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ABSTRACT

Context. The young local associations (YLAs) constitute an excellent sample for the study of a variety of astrophysical topics, espe-
cially the star formation process in low-density environments. Data from the Gaia mission allows us to undertake studies of the YLAs
with unprecedented accuracy.
Aims. We determine the dynamical age and place of birth of a set of associations in a uniform and dynamically consistent manner.
There are nine YLAs in our sample ε Chamaeleontis, TW Hydrae, β Pictoris, Octans, Tucana-Horologium, Columba, Carina, Argus,
and AB Doradus.
Methods. We designed a method for deriving the dynamical age of the YLAs based on the orbital integration. The method involves a
strategy to account for the effect of observational errors. We tested the method using mock YLAs. Finally, we applied it to our set of
nine YLAs with astrometry from the first Gaia data release and complementary on-ground radial velocities from the literature.
Results. Our orbital analysis yields a first estimate of the dynamical age of 3+9

−0 Myr, 13+7
−0 Myr, and 5+23

−0 Myr for ε Chamaeleontis,
β Pictoris, and Tucana-Horologium, respectively. For four other associations (Octans, Columba, Carina, and Argus), we provide a lower
limit for the dynamical age. Our rigorous error treatment indicates that TW Hydrae and AB Doradus deserve further study.
Conclusions. The dynamical ages that we obtain are compatible spectroscopic and isochrone fitting ages obtained elsewhere. From
the orbital analysis, we suggest a scenario for these YLAs where there were two episodes of star formation: one ∼40 Myr ago in the
first quadrant that gave birth to ε Chamaeleontis, TW Hydrae, and β Pictoris, and another 5−15 Myr ago close to the Sun that formed
Tucana-Horologium, Columba, and Carina. Future Gaia data will provide the necessary accuracy to improve the present results, espe-
cially for the controversial age determinations, and additional evidence for the proposed scenario once a complete census of YLAs and
better membership can be obtained.

Key words. Galaxy: kinematics and dynamics – solar neighborhood – open clusters and associations: general – stars: kinematics
and dynamics – stars: formation

1. Introduction

A young local association (YLA) is a group of young stars near
the Sun; these stars are thought to have formed together in the
same star burst (Jayawardhana 2000; de Zeeuw et al. 1999). In
consequence, the YLA members share common motions and are
chemically homogeneous. With ages in the range from a few to
several tens of Myr, YLAs are excellent tracers of the young
population in the solar neighbourhood. They allow us to study
the mechanisms driving the star formation process and also the
secular evolution of the Milky Way thin disc.

The first YLAs were discovered early in the 1990s through
a combination of X-ray and optical spectroscopy and kinematic
data (e.g. de la Reza et al. 1989). Thanks to the HIPPARCOS
astrometry, several new YLAs were found (e.g. Mamajek et al.
1999; Zuckerman & Webb 2000), and their membership and
kinematic properties re-evaluated (e.g. Zuckerman & Song
2004; Fernández et al. 2008; Barrado y Navascués et al. 1999;
Barrado Y Navascués 2006). In the last decade, several new sur-
veys, still in progress, have aimed to search for nearby young
associations and new low-mass members. Some examples are
the SACY high-resolution optical spectroscopic survey (Torres
et al. 2006) and the kinematically unbiased search combining the
SuperWASP and the ROSAT all-sky surveys (Binks et al. 2015).
In addition, new codes have been developed to search for new
low-mass star candidates such as BANYAN (Malo et al. 2013)

and LACEwING (Riedel et al. 2017). Despite this huge effort,
future research still requires a homogeneous, complete, and all-
sky astrometric and spectroscopic survey, and this is a data feed
that Gaia is currently providing.

The first models to study the evolution of a YLA were
developed in the 1960s. They were based on the notion of lin-
ear expansion, and considered that no forces acted after birth
(Blaauw 1964). Later on, trace-back orbital analysis was under-
taken and considered simplified Galactic potentials described
by the Galactic epicycle theory (see Makarov et al. 2004 for
a deep evaluation of this approximation). Brown et al. (1997)
combined N-body simulations with the effects of the Galac-
tic tidal field from the epicyclic approximation; they concluded
that for associations with a velocity dispersion comparable to
that of the YLAs (few km s−1) the interaction between parti-
cles was unimportant. Others felt that the nearby interactions
were only relevant at the very beginning of the initial expansion
phases and that stars become unbound soon after gas expul-
sion from stellar winds (Kroupa 2006). Now it is believed that
the vast majority of clusters become unbound systems after
birth (Lada & Lada 2003). These are, therefore, the underlying
assumptions of recent studies and we too use them in the present
work.

The trace-back strategy sheds light on the scenario for the
star formation processes that took place in the solar neighbour-
hood in the last 50–100 Myr. Fernández et al. (2008), from a
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compilation of HIPPARCOS data, studied the kinematic evolu-
tion of YLAs and their relation to other young stellar complexes
in the local interstellar medium. These authors used a Galac-
tic potential with an axisymmetric component, and spiral arms
and bar components. However, the large errors in the astrometry
and the low number of members with available radial veloci-
ties did not allow them to accurately derive the place of birth of
these associations or their dynamical age. Other efforts came to
similar conclusions. An example is the trace-back analysis car-
ried out by Mamajek & Bell (2014) for the β Pictoris YLA that,
even considering a more sophisticated dynamical analysis with
the NEMO stellar code (Teuben 1995), did not provide clear evi-
dence of expansion nor a clear trace-back age for this association.
More recently, new strategies have been proposed such as the one
of Riedel et al. (2017) that presents membership studies com-
bining all the kinematic and spatial information available with
the results from the trace-back analysis (TRACEwING). Cur-
rently, this code uses only the epicyclic approximation for the
orbit computation.

In the near future, the Gaia mission (Gaia Collaboration
2016) will provide us with three key contributions to the trace-
back analysis of the YLAs: a realistic and accurate Galactic
potential, an unprecedented accurate astrometric data for sources
up to faint magnitudes (G = 21) corresponding to a large num-
ber of low-mass members of the YLAs, and a homogeneous and
complete sample of newly discovered YLAs. The Gaia era has
just started with the first data release in September 2016. This
release includes the Tycho-Gaia astrometric solution (TGAS)
with parallax and proper motions with submilliarcsecond accu-
racy for a subset of 2.5 million Tycho-2 stars.

In this work we have used this new Gaia data to trace-back
the members of the known YLAs recently compiled by Riedel
et al. (2017). We trace-back the orbits of the YLA members
using a realistic 3D Galactic potential, and we determine the
ages of the YLAs as the time when their members present the
minimum dispersion in positions. We use the term “dynam-
ical age” to denote this age determination.1,2 The trace-back
orbital study provides us with an age determination for the
YLAs that is independent of the spectroscopic and isochronal
ages.

This study is structured as follows. In Sect. 2 we present and
characterise the observational data of the set of YLAs we study.
In Sect. 3 we introduce our methodology to determine dynamical
ages based on the orbital trace-back integration. We also describe
our approach to model the observational errors, and we test the
method with simulated YLAs. In Sect. 4 we show our results on
the dynamical ages of the YLAs obtained and the study of their
place of birth. In Sect. 5 we discuss the results and present some
future perspectives. Finally, we conclude in Sect. 6.

2. YLAs data

Our methodology for deriving dynamical ages requires an initial
sample of stars catalogued as members of a YLA. In addition, it
is mandatory to have 6D phase space data for the present posi-
tions and velocities of these stars. As input catalogue we used
the Catalog of Suspected Nearby Young Stars (CSNYS) recently
published by Riedel et al. (2017). This catalogue contains 5350
stars and was constructed from a wide variety of source papers

1 The term “kinematical ages” is sometimes used for similar purposes.
2 This should not be confused with the definition of the dynamical age
as the number of relaxation times a given cluster has lived through (see
e.g. Geller et al. 2015).

which reported young members of different nearby young mov-
ing groups and open clusters. From this sample we selected the
associations with a reported maximum age of 150 Myr (see their
Table 1). We selected the individual members of the YLAs from
those classified as members using the column “GROUP” of the
CSNYS. As a result of this selection we obtained a list of 1034
nearby stars belonging to nine YLAs3 (see Table 1). Next, we
cross-matched this catalogue with the Gaia TGAS catalogue
(Lindegren et al. 2016; Michalik et al. 2015) using the Tycho-2
and HIPPARCOS IDs. As a result, we had a list of 301 stars with
TGAS astrometry (30% of the sample). For the radial velocities
we used the CSNYS column “HRV” compiled from the liter-
ature, but we also did a cross-match with the RAdial Velocity
Experiment (RAVE, Kunder et al. 2017). For stars having radial
velocity from both sources, we took the one with the smaller
reported error. Our final working sample had 274 stars from nine
YLAs for which we were able to compute the 6D phase space
coordinates4.

To place the stars in the configuration space we used the
curvilinear heliocentric coordinates (ξ′, η′, ζ′) defined in Asiain
et al. (1999). This coordinate system is centred on the Sun’s cur-
rent position, which we take as R� = 8.5 kpc, and rotates around
the Galactic centre with a frequency of the circular velocity of
ω� = 25.88 km s−1 kpc−1. The radial component ξ′ points to
the Galactic anti-centre, the azimuthal component η′ is mea-
sured along the circle of radius R� and is positive in the sense
of the galactic rotation, and the vertical component ζ′ is defined
positive towards the north Galactic pole. This coordinate system
minimises the variation in each component of the configuration
space. For the velocity space we use the heliocentric Cartesian
(U,V,W) system, where U is the velocity component positive
towards the Galactic centre, V is positive in the direction of the
Galactic rotation, and W is positive towards the north Galactic
pole. For the coordinate transformation we use a peculiar solar
motion of (U�,V�,W�) = (11.1, 12.24, 7.25) km s−1 (Schönrich
et al. 2010).

To define a first list of bona fide members, we traced back the
orbits of all the stars with full 6D information using the axisym-
metric potential (see Sect. 3). The orbits of a few members depart
significantly from the rest of orbits of the group. Therefore, we
applied a 2σ clipping in the curvilinear velocity space (ξ̇′, η̇′, ζ̇′)
in the present time. We did this only for the associations with
a number of members with full 6D data larger than 10, which
excludes the ε Cha and TW Hya associations. The resultant bona
fide sample contains 185 stars.

In Table 1 we present some information on the YLAs that we
used in our analysis, including the number of members. Our sam-
ple contains fewer members than previous studies (e.g. Riedel
et al. 2017; Fernández et al. 2008) because we limited ourselves
to TGAS members in order to have homogeneous and high-
quality astrometric data. The mean velocities of the YLAs (last
columns) are similar to those of previous studies (e.g. Fernández
et al. 2008; Riedel et al. 2017). However, the mean positions of
several associations differ from the values obtained in other stud-
ies, due to the selection cuts applied. The main characteristic of
these associations is that they are concentrated in the velocity
space. On the contrary, they are largely spread in positions, and
therefore a different selection of members leads to different mean
positions.

3 We do not consider the ηCha and 32 Ori associations because they do
not have enough members after the cross-match with TGAS (see text).
4 We used the initial compilation by Riedel et al. (2017), but not their
outputs from the trace-back analysis or from their LACEwING code.
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Table 1. Information on the YLAs used in our study.

Name Abbreviation Num. of Members r̄ ξ̄′ η̄′ ζ̄′ Ū V̄ W̄
CSNYS TGAS 6D 2σ (pc) (pc) (pc) (pc) (km s−1) (km s−1) (km s−1)

ε Chamaeleontis ε Cha 43 13 10 10 101 ± 2 –49 –85 –22 –10.1 –19.3 –9.7
TW Hydrae TW Hya 59 7 7 7 66 ± 8 –16 –60 20 –10.9 –20.2 –5.6
β Pictoris β Pic 146 32 31 21 40 ± 4 –17 –4 –15 –9.9 –16.2 –9.0
Octans Oct 49 14 14 13 135 ± 7 9 –100 –61 –13.9 –3.6 –10.3
Tucana-Horologium Tuc-Hor 250 52 49 30 47 ± 1 0 –22 –35 –9.8 –20.9 –1.1
Columba Col 98 46 36 24 73 ± 5 29 –48 –37 –12.8 –21.8 –5.5
Carina Car 40 22 22 17 98 ± 9 –8 –94 –17 –10.3 –22.8 –4.6
Argus Arg 142 46 44 25 125 ± 6 –12 –120 –16 –22.6 –14.1 –5.3
AB Doradus AB Dor 207 69 61 38 48 ± 5 5 –14 –20 –6.7 –27.5 –14.0

Notes. Columns indicate: (1) number of stars catalogued as members in the CSNYS (Riedel et al. 2017); (2) number of members with TGAS data;
(3) number of stars with full 6D information; (4) number of remaining members after the 2σ cut in velocity space, which is the final set used to
compute mean distances and heliocentric spatial and velocity components (Cols. 5 to 11). We compute the mean distance r̄ (Col. 5) by inverting
the parallax and its uncertainty as σr/

√
N.

Fig. 1. Visual magnitude (V) distribution (top) and (V − I) colour distri-
bution (bottom) of the bona fide members of the nine YLAs. For a few
stars (28% of the bona fide sample of 185 stars) the V − I colour was
not available.

In Figure 1 we present the distribution of visual apparent
magnitude V and colour (V − I) for the 185 bona fide stars.
The mean magnitude of the whole sample is V = 9.7, which
corresponds to G = 9.2. The median TGAS error in parallax
is 0.3 mas and the median TGAS error in proper motion is
∼0.6 mas yr−1. Since the parallax relative error is less than 2%
on average, we assume that the parallax inversion is an accept-
able distance estimator. This gives a mean distance r̄ of 75 pc
taking all bona fide members of the nine YLAs. The resulting
mean error in tangential velocity is ∼0.5 km s−1. As mentioned

above, radial velocities come from different sources and the esti-
mated uncertainties provided by the authors range from 0.1 to
5 km s−1.

3. Methodology and tests with simulations

In this section we describe our methodology and the simulations
used to test the capabilities of the trace-back orbital analysis to
derive dynamical ages of the YLAs. First, we introduce the strat-
egy to compute the stellar orbits and the Galactic potential that
we used. Second, we explain how we generated simulated YLAs
and their evolution. Then, we investigate a simple trace-back
analysis of the simulated YLAs, without considering the obser-
vational errors. We also present a strategy to treat the effect of
the observational errors on the trace-back analysis and we quan-
tify their impact on the determination of the dynamical age. All
this work allows us to present the criteria used to determine the
dynamical age of the association and its uncertainty. At the end
of this section, we decsribe the resampling method used to test
the effect of having a restricted number of members.

3.1. Galactic potential

We determined the stellar orbits through the integration of the
equations of motion. For this we used the 3D Milky Way
axisymmetric potential given by Allen & Santillan (1991), which
consists of a spherical central bulge, a disc, and a massive spher-
ical halo. In this model the total mass of the Milky Way is
assumed to be 9×1011 M�. The solar radius and the frequency of
the circular orbit at this radius are those assumed also in Sect. 2.
We do not consider a Galactic bar nor a spiral arms potential
since their effects are negligible for YLA-like orbits (nearly cir-
cular) placed near the Sun (see Sect. 5.4 for a more detailed study
on the effect of the spiral arms).

3.2. Generation of simulated YLAs

Here we explain how we performed the simulations of YLAs.
First, we took certain values for the centroid (mean position and
velocity) of the YLA in the present (t = 0 Myr) and its age (τ).
We integrated the orbit of this centroid back in time until the
assumed age. At this point, we generated N particles centred at
the position of the centroid with Gaussian isotropic dispersions
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in positions and velocities in the Cartesian Galactocentric sys-
tem. Then, we integrated the orbit of each particle forward in
time from the birth moment until the present. Next, we took into
account the observational constraints, i.e. we add observational
errors to each particle. To do this, we assumed that the errors
are Gaussian in all the observables. We considered the astro-
metric TGAS-like errors (from Table 1 of Michalik et al. 2015)
and an error in radial velocity of σRV = 2 km s−1, similar to
that of the current data. Since the TGAS-like errors depend on
the apparent visual magnitude (V) of the stars, we assumed that
our simulated YLAs have a Gaussian distribution of magnitudes
centred at V = 9.7 with a dispersion of 1.5 mag, similar to the
observations (see Sect. 2). For simplification purposes, we did
not consider correlations among astrometric parameters. Then,
we integrated the orbits backwards from the present until well
beyond the age of the YLA (two times the age). Finally, we can
analysed the evolution of the dispersion in positions as a function
of time and determined the time of minimum dispersion which
we give for the dynamical age.

We considered two different centroids in the present: the
mean velocities and positions of AB Dor and those from the
Hyades open cluster, published in Fernández et al. (2008) and
Riedel et al. (2017), respectively. The first leads to an association
with an almost circular orbit (orbit-1) and the other has a slightly
more eccentric orbit (orbit-2). We also explored different initial
dispersions, namely 1 pc (Pfalzner et al. 2016) and 15 pc (Blaauw
1991) in positions, and 2 and 4 km s−1 in velocities (Brown
et al. 1997). With these values we defined two extreme cases
for the initial conditions: IC-1 refers to the 1 pc and 2 km s−1

case and IC-2 to the 15 pc and 4 km s−1 case. In most cases we
assumed an age of τ = 50 Myr, but we explored other ages as
well.

We used 500 particles in all the simulated YLAs. However,
for the oldest YLAs and especially after adding observational
errors, some members appeared very distant from the Sun in the
present time. It would be difficult to classify these farther mem-
bers as members of a YLA. Indeed, most of the currently known
members of the YLAs are within a distance of only ∼100 pc (see
Sect. 2), while in our simulations stars can be observed much
farther than that. To mimic the real case, we applied a cut in dis-
tance at 500 pc from the Sun5. As an example, we find that in
the present, after having applied the observational errors and for
a YLA of 20 Myr with IC-1 and following orbit-1, all the mem-
bers are within a radius of 500 pc; for a YLA of 50 Myr about
1% of members are farther than 500 pc, and for a YLA of 80 Myr
about 10% are farther than this.

3.3. Orbital analysis of simulated YLAs

Here we present the results of the orbital integration of the sim-
ulated YLA with orbit-1 (Sect. 3.2). In this simulation, we did
not take into account observational errors. In Fig. 2 we show
the dispersion in positions as a function of time in the three
coordinates (radial, azimuthal, and vertical). We note that in
the absence of observational errors and when the true Galactic
potential is used, we can clearly see that the time of formation
(50 Myr) presents a minimum dispersion in positions, and there-
fore we can recover the age of the simulated YLA. We reach
equivalent conclusions when dealing with older associations
(e.g. 200 Myr).

5 We used this number instead of 100 pc to account for a possi-
ble improvement on the limiting distance when new members are
discovered with future observations.

Fig. 2. Dispersion in three positional components (radial ξ′, azimuthal
η′, and vertical ζ′) obtained from the integration back in time of simu-
lated YLAs following orbit-1 (Sect. 3.2). We show two different initial
conditions: IC-1 (top) and IC-2 (bottom). The scales are different in the
two panels.

In the vertical direction, the dispersion oscillates with a
period6 of ∼35 Myr. This value is comparable to the ages of
the YLAs and, consequently, there are times of minimum dis-
persion that can be confused with the formation time. Thus, the
coordinate ζ′ is not useful for a determination of the dynamical
age.

The dispersions in the radial and azimuthal directions oscil-
late, but with a dominant cycle of longer period (∼150 Myr).
The dispersion in position in the azimuthal direction has, addi-
tionally, a secular evolution (not noticed here due to the short
integration time, but see Eq. (2) and text in Sect. 3.4). This secu-
lar evolution of ση′ makes it possible to distinguish between the
times of minimum dispersion caused by the epicyclic oscillations
and the minimum related to the birth time of the YLA because
the latter must be an absolute minimum. We note that a higher
initial dispersion in positions and velocities (Fig. 2, bottom) does
not change the location of the minimum dispersion, but makes it
less peaked. To conclude, from now on we focus our trace-back
analysis on the azimuthal component in positions, η′, to study
the dynamical age of the YLAs.

3.4. Treatment of observational errors

In the previous section we computed the dispersion in positions
through the time integration of the orbits. From now on, we refer
to this dispersion with no observational errors taken into account

6 This period is about half of the period of the epicyclic frequencies
of the individual orbits of the members of the simulated YLA. This is
expected according to the epicyclic approximation, e.g. as described by
the equations of Appendix A in Asiain et al. (1999).
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as the intrinsic dispersion (σint). In reality, the dispersion in the
present time includes the effect of the observational errors. Thus,
by integrating the orbits back in time we can only determine
the propagated observed dispersion (σobs). At a given time t of
our orbital trace-back analysis, the two dispersions (intrinsic and
observed) are related through

σ2
obs = σ2

int + σ2
err, (1)

where σerr is the dispersion due to the observational errors of all
the members of the association. This is a dispersion term that
arises from the effect of the observational errors in the present
time.

To estimate the effect of the observational errors at any
time of the trace-back analysis, we used the analytical expres-
sions derived by Asiain et al. (1999) which are based on the
epicyclic approximation. These equations predict the dispersion
in positions and velocities as a function of time, given an ini-
tial dispersion. Let x0= (ξ′0, η′0, ζ′0, ξ̇′0, η̇′0, ζ̇′0) be the vector of
present (t = 0) position and velocity of each star in a YLA and
[σx0

j
, j = 1, 6] the current dispersions. Then, the dispersion in

the azimuthal position component at any time t is

σ2
η′ =

[
2ω�A

B

(
t −

sin(κt)
κ

)]2

σ2
ξ′0

+ σ2
η′0

+

+

[
2ω�
κ2 (cos(κt) − 1)

]2

σ2
ξ̇′0

+

+

[
1
B

(
At −

ω�
κ

sin(κt)
)]2

σ2
η̇′0
, (2)

where A and B are the Oort constants and κ is the epicyclic fre-
quency. The equations for the other components can be found in
Appendix A (Eq. (A.2)) of Asiain et al. (1999). As pointed out by
the authors, the dispersion in each component oscillates around
a constant value except for ση′ , whose average value increases
with time. More in detail, as can be seen in Eq. (2), the dis-
persion in the azimuthal positions has two secular terms: one is
proportional to the initial dispersion in the radial positions (σξ′0 )
and the other to the initial dispersion in the azimuthal velocity
(ση̇′0 ).

We used this epicyclic approximation only to estimate the
impact of the observational errors at each time step of the
orbital integration. The initial dispersions due to the observa-
tional errors [σerr, x0

j
, j = 1, 6] are an estimation of the dispersion

due to the observational errors in the present. To compute this,
we first converted the individual astrometric errors (in parallax
and proper motions) and spectroscopic errors (radial velocities)
of each star to curvilinear errors and then computed the median
error in each coordinate. After estimating σerr(t = 0) and com-
puting σerr as a function of the backwards time with Eq. (2), we
can derive an estimation of the intrinsic dispersion with time as
σ2

est = σ2
obs − σ

2
err.

We emphasise that we only used the epicyclic approxi-
mation to estimate the effect of the errors as a function of
time. In contrast, we computed the intrinsic and the propagated
observed dispersion through full orbital integrations, which is
more precise than Eq. (2) based on the epicyclic approximation.

3.5. Impact of the observational errors

Here we evaluate the effects of the observational errors in the
derivation of the dynamical age of the YLAs with the trace-back

Fig. 3. Intrinsic dispersion (solid lines) and propagated observed
dispersion (dotted lines) in positions from the integration back in
time of a simulated YLA with initial conditions IC-1 and following
orbit-1.

analysis. In Fig. 3 we show the quantities σint (solid lines) and
σobs (dotted lines) obtained in our trace-back analysis for the
simulated YLA with initial conditions IC-1 and following orbit-1
(see Sect. 3.2). We see how, from the beginning, the propagated
observed dispersions start to differ from the intrinsic dispersions.
This figure shows the extent of the impact that the observational
errors have on the estimation of the dynamical age. Indeed, the
radial and azimuthal components present a minimum at an ear-
lier time than the simulated age of the association. Furthermore,
the minimum dispersion is higher than the simulated value at
birth.

Similarly, in Fig. 4 we present the dispersions obtained when
we integrate back in time simulated YLAs with different ages.
In this case we subtract the dispersion due to observational
errors (red dotted line) from the propagated observed disper-
sion (dark blue solid line) as explained in Sect. 3.4 to obtain
the estimated intrinsic dispersion (green thick solid line). The
estimated intrinsic dispersion σest resembles the true intrinsic
dispersion (cyan dot-dashed line) for short integration times. In
some cases (e.g. Fig. 4, left and middle panels), the dispersion
due to observational errors is larger than the propagated observed
dispersion (σerr > σobs), meaning that the formulas for the error
propagation (Sect. 3.4) are overestimating the errors. Even so,
the approximation allows us to determine, not a time of min-
imum dispersion but a plausible range for the dynamical age,
as we see in Sect. 3.6. In general, for the cases studied here,
with approximately circular orbits and relatively young ages, we
find the approximation to be a good one and to render unbiased
determinations of the dynamical age.

For the association of 80 Myr (Fig. 4 right panel), we see that
the observed dispersion in the present (which includes the effect
of observational errors) appears to be slightly smaller than the
intrinsic dispersion. This is due to the cut in distance at 500 pc
(see Sect. 3.2). This cut eliminates some members that, before
introducing the observational errors, were close to the Sun, but
far from it after error convolution. In other words, the number of
members needed to compute the propagated observed dispersion
σobs is smaller than those needed to compute the intrinsic dis-
persion σint. However, this has little effect on our determination
of the dynamical age, as we see in Sect. 3.6.

3.6. Criteria to determine the dynamical age

After the analysis of previous sections, we describe here the cri-
teria that we used to determine the dynamical age of the YLAs
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Fig. 4. Evolution in time of the dispersion in the η′ coordinate for a simulated YLA with initial conditions IC-1 and following orbit-1, from left
to right, with ages of 20, 50 and 80 Myr (marked with a vertical black dashed line). The different colour lines are the intrinsic dispersion (σint,
cyan dot-dashed line), the propagated observed dispersion (σobs, dark-blue solid line), the dispersion due to observational errors (σerr, red dotted
line) and the estimated intrinsic dispersion (σest, green thick solid line). The grey-shaded region represents the uncertainty in the dynamical age
determined.

and its associated uncertainty. The dynamical age is defined as
the time in which the association is more concentrated in the
positional space. In practice, we computed it as the time of
minimum dispersion in the estimated intrinsic dispersion σest
determined as explained in Sect. 3.4 and illustrated in Fig. 4
(thick green solid line).

We adopted an observational threshold of 15 pc for the birth
size of an association. This is the size of the nearest star form-
ing regions (Blaauw 1991). Only if the dispersion measured at
the time of minimum dispersion is below this threshold do we
consider that the association has a size compatible with that of a
forming region. If the threshold is not reached, we cannot provide
a dynamical age and such associations will need a deeper study.
We note that this is a strong assumption and that this threshold is
based on the current knowledge of the star formation conditions
and thus should be revised in the future.

The criteria that we follow to determine the dynamical age
are as follows:
1. In the most favourable cases, we find a minimum σest which

is below the observational threshold. Then, we report the
time of this minimum as the dynamical age of the asso-
ciation. To determine the uncertainty, we follow the next
approach. First, we note that the birth of a YLA cannot
occur while the dispersion decreases with backwards time.
Thus, the effective lower uncertainty is zero (in other words,
the lower limit coincides with our determination of the age
itself). Second, we take as upper limit the time at which the
association reaches the size of the observational threshold of
15 pc.

2. When the minimum σest cannot be found because the dis-
persion due to observational errors (σerr) is larger than the
propagated observed dispersion (σobs), we cannot provide a
single value for the dynamical age. Instead, we provide a
range equivalent to the uncertainty range defined in crite-
rion 1. This case is illustrated in the left and middle panels
of Fig. 4 (grey shaded area).

3. If we find a minimum σest that is higher than the observa-
tional threshold (e.g. minimum at about 55 Myr in Fig. 4
right panel), we provide only a lower limit for the dynamical
age. In this case the curve tells us only that σest decreases
to this time, and therefore that the association cannot be
younger than this. Beyond this age, the dispersion increases
solely dominated by the errors, and thus we do not have
information of the intrinsic dispersion.

Table 2. Percentage of cases in which we have applied a given criteria
(defined in Sect. 3.6) for each of the panels in Fig. 5.

Memb. Crit. 20 Myr 50 Myr 80 Myr

1 7 0 4
5 2 92 91 79

3 1 9 17
1 20 2 3

15 2 72 76 47
3 8 22 50
1 23 1 3

25 2 68 69 37
3 9 30 60
1 38 4 0

100 2 60 62 5
3 2 34 95

4. In the most unfavourable cases, we find that σest strongly
increases in the recent past and it might not present a min-
imum. As is seen in Sect. 4.1, this is the case of two real
YLAs. Such cases need a deeper evaluation (see discussion
in Sect. 5).

We admit that our criterion of 15 pc is arbitrary. However, despite
the limitations of our method and its assumptions, we find that
it gives better age determinations and uncertainties than other
methods. We explore this in Appendix A where we estimate the
dynamical age by determining the minimum dispersion and its
error by performing Monte Carlo resampling of the observa-
tional errors (i.e. without going through all of the steps in our
methodology). We find that, in this way, the dynamical ages are
biased and the uncertainties are underestimated. Our previous
tests with simulations with our full methodology and also the
tests presented in Sect. 3.7 show that our methodology gives,
with limitations for large ages and a small number of mem-
bers, correct estimations of the dynamical ages and their derived
uncertainties.

3.7. Impact of restricted samples

Before we applied our methodology to the observational sam-
ple, we tested the impact of having data for a restricted number
of members of the association. We performed a Jackknife-
like resampling, considering only a subset of 5, 15, 25, and
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Fig. 5. Evolution in time of the dispersion in the η′ coordinate for a simulated YLA using a resampling technique where we only consider (from
top to bottom) 5, 15, 25, and 100 members of the 500 members of the association. The initial conditions are IC-1 with orbit-1 and ages (from left to
right) of 20, 50, and 80 Myr (marked with a vertical black dashed line). The different lines are the intrinsic dispersion (σint, cyan dot-dashed line)
and the estimated intrinsic dispersion of each of the 100 trials (σres,est, green solid lines). In each panel, we indicate the percentage of success in
determining the dynamical age.

100 members (from top to bottom in Fig. 5) for an associa-
tion of 20, 50, and 80 Myr (from left to right). We repeated
this process 100 times for each subset of members, we com-
puted the estimated intrinsic dispersion (green solid lines) by
subtracting the dispersion due to observational errors to the
propagated observed dispersion (see Sect. 3.5), and we deter-
mined the dynamical age and its uncertainty following our
methodology.

In Table 2 we show, for each of the 12 panels in Fig. 5, the
percentage of cases in which we have applied a given criteria
(Sect. 3.6). The total percentage of success in determining the
dynamical age, in other words the number of times that our age
determination is consistent with the true age of the association
within the uncertainty, is shown in each of the panels of Fig. 5.

We see that in most cases we have used criterion 2 and we do
not find any case under criterion 4. This means that in the major-
ity of the cases we cannot provide a given age and its uncertainty
but a range for the dynamical age.

As expected, when the association is old (four rightmost
panels), the number of successful cases is low, except when
the number of members is large (100 members, bottom right
panel). With this we show that our methodology combined with
the current data uncertainties is not suitable for old associa-
tions. We also note that in the case of old associations our
method would not be suitable due to the uncertainties on the
galactic potential. For the rest of the panels, we see that in
general the fraction of successful cases increases with decreas-
ing age and increasing number of members, as expected. We
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see that the fraction of cases for which we are able to pro-
vide a given age and its uncertainty range (criterion 1) instead
of only a range (criterion 2) increases in the same direction,
especially for young ages (leftmost panels). For the bottom mid-
dle panel, the unexpected decrease in successful cases might
be attributed to the fact that we only use 100 cases for this
estimation; the numbers are very similar to the panel above it,
and we note that the number of cases under criterion 1 has
increased.

For the panels with ages younger than 80 Myr (three first
columns), the fraction of success is between 70% and 90%. If
the errors were Gaussian, we would expect a fraction of 68%
of successful cases. This means that our uncertainty determina-
tion is correct and yields an error equivalent to between the 1σ
and 2σ fraction in a Gaussian case, i.e. between 68% and 95%.
Finally, we see that the fraction of success is high even for a
small number of members (five members, first column of pan-
els), but that in these cases only a range of plausibility is given
for the dynamical age (criterion 2) and that in about 20–30% of
the cases this range does not include the true age but is close to
it. Our results for a low number of members, therefore, must be
taken with caution.

4. Results for the known YLAs using TGAS

In this section we use the data of our set of observed YLAs
to determine, first, their dynamical ages using the methodology
explained in Sect. 3 and, second, their place of birth.

4.1. Dynamical ages

We integrated back in time the orbits of the bona fide members
with full 6D phase-space data of each YLA in Table 1, after hav-
ing applied a 2σ clipping in the velocity space (see Sect. 2 for
further details on the sample selection). We computed the disper-
sions due to observational errors σerr in the present time as the
median error in the coordinates. We used only the axisymmetric
potential since the non-axisymmetries do not have a significant
effect on the young associations considered here (see Sect. 5.4
for a quantification of the effect of non-axisymmetric structures,
such as spiral arms).

As an example, in Fig. 6 we present the orbits of the bona
fide β Pic members. The left panels show the projections in
galactocentric coordinates (X,Y) and (X,Z) (top and bottom,
respectively), while the right panels show the projections in
curvilinear heliocentric coordinates (ξ′, η′) and (ξ′, ζ′) (top and
bottom, respectively). As expected, the orbits are nearly circular
around the Galactic centre and the vertical trajectories describe
a harmonic oscillation. For each of the members, we mark with
a star the position at which we obtain the minimum dispersion
(see below). We note that it is in the curvilinear coordinate sys-
tem where we most clearly visualise the grouping of the orbits
during the first ∼30 Myr.

In Table 3 we report the dynamical ages of the YLAs
obtained, and in Fig. 7 we show the dispersions as function
of time for each association. The ε Cha, β Pic, and Tuc-Hor
associations are the optimal cases: we find a minimum in the
estimated intrinsic dispersion (σest), which is smaller than the
observational threshold (criterion 1 in Sect. 3.6). This results
in a dynamical age determination of 3+9

−0 Myr, 13+7
−0 Myr, and

5+23
−0 Myr, respectively.

The Col, Car, and Arg associations only present one mini-
mum in the estimated intrinsic dispersion curve. However, this

Table 3. Results on the dynamical ages of YLAs considered in this
study determined with our orbital trace-back analysis.

Association Crit. Dynamical age Literature age
(Myr) (Myr)

ε Cha 1 3+9
−0 5−8

TW Hya 4 − 3−15
β Pic 1 13+7

−0 10−24
Oct 3 >4 20−40
Tuc-Hor 1 5+23

−0 30−45
Col 3 >40 30−42
Car 3 >28 30−45
Arg 3 >37 35−50
AB Dor 4 − 50−150

Notes. We indicate in each case which criterion is used (see Sect. 3.6).
We also present the ages compiled by Riedel et al. (2017) from dif-
ferent sources using methods such as spectroscopic determinations and
isochrone fitting.

minimum is larger than the observational threshold and there-
fore, according to criterion 3, we only report a lower limit in the
dynamical age.

The Oct association is a special case where we find two min-
ima in the estimated intrinsic dispersion curve, neither of which
has a dispersion smaller than the observational threshold. In this
case, we report a lower limit for the dynamical age according to
criterion 3. As pointed out by Riedel et al. (2017), Oct is one of
the most distant YLAs for which the authors found it difficult to
differentiate its members from field stars.

For the TW Hya and the AB Dor associations we find incon-
clusive results. In both cases, the dispersion increases in the
recent past. We note that these are the most adverse cases since
one of them presents the smallest number of bona fide mem-
bers (only seven) and the other has the oldest age (50–150 Myr).
See Sect. 3.7 for details on the influence of the number of mem-
bers on the dynamical age determination and Sect. 5 for further
discussion.

4.2. Place of birth

The orbital analysis of the YLAs is a tool not only for determin-
ing the dynamical age of these systems, but also for studying the
region of formation. In this section we consider the centroid of
each of the nine YLAs studied (see Table 1) and integrate their
orbits back in time using the axisymmetric potential. Figure 8
shows the resultant orbits in curvilinear heliocentric coordinates
both in the plane (ξ′, η′) (top panels) and the vertical projection
(ξ′, ζ′) (bottom panels), colour-coded as a function of time. We
note that in the present, all the associations are spread over a
region of 90 × 140 × 80 pc and most of them are in the fourth
Galactic quadrant (see also Table 1).

We also see that the heliocentric velocity components of
the YLAs are very similar except for the Octans, Argus,
and AB Dor associations. Without considering these three
associations (zoom shown in the panels on the right),
the mean heliocentric velocity of the rest of the YLAs
is (Ū, V̄ , W̄) = (−11,−20,−6) km s−1, with a dispersion of
2−3 km s−1 in each component. This similar kinematics means
that they have very similar orbits, which suggests that they may
have co-evolved or that they are related in some way.

In Fig. 8 we have also included the information regarding the
age of these associations: the thicker lines indicate the region
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Fig. 6. Orbital projections of the bona fide members of the β Pic association, integrated under the axisymmetric potential. We show the (X,Y)
projection (top left), the (X,Z) projection (bottom left), the (ξ′, η′) projection (top right), and the (ξ′, ζ′) projection (bottom right). For each of the
members, we mark with a star the position at which we obtain the minimum dispersion.

where the association is formed according to our dynamical age
determination ranges (Table 3). We see that Col and Car have
similar ages (∼30−40 Myr) and at the time of their birth they
were nearby, in a region of about 100 pc, slightly above the
Galactic plane (ζ′ ∼ 40 pc). ε Cha and β Pic are younger, with
ages of 3 and 13 Myr, respectively, and at the time of their birth
were separated by roughly 50 pc. On the other hand, our age
determination for Tuc-Hor is a bit uncertain and it shows that
it could have been formed in any of the two groups. However,
according to the spectroscopic ages found in the literature, it is
more plausible that it was formed together with the Col and Car
associations. We could not derive a dynamical age for TW Hya.
However, if we consider the determinations found in the liter-
ature, its position at the time of formation coincides with the
youngest formation region mentioned.

In short, our results seem to indicate that there were two
regions of formation: one about 30−40 Myr ago that gave birth to
the Tuc-Hor, Col, and Car associations, and the other 3−20 Myr
ago that gave birth to ε Cha, TW Hya, and β Pic. We note,

however, that the vertical motion of the TW Hya association is
in the opposite direction to the other two tentatively co-forming
associations. The age differences of the associations suggest
that they were not formed together, but instead in different star
bursts.

5. Discussion

Here we present a thorough discussion of the results obtained
in the previous sections. First, we compare the results obtained
in Sect. 4 with studies in the literature. Second, we provide
possible explanations for the cases showing discrepancies or
inconclusive results. At this point, we review the future per-
spectives for the study of the YLAs when more accurate data
will be available. Specifically, we evaluate the foreseen accu-
racies for the Second Gaia Data Release (DR2). Finally, we
quantify how the use of non-axisymmetric potentials including
spiral arms becomes more important when older associations are
considered.
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Fig. 7. Evolution with time of the dispersions in η′ coordinate for the observed associations presented in Table 1. We show the propagated observed
σobs (dark blue solid lines), dispersion due to observational errors σerr (red dotted lines), and estimated intrinsic dispersion σest (green thick solid
lines). The grey shaded areas represent the region of uncertainty of the dynamical age.

5.1. Comparison with other studies

Most of our determinations of the dynamical ages are consis-
tent with the ages from the literature, either spectroscopic or
isochronal, within the uncertainties. Only for the Tuc-Hor asso-
ciation does our determination yield a younger age than the
spectroscopic values.

Furthermore, most of our dynamical age determinations are
similar to other dynamical ages found in the literature, where
TW Hya and β Pic are the most studied associations. de la Reza
et al. (2006) performed a trace-back analysis of TW Hya simi-
lar to ours, but based on HIPPARCOS astrometry. With only four
members, they determined a dynamical age of 8.3 ± 0.8 Myr.
Instead, we are not able to determine a dynamical age for this
association with our sample of seven stars (TWA 1, TWA 5,
TWA 6, TWA 9, TWA 19, TWA 21, and TWA 25), only with two
members in common with their study (TWA 1 and TWA 19).
However, we find that the dynamical age of this association is
very dependent on the sample selection: if we consider only
TWA 5, TWA 6, TWA 21, and TWA 25 we find an age of
3+6
−0 Myr, which is consistent with de la Reza et al. (2006). Again,

we emphasise that the results based on small samples should be
considered with care. To estimate the error in the dynamical age,
de la Reza et al. (2006) used Monte Carlo realisations to simulate

the errors in velocity space (1 km s−1). However, they did not
take into account the uncertainties on the parallax.

More recently, Weinberger et al. (2013) performed a trace-
back analysis of TW Hya with a larger (19 stars; TWA 1, TWA 5,
TWA 21, and TWA 25 in common with our study) but more het-
erogeneous sample (parallaxes from HIPPARCOS and from their
own survey, and proper motions from UCAC3, Zacharias et al.
2009). Their analysis resulted in a minimum dispersion 2 Myr
ago, but they argued that this result was not significant because
the dispersion decreased by only a very small amount. However,
they did not take into account the propagation of the observa-
tional errors or the effects of neglecting the Galactic potential
since they used linear trajectories.

Later, Ducourant et al. (2014) using their own membership
criterion for TW Hya (based on the convergent point and refined
by the trace-back analysis), and their own parallaxes and proper
motions from UCAC4 (Zacharias et al. 2012), found a dynamical
age of 7.5± 0.7 Myr. They started from a sample of 25 stars, 5 of
which are in common with our study (TWA 1, TWA 5, TWA 6,
TWA 9, and TWA 21), but eventually they discarded 9 stars (only
TWA 1 remained in common with our study) arguing that they
systematically drifted from the mean. Here we have used a sta-
tistically more robust criterion to remove outlier stars (Sect. 2).
They study the uncertainty on the dynamical age coming from
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Fig. 8. Curvilinear heliocentric (ξ′, η′) projection (top) and (ξ′, ζ′) (bottom), colour-coded as a function of time, of the orbits of the centroids of
the associations considered in this study (Table 1). The panels on the right are a zoom of the panels on the left, removing the Octans, Argus, and
AB Dor associations (see text). The larger dots mark the region where the associations are formed according to our dynamical age determination
ranges from Table 3.

the sample contamination by means of a Jackknife-like resam-
pling where they eliminate 20% of the sample from each run.
However, they did not consider the error introduced by the obser-
vational uncertainties of each member or the effect of neglecting
the Galactic potential since they use linear propagation to trace-
back the positions of the stars. Donaldson et al. (2016), using
the same data sample, repeated the analysis but included the
effect of observational errors via a Monte Carlo sampling and
obtained a completely different result of 3.8 ± 1.1 Myr. This
shows the impact that observational errors have on dynamical
age determinations.

Regarding the dynamical age of the β Pic association, the
study of Mamajek & Bell (2014) uses the members reported
in Zuckerman & Song (2004) together with HIPPARCOS par-
allaxes, proper motions either from HIPPARCOS or UCAC4,
and radial velocities from a compilation of sources, and tak-
ing only the members with better precisions. We share five
members (HIP 10680, HIP 10679, HIP 88399, HIP 95270, and
HIP 84586). They explore three different methodologies for the
trace-back orbits, but they could not find a conclusive dynami-
cal age. At this point, we reinforce the idea that to succeed with

a trace-back analysis it is mandatory to have extremely accurate
data and membership.

For the TW Hya, Oct, and AB Dor associations we found
ambiguous dynamical ages (i.e. several dispersion minima or
a dispersion always increasing with backwards time), and thus
they demand a deeper study. We note that our study of TW Hya
is based on few members, which makes the analysis more uncer-
tain. The AB Dor association is the largest one in terms of
number of members, and even though previous authors have
reported ages of ∼50 Myr (Close et al. 2005), it is now believed
to be as old as 100−150 Myr (Luhman et al. 2005; Bell et al.
2015). This age poses a challenge for the dynamical trace-back
analysis. A future membership analysis combined with accurate
astrometric data from Gaia should clarify these inconsistencies.
In general, all the dynamical ages presented here are a prelim-
inary result obtained with the first Gaia data and should be
updated with further releases. This especially applies to the cases
where the analysis is based on fewer than 20 members, i.e. ε Cha,
TW Hya, Oct, and Car.

The scenario that we have proposed in which several associa-
tions might have been formed together is also supported by other
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studies. Elmegreen (1993) proposed a three-burst scenario. A
first generation of star formation began about 60 Myr ago when
the local gas was compressed due to the passage of the Carina
spiral arm, which led to the formation of the Lindblad ring. The
age of this burst is close to the dynamical ages of one of our sug-
gested groups (Tuc-Hor, Col, and Car). A second generation of
stars occurred when the Lindblad ring fragmented 20 Myr ago,
giving birth to structures such as Orion, Sco-Cen, or Perseus.
According to our determinations, the age of β Pic fits, within
the uncertainties, this second burst. Finally, a third generation
of stars was formed more recently in the regions of Ophiuchus
and Taurus; according to our results, these regions could have
given birth to ε Cha. de Zeeuw et al. (1999) and Sartori et al.
(2003) found younger ages for the Sco-Cen complex (5−15 Myr)
which are compatible with our dynamical ages of ε Cha and
β Pic. Finally, Mamajek et al. (2000), Ortega et al. (2002), and
Fernández et al. (2008) also related the formation of these two
associations to the Sco-Cen complex, in support of our findings.

5.2. Caveats

In this section we review our assumptions and analyse which are
the most critical points responsible for the inconclusive results
found in some associations.

First of all, our trace-back method relies on a certain mem-
bership classification. Although the orbital analysis allows us
to identify contaminants, the trace-back analysis is hindered if
there is membership misclassification. The majority of the mem-
bership algorithms are based on the kinematic properties of the
association, but since different YLAs occupy similar positions
in the velocity space, this classification is complex and currently
still under study (Riedel et al. 2017; Elliott et al. 2016).

It is also possible that we are considering several associations
together or that not all the stars in a given YLA were formed
at the same time but rather in different star bursts (Barenfeld
et al. 2013). A detailed analysis of the orbits using future Gaia
data with more precise astrometry and spectroscopy will allow
us to find possible subgroupings. Binarity can also play a role
in the results we obtain. If there are unresolved binaries in our
sample, this would introduce an error in the radial velocity of the
star. As we prove with our simulations, accurate radial velocity
is essential for a successful orbital analysis.

For the modelling we have assumed the epicyclic approxi-
mation to propagate the observational errors back in time. While
this is a good approximation for small integration times and
quasi-circular orbits, the vast majority of cases in our analysis,
we have also seen that in some cases it may not be accurate
enough. Therefore, this will deserve reassessment in future anal-
ysis with older YLAs and YLAs with more eccentric orbits,
which might be discovered in the coming years.

5.3. Perspectives with Gaia DR2

The Gaia DR2 will be published7 on 25 April 2018 and it will
include the five-parameter solution for sources up to magnitude
G = 21 and radial velocities for stars brighter than G ∼ 12. This
will constitute an excellent catalogue to revisit the study of the
YLAs. In this section, we aim to quantify the improvement in the
determination of the dynamical age of the YLAs that Gaia DR2
will entail.

To simulate the DR2 scenario we used the uncertainties from
Gaia DR2 and σRV = 1 km s−1 expected from the Gaia-RVS

7 https://www.cosmos.esa.int/web/gaia/dr2

Table 4. Absolute and relative errors in the determination of the
dynamical age of a YLA when neglecting the effect of the spiral arms.

orbit-1 orbit-2
Age ∆ Age ε Age ∆ Age ε Age

(Myr) (Myr) (%) (Myr) (%)

20 0.04 0.2 0.04 0.2
50 2.5 5 4 7
80 11 14 16 20

200 20 10 33 16

Notes. We consider two types of YLAs, one with an almost circular
orbit (orbit-1, left column) and one with a more eccentric orbit (orbit-2,
right column).

spectroscopy8. In addition, we needed an assumption for the
(V − I) colour distribution apart from that of the visual mag-
nitude V (Sect. 3.2). We took it again as a Gaussian centred
at (V − I) = 0.9 with a dispersion of 0.7 mag, consistent with
our data sample (Sect. 2). We note that the colour is only
a second-order effect in the computation of the astrometric
uncertainties.

In Fig. 9 we compare the propagated errors σerr of our cur-
rent data set (TGAS) calculated as explained in Sect. 3.2 with the
expected ones for DR2. We do it for a set of simulated YLAs with
ages of 20, 50, and 80 Myr, respectively. We also show the intrin-
sic dispersion curves. The time at which the two curves intersect
corresponds to the time when the propagated observed disper-
sion is composed in equal parts of the intrinsic dispersion and
that due to the effect of the errors. We note that σerr depends on
both the data scenario considered and on the age of the simulated
YLA. Old YLAs are indeed currently more dispersed in space,
and thus farther away from the Sun, meaning that its median
observational errors are larger.

We observe that in the DR2 scenario, the orbit of a young
association of 20 Myr (left panel) can be integrated almost
until birth without impact of the errors, i.e. σerr < σint. For an
intermediate-age YLA (middle panel) the dispersion is domi-
nated by the errors only after about 40 Myr instead of 25 Myr
with TGAS data. For the oldest association (right panel) this
happens for ∼60 Myr with Gaia DR2, but for ∼40 Myr in the
TGAS case.

To conclude, the improvement of DR2 with respect to the
TGAS data is substantial. We see that with the TGAS scenario
the errors already become important at about half of the age
of the YLAs for intermediate-age and old associations. Instead,
with DR2 the backwards integration is valid, i.e. not dominated
by the errors, much closer to the age of the association. We also
note that in this analysis we have not yet subtracted the model for
the errors, in which case the possibility of getting closer to the
real age would be even better.

5.4. Effect of spiral arms

Most of the previous work of trace-back analysis in the literature
has neglected the effects of the non-axisymmetric perturbations
on the orbits of the YLAs (see Sect. 1). In this section, we use
a set of simulated YLAs to quantify for the first time the effects
of the spiral arm perturbation on the derivation of the dynam-
ical age. For the YLAs that we study here, we see that these
8 https://www.cosmos.esa.int/web/gaia/
science-performance
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Fig. 9. Evolution of the intrinsic dispersion (cyan dot-dashed lines) and the dispersion due to observational errors in the η′ coordinate for a simulated
YLA following orbit-1 of 20, 50, and 80 Myr (from left to right) with initial conditions IC-1. Two different data scenarios are considered, namely
TGAS (red solid lines) and DR2 (olive solid lines).

Fig. 10. Dispersion in positions from the integration back in time of
the simulated YLA generated with initial conditions IC-1 and follow-
ing orbit-1 (Sect. 3.2). The true evolution is computed with a potential
including spiral arms (solid lines) and is compared with the evolution
computed using the axisymmetric model (dashed lines).

effects might be neglected, but they will become a relevant mat-
ter when associations of longer lifetimes are studied with the
Gaia catalogues in the near future.

We use a non-axisymmetric potential which accounts for the
spiral arms in addition to the axisymmetric potential described
in Sect. 3.1. The 3D spiral model consists of the PERLAS spiral
arms from Pichardo et al. (2003). The locus has a pitch angle
of 15.5◦ and a shape that was estimated by Drimmel & Spergel
(2001). We take a pattern speed of Ω = 21 km s−1 kpc−1 and a
mass of 0.04% of the disc mass. These values are in agreement
with the values proposed in Antoja et al. (2011).

We consider the two centroids defined in Sect. 3.2: the one
with a circular orbit (orbit-1, similar to AB Dor) and the one
with a slightly more eccentric orbit (orbit-2, similar to Hyades).
We also explore YLAs of different ages, namely 20, 50, 80,
and 200 Myr, generated following Sect. 3.2. In Fig. 10 we show
the time evolution of the dispersion in positions for the circu-
lar orbit case (orbit-1) with an age of 50 Myr. In particular, we
superpose the true time evolution (with the spiral arm poten-
tial, solid lines) and the evolution assuming the axisymmetric
model (dashed lines). We observe that although the spiral arms
are neglected, the time of minimum dispersion for this rela-
tively young association agrees with the simulated age of the
YLA.

The comparison between the simulated dynamical age of
all our associations and the age obtained when we neglect the

effects of the spiral arms is presented in Table 4. We find that
when dealing with young associations of less than 20 Myr, for
both orbit-1 and orbit-2 the axisymmetric potential is a good
approximation: the error introduced is smaller than ∼1 Myr.
For older associations, this error increases with age reaching
values up to 20 Myr for an association of 200 Myr with a quasi-
circular orbit. The errors are larger for orbit-2. We note that
the relative error seems to settle to values of 15–20% for the
two oldest cases. We have checked that these conclusions also
hold for the different values of the initial dispersion proposed in
Sect. 3.2.

From this analysis and the results presented in
Sects. 3.5 and 5.3, we see that the small differences in the
determination of the dynamical age between using the axisym-
metric potential or a spiral arm potential are smaller than the
error induced by the current observational errors for the cases
presented here. Therefore, the effect of the spiral arm potential
can be neglected. Nonetheless, when the observational data is
more accurate and we consider older associations (with longer
integration times), the effect of the spiral arms should not be
overlooked.

6. Conclusions

In this work we determined the dynamical age and place of birth
of the youngest and most populated YLAs. This is the first time
that the dynamical age and its associated uncertainty have been
derived in a uniform way for such a large group of YLAs and
using the recent Gaia data.

Our method consists in integrating the orbits of the YLA
members back in time and finding the time of minimum dis-
persion in the azimuthal component of the positions. We have
tested and fine-tuned the method using mock YLAs. In partic-
ular, we see that the observational errors of the combination of
astrometry from TGAS and current complementary on-ground
radial velocities have a major impact on the determination of
dynamical ages. For this, we have successfully modelled the
effects of the errors and taken them into account to estimate
the dynamical age. In addition, we prove here with simula-
tions that for the youngest YLAs with nearly circular orbits and
the current observational errors, the axysimmetric potential is
a sufficient model to integrate their orbits without biasing the
results. Thus, we can neglect effects of the non-axisymmetries.
The simulations presented with mock YLAs also show that all
the results obtained with few members should be taken with
extreme care.
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With the current data we are able to determine or con-
strain the dynamical age for seven out of the nine YLAs
studied, namely ε Chamaeleontis, β Pictoris, Octans, Tucana-
Horologium, Columba, Carina, and Argus. Moreover, in most
of the cases our results are compatible with spectroscopic and
isochrone fitting ages and with other dynamical determinations
elsewhere. Our determinations thus offer an independent,
uniform, and valuable constraint on the ages of YLAs in the
solar neighbourhood.

For the controversial cases of TW Hya and AB Dor, which
have very few members or are old and might be related to two
different burst of formation, more accurate data is necessary to
reach a plausible age determination. Further data releases of the
Gaia mission and other surveys will increase the list of mem-
bers of the YLAs and improve the quality of the current data.
We have quantified that the next data release of Gaia, DR2,
which will supply the first all-sky set of accurate and homo-
geneous radial velocities, indeed offers notable improvement in
the determination of the dynamical ages, even for older associa-
tions. At this point, we also emphasise the need of spectroscopic
surveys of radial velocities for faint YLA members with accura-
cies comparable to that of Gaia DR2 tangential velocities. For
older associations or those following more eccentric orbits, the
effects of the spiral arms will become important, but this can be
accounted for in a straightforward way with our method.

We see that currently all but three of the YLAs in our set have
very similar orbits. This can either suggest that most of the asso-
ciations were formed from the same molecular cloud or that our
relatively small selection of YLAs is biased towards these posi-
tions. Very interestingly, we see hints of two different regions
and epochs of star formation that could have given birth to two
different groups of YLAs comprising Tuc-Hor, Col, and Car
(30–40 Myr ago) and ε Cha, TW Hya, and β Pic (3–15 Myr ago).
Additionally, our orbital analysis would be compatible with the
first generation of YLAs being related to the passage of the
Carina spiral arm and the second one to the formation of the Sco-
Cen complex. Future Gaia data will provide a more complete
sample of YLAs and a more comprehensive scenario describ-
ing when and where these associations were formed, and their
relation with known Galactic structures of star formation.
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Appendix A: Monte Carlo errors

Fig. A.1. Evolution in time of the dispersion in the η′ coordinate for a simulated YLA with initial conditions IC-1 and following orbit-1 (from left
to right) with ages of 20, 50, and 80 Myr (marked with a vertical black dashed line) with 1000 Monte Carlo realisations of the observational errors.
The different lines are the intrinsic dispersion (σint, cyan dot-dashed line), the propagated observed dispersion for each Monte Carlo realisation
(σobs, dark blue solid lines), the dispersion due to observational errors (σerr, red lines), and the estimated intrinsic dispersion (σest, green solid
lines). The light grey shaded region represents the uncertainty in the dynamical age determined with the propagated observed dispersion, and the
dark grey shaded region represents the uncertainty in the dynamical age determined with the estimated dispersion.

In this appendix we describe the 1000 Monte Carlo realisa-
tions of the observational errors of associations with different
ages. For each realisation we computed the propagated observed
dispersion (dark blue solid lines in Fig. A.1). As a first approxi-
mation, we did not perform our full methodology, which corrects
for the observational errors effect, but only took into account
the errors through the Monte Carlo sampling. We therefore used
each of these dark blue curves to determine a dynamical age
of the association by looking for the time of minimum disper-
sion, and we computed the mean and the standard deviation
of all realisations (vertical solid black line and light grey area,
respectively). We see that with this approximation, the dynam-
ical ages are systematically underestimated and the error bars
do not include the true age of the association. Several studies
have applied a similar methodology to estimate the uncertainties
in the dynamical age (e.g. de la Reza et al. 2006; Weinberger
et al. 2013; Donaldson et al. 2016). However, here with these
tests, we see the need to include a more advanced treatment of
the observational errors.

In order to better take into account the observational errors,
we follow the procedure explained in Sect. 3.5 and subtract the
dispersion due to errors (red lines) to the propagated observed

dispersion to obtain the estimated intrinsic dispersion (green
solid lines). Then we determinate the dynamical ages with
the estimated intrinsic curves. The resultant dynamical age is
indicated as a vertical thick solid line and the correspond-
ing uncertainty as a dark grey area. In all cases, considering
the analytical estimation of the observational errors improves
the determination of the dynamical age. In consequence, we
believe it is essential to include the analytical treatment of
the observational errors for the success of the dynamical age
determination.

In addition, we see that the Monte Carlo uncertainties are
still greatly underestimated since they do not include the true age
of the association, especially for intermediate-age and old asso-
ciations. That is why in Sect. 3.6 we propose different criteria
to estimate the uncertainties. Although they are slightly arbi-
trary criteria, which should be revised in the future when more
is known about the initial conditions of star formation, we find
them necessary to provide accurate uncertainties. When we com-
pare the error bars in Figs. 4 (our methodology) and A.1 (Monte
Carlo errors), we see that our methodology performs better and
that our error bars include the true value of the age, while the
Monte Carlo ones do not.
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