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Abstract The age of the Galactic halo is a critical parameter that can constrain the origin of the stellar halo.
In general, the Galactic stellar halo is believed to be very old. However, different independent measurements
and techniques based on various types of stars are required so that the age estimates of the Galactic halo
are accurate, robust, and reliable. In this work, we provide a novel approach to determine the age of the
halo with turn-off stars. We first carefully select 63 field halo turn-off stars from the literature. Then, we
compare them with the GARSTEC model, which takes the process of atomic diffusion into account in the
B − V vs. metallicity plane. Finally, we run Monte Carlo simulations to consider the uncertainty of the
color index and obtain the age of 10.5 ± 1.5 Gyr. This result is in agreement with previous studies. Future
works are needed to collect more turn-off samples with more accurate photometry to reduce the uncertainty
of the age.
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1 INTRODUCTION

The Milky Way is surrounded by a stellar halo, whose ori-
gin is still not very clear. Two famous hypotheses about the
formation of the halo have been established. Eggen et al.
(1962) claimed that the Galactic halo was formed from a
rapid monolithic collapse, while Searle & Zinn (1978) de-
clared that it was formed via accretion of nearby satellite
galaxies over several Gyr. Recently, Carollo et al. (2007)
argued that the halo is composed of two broadly overlap-
ping structures: the inner and the outer halo. These two
components show distinct density profiles, stellar orbits,
and metallicities. The inner halo dominates the radii only
up to 10–15 kpc, while the outer halo is located beyond
(de Jong et al. 2010). However, this dichotomy scenario
is challenged by Schönrich et al. (2011, 2014), who sug-
gest that it is not true due to systematic bias in distance
estimation. This debate makes it very important that other
parameters, e.g. age, may play a critical role to constrain
the structure and origin of the stellar halo.

Although it is quite difficult to determine the age of
a star, several approaches have been well studied to mea-
sure the age of the stellar halo as a whole. First, globular
clusters can be used as tracers to probe the age of the halo.
In general, the approaches using globular clusters compare
the observed color-magnitude diagram with the theoreti-
cal stellar models or isochrones, assuming that the globu-
lar clusters are simple stellar populations (Searle & Zinn
1978; Chaboyer et al. 1996; Sarajedini 1997). Second,
the relatively more accurate ages can be determined us-

ing the difference in the color between the main sequence
turn-off and the base of the red giant branch (Sarajedini
& Demarque 1990; Vandenberg et al. 1990). Third, other
techniques for the ages of halo stars include measurement
of the abundances of radioactive species, e.g. thorium and
uranium (Frebel et al. 2007). However, the precision of this
method cannot be better than about 2 to 3 billion years,
due to limitations related to the difficulty in measuring the
weak signatures of these elements in stellar spectra, and
incomplete knowledge about the production ratios of such
species in nuclear reactions that involve rapid neutron cap-
ture. Recently, Kalirai (2012) employed a new technique
to determine the age of the halo via the masses of halo
stars that have just turned into white dwarfs. The relation-
ship between the mass and the age was calibrated by com-
paring them with newly formed white dwarfs in globular
cluster Messier 4, which is estimated to have an age of
12.5± 0.5 Gyr (Dotter et al. 2010). Finally, the author ob-
tained that the age of the inner halo is 11.4± 0.7 Gyr.

Finally, theoretical predictions on the relationship be-
tween the age, temperature, composition, distance, and lu-
minosity can place a given star at a unique position in an
observed two dimensional diagram of color versus appar-
ent brightness. This can yield the age of the halo as well
(Holmberg et al. 2009). Jofré & Weiss (2011) used a sim-
ilar technique to determine the age using the temperature
for the main sequence turn-off sample of SDSS DR7 halo
stars identified by using metallicity. They obtained that the
age of the halo is 10–12 Gyr, which agrees with the abso-
lute age of the old globular clusters in the inner halo.
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In this paper we determine the age of the Galactic halo
with field halo main sequence turn-off stars selected from
the Set of Identifications, Measurements, and Bibliography
for Astronomical Data (SIMBAD) archive. Unlike Jofré
& Weiss (2011), the halo membership is determined via
a kinematic method rather than metallicity. The color-
metallicity diagram of the turn-off stars is then used to de-
termine the age. In Section 2, we describe how we choose
the sample from SIMBAD, how to calculate the three-
dimensional (3-D) velocity, and how to discriminate the
halo stars from the phase space. The field halo stars from
our sample are then mapped onto an H-R diagram with
a stellar evolution model so that the turn-off stars can be
identified. In Section 3, we develop the approach to deter-
mine the age of the halo using the selected turn-off stars.
We discuss some issues that may affect the accuracy of
the determination and finally draw a brief conclusion in
Section 4.

2 DATA

2.1 Data Selection from Databases

We select a sample from the SIMBAD database (Wenger
et al. 2000). As of 2014 Dec 3, SIMBAD contains in-
formation about 7 615 021 objects under 18 997 314 dif-
ferent names, with 298 024 bibliographical references and
11 031 086 bibliographic citations. First, we select stars
within a distance of 1 kpc, which is equivalent to having
a parallax of at least 1 mas.

Among them, 36 824 stars with available radial ve-
locity are selected. After excluding those stars with no
proper motion, metallicity, or apparent magnitude B and
V , or their parallax errors are larger than 100%, 36 219
stars are left in the end. It is noted that the parallaxes and
their errors from SIMBAD are all from the Hipparcos cat-
alogue (Perryman et al. 1997), so they are self consistent.
However, other parameters, e.g., proper motions, metallic-
ities, radial velocities, and magnitudes are compiled from
different references and hence may not be self consistent
with each other. Although this may introduce additional
uncertainty or systematic bias into our final result, it is so
far the best sample suitable for the estimation of the age of
the halo we can find from the literature. Gaia (Perryman
et al. 2001) will provide a larger self consistent sample
with parallaxes, proper motions, radial velocities, and stel-
lar atmospheric parameters to higher accuracies, which
would be better data that can improve this work in the fu-
ture.

2.2 Kinematic Identification of the Halo Stars

2.2.1 Stellar kinematics

In order to obtain the field halo stars from the 36 219 stars
in this sample, we first calculate the 3-D heliocentric veloc-
ities for these stars from their positions, parallaxes, proper
motions, and radial velocities. Then we move them to the

Table 1 Characteristic velocity dispersions of the thin disk, thick
disk and halo. X is the observed fraction of the population in
the solar neighborhood. Velocity units are km s−1 (Bensby et al.
2003).

X σU σV σW Vasym

Thin disk 0.94 35 20 16 −15
Thick disk 0.06 67 38 35 −46
Halo 0.0015 160 90 90 −220

frame with respect to the local standard of rest (LSR) so
that the effect of solar motion can be removed.

First, the 3-D heliocentric velocity U , V and W of a
star can be derived from Johnson & Soderblom (1987).




U
V
W


 = B ·




ρ
kµα/π
kµδ/π


 = T ·A ·




ρ
kµα/π
kµδ/π


 , (1)

where k = 4.74057 km s−1 yr, π is the parallax in arcsec,
ρ is the radial velocity in km s−1, and µα and µδ are the
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where the elements in the matrix C are the squares of the
corresponding elements in B; σρ, σπ , σµα , and σµδ

are
uncertainties in the radial velocity, parallax, and proper
motions in right ascension and declination, respectively.
αNGP = 192.25◦ and δNGP = 27.4◦. Then the veloc-
ities derived above need to be shifted from the coordi-
nates with respect to the Sun to the ones with respect to
the LSR. Here we adopt the solar motion of (U¯, V¯,
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W¯) = (+11.1,+12.24,+7.25) km s−1 with respect to
the LSR (Schönrich et al. 2010).

For each star, its (ULSR, VLSR, WLSR) is used to sepa-
rate whether it belongs to the thin disk, thick disk or halo.

2.2.2 Probability of being a halo star

The probability of belonging to the halo, thick disk or thin
disk for a star is calculated assuming that the velocities
(ULSR, VLSR, WLSR) follow a 3-D Gaussian distribution:

Prob = c ·exp
(
− U2

LSR

2σ2
U

− (VLSR − Vasym)2

2σ2
V

−W 2
LSR

2σ2
W

)
,

(5)
where c = (2π)−3/2(σUσV σW )−1 normalizes the expres-
sion. σU , σV and σW are the velocity dispersions in three
dimensions and Vasym is the asymmetric drift, which varies
with different components and is listed in Table 1.

We define the probability ratio of belonging to the
halo as

fhalo =
Probhalo

Probhalo + Probthin + Probthick
. (6)

We classify a star as being a good candidate halo star
when this ratio is larger than 80% and one to be a possi-
ble halo star when it is larger than 60%. This classifica-
tion criterion is verified in the Toomre diagram shown in
Figure 1. It shows that good candidate halo stars (green
crosses) are non-rotating or even have retrograde rotation
with higher kinetic energy in their U and W components,
while the possible halo stars (blue crosses) have moder-
ate rotation. The thick and thin disk stars (red and black
symbols, respectively) have stronger rotation with smaller
velocity dispersion.

2.3 The Halo turn-off Stars as the Age Indicators

In principle, the age of the halo can be determined from
the position of the turn-off halo stars in the H-R diagram.
Therefore, we first select the halo turn-off stars and correct
for interstellar extinction in B − V to move them back to
their intrinsic colors. Then, we can compare the turn-off
position with theoretical isochrones to determine the age
of the halo.

In order to select turn-off stars from the halo star sam-
ple, we plot the data in the B − V vs. absolute magnitude
B diagram, which is equivalent to the H-R diagram, over-
plotted with GARSTEC isochrones (the Garching Stellar
Evolution Code, Weiss & Schlattl 2008) (Fig. 2). The ab-
solute magnitude in B is obtained from their parallax and
apparent magnitude in B by using the equation

MB = mB − log10(1/π) + 5, (7)

where mB is apparent magnitude for the B band, MB the
absolute magnitude for the B band, and π the parallax in
arcsec. Although several types of stars can be identified
from Figure 2, we only concentrate on the turn-off stars.
We define a rectangular region indicated with the magenta

box in Figure 2 to select the turn-off stars. The rectangu-
lar region covers all the minimum values of B − V for the
GARSTEC evolution tracks at Z = 0.0001, 0.001 and 0.004
within tolerance defined by measurement error, which is
0.05 mag and 0.1 mag in color index and absolute magni-
tude, respectively. Most of the turn-off stars, including the
halo turn-off stars, are included in this region with very few
contaminations. Finally, 74 sources are selected from the
box after excluding 30 binary stars according to SIMBAD.

Even for stars located very close to the Sun, inter-
stellar extinction can still slightly redden the color index
and introduce systematic bias into the determination of
age. Because all the turn-off stars selected in this work
are located within a few hundred parsecs, a 3-D extinction
map should be used rather than the total extinction cor-
rection based on either Schlegel et al. (1998) or Schlafly
& Finkbeiner (2011), which are likely to overestimate the
extinction for such nearby stars. Bailer-Jones (2011) in-
troduced a Bayesian method to estimate the intrinsic pa-
rameters of ∼ 47 000 F, G, K Hipparcos stars as well
as their extinction with an accuracy of 0.2 mag. For each
halo turn-off star in our sample, its extinction is deter-
mined by averaging over the stars, which are located within
the 2-degree-radius circle and 50 pc in distance around it,
from the Bailer-Jones catalog. We do not find any stars lo-
cated within the 2-degree circle in the Bailer-Jones cata-
log for nine of the 74 selected halo turn-off stars. Then we
adopt the extinction estimated from Schlafly & Finkbeiner
(2011) for these nine sources. However, three of them have
too large of extinction to be realistic, so we remove them
from our sample and leave 71 sources for the age determi-
nation.

2.4 Blue Straggler Contamination

According to Xin et al. (2007), the study of the properties
of unresolved stellar populations using the evolutionary
population synthesis technique should take the contribu-
tions of blue stragglers into account. Their study suggests
that the contamination of blue straggler stars in the main
sequence turn-off sample selected from Galactic open clus-
ters is about 10%. We assume the same contamination rate
and remove the bluest eight sources (black dots in Fig. 3),
which are much bluer than other sources and are likely to
be blue stragglers. Indeed, compared with the isochrones,
these eight stars are located in the region that is signifi-
cantly bluer than the oldest isochrone. This is obviously
unrealistic, and even the error bars cannot explain why they
are so blue. The remaining 63 stars, marked as magenta
points in Figure 3 are finally used to determine the age.

3 THE AGE OF THE HALO

When using isochrones to determine the age of a normal
star or white dwarf, one is always confronted with the is-
sue of atomic diffusion, which is the effect of the grav-
itational settling of heavy elements (Salaris et al. 2000).
Due to this gravitational settling, the heavy elements in the
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Fig. 1 Selected thin disk, thick disk, possible halo and good halo candidates are plotted in the V+220 km s−1 vs. (U2+W 2)1/2 km s−1

plane. Almost all stars are well distributed under the lower limit of the escape velocity of Milky Way as we expect, except that a few of
them are above the limit or even beyond the upper limit. After further inspection we find three of them are binaries while the others are
high-proper motion stars. Pink circles indicate turn-off stars located between 10 Gyr and 12 Gyr isochrones in Figure 3.
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Fig. 2 B − V vs. absolute magnitude B plot for the good halo star candidates overplotted with GARSTEC evolution tracks at Z =
0.0001, 0.001, and 0.004. The black, green, and blue points represent stars from the thin disk, thick disk, and halo respectively. The
halo stars within the magenta box are considered to be halo turn-off stars.
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Fig. 3 B − V vs. metallicity/solar plot. The selected turn-off stars are overplotted with the GARSTEC isochrones at 10 Gyr, 11 Gyr,
and 12 Gyr. Green bars are the B − V errors. Pink points are the halo turn-off stars, while black points represent the blue straggler
contamination.

Fig. 4 Distribution of metallicity from turn-off halo stars plotted as pink points in Fig. 3. Even though from this plot, there may be
some contamination from the thick disk that exists in the sample of turn-off stars, it does not affect our result much based on our test of
removing stars which have metallicity greater than −1.

surface of a star will sink underneath the convective enve-
lope. Meanwhile, a certain amount of hydrogen will move
from the center towards the surface. Then, there is less
hydrogen left to be burned in the core, thus, the lifetime
of the star in the main sequence stage becomes shorter.
This process consequently decreases the content of heavy

elements during the main sequence stage. It may signifi-
cantly affect old metal-poor stars, owing to their thin con-
vective envelopes and longer diffusion time. Without con-
sidering the effect of atomic diffusion, the age obtained
from isochrones can be significantly biased from real-
ity (Bergbusch & Vandenberg 1992; Schuster et al. 1996;
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Unavane et al. 1996; Green et al. 1987), and may even con-
flict with the age of the universe, 13.7 ± 0.2 Gyr (Bennett
et al. 2003). Therefore, we use GARSTEC with atomic dif-
fusion in the determination of the age.

In principle, the bluest B − V of a turn-off star
is related with both age of the population and metallic-
ity. Therefore, we plot the turn-off stars in the B − V
versus metallicity (Z) plane overplotted with GARSTEC
isochrones of 10 Gyr, 11 Gyr and 12 Gyr, as shown in
Figure 3. The age of the halo in this plane is determined by
the position of the blue boundary of B−V for the turn-off
stars. Because we only have 63 halo turn-off stars, the blue
boundary is not easy to identify by eye. Therefore, we de-
velop a quantitative approach to accurately determine the
boundary. It is noted that the separation in B − V between
different isochrones is roughly invariant with metallicity.
Hence, we define the B − V distance as the distance be-
tween a turn-off star and an isochrone with the same metal-
licity. The best determined age of the halo is then written as

min
dis

|∆B−V (Z|Age)|, (8)

where ∆B−V (Z|Age) refers to the distance between the
B − V boundary of turn-off stars and the isochrone with
Age at metallicity Z. The minimum distance with a certain
isochrone corresponds to the best determined age.

In practice, the best determined age of the halo is af-
fected by the uncertainty of B − V and other contamina-
tions in the halo turn-off stars. Thus, the boundary of B−V
does not look like a hard boundary but rather is softened
and blurred. In order to better determine the position of the
blue boundary, we empirically fit the distribution of B−V
distance with a given Age using a Gauss-Hermite (G-H)
function

f(x) =
1√
2πσ

e−
(x−µ)2

2σ2

[
1 +

h3√
3
(2x3 − 3x)

+
h4

2
√

6
(4x4 − 12x2 + 3)

]
, (9)

where x stands for B − V distance for all Z and a given
Age, σ is the standard deviation of the G-H function, µ is
the mean, and h3 and h4 are the coefficients of the 3rd and
4th order Hermite polynomials respectively. The advantage
of using the G-H function is that its derivative can be an-
alytically derived. Also, we select the x at the maximum
peak of the derivative of the G-H function as the boundary
of B − V distance.

A Monte Carlo simulation is conducted in order to de-
termine the age of the halo taking into account the uncer-
tainty of the photometry. Only 14 stars in our sample have
B − V errors and their median value is 0.02 mag. We as-
sume that the error of B − V follows a Gaussian distri-
bution with 0.02 mag as the standard deviation. We then
only use isochrones at fixed ages of 10, 10.5, 11, 11.5,
and 12 Gyr. For each isochrone, we randomly add errors
drawn from the Gaussian distribution to the 63 turn-off
stars. Then we derive the minimum of the B − V dis-
tance from the maximum peak of the derivative of the best

fit Equation (9). Figure 5 illustrates this procedure for one
simulation. We repeat a hundred runs of the simulation for
each isochrone and obtain the averaged value and the stan-
dard deviation of the minimum boundary of B−V distance
from the simulated data.

Finally, when the averaged boundaries for all
isochrones are measured, the age of the isochrone with the
smallest B−V distance at the boundary corresponds to the
age of the halo. The isochrone corresponding to 10.5 Gyr
is found to be the one with the smallest B − V distance.
Moreover, the distribution of the boundary of B − V after
100 simulations can be fitted by a Gaussian profile (Fig. 6).
The standard deviation of the distribution corresponding to
the isochrone of 10.5 Gyr is 0.023 mag. Considering that
the median B − V difference between 10 Gyr and 12 Gyr
is about 0.03 mag, the dispersion of the age is consequently
obtained as 1.5 Gyr, which is rescaled from 0.023 mag.
Therefore, the final age of the halo measured from the field
turn-off stars is 10.5± 1.5 Gyr.

4 DISCUSSION AND CONCLUSIONS

We estimated the age of the Galactic halo with kine-
matically selected field halo turn-off stars by comparing
their color and metallicity with isochrones. Jofré & Weiss
(2011) also used a similar method to determine the halo
age with isochrones, but their halo membership is deter-
mined using metallicity instead of kinematics. The reason
is that the stars they used are from SDSS, in which the
distances to the stars are not sufficiently accurate for halo
membership identification. Unlike Jofré & Weiss (2011),
we only selected the stars with accurate parallax measure-
ment from SIMBAD, whose parallaxes are mainly mea-
sured from Hipparcos. On the other hand, the age esti-
mation in Jofré & Weiss (2011) is based on temperature
and metallicity. The temperature is derived from the spec-
tral fitting with synthetic spectra from atmosphere mod-
els, which is somewhat model dependent. We determined
the age based on B − V color and metallicity. The appar-
ent magnitudes are from photometric measurement which
are essentially accurate. However, the accuracy of the age
estimation is limited by extinction correction. Despite the
different methods and data we used independently, our es-
timated age of 10.5 ± 1.5 Gyr is consistent with their re-
sult, which is 10–12 Gyr. More recently, Kalirai (2012) es-
timated the age of the halo using white dwarfs and obtained
11.4± 0.7 Gyr. Our result is also in agreement with it.

It can be noted that the uncertainty of our result is quite
large compared with other works. It is necessary to ana-
lyze the reasons for this uncertainty. First, the sample size
used in this work is too small. We finally use only about 60
turn-off stars in the age determination. It is expected that
the uncertainty can be significantly reduced if the sample
size is enlarged by a few times. Second, the uncertainty of
the photometry is slightly large due to the rough extinc-
tion correction. Third, the contaminations in turn-off stars
include binaries, blue stragglers, pulsators, etc. These con-
taminations may blur the boundary of the turn-off stars.
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Fig. 5 Illustration of one Monte Carlo simulation for an isochrone at 10.5 Gyr. B−V distance represents the distance between the star
and the isochrone. The top and middle panels show distance distribution and G-H fit of the distribution respectively. The bottom panel
shows the derivative curve of the best fit G-H profile. The blue circle represents the maximum value of the derivative, which indicates
the boundary of the turn-off stars.
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Fig. 6 Distribution of the boundary of B − V distance to the isochrone for 10.5 Gyr after 100 simulations. The red curve is the normal
fit for the distribution. The standard deviation (0.023 mag) of this normal fit is adopted as the error of the age. In order to obtain a robust
error, a small number of random bad simulations (defined as outliers >0.2) are removed before fitting the distribution.

For instance, the binaries can slightly alter the color index
by combining the light from both companions or due to the
faster rotation of the primary stars. In addition, blue strag-
glers are believed to be binary systems with mass transfer.
Hence, their luminosity and color index are broadly dis-
persed and heavily overlap the main sequence stars (Lu
et al. 2010). Fourth, according to Figure 4, the majority
of our sample belongs to the inner halo. However, the for-
mation of the inner halo is still unclear. Thus, the possi-
ble existence of a sub-halo with a different origin, i.e. it
fell into the inner halo via disruption and has a signifi-

cantly younger age, may indicate an intrinsic dispersion of
age, which could mix the boundary as well. In the future,
we may significantly improve the estimation of age with
around a few thousand kinematically identified halo-like
turn-off stars from both the LAMOST survey (Deng et al.
2012) and Gaia survey (Perryman et al. 2001).

In this paper we derive the age of the Milky Way halo
using the selected field turn-off stars. With only 63 halo
turn-off stars, we are able to determine the age of the halo
with reasonable uncertainty. Atomic diffusion is taken into
account by using the GARSTEC model as the evolutionary
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tracks and isochrones. This allows us to well match the ob-
served data and the theoretical stellar models to avoid sys-
tematic bias in the age determination. The derived age and
its uncertainty have also taken into account the errors of
photometry and the contribution of interstellar reddening.
Finally, the age is constrained to be 10.5 ± 1.5 Gyr. This
result is in agreement with previous works, e.g. Salaris &
Weiss (2002), Jofré & Weiss (2011) and Kalirai (2012).

Some improvements could be made in the future. For
instance, the database we use here is relatively small com-
pared to SDSS (York et al. 2000) and LAMOST (Cui et al.
2012). We plan to use the latest SDSS and LAMOST data,
combined with the accurate distance estimates from Gaia
(Perryman et al. 2001), to further test our method. For the
stellar evolution models, we find that the age reduction due
to atomic diffusion has to be taken into consideration when
trying to determine the age of stars with isochrones. Also,
the difference of the derived age with and without consid-
ering the atomic diffusion may be as large as 4 Gyr.
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