‘zones’ defined in spherical coordinates). These measures are rel-
evant to the interpretation of observational data (e.g. ???) and could
be sensitive to differences in how satellites are disrupted in hydro-
dynamical and N-body models. However, it is not easy to distin-
guish the effects of particle tagging on these statistics from other
sources of divergence between SPH and collisionless simulations.
We therefore believe the most direct point of comparison between
our work and Bailin et al. (2014) is their claim that particle tagging
artificially reduces the predicted concentration of accreted stellar

haloes because it does not account for the baryonic contribution to
the potential.

The lower panel of Fig. 10 shows the cumulative stellar mass
profiles of accreted stars only, in the region between 1 and 250 kpc,
for several of our model variants. These curves can be compared
directly to those in the lower panel of fig. 4 in Bailin et al. (2014).
We also include the corresponding cumulative profile of the total
stellar mass (top panel); this was not shown by Bailin et al. (2014)
but is useful for reference here. We show these enclosed mass frac-
tion curves only for comparison with Bailin et al. because they are
not straightforward to interpret. Compared to the density profiles
shown in Fig. 2, they are more sensitive to differences near the
centre of the potential (. 1 kpc), which may not be significant in
the context of the stellar halo overall. These curves do not provide
information about the absolute density of each variant at a given ra-
dius, only about the relative concentration of their density profiles.
For example, the profiles of the two particle tagging variants with
different feedback strengths (red and cyan lines) appear very sim-
ilar in Fig. 10, but very different in Fig. 2.

Bailin et al. describe a model, SPH-EXACT, in which each
stellar halo progenitor in their SPH simulation is tagged only once,
at the time of its maximum mass. The sum of the mass of SPH
star particles (in situ or accreted) accumulated up to that point
is distributed evenly among the 1% most bound DM particles10.
This can be compared with the two tagging schemes we apply to
AqC-SPH ( f

mb

= 5%, Sec. 3.1; and ‘nearest energy neighbour’,
Sec. 4.1). In our case, both of these schemes predict distributions
for the accreted component that are nearly identical to that of the
original star particles (the nearest neighbour results diverge slightly
at ⇠ 3 kpc because of a small spike in the density at this radius
which can be seen in Fig. 3). Bailin et al., in contrast, find their
SPH-EXACT halo does not resemble their star-particle reference
model (SPH-STARS). The disagreement they find is ⇠ 30 per cent
at 10 kpc. This difference is even greater than that shown in the top
panel of Fig. 10, which, however, includes all the stellar mass, the
majority of which formed in situ. We conclude that either the as-
sumptions of particle tagging are violated much more strongly in
the simulation of Bailin et al. than in our simulation, or else their
SPH-EXACT model diverges from their SPH-STARS model for
reasons other than the limitations of particle tagging alone.

Bailin et al. also use a simple linear relation between
stellar mass and halo mass obtained from their SPH-STARS
model to carry out tagging in their collisionless simulation (their
DM-PAINTED model). They find the results of that experiment do
not resemble their SPH-STARS or SPH-EXACT models, and do
not agree well even with the results of the same scaling relation ap-
plied to the SPH simulation (their SPH-PAINTED model). In con-
trast, we find that tagging AqC-DM using SFHs from GALFORM
(which roughly match those predicted by AqC-SPH) produces res-
ults very similar to those from tagging DM particles in AqC-SPH
according to the SPH SFH. We argued above that the residual dis-
crepancy is largely due to the (relatively minor) differences in the
SFHs used as input.

It therefore appears that, in our study, the use of DM particles
as proxies for star particles does not in itself create less concen-
trated haloes. Simple fixed-fraction particle tagging schemes like
the C10 implementation of STINGS result in a less concentrated
stellar distribution overall for the MW analogue galaxy because

10 Bailin et al. do not state why the total stellar mass of their SPH-EXACT
realization is almost twice that of the original SPH simulation.
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Figure 4. Cumulative radial profile of the stellar mass in the five stellar
halo models, starting at 1 kpc. The top panel contains substructure, while the
substructure has been removed in the bottom panel. The SPH-STARS model is
significantly more radially concentrated than the SPH-PAINTED model, which
is itself more concentrated than the DM-PAINTED model. The SPH-EXACT
halo profile is similar to that of the SPH-PAINTED halo, but slightly more
concentrated. The smaller particle number in the LOWSAMP halo has no effect
on the concentration, as it lies essentially overtop the SPH-STARS halo. The
gray lines in the bottom panel indicate cumulative mass profiles of halos with a
power law density profile with slope α between 1 kpc and the virial radius.

This indicates that halos that scatter high in Figure 1 end up at
systematically smaller radii, but that the more dominant effect
is that painted DM particles are less concentrated than accreted
stars.

To assess the impact of the potential, we compare the SPH-
PAINTED and DM-PAINTED models. We find that they have
similar functional forms, but that the SPH-PAINTED model
is significantly more concentrated; for example, the half-mass
radius is 1.7 times smaller. Therefore, the baryonic contribution
to the potential, which is itself more centrally concentrated than
the DM, leads to a more centrally concentrated stellar halo.

4.3. Shape

Another difference between the models is their global spheric-
ity. Figure 5 shows the shape of the stellar distribution, which
has been calculated using the second moment tensor of the stel-
lar mass in an iteratively defined ellipsoidal shell (e.g., Zemp
et al. 2011) of width 25% of the quoted radius. Both the SPH-
STARS and SPH-PAINTED halos are somewhat oblate, with
b/a ∼ 0.8–1 and a total flattening rising from c/a ∼ 0.5 in
the inner regions up to 0.8 at the virial radius. On the other
hand, model DM-PAINTED, which contains no disk, is very
strongly prolate, with b/a ≈ c/a ∼ 0.4–0.7 depending where
it is measured. This is not surprising, since the DM halos of
simulations with disks are strongly modified by the presence of
the disk, becoming less flattened and more oblate, relative to the
more flattened prolate DM halos that predominate in pure DM
cosmological simulations (e.g., Kazantzidis et al. 2004; Bailin
et al. 2005).

4.4. Substructure

A key prediction of stellar halo models is the degree of
substructure. A rough measurement of this is the variation in the
stellar mass density within a shell of a given radius; this is similar
to the “sigma/total” measurement used by Bell et al. (2008).
Formally, we divide the virial region of the halo into (initially)
spherical shells, and then subdivide each shell into angular
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Figure 5. Intermediate (left) and minor (right) axis ratio of each stellar halo
model as a function of radius. Shapes are determined iteratively using the
second moments of the mass distribution within ellipsoidal shells of width 25%
of the radius, and are plotted at the geometric mean radius of the principal axes.
Bound substructures have been removed.

sectors of equal volume. The divisions between these sectors
are spaced equally in azimuthal angle φ and in the cosine of the
polar angle θ . We use Nφ = 4 azimuthal divisions and Nθ = 4
polar divisions. This probes different physical scales at different
radii, and therefore one should not compare the quantitative
measurements between radial bins, but rather compare different
models at the same radius. We compute the mean stellar mass
density of each model within the entire shell ⟨ρ⟩, and the rms
of the sector-to-sector variation, σρ . There is some contribution
due purely to shot noise from the finite number of particles, σshot,
the magnitude of which can be determined by noting that the
total mass M within a sector is equal to the number of particles
N times their mean mass ⟨m⟩:

M = N⟨m⟩ (2)

σ 2
shot =

!
dM

dN

"2

σ 2
N +

!
dM

d⟨m⟩

"2

σ 2
⟨m⟩ (3)

= ⟨m⟩2N + N2
!

σ 2
m

N

"
(4)

= ⟨m⟩2N + N (⟨m2⟩ − ⟨m⟩2) (5)

= N⟨m2⟩. (6)

Technically, this derivation assumes that the mass per sector
within each radial bin is independent, while in reality there is an
additional constraint that the sum of the masses of the sectors
must equal the mass in the shell. However, with 16 sectors,
the reduction of one degree of freedom only changes the shot
noise by ≈3%. We have verified the accuracy of this analytic
expression using Monte Carlo experiments. The intrinsic sector-
to-sector dispersion σρ is then the measured rms minus the shot
noise σshot, in quadrature.

An additional complication is that the shapes of the halos are
different. As noted by Knebe & Wießner (2006), densities at a
given radius can vary by 10%–50% due to the ellipticity of the
density distribution, which could dominate the sector-to-sector
dispersion if not taken into account. We therefore calculate the
shape of the density distribution in a shell of geometric mean
radius 30 kpc and width 20 kpc, using the method described in
Section 4.3, and use these principal axes to define ellipsoidal
shells in which to determine σρ . These shells have the same
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Summary

Semi-analytic/particle tagging simulations are useful approximations to cosmological hydro models in the 
regimes we care about: can study trends and explore parameter space efficiently. The two techniques are 
complementary to one another, not competitors. 

“Semi-analytics” and “particle tagging” cover a diverse range of methods, even for cosmological sims. This can 
be confusing in the context of comparisons with other techniques.  

Tagging can be accurate enough (and its dynamical biases well enough understood) that model-to-model 
differences in predictions for when and where stars form probably dominate the uncertainty in 
comparisons. 

There is value in comparing new observational data with semi-analytic/particle tagging simulations.
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Semi-analytics compares well with tagging

Same semi-analytic 
model (Guo et al. 2010), 
same N-body simulation. 

Semi-analytic curves 
don’t include ICL 
component! Not really a 
fair comparison — might 
be much better. 

Tagging is not truly 
independent of semi-
analytic size estimate, 
because size reflected in 
feedback hence SFR.
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Comments



More detials of comparison to hydro models



SPH star formation history tagging SPH DM with fmb scheme

Tagging DM particles in an SPH 
simulation, using the star formation 
history from the SPH star particles 
reproduces the spherically averaged density 
of the corresponding star particles: 

well (10%) for the accreted 
component; 

to within an order of magnitude for the 
in situ component (i.e. the disk — not 
talking about the in situ halo here). 

Comparing particle tagging to SPH 3

control for differences in stellar mass and SFH between their col-
lisionless and SPH realization was a post-hoc renormalization of
total stellar mass by an order of magnitude. Nevertheless, ? found
close agreement in stellar mass density between 50 and 200 kpc.

We proceed as follows. We concentrate on the spherically av-
eraged density profile of the stellar halo, a particularly straightfor-
ward and relevant prediction which features prominently in previ-
ous work using particle tagging (Bullock & Johnston 2005; De Lu-
cia & Helmi 2008; Tumlinson 2010; ?; Libeskind et al. 2011). We
examine high resolution cosmological SPH simulations of galax-
ies similar to the MW (Section 2). In Section 3, we first use the
DM distribution in our SPH simulations together with the SFH of
each halo in the same simulation to produce a particle tagging ap-
proximation for the distribution of stellar mass, which we compare
to the original SPH star particles (Section 3.1). We then repeat this
exercise with a separate N-body simulation that starts from initial
conditions identical to those of our SPH simulation (Section 3.2).
These are our main results. Section 4 examines in detail the ori-
gin of the (small) discrepancies we find between our SPH simula-
tion and STINGS applied to the N-body version. We examine the
choice of f

mb

, the single free parameter in the C10 implementation
of STINGS (Section 5). In Section 6 we discuss our findings in the
context of previous work on particle tagging. We summarize our
results in Section 7. In Appendices A and B, we present examples
that illustrate why (in the ‘comparative’ approach used here and in
previous work on this topic), it is important to distinguish system-
atic and stochastic discrepancies that arise from modelling the col-
lisional dynamics of baryons explicitly from less relevant effects
that arise from the use of different models for star formation. Ap-
pendix C revisits how ? used size distribution of satellite galaxies as
a constraint on particle tagging models in light of the results here,
and Appendix D discusses numerical convergence.

This paper is about comparing particle tagging and SPH sim-
ulations, rather than comparing either of these methods to observa-
tional data on stellar haloes in detail. Readers who are more inter-
ested in the ‘bottom line’ performance of particle tagging schemes
in the context of the MW’s stellar halo than in the technicalities of
the method might, therefore, prefer to examine the first two figures
and related text in Section 3 and then skip ahead to the comparison
with earlier work in Section 6 and the summary of our findings in
Section 7.

2 SIMULATIONS

Our hydrodynamic simulation2, which we refer to as AqC-SPH, is
described by Parry et al. (2012) and Cooper et al. (2015b). It uses
initial conditions from the Aquarius project (Springel et al. 2008),
specifically those of halo Aq-C at resolution level 4, as the basis
for resimulation with an upgraded version of the SPH scheme de-
scribed by ?. Particle masses are 2.6 ⇥ 10

5

M� for DM and 5.8 ⇥
10

4

M� for gas (assuming the Hubble parameter h = 0.73). The
Plummer-equivalent softening length is ✏

phys

= 257 pc. 128 snap-
shots of the simulation were stored, spaced evenly by 155 Myr at
redshifts z < 2.58 and by shorter intervals at higher redshift. The

2 Although we only discuss tests based on AqC-SPH in detail here, we refer
the reader to Le Bret et al. (2015), who, in the context of particle tagging,
compare this simulation to others based on a different code, GASOLINE,
with alternative subgrid physical recipes.
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Figure 1. Top: spherically averaged mass density profile of all star particles
bound to the main halo in AqC-SPH (black) compared with that obtained
by tagging DM particles in AqC-SPH based on the SPH SFH (green), using
f
mb

= 5 per cent. Dashed lines of the same colours show accreted stars only.
The inset shows the same curves on a linear radial scale from 5 to 150 kpc.
Bottom: logarithm of the ratio between the SPH and tagged-particle density
profiles for accreted stars. This figure demonstrates that the distribution of
star particles and tagged particles in the same SPH simulation agree well,
particularly for the accreted component, even for a tagging scheme based
only on rank order of particle binding energy.

virial mass of the MW analogue is 1.8 ⇥ 10

12

M� , towards the up-
per end of constraints on the most likely MW halo mass from re-
cent measurements (see for example the compilation of results in
fig. 1 of Wang et al. 2015). A stable baryonic disc forms at z ⇠ 2.5
and persists to z = 0 (see Scannapieco et al. 2012). Excluding self-
bound satellites, the total stellar mass bound to the main halo at
z = 0 (comprising the disc and spheroid of the MW analogue) is
4.1⇥10

10

M� . We also make use of a DM-only version of this sim-
ulation (halo Aq-C-4 of Springel et al. 2008) with the same initial
density perturbation phases and comparable resolution, which we
refer to as AqC-DM. Zhu et al. (2016) have recently examined the
properties of satellites simulated from these same initial conditions
with a moving-mesh hydrodynamical scheme.

3 PARTICLE TAGGING

3.1 Tagging in an SPH simulation

The first question we ask is how well DM particle tagging works
within our SPH simulation. This is obviously not how particle tag-
ging is applied in practice but it provides a benchmark for interpret-
ing the differences that arise when we tag particles in collisionless
simulations.

The mass, formation time and phase-space trajectory of each
star particle in AqC-SPH are known precisely. We extract SFHs by

MNRAS in press, 1–21 (2017)
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6 Cooper et al.

star particle profile. Given the many approximations involved, the
weak feedback model reproduces the SPH results remarkably well,
particularly in the case of the accreted component. The density of
the stellar halo in the weak feedback variant is slightly higher than
that of AqC-SPH, which alleviates the discrepancy in the region
10 < r < 30 kpc identified for the ‘transplant-tagging’ comparison
in the previous subsection. The stellar halo is also less diverse in
this region (lower N

sig

) in the semi-analytic realizations, which im-
plies that the contributions of individual progenitors has changed.
The SFHs of satellites are at least as important as the dynamics of
their host subhaloes in explaining the density profile of the stellar
halo at this level of detail.

Finally, it is not surprising that we find more difference in the
density of stars formed in situ in the MW analogue than in the ac-
creted component. As noted by C10, the physical assumptions used
to justify particle tagging are not expected to hold for this com-
ponent. It is therefore interesting that the profile the in situ com-
ponent is reproduced as well as it is6, with similar extent and half-
mass radius. The differences between particle tagging and SPH res-
ults for the in situ component are well within the range of variation
between predictions for this specific set of initial conditions using
different hydrodynamical schemes (Scannapieco et al. 2012). Over-
all, the semi-analytic profile for the in situ component in AqC-DM
shows a similar discrepancy with the SPH star particles to that seen
in Fig. 1, where we tagged DM particles in AqC-SPH simulation
itself. This suggests that most of the discrepancy is due to an in-
trinsic limitation of the tagging scheme, rather than differences in
the gravitational potential or the SFH of the main galaxy between
AqC-SPH and AqC-DM. If that were true, a different tagging pro-
cedure might improve the agreement even further. In the following
section we will explore this idea in order to better understand why
particle tagging performs so well in this comparison.

4 LIMITATIONS OF TAGGING FIXED FRACTIONS OF
DM BY ENERGY RANK

4.1 Binding energy distributions

One of the fundamental assumptions common to all particle tag-
ging implementations is that it is possible to find, for each newly
formed stellar population, a set of DM particles that have sim-
ilar phase-space trajectories over the time-scale of interest (i.e. a
Hubble time). Generally speaking, different implementations as-
sume different forms for the energy distribution of the stellar pop-
ulation and assign weights to particles in the same DM halo in or-
der to reproduce those distributions. For example, the fixed-fraction
STINGS scheme assumes the stars uniformly sample the binding en-
ergy distribution of the most tightly bound region of the potential
at the instant of their formation (i.e. the softened NFW distribution
function truncated at a particular relative binding energy). In all
these schemes, however, the initial energy distribution of the tags
is likely to be a relatively crude approximation to that of an analog-
ous stellar population in a hydrodynamical simulation. Moreover,
the phase-space trajectories of star particles are not functions of en-
ergy alone. Stars are likely to be formed on circular orbits, at least

6 The results of C13 demonstrate that this is not a coincidence for the star
formation and assembly history of this particular galaxy. With STINGS, the
half-mass radius of the in situ component is explicitly related to that of the
host DM halo by construction, at least for plausible ⇤CDM SFHs.
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Figure 3. Density profiles for all main halo stars in AqC-SPH (solid), sub-
divided into accreted (dashed) and in situ (dotted) components. Colours cor-
respond to star particles (black) and stellar mass carried by tags (orange),
assigned according to the idealized nearest neighbour scheme. The inset
shows the same profiles on a linear scale, with finer binning. The lower
panel shows the logarithmic ratio of the SPH and tagged star profiles for
all stars (solid) and accreted halo stars only (dashed). A vertical dotted line
marks the force softening scale.

in the cold, quiescent discs of MW-like haloes. By ignoring the an-
gular momentum of DM particles associated with the stellar tags,
only the phase-space excursions of the stars can be approximated,
rather than their actual trajectories.7

Using our SPH simulation, we now explicitly test the assump-
tion that a suitable set of DM particles can be found in a scheme
based only on binding energy (putting aside the question of how to
find it in practice). We do this by searching for sets of DM particles
that match the initial binding energy distributions of each SPH stel-
lar population as closely as possible. For every individual SPH star
particle, we identify a ‘nearest neighbour’ DM particle by sorting
all particles in the same host halo in order of their binding energy at
the snapshot following its formation. We select the first DM particle
with higher rank (lower binding energy) than the star particle as its
‘neighbour’. In cases where the star particle is more tightly bound
than all the DM particles in its halo, we select the most bound DM
particle. A DM particle can be selected as the neighbour of more
than one star particle, in which case the associated stellar mass is
increased accordingly. There are no free parameters in this selec-
tion procedure8, gas particles may also be more tightly bound than

7 As C10 note, it would be possible to include a high angular momentum
at a given energy as another criterion in the selection of DM particles. How-
ever, that would greatly limit the number of suitable particles available, be-
cause relatively few DM particles are on circular orbits.
8 Since the search for neighbours is limited to the time resolution of the
simulation snapshots, the precision of this choice is more limited than it has
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SPH star formation history tagging SPH DM with ‘exact’ f(E)

Previous slide: tags and the SPH star 
particles have different initial distribution 
functions.  

This slide: match the initial energy DF of 
the tags as closely as possible to those 
of the star particles by construction. 

Correspondence in this measure is very high, 
for both components and over all radii. 

Tags with a purely energy-based DF can 
trace star particles in the same potential 
pretty well (in spherical average).
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SA star formation history tagging N-body version with fmb scheme

Real-world case: collisionless simulation 
with semi-analytic model for SFH. 

Semi-analytic SFH != hydro SFH 

Obvious, but implications should not be 
underestimated.  

Two different models here (weak and 
strong feedback). Weak FB closer to SPH. 

Some systematic effects (sats disrupted a bit 
earlier in SPH) but similar overall, despite 
crude match of SFH. 

4 Cooper et al.

building a merger tree and assigning each of these star particles to
the halo or subhalo to which it is bound at the first snapshot fol-
lowing its formation. We then use these self-consistent SFHs as the
‘input’ for tagging of DM particles in the same AqC-SPH haloes,
following the STINGS scheme outlined in C10. In this experiment,
tagged DM particles and the ‘original’ star particles experience the
same orbital evolution and tidal field, as in Bailin et al. (2014) and
Le Bret et al. (2015). This simple experiment allows us to study
directly the effects of the differences in the initial phase-space dis-
tribution of star particles and tagged DM particles that result from
the approximations inherent in the tagging procedure.

Fig. 1 compares the stellar mass density profile of the MW
analogue3 in AqC-SPH at z = 0 with the analogous result obtained
by tagging DM particles according to the ‘fixed-fraction’ STINGS
scheme, using f

mb

= 5 per cent4 and the ‘self-consistent’ SPH
SFHs. These curves are the same as those in the lower right panel
of fig. 2 in Le Bret et al. 2015. Note that here both the star particle
and tagged particle profiles include the in situ stellar component
(the figures in C10 did not show this component). The agreement
is reasonably close, with discrepancies of no more than an order of
magnitude at any radius over a density range covering ten orders
of magnitude and little or no discernible systematic offset. Phys-
ical features in the profile, such as the in-situ to accreted transition
(r & 10 kpc) and ‘breaks’ in the density of accreted stars, are much
more significant than these discrepancies. The most obvious differ-
ences between star particles and tagged DM particles are seen in
the inner 10 kpc. These are the result of differences in the dens-
ity of in situ stars, since accreted stars contribute very little mass in
these regions.

If we only consider the accreted stellar component (as in
C10 and most other applications of particle tagging) the agreement
between star particles and tags is much closer at all radii (dashed
lines), well below 0.1 dex for r < 100. This implies that the dy-
namical differences between the two techniques will not dominate
the uncertainty in typical comparisons to real data, for example on
the shape and amplitude of accreted stellar halo density profiles or
their moments, such as total mass and half-mass radius. The obser-
vational errors on these quantities are of a similar order (⇠ 0.5 dex;
e.g. the density of the MW stellar halo in the Solar neighbourhood;
McKee et al. 2015) and the system-to-system scatter likely greater
(for example the density of the stellar halo of MW-like galaxies at
30 kpc has a scatter of > 1 dex; Cooper et al. 2013).

In Section 4.1 we will show that the mismatch between the
spherically averaged density profiles of in situ star particles and
their corresponding tags in Fig. 1 arises because a single, universal
value of f

mb

cannot adequately represent the complex energy distri-
bution of star-forming gas particles in the inner regions of our MW
analogue. An alternative explanation for this mismatch might be
the three-dimensional (3D) shape of the in situ component, which
is highly oblate in our SPH simulation. Most star particles belong
to a rotationally supported disc, which obviously cannot be repro-
duced by DM particles selected on the basis of energy alone (even
in this case, where the DM particles also feel the potential gener-
ated by the stellar disc). However, Section 4.1 demonstrates that

3 All star particles bound to the main halo, comprising the disc, spheroid
and halo of the main galaxy and excluding satellites.
4 Since the point of this exercise is to compare the two simulation tech-
niques rather than to interpret observations, the appropriate value of f

mb

is
that which best approximates the behaviour of the subgrid star formation
model in AqC-SPH with regard to the distribution of stellar binding ener-
gies after dissipative collapse.
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Figure 2. Top: spherically averaged mass density profile of all star particles
bound to the main halo in AqC-SPH (black) compared with those obtained
by tagging DM particles in a collisionless simulation with the same initial
conditions, AqC-DM, based on semi-analytic SFHs predicted by the Bower
et al. (2006) GALFORM model (which has ‘strong’ feedback; orange) and
a variant of this model with ‘weak’ feedback (cyan). Also shown (purple)
is the profile resulting from tagging based on a direct transfer of the SFHs
from the SPH simulation to the collisionless simulation for the 10 most
massive halo progenitors only. Dashed lines show only the accreted stellar
component. All tagging results use f

mb

= 5 per cent. Middle: ratio of ac-
creted density profiles as in Fig. 1. Bottom: the ‘diversity’ of the stellar halo;
lines show N

sig

(r) = [⌃imi (r)]2/⌃i [mi (r)2], an estimate of the number
of progenitors contributing a significant fraction of accreted debris at each
radius. The good agreement seen in Fig. 1 holds for this application to a col-
lisionless simulation, which reflects how particle tagging is most commonly
applied in practice. The additional discrepancies are dominated by differ-
ences in star formation modelling rather than particle tagging (see the text).

the difference in 3D shape is not responsible for the majority of the
discrepancy seen in Fig. 1.

3.2 Tagging in a collisionless simulation

The SPH experiment above was designed to take the effects of ba-
ryons on the galactic potential out of the comparison, to demon-
strate that the phase-space evolution of stellar populations in our
simulation is then well approximated by the DM particles we se-
lect as tags. In practice (e.g. in C10), particle tagging is used to
model the phase-space distribution of stars in collisionless simu-
lations, which do not include baryonic effects on gravitational dy-
namics. We now proceed to a more general comparison between
AqC-SPH and STINGS applied to AqC-DM, a ‘DM-only’ simula-
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SA star formation history tagging N-body version with fmb scheme

Real-world case: collisionless simulation 
with semi-analytic model for SFH. 

Semi-analytic SFH != hydro SFH 

Obvious, but implications should not be 
underestimated.  

Two different models here (weak and 
strong feedback). Weak FB closer to SPH. 

Divergence peaks where ‘diversity’ of halo 
greatest. 

4 Cooper et al.

building a merger tree and assigning each of these star particles to
the halo or subhalo to which it is bound at the first snapshot fol-
lowing its formation. We then use these self-consistent SFHs as the
‘input’ for tagging of DM particles in the same AqC-SPH haloes,
following the STINGS scheme outlined in C10. In this experiment,
tagged DM particles and the ‘original’ star particles experience the
same orbital evolution and tidal field, as in Bailin et al. (2014) and
Le Bret et al. (2015). This simple experiment allows us to study
directly the effects of the differences in the initial phase-space dis-
tribution of star particles and tagged DM particles that result from
the approximations inherent in the tagging procedure.

Fig. 1 compares the stellar mass density profile of the MW
analogue3 in AqC-SPH at z = 0 with the analogous result obtained
by tagging DM particles according to the ‘fixed-fraction’ STINGS
scheme, using f

mb

= 5 per cent4 and the ‘self-consistent’ SPH
SFHs. These curves are the same as those in the lower right panel
of fig. 2 in Le Bret et al. 2015. Note that here both the star particle
and tagged particle profiles include the in situ stellar component
(the figures in C10 did not show this component). The agreement
is reasonably close, with discrepancies of no more than an order of
magnitude at any radius over a density range covering ten orders
of magnitude and little or no discernible systematic offset. Phys-
ical features in the profile, such as the in-situ to accreted transition
(r & 10 kpc) and ‘breaks’ in the density of accreted stars, are much
more significant than these discrepancies. The most obvious differ-
ences between star particles and tagged DM particles are seen in
the inner 10 kpc. These are the result of differences in the dens-
ity of in situ stars, since accreted stars contribute very little mass in
these regions.

If we only consider the accreted stellar component (as in
C10 and most other applications of particle tagging) the agreement
between star particles and tags is much closer at all radii (dashed
lines), well below 0.1 dex for r < 100. This implies that the dy-
namical differences between the two techniques will not dominate
the uncertainty in typical comparisons to real data, for example on
the shape and amplitude of accreted stellar halo density profiles or
their moments, such as total mass and half-mass radius. The obser-
vational errors on these quantities are of a similar order (⇠ 0.5 dex;
e.g. the density of the MW stellar halo in the Solar neighbourhood;
McKee et al. 2015) and the system-to-system scatter likely greater
(for example the density of the stellar halo of MW-like galaxies at
30 kpc has a scatter of > 1 dex; Cooper et al. 2013).

In Section 4.1 we will show that the mismatch between the
spherically averaged density profiles of in situ star particles and
their corresponding tags in Fig. 1 arises because a single, universal
value of f

mb

cannot adequately represent the complex energy distri-
bution of star-forming gas particles in the inner regions of our MW
analogue. An alternative explanation for this mismatch might be
the three-dimensional (3D) shape of the in situ component, which
is highly oblate in our SPH simulation. Most star particles belong
to a rotationally supported disc, which obviously cannot be repro-
duced by DM particles selected on the basis of energy alone (even
in this case, where the DM particles also feel the potential gener-
ated by the stellar disc). However, Section 4.1 demonstrates that

3 All star particles bound to the main halo, comprising the disc, spheroid
and halo of the main galaxy and excluding satellites.
4 Since the point of this exercise is to compare the two simulation tech-
niques rather than to interpret observations, the appropriate value of f

mb

is
that which best approximates the behaviour of the subgrid star formation
model in AqC-SPH with regard to the distribution of stellar binding ener-
gies after dissipative collapse.
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Figure 2. Top: spherically averaged mass density profile of all star particles
bound to the main halo in AqC-SPH (black) compared with those obtained
by tagging DM particles in a collisionless simulation with the same initial
conditions, AqC-DM, based on semi-analytic SFHs predicted by the Bower
et al. (2006) GALFORM model (which has ‘strong’ feedback; orange) and
a variant of this model with ‘weak’ feedback (cyan). Also shown (purple)
is the profile resulting from tagging based on a direct transfer of the SFHs
from the SPH simulation to the collisionless simulation for the 10 most
massive halo progenitors only. Dashed lines show only the accreted stellar
component. All tagging results use f

mb

= 5 per cent. Middle: ratio of ac-
creted density profiles as in Fig. 1. Bottom: the ‘diversity’ of the stellar halo;
lines show N

sig

(r) = [⌃imi (r)]2/⌃i [mi (r)2], an estimate of the number
of progenitors contributing a significant fraction of accreted debris at each
radius. The good agreement seen in Fig. 1 holds for this application to a col-
lisionless simulation, which reflects how particle tagging is most commonly
applied in practice. The additional discrepancies are dominated by differ-
ences in star formation modelling rather than particle tagging (see the text).

the difference in 3D shape is not responsible for the majority of the
discrepancy seen in Fig. 1.

3.2 Tagging in a collisionless simulation

The SPH experiment above was designed to take the effects of ba-
ryons on the galactic potential out of the comparison, to demon-
strate that the phase-space evolution of stellar populations in our
simulation is then well approximated by the DM particles we se-
lect as tags. In practice (e.g. in C10), particle tagging is used to
model the phase-space distribution of stars in collisionless simu-
lations, which do not include baryonic effects on gravitational dy-
namics. We now proceed to a more general comparison between
AqC-SPH and STINGS applied to AqC-DM, a ‘DM-only’ simula-
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Figure 4. Two examples of the ‘initial conditions’ of single stellar populations (SSPs) in AqC-SPH at their formation time (ti , measured from the big bang
to the present day at t = 13.582 Gyr). Left: a ‘starburst’ population (A) formed at z ⇡ 5.5 in one of the larger progenitors of the accreted stellar halo. The
dwarf galaxy host of these stars is fully disrupted in the main MW analogue halo before z = 0. Centre: a different population (B) formed in the disc of the
MW analogue galaxy itself at z ⇡ 0.4. Note the central bulge/bar and associated ‘ring’ of star formation. Right: an orthogonal projection of population B,
approximately edge-on. Colour indicates the fraction of DM in the host halo with higher binding energy rank than the particle at ti (see the text). Grey points
are pre-existing stars in the host at ti (only 1/1000 of these are shown); by definition these do not belong to the SSPs A or B and are shown only for scale.

respondence over many Gyr, despite the complexities of the separ-
ate star-forming regions and their very different distribution in con-
figuration space.

We conclude that, given an SPH simulation, it is possible to
select sets of DM particles that trace the evolution of the spherically
average density distribution of star particles in the same simulation
to an accuracy better than a factor of two. This is the case at least for
the sub-grid star formation model implemented by our SPH simu-
lation and holds even for in situ stars forming in a thin disc. When
particle tagging is applied in practice, an initial energy distribution
has to be determined a priori, necessarily with some approxima-
tion. We argue that success or failure in reproducing the distribu-
tion star particles in SPH simulations with tagged DM particles in
the same simulations is almost entirely determined by the accuracy
of this approximation with respect to the true initial energy distri-
bution of star particles.

5 WHAT CHOICE OF f
mb

IS APPROPRIATE FOR
FIXED-FRACTION TAGGING?

In practice particle tagging schemes are applied to simulations that
do not already include a separate dynamical component represent-
ing stars, and therefore have to use simple approximations for the
initial energy distribution of stellar populations. For example, the
STINGS scheme assumes these distributions can be approximated
by those of DM particles selected in rank order of binding energy
from the most bound down to a specified fraction. The free para-
meter of the method, f

mb

, sets the ‘bias’ between the energy distri-
bution of newly formed stars and the DM of their host halo. This
bias is assumed to be universal, hence ‘fixed fraction’. This approx-
imation is simplistic and it is no surprise that it breaks down in de-
tail for complex star formation regions dominated by the baryonic
potential and having significant angular momentum, like the MW
disc (as illustrated by population A in Fig. 4).

Fig. 7 shows how variations of f
mb

affect the results of the
SPH-based tagging shown in Fig. 1. The good agreement for the
accreted halo distribution is largely insensitive to the exact choice
of f

mb

. Discrepancies between these four profiles exceed ⇠ 10 per

cent only within r < 1 kpc and beyond r > 100 kpc. Hence, al-
though it is sensible to calibrate f

mb

with respect to the scale radii
of surviving in situ dominated galaxies, results for accreted halo
stars are not particularly sensitive to this choice. In most cases, the
diffusion of stars in phase-space associated with the tidal disrup-
tion process dominates over small differences in the structure of the
progenitor. For reasons discussed by C13 and examined in detail
by Le Bret et al. (2015), the differences in the ‘initial conditions’
of their populations are lost by z = 0. This is not the case for the in
situ ‘disc’ populations forming in the very stable central region of
the main halo at low redshift, which consequently show large vari-
ations in their shape and moderate variations in their half-mass ra-
dius as f

mb

varies from 1 to 10 per cent. To a lesser extent the same
is true for the scale radii of surviving satellites, which C10 com-
pared to observations to support a value of f

mb

⇠ 1 per cent (fur-
ther details are given in Appendix C).

Fig. 8 illustrates this directly by repeating the analysis of the
individual populations A and B from Fig. 4 using fixed-fraction tag-
ging with f

mb

= 1 and 10 per cent. In the case of population A (the
‘halo’ population), it can be seen that the large initial differences
between the two sets of tags (and between each set and the corres-
ponding AqC-SPH star particles) are erased by the time the stars
and tags have been mixed into the stellar halo of the MW analogue.
In the case of population B (the ‘disc’ population), neither set of
tags evolves significantly, except for the diffusion of particles in
the low binding energy tail above the initially sharp cut-off energy.
The quality of the agreement between tags and SPH star particles
at z = 0 is therefore dominated by the initial conditions imposed at
the time of tagging. The initial energy distribution is multimodal,
as shown in the previous section, and this clearly cannot be cap-
tured by a single value of f

mb

. The f
mb

scheme corresponds to a
linear form for the ‘energy rank distribution’, whereas this distribu-
tion for actual star particles is at best only approximately linear for
the most tightly bound stars in population A. In population B, com-
paring the blue and red lines in Fig. 8 shows that f

mb

= 10 per cent
describes the bulk of the exponential disc reasonably well, while
f
mb

. 1 per cent more closely reproduces the distribution for star
particles formed in the compact nuclear region of the galaxy.

The most appropriate value of f
mb

will clearly differ from
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Figure 5. Cumulative fraction of stellar mass in the newly formed popula-
tions A and B (Fig. 4) that is more bound than a given fraction of the DM in
their corresponding host haloes. The horizontal axis corresponds exactly to
the colour scale of the images in Fig. 4. The nearest energy neighbour tag-
ging scheme (orange) applied to DM in AqC-SPH accurately reproduces the
distributions of the actual star particles (black) at the formation time (solid
lines; essentially by construction in this scheme). Vertical dashed lines in-
dicate f

90

, the fraction of DM enclosing 90 per cent of the stellar mass at ti ,
an empirical equivalent to f

mb

(see the text). The distribution of the tags still
traces that of the star particles at z = 0 (dashed lines). We mark the region
corresponding to the nuclear ‘bar/bulge’ of population B in Figs 4 and 6.

galaxy to galaxy, and from snapshot to snapshot. Putting aside the
issue of multiple stellar populations forming simultaneously in a
galaxy, a good empirical approximation to the optimal value of f

mb

for each ‘aggregate’ coeval population in our SPH simulation can
be defined as f

mb

⇡ f
90

, where f
90

is the fraction of DM in rank
order of binding energy enclosing 90 per cent of the newly formed
stars (this definition is illustrated for our two example populations
by the vertical lines in Figs 5 and 8).

Fig. 9 plots f
90

for all populations in AqC-SPH against their
stellar mass. A clear sequence of points corresponding to the stable
disc is apparent at f

90

⇠ 0.1, highlighted in the inset panel. For
low-mass populations, there is huge scatter, reflecting the com-
plex nature of star formation in low-mass DM haloes (likely in

Figure 6. Density profiles of star particles (black) and tagged particles (or-
ange) in the populations shown in Fig. 4. Dots/solid lines correspond to
profiles at the formation time, ti . Crosses/dashed lines correspond to the
distribution of the same particles at z = 0 (the elapsed time, dt , is indic-
ated). In the case of population A (top), the initial profile is centred on the
halo in which it forms, and the final profile is centred on the MW analogue
halo, into which the population is accreted by z = 0. For scale, the grey
line shows the profile of all stars at z = 0. Note the transition in profile B
around ⇠ 1 kpc, corresponding to the extent of the nuclear ‘bar/bulge’ re-
gion in Figs 4 and 5.

addition to numerical noise). A good understanding of the shape
of this distribution under different star-forming conditions would
greatly improve the correspondence between particle tagging and
SPH simulations, although it is not clear that the complexity of a
variable-faction tagging scheme would justified. Given the other
approximations inherent in the method, our results suggest that the
simple fixed f

mb

scheme is probably adequate in most cases where
particle tagging is significantly more efficient than SPH simula-
tions, namely very high-resolution models of dwarf satellite accre-
tion and computing the statistical properties of large numbers of
galaxies in lower resolution cosmological simulations. For those
applications, only the approximate scale of the in situ compon-
ent is important, provided energy diffusion is taken into account

MNRAS in press, 1–21 (2017)
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Figure 5. Cumulative fraction of stellar mass in the newly formed popula-
tions A and B (Fig. 4) that is more bound than a given fraction of the DM in
their corresponding host haloes. The horizontal axis corresponds exactly to
the colour scale of the images in Fig. 4. The nearest energy neighbour tag-
ging scheme (orange) applied to DM in AqC-SPH accurately reproduces the
distributions of the actual star particles (black) at the formation time (solid
lines; essentially by construction in this scheme). Vertical dashed lines in-
dicate f

90

, the fraction of DM enclosing 90 per cent of the stellar mass at ti ,
an empirical equivalent to f

mb

(see the text). The distribution of the tags still
traces that of the star particles at z = 0 (dashed lines). We mark the region
corresponding to the nuclear ‘bar/bulge’ of population B in Figs 4 and 6.

galaxy to galaxy, and from snapshot to snapshot. Putting aside the
issue of multiple stellar populations forming simultaneously in a
galaxy, a good empirical approximation to the optimal value of f

mb

for each ‘aggregate’ coeval population in our SPH simulation can
be defined as f

mb

⇡ f
90

, where f
90

is the fraction of DM in rank
order of binding energy enclosing 90 per cent of the newly formed
stars (this definition is illustrated for our two example populations
by the vertical lines in Figs 5 and 8).

Fig. 9 plots f
90

for all populations in AqC-SPH against their
stellar mass. A clear sequence of points corresponding to the stable
disc is apparent at f

90

⇠ 0.1, highlighted in the inset panel. For
low-mass populations, there is huge scatter, reflecting the com-
plex nature of star formation in low-mass DM haloes (likely in

Figure 6. Density profiles of star particles (black) and tagged particles (or-
ange) in the populations shown in Fig. 4. Dots/solid lines correspond to
profiles at the formation time, ti . Crosses/dashed lines correspond to the
distribution of the same particles at z = 0 (the elapsed time, dt , is indic-
ated). In the case of population A (top), the initial profile is centred on the
halo in which it forms, and the final profile is centred on the MW analogue
halo, into which the population is accreted by z = 0. For scale, the grey
line shows the profile of all stars at z = 0. Note the transition in profile B
around ⇠ 1 kpc, corresponding to the extent of the nuclear ‘bar/bulge’ re-
gion in Figs 4 and 5.

addition to numerical noise). A good understanding of the shape
of this distribution under different star-forming conditions would
greatly improve the correspondence between particle tagging and
SPH simulations, although it is not clear that the complexity of a
variable-faction tagging scheme would justified. Given the other
approximations inherent in the method, our results suggest that the
simple fixed f

mb

scheme is probably adequate in most cases where
particle tagging is significantly more efficient than SPH simula-
tions, namely very high-resolution models of dwarf satellite accre-
tion and computing the statistical properties of large numbers of
galaxies in lower resolution cosmological simulations. For those
applications, only the approximate scale of the in situ compon-
ent is important, provided energy diffusion is taken into account
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Figure 4. Two examples of the ‘initial conditions’ of single stellar populations (SSPs) in AqC-SPH at their formation time (ti , measured from the big bang
to the present day at t = 13.582 Gyr). Left: a ‘starburst’ population (A) formed at z ⇡ 5.5 in one of the larger progenitors of the accreted stellar halo. The
dwarf galaxy host of these stars is fully disrupted in the main MW analogue halo before z = 0. Centre: a different population (B) formed in the disc of the
MW analogue galaxy itself at z ⇡ 0.4. Note the central bulge/bar and associated ‘ring’ of star formation. Right: an orthogonal projection of population B,
approximately edge-on. Colour indicates the fraction of DM in the host halo with higher binding energy rank than the particle at ti (see the text). Grey points
are pre-existing stars in the host at ti (only 1/1000 of these are shown); by definition these do not belong to the SSPs A or B and are shown only for scale.

respondence over many Gyr, despite the complexities of the separ-
ate star-forming regions and their very different distribution in con-
figuration space.

We conclude that, given an SPH simulation, it is possible to
select sets of DM particles that trace the evolution of the spherically
average density distribution of star particles in the same simulation
to an accuracy better than a factor of two. This is the case at least for
the sub-grid star formation model implemented by our SPH simu-
lation and holds even for in situ stars forming in a thin disc. When
particle tagging is applied in practice, an initial energy distribution
has to be determined a priori, necessarily with some approxima-
tion. We argue that success or failure in reproducing the distribu-
tion star particles in SPH simulations with tagged DM particles in
the same simulations is almost entirely determined by the accuracy
of this approximation with respect to the true initial energy distri-
bution of star particles.

5 WHAT CHOICE OF f
mb

IS APPROPRIATE FOR
FIXED-FRACTION TAGGING?

In practice particle tagging schemes are applied to simulations that
do not already include a separate dynamical component represent-
ing stars, and therefore have to use simple approximations for the
initial energy distribution of stellar populations. For example, the
STINGS scheme assumes these distributions can be approximated
by those of DM particles selected in rank order of binding energy
from the most bound down to a specified fraction. The free para-
meter of the method, f

mb

, sets the ‘bias’ between the energy distri-
bution of newly formed stars and the DM of their host halo. This
bias is assumed to be universal, hence ‘fixed fraction’. This approx-
imation is simplistic and it is no surprise that it breaks down in de-
tail for complex star formation regions dominated by the baryonic
potential and having significant angular momentum, like the MW
disc (as illustrated by population A in Fig. 4).

Fig. 7 shows how variations of f
mb

affect the results of the
SPH-based tagging shown in Fig. 1. The good agreement for the
accreted halo distribution is largely insensitive to the exact choice
of f

mb

. Discrepancies between these four profiles exceed ⇠ 10 per

cent only within r < 1 kpc and beyond r > 100 kpc. Hence, al-
though it is sensible to calibrate f

mb

with respect to the scale radii
of surviving in situ dominated galaxies, results for accreted halo
stars are not particularly sensitive to this choice. In most cases, the
diffusion of stars in phase-space associated with the tidal disrup-
tion process dominates over small differences in the structure of the
progenitor. For reasons discussed by C13 and examined in detail
by Le Bret et al. (2015), the differences in the ‘initial conditions’
of their populations are lost by z = 0. This is not the case for the in
situ ‘disc’ populations forming in the very stable central region of
the main halo at low redshift, which consequently show large vari-
ations in their shape and moderate variations in their half-mass ra-
dius as f

mb

varies from 1 to 10 per cent. To a lesser extent the same
is true for the scale radii of surviving satellites, which C10 com-
pared to observations to support a value of f

mb

⇠ 1 per cent (fur-
ther details are given in Appendix C).

Fig. 8 illustrates this directly by repeating the analysis of the
individual populations A and B from Fig. 4 using fixed-fraction tag-
ging with f

mb

= 1 and 10 per cent. In the case of population A (the
‘halo’ population), it can be seen that the large initial differences
between the two sets of tags (and between each set and the corres-
ponding AqC-SPH star particles) are erased by the time the stars
and tags have been mixed into the stellar halo of the MW analogue.
In the case of population B (the ‘disc’ population), neither set of
tags evolves significantly, except for the diffusion of particles in
the low binding energy tail above the initially sharp cut-off energy.
The quality of the agreement between tags and SPH star particles
at z = 0 is therefore dominated by the initial conditions imposed at
the time of tagging. The initial energy distribution is multimodal,
as shown in the previous section, and this clearly cannot be cap-
tured by a single value of f

mb

. The f
mb

scheme corresponds to a
linear form for the ‘energy rank distribution’, whereas this distribu-
tion for actual star particles is at best only approximately linear for
the most tightly bound stars in population A. In population B, com-
paring the blue and red lines in Fig. 8 shows that f

mb

= 10 per cent
describes the bulk of the exponential disc reasonably well, while
f
mb

. 1 per cent more closely reproduces the distribution for star
particles formed in the compact nuclear region of the galaxy.

The most appropriate value of f
mb

will clearly differ from
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Figure 4. Two examples of the ‘initial conditions’ of single stellar populations (SSPs) in AqC-SPH at their formation time (ti , measured from the big bang
to the present day at t = 13.582 Gyr). Left: a ‘starburst’ population (A) formed at z ⇡ 5.5 in one of the larger progenitors of the accreted stellar halo. The
dwarf galaxy host of these stars is fully disrupted in the main MW analogue halo before z = 0. Centre: a different population (B) formed in the disc of the
MW analogue galaxy itself at z ⇡ 0.4. Note the central bulge/bar and associated ‘ring’ of star formation. Right: an orthogonal projection of population B,
approximately edge-on. Colour indicates the fraction of DM in the host halo with higher binding energy rank than the particle at ti (see the text). Grey points
are pre-existing stars in the host at ti (only 1/1000 of these are shown); by definition these do not belong to the SSPs A or B and are shown only for scale.

respondence over many Gyr, despite the complexities of the separ-
ate star-forming regions and their very different distribution in con-
figuration space.

We conclude that, given an SPH simulation, it is possible to
select sets of DM particles that trace the evolution of the spherically
average density distribution of star particles in the same simulation
to an accuracy better than a factor of two. This is the case at least for
the sub-grid star formation model implemented by our SPH simu-
lation and holds even for in situ stars forming in a thin disc. When
particle tagging is applied in practice, an initial energy distribution
has to be determined a priori, necessarily with some approxima-
tion. We argue that success or failure in reproducing the distribu-
tion star particles in SPH simulations with tagged DM particles in
the same simulations is almost entirely determined by the accuracy
of this approximation with respect to the true initial energy distri-
bution of star particles.

5 WHAT CHOICE OF f
mb

IS APPROPRIATE FOR
FIXED-FRACTION TAGGING?

In practice particle tagging schemes are applied to simulations that
do not already include a separate dynamical component represent-
ing stars, and therefore have to use simple approximations for the
initial energy distribution of stellar populations. For example, the
STINGS scheme assumes these distributions can be approximated
by those of DM particles selected in rank order of binding energy
from the most bound down to a specified fraction. The free para-
meter of the method, f

mb

, sets the ‘bias’ between the energy distri-
bution of newly formed stars and the DM of their host halo. This
bias is assumed to be universal, hence ‘fixed fraction’. This approx-
imation is simplistic and it is no surprise that it breaks down in de-
tail for complex star formation regions dominated by the baryonic
potential and having significant angular momentum, like the MW
disc (as illustrated by population A in Fig. 4).

Fig. 7 shows how variations of f
mb

affect the results of the
SPH-based tagging shown in Fig. 1. The good agreement for the
accreted halo distribution is largely insensitive to the exact choice
of f

mb

. Discrepancies between these four profiles exceed ⇠ 10 per

cent only within r < 1 kpc and beyond r > 100 kpc. Hence, al-
though it is sensible to calibrate f

mb

with respect to the scale radii
of surviving in situ dominated galaxies, results for accreted halo
stars are not particularly sensitive to this choice. In most cases, the
diffusion of stars in phase-space associated with the tidal disrup-
tion process dominates over small differences in the structure of the
progenitor. For reasons discussed by C13 and examined in detail
by Le Bret et al. (2015), the differences in the ‘initial conditions’
of their populations are lost by z = 0. This is not the case for the in
situ ‘disc’ populations forming in the very stable central region of
the main halo at low redshift, which consequently show large vari-
ations in their shape and moderate variations in their half-mass ra-
dius as f

mb

varies from 1 to 10 per cent. To a lesser extent the same
is true for the scale radii of surviving satellites, which C10 com-
pared to observations to support a value of f

mb

⇠ 1 per cent (fur-
ther details are given in Appendix C).

Fig. 8 illustrates this directly by repeating the analysis of the
individual populations A and B from Fig. 4 using fixed-fraction tag-
ging with f

mb

= 1 and 10 per cent. In the case of population A (the
‘halo’ population), it can be seen that the large initial differences
between the two sets of tags (and between each set and the corres-
ponding AqC-SPH star particles) are erased by the time the stars
and tags have been mixed into the stellar halo of the MW analogue.
In the case of population B (the ‘disc’ population), neither set of
tags evolves significantly, except for the diffusion of particles in
the low binding energy tail above the initially sharp cut-off energy.
The quality of the agreement between tags and SPH star particles
at z = 0 is therefore dominated by the initial conditions imposed at
the time of tagging. The initial energy distribution is multimodal,
as shown in the previous section, and this clearly cannot be cap-
tured by a single value of f

mb

. The f
mb

scheme corresponds to a
linear form for the ‘energy rank distribution’, whereas this distribu-
tion for actual star particles is at best only approximately linear for
the most tightly bound stars in population A. In population B, com-
paring the blue and red lines in Fig. 8 shows that f

mb

= 10 per cent
describes the bulk of the exponential disc reasonably well, while
f
mb

. 1 per cent more closely reproduces the distribution for star
particles formed in the compact nuclear region of the galaxy.

The most appropriate value of f
mb

will clearly differ from
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Figure 5. Cumulative fraction of stellar mass in the newly formed popula-
tions A and B (Fig. 4) that is more bound than a given fraction of the DM in
their corresponding host haloes. The horizontal axis corresponds exactly to
the colour scale of the images in Fig. 4. The nearest energy neighbour tag-
ging scheme (orange) applied to DM in AqC-SPH accurately reproduces the
distributions of the actual star particles (black) at the formation time (solid
lines; essentially by construction in this scheme). Vertical dashed lines in-
dicate f

90

, the fraction of DM enclosing 90 per cent of the stellar mass at ti ,
an empirical equivalent to f

mb

(see the text). The distribution of the tags still
traces that of the star particles at z = 0 (dashed lines). We mark the region
corresponding to the nuclear ‘bar/bulge’ of population B in Figs 4 and 6.

galaxy to galaxy, and from snapshot to snapshot. Putting aside the
issue of multiple stellar populations forming simultaneously in a
galaxy, a good empirical approximation to the optimal value of f

mb

for each ‘aggregate’ coeval population in our SPH simulation can
be defined as f

mb

⇡ f
90

, where f
90

is the fraction of DM in rank
order of binding energy enclosing 90 per cent of the newly formed
stars (this definition is illustrated for our two example populations
by the vertical lines in Figs 5 and 8).

Fig. 9 plots f
90

for all populations in AqC-SPH against their
stellar mass. A clear sequence of points corresponding to the stable
disc is apparent at f

90

⇠ 0.1, highlighted in the inset panel. For
low-mass populations, there is huge scatter, reflecting the com-
plex nature of star formation in low-mass DM haloes (likely in
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Figure 6. Density profiles of star particles (black) and tagged particles (or-
ange) in the populations shown in Fig. 4. Dots/solid lines correspond to
profiles at the formation time, ti . Crosses/dashed lines correspond to the
distribution of the same particles at z = 0 (the elapsed time, dt , is indic-
ated). In the case of population A (top), the initial profile is centred on the
halo in which it forms, and the final profile is centred on the MW analogue
halo, into which the population is accreted by z = 0. For scale, the grey
line shows the profile of all stars at z = 0. Note the transition in profile B
around ⇠ 1 kpc, corresponding to the extent of the nuclear ‘bar/bulge’ re-
gion in Figs 4 and 5.

addition to numerical noise). A good understanding of the shape
of this distribution under different star-forming conditions would
greatly improve the correspondence between particle tagging and
SPH simulations, although it is not clear that the complexity of a
variable-faction tagging scheme would justified. Given the other
approximations inherent in the method, our results suggest that the
simple fixed f

mb

scheme is probably adequate in most cases where
particle tagging is significantly more efficient than SPH simula-
tions, namely very high-resolution models of dwarf satellite accre-
tion and computing the statistical properties of large numbers of
galaxies in lower resolution cosmological simulations. For those
applications, only the approximate scale of the in situ compon-
ent is important, provided energy diffusion is taken into account
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line shows the profile of all stars at z = 0. Note the transition in profile B
around ⇠ 1 kpc, corresponding to the extent of the nuclear ‘bar/bulge’ re-
gion in Figs 4 and 5.

addition to numerical noise). A good understanding of the shape
of this distribution under different star-forming conditions would
greatly improve the correspondence between particle tagging and
SPH simulations, although it is not clear that the complexity of a
variable-faction tagging scheme would justified. Given the other
approximations inherent in the method, our results suggest that the
simple fixed f

mb

scheme is probably adequate in most cases where
particle tagging is significantly more efficient than SPH simula-
tions, namely very high-resolution models of dwarf satellite accre-
tion and computing the statistical properties of large numbers of
galaxies in lower resolution cosmological simulations. For those
applications, only the approximate scale of the in situ compon-
ent is important, provided energy diffusion is taken into account
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Figure 4. Two examples of the ‘initial conditions’ of single stellar populations (SSPs) in AqC-SPH at their formation time (ti , measured from the big bang
to the present day at t = 13.582 Gyr). Left: a ‘starburst’ population (A) formed at z ⇡ 5.5 in one of the larger progenitors of the accreted stellar halo. The
dwarf galaxy host of these stars is fully disrupted in the main MW analogue halo before z = 0. Centre: a different population (B) formed in the disc of the
MW analogue galaxy itself at z ⇡ 0.4. Note the central bulge/bar and associated ‘ring’ of star formation. Right: an orthogonal projection of population B,
approximately edge-on. Colour indicates the fraction of DM in the host halo with higher binding energy rank than the particle at ti (see the text). Grey points
are pre-existing stars in the host at ti (only 1/1000 of these are shown); by definition these do not belong to the SSPs A or B and are shown only for scale.

respondence over many Gyr, despite the complexities of the separ-
ate star-forming regions and their very different distribution in con-
figuration space.

We conclude that, given an SPH simulation, it is possible to
select sets of DM particles that trace the evolution of the spherically
average density distribution of star particles in the same simulation
to an accuracy better than a factor of two. This is the case at least for
the sub-grid star formation model implemented by our SPH simu-
lation and holds even for in situ stars forming in a thin disc. When
particle tagging is applied in practice, an initial energy distribution
has to be determined a priori, necessarily with some approxima-
tion. We argue that success or failure in reproducing the distribu-
tion star particles in SPH simulations with tagged DM particles in
the same simulations is almost entirely determined by the accuracy
of this approximation with respect to the true initial energy distri-
bution of star particles.

5 WHAT CHOICE OF f
mb

IS APPROPRIATE FOR
FIXED-FRACTION TAGGING?

In practice particle tagging schemes are applied to simulations that
do not already include a separate dynamical component represent-
ing stars, and therefore have to use simple approximations for the
initial energy distribution of stellar populations. For example, the
STINGS scheme assumes these distributions can be approximated
by those of DM particles selected in rank order of binding energy
from the most bound down to a specified fraction. The free para-
meter of the method, f

mb

, sets the ‘bias’ between the energy distri-
bution of newly formed stars and the DM of their host halo. This
bias is assumed to be universal, hence ‘fixed fraction’. This approx-
imation is simplistic and it is no surprise that it breaks down in de-
tail for complex star formation regions dominated by the baryonic
potential and having significant angular momentum, like the MW
disc (as illustrated by population A in Fig. 4).

Fig. 7 shows how variations of f
mb

affect the results of the
SPH-based tagging shown in Fig. 1. The good agreement for the
accreted halo distribution is largely insensitive to the exact choice
of f

mb

. Discrepancies between these four profiles exceed ⇠ 10 per

cent only within r < 1 kpc and beyond r > 100 kpc. Hence, al-
though it is sensible to calibrate f

mb

with respect to the scale radii
of surviving in situ dominated galaxies, results for accreted halo
stars are not particularly sensitive to this choice. In most cases, the
diffusion of stars in phase-space associated with the tidal disrup-
tion process dominates over small differences in the structure of the
progenitor. For reasons discussed by C13 and examined in detail
by Le Bret et al. (2015), the differences in the ‘initial conditions’
of their populations are lost by z = 0. This is not the case for the in
situ ‘disc’ populations forming in the very stable central region of
the main halo at low redshift, which consequently show large vari-
ations in their shape and moderate variations in their half-mass ra-
dius as f

mb

varies from 1 to 10 per cent. To a lesser extent the same
is true for the scale radii of surviving satellites, which C10 com-
pared to observations to support a value of f

mb

⇠ 1 per cent (fur-
ther details are given in Appendix C).

Fig. 8 illustrates this directly by repeating the analysis of the
individual populations A and B from Fig. 4 using fixed-fraction tag-
ging with f

mb

= 1 and 10 per cent. In the case of population A (the
‘halo’ population), it can be seen that the large initial differences
between the two sets of tags (and between each set and the corres-
ponding AqC-SPH star particles) are erased by the time the stars
and tags have been mixed into the stellar halo of the MW analogue.
In the case of population B (the ‘disc’ population), neither set of
tags evolves significantly, except for the diffusion of particles in
the low binding energy tail above the initially sharp cut-off energy.
The quality of the agreement between tags and SPH star particles
at z = 0 is therefore dominated by the initial conditions imposed at
the time of tagging. The initial energy distribution is multimodal,
as shown in the previous section, and this clearly cannot be cap-
tured by a single value of f

mb

. The f
mb

scheme corresponds to a
linear form for the ‘energy rank distribution’, whereas this distribu-
tion for actual star particles is at best only approximately linear for
the most tightly bound stars in population A. In population B, com-
paring the blue and red lines in Fig. 8 shows that f

mb

= 10 per cent
describes the bulk of the exponential disc reasonably well, while
f
mb

. 1 per cent more closely reproduces the distribution for star
particles formed in the compact nuclear region of the galaxy.

The most appropriate value of f
mb

will clearly differ from
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to the present day at t = 13.582 Gyr). Left: a ‘starburst’ population (A) formed at z ⇡ 5.5 in one of the larger progenitors of the accreted stellar halo. The
dwarf galaxy host of these stars is fully disrupted in the main MW analogue halo before z = 0. Centre: a different population (B) formed in the disc of the
MW analogue galaxy itself at z ⇡ 0.4. Note the central bulge/bar and associated ‘ring’ of star formation. Right: an orthogonal projection of population B,
approximately edge-on. Colour indicates the fraction of DM in the host halo with higher binding energy rank than the particle at ti (see the text). Grey points
are pre-existing stars in the host at ti (only 1/1000 of these are shown); by definition these do not belong to the SSPs A or B and are shown only for scale.
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and tags have been mixed into the stellar halo of the MW analogue.
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the low binding energy tail above the initially sharp cut-off energy.
The quality of the agreement between tags and SPH star particles
at z = 0 is therefore dominated by the initial conditions imposed at
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the most tightly bound stars in population A. In population B, com-
paring the blue and red lines in Fig. 8 shows that f

mb

= 10 per cent
describes the bulk of the exponential disc reasonably well, while
f
mb

. 1 per cent more closely reproduces the distribution for star
particles formed in the compact nuclear region of the galaxy.

The most appropriate value of f
mb

will clearly differ from

MNRAS in press, 1–21 (2017)



Case Studies

Comparing particle tagging to SPH 11

�0.5 0.0 0.5 1.0 1.5
log10 r/kpc

2

4

6

8

10

lo
g 1

0
�(

r)
M

�
/k

p
c�

3

Population A
Halo progenitor

SPH initial
SPH z = 0

SPH z = 0 (all stars)
Tags 1%
Tags 10%

�0.5 0.0 0.5 1.0 1.5
log10 r/kpc

Population B
MW analogue

0.0 0.1 0.2 0.3 0.4 0.5

0.2

0.4

0.6

0.8

Fr
ac

.o
fs

te
lla

r
m

as
s

m
or

e
bo

un
d

Population A

SPH
Tags 1%
Tags 10%

0.00 0.05 0.10 0.15 0.20 0.25

Population B

Initial
assignment
Among initial
particle set
at z = 0

Frac. of DM in BE rank order

Figure 8. Initial- and final-time density profiles (left) and ‘energy rank distributions’ (right) of single population examples shown in Figs 4 and 5, here for
fixed-fraction tagging schemes with f

mb

= 1 (blue) and 10 per cent (red), compared with SPH results (black). Dashed vertical lines mark f
90

and dotted vertical
lines mark f

mb

(see the text). Note that fixed-fraction schemes correspond to linear distribution functions in the right-hand panels (solid red and blue lines).

Figure 9. Scatter plot of f
90

(see the text) for SSPs in AqC-SPH as a
function of instantaneous halo mass measured by SUBFIND (main haloes
only). Colour coding indicates formation redshift: stellar mass is gener-
ally a monotonically increasing function of time for main haloes. Only star
formation events forming five or more star particles in haloes with more
than 10 DM particles and baryon fractions of . 20 per cent (hence exclud-
ing spurious clumps of baryons) are coloured. Remaining star formation
events are shown in grey and mostly correspond to small baryon-dominated
clumps identified as independent haloes. Dashed blue lines indicate the loci
for which f

90

corresponds to 1 particle (lower line) and 10 particles (upper
line). Since the DM particle mass is fixed and baryon particle masses vary
within a narrow range, the smallest nonzero values of f

90

are discretized
along lines parallel to these loci (there are multiple lines corresponding to
small haloes with different mixes of the three particle species in AqC-SPH).
Inset shows evolution for the MW analogue halo only.

6.2 Comparison with previous tests of particle tagging

6.2.1 Libeskind et al. (2011)

Libeskind et al. (2011) examine some of the issues above using an
SPH simulation of a Local Group analogue with comparable res-
olution to ours, alongside a matched collisionless simulation. They
claim that fixed-fraction tagging of satellites at the time of infall
does not reproduce the density profile of the accreted stellar ha-
loes in their SPH simulation adequately. They advocate an altern-
ative time-of-infall method, in which the ‘absolute’ potential, �, of
particles to be tagged must satisfy � >  �

subhalo

where �
subhalo

=

�GM
virial

/r
virial

is defined at the ‘edge’ of the subhalo immedi-
ately before infall. Their optimal value is  ⇠ 16, chosen to best
match the density profiles of tagged particles and stars in their SPH
simulation.

Since the method advocated by Libeskind et al. (2011) is ap-
plied at the time of infall, the freedom in choosing  implicitly com-
pensates for diffusion in energy between the time of star formation
and the time of infall, as discussed by Le Bret et al. (2015). If the
baryonic physics in their simulation significantly alters the concen-
tration of their potentials, or causes them to depart from the NFW
form, this may explain why they find that fixed-fraction tagging at
infall performs poorly. If not, their claims in this regard are hard to
understand, because although the Libeskind et al. (2011) method
requires the explicit calculation of potential energies, in practice it
is essentially the same as our STINGS fixed-fraction scheme9. They
report that this criterion selects about ⇠ 1–3 per cent of the DM
particles accreted from subhaloes and bound to their three most
massive host haloes at z = 0. Their criterion therefore appears

9 We do not agree with the statement in section 4 of Libeskind et al. (2011)
that tagging a fixed fraction of DM particles by binding energy rank (which
they call ‘relative’) is distinct from (and hence less accurate than) the ‘abso-
lute’ approach they propose. For a self-bound, virialized collection of equal
mass particles, selecting a fixed fraction of mass in order of binding energy
rank is equivalent to selecting particles more bound than a fixed multiple of
�GM

virial

/r
virial

, because � is a monotonic function of M(< r). At least
part of the discrepancy they discuss is likely to be due to the fact that their
method implicitly corrects for the shortcomings of applying a fixed fraction
scheme at the time of infall, as discussed by Le Bret et al. (2015).

MNRAS in press, 1–21 (2017)


