
Using the local escape 
velocity to determine the 

mass of the Milky Way

APPLICATION OF METHOD

Our observed sample of high velocity stars utilises the RAVE survey (www.rave-
survey.org), which is an ambitious project to measure radial velocities and stellar 
parameters for up to a million stars in the Southern hemisphere. The catalogue 
already contains over 100,000 stars; clearly, with such a vast number of high 
precision radial velocities, the RAVE survey will enable us to determine vesc to 
unprecedented accuracy. In order to improve our statistics we incorporate two 
archival datasets (Beers et al. 2000; Nordström et al. 2004). Our final sample 
contains 37 stars with radial velocities greater than 300 km/s (Fig. 2), which is a 
huge improvement on previous studies. After applying the above Baysean analysis 
we obtain the results shown in Fig. 3. We find 497 < vesc < 612 km/s (90%).

MOTIVATION

The existence of a dark halo around the Milky Way has been known for many 
years, but the question of how this halo is composed is a significant issue in 
astronomy. One vital tool which can be used to tackle this problem is the escape 
speed (vesc), i.e. the velocity that a star requires to escape the local gravitational 
field of the Milky Way. If we are able to determine vesc at the solar neighbourhood 
we can obtain important constraints on the extent of the dark halo.

ANALYSIS TECHNIQUES

But how do we constrain vesc given a sample of stellar velocities? Following the 
seminal work of Leonard & Tremaine (1990) we note that asymptotically the 
distribution function should follow εk as ε → 0, where the energy (ε) is simply the 
sum of the kinetic energy and the potential energy (given by vesc). Therefore we 
can obtain the expected velocity distribution as a function of two parameters, k 
and vesc. Using Bayesian analysis we can constrain k and vesc for a sample of 
observed velocities. 

However, what do we know about the parameter k? This represents the 'shape' of 
the distribution function, e.g. k ~ 2.5 (Hernquist profile), k ~ 1.5 (for violent 
relaxation). Ideally we would like to simultaneously constrain both k and vesc, but 
we  do not posses enough high-velocity stars to do this at present.
 
We overcome this problem by analysing a suite of 4 cosmological simulations 
(Abadi et al. 2006). While the dark matter particles take values of k similar to the 
above predictions, the stellar particles take larger values (see Fig. 1). Therefore 
previous studies, which have adopted low values for k, may be introducing a bias 
into their vesc constraints. For our work we adopt a uniform prior on kε(2.2, 4.2).

The RAdial Velocity Experiment (RAVE) is currently measuring radial velocities, metallicities and abundance ratios for many thousands 
of stars in the southern hemisphere. We analyse the high velocity RAVE stars in order to better constrain the local Galactic escape speed. 

By inspecting cosmological simulations we show that previous analyses may be subject to bias due to the underlying assumptions 
regarding the shape of the tail of the velocity distribution. We conclude that 497 < vesc < 612 km/s (90% confidence). This measurement of 

the local escape velocity pins down the potential at the solar radius and can be used to provide an estimate of the total halo mass. 
Although this procedure is model dependent, we find that there is good agreement between various halo models with values ranging 

between                                           and                                           (90% confidence).
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velocity varies as a function of the radius of the ‘solar neighbour-
hood’ spheres. We find that for larger spheres the escape velocity
is slightly over-estimated: the error in vesc is ! 15 per cent for all
radii up to 5 kpc, with an error of ! 10 per cent for radii of less
than 4 kpc. This over-estimation is probably due to the fact that
larger volumes include stars that probe regions of higher vesc and
hence result in larger estimates for vesc. It should also be noted that
in reality this over-estimation could be smaller since only a small
proportion of our sample of observed stars will probe such large
distances, whereas these simulated samples do not incorporate any
such distance effects (i.e. the probability of selecting a simulated
star is independent of its distance).

6.3 Unbound stars

One obvious deficiency of the analysis presented in Section 2 is
that it requires all stars in our sample to be bound to the Galaxy. It
is clear that the presence of any unbound stars would invalidate our
results, although the bootstrap technique should reduce our sensi-
tivity to any spurious datapoints. There are currently five known
‘hyper-velocity’, probably unbound, stars in our Galaxy (Brown
et al. 2006). The Galactic standard of rest frame radial velocities
computed for these stars range from ∼ 550 km s−1 to ∼ 720 km s−1.
The first few were found serendipitously while the most recent
were found by a targeted survey of faint early-type stars (Brown
et al. 2006); indeed all the hyper-velocity stars are of early spec-
tral type, not all main sequence. It is suggested that such high
velocities may originate from encounters with the massive black
hole at the Galactic centre. However, Yu & Tremaine (2003) found
that the numbers of hyper-velocity stars produced would be about
10−5yr−1. That would give about 105 stars in total, assuming a long-
lived black hole, which suggests that hyper-velocity stars are very
rare. Furthermore, they found that the number of lower velocity
‘high-velocity’ stars expected is even smaller. Although such ob-
jects should be rare, and hence the chance of one appearing in our
catalogue is small, this can nevertheless not be ruled out entirely.
There is one simple test one can apply to investigate this issue; if
one can obtain the full 3 dimensional velocities for the fastest stars,
then it can be ascertained whether their direction of motion is con-
sistent with that of an object ejected from the centre of the Galaxy.
However, this method could fail if the unbound star(s) originate
from different circumstances, such as stars which are bound to the
local group but unbound with respect to our Galaxy.

One final point to note is that given the consistence between
our constraints on vesc with other independent methods for estimat-
ing the mass of the Galaxy, the presence of any unbound stars in
our sample seems to be an unlikely scenario.

6.4 The mass and extent of the Galactic halo

The escape velocity can be used as a powerful tool to probe the
mass distribution in the Galaxy. Our constraints on vesc allow us to
constrain the halo potential at the Solar radius,

Φtotal(r#) = −v2
esc/2. (13)

In this section we will use vesc to constrain the total mass of the
halo. However, before undertaking any detailed calculations, one
obtain a qualitative understanding of the situation from the simple
relation (see, for example, equation 22-2 of Binney & Tremaine
[1987]),

v2
esc = 2 v2

circ + 8πG
∫ ∞

r#
ρ(r) r dr (14)

where vcirc is the circular velocity at the Solar radius. The fact that
our measured value of v2

esc is significantly greater than 2v2
circ shows

that the second term in equation (14) cannot be small, i.e. there
must be a significant amount of mass exterior to the Solar circle.
This simple argument convincingly demonstrates the presence of a
dark halo in the Galaxy.

Another simple calculation that can be made is the extent of
an isothermal halo that has a constant vcirc out to a truncation radius
rcut. For this elementary model we find that,

rcut = r# exp
[

v2
esc

2v2
circ

− 1
]
. (15)

Our measured value of vesc (vesc ≈ 546 km s−1) corresponds to a
truncation radius of rcut ≈ 71 kpc.

The above simple arguments demonstrate the existence of a
dark halo, but we now undertake a more detailed calculation in or-
der to constrain the total mass of the halo. To do this we first need
a model for the baryonic contribution to the total potential from
the bulge and disc of the Galaxy. We adopt a spherical Hernquist
(1990) bulge with mass 2 × 1010M# and core radius 0.6 kpc, and a
Miyamoto & Nagai (1975) disc with mass 6× 1010M#, scalelength
3.5 kpc and scaleheight 0.3 kpc. The halo potential is then simply,

Φhalo = Φtotal − Φbulge − Φdisc. (16)

When Φhalo is combined with a halo profile it is possible to
probe the total halo mass. One popular profile is the NFW halo
(Navarro et al. 1997). It can be shown that the radial potential for
an NFW density profile can be expressed as (Wechsler et al. 2002),

ΦNFW(r) = −
4πGρsr3

vir

c3r
ln(1 +

cr
rvir

), (17)

where c is a concentration parameter (c) equal to the ratio of the
virial radius to the scale radius, and ρs is a characteristic density
given by (e.g. Klypin, Zhao & Somerville 2002),

ρs =
ρcrΩ0δth

3
c3

ln(1 + c) − c/(1 + c)
, (18)

where ρcr = 3H2/8πG is the critical density of the universe, Ω0 is
the contribution of matter to the critical density and δth is the critical
overdensity at virilisation. The virial mass can then be determined
from the virial radius (e.g. Klypin et al. 2002),

Mvir =
4π
3
ρcrΩ0δthr3

vir. (19)

If we take the solar radius to be 8.5 kpc, Ω0 = 0.3, δth = 340,
H = 65 km s−1 Mpc−1, and enforce the circular velocity at the solar
radius to be 220 km s−1, our 90 per cent confidence constraint on
the escape velocity (equation 11) allow us to obtain the following
constraints on the virial radius, mass and concentration parameter
for the Milky Way,

Mvir = 1.01+0.70
−0.37 × 1012 M#,

rvir = 272.2+52.2
−38.4 kpc,

c = 17.1+4.3
−3.5.

It is worth noting that these constraints have little dependence on
the adopted value for the solar radius; taking a value of 8 kpc will
change the limits by less than 5 per cent.

One common variation of this classical NFW model is to ac-
count for the adiabatic contraction of the dark matter halo due
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to the presence of the baryons in the disc and bulge (Mo, Mao
& White 1998). The resulting halo profile contains more matter
in the inner parts of the galaxy, and so we amend our disc and
bulge profiles accordingly; our bulge is chosen to have a mass of
1 × 1010M" and core radius 0.6 kpc, while our disc now has a total
mass of 4× 1010M", scalelength 5 kpc. These values are somewhat
smaller than those used for the un-contracted halo, but are consis-
tent with the derived parameters of Klypin et al. (2002). We also
use a slightly different disc model, namely an exponential model.
The resulting constraints on the virial mass, radius and concentra-
tion are,

Mvir = 1.45+1.08
−0.52 × 1012 M",

rvir = 307.4+62.5
−42.9 kpc,

c = 10.8+3.5
−2.6.

It is possible to work out similar constraints for other halo
models. For example, one can take the model of Wilkinson & Evans
(1999), which has a flat rotation curve in the inner regions and a
sharp fall off in density beyond an outer edge. For this halo profile
the total halo mass is given by,

Mtot =
v2

esc

2G
aWE



ln




√
r2 + a2

WE + aWE

r"







−1

, (20)

where aWE is the scalelength. We again find a significant amount
of mass interior to the solar circle and so retain the bulge model
defined in the preceding paragraph and use a Miyamoto & Nagai
(1975) disc of mass 4 × 1010M" with scalelength 5 kpc and scale-
height 0.3 kpc. By enforcing the circular velocity to be 220 km s−1

we can use this model to obtain the following 90 per cent confi-
dence constraints,

Mtot = 1.40+3.01
−0.73 × 1012 M".

aWE = 176.6+380.6
−92.4 kpc,

It is clear that our constraints on the halo mass are consistent
with previous estimates; within the last ten years estimates tend
to lie in the range 1 − 2 × 1012M" (see Section 1), which is fully
consistent with our findings. It is also important to note that our
constraints are relatively model independent, with only small dif-
ferences between the mass estimates for our three halo profiles.

Given these halo model we can also estimate the maximum
Galactic radius that our fastest RAVE star will reach, i.e. the dis-
tance of the star from the Galactic centre when it is at the apocentre
of its orbit (rapo). From Table 3 we can see that the fastest star is
C1519196-191359, which has a Galactic standard of rest frame ra-
dial velocity of −449.3 km s−1. To calculate rapo we simply equate
the current energy of the star with the energy it will have at rapo. If
we assume that the star’s kinetic energy is dominated by the radial
component, we can calculate its current energy E(r") as the sum of
the kinetic and potential energy,

E(r") = v2
r /2 − v2

esc/2. (21)

At apocentre, the kinetic energy of the star will be solely due to the
angular momentum, which (owing to the fact that this is conserved)
can be evaluated using the cross product of its present position and
velocity,

L =




8.5 kpc
0
0


 ×



−vrcos b cos l
vrcos b sin l

vrsin b


 , (22)

which requires the additional assumption that the distance of the
star from the Sun is small. Thus, the total energy at apocentre is
simply,

E(rapo) =
L2

2r2
apo
+ Φ(rapo). (23)

Equations (21) and (23) can be solved using any of the models for
the potential described above. For the median value of vesc deter-
mined in Section 5.1, namely vesc = 545.8 km s−1, we find that
rapo ≈ 97 kpc for our uncontracted NFW halo model. Since this
calculation assumes that there is no tangential velocity, it is actu-
ally a lower-limit for rapo; for example, if the star has a tangential
velocity of 100 km s−1 then rapo increases to ∼ 116 kpc. This large
value for rapo is important since it disfavours Galactic models that
have a truncated stellar halo. Our results therefore contradict cer-
tain previous studies, such as Ivezić et al. (2000) who argued that
the stellar halo, as traced by RR Lyrae stars, exhibits a sharp trun-
cation around 50 − −60 kpc.

6.5 Future possibilities

By the time the RAVE survey concludes in 2010, it is intended that
the catalogue will contain up to one million stars. If we assume
that the rate of detecting high velocity stars is unchanged for the
rest of the survey, this would result in a final sample of ∼ 200 stars
with radial velocities greater than 300 km s−1. Even with such large
sample sizes it will not be possible to simultaneously constrain both
vesc and k if we retain the same vmin and apply the likelihood method
described in Section 5.1. This highlights the importance of under-
standing the expected shape of the velocity distribution and the na-
ture of k (Section 3.1).

In future it will be possible to incorporate the RAVE metal-
licities into our analysis, which we can use to minimize thin disc
contamination and reduce thick disc contamination; the thick disc
cannot be eliminated entirely based on metallicities due to the fact
that the ‘metal-weak thick disk’ (e.g. Chiba & Beers 2002) over-
laps with the halo metallicity distribution. Gravity determinations,
plus the metallicities, will allow robust distance determinations and
enable the use of tangential velocities in the analysis. Reducing the
contribution from the disks will significantly aid the analysis since
a high value of vmin will no longer be required to remove disc stars
(see Section 3.2). The resulting increase in sample size may well
enable improved joint constraints to be placed on vesc and k; for ex-
ample, if we again assume the same rate of detection of the fastest
RAVE stars and we also assume that the radial velocity distribution
of halo stars is given by equation (7) with our peak likelihood val-
ues from Section 5, a final RAVE sample could contain ∼ 500 halo
stars with vr > 250 km s−1.

7 CONCLUSION

In this work we have reported new constraints on the local escape
speed of our Galaxy. We argued that the choice of prior on k may
have been incorrectly estimated in previous work and deduced a
different range for this prior (see Section 3.1). We then applied this
to a catalogue of radial velocities from the RAVE collaboration,
augmented with additional stars from the existing surveys of Beers
et al. (2000) and Nordström et al. (2004). Our results provide a 90
per cent confidence interval of 497 km s−1 < vesc < 612 km s−1,
with a median likelihood of vesc = 546 km s−1. Furthermore, we
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Fig. 1
The probability distribution for 
the parameter k, as predicted 
from cosmological simulations 
(Abadi et al. 2006). While the 
value of k for the dark matter 
particles follows the expected 
trends (i.e. kε[0.5,2.5]), the 

behaviour of the stellar particles 
shows a clear offset. It is 

important that this information is 
incorporated into the adopted 

prior for k.
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Fig. 2
The cumulative radial velocity 

distribution of our final dataset of 
37 high-velocity stars. The red 
curve denotes the best fit from 

our likelihood analysis (see 
Application of Method). The 

inset shows the radial velocity of 
RAVE stars as a function of 

Galactic longitude. Note how the 
signature of the disc is clearly 
visible. The red crosses denote 
the RAVE stars in our high-
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THE MASS OF THE MILKY WAY

What can we learn from this value of vesc? One can immediately see that vesc is 
considerably greater then √2 times vcirc, which implies that there must be a 
significant amount of mass exterior to the solar circle. Another simple test one can 
perform is to model the mass distribution of the Milky Way as a truncated 
isothermal profile; from this we deduce a truncation radius of 71 kpc.

These simple arguments convincingly demonstrate the existence of a dark halo, but 
to obtain further precision requires slightly more detailed modelling. We do this by 
taking three popular halo profiles and include the distributions of baryons in the 
disc and bulge. We find the following 90% confidence constraints, 

NFW halo:

NFW incorporating adiabatic contraction: 

Wilkinson & Evans (1999) halo: 

CONCLUSIONS

We have presented dramatically improved constraints for the local escape velocity. 
By 2010, the RAVE survey will have ~106 stars. The expected number of high 
velocity stars (~300 with vr > 300 km/s) will enable a precise determination of vesc. 
In the pre-GAIA era, the RAVE survey will provide an invaluable resource for 
scientists wishing to understand our Galaxy. 
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velocity varies as a function of the radius of the ‘solar neighbour-
hood’ spheres. We find that for larger spheres the escape velocity
is slightly over-estimated: the error in vesc is ! 15 per cent for all
radii up to 5 kpc, with an error of ! 10 per cent for radii of less
than 4 kpc. This over-estimation is probably due to the fact that
larger volumes include stars that probe regions of higher vesc and
hence result in larger estimates for vesc. It should also be noted that
in reality this over-estimation could be smaller since only a small
proportion of our sample of observed stars will probe such large
distances, whereas these simulated samples do not incorporate any
such distance effects (i.e. the probability of selecting a simulated
star is independent of its distance).

6.3 Unbound stars

One obvious deficiency of the analysis presented in Section 2 is
that it requires all stars in our sample to be bound to the Galaxy. It
is clear that the presence of any unbound stars would invalidate our
results, although the bootstrap technique should reduce our sensi-
tivity to any spurious datapoints. There are currently five known
‘hyper-velocity’, probably unbound, stars in our Galaxy (Brown
et al. 2006). The Galactic standard of rest frame radial velocities
computed for these stars range from ∼ 550 km s−1 to ∼ 720 km s−1.
The first few were found serendipitously while the most recent
were found by a targeted survey of faint early-type stars (Brown
et al. 2006); indeed all the hyper-velocity stars are of early spec-
tral type, not all main sequence. It is suggested that such high
velocities may originate from encounters with the massive black
hole at the Galactic centre. However, Yu & Tremaine (2003) found
that the numbers of hyper-velocity stars produced would be about
10−5yr−1. That would give about 105 stars in total, assuming a long-
lived black hole, which suggests that hyper-velocity stars are very
rare. Furthermore, they found that the number of lower velocity
‘high-velocity’ stars expected is even smaller. Although such ob-
jects should be rare, and hence the chance of one appearing in our
catalogue is small, this can nevertheless not be ruled out entirely.
There is one simple test one can apply to investigate this issue; if
one can obtain the full 3 dimensional velocities for the fastest stars,
then it can be ascertained whether their direction of motion is con-
sistent with that of an object ejected from the centre of the Galaxy.
However, this method could fail if the unbound star(s) originate
from different circumstances, such as stars which are bound to the
local group but unbound with respect to our Galaxy.

One final point to note is that given the consistence between
our constraints on vesc with other independent methods for estimat-
ing the mass of the Galaxy, the presence of any unbound stars in
our sample seems to be an unlikely scenario.

6.4 The mass and extent of the Galactic halo

The escape velocity can be used as a powerful tool to probe the
mass distribution in the Galaxy. Our constraints on vesc allow us to
constrain the halo potential at the Solar radius,

Φtotal(r#) = −v2
esc/2. (13)

In this section we will use vesc to constrain the total mass of the
halo. However, before undertaking any detailed calculations, one
obtain a qualitative understanding of the situation from the simple
relation (see, for example, equation 22-2 of Binney & Tremaine
[1987]),

v2
esc = 2 v2

circ + 8πG
∫ ∞

r#
ρ(r) r dr (14)

where vcirc is the circular velocity at the Solar radius. The fact that
our measured value of v2

esc is significantly greater than 2v2
circ shows

that the second term in equation (14) cannot be small, i.e. there
must be a significant amount of mass exterior to the Solar circle.
This simple argument convincingly demonstrates the presence of a
dark halo in the Galaxy.

Another simple calculation that can be made is the extent of
an isothermal halo that has a constant vcirc out to a truncation radius
rcut. For this elementary model we find that,

rcut = r# exp
[

v2
esc

2v2
circ

− 1
]
. (15)

Our measured value of vesc (vesc ≈ 546 km s−1) corresponds to a
truncation radius of rcut ≈ 71 kpc.

The above simple arguments demonstrate the existence of a
dark halo, but we now undertake a more detailed calculation in or-
der to constrain the total mass of the halo. To do this we first need
a model for the baryonic contribution to the total potential from
the bulge and disc of the Galaxy. We adopt a spherical Hernquist
(1990) bulge with mass 2 × 1010M# and core radius 0.6 kpc, and a
Miyamoto & Nagai (1975) disc with mass 6× 1010M#, scalelength
3.5 kpc and scaleheight 0.3 kpc. The halo potential is then simply,

Φhalo = Φtotal − Φbulge − Φdisc. (16)

When Φhalo is combined with a halo profile it is possible to
probe the total halo mass. One popular profile is the NFW halo
(Navarro et al. 1997). It can be shown that the radial potential for
an NFW density profile can be expressed as (Wechsler et al. 2002),

ΦNFW(r) = −
4πGρsr3

vir

c3r
ln(1 +

cr
rvir

), (17)

where c is a concentration parameter (c) equal to the ratio of the
virial radius to the scale radius, and ρs is a characteristic density
given by (e.g. Klypin, Zhao & Somerville 2002),

ρs =
ρcrΩ0δth

3
c3

ln(1 + c) − c/(1 + c)
, (18)

where ρcr = 3H2/8πG is the critical density of the universe, Ω0 is
the contribution of matter to the critical density and δth is the critical
overdensity at virilisation. The virial mass can then be determined
from the virial radius (e.g. Klypin et al. 2002),

Mvir =
4π
3
ρcrΩ0δthr3

vir. (19)

If we take the solar radius to be 8.5 kpc, Ω0 = 0.3, δth = 340,
H = 65 km s−1 Mpc−1, and enforce the circular velocity at the solar
radius to be 220 km s−1, our 90 per cent confidence constraint on
the escape velocity (equation 11) allow us to obtain the following
constraints on the virial radius, mass and concentration parameter
for the Milky Way,

Mvir = 1.01+0.70
−0.37 × 1012 M#,

rvir = 272.2+52.2
−38.4 kpc,

c = 17.1+4.3
−3.5.

It is worth noting that these constraints have little dependence on
the adopted value for the solar radius; taking a value of 8 kpc will
change the limits by less than 5 per cent.

One common variation of this classical NFW model is to ac-
count for the adiabatic contraction of the dark matter halo due
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to the presence of the baryons in the disc and bulge (Mo, Mao
& White 1998). The resulting halo profile contains more matter
in the inner parts of the galaxy, and so we amend our disc and
bulge profiles accordingly; our bulge is chosen to have a mass of
1 × 1010M" and core radius 0.6 kpc, while our disc now has a total
mass of 4× 1010M", scalelength 5 kpc. These values are somewhat
smaller than those used for the un-contracted halo, but are consis-
tent with the derived parameters of Klypin et al. (2002). We also
use a slightly different disc model, namely an exponential model.
The resulting constraints on the virial mass, radius and concentra-
tion are,

Mvir = 1.45+1.08
−0.52 × 1012 M",

rvir = 307.4+62.5
−42.9 kpc,

c = 10.8+3.5
−2.6.

It is possible to work out similar constraints for other halo
models. For example, one can take the model of Wilkinson & Evans
(1999), which has a flat rotation curve in the inner regions and a
sharp fall off in density beyond an outer edge. For this halo profile
the total halo mass is given by,

Mtot =
v2

esc

2G
aWE



ln




√
r2 + a2

WE + aWE

r"







−1

, (20)

where aWE is the scalelength. We again find a significant amount
of mass interior to the solar circle and so retain the bulge model
defined in the preceding paragraph and use a Miyamoto & Nagai
(1975) disc of mass 4 × 1010M" with scalelength 5 kpc and scale-
height 0.3 kpc. By enforcing the circular velocity to be 220 km s−1

we can use this model to obtain the following 90 per cent confi-
dence constraints,

Mtot = 1.40+3.01
−0.73 × 1012 M".

aWE = 176.6+380.6
−92.4 kpc,

It is clear that our constraints on the halo mass are consistent
with previous estimates; within the last ten years estimates tend
to lie in the range 1 − 2 × 1012M" (see Section 1), which is fully
consistent with our findings. It is also important to note that our
constraints are relatively model independent, with only small dif-
ferences between the mass estimates for our three halo profiles.

Given these halo model we can also estimate the maximum
Galactic radius that our fastest RAVE star will reach, i.e. the dis-
tance of the star from the Galactic centre when it is at the apocentre
of its orbit (rapo). From Table 3 we can see that the fastest star is
C1519196-191359, which has a Galactic standard of rest frame ra-
dial velocity of −449.3 km s−1. To calculate rapo we simply equate
the current energy of the star with the energy it will have at rapo. If
we assume that the star’s kinetic energy is dominated by the radial
component, we can calculate its current energy E(r") as the sum of
the kinetic and potential energy,

E(r") = v2
r /2 − v2

esc/2. (21)

At apocentre, the kinetic energy of the star will be solely due to the
angular momentum, which (owing to the fact that this is conserved)
can be evaluated using the cross product of its present position and
velocity,

L =




8.5 kpc
0
0


 ×



−vrcos b cos l
vrcos b sin l

vrsin b


 , (22)

which requires the additional assumption that the distance of the
star from the Sun is small. Thus, the total energy at apocentre is
simply,

E(rapo) =
L2

2r2
apo
+ Φ(rapo). (23)

Equations (21) and (23) can be solved using any of the models for
the potential described above. For the median value of vesc deter-
mined in Section 5.1, namely vesc = 545.8 km s−1, we find that
rapo ≈ 97 kpc for our uncontracted NFW halo model. Since this
calculation assumes that there is no tangential velocity, it is actu-
ally a lower-limit for rapo; for example, if the star has a tangential
velocity of 100 km s−1 then rapo increases to ∼ 116 kpc. This large
value for rapo is important since it disfavours Galactic models that
have a truncated stellar halo. Our results therefore contradict cer-
tain previous studies, such as Ivezić et al. (2000) who argued that
the stellar halo, as traced by RR Lyrae stars, exhibits a sharp trun-
cation around 50 − −60 kpc.

6.5 Future possibilities

By the time the RAVE survey concludes in 2010, it is intended that
the catalogue will contain up to one million stars. If we assume
that the rate of detecting high velocity stars is unchanged for the
rest of the survey, this would result in a final sample of ∼ 200 stars
with radial velocities greater than 300 km s−1. Even with such large
sample sizes it will not be possible to simultaneously constrain both
vesc and k if we retain the same vmin and apply the likelihood method
described in Section 5.1. This highlights the importance of under-
standing the expected shape of the velocity distribution and the na-
ture of k (Section 3.1).

In future it will be possible to incorporate the RAVE metal-
licities into our analysis, which we can use to minimize thin disc
contamination and reduce thick disc contamination; the thick disc
cannot be eliminated entirely based on metallicities due to the fact
that the ‘metal-weak thick disk’ (e.g. Chiba & Beers 2002) over-
laps with the halo metallicity distribution. Gravity determinations,
plus the metallicities, will allow robust distance determinations and
enable the use of tangential velocities in the analysis. Reducing the
contribution from the disks will significantly aid the analysis since
a high value of vmin will no longer be required to remove disc stars
(see Section 3.2). The resulting increase in sample size may well
enable improved joint constraints to be placed on vesc and k; for ex-
ample, if we again assume the same rate of detection of the fastest
RAVE stars and we also assume that the radial velocity distribution
of halo stars is given by equation (7) with our peak likelihood val-
ues from Section 5, a final RAVE sample could contain ∼ 500 halo
stars with vr > 250 km s−1.

7 CONCLUSION

In this work we have reported new constraints on the local escape
speed of our Galaxy. We argued that the choice of prior on k may
have been incorrectly estimated in previous work and deduced a
different range for this prior (see Section 3.1). We then applied this
to a catalogue of radial velocities from the RAVE collaboration,
augmented with additional stars from the existing surveys of Beers
et al. (2000) and Nordström et al. (2004). Our results provide a 90
per cent confidence interval of 497 km s−1 < vesc < 612 km s−1,
with a median likelihood of vesc = 546 km s−1. Furthermore, we
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to the presence of the baryons in the disc and bulge (Mo, Mao
& White 1998). The resulting halo profile contains more matter
in the inner parts of the galaxy, and so we amend our disc and
bulge profiles accordingly; our bulge is chosen to have a mass of
1 × 1010M" and core radius 0.6 kpc, while our disc now has a total
mass of 4× 1010M", scalelength 5 kpc. These values are somewhat
smaller than those used for the un-contracted halo, but are consis-
tent with the derived parameters of Klypin et al. (2002). We also
use a slightly different disc model, namely an exponential model.
The resulting constraints on the virial mass, radius and concentra-
tion are,

Mvir = 1.45+1.08
−0.52 × 1012 M",

rvir = 307.4+62.5
−42.9 kpc,

c = 10.8+3.5
−2.6.

It is possible to work out similar constraints for other halo
models. For example, one can take the model of Wilkinson & Evans
(1999), which has a flat rotation curve in the inner regions and a
sharp fall off in density beyond an outer edge. For this halo profile
the total halo mass is given by,

Mtot =
v2

esc

2G
aWE



ln




√
r2 + a2

WE + aWE

r"







−1

, (20)

where aWE is the scalelength. We again find a significant amount
of mass interior to the solar circle and so retain the bulge model
defined in the preceding paragraph and use a Miyamoto & Nagai
(1975) disc of mass 4 × 1010M" with scalelength 5 kpc and scale-
height 0.3 kpc. By enforcing the circular velocity to be 220 km s−1

we can use this model to obtain the following 90 per cent confi-
dence constraints,

Mtot = 1.40+3.01
−0.73 × 1012 M".

aWE = 176.6+380.6
−92.4 kpc,

It is clear that our constraints on the halo mass are consistent
with previous estimates; within the last ten years estimates tend
to lie in the range 1 − 2 × 1012M" (see Section 1), which is fully
consistent with our findings. It is also important to note that our
constraints are relatively model independent, with only small dif-
ferences between the mass estimates for our three halo profiles.

Given these halo model we can also estimate the maximum
Galactic radius that our fastest RAVE star will reach, i.e. the dis-
tance of the star from the Galactic centre when it is at the apocentre
of its orbit (rapo). From Table 3 we can see that the fastest star is
C1519196-191359, which has a Galactic standard of rest frame ra-
dial velocity of −449.3 km s−1. To calculate rapo we simply equate
the current energy of the star with the energy it will have at rapo. If
we assume that the star’s kinetic energy is dominated by the radial
component, we can calculate its current energy E(r") as the sum of
the kinetic and potential energy,

E(r") = v2
r /2 − v2

esc/2. (21)

At apocentre, the kinetic energy of the star will be solely due to the
angular momentum, which (owing to the fact that this is conserved)
can be evaluated using the cross product of its present position and
velocity,
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which requires the additional assumption that the distance of the
star from the Sun is small. Thus, the total energy at apocentre is
simply,

E(rapo) =
L2

2r2
apo
+ Φ(rapo). (23)

Equations (21) and (23) can be solved using any of the models for
the potential described above. For the median value of vesc deter-
mined in Section 5.1, namely vesc = 545.8 km s−1, we find that
rapo ≈ 97 kpc for our uncontracted NFW halo model. Since this
calculation assumes that there is no tangential velocity, it is actu-
ally a lower-limit for rapo; for example, if the star has a tangential
velocity of 100 km s−1 then rapo increases to ∼ 116 kpc. This large
value for rapo is important since it disfavours Galactic models that
have a truncated stellar halo. Our results therefore contradict cer-
tain previous studies, such as Ivezić et al. (2000) who argued that
the stellar halo, as traced by RR Lyrae stars, exhibits a sharp trun-
cation around 50 − −60 kpc.

6.5 Future possibilities

By the time the RAVE survey concludes in 2010, it is intended that
the catalogue will contain up to one million stars. If we assume
that the rate of detecting high velocity stars is unchanged for the
rest of the survey, this would result in a final sample of ∼ 200 stars
with radial velocities greater than 300 km s−1. Even with such large
sample sizes it will not be possible to simultaneously constrain both
vesc and k if we retain the same vmin and apply the likelihood method
described in Section 5.1. This highlights the importance of under-
standing the expected shape of the velocity distribution and the na-
ture of k (Section 3.1).

In future it will be possible to incorporate the RAVE metal-
licities into our analysis, which we can use to minimize thin disc
contamination and reduce thick disc contamination; the thick disc
cannot be eliminated entirely based on metallicities due to the fact
that the ‘metal-weak thick disk’ (e.g. Chiba & Beers 2002) over-
laps with the halo metallicity distribution. Gravity determinations,
plus the metallicities, will allow robust distance determinations and
enable the use of tangential velocities in the analysis. Reducing the
contribution from the disks will significantly aid the analysis since
a high value of vmin will no longer be required to remove disc stars
(see Section 3.2). The resulting increase in sample size may well
enable improved joint constraints to be placed on vesc and k; for ex-
ample, if we again assume the same rate of detection of the fastest
RAVE stars and we also assume that the radial velocity distribution
of halo stars is given by equation (7) with our peak likelihood val-
ues from Section 5, a final RAVE sample could contain ∼ 500 halo
stars with vr > 250 km s−1.

7 CONCLUSION

In this work we have reported new constraints on the local escape
speed of our Galaxy. We argued that the choice of prior on k may
have been incorrectly estimated in previous work and deduced a
different range for this prior (see Section 3.1). We then applied this
to a catalogue of radial velocities from the RAVE collaboration,
augmented with additional stars from the existing surveys of Beers
et al. (2000) and Nordström et al. (2004). Our results provide a 90
per cent confidence interval of 497 km s−1 < vesc < 612 km s−1,
with a median likelihood of vesc = 546 km s−1. Furthermore, we
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Fig. 3
The lower panel shows the joint 

likelihood contours for vesc and k. 
The cross denotes the peak 
likelihood and the contours 

represent 10% and 1% of this 
peak value. We are clearly 

unable to provide joint 
constraints given our small 

sample size, which highlights the 
importance of adopting an 
accurate prior for k. After 

applying our prior for k we 
obtain the constraints on vesc as 
shown in the upper panel. The 

error bar denotes the 90% 
confidence interval.
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