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Fig. 2. Escape speed at different radii r in the Milky Way obtained
with the StarHorse code (black points), and McMillan distances (red
points) and their error bars obtained using the procedure explained in
Section 3.
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The fit was obtained using ve,340 (Φh diverges at infinity) and
imposing that vc(r�) = 240 km s−1. The best fit corresponds to
v0 = 176+22

−22 km s−1 and rc = 4.7+2.1
−3.8 kpc (the error bars are

not shown in Fig. 4). This fit corresponds to a high halo mass
M200 = 1.74+0.72

−0.58×1012 M�, as expected for a pseudo-isothermal
sphere with a density decreasing slowly as r−2 in the outer parts.
We also compared our escape speed curve with the ve,340 values
obtained from the halo model fitting the Milky Way gas dynam-
ics by Englmaier & Gerhard (2006), with v0 = 235 km s−1 and
rc = 10.7 kpc, which gives a too high a value for the escape
speed if no cut-off on the r−2 is applied in the outer halo.

The analysis we performed in Section 4 can also be per-
formed by keeping the exponent k fixed. In this case, a larger ve
is obtained for larger k because of the correlation between these
two parameters, as has been shown by Leonard & Tremaine
(1990). To check that our estimates are consistent with such an
alternative method, we derived ve for a fixed value k = 2.3 and
k = 3.7, the extremes of the k-range used in our marginalisation.
The ve points obtained in this way are either shifted at lower
or higher values, for k = 2.3 and 3.7 respectively, leaving the
global shape of the curve unchanged. Fitting ve,∞ and ve,340 to
these points, we then find models that are safely included within
the error bands on mass and concentration given above.

6. Discussion and conclusions

We have calculated the escape speed curve of the Milky Way in
a wide range of Galactocentric spherical radii using stars from
the second data release of Gaia with line-of-sight velocities. The
distances of these stars were computed using the StarHorse
pipeline, which allows determining accurate and precise dis-
tances even for stars very far from the Sun thanks to its treatment
of the extinction, especially in the central regions of the Galaxy.
We used stars with distance estimates better than 10% at a dis-
tance of less than 6 kpc that are counter-rotating in order to have
a stellar halo sample that is not contaminated by the disc.

In the solar neighbourhood we estimated the escape speed
ve(r�) = 580 ± 63 km s−1 (in 1σ agreement with Williams et al.

2017). The escape speed varies from ∼ 650 km s−1 at ∼ 5 kpc to
∼ 550 km s−1 at 10.5 kpc. The uncertainty in the determination
of ve(r�) is quite large despite the relatively large stellar sample,
mainly because this uncertainty takes into account the errors in
position and velocity of the stars in the analysis, and treats the
possibility that they might be bound or not in the Galactic poten-
tial with a bootstrap technique without excluding stars on arbi-
trary criteria. Moreover, our determination of the escape speed at
the Sun and at other radii in the Galaxy is ‘local’ (i.e. performed
in small radial bins), meaning that the estimates do not require
any velocity rescaling that assumes a Galactic potential a priori
(see P14); this introduces a bias in the result. Our determination
of ve(r�) is slightly larger than but agrees well with what P14
determined based on stars from the RAVE survey, within the er-
ror bars. Our result also agrees with the finding by Hattori et al.
(2018), who reported that the escape speed in the solar neigh-
bourhood is expected to be of the order of ∼ 600 km s−1.

We have modelled the escape speed data points obtained us-
ing simple forms for the Galactic potential, including a fixed disc
and bulge, by fitting a number of observables and a dark halo
specified by the free parameters for the fit. The escape speed can
be interpreted either as the velocity necessary to bring a star to
infinity from a location in the Galaxy, or, more realistically, to
a typical radius very far from the Galactic centre, motivated by
cosmological simulations. The latter is chosen to be 3r340 (as in
P14). In the latter way, and fixing the circular velocity of the
Galaxy at 240 km s−1 at the Sun, M200 = 1.28+0.68

−0.50 × 1012M�.
With this fit imposing the local circular velocity at

240 km s−1 , we find a slightly more concentrated halo than in
ΛCDM simulations. However, when we performed the fit impos-
ing the ΛCDM relation between halo masses and concentrations,
we find a higher halo mass (M200 = 1.55+0.64

−0.51 × 1012 M�), a con-
centration c200 = 7.93+0.33

−0.27 (e.g. Kruijssen et al. 2018), and still
a reasonable circular velocity curve. We also fit models consist-
ing of the same disc and bulge potentials, but including cored
pseudo-isothermal dark halos. In this case, the only interpreta-
tion for the escape velocity is the velocity to bring a star at 3r340,
and we find M200 = 1.74 × 1012 M�, with a large core radius
rc = 4.7 kpc. In the future, we aim to determine whether such a
measurement is compatible with alternative models (e.g. Famaey
et al. 2007)

The high estimated mass of the Milky Way can be compared
with recent estimates of the total mass of the Local Group based
on the timing argument (Peñarrubia et al. 2016), which sets the
total mass to ∼ 2.64+0.42

−0.38 × 1012 M�. The heavy Milky Way im-
plied by our work seems in accordance with recent estimates of
the mass of M31, yielding a lower mass than previously thought
(0.8 ± 0.1 × 1012 M�, Kafle et al. 2018), which leaves room for
an increased Milky Way mass.

A caveat of this work is that the distance determination
for stars using Gaia stellar parameters is still an ongoing pro-
cess, and the distances and velocities of the stars could un-
dergo modifications, especially at large distances (e.g. because
of the magnitude-dependent offset in the Gaia G magnitudes, see
Casagrande & VandenBerg 2018). A dynamical caveat is that the
analysis with which we estimated the escape velocities is based
on distribution functions and assumes phase-mixing for the kine-
matic tail of the stellar halo, which is not guaranteed. However,
the choice of the velocity distribution is motivated by simula-
tions, and the comparison of the derived distribution functions
with the histograms of the velocity distribution of the halo stars
that we performed shows that this description is reasonable. Fi-
nally, the models of the Milky Way potential that we presented
here are rather simple and do not take into account a number of
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