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The merger that led to the formation of the Milky 
Way’s inner stellar halo and thick disk
Amina Helmi1*, Carine Babusiaux2,3, Helmer H. Koppelman1, Davide Massari1, Jovan Veljanoski1 & Anthony G. A. Brown4

The assembly of our Galaxy can be reconstructed using the motions 
and chemistry of individual stars1,2. Chemo-dynamical studies of 
the stellar halo near the Sun have indicated the presence of multiple 
components3, such as streams4 and clumps5, as well as correlations 
between the stars’ chemical abundances and orbital parameters6–8. 
Recently, analyses of two large stellar surveys9,10 revealed the presence 
of a well populated elemental abundance sequence7,11, two distinct 
sequences in the colour–magnitude diagram12 and a prominent, 
slightly retrograde kinematic structure13,14 in the halo near the 
Sun, which may trace an important accretion event experienced 
by the Galaxy15. However, the link between these observations and 
their implications for Galactic history is not well understood. Here 
we report an analysis of the kinematics, chemistry, age and spatial 
distribution of stars that are mainly linked to two major Galactic 
components: the thick disk and the stellar halo. We demonstrate 
that the inner halo is dominated by debris from an object that at 
infall was slightly more massive than the Small Magellanic Cloud, 
and which we refer to as Gaia–Enceladus. The stars that originate in 
Gaia–Enceladus cover nearly the full sky, and their motions reveal the 
presence of streams and slightly retrograde and elongated trajectories. 
With an estimated mass ratio of four to one, the merger of the Milky 
Way with Gaia–Enceladus must have led to the dynamical heating 
of the precursor of the Galactic thick disk, thus contributing to 
the formation of this component approximately ten billion years 
ago. These findings are in line with the results of galaxy formation 
simulations, which predict that the inner stellar halo should 
be dominated by debris from only a few massive progenitors2,16.

The sharp view provided by the second data release (DR2) of the 
Gaia mission17 has recently revealed14 that, besides a few tight streams, 
a considerable fraction of the halo stars that are near the Sun are associ-
ated with a single large kinematic structure. This structure has slightly 
retrograde mean motion and dominates the blue sequence of the 
Hertzsprung–Russell diagram (HRD) revealed in the Gaia data12. This 
large structure is readily apparent (in blue) in Fig. 1a, which shows the 
velocity distribution of stars (presumably belonging to the halo) inside 
a volume with a radius of 2.5 kpc in the solar vicinity, as obtained from 
the Gaia data (see Methods for details). Figure 1b shows the velocity 
distribution from a simulation of the formation of a thick disk via a 20% 
mass-ratio merger18. The similarity between the graphs suggests that 
the retrograde structure could be largely made up of stars originating 
in an external galaxy that merged with the Milky Way in the past.

Support for this hypothesis comes from the chemical abundances of 
stars provided by the APOGEE survey9. In Fig. 2a we plot the abun-
dances [α/Fe] and [Fe/H] for a sample of stars cross-matched to Gaia 
DR2 (see Methods for details). α-elements are produced by massive 
stars that die fast as supernovae (type II), while iron is also produced 
in type I supernova explosions of binary stars. Therefore in a galaxy  
[α/Fe] decreases with time (as [Fe/H] increases). Figure 2a shows 
the well known sequences defined by the thin and thick disks. The 
vast majority of the retrograde structure’s stars (in blue) follow a well 
defined separate sequence that extends from low to relatively high 
[Fe/H]. (The presence of low-α stars with retrograde motions in the 
halo near the Sun has been reported before7,19, but for a small sample.  
The existence of a well populated sequence with lower [α/Fe] was 
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Fig. 1 | Measured velocity distribution of stars in the solar vicinity 
compared with merger simulation results. a, Velocities of stars in the 
disk are plotted with grey density contours (because of the large number 
of stars), and halo stars (selected as those with |V − VLSR| > 210 km s−1, 
where VLSR is the velocity of the local standard of rest) are shown as black 
points. The blue points are part of a prominent structure with slightly 
retrograde mean rotational motion and have been selected as those having 
angular momentum −1,500 kpc km s−1 < Lz < 150 kpc km s−1 and energy 
E > −1.8 × 105 km2 s−2 (see Methods for details). b, Distribution of star 

particles in a small volume, extracted from a simulation18 of the formation  
of a thick disk from the merger of a satellite galaxy (blue symbols) with a pre-
existing disk (black points) at a mass ratio of 5:1. The overall morphology of 
the measured distribution and the observed arch (from Vy ≈ −450 km s−1  
and V⊥ = (Vx

2 + Vz
2)1/2 ≈ 50 km s−1 to Vy ≈ −150 km s−1 and V⊥ ≈ 300 km s−1  

in a) can be reproduced qualitatively after appropriately scaling the velocities 
(see Methods) and by using a simulation with a disk-like satellite (rather 
than a spherical one, as the arch-like feature is sharper for the disk-like 
satellite) on a retrograde orbit inclined by about 30°–60°.
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demonstrated recently using the APOGEE data11.) An independent 
analysis15 has confirmed the relation between the blue sequence in the 
HRD of the Gaia data and the kinematic structure shown in Fig. 1a 

and established firmly the link to the low-α stars using both earlier7 
and APOGEE data, thereby making the accretion hypothesis more 
secure.
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Fig. 2 | Astrophysical properties of stars in Gaia–Enceladus. a, Chemical 
abundances for a sample of stars located within 5 kpc from the Sun, 
obtained from cross-matching Gaia and APOGEE data. The blue circles 
correspond to 590 stars with −1,500 kpc km s−1 < Lz < 150 kpc km s−1 
and energy E > −1.8 × 105 km2 s−2 (as in Fig. 1a, but for a larger volume 
to increase the sample size; see Methods). We note the clear separation 
between the thick disk and the sequence defined by the majority of 
the stars in the retrograde structure, except for a small amount of 
contamination (17%) by thick-disk stars (that is, in the α-rich sequence) 
that have a similar phase-space distribution to that of the retrograde 
structure. The error bar in the lower left corner shows the 1σ median 
error for the sample. b, The solid (dotted) histogram shows the metallicity 
distribution of the retrograde structure without (with) the subset of α-rich 
stars. The distribution, which peaks at [Fe/H] ≈ −1.6, is reminiscent of 

the distribution of the stellar halo of the Galaxy21. c, The HRD for halo 
stars (black points) selected as in Fig. 1a, with the additional photometric 
quality cuts12 of: colour excess E(B − V) < 0.015 (to limit its impact on  
the magnitudes and colours to less than 0.05 mag) and flux excess factor  
phot-bp-rp-excess-factor < 1.3 + 0.06(GBP − GRP)2, where GBP and GRP  
denote the magnitude in the Gaia BP and RP passband, respectively.  
MG is the absolute magnitude in the Gaia G band. In the HRD the blue 
and red sequences unveiled by Gaia12 can be seen. Dark-blue symbols 
represent Gaia–Enceladus stars and light-blue symbols are those that  
are also in the APOGEE dataset within 5 kpc of the Sun and with  
[α/Fe] < −0.14 − 0.35[Fe/H]. The superimposed isochrones23 (orange  
and green lines), which are based on previous work25, show that an age 
range of 10–13 Gyr is compatible with the HRD of Gaia–Enceladus.
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Fig. 3 | Sky distribution of candidate Gaia–Enceladus members from a 
Gaia subsample of stars with full phase-space information. These stars 
have parallax ϖ > 0.1 mas, a relative parallax error of 20% and satisfy the 
condition −1,500 kpc km s−1 < Lz < 150 kpc km s−1. The symbols are 
colour-coded according to the stars’ distance from the Sun (near, dark 
red; far, light yellow). Because of the large volume explored, we do not 
include additional selection criteria based on energy, as in Fig. 2 (because 
the energy depends on the Galactic potential, whose spatial variation 
across the volume explored is less well constrained than its local value) 
or on velocity, as in Fig. 1a (because the velocity can vary considerably 
across this volume). We therefore expect some contamination by thick-

disk stars, especially towards the inner Galaxy (see Methods). The star 
symbols represent Gaia RR Lyrae stars potentially associated with this 
structure. To identify these, we divide the sky into 128° × 128° bins and 
log(ϖ) into bins with a width of 0.2 (mimicking the relative parallax error) 
and measure the average proper motion of Gaia–Enceladus stars in each 
three-dimensional bin. We then require that the RR Lyrae stars have the 
same proper motion (within 25 km s−1 in each direction at their distance), 
which corresponds to 1 mas yr−1 for stars with ϖ ≈ 0.2 mas. Globular 
clusters with Lz < 50 kpc km s−1, located between 5 kpc and 15 kpc from 
the Sun and 40° away from the Galactic centre, are indicated with solid 
circles. b, galactic latitude; l, galactic longitude.
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The large metallicity spread of the stars of the retrograde structure 
(Fig. 2b) implies that they did not form in a single burst in a low-mass 
system. Furthermore, the lower [α/Fe] of the more metal-rich stars at 
the characteristic metallicity of the thick disk ([Fe/H] ≈ −0.6) means 
that these stars were born in a system with a lower star formation rate 
than that of the thick disk. The star formation rate required to match 
the α-poor sequence of the APOGEE data has recently been calculated  
using a chemical evolution model and including different elemental  
abundances20, and it was found to be 0.3M yr−1 and to last for about 
2 Gyr (M is the mass of the Sun). This implies a stellar mass of 
about 6 × 108M for the progenitor system. This value is consistent 
with the large fraction of nearby halo stars that are associated with 
the structure according to estimates of the local halo density21 and is 
comparable to the present-day mass of the Small Magellanic Cloud22. 
Interestingly, previous work11 has shown that the trends in the abun-
dances of low-metallicity stars in the Large Magellanic Cloud overlap 
well with the sequence, which implies that the structure was compa-
rable to the Large Magellanic Cloud in its early years. Perhaps more 
importantly, because [α/Fe] must decrease as [Fe/H] increases, the stars 
in the structure could not have formed in the same system as the vast 
majority of stars in the Galactic thick disk. They must have formed, as 
previously suggested7,14,15, in a separate galaxy, which we refer to as 
Gaia–Enceladus (see Methods for the motivation behind the naming).

We now explore whether the Gaia–Enceladus galaxy could have been 
responsible at least partly for the formation of the thick disk13–15, as the 
comparison between the data and the simulation results shown in Fig. 1 
suggests. In that case, a pre-existing disk must have been in place at 
the time of the merger. Figure 2c displays the HRD of the halo stars of 
Fig. 1a, which shows that the Gaia–Enceladus stars (in blue) populate 
the blue sequence revealed in the Gaia data12,14,15. The thinness of this 
sequence is compatible with an age range from about 10 Gyr to 13 Gyr, 

given the stars’ abundance sequence, as indicated by the plotted isoch-
rones23. Previous studies24,25, on which this age range is based, have 
shown that the stars in the α-poor sequence are younger than those 
in the α-rich sequence for −1 < [Fe/H] < −0.5. This implies that the 
progenitor of the Galactic thick disk was in place when Gaia–Enceladus 
fell in, which, according to the ages of its youngest stars, suggests that 
the merger took place around 10 Gyr ago, that is, at redshift z ≈ 1.8.

Such a prominent merger must have left debris over a large volume 
of the Galaxy. To explore where we may find other candidate mem-
bers of Gaia–Enceladus beyond the solar neighbourhood, we consider 
stars in the Gaia 6D sample with parallax ϖ > 0.1 mas, 20% relative 
parallax error and a z-direction angular momentum of −1,500 kpc 
km s−1 < Lz < 150 kpc km s−1. Figure 3 shows that nearby candidate 
Gaia–Enceladus stars (with ϖ > 0.25 mas; darker points) are distributed 
over the whole sky, with this subset being more than 90% statistically 
complete. More distant stars are preferentially found in specific regions 
of the sky. Although for such small Gaia parallaxes (ϖ = 0.1–0.25 mas) 
the zero-point offset (about −0.03 mas) is substantial and affects the 
selection of Lz, it does not affect it to the extent that it can produce the 
observed asymmetry in the sky. At least in part, this asymmetry is due to 
the 20% relative parallax error cut, as highlighted in Fig. 4 (see Methods 
for details and for possible links with known overdensities). In Fig. 3 
we have also overplotted (star markers) a subset of 200 Gaia RR Lyrae 
stars26. These have proper motions similar to the mean motion of the 
candidate Gaia–Enceladus stars, with full phase-space information at 
their sky position and parallax. Thirteen globular clusters can also be 
associated with Gaia–Enceladus on the basis of their angular momenta27 
(Fig. 3). All these clusters show a consistent age–metallicity relation28.

Figure 4 shows the velocity field of the more distant stars associated 
with Gaia–Enceladus. A large-scale gradient is observed in the radial 
velocity across the full sky; such a coherent pattern can be obtained 
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Fig. 4 | Kinematic properties of Gaia–Enceladus candidates. The plotted 
stars are a subset of those shown in Fig. 3 with 0.1 mas < ϖ < 0.2 mas. The 
arrows indicate the direction of motion and are colour-coded according 
to the stars’ radial velocity. To avoid cluttering, we show the data in 
four panels that correspond to different proper-motion ranges and we 
have removed stars close to the bulge (within 30° in longitude and 20° 
in latitude). All velocities have been corrected for the solar and local-
standard-of-rest motions. The grey contours encompass 90% of the stars 
in the 6D Gaia dataset that have 0.1 mas < ϖ < 0.2 mas and 20% relative 
parallax error and clearly demonstrate that the latter selection criterion 
affects our ability to identify distant Gaia–Enceladus stars in certain 

regions of the sky. We note the large-scale pattern in the radial velocity, 
as well as its correlation with the proper-motion component μl in the 
longitude direction: stars with μl > 0 (top panels) have VGSR > 0 for l ≳ 75° 
and VGSR < 0 for l ≲ −75°, where VGSR is the Galactocentric-standard-of-
rest velocity, and the reverse occurs for μl < 0. Such a global pattern (and 
its reversal for −75° ≲ l ≲ 75°) arises because of the coherent retrograde 
sense of rotation of the stars in their orbits (that is, they have mostly 
Lz ≲ 0), but the correlation with μl is a result of their elongated orbits. 
For example, we see that if μl > 0 and l ≳ 75°, stars are typically moving 
outwards away from the Sun at high speed (VGSR ≳ 100 km s−1).
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only if stars are moving in the same (retrograde) direction on elon-
gated orbits. The proper motions, depicted by arrows, reveal a complex 
velocity field. This is expected because of the large mass of the pro-
genitor object and the short mixing timescales in the inner Galaxy2. 
Nonetheless, this complexity contains streams as neighbouring stars 
often move in the same direction. This is a very significant effect, estab-
lished by comparing the data with mock sets constructed by assuming 
a multivariate Gaussian for the velocities (see Methods for details).

We conclude that the halo near the Sun is strongly dominated by a 
single structure of accreted origin, as also hinted by other work13,14, and 
leaves little room for an in situ contribution15. This is however not 
necessarily representative of the whole stellar halo, as debris from other 
accreted large objects (for example, with different chemical abundance 
patterns) might dominate elsewhere in the Galaxy. We also conclude 
that the Milky Way disk experienced a substantial merger in its history. 
We estimate the mass ratio of this merger at the time that it took place 
as / = / × /∗ ∗M M f f M M( ) ( )h

GE
h
MW MW GE GE MW  , where f is the ratio of the  

luminous-to-halo mass of the object, Mh and M* denote the halo mass 
and stellar mass, respectively, and the superscripts MW and GE repre-
sent the Milky Way and Gaia–Enceladus. At the present time, 
f MW,0 ≈ 0.04 for the Milky Way29; if we assume Gaia–Enceladus to be 
similar to the Large Magellanic Cloud had it evolved in isolation, then22 
f GE,0 ≈ 0.01. It has been shown30 that the redshift evolution of f  
between z = 2 and z = 0 is similar for objects of the scales of the 
Magellanic Cloud and of the Milky Way, which implies that 
f MW/f GE = f MW,0/f GE,0 ≈ 4. Therefore, by taking ∗M MW at the time of the 
merger to be the mass of the thick disk29, that is, ≈∗ M M10MW 10 ,  
we obtain a mass ratio of about 0.24 for the merger. This implies that 
the merging of Gaia–Enceladus must have led to considerable heating 
and to the formation of a thick (or thicker) disk.

Online content
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data, statements of data availability and associated accession codes are available at 
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MEthodS
We describe here the motivation behind the name Gaia–Enceladus. In Greek 
mythology Enceladus was one of the Giants and the offspring of Gaia (which rep-
resents the Earth) and Uranus (which represents the sky). Enceladus was said to 
be buried under Mount Etna and to be responsible for earthquakes in the region. 
There are many analogies to the accreted galaxy reported and characterized here, 
including: (i) being offspring of Gaia and the sky, (ii) having been a ‘giant’ com-
pared to other past and present satellite galaxies of the Milky Way, (iii) being buried 
(in reality, first disrupted by the Milky Way and then buried—also in the Gaia data) 
and (iv) being responsible for seismic activity (that is, shaking the Milky Way and 
thereby leading to the formation of its thick disk). We refer to the accreted galaxy 
as Gaia–Enceladus to avoid confusion with one of Saturn’s moons, also named 
Enceladus.
Dataset, selection criteria and the effect of systematics. For this work, we select 
stars from the Gaia 6D dataset17 with small relative parallax error ϖ/σϖ > 5, which 
allows us to compute their distance from the Sun as d = 1/ϖ. For Fig. 1, we con-
sider only stars with ϖ > 0.4 mas (that is, within 2.5 kpc from the Sun) to limit the 
impact of the velocity gradients. The velocities are obtained using the appropriate 
matrix transformations from the observables α (right ascension), δ (declination), 
μα* and μδ (proper motion in the direction of α and δ, respectively) and Vlos  
(line-of-sight velocity) and the distances d. These velocities are then corrected for 
the peculiar motion of the Sun31 and the local-standard-of-rest-velocity, which is 
assumed as29 VLSR = 232 km s−1.

We select halo stars (such as the black points in Fig. 1a) as those that satisfy14 
|V − VLSR| > 210 km s−1. This condition is used to remove the contribution of 
the disk(s), although it is less effective towards the inner Galaxy because of the 
increasing velocity dispersion of disk stars32. To select members of the retrograde 
structure (such as the blue points in Fig. 1a), we inspect the E–Lz distribution of 
the stars in our dataset. The energy E is computed assuming a Galactic potential 
including thin-disk, bulge and halo components33. For example, Extended Data 
Fig. 1a shows the E–Lz distribution for all halo stars within 5 kpc from the Sun 
(ϖ > 0.2 mas). Here we have removed stars with phot-bp-rp-excess-factor > 1.27, 
which is enough to remove some globular cluster stars with poorer photometric 
quality so as not to apply a colour-dependent correction34. This figure shows that 
the regions occupied by the retrograde structure and by the disk are relatively 
well separated. There is however some overlap, particularly for higher binding 
energies and lower angular momenta. Therefore, even the selection criteria 
Lz < 150 kpc km s−1 and E > −1.8 × 105 km2 s−2 (dashed lines) do not yield a pure 
(thick-disk-free) sample of stars in the structure. This figure also reveals the large 
range of energies in the structure, which indicates that member stars are expected 
over a large range of distances.

Because the energies of stars depend on the gravitational potential of the 
Galaxy, whose form and amplitude are not so well constrained beyond the solar 
neighbourhood, we use a criterion based only on Lz to find additional members 
of the structure/Gaia–Enceladus beyond the immediate vicinity of the Sun (as in 
Fig. 3). Extended Data Fig. 1b shows the Lz versus the Galactocentric distance R 
in the disk plane for all stars in the Gaia 6D dataset with ϖ/σϖ > 5 and parallaxes 
ϖ > 0.2 mas. This plot shows that a selection based only on Lz works relatively well 
to isolate Gaia–Enceladus stars near the Sun and also farther out in the Galaxy. 
However, in the inner regions there is much more overlap between the thick disk 
and Gaia–Enceladus; hence, distinguishing them from each other is less straight-
forward and the amount of contamination by thick-disk stars is probably much 
higher. Furthermore, we expect the orbits of some stars in the progenitor of the 
thick disk to have been perturbed so much during the merger35 that they ‘mingle’ 
with those from Gaia–Enceladus.

Extended Data Fig. 1c shows the z-direction angular momentum as a function 
of the cylindrical radius of the stellar particles, as obtained from a simulation of 
the merger of a pre-existing disk and a massive satellite18,36 (as in Fig. 1b). This 
example corresponds to the simulation of a disk with mass M* = 1.2 × 1010M and 
a satellite with mass M*,sat = 2.4 × 109M at redshift z = 1. Because of the lower 
host mass used in this simulation (compared to the present-day mass of the Milky 
Way), the spatial scales and velocities are typically smaller than the data. Therefore, 
in the simulations we consider as the solar vicinity a volume centred at 

= .R R2 4sim
thick
final , where the final thick-disk scale-length in the simulation is18 

= .R 2 26 kpcthick
final . We also scale the positions by / = . R R 1 5sim  and the velocities 

by /v vthick, thick
final,sim, where = −

v 173 km sthick,
1 is the rotational velocity of the thick  

disk near the Sun37 and vthick
final,sim is that at R sim in the simulation. Extended Data 

Fig. 1c shows that, as in the data, the separation between accreted and host disk 
stars is less clear for small radii.

For the data of Fig. 2a, we cross-match the catalogues of Gaia DR2 and 
APOGEE9,38 DR14 and retain only stars with estimated distances (that is, spec-
trophotometric and trigonometric parallaxes) that are consistent with each other 
at the 2σ level. We also require a relative parallax error of 20%. More than 100,000 

stars within 5 kpc from the Sun satisfy these conditions. The abundances shown 
in Fig. 2 are obtained from the ASCAP pipeline39.

The established presence of a parallax zero-point offset in the Gaia data40 
is partly (if not only) due to a degeneracy between the parallax and the basic- 
angle variation of the Gaia satellite41. Its amplitude varies with the location in the 
sky34,40 and is on average −0.029 mas, with a root-mean-square error of about 
0.03 mas27,40. Such variations make it very difficult to perform a correction a  
posteriori for the full Gaia DR2 dataset (although the parallax zero-point offset is 
expected to be smaller than for Gaia DR3). The discovery and characterization of 
Gaia–Enceladus was done using stars with parallaxes ϖ > 0.4 mas in Fig. 1 and for 
stars with ϖ > 0.2 mas from the cross-match of Gaia and APOGEE in Fig. 2. We 
therefore expect the derived kinematic and dynamical quantities for these subsets 
to be largely unaffected by the systematic parallax error. However, for Figs. 3, 4, we 
selected stars on the basis of their Lz, although we focused on properties that are 
independent of the parallax, such as the position in the sky and proper motions. 
Nonetheless, to establish how important the parallax zero-point offset is for the 
selection via Lz, we perform the following test.

We use the Gaia Universe Model Snapshot (GUMS) model v18.0.042 and 
select stars according to the following criteria: apparent magnitude in the 
Gaia G band 6 ≤ G ≤ 13, surface gravity 0.2 ≤ log(g) ≤ 5 and effective temper-
ature 3,000 K ≤ Teff ≤ 9,000 K. This selection leads to a total of 7,403,454 stars 
distributed across all Galactic components. For these stars we compute the 
error-free velocities and Lz and convolve their true parallax with a Gaussian 
with a dispersion that depends on the magnitude of the star (see https://www.
cosmos.esa.int/web/gaia/science-performance, where the end-of-mission 
uncertainties have been scaled to account for the shorter timespan of DR2). 
The parallax is reconvolved with a Gaussian with a mean of −0.029 mas and 
a dispersion of 0.030 mas. Using these observed parallaxes, we compute the 
‘observed’ velocities and Lz.

We find that for measured distances smaller than 5 kpc there is no shift in the 
derived Lz, whereas for a shell between 5 kpc and 7.5 kpc the median amplitude of 
the shift is about −50 kpc km s−1, making the observed Lz more retrograde. For 
a shell between 9 kpc and 10 kpc, the median shift is small and has an amplitude 
of 20 kpc km s−1, which presumably reflects that at such large distances, random 
errors dominate in the measurements of individual stars. The results are shown 
in Extended Data Fig. 2a, where we plot the difference between the true (initial) 
and ‘measured’ distributions of Lz for stars ‘observed’ at distances between 5 kpc 
and 10 kpc for l = (−60°,−20°). Extended Data Fig. 2b shows the distribution of 
the mean value of this difference over the whole sky. Although the figure reveals 
certain patterns, these are different from those seen in Fig. 3. As stated in the main 
paper, the lack of distant stars in the regions outside the contours of Fig. 4 is the 
result of a quality cut in the relative parallax error of 20%. This selection criterion 
allows for parallax errors in the range 0.02–0.04 mas for the most distant stars 
(with 0.1 mas < ϖ < 0.2 mas); such errors are only reached in those regions of the 
sky that have been surveyed more frequently by Gaia, such as around the ecliptic 
poles. The Gaia RR Lyrae stars associated with Gaia–Enceladus also suffer from 
this effect because a lower number of visits leads to more difficult identification 
and hence to lower levels of statistical completeness26.
Random sets and importance of features. To understand how different the 
dynamical properties of the Gaia 6D dataset are in comparison with a smooth 
distribution, we plot the distribution of velocities in Extended Data Fig. 3a and of 
E–Lz in Extended Data Fig. 3b for randomized datasets. These smooth datasets 
have been obtained from the Gaia data shown in Fig. 1a and in Extended Data 
Fig. 1a, respectively, by re-shuffling the velocities. That is, to each star, we assign 
randomly the velocity components Vy and Vz of two other stars in the sample. 
This results in distributions with the same one-dimensional velocity distributions 
as the original data, but without any correlations or lumpiness. The comparison 
of Fig. 1a with Extended Data Fig. 3a shows that the distribution in the random 
dataset is indeed much smoother than the data and that the overall velocity 
dispersion in the y direction increases because there is no longer a clear sepa-
ration between the region occupied by Gaia–Enceladus and by the thick disk. 
The comparison of Fig. 1b with Extended Data Fig. 3b is even more revealing 
and clearly shows that the structure defined in E–Lz by Gaia–Enceladus stars 
has effectively disappeared in the randomized dataset. Similar conclusions are 
reached when, instead of using a reshuffled dataset, we compare the distributions 
with those in the GUMS model.

Figure 4 shows the radial velocities and proper motions (corrected for the solar 
and local-standard-of-rest motions) for stars with 0.1 mas < ϖ < 0.2 mas and 
−1,500 kpc km s−1 < Lz < 150 kpc km s−1. These stars are potential members of 
Gaia–Enceladus, although, as discussed earlier, contamination by thick-disk stars 
becomes more important for large distances towards the inner Galaxy. The arrows 
that depict the proper motions suggest that stars that are close by in the sky move 
in similar directions. We establish here whether this is statistically significant by 
comparing the data with a mock dataset.

© 2018 Springer Nature Limited. All rights reserved.
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The mock dataset uses the measured positions of the stars that are plotted in 
Fig. 4, but with their velocities generated randomly according to a multivariate 
Gaussian distribution with dispersions of 141, 78 and 94 km s−1 in VR, Vφ and Vz, 
respectively43, where φ is the azimuth angle in the disk plane. During the genera-
tion of the mock dataset, we only keep star velocities that satisfy −1,500 kpc km s−1  
< Lz < 150 kpc km s−1, as in the real data. To quantify the degree of coherence in 
the proper motions of neighbouring stars in the sky, we perform the following test. 
For each star, we find its nearest neighbour in the sky and then determine the angle 
between their proper-motion vectors. We then count the number of such pairs 
with a given angle. Extended Data Fig. 4 shows the distribution of these pairs for 
the Gaia subsample (blue) and for the mock dataset (red). There is a clear excess 
of pairs of stars with similar directions of motion in the data in comparison with 
the mock dataset.
Context and link with other substructures. Hints of the presence of a popu-
lation like Gaia–Enceladus have been reported in the literature in the last two 
decades and have been typically based on small samples of stars. These hints 
were of a chemo-dynamical nature6,8,44 and sometimes attributed to accretion5,45, 
but also based purely on chemical signatures, such as the α-poor sequence7,19. 
More recently, cross-matches to the first data release of the Gaia mission46 also 
revealed the contrast between the metal-rich population, which is supported 
by prograde rotation and associated with the tail of the thick disk47, and the 
metal-poor halo, which we have identified as Gaia–Enceladus. Furthermore, in 
one study13 the difference in the kinematics of these two populations, as well 
as the measurement of a very radially biased velocity ellipsoid for halo stars 
with [Fe/H] > −1.7, led to the proposal that this population (which was termed 
‘Gaia sausage’) could be the result of a substantial merger. Although this could 
be also attributed to an in situ formation via a radial collapse, this hypothesis 
is further supported by the orbits of the stars in the population, leading to a 
break in the halo density profile at about 20 kpc48. All of these pieces of evi-
dence together outline the case for the discovery and detailed characterization 
of Gaia–Enceladus reported here.

The more distant Gaia–Enceladus debris occupies large portions of the sky that 
are not extensively covered by other existing surveys. There is however a recent 
detection of an overdensity identified by the PanSTARRS and the WISE surveys 
with the help of Gaia proper motions49, which overlaps with the northern part 
of the more distant Gaia–Enceladus stars for −2 mas yr−1 < μα < −1 mas yr−1 
and −1 mas yr−1 < μδ < 0 mas yr−1 and partly (but not fully because of the 
PanSTARRS footprint) with the southern part for 0 mas yr−1 < μα < 1 mas yr−1 
and −3 mas yr−1 < μδ <−1 mas yr−1. There could be also a relationship with 
the Hercules Aquila Cloud50 identified in SDSS data, although this appears to be 
offset both in the northern and southern hemispheres and is located at a larger 
distance. The location of intermediate-distance Gaia–Enceladus stars in the sky 
seems to overlap with the Hercules thick-disk cloud51, especially in the fourth 
Galactic quadrant below the Galactic plane.

Data availability
All data generated and analysed in this study are provided as Source Data or 
Supplementary Data.
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Extended Data Fig. 1 | Slices of phase space used to isolate Gaia–
Enceladus stars. a, Energy E versus angular momentum Lz for stars in 
the 6D Gaia dataset that satisfy the quality criteria described in the text, 
with ϖ > 0.2 mas (5 kpc from the Sun) and |V − VLSR| > 210 km s−1. 
The dashed lines indicate the criteria used to select Gaia–Enceladus 
stars, namely, −1,500 kpc km s−1 < Lz < 150 kpc km s−1 and 
E > −1.8 × 105 km2 s−2. These criteria follow roughly the structure’s shape 
(for comparison, see Extended Data Fig. 3b) but are slightly conservative 
for the upper limit of Lz to prevent too much contamination by the thick 
disk. However, small shifts—such as those obtained by considering an 
upper limit of 250 kpc km s−1 or a lower limit of −750 kpc km s−1 for Lz, 
or E > −2 × 105 km2 s−2—do not result in drastic changes to the results 

presented in the paper. The colour scale indicates the logarithm of the 
counts in the bins, with red corresponding to the highest number of 
counts, yellow and blue to 1/6th and 1/30th of this value, respectively, and 
purple to empty bins. b, Angular momentum Lz versus the Galactocentric 
distance R for all stars in the 6D Gaia with ϖ > 0.2 mas. The black points 
are the halo-star sample shown in a. c, Same as b, but for star particles in 
the merger simulation18 shown in Fig. 1b. Blue points correspond to stars 
from the satellite and grey points to the host disk, and the positions and 
velocities have been scaled as described in the text. In this figure, E, Lz 
and R have been scaled by the energy (Esun = −1.63 × 105 km2 s−2 in the 
Galactic potential used), angular momentum (Lz,sun = 1,902.4 kpc km s−1) 
and Galactocentric distance (Rsun = 8.2 kpc) of the Sun, respectively.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 2 | Effect of a zero-point offset in the parallax on 
Lz. a, Distribution of the difference between the initial (Lz(init)) and 
‘measured’ (Lz(obs); after error convolution) z-angular momentum for 

stars from the GUMS model with ‘measured’ distances between 5 and 
10 kpc and with galactic longitude l = (−60°, −20°). b, Mean value of the 
difference over the full sky.
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Extended Data Fig. 3 | Dynamical properties of stars for a smooth 
dataset. a, b, Velocity (a) and E–Lz (b) distribution, for a dataset obtained 
by reshuffling the velocities of the stars plotted in Fig. 1a and in Extended 
Data Fig. 1a, respectively. Visual comparison to those figures shows that 
these random sets are less clumped than the observed distributions of the 

Gaia halo stars. Lz and E in b are scaled as in Extended Data Fig. 1, and the 
colour scale indicates the logarithm of the counts in the bins, with dark red 
corresponding to the highest number of counts, yellow and blue to 1/5th 
and 1/15th of this value, respectively, and purple to empty bins.

© 2018 Springer Nature Limited. All rights reserved.



LetterreSeArCH

Extended Data Fig. 4 | Distribution of angles between proper-
motion vectors for neighbouring stars in the sky. The blue and red 
histograms correspond to Gaia–Enceladus stars and a mock dataset, 
respectively. This mock dataset uses the positions of the stars in 
Gaia–Enceladus, but velocities generated randomly according to 
a multivariate Gaussian distribution43; only velocities that satisfy 

−1,500 kpc km s−1 < Lz < 150 kpc km s−1 are kept in the mock dataset, as 
in the real data. For each star, we find its nearest neighbour in the sky and 
then determine the angle ∆θ between their proper-motion vectors for the 
data and for the mock dataset. We then count the number of such pairs 
with a given angle ∆θ.

© 2018 Springer Nature Limited. All rights reserved.
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