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ABSTRACT

Aims. Circa 10 billion years ago the Milky Way merged with a massive satellite, Gaia-Enceladus. To gain insight into the properties
of its debris we analyse in detail the suite of simulations from Villalobos & Helmi (2008), which includes an experiment that produces
a good match to the kinematics of nearby halo stars inferred from Gaia data.
Methods. We compare the kinematic distributions of stellar particles in the simulations and study the distribution of debris in orbital
angular momentum, eccentricity and energy, and its relation to the mass-loss history of the simulated satellite.
Results. We confirm that Gaia-Enceladus probably fell in on a retrograde, 30◦ inclination orbit. We find that while 75% of the debris
in our preferred simulation has large eccentricity (> 0.8), roughly 9% has eccentricity smaller than 0.6. Star particles lost early have
large retrograde motions, and a subset of these have low eccentricity. Such stars would be expected to have lower metallicities as they
stem from the outskirts of the satellite, and hence naively they could be confused with debris associated with a separate system. These
considerations seem to apply to some of the stars from the postulated Sequoia galaxy.
Conclusions. When a massive discy galaxy merges, it leaves behind debris with a complex phase-space structure, a large range of
orbital properties, and a range of chemical abundances. Observationally, this results in substructures with very different properties,
which can be misinterpreted as implying independent progeny. Detailed chemical abundances of large samples of stars and tailored
hydrodynamical simulations are critical to resolving such conundrums.

Key words. Galaxy: formation – Galaxy: halo – Galaxy: kinematics and dynamics – solar neighbourhood – Galaxies: interactions

1. Introduction

The ultimate goal of galactic archaeology is to determine the se-
ries of events that have led to the formation of the Milky Way.
The arrival of the full phase-space dataset of Gaia (Gaia Collab-
oration et al. 2016, 2018; Katz et al. 2019) has resulted in many
insights that have given a boost to this field. One of these in-
sights is that the local stellar halo formed predominantly through
a merger with a massive dwarf galaxy named Gaia-Enceladus
(Helmi et al. 2018, or Gaia-Sausage, Belokurov et al. 2018).

It remains unclear, however, which other objects on retro-
grade orbits have contributed debris to the local stellar halo. Al-
though several smaller retrograde structures have been found that
appear to be chemically and dynamically different from Gaia-
Enceladus (e.g. Koppelman et al. 2018; Mackereth et al. 2019;
Matsuno et al. 2019; Myeong et al. 2019), their origin and link-
age are not always clear. For example, Myeong et al. (2019) ad-
vocate that several of these structures originate in a single (mod-
erately) massive dwarf galaxy: Sequoia. However, Koppelman
et al. (2019) based on their chemistry and orbital properties, sug-
gest that there must be at least two progenitors of the structures.

The debris of a low-mass satellite orbiting in a static poten-
tial phase-mixes at roughly constant mean orbital energy (Helmi
& White 1999). This makes the integrals of motion powerful
tools to identify halo structures and determine accretion history
(Helmi & de Zeeuw 2000; McMillan & Binney 2008). For mas-
sive satellites, this picture becomes muddled because of dynami-
cal friction and the tidal interaction between the satellite and host
(see e.g. Jean-Baptiste et al. 2017). Dynamical friction is relevant

for high mass-ratios between the satellite and its host. It affects
the mean orbit of a satellite and makes it sink to the centre of the
host (Quinn & Goodman 1986). Since a satellite is stripped of its
mass mostly in discrete events at its orbital pericentre (and this
evolves because of dynamical friction), the result is a complex
energy distribution of the debris. For example, the material from
the satellite’s outskirts is lost early and hence has high orbital
energy. On the other hand, its core sinks to the centre becoming
more bound (Tormen et al. 1998; Van Den Bosch et al. 1999).
Furthermore, massive satellites with disc-like morphology pro-
duce very complex tidal features (Quinn 1984) which must give
rise to an intricate structure of the remaining debris. These con-
siderations are pertinent for understanding the left-overs from a
system like Gaia-Enceladus.

Further complexity is expected from the chemical perspec-
tive, since dwarf galaxies also display chemical gradients (e.g.
Kirby et al. 2011; Ho et al. 2015). These gradients are typically
negative with radius because the star-formation-rate in the centre
of galaxies is more intense due to higher gas density. Moreover,
star-formation in the outskirts may be quenched first because this
is where gas is stripped more easily. This means that merger
debris should probably also reveal chemical gradients. Such a
gradient has been found for Sagittarius (Ibata et al. 1994) as its
streams have older stellar populations (Bellazzini et al. 2006),
and are more metal-poor by ∼ 0.7 dex than the core (see Dohm-
Palmer et al. 2001; Martinez-Delgado et al. 2004; Chou et al.
2007, and Hayes et al. 2020, for more references).

Article number, page 1 of 6

ar
X

iv
:2

00
6.

07
62

0v
1 

 [
as

tr
o-

ph
.G

A
] 

 1
3 

Ju
n 

20
20



A&A proofs: manuscript no. aanda

Fig. 1. Velocity distribution of the local (< 1 kpc) stellar halo using Gaia data (large panel) and in the Villalobos & Helmi (2008) simulations,
where the insets indicate the orbital inclination (0◦, 30◦ or 60◦) and whether the merger was prograde or retrograde. Stellar particles from the discy
(spherical) satellites are shown in blue (red). These stars’ distinct velocity distributions betray the progenitor’s properties and the merger geometry.

Motivated by the above considerations, in this Letter we use
numerical simulations to study the dynamical gradients that nat-
urally occur in mergers of massive satellites. The results are par-
ticularly important to interpret the debris of Gaia-Enceladus and
its relation to the other substructures discovered in the halo, such
as the Sequoia galaxy.

2. Methods

We analyse the merger simulations of Villalobos & Helmi (2008,
2009) designed to study the establishment of a thick disc through
heating of a thin disc by a merger. The simulation suite com-
prises a set of 1:10 and 1:5 mass-ratio mergers of varying or-
bital inclination and of both spheroidal and discy satellites. After
the merger, part of the host’s disc is heated to a plausible thick
disc. At the same time, a significant fraction of the original disc
(15−25%) remains thin and cold. We focus on these simulations
because Helmi et al. (2018) noted that the kinematic distribution
of the satellite in one of the experiments (denoted here as r30)
matches very well that of nearby Gaia-Enceladus stars.

Since the host galaxy in the simulations is smaller than the
Milky Way, and to facilitate comparison to observations, we
scale the velocities such that the rotational velocity of the simu-
lated disc at the solar position vφ,�,sim, corresponds to that mea-
sured for the Milky Way’s thick disc (vφ,� = 170 km/s, ac-

cording to Morrison et al. 1990). Following Villalobos & Helmi
(2009) we place the Sun at 2.4RD, and we scale the veloci-
ties by the factor vφ,�/vφ,�,sim. For example for the experiment
r30, RD ≈ 2.16 kpc (see Fig. 14 of Villalobos & Helmi 2008),
vφ,�,sim ∼ 132 km/s, and the scaling factor is ∼ 1.3.

The top-left panel of Fig. 1 shows the velocity distribution of
a sample of halo stars in Gaia DR2 (see Appendix A.1 for de-
tails). Halo stars with vφ < 75 km/s (to the left of the dashed line)
are highlighted with blue dots. For illustrative purposes, we indi-
cate the location of the thin disc with a random subset of 50 000
stars (black dots). The remaining panels in Fig. 1 show the veloc-
ity distributions for all the 1:5 mass-ratio simulations, with the
stellar particles from the host in black and those from the satel-
lite in blue for discy and red for spheroidal progenitors. These
particles are located inside a volume of 2.5 kpc radius centred
on the ‘equivalent’ solar position at the end of the simulations,
i.e. 4 Gyr after infall. Because of particle resolution limitations,
this volume is relatively large compared to that used for the data,
especially because it has not been scaled.

As reported in Helmi et al. (2018), the arch seen in the Gaia
data and shown in the top-left panel of Fig. 1 is well reproduced
in the discy simulation with the inset r30, suggesting that the
progenitor of Gaia-Enceladus was discy and merged on a retro-
grade orbit of ∼ 30◦ inclination. However, because this simula-
tion was only run for 4 Gyr, to establish the robustness of this
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Fig. 2. Velocity distribution for the discy r30 simulation 10 Gyr after
infall. The stellar particles are coloured according to their final eccen-
tricity (left) and energy (E f , right). The extended ‘arch’-like structure
(with very negative vφ) is persistent in time, see for comparison Fig. 1.

Fig. 3. Velocity distribution in a solar volume (left, same as in Fig. 2)
and distribution of e-Lz of all satellite stellar particles (right) both at
t = 10 Gyr. The colours indicate the location of various selections made
in e-Lz, following the three clear ridges identifiable in this space.

conclusion and the arch’s origin, we have integrated the simula-
tion for a total of 10 Gyr, which is approximately the time of the
merger with Gaia-Enceladus.

3. Results

3.1. Origin of the velocity arch

Figure 2 shows the velocity distribution in a representative so-
lar volume of the r30 simulation 10 Gyr after infall. Although
the shape of the distribution depends slightly on the azimuthal
location of the volume (because the remnant thick disc in the
simulations is somewhat triaxial), the arch structure in velocity
space is seen to persist in time. This implies that the conclusions
that are drawn on the basis of Fig. 1 still stand.

To characterise the arch we have coloured the stars in Fig. 2
by their final eccentricity e (left panel) and orbital energy E f
(right panel), see Appendix B for details. Note the large range
of values of both quantities and how they appear to correlate
with the velocities, although not perfectly. Since its discovery,
Gaia-Enceladus has been conflated with stars on very eccentric
(e & 0.8) orbits (e.g. Belokurov et al. 2018; Mackereth et al.
2019). Even though this might be true for the bulk of the stars, we

find that this is not necessarily true for all of its debris. Roughly
75% of the stars ends up on orbits of e > 0.8, while ∼ 9% have
eccentricities e < 0.6.

Figure 3 shows the link between the local structure in veloc-
ity space (left) and the orbital properties of all of the debris in
e-Lz space. The latter is a function of velocity (Lz = Rvφ) and
is an integral of motion often used to identify Gaia-Enceladus’
debris (e.g. Helmi et al. 2018; Matsuno et al. 2019; Massari et al.
2019). The satellite’s debris displays a large amount of substruc-
ture as shown in the panels on the right, which is clearly linked to
that present in velocity space in the solar volume. For example,
the arch in velocity space appears to be the local manifestation
of the large retrograde structures marked in the middle and bot-
tom rows of Fig. 3. On the other hand, the top row of this figure
highlights that some stars have relatively prograde angular mo-
mentum despite the initially retrograde orbit of the satellite.

We investigate the origin of the structures in e-Lz space in
Fig. 4, where we plot the spatial evolution of the satellite be-
tween 1 − 1.7 Gyr after infall. In the first panel, at t ∼ 1 Gyr,
most of the satellite’s dark matter has been lost but the stellar
component remains largely bound. A significant fraction of the
stars is lost during/shortly after the second pericentric passage
which takes place at t ∼ 1.5 Gyr (Villalobos & Helmi 2008).
The core (traced largely by the magenta points) continues to spi-
ral inwards for two to three more passages and then fully dis-
solves. During this process, it couples more strongly to the disc
and becomes more prograde (as we saw in the top right panel
of Fig. 3). To appreciate the high complexity of the mass loss
process, an animation of Figure 4 is available online1.

When cold rotationally supported disc galaxies merge they
produce complex tidal tails (Toomre & Toomre 1972; Eneev
et al. 1973; Quinn 1984; Barnes 1988). These tidal tails can
be quite different from those originating in spherical, dispersion
supported systems. This is also what we find in our simulations
as shown in Fig. 4. The bottom row of this figure zooms in on the
discy satellite and reveals that some of the stars in green, which
end up on high eccentricity, very retrograde orbits (i.e. the ridge
in the bottom panel of Fig. 3) are lost first. These are followed by
some stars in cyan with lower final eccentricity and slightly less
retrograde motions since they are part of the ridge in the mid-
dle panel of Fig. 3. We also see that there is some alternation in
green and cyan stars amongst the material that becomes unbound
slightly later. Since a discy satellite has internal as well as orbital
angular momentum, mass loss depends on the exact configura-
tion of the merger (e.g. inclination, spin) and not only on the
internal binding energy of the stars as in the case of a spheroidal
system. A difference in eccentricity then arises from these addi-
tional degrees of freedom. For a given internal binding energy
stars have a range of internal angular momenta, which translates
in debris with high- and low orbital angular momentum, result-
ing in more circular or more radial final orbits, respectively.

On top of these effects, dynamical friction causes the satel-
lite’s core to spiral inwards. This enhances the prominence of the
only tidal arm apparent in Fig. 4, which trails behind the core.

3.2. Some implications

We have just shown that the stars in the velocity arch constitute
debris lost early on in the merger. This probably has also implica-
tions on the chemical abundances of its stars since dwarf galax-
ies are known to depict metallicity gradients. For M? ∼ 109.6 M�
the gradients have an amplitude ∼ −0.064 dex/kpc according to

1 https://www.astro.rug.nl/~ahelmi/MassiveMess
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Fig. 4. Evolution of the satellite around the time of the second pericentric passage, which takes place at t ≈ 1.5 Gyr. The colours trace the three
structures identified in the final orbital distribution of the debris, see Fig. 3, and evidence the complexity of the mass loss process. This is clearly
seen in the bottom two panels which zoom-in onto the satellite at two specific times, and where its spin is indicated with a curled arrow. We
encourage the reader to also inpect the animation online.

Ho et al. (2015). Thus if Gaia-Enceladus had a physical extent
of 5 kpc, this could imply a metallicity difference of 0.32 dex
between its centre and outskirts.

Myeong et al. (2019) studied some of the stars in the velocity
arch and argued that these, together with other retrograde stars,
were part of a different accreted galaxy which they named Se-
quoia. These authors have shown that the stars are more metal-
poor on average than the debris of Gaia-Enceladus by ∼ 0.30
dex, which suggests they formed in a ten times smaller object
(Matsuno et al. 2019). However, an alternative explanation sup-
ported by our simulations is that (some of) these stars stem from

the outskirts of Gaia-Enceladus, and their lower metallicities
could be explained as being due to internal gradients in Gaia-
Enceladus. Also the lower values of [Mg/Fe] and [Ca/Fe] at sim-
ilar [Fe/H] in comparison to Gaia-Enceladus reported by Mat-
suno et al. (2019) could be due to the typically lower star forma-
tion rates found in the outskirts of sizeable galaxies.

This interpretation is tentatively supported by Fig. 5 where
we plot [Mg/Fe] vs [Fe/H] for members of Gaia-Enceladus and
Sequoia, coloured by their orbital energy E. The chemical abun-
dances are from a cross-match of Gaia DR2 with APOGEE
DR16 (Ahumada et al. 2020), using the membership criteria de-

Article number, page 4 of 6
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Fig. 5. Chemical abundances for stars in Gaia-Enceladus and Sequoia,
identified using selection criteria from Koppelman et al. (2019). The
stars are coloured by their orbital energy calculated in the McMillan
(2017) potential implemented in AGAMA. The background shows the lo-
cation of the disc-stars in this diagram with a 2D-histogram. The his-
togram is coloured by the logarithm of the stars per bin.

scribed in Koppelman et al. (2019) (see the Appendix for more
details). This figure shows that most Sequoia stars are accompa-
nied by a star from Gaia-Enceladus that has very similar orbital
energy and chemical abundance, making it difficult to argue on
the basis of this data that the stars have a different origin.

4. Conclusions

We have analysed simulations of the merger between a Milky
Way-like galaxy and a massive satellite. On the basis of compar-
isons to the kinematics of stars in the nearby halo, we confirm
the conclusions by Helmi et al. (2018) that the most likely pro-
genitor of Gaia-Enceladus was a discy dwarf galaxy that fell in
on a retrograde orbit of ∼ 30o inclination.

Because of the relative mass of the dwarf galaxy (which im-
plies it was subject to dynamical friction), and its initial con-
figuration (a cold, rotationally supported disc), its debris depicts
a rather intricate morphology, quite different from that usually
associated to small, spherical, non-rotating satellites. Star par-
ticles are found to have a broad range of orbital eccentricities,
with 75% having e > 0.8, and 9% e < 0.6. We also find that
even though the initial orbital motion of the satellite is very ret-
rograde, some of its debris ends up on prograde orbits. Low ec-
centricity and prograde stars originate in the core of the satellite
which has sunk in via dynamical friction. We may conclude that
a large amount of information about the merger remains encoded
in the phase-space structure of the debris.

Because large galaxies have chemical gradients, different
portions of the debris may reveal different chemistry. This com-
plicates the interpretation, and can possibly mimic what might be
expected for debris from an independent system. For example,
some of the stars in the arch (which according to our simulations
must have been lost early) are dynamically similar to those that
have been associated with Sequoia. On the other hand, the abun-
dances of Sequoia stars do not appear to differ much from highly
energetic/less bound (and hence potentially lost early) stars from
Gaia-Enceladus.

Taken at face value, the simulation would predict that the
core of the Gaia-Enceladus dwarf should be found on a mildly
prograde, lower eccentricity orbit. However, this prediction de-
pends strongly on whether the configuration of the merger is
matched in detail by the simulations. In particular, the simu-
lated host galaxy has a fixed size, which is unrealistic for the
Milky Way, which in the last 10 Gyr has grown a very signifi-
cant cold disc. Simulations with varying orientation of the discs’
angular momentum vectors, and including gas and star forma-
tion physics are necessary to fully exploit the data that is cur-

rently available, and that which will be collected in the context
of upcoming spectroscopic surveys like WEAVE (Dalton et al.
2012), 4MOST (de Jong et al. 2012), SDSS-V Kollmeier et al.
(2017), and DESI (DESI Collaboration et al. 2016). Such a com-
bined approach seems to be necessary as a massive satellite can
give rise to substructures that appear to be both chemically and
dynamically distinct. Massive mergers are messy.
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Appendix A: Observational datasets used

Appendix A.1: The RVS sample

In Fig. 1, we use the subset with full phase-space information
from Gaia DR2 as comparison and to interpret the simulations.
The dataset, known as the RVS sample, contains 7 224 631
stars. We only consider stars with parallax_over_error > 5,
parallax > 1.0 mas, and RUWE < 1.4 (see Lindegren 2018),
which leaves 2 784 095 sources.

For this set of stars, we calculate cylindrical space veloci-
ties using the transformations implemented in vaex (Breddels
& Veljanoski 2018). We place the Sun at X = −8.2 kpc, cor-
rect for the motion of the local standard of rest (LSR) using
vLSR = 232.8 km/s (both based on McMillan 2017), and for
the solar motion with respect to the LSR using (U�,V�,W�) =
(11.1, 12.24, 7.25) km/s (Schönrich et al. 2010). Finally, we use
a kinematic selection to filter stars from the disc. All the stars
with |V − VLS R| < 210 km/s are removed. The resulting set of
stars comprises 5 371 sources that we label as halo stars.

Appendix A.2: Known halo structures and their abundances

The structures that are shown in Fig. 5 originate from Koppel-
man et al. (2019). In summary, the selection criteria for stars
belonging to Gaia-Enceladus and Sequoia are defined as

1. Gaia-Enceladus: −1.5 < En < −1.1 in units of [105 km2/s2]
and −0.20 < circ < 0.13;

2. Sequoia: −1.35 < En < −1.0 in units of [105 km2/s2] and
−0.65 < circ < −0.4.

Here, En is the total energy, using the McMillan (2017) poten-
tial and circ (i.e. circularity) is defined as circ =

Lz

Lcirc
z

, where
Lcirc

z is the angular momentum of a circular orbit with the same
energy as Lz. The circularity parameter ranges from −1 to 1 and
indicates how circular an orbit is.

The abundances that are being shown in the figure come
from a cross-match of Gaia DR2 with APOGEE DR16 (Ahu-
mada et al. 2020). Following the work of Hayes et al. (2020),
we filter stars with STARFLAG bitmask values of 0, 3, or 4 and
ASPCAPFLAG bitmask values of 10 or 23. Furthermore, we only
show stars with VERR < 0.2, SNR > 70, and TEFF > 3700.

Appendix B: Computation of the orbital parameters
for the simulations

To calculate orbital properties (i.e. energy and eccentricity) we
fit a static potential to the simulation snapshot at t = 10 Gyr after
infall. In this snapshot, the debris of the satellite is sufficiently
mixed for the whole system to be approximated by a smooth,
rigid potential.

We fit the potential with AGAMA (Vasiliev 2019) us-
ing a Multipole expansion to approximate each component
(dark matter and stellar) of both the host and satellite sep-
arately. For the flattened stellar particle distributions we set
gridsizeR = gridsizez = 50, mmax = 5, and lmax = 25.
We tested using a CylSpline for the flattened stellar systems but
found the Multipole to reproduce the density profile better. The
dark matter profile of the host is forced to be spherically sym-
metric, the other profiles are allowed to be triaxial.

The energy of the particles is computed for this potential at
this same time, t = 10 Gyr, and labelled (E f ), as is the angu-
lar momentum Lz. The eccentricity is derived by integrating the
stellar particles’ orbits for 20 Gyr in this same potential.

Article number, page 6 of 6


	1 Introduction
	2 Methods
	3 Results
	3.1 Origin of the velocity arch
	3.2 Some implications

	4 Conclusions
	A Observational datasets used
	A.1 The RVS sample
	A.2 Known halo structures and their abundances

	B Computation of the orbital parameters for the simulations

