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Abstract. Stars originate by the gravitational collapse of a turbulent molecular cloud of a diffuse medium, and
are often observed to form clusters. Stellar clusters therefore play an important role in our understanding of
star formation and of the dynamical processes at play. However, investigating the cluster formation is difficult
because the density of the molecular cloud undergoes a change of many orders of magnitude. Hierarchical-step
approaches to decompose the problem into different stages are therefore required, as well as reliable assump-
tions on the initial conditions in the clouds. We report for the first time the use of the full potential of NASA
Kepler asteroseismic observations coupled with 3D numerical simulations, to put strong constraints on the early
formation stages of open clusters. Thanks to a Bayesian peak bagging analysis of about 50 red giant members
of NGC 6791 and NGC 6819, the two most populated open clusters observed in the nominal Kepler mission, we
derive a complete set of detailed oscillation mode properties for each star, with thousands of oscillation modes
characterized. We therefore show how these asteroseismic properties lead us to a discovery about the rotation
history of stellar clusters. Finally, our observational findings will be compared with hydrodynamical simula-
tions for stellar cluster formation to constrain the physical processes of turbulence, rotation, and magnetic fields
that are in action during the collapse of the progenitor cloud into a proto-cluster.

1 Introduction than the infrared and radio ones. In addition, conversely to
globular clusters, stars in open clusters are sparse enough,
with a density of at least 1 Mg, pc~3, thus providing the op-
portunity to perform detailed analyses on individual stellar
members. The great advantage of this approach is that the
stars in a cluster — as opposed to field stars that often
originate from the dissolution of small stellar systems —
can preserve the signature of the initial conditions of the
progenitor cloud.

Little is known on the role of angular momentum on
the early stage formation of stars in open clusters. It is be-
lieved that molecular clouds satisfying the Jeans instability
undergo a gravitational collapse in which the internal mo-
tions are strongly influenced by turbulence [4]. This im-
plies that the angular momentum from the progenitor gas
cloud cannot leave any significant imprint of their action in
the resulting stars of the cluster. From a theoretical point
of view, if the angular momentum vector of the cloud is
transferred to the individual pre-stellar cores then rotation
and possibly magnetic fields could be responsible of guid-
*e-mail: enrico.corsaro@cea.fr ing the gravitational accretion of mass along preferential

Most of the star formation in the Galaxy is occurring
within massive giant molecular clouds [1]. Giant molec-
ular clouds are expected to form hundred of thousands
of stars that can originate stellar clusters if the system is
able to remain gravitationally bound well beyond its for-
mation phase. This shows that investigating the early dy-
namical evolution of the molecular clouds is crucial for
understanding the star and planet formation processes at
different epochs and by taking into account the diversity of
environments in the Galaxy [2, 3]. However, the star form-
ing regions are obscured by dust, hence direct observations
are limited to the infrared and radio bands. Stellar clusters,
which are born embedded to giant molecular clouds, there-
fore represent important benchmarks to test stellar and
planetary formation, and stellar evolution theories. Open
clusters in particular generally contain a small amount or
no interstellar medium, which makes them well suitable
for studies involving a broad range of wavelengths other

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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directions in space. For understanding this aspect, reliable
measurements of the space orientation of the stellar-spin
axis are required. Previous analyses conducted on young
open clusters support no evidence of stellar-spin alignment
[5], but they relied on a combination of measurements for
stellar rotational periods from light curves, projected equa-
torial velocities from spectroscopy, and stellar radii based
on the cluster distance. As a result, the adopted methodol-
ogy could be prone to significant systematics, and it is not
applicable for distant and old populations of stars, whereas
the required primary information will lack.

Asteroseismology, the study of stellar oscillations, has
proven to be a powerful tool to extract direct information
on the stellar interiors, and in particular on the stellar an-
gular momentum vector, thus allowing for accurate and
detailed results, especially in the case of red giant stars
[6]. Red giants are low- and intermediate-mass stars that
have evolved off the main sequence to settle in either a
hydrogen-shell-burning or helium-core-burning phase of
the stellar evolution. Many red giants exhibit stellar oscil-
lations that can be analyzed through a Fourier spectrum of
the light curve. Such a Fourier spectrum contains a regu-
lar pattern of tens and sometimes more than a hundred of
radial and non-radial stellar oscillation modes [7]. Each
oscillation mode can be identified by means of an angular
degree [ and an azimuthal number m, the latter related to
the degeneracy lifted by the stellar rotation to form a mul-
tiplet of (2/ + 1) components [8, 9]. The dipolar (I = 1)
mixed modes [10] are the most suited for measuring the
orientation of the spin axis.

2 Data analysis & results

Here we investigate 48 oscillating red giant members of
the open clusters NGC 6791 and NGC 6819 [11-13], with
masses spanning from 1.1 to 1.7 Mg [14]. Both clusters
are old, with NGC 6791 one of the oldest known in our
Galaxy [15]. Despite their distance (on galactic scales up
to ~4 kpc), thanks to the high luminosity of the red giants,
the individual stellar members could be monitored by the
photometric space mission NASA Kepler for a period of
about 4 years. By performing detailed asteroseismic anal-
yses on each star [16-20], we obtain a total of about 380
rotationally split dipolar mixed modes — identified from
a set of more than 3900 oscillation modes — and we use
them to measure the spin inclination angles.

The analysis of the rotationally split dipolar mixed
modes shows that about 70% of the stars in each clus-
ter has a strong preferential spin orientation, with inclina-
tion angles between 20° and 30°. This is contrary to what
would be expected by assuming an uniform 3D distribu-
tion of spin vectors, where most of the inclination angles
would then be found close to 90°. The spatial distribution
of the stars also guarantees that they adequately sample the
observed spherical morphology of the two stellar clusters.

Existing N-body simulations for old open clusters [21]
show that the stellar angular momentum can influence the
evolution of colliding stars and of the orbital configura-
tions of multiple stellar systems, e.g. the orbital eccentric-
ities and periods of binaries. In the case of single stars we

instead observe only a spin down over time [22]. Because
of the larger average distances among the star members of
an open cluster, the N-body interactions cannot produce
any appreciable effect on redistributing stellar spin incli-
nations and yielding a spin alignment even for timescales
of several Gyr. As a consequence, the spin alignment that
is observed in the stars of our sample should have a differ-
ent origin, linked to the formation epoch of the cluster.

We have performed 3D hydrodynamical simulations
that reproduce the collapse of a dense molecular cloud
forming a proto-cluster [23]. The simulations show that
when we consider a cloud dominated by turbulent kinetic
energy, Ey,, over that of global rotation, E;y (yielding the
condition E,o/Ew: < 1), no significant stellar spin align-
ment is produced in the final pre-stellar cores and the dis-
tribution of spin inclinations resembles that of a uniform
orientation in 3D space. The scenario becomes compara-
ble to that of our observations when E,./E, =~ 1 instead.
In addition, when considering masses below 0.7 M, even
an energy equipartition between rotational and turbulent
kinetic energy is not able to produce a significant spin
alignment in the resulting pre-stellar cores.

3 Conclusion

Our results indicate that a mass above 0.7 My, accreted
into a pre-stellar core from the progenitor molecular cloud,
would be required in order to allow the cloud’s average
angular momentum to be transferred from the scale of the
molecular cloud to those of individual stars. At least 50 %
of the cloud’s rotational kinetic energy can be responsi-
ble of efficiently aligning the spin axes within the stel-
lar members of a cluster. Therefore, the two open clus-
ters NGC 6791 and NGC 6819 are likely to be originating
from a formation process that involved a dense collapsing
molecular cloud with a strong rotational energy compo-
nent. Through the measurement of stellar spin inclinations
for stars with masses comparable to that of our Sun and be-
longing to open clusters we can obtain information on the
initial energy budget of the progenitor molecular cloud, its
global rotation, and the efficiency by which the cloud’s av-
eraged angular momentum is transferred to the individual
stellar members of the clusters. This will lead to the ex-
ploration and reconstruction of the dynamical evolution of
galactic star forming regions that have originated clusters
with ages up to several Gyr.
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