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density profile and is valid when τmrg ≫ τ dyn. In this model, it
is only necessary to know the one-dimensional distribution of "

values rather than the bivariate distribution of, say, Vr, and Vθ to
determine the distribution of orbital decay times.

2.3 Identifying halo mergers

We follow the evolution, infall and merging of haloes and subhaloes
using merger trees. Our starting point is the catalogue of FOF haloes
and their constituent subhaloes at redshift zero. We build subhalo
merger trees linking each subhalo to its progenitors and descendants
using the algorithm described in appendix A2 of Jiang et al. (2014).
Next, we identify both the progenitors of the FOF haloes and the
subhaloes which fall into them. For each FOF halo, we trace its pro-
genitor in the previous snapshot by identifying the main progenitor
of its main subhalo. We then define the virial radius of this progen-
itor halo such that a sphere of this radius centred on the particle
at the potential minimum of the main subhalo encloses 200 times
the critical density as defined in equation (1). We trace the main
progenitor of each redshift zero FOF halo back in this way until the
last snapshot at which its mass is greater than half the final halo
mass. We choose not to consider mergers before the formation time
of the main halo as we bin our results by the halo mass at z = 0
and wish this to select (within a factor of 2) the mass of the main
halo when the merger takes place. To identify subhaloes that merge
on to this main halo progenitor we not only trace the progenitors
of subhaloes that are in the halo at redshift zero, but also those that
were inside progenitors of the main halo at some point but which
have since been disrupted, merged or escaped. Hence, we trace ev-
ery individual subhalo from its formation redshift to the redshift
when it first crosses the virial radius of the host halo.

In order to find the precise crossing time, we save the orbital in-
formation from the snapshots just before and after a satellite subhalo
crosses the virial radius. Then, we interpolate both the satellite po-
sition (relative to the halo centre) and the halo virial radius linearly
to find the time when the subhalo first crosses the virial radius. To
investigate the accuracy of the interpolation scheme, we considered
two methods of interpolating the satellite orbital parameters to this
crossing time.

(i) We interpolate the energy (using the SIS approximation of
the halo potential described in Section 2.2) and angular momentum
linearly in redshift to the crossing time. We then compute other
orbital parameters such as the radial and tangential velocities from
this interpolated energy and angular momentum.

(ii) Alternatively, we interpolate each component of the satellite’s
velocity linearly in redshift to the crossing time and then compute
the required orbital parameters from the interpolated velocity and
position.

Provided that our simulation snapshots are sufficiently closely
spaced, we would expect these two methods to give very similar
results. This is indeed what we find as demonstrated in Fig. 1 which
compares the distribution of the various orbital parameters for satel-
lites satisfying Ms/Mh > 0.05 at the time of infall in our full sample
of haloes. Throughout the rest of this paper, we show results just
from the method that linearly interpolates the energy and angular
momentum. We would expect this to be the more accurate method
as these two quantities are almost conserved and so only vary slowly
with the interpolation parameter.

Accurately defining the orbital parameters at the crossing time
is an important issue that has been considered in earlier work. The

Figure 1. Tests of the interpolation scheme on the distributions of the
orbital parameters rcirc(E)/r200, J/Jcirc(E), Vr/V200 and Vθ/V200. The panel
shows the differential distribution of orbital parameters in the mass ratio bin:
Ms/Mh > 0.05 for all the host haloes in our sample. Solid lines show the
results using linear interpolation of energy and angular momentum, dotted
lines show results using linear interpolation of velocity and position.

approach adopted by Benson (2005) and Vitvitska et al. (2002) was
to search for pairs of haloes within some separation rmax which are
about to merge and then predict their crossing time by modelling
them as two isolated point masses. A similar approach was taken
by Tormen (1997), Khochfar & Burkert (2006) and Wetzel (2011).
When using such schemes one must apply a weighting to correct
for the underrepresentation of satellites with large infall velocities,
some of which will be at separations greater than rmax at the earlier
snapshot. In our work, due to the higher time resolution of our
simulation outputs, we do not have to limit the separation between
satellite and host halo at the snapshot prior to infall and instead form
a complete census of all the infalling satellites.

2.4 Formation and infall redshifts

As we want our measured orbital parameter distributions to be
directly applicable to semi-analytic galaxy formation models, we
trace all the infalling subhaloes back to the formation time of the
main halo, where its formation time is defined as when its main
progenitor has half the final, z = 0, halo mass. We bin our halo
samples by their mass at redshift z = 0 and so by not tracing haloes
back further in time; we avoid significant ambiguity in the mass of
the main halo at the time satellites are accreted, i.e. at all infall events
the main halo is always within a factor of 2 the final halo mass. The
probability distribution function of halo formation redshifts, zHF,
(normalized such that the integral over the distribution is unity) are
shown in the top row of Fig. 2 for each of our final halo mass bins.
As expected we see that lower mass haloes form earlier. The median
formation redshift of our 1012, 1013 and 1014 M⊙ haloes are 1.14,
0.92 and 0.66, respectively.
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2.2.3. Satellite Evolution

The mutual interactions of the satellite particles are calculated
using a basis function expansion code (Hernquist & Ostriker
1992). The initial conditions file for the satellite is allowed to re-
lax in isolation for 10 dynamical times using this code to confirm
stability. For each accretion event a single simulation is run, fol-
lowing the evolution of the relaxed satellite under the influence
of its own and the parent galaxy’s potential, for the time since it
was accreted (as generated by methods in x 2.1.1) along the or-
bit chosen at random from the distribution discussed in x 2.1.2.
(Note that simulations of satellite accretions in static NFW poten-
tials using this code produced results identical to those reported in
Hayashi et al. 2003.)

Using this approach, the satellites are not influenced by each
other, other than through the smooth growth of the parent gal-
axy potential. Nor does the parent galaxy react to the satellite
directly. In order to mimic the expected decay of the satellite or-
bits due to dynamical friction (i.e., the interaction with the parent),
we include a drag term on all particles within two tidal radii
rtide of the satellite’s center, of the form proposed by Hashimoto
et al. (2003) and modified for NFW hosts by Zentner & Bullock
(2003). This approach includes a slight modification to the stan-
dard Chandrasekhar dynamical friction formula (e.g., Binney&
Tremaine 1987). The tidal radius rtide is calculated from the in-
stantaneous boundmass of the satellitemsat, the distance r of the
satellite to the center of the parent galaxy, and the mass of the
parent galaxy within that radius, Mr, as rtide ¼ r(msat/Mr)

1=3.

2.2.4. Increasing Phase-Space Resolution with Test Particles

In this study, we are most interested in following the phase-
space evolution of the stellar material associated with each sat-
ellite. This is assumed to be embedded deep within each dark
matter halo (see x 2.4)—typically only of order 104 of theN-body
particles in each satellite have any light associated with them

at all. In order to increase the statistical accuracy our analysis
we sample the inner 12% of the energy distribution with an
additional 1:2 ;105 test particles. This does not increase the
dynamic range our simulation, but does allow us to more finely
resolve the low surface brightness features we are interested in
with only a modest increase in computational cost: we gain a
factor of 10 in particle resolution with an increase of "25% in
computing time. In this paper, we have used test particles only
in generating the images shown in Figures 13–16.

2.3. Following the Satellites’ Baryonic Component

We follow each satellite’s baryonic component using the ex-
pected mass accretion history of each satellite halo ( prior to fall-
ing into the parent galaxy) in order to track the inflow of gas. The
gas mass is then used to determine the instantaneous star forma-
tion rate and to track the buildup of stars within each halo. The
physics of galaxy formation is poorly understood, and any attempt
tomodel star formation and gas inflow into galaxies (whether semi-
analytic or hydrodynamic) necessarily require free parameters. Our
own prescription requires three ‘‘free’’ parameters: zre, the redshift
of reionization (see x 2.3.1); fgas, the fraction of baryonic material
in the form of cold gas (i.e., capable of forming stars) that re-
mains bound to each satellite at accretion (see x 2.3.2); and t?, the
globally averaged star formation timescale (see x 2.3.3).
In the following subsections we describe how these parame-

ters enter into our prescriptions and choose a value of fgas consis-
tent with observations. In x 3 we go on to demonstrate that the
observed characteristics of the stellar halo (e.g., its mass, and
radial profile) and theMilkyWay’s satellite system (e.g., their num-
ber and distribution in structural parameters) provide strong con-
straints on the remaining free parameters and hence the efficiency
of star formation in low-mass dark matter halos in general.

2.3.1. Reionization

Any attempt to model stellar halo buildup within the con-
text of !CDM must first confront the so-called missing satellite
problem—the apparent overprediction of low-mass halos com-
pared to the abundance of satellite galaxies around the Milky
Way and M31. For example, there are 11 known satellites of the
MilkyWay—nine classified as dwarf spheroidal and two as dwarf
irregulars—yet numerical work predicts several hundred dark
matter satellite halos in a similar mass range (Klypin et al. 1999;
Moore et al. 1999). It is quite likely that our inventory of stellar
satellites is not complete given the luminosity and surface bright-
ness limits of prior searches (as the recent discoveries of the dwarf
spheroidals Ursa Minor and Andromeda IX demonstrate; see
Zucker et al. 2004 and Willman et al. 2005), but incompleteness
is not seen as a viable solution for a problem of this scale (see
Willman et al. 2004 for a discussion).
The simplest solution to this problem is to postulate that only a

small fraction of the satellite halos orbiting the Milky Way host
an observable galaxy. In this work, we solve the missing satel-
lite problem using the suggestion of Bullock et al. (2000), which
maintains that only the "10% of low-mass galaxies (Vmax <
30 km s#1) that had accreted a substantial fraction of their gas
before the epoch of reionization host observable galaxies (see also
Chiu et al. 2001; Somerville 2002; Benson et al. 2002; Kravtsov
et al. 2004). The key assumption is that after the redshift of hy-
drogen reionization, zre, gas accretion is suppressed in halos with
Vmax < 50 km s#1 and completely stopped in halos with Vmax <
30 km s#1. These thresholds follow from the results of Thoul &
Weinberg (1996) and Gnedin (2000), who used hydrodynamic
simulations to show that gas accretion in low-mass halos is indeed
suppressed in the presence of an ionizing background.

Fig. 2.—Energy distribution function of our initial condition dark matter
halo (dM /d!; histogram) along with three example energy distributions for stel-
lar matter, (dM /d!)?, in satellites. The mass-to-light ratio of each particle of en-
ergy ! is assigned based on the ratio of (dM /d!)? to (dM /d!). Energy in this plot
is in units of GM 2

35/2Rhalo. [See the electronic edition of the Journal for a color
version of this figure.]
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FIG. 2.ÈDistribution of stripped stars in various radial bins projected on the sky. Each point represents an RR Lyrae star, and the number of stars in each
radial bin, starting in the top left panel, is 11331, 9052, 8237, 7182, 6173, and 5076. These views are centered on the Galactic Center, but shifting to a solar
origin makes no qualitative di†erence.

Lyrae. The Ðlled pentagons show the proÐle computed by
et al. (2000) for their sample of RR Lyrae candidatesIvezic"

obtained from SDSS commissioning data, which covers
roughly a 1¡ wide, 100 deg2 strip of sky. Note that the SDSS
and Wetterer & McGraw proÐles agree well at kpc. At[35
larger radii, however, the SDSS sample shows two signiÐ-
cant deviations from the smooth proÐle : an* P r~3
““ bump ÏÏ in number density at r B 40 kpc and a sharp drop
at kpc. As noted by et al., this structure in ther Z 50 Ivezic"
radial proÐle likely indicates signiÐcant clumpiness of the
stellar halo at these galactocentric radii, and the bump in
particular is associated with an identiÐable coherent struc-
ture containing D70 RR Lyrae within the observed region.

Model predictions are also shown in Figure 4. In the top
left panel, the thick solid line represent the computed RR
Lyrae number density proÐle averaged over all merging

history realizations and the full sky. The error bars on this
line show the dispersion from realization to realization
around this average, demonstrating that stochastic varia-
tions in merger histories lead to a factor of D2 rms varia-
tion in the overall normalization of the predicted halo
density proÐle. In the remaining three panels, the thick lines
show the whole-sky average for a single host halo realiza-
tion. The thin dashed lines in each panel show examples of
density proÐles derived from this realization viewed
through three randomly chosen strips similar in solid angle
and geometry to the strips used to derive the SDSS sample.
The dashed lines can be compared directly to the SDSS
data only under the assumption that RR Lyrae are perfect
standard candles. In order to test whether the mean magni-
tude variation from star to star should signiÐcantly alter the
radial distributions, we assume that RR Lyrae magnitudes

Bullock, Kravtsov, Weinberg 2001   
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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.

BULLOCK & JOHNSTON942 Vol. 635
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• only a few major contributions, 
very stochastic

• different from dSph satellites

Note that there is some variation in the total luminosity (about
a factor of 2) and slopes of ourmodel halos, as might be expected
given their different accretion histories. There is also a clear roll-
over below the power law in the outer parts of the stellar halo,
sometimes at radii as small as 30 kpc. In order to characterize our
predicted stellar density profile shapes more quantitatively, we
fit them to Hernquist (1990) profiles,

!H(r) ¼
!0

r(r þ rH)
3
; ð20Þ

and to ‘‘modified’’ Hernquist profiles,

!mH(r) ¼
!1

r(r þ rmH)
4
: ð21Þ

Both representation provide reasonable fits, although the modi-
fied Hernquist profiles generally provide smaller "2 values. The
long-dashed lines in Figure 9 show best-fit modified Hernquist
profiles for each of the four stellar halos. The best-fit scale radii
for each fitting formula (rH and rmH) are given in the last two col-
umns in Table 1.4 Some idea of the characteristic scatter from
halo to halo can be gained by noting the range of scale radii re-
corded. For standard Hernquist profile fits we have a range rH ’
10 20 kpc over all halos. It is interesting to note that Newberg &
Yanny (2005) find that the density profile in F-turnoff halo stars
in Sloan Digital Sky Survey (SDSS) data is best fit by a Hernquist
profile (rather than a power law)with rH ’ 15 kpc. This is remark-
ably similar to our expectations.

4. RESULTS II: MODEL PREDICTIONS

We have now fixed our free parameters to be zre ¼ 10, t? ¼
15 Gyr, and fgas ¼ 0:02. By limiting our description of the evolu-
tion of the baryons associated with each dark matter satellite to
depend on only these parameters, we find we have little freedom
in how we choose them. For example, if we were to choose a
shorter star formation timescale t?, wewould overproduce themass
of the stellar halo, form dwarf galaxies that were overluminous at
fixed velocity dispersions, and form dwarfs with low gas fractions
compared to isolated dwarfs observed in the Local Group. Thefirst
two problems could be adjusted by adapting fgas, but the last prob-
lem is independent of this.

Despite its simplicity, our model reproduces observations of
the Milky Way in some detail. In particular, we recover the full
distribution of satellites in structural properties. This suggests
both that have we assigned the right fraction of dark matter halos
to be luminous and that our luminous satellites are sitting inside
the right mass dark matter halos.

We can now go on with some confidence to discuss the impli-
cations of our model for the mass accretion history of the halo and
satellite systems (x 4.1) and the level of substructure in the stellar
halo (x 4.2).

4.1. Building up the Stellar Halo and Satellite Systems

4.1.1. Accretion Times and Mass Contributions of Infalling Satellites

The stellar halo in our model is formed from stars originally
born in accreted satellites. Once accreted, satellites lose mass with
time until the satellite is destroyed. Once a particle becomes un-

bound from a satellite, we associate its stellarmass with the stel-
lar halo. Figure 10 shows the cumulative luminosity fraction of
the stellar halo (solid lines) coming from accreted satellites as a
function of the accretion time of the satellite for halos 1, 2, 6, and
9. Clearly most of the mass in the stellar halos originates in sat-
ellites that were accreted more than 8 Gyr ago. The dotted lines
show the contribution to the stellar halo from satellite halos more
massive than Mvir > 2 ; 1010 M% at the time of their accretion.
While only 10–20 of the & 150 accreted satellites meet this mass
requirement, we see that & 75%–90% of the mass associated with
each stellar halo originated within massive satellites of this type.

Compare these to the dashed lines, which show the cumulative
number fraction of surviving satellite galaxies as a function of
the time they were accreted for the entire population (long-dashed
lines) and restricted to satellite halos that were more massive than
Mvirk5 ; 109 M% at the time of their accretion (short-dashed lines).
We see that surviving satellites are accretedmuch later (& 3–5Gyr
look-back) than their destroyed counterparts, and that the most
massive satellites that survive tend to be accreted even later
because the destructive effects of dynamical friction are more
important for massive satellites.

4.1.2. Spatial Growth

Studies of dark matter halos in N-body simulations show that
they are built from the inside out (e.g., Helmi et al. 2003b). The
top panel of Figure 11 confirms that this idea holds for our model

4 We do not include best-fit normalization coefficients for the density profiles
since they are degenerate with the cumulative stellar halo luminosities quoted in
Table 1.

Fig. 10.—Cumulative fraction of stellar halo mass built from accreted sat-
ellite galaxies as a function of the accretion time of the satellites for halos 1–4.
Solid lines show the full halo, and dotted lines show the contribution from sat-
ellite halos more massive thanMvir > 2 ; 1010 M% at the time of their accretion.
While for halos (1, 2, 6, and 9) only (18, 10, 12, and 13) of the (115, 102, 182,
and 153) accreted luminous satellites were more massive than 2 ; 1010 M% , we see
that & 75%–90% of the mass associated with each stellar halo originated within
massive satellites of this type. For comparison, the dashed lines show the cumu-
lative fraction of surviving satellite galaxies as a function of the time they were
accreted. Short-dashed lines also show the cumulative accretion times of surviv-
ing satellites, except now restricted to satellite halos that were more massive than
Mvir k5 ; 109 M% at the time of their accretion We see that surviving halos tend
to be accreted later than destroyed halos. There is also a tendency for massive sat-
ellites that survive to be accreted even later because the destructive effects of
dynamical friction are more important for massive satellites. [See the electronic
edition of the Journal for a color version of this figure.]
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supercomputer (Barnes 1990b). Force evaluations accurate to 
~10“3 were obtained by setting the tolerance parameter 
0 = 0.7 and including quadrupole corrections (Hernquist 
1987). With these parameters, a full force calculation for 
N = 65,536 particles took ~ 70-90 s on a ETA-10 and roughly 
half that time on a Cray-YMP (in both cases, timings are for a 
single processor). The spatial resolution of the force evaluation 
was set by the softening parameter e = 0.015. Particles were 

advanced using a time-centered leapfrog with time step Ai = 
1/128 time units. Over a typical calculation, total binding 
energy and angular momentum were conserved to a few times 
10~ 3. 

3. INTERACTION DYNAMICS 
Figure 1 and Segment 0, section 2, of the accompanying 

videotape depict the development of encounter A, projecting 
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Fig. 1.—Evolution of encounter A projected onto the orbital plane. Only the luminous particles are plotted, with the bulge component thinned by 50% to reduce 
crowding. All frames are 3.6 x 2.4 length units. Times since the start are shown in the upper right-hand corners; the first frame also shows the parabolic trajectories 
of the incoming galaxies, drawn dashed before i = 0 and solid thereafter. 
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determine the radial turning points of the orbit and
compute the approximate eccentricity that we assign to a
time midway between the turning points (open circles in
Figs. 9 and 10).

In Figure 8 we plot the trajectories of the satellites for
models 1È6. Both the x-y (upper panels) and x-z projections
(smaller lower panels) are shown. The three trajectories
plotted on the top vary in satellite mass, whereas those at
the bottom vary in their initial orbital eccentricity (see
Table 1). The time dependences of galactocentric radius,
eccentricity, energy, and angular momentum for various
models are shown in Figures 9 and 10. Energies are scaled
by the central potential and angular momenta by their'0,
value at t \ 0. Eccentricities are plotted only up to (seet0.8below), after which the satellite has virtually reached the
haloÏs center. Models 1 and 2 reveal an almost constant
orbital eccentricity. In models 3È9, in which the satellite
mass is equal to 2 ] 1010 the eccentricity reveals aM

_
,

saw-tooth behavior, such that eccentricities decrease near
pericenter and increase near apocenter. This is in perfect
agreement with equation (33). It is remarkable that the net
e†ect of de/dt is nearly zero : the eccentricity does not
change signiÐcantly. The alternative deÐnition of eccentric-
ity based on observed turning points (open circles) shows
similar results. Small deviations are due to a change of the
halo potential induced by the decaying satellite and the
heuristic assignment of a time to the value found from mon-
itoring the radial turning points. The absence of circular-
ization in our simulations is not in agreement with the
results of Tormen et al. (1998), who found that more
massive satellites experience larger amounts of orbital cir-

cularization. This inconsistency is most likely due to the fact
that Tormen et al. take mass loss due to tidal stripping into
account and have their subhalos su†er from frequent
encounters with other subhalos. We, on the other hand,
have considered a single satellite of constant mass. In addi-
tion to these intrinsic di†erences, Tormen et al. plotted the
change in the median orbital circularity of a number of
satellites in a certain mass bin. As we discuss in ° 3.3.2
below, the dynamical friction time is smaller for more eccen-
tric orbits. Therefore, the mean eccentricity of a number of
orbits with di†erent initial eccentricities will always
decrease, i.e., become more circular, as the more eccentric
ones have shorter survival times. This, however, does not
mean that any individual orbit undergoes circularization. It
remains to be investigated in more detail if the circular-
ization found by Tormen et al. is mainly due to their
averaging procedure, is a result from mass loss owing to
tidal stripping, whether it is caused by encounters with
other satellites, or a combination of these e†ects.

The change in energy with time reveals a step-wise behav-
ior, indicating that the pericentric passages dominate the
satelliteÏs energy loss. Note that the energy of the satellites
in models 3È9 does not become equal to once the satel-'0lite reaches the center of the potential well. This owes to the
deposition of energy into the halo particles by the satellite.
The details of this process will be examined in a future
paper.

Because of the elongation of the orbits, the galactocentric
distance is not a meaningful parameter to use to character-
ize the decay times. Instead we use both the energy and the
angular momentum. While the energy is well deÐned, it

FIG. 8.ÈOrbits of the satellites in models 1È6. Both (larger panels) the x-y and (smaller panels) the x-z projections are shown. The solid dot in each panel
indicates the initial position from which the satellite is started. Parameters for the di†erent models are listed in Table 1.
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FIG. 9.ÈGalactocentric distance, orbital eccentricity, energy, and orbital angular momentum of the satellite as function of time for models 1È 4. The
panels in the Ðrst row show the galactocentric distance, i.e., the distance between the satellite and the center of mass of the halo. Panels in the second row
show the orbital eccentricity ; the solid lines show the values calculated by solving for the roots of eq. (3) using the analytical potential of the halo, and the
open circles correspond to the empirical eccentricity computed using the turning points (see ° 3.3). The eccentricities are shown only up to since after thatt0.8 ,
time the satellite is basically just sitting in the center and the eccentricity becomes meaningless. Panels in the third row show the orbital energy, normalized by
the central value of the potential at t \ 0, and the panels in the fourth row show the orbital angular momentum of the satellite, normalized to its initial'0value L (0).

changes in an almost stepwise fashion (see Figs. 9 and 10).
The angular momentum depends on the precise position of
the haloÏs center, which may be poorly determined when the
satellite induces an m \ 1 mode. We deÐne the following
characteristic times : and deÐned as the timet0.4, t0.6, t0.8,

when the satelliteÏs energy reaches 40%, 60%, and 80% of
respectively, and and when the angular'0, t1@4, t1@2, t3@4,

momentum is reduced to one-quarter, one-half, and three-
quarters of its initial value. These timescales are listed in
Table 2. Because of the instantaneous introduction of the

TABLE 2

DYNAMICAL FRICTION TIMESCALES (IN Gyr)

Model t0.4 t0.6 t0.8 t3@4 t1@2 t1@4
(1) (2) (3) (4) (5) (6) (7)

1 . . . . . . . ?15 ?15 ?15 ?15 ?15 ?15
2 . . . . . . . 11.88 [15 ?15 D8.5 D15 [15
3 . . . . . . . 1.72 3.41 3.93 1.53 2.78 3.26
4 . . . . . . . 2.99 4.22 4.90 1.79 3.17 4.19
5 . . . . . . . 3.27 5.49 6.27 1.96 3.75 5.45
6 . . . . . . . 3.44 5.83 6.64 2.11 4.13 5.79
7 . . . . . . . 2.70 3.92 4.50 1.76 2.98 3.66
8 . . . . . . . 1.50 2.80 3.42 1.47 2.48 2.87
9 . . . . . . . 1.52 2.79 3.35 1.46 2.45 2.82
10 . . . . . . 3.11 4.35 4.97 2.05 3.29 4.37
11 . . . . . . 3.08 4.31 4.98 1.78 3.19 4.27

NOTES.ÈThe characteristic timescales in Gyr for dynamical friction as deÐned in
° 3.3. Col. (1) : Model ID. Cols. (2), (3), and (4) : Characteristic timescales for energy
loss. Cols. (5), (6), and (7) : Characteristic timescales for angular momentum loss.
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averaging procedure, is a result from mass loss owing to
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ior, indicating that the pericentric passages dominate the
satelliteÏs energy loss. Note that the energy of the satellites
in models 3È9 does not become equal to once the satel-'0lite reaches the center of the potential well. This owes to the
deposition of energy into the halo particles by the satellite.
The details of this process will be examined in a future
paper.

Because of the elongation of the orbits, the galactocentric
distance is not a meaningful parameter to use to character-
ize the decay times. Instead we use both the energy and the
angular momentum. While the energy is well deÐned, it

FIG. 8.ÈOrbits of the satellites in models 1È6. Both (larger panels) the x-y and (smaller panels) the x-z projections are shown. The solid dot in each panel
indicates the initial position from which the satellite is started. Parameters for the di†erent models are listed in Table 1.
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FIG. 9.ÈGalactocentric distance, orbital eccentricity, energy, and orbital angular momentum of the satellite as function of time for models 1È 4. The
panels in the Ðrst row show the galactocentric distance, i.e., the distance between the satellite and the center of mass of the halo. Panels in the second row
show the orbital eccentricity ; the solid lines show the values calculated by solving for the roots of eq. (3) using the analytical potential of the halo, and the
open circles correspond to the empirical eccentricity computed using the turning points (see ° 3.3). The eccentricities are shown only up to since after thatt0.8 ,
time the satellite is basically just sitting in the center and the eccentricity becomes meaningless. Panels in the third row show the orbital energy, normalized by
the central value of the potential at t \ 0, and the panels in the fourth row show the orbital angular momentum of the satellite, normalized to its initial'0value L (0).

changes in an almost stepwise fashion (see Figs. 9 and 10).
The angular momentum depends on the precise position of
the haloÏs center, which may be poorly determined when the
satellite induces an m \ 1 mode. We deÐne the following
characteristic times : and deÐned as the timet0.4, t0.6, t0.8,

when the satelliteÏs energy reaches 40%, 60%, and 80% of
respectively, and and when the angular'0, t1@4, t1@2, t3@4,

momentum is reduced to one-quarter, one-half, and three-
quarters of its initial value. These timescales are listed in
Table 2. Because of the instantaneous introduction of the

TABLE 2

DYNAMICAL FRICTION TIMESCALES (IN Gyr)

Model t0.4 t0.6 t0.8 t3@4 t1@2 t1@4
(1) (2) (3) (4) (5) (6) (7)

1 . . . . . . . ?15 ?15 ?15 ?15 ?15 ?15
2 . . . . . . . 11.88 [15 ?15 D8.5 D15 [15
3 . . . . . . . 1.72 3.41 3.93 1.53 2.78 3.26
4 . . . . . . . 2.99 4.22 4.90 1.79 3.17 4.19
5 . . . . . . . 3.27 5.49 6.27 1.96 3.75 5.45
6 . . . . . . . 3.44 5.83 6.64 2.11 4.13 5.79
7 . . . . . . . 2.70 3.92 4.50 1.76 2.98 3.66
8 . . . . . . . 1.50 2.80 3.42 1.47 2.48 2.87
9 . . . . . . . 1.52 2.79 3.35 1.46 2.45 2.82
10 . . . . . . 3.11 4.35 4.97 2.05 3.29 4.37
11 . . . . . . 3.08 4.31 4.98 1.78 3.19 4.27

NOTES.ÈThe characteristic timescales in Gyr for dynamical friction as deÐned in
° 3.3. Col. (1) : Model ID. Cols. (2), (3), and (4) : Characteristic timescales for energy
loss. Cols. (5), (6), and (7) : Characteristic timescales for angular momentum loss.
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panels in the Ðrst row show the galactocentric distance, i.e., the distance between the satellite and the center of mass of the halo. Panels in the second row
show the orbital eccentricity ; the solid lines show the values calculated by solving for the roots of eq. (3) using the analytical potential of the halo, and the
open circles correspond to the empirical eccentricity computed using the turning points (see ° 3.3). The eccentricities are shown only up to since after thatt0.8 ,
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the central value of the potential at t \ 0, and the panels in the fourth row show the orbital angular momentum of the satellite, normalized to its initial'0value L (0).
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11 . . . . . . 3.08 4.31 4.98 1.78 3.19 4.27

NOTES.ÈThe characteristic timescales in Gyr for dynamical friction as deÐned in
° 3.3. Col. (1) : Model ID. Cols. (2), (3), and (4) : Characteristic timescales for energy
loss. Cols. (5), (6), and (7) : Characteristic timescales for angular momentum loss.

van den Bosch 1999

minor mergers with 
point-mass satellites

Msat / Mhost < 2 × 10-2

constant eccentricity 

White 1978, 1979

Barnes & Hernquist & 1992 if halo: ’sticky mergers’

equal-mass parabolic mergers

efficient energy transport from central regions out

Barnes 1988, 1992
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Chang, J., Macciò, A. V., & Kang, X. 2013, MNRAS, 431,
3533

Cohen, J. G., Sesar, B., Banholzer, S., & PTF Consortium,
t. 2015, arXiv:1509.05997

Collins, M. L. M., Chapman, S. C., Rich, R. M., et al. 2014,
ApJ, 783, 7

Cooper, A. P., Cole, S., Frenk, C. S., et al. 2010, MNRAS,
406, 744

? E-mail: nicola.amorisco@cfa.harvard.edu

Cooper, A. P., D’Souza, R., Kau↵mann, G., et al. 2013,
MNRAS, 434, 3348
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Errani, R., Peñarrubia, J., & Tormen, G. 2015, MNRAS,
449, L46

Fakhouri, O., Ma, C.-P., & Boylan-Kolchin, M. 2010, MN-
RAS, 406, 2267

Feldmann, R., Carollo, C. M., Mayer, L., et al. 2010, ApJ,
709, 218

Fellhauer, M., & Lin, D. N. C. 2007, MNRAS, 375, 604
Fujii, M., Funato, Y., & Makino, J. 2006, PASJ, 58, 743
Gao, L., White, S. D. M., Jenkins, A., Stoehr, F., &
Springel, V. 2004, MNRAS, 355, 819

Gao, L., Navarro, J. F., Cole, S., et al. 2008, MNRAS, 387,
536

Gilbert, K. M., Guhathakurta, P., Beaton, R. L., et al.
2012, ApJ, 760, 76

Grillmair, C. J. 2009, ApJ, 693, 1118
Hashimoto, Y., Funato, Y., & Makino, J. 2003, ApJ, 582,
196

c� 0000 RAS

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 14 June 2018 (MN LATEX style file v2.2)

LCDM satellites

N. C. Amorisco1,2?
1
Max Planck Institute for Astrophysics, Karl-Schwarzschild-Strasse 1, 85748 Garching, Germany

2
Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, MA 02138, USA

14 June 2018

ABSTRACT

Key words: galaxies: kinematics and dynamics — galaxies: structure — galaxies:
evolution — galaxies: interaction — Galaxy: halo

1 INTRODUCTION

L̇ = (rsat � rhost)^[(Fhost,sat + Fsat,sat)� (Fsat,host + Fhost,host)]
(1)

ACKNOWLEDGMENTS

REFERENCES

Abadi, M. G., Navarro, J. F., & Steinmetz, M. 2006, MN-
RAS, 365, 747

Amorisco, N. C., & Evans, N. W. 2011, MNRAS, 411, 2118
Amorisco, N. C. 2015, MNRAS, 450, 575
Atkinson, A. M., Abraham, R. G., & Ferguson, A. M. N.
2013, ApJ, 765, 28

Barnes, J. E. 1988, ApJ, 331, 699
Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006,
ApJL, 642, L137

Benson, A. J. 2005, MNRAS, 358, 551
Bezanson, R., van Dokkum, P. G., Tal, T., et al. 2009, ApJ,
697, 1290

Boylan-Kolchin, M., Ma, C.-P., & Quataert, E. 2008, MN-
RAS, 383, 93

Buist, H. J. T., & Helmi, A. 2014, AA, 563, A110
Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2001,
ApJ, 548, 33

Bullock, J. S., & Johnston, K. V. 2005, ApJ, 635, 931
Chandrasekhar, S. 1943, ApJ, 97, 255
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Errani, R., Peñarrubia, J., & Tormen, G. 2015, MNRAS,
449, L46

Fakhouri, O., Ma, C.-P., & Boylan-Kolchin, M. 2010, MN-
RAS, 406, 2267

Feldmann, R., Carollo, C. M., Mayer, L., et al. 2010, ApJ,
709, 218

Fellhauer, M., & Lin, D. N. C. 2007, MNRAS, 375, 604
Fujii, M., Funato, Y., & Makino, J. 2006, PASJ, 58, 743
Gao, L., White, S. D. M., Jenkins, A., Stoehr, F., &
Springel, V. 2004, MNRAS, 355, 819

Gao, L., Navarro, J. F., Cole, S., et al. 2008, MNRAS, 387,
536

Gilbert, K. M., Guhathakurta, P., Beaton, R. L., et al.
2012, ApJ, 760, 76

Grillmair, C. J. 2009, ApJ, 693, 1118
Hashimoto, Y., Funato, Y., & Makino, J. 2003, ApJ, 582,
196

c� 0000 RAS

Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 15 June 2018 (MN LATEX style file v2.2)

LCDM satellites

N. C. Amorisco1,2?
1
Max Planck Institute for Astrophysics, Karl-Schwarzschild-Strasse 1, 85748 Garching, Germany

2
Institute for Theory and Computation, Harvard University, 60 Garden Street, Cambridge, MA 02138, USA

15 June 2018

ABSTRACT

Key words: galaxies: kinematics and dynamics — galaxies: structure — galaxies:
evolution — galaxies: interaction — Galaxy: halo

1 INTRODUCTION

L̇ = (rsat � rhost) ^ (r̈sat � r̈host) (1)

L̇ = (rsat � rhost)^[(Fhost,sat + Fsat,sat)� (Fsat,host + Fhost,host)]
(2)

ACKNOWLEDGMENTS

REFERENCES

Abadi, M. G., Navarro, J. F., & Steinmetz, M. 2006, MN-
RAS, 365, 747

Amorisco, N. C., & Evans, N. W. 2011, MNRAS, 411, 2118
Amorisco, N. C. 2015, MNRAS, 450, 575
Atkinson, A. M., Abraham, R. G., & Ferguson, A. M. N.
2013, ApJ, 765, 28

Barnes, J. E. 1988, ApJ, 331, 699
Belokurov, V., Zucker, D. B., Evans, N. W., et al. 2006,
ApJL, 642, L137

Benson, A. J. 2005, MNRAS, 358, 551
Bezanson, R., van Dokkum, P. G., Tal, T., et al. 2009, ApJ,
697, 1290

Boylan-Kolchin, M., Ma, C.-P., & Quataert, E. 2008, MN-
RAS, 383, 93

Buist, H. J. T., & Helmi, A. 2014, AA, 563, A110
Bullock, J. S., Kravtsov, A. V., & Weinberg, D. H. 2001,
ApJ, 548, 33

Bullock, J. S., & Johnston, K. V. 2005, ApJ, 635, 931
Chandrasekhar, S. 1943, ApJ, 97, 255
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Figure 4. Derived properties of the velocity ellipsoid of the main stellar halo component as a function of metallicity for three different distances from the

Galactic plane (indicated by color). Left: Velocity dispersion along each of the three dimensions. Note that for [Fe/H]> −1.7, the radial velocity dispersion (σr ,

solid lines) is approximately three times larger than those in θ (dotted) and φ (dashed) dimensions. At the metal-poor end, the three velocity dispersions come

much closer to each other. Middle: Velocity anisotropy β of the stellar halo. Note a sharp change in β from nearly isotropic at the low metallicity to extremely

radial for the chemically enriched stars. Right: Amplitude of rotation v̄θ . The spin of the metal-rich stellar halo sub-population 20 < v̄θ(kms−1) < 30 is

independent of the Galactic height. The amount of rotation in the metal-poor stars appears to evolve with |z|. However, as explained in the main text, this is

largely the result of low but non-negligible disc contamination and over-simplified model (one Gaussian component for the two most metal-poor sub-samples).

closest to the disc, in the most metal-rich bin (top right corner of

the grid) and e.g. at vθ ∼ 150 kms−1 for the stars with lowest

metallicity (top left corner and adjacent).

Figure 4 summarizes the evolution of the individual velocity

disperions σr,σθ and σφ (left) and the resulting orbital anisotropy

(middle) of the stellar halo as a function of metallicity for three

different Galactic height ranges. Also shown is the behavior of the

rotation v̄θ of the main halo (right). As hinted in the Figures 2 and 3,

σr, σθ,σφ and β are all a strong function of the stellar metallicity.

However, this dependence does not appear to be gradual. Instead,

a sharp transition in the properties of the stellar halo’s ellipsoid

can be seen at [Fe/H]∼ −1.7. For more metal-rich halo stars, the

anisotropy is acutely radial, with β reaching values of 0.9! How-

ever, the halo traced by the most metal-poor stars is almost isotropic

with 0.2 < β < 0.4. Note also that while a visual inspection of Fig-

ure 2 registers a noticeable swelling of the velocity ellipsoid with

Galactic |z|, this effect is mostly due to an increase in the velocity

error (as shown in the top left corner of each panel). The final, de-

convolved velocity dispersions take each star’s velocity uncertainty

into account and show little change in the velocity ellipsoid shape

as a function of |z| (see Figure 4). In terms of the halo rotation, in-

teresting yet more subtle trends are apparent. Stars more metal rich

than [Fe/H]∼ −1.7 show prograde spin 20 < v̄θ(kms−1) < 30
irrespective of the height above the Galactic plane. The rotation of

the metal-poorer stars decreases as a function of |z|, from ∼ 50
kms−1 near the plane to < 15 kms−1 at 5 < |z|(kpc) < 9. Over-

all, based on the analysis presented here, the stellar halo appears to

be describable, albeit crudely, with a super-position of two popula-

tions with rather distinct properties.

Ours is not the first claim of the existence of (at least) two

distinct components of the stellar halo (see e.g. Chiba & Beers

2000; Carollo et al. 2010). If the kinematic properties are mea-

sured locally, then it is possible to estimate the 3-D volume den-

sity behavior of each of the halo components (May & Binney 1986;

Sommer-Larsen & Zhen 1990). Based on the studies above, the

metal-richer halo component was inferred to possess a flatter (with

respect to the Galactic vertical direction) distribution of stars. Note

that a similar argument based on the virial theorem is presented

in Myeong et al. (2018a) who analyze a dataset nearly identical to

that presented here and estimate the amount of flattening in each

of the two halo components. Thus, the recently revealed evolution

of the shape of the stellar halo with Galactocentric distance (see

e.g. Xue et al. 2015; Das et al. 2016; Iorio et al. 2017) could be in-

terpreted as a change in the contribution from each component.

Given that our stellar sample extends as far as 10 kpc above the

disc plane, it may be possible to track the differences in the den-

sity distribution in the metal-rich and metal-poor sub-populations.

Unfortunately, this calculation is not straightforward to carry out

in view of strong (metallicity and magnitude dependent) selection

biases of the SDSS spectroscopic survey. At the zeroth order - and

not accounting for any selection biases - we do not record any sig-

nificant changes in the fraction of stars locked in the metal-richer

component (i.e. with −1.66 <[Fe/H]< −1) with Galactic height:

it remains at a level of ∼66% across all |z| studied.

3 DISCUSSION AND CONCLUSIONS

This Paper uses the SDSS-Gaia proper motions and thus our dataset

is nearly identical to that of Myeong et al. (2018b,a). As shown

by Deason et al. (2017) and de Boer et al. (2018), both random and

systematic proper motion errors in the SDSS-Gaia catalog are min-

imized compared to most previously available catalogs of simi-

lar depth. Instead of attempting to identify a sub-sample of halo

stars, we model the entirety of the data with a mixture of multi-

variate Gaussians. This allows us to avoid any obvious selection

biases and extract a set of robust measurements of the stellar halo

velocity ellipsoid. As seen by SDSS and Gaia, the properties of

the local stellar halo are remarkable. We show that the shape of

the halo’s velocity ellipsoid is a strong function of stellar metal-

licity, where the more metal-rich portion of halo, i.e. that with

−1.7 <[Fe/H]< −1, exhibits extreme radial anisotropy, namely

0.8 < β < 0.9 (see Figure 4). Co-existing with this highly eccen-

tric and relatively metal-rich component is its metal-poor counter-

part with −3 <[Fe/H]< −1.7 and β ∼ 0.3. The velocity ellipsoid

evolves rapidly from mildly radial to highly radial over a very short
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the metal-poorer stars decreases as a function of |z|, from ∼ 50
kms−1 near the plane to < 15 kms−1 at 5 < |z|(kpc) < 9. Over-

all, based on the analysis presented here, the stellar halo appears to

be describable, albeit crudely, with a super-position of two popula-

tions with rather distinct properties.

Ours is not the first claim of the existence of (at least) two

distinct components of the stellar halo (see e.g. Chiba & Beers

2000; Carollo et al. 2010). If the kinematic properties are mea-

sured locally, then it is possible to estimate the 3-D volume den-

sity behavior of each of the halo components (May & Binney 1986;

Sommer-Larsen & Zhen 1990). Based on the studies above, the

metal-richer halo component was inferred to possess a flatter (with

respect to the Galactic vertical direction) distribution of stars. Note

that a similar argument based on the virial theorem is presented

in Myeong et al. (2018a) who analyze a dataset nearly identical to

that presented here and estimate the amount of flattening in each

of the two halo components. Thus, the recently revealed evolution

of the shape of the stellar halo with Galactocentric distance (see

e.g. Xue et al. 2015; Das et al. 2016; Iorio et al. 2017) could be in-

terpreted as a change in the contribution from each component.

Given that our stellar sample extends as far as 10 kpc above the

disc plane, it may be possible to track the differences in the den-

sity distribution in the metal-rich and metal-poor sub-populations.

Unfortunately, this calculation is not straightforward to carry out

in view of strong (metallicity and magnitude dependent) selection

biases of the SDSS spectroscopic survey. At the zeroth order - and

not accounting for any selection biases - we do not record any sig-

nificant changes in the fraction of stars locked in the metal-richer

component (i.e. with −1.66 <[Fe/H]< −1) with Galactic height:

it remains at a level of ∼66% across all |z| studied.

3 DISCUSSION AND CONCLUSIONS

This Paper uses the SDSS-Gaia proper motions and thus our dataset

is nearly identical to that of Myeong et al. (2018b,a). As shown

by Deason et al. (2017) and de Boer et al. (2018), both random and

systematic proper motion errors in the SDSS-Gaia catalog are min-

imized compared to most previously available catalogs of simi-

lar depth. Instead of attempting to identify a sub-sample of halo

stars, we model the entirety of the data with a mixture of multi-

variate Gaussians. This allows us to avoid any obvious selection

biases and extract a set of robust measurements of the stellar halo

velocity ellipsoid. As seen by SDSS and Gaia, the properties of

the local stellar halo are remarkable. We show that the shape of

the halo’s velocity ellipsoid is a strong function of stellar metal-

licity, where the more metal-rich portion of halo, i.e. that with

−1.7 <[Fe/H]< −1, exhibits extreme radial anisotropy, namely

0.8 < β < 0.9 (see Figure 4). Co-existing with this highly eccen-

tric and relatively metal-rich component is its metal-poor counter-

part with −3 <[Fe/H]< −1.7 and β ∼ 0.3. The velocity ellipsoid

evolves rapidly from mildly radial to highly radial over a very short
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Figure 1. Stellar maps in configuration space (first three columns) and phase space, i.e., radial velocity vs.
radial distance (last column). The color of each bin of area Abin = (1.5 kpc)2 in the 2D histograms above
corresponds to the median total metallicity (Z) of all star particles therein. Top row: entire halo of a redshift
z = 0 shell galaxy with total stellar mass Mstars = 6.3 ⇥ 1011 M�, virial mass M200crit = 1.4 ⇥ 1013 M�,
and effective radius Reff = 16.3 kpc (where Reff is defined as the radius that contains half of the total light
in a galaxy). Bottom row: redshift z = 0 stars that have been accreted from the same common progenitor,
which is responsible for the shell structures in the top row. We find that stellar shells in this galaxy have
higher total metallicities than stars in the outer regions of the stellar halo. Moreover, we find a gradient in
the average metallicity of individual shells, with outer shells having lower average Z that inner shells.

In configuration space, we identify shells as interleaved stellar overdensities, often observed
on both sides of the galaxy center and extending to very large galactocentric distances, in the low
surface brightness regions of the stellar halo. Stellar shells also have a specific signature in phase
space, i.e., in the space of galactocentric distance vs. radial velocity (r–vr). Stars spend longer times
near the apocenters of their orbits, where their radial velocities are close to zero, thus creating phase
wraps peaking at vr ' 0, as exemplified in the right column of Figure 1. Using stellar history catalogs,
we identify satellites responsible for z = 0 shells, and we investigate the metallicity distribution of
stars inside these shells (see bottom rows of Figures 1 and 2).
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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2 Nicola C. Amorisco

1. INTRODUCTION

The accreted stellar halo (ASH) of a galaxy collects
all those stars that were born ex-situ, within another
less massive galaxy, and that accumulated around their
current host through hierarchical merging (e.g. Eggen
et al. 1962; Searle & Zinn 1978; White & Frenk 1991;
Johnston et al. 2008). As such, the ASH represents a
record of the assembly process of galaxies through cos-
mic time, by means of which it is possible, at least in
theory, to test the prevailing cosmological paradigm.
Currently, however, a clear bridge between halo as-

sembly history (HAH) and the properties of the ASH
and is missing, and the inversion of this connection ap-
pears di�cult, despite significant e↵ort (e.g. Bullock &
Johnston 2005; Cooper et al. 2010; Deason et al. 2013;
Pillepich et al. 2014, and references therein). A fun-
damental reason for this is that the properties of the
ASH are a function of an extremely large number of
free parameters: at least a handful are needed to deter-
mine how each single ‘building block’ deposits its stars,
even under the crudest simplifications (Amorisco 2017a).
This needs to be factored by the number of contributing
satellite galaxies, and by the stochasticity of merging
histories. As a result, it remains di�cult and possibly
misleading to draw conclusions based on small samples
of simulations, regardless of their realism. Here, I use
tens of thousands of toy models (Amorisco 2016, 2017b,
in prep.) to systematically compare the HAHs of L⇤

galaxies di↵ering in their ASHs.
It is interesting to note that, within a ⇤CDM universe,

the link between HAH and ASH can be expected to be-
come less clear with increasing host halo mass. This
is a consequence of the varying e�ciency of haloes at
forming galaxies (e.g., Moster et al. 2010; Guo et al.
2010) – and of the approximate independence of mean
merging histories on host mass, which implies very sim-
ilar numbers of minor mergers (e.g., Guo & White 2008;
Fakhouri et al. 2010). For Milky Way-like (MW) hosts,
the break in the stellar-to-halo mass relation (SHMR)
and its steepness below the break (e.g., Behroozi et al.
2013; Garrison-Kimmel et al. 2014), ensure that accre-
tion events (AEs) with high virial mass ratios (VMRs)
dominate the budget of accreted stars (e.g., Cooper et
al. 2010; Amorisco 2016; Deason et al. 2016), leaving
their distinctive fingerprints on both global and local
properties of the ASH. In massive ellipticals, instead,
the numerous minor mergers contribute su�cient stel-
lar material that ASHs better ‘converge’ towards similar
properties. This has an analogue in dark matter haloes
themselves, where convergence is complete and a ‘uni-
versal profile’ emerges (e.g., Navarro et al. 1997; Syer
& White 1998; Ludlow et al. 2013). Results of both
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Figure 1. The probability distribution function for the total
mass in the accreted stellar halo, M⇤accr. 750 individual
halo assembly histories, sharing Mh(z=0) = 1012.25M�, are
used to construct tens of thousands mock accreted haloes,
to sample the scatter in the satellites’ stellar-to-halo mass
relation. Vertical lines separate the di↵erent quintiles.

theoretical analyses (e.g., Purcell et al. 2007; Cooper et
al. 2013; Pillepich et al. 2014; Rodriguez-Gomez et al.
2016) and recent observations (e.g., Merritt et al. 2016;
Harmsen et al. 2016; Monachesi et al. 2016; Gilbert et
al. 2012; Ibata et al. 2014; Sesar et al. 2011; Deason et
al. 2013, and references therein) are consistent with this
interpretation, by showing that the scatter in the prop-
erties of the ASH increases in proceeding from massive
hosts down to MW-like galaxies.
With an average of only 2.9 AEs at z < 3 having a

VMR Ms/Mh > 0.1 (Fakhouri et al. 2010), the proper-
ties of the ASH of a MW-like host are therefore dom-
inated by Poisson noise in the galaxy’s HAH, i.e. by
whether, when, and how many of these HVMR AEs
actually took place. In this Letter, I show that this
stochasticity provides us with the opportunity of invert-
ing the connection between HAH and ASH, using both
global and local properties of the ASH as a window onto
halo assembly (HA). Sect. 2 briefly introduces the em-
ployed models, Sect. 3 illustrates results, Sect. 4 lays out
the Conclusions.

2. FROM HALO ASSEMBLY HISTORY TO THE
ACCRETED STELLAR HALO

In Amorisco (2017a) I have shown that, under a
set of assumptions that is essentially equivalent to the
one adopted by particle-tagging techniques (e.g., Bul-
lock et al. 2001; Cooper et al. 2010, 2013, 2016), the
process of stellar deposition by a satellite galaxy can
be reduced to a handful of dimensionless free parame-
ters. This provides a strategy (Amorisco 2016) to e�-
ciently construct large numbers of mock ASHs, using a
library of isolated minor merger simulations. Given a
⇤CDM HAH, a toy ASH is built up like in a game of
Lego, by adding up the (properly timed and rescaled)
contributions of each merged satellite, promptly recov-
ered from the library. I refer to Amorisco (2017b, in
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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right column. Comparison with the solid grey lines shows,
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with concentrated ASHs, which experience HVMR AEs at
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creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
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1. INTRODUCTION

The accreted stellar halo (ASH) of a galaxy collects
all those stars that were born ex-situ, within another
less massive galaxy, and that accumulated around their
current host through hierarchical merging (e.g. Eggen
et al. 1962; Searle & Zinn 1978; White & Frenk 1991;
Johnston et al. 2008). As such, the ASH represents a
record of the assembly process of galaxies through cos-
mic time, by means of which it is possible, at least in
theory, to test the prevailing cosmological paradigm.
Currently, however, a clear bridge between halo as-

sembly history (HAH) and the properties of the ASH
and is missing, and the inversion of this connection ap-
pears di�cult, despite significant e↵ort (e.g. Bullock &
Johnston 2005; Cooper et al. 2010; Deason et al. 2013;
Pillepich et al. 2014, and references therein). A fun-
damental reason for this is that the properties of the
ASH are a function of an extremely large number of
free parameters: at least a handful are needed to deter-
mine how each single ‘building block’ deposits its stars,
even under the crudest simplifications (Amorisco 2017a).
This needs to be factored by the number of contributing
satellite galaxies, and by the stochasticity of merging
histories. As a result, it remains di�cult and possibly
misleading to draw conclusions based on small samples
of simulations, regardless of their realism. Here, I use
tens of thousands of toy models (Amorisco 2016, 2017b,
in prep.) to systematically compare the HAHs of L⇤

galaxies di↵ering in their ASHs.
It is interesting to note that, within a ⇤CDM universe,

the link between HAH and ASH can be expected to be-
come less clear with increasing host halo mass. This
is a consequence of the varying e�ciency of haloes at
forming galaxies (e.g., Moster et al. 2010; Guo et al.
2010) – and of the approximate independence of mean
merging histories on host mass, which implies very sim-
ilar numbers of minor mergers (e.g., Guo & White 2008;
Fakhouri et al. 2010). For Milky Way-like (MW) hosts,
the break in the stellar-to-halo mass relation (SHMR)
and its steepness below the break (e.g., Behroozi et al.
2013; Garrison-Kimmel et al. 2014), ensure that accre-
tion events (AEs) with high virial mass ratios (VMRs)
dominate the budget of accreted stars (e.g., Cooper et
al. 2010; Amorisco 2016; Deason et al. 2016), leaving
their distinctive fingerprints on both global and local
properties of the ASH. In massive ellipticals, instead,
the numerous minor mergers contribute su�cient stel-
lar material that ASHs better ‘converge’ towards similar
properties. This has an analogue in dark matter haloes
themselves, where convergence is complete and a ‘uni-
versal profile’ emerges (e.g., Navarro et al. 1997; Syer
& White 1998; Ludlow et al. 2013). Results of both
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Figure 1. The probability distribution function for the total
mass in the accreted stellar halo, M⇤accr. 750 individual
halo assembly histories, sharing Mh(z=0) = 1012.25M�, are
used to construct tens of thousands mock accreted haloes,
to sample the scatter in the satellites’ stellar-to-halo mass
relation. Vertical lines separate the di↵erent quintiles.

theoretical analyses (e.g., Purcell et al. 2007; Cooper et
al. 2013; Pillepich et al. 2014; Rodriguez-Gomez et al.
2016) and recent observations (e.g., Merritt et al. 2016;
Harmsen et al. 2016; Monachesi et al. 2016; Gilbert et
al. 2012; Ibata et al. 2014; Sesar et al. 2011; Deason et
al. 2013, and references therein) are consistent with this
interpretation, by showing that the scatter in the prop-
erties of the ASH increases in proceeding from massive
hosts down to MW-like galaxies.
With an average of only 2.9 AEs at z < 3 having a

VMR Ms/Mh > 0.1 (Fakhouri et al. 2010), the proper-
ties of the ASH of a MW-like host are therefore dom-
inated by Poisson noise in the galaxy’s HAH, i.e. by
whether, when, and how many of these HVMR AEs
actually took place. In this Letter, I show that this
stochasticity provides us with the opportunity of invert-
ing the connection between HAH and ASH, using both
global and local properties of the ASH as a window onto
halo assembly (HA). Sect. 2 briefly introduces the em-
ployed models, Sect. 3 illustrates results, Sect. 4 lays out
the Conclusions.

2. FROM HALO ASSEMBLY HISTORY TO THE
ACCRETED STELLAR HALO

In Amorisco (2017a) I have shown that, under a
set of assumptions that is essentially equivalent to the
one adopted by particle-tagging techniques (e.g., Bul-
lock et al. 2001; Cooper et al. 2010, 2013, 2016), the
process of stellar deposition by a satellite galaxy can
be reduced to a handful of dimensionless free parame-
ters. This provides a strategy (Amorisco 2016) to e�-
ciently construct large numbers of mock ASHs, using a
library of isolated minor merger simulations. Given a
⇤CDM HAH, a toy ASH is built up like in a game of
Lego, by adding up the (properly timed and rescaled)
contributions of each merged satellite, promptly recov-
ered from the library. I refer to Amorisco (2017b, in
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.
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This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
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to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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‘poor’: surviving massive satellites4 Nicola C. Amorisco

0 1 f * = fraction of stellar mass in surviving satellite remnant at z = 0
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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‘poor’: surviving massive satellites4 Nicola C. Amorisco

0 1 f * = fraction of stellar mass in surviving satellite remnant at z = 0
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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MW: assembled as a ‘poor halo’4 Nicola C. Amorisco

0 1 f * = fraction of stellar mass in surviving satellite remnant at z = 0
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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Figure 4. Columns identify di↵erent quintiles in total accreted stellar mass, increasing towards the right. Top row: HAHs in terms
of the quantile qDM (z); thin grey lines identify individual haloes, colored lines show the 16, 50 and 84% quantiles. Middle row: infall
redshift and virial mass ratio Ms/Mh for all AEs; color-coding represents the fraction of stellar mass in the surviving satellite remnant
at z = 0, f⇤; black lines identify the 50, 75, 90, 95% quantiles as a function of infall time. Bottom-row: infall time and stellar mass Ms,⇤
at z = 0 for satellite remnants. Color-coding and black lines as in the middle row.

to an ordering in M⇤accr, and each collect those 375 HAHs
that have q⇤accr 6 or > 0.5. The median HAH of these
two families is shown with solid grey lines in all panels of
each column, identical across rows. Within these two fam-
ilies I introduce an additional ordering, based on the ra-
dial extension of the ASH profile, as quantified by the ra-
tio M⇤accr(r > r̄)/M⇤accr(r 6 r̄). Here, M⇤accr(r 6 r̄) is
the total accreted stellar mass within r̄, and I have taken
r̄ = 40kpc (25 . r̄ . 70 provide very similar results). Within
each column, this ordering defines a set of terciles: hosts with
qext < (>)0.5 have ASHs that are less (more) extended than
the median.

The fundamental mode of growth of all 6 families is
preserved: independent of the ‘concentration’ of their ASHs,
hosts in the left column concur to median HAHs (colored
lines) that follow the pattern fast-slow-fast, while the or-
thogonal pattern slow-fast-slow emerges in the panels of the
right column. Comparison with the solid grey lines shows,
however, that ordering by qext introduces additional bias,
with di↵erences in the intensity and timing of the di↵erent
growth phases.

For q⇤accr 6 0.5, moving away from median-
concentration ASHs implies a variation in the length of the
intermediate phase of slow growth. This is shorter in hosts
with concentrated ASHs, which experience HVMR AEs at
z & 2. These AEs are capable of depositing stars closer to the
center of the host (Amorisco 2016; Rodriguez-Gomez et al.
2016; Amorisco 2017a), resulting in a concentrated ASH. At
the same time, they are early enough to keep M⇤accr below
the median. Hosts with equally poor but extended ASHs see
this initial phase of fast growth pushed towards higher red-
shifts: they are more massive than the median at z ⇠ 4, and

therefore capable of growing through minor mergers since,
with stellar material being deposited at comparatively larger
radii. Symmetrically, the timing of the intermediate phase
of fast growth in hosts with q⇤accr > 0.5 shifts towards more
recent times in proceeding from concentrated to extended
ASHs. Rich ASHs grow by HVMR AEs: by making them
more recent (while still early enough to result in full satel-
lite disruption), stellar material gets deposited at larger dis-
tances from the host’s center, as the host gradually grows in
both mass and size over cosmic time.

4 DISCUSSION AND CONCLUSIONS

This Letter shows that both global and local properties of
the ASH can be used to constrain HA in MW-like galaxies.
Hosts with poor/rich ASHs assemble following well defined
modes of growth which minimise/maximise the total ac-
creted stellar mass, while keeping the final virial mass fixed.
Fundamental di↵erences in these modes lie in the number
and timing of those rare HVMRs AEs, Ms/Mh & 0.1, which
dominate the stellar budget of the ASH of L⇤ galaxies.

On average, hosts with rich ASHs experience more
HVMR AEs (Fig. 3). These take place in a phase of faster-
than-average growth at intermediate times, 0.5 . zinf . 1.5,
as a best compromise between contributing the highest pos-
sible amount of stellar mass and allowing for su�cient time
to achieve full tidal disruption by z = 0. In turn, at simi-
lar times, hosts with poor ASHs experience a slower-than-
average growth sustained by minor mergers alone (Fig. 4,
middle row). HVMR AEs are concentrated at very recent
times, zinf . 0.5: these satellites are not disrupted by
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conclusions

• statistically reproduce DM halo assembly and pre-infall properties 

• cannot follow dissipative evolution of gas or model the ‘in-situ’ contribution to the halo

• chemo-dynamics of the stellar halo, plume morphology, differences between GCs & stars

• high mass ratio mergers sink deeper & radialize due to tidal deformations

• ⇒ metallicity gradients and chemo-dynamical gradients: 
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• simplifying assumptions on the post-infall evolution

• full particle data for thousands of haloes, no minimum ‘star-particle mass’

• not just scatter: accreted stellar halo ⇒ pattern in assembly history

• poor haloes = early assembly & more likely surviving massive satellites

• rich haloes = late massive accretions, but just in time to fully disrupt


