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Abstract

In our Galaxy, star formation occurs in a variety of environments, with a large fraction of stars formed in clusters
hosting massive stars. OB stars have an important feedback on the evolution of protoplanetary disks orbiting
around nearby young stars and likely on the process of planet formation occurring in them. The nearby massive
association Cyg OB2 is an outstanding laboratory to study this feedback. It is the closest massive association to our
Sun and hosts hundreds of massive stars and thousands of low-mass members, both with and without disks. In this
paper, we analyze the spatial variation of the disk fraction (i.e., the fraction of cluster members bearing a disk) in
Cyg OB2 and study its correlation with the local values of far-ultraviolet (FUV) and extreme-ultraviolet (EUV)
radiation fields and the local stellar surface density. We present definitive evidence that disks are more rapidly
dissipated in the regions of the association characterized by intense local UV fields and large stellar density. In
particular, the FUV radiation dominates disk dissipation timescales in the proximity (i.e., within 0.5 pc) of the O
stars. In the rest of the association, EUV photons potentially induce a significant mass loss from the irradiated disks
across the entire association, but the efficiency of this process is reduced at increasing distances from the massive
stars owing to absorption by the intervening intracluster material. We find that disk dissipation due to close stellar
encounters is negligible in Cyg OB2 and likely to have affected 1% or fewer of the stellar population. Disk
dissipation is instead dominated by photoevaporation. We also compare our results to what has been found in other
young clusters with different massive populations, concluding that massive associations like Cyg OB2 are
potentially hostile to protoplanetary disks but that the environments where disks can safely evolve in planetary
systems are likely quite common in our Galaxy.

Unified Astronomy Thesaurus concepts: Star formation (1569); Pre-main sequence stars (1290)

1. Introduction

The evolution of circumstellar disks around young stars is
symbiotic with the formation of planetary systems. In the
generally accepted paradigm of star formation, about 80% of the
stars younger than 1Myr are surrounded by a thick circumstellar
disk, composed of dust and gas in a typical mass ratio of 1:100
and emitting in the near-infrared (NIR). This fraction decreases
to ∼55% at 3Myr and ∼15% at ∼5Myr (Haisch et al. 2001;
Hernández et al. 2007; Mamajek 2009). Disks are generally
dissipated, then, in less than 10Myr, although this timescale has
been brought into question by recent studies (Bell et al. 2013; De
Marchi et al. 2013). This timescale is long enough to allow the
early steps of planet formation to occur, such as settling of dust
grains on the disk midplane, aggregation of dust grains into
larger solid bodies, and the formation of planetesimals (i.e.,
Zuckerman 2001; Dullemond & Dominik 2004). Consequently,
stars that have dissipated their disks quickly (i.e., in less than 2

or 3 Myr) may be less likely to form planets than disks that
evolved unperturbed.
The evolutionary timescale of circumstellar disks is dictated by

several processes. Viscosity in the disk drives a radial flow of gas
that finally accretes onto the central star (see, e.g., Pringle 1981).
In the very inner part of the disk, the accretion is controlled by the
stellar magnetic field, which funnels the plasma in accretion
columns (Gullbring et al. 1998; Romanova et al. 2011). The
accreting material hits the stellar surface almost in freefall at
speeds of a few hundred kilometers per second, heating the
accretion spots up to temperatures of approximately 10,000 K
(Calvet & Gullbring 1998). This process is a source of energetic
ultraviolet and soft X-ray radiation. This energetic radiation
(together with the intense coronal X-ray emission that char-
acterizes young stars; Montmerle 1996) has an important impact
on the evolution of the circumstellar disk itself. Far-ultraviolet
(FUV) photons (with energy between 6 eV< hν< 13.6 eV)
dissociate H2 molecules, while the extreme-ultraviolet (EUV)
and X-ray photons (with energy hν> 13.6 eV) are capable of
ionizing hydrogen atoms. This input of energy raises the gas
temperature in the outer layers in the disk up to some 1000 K, and
sometimes even more than 10,000K, creating an intense thermal
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pressure that drives a flow of gas away from the disk. This
process, called “disk photoevaporation” (e.g., Johnstone et al.
1998), is thought to be responsible for the clearing of an
intermediate region in the disk in a few megayears and the
formation of pretransition disks (Clarke et al. 2001; Alexander
et al. 2006; Ercolano et al. 2008). Once the inner disk is
decoupled from the outer disk, the inner part accretes onto the
central star in a viscous timescale of a few ×105 yr, leading to the
creation of transition disks (Calvet et al. 2005).

Disk photoevaporation is then a crucial process in normal
disk evolution, occurring in less than 10Myr, when it is
induced by the central star itself, and it may also impact planet
formation and migration across the disk. However, a significant
fraction of stars in our Galaxy form in the proximity of OB
stars, which are intense sources of UV radiation and may
induce photoevaporation in nearby disks. For instance, in the
Trapezium cluster in Orion disk photoevaporation externally
induced by the O6V star Θ1 Ori has been invoked to explain
the protoplanetary disks embedded in an evaporating envelope
observed by the Hubble Space Telescope (HST; O’Dell &
Wen 1994). Similar structures have been observed in other
clusters, such as the proplyd-like objects in Cyg OB2 (Wright
et al. 2012), some of which were shown to be evaporating disks
by Guarcello et al. (2014). In the intermediately massive
clusters (i.e., hosting tens of massive stars) NGC 6611
(Guarcello et al. 2007, 2009, 2010b) and NGC 2244 (Balog
et al. 2007), the fraction of members with disks has been
observed to decline in the proximity of the massive cluster
members, as a consequence of a fast disk dissipation due to the
intense local UV field. Such externally induced photoevapora-
tion can dissipate disks in timescales as short as ∼1Myr (i.e.,
Störzer & Hollenbach 1999). In low-mass clusters hosting only
a few massive stars, disks are expected to be affected by the
UV radiation field only in proximity (i.e., =1 pc) of OB stars.

Externally induced photoevaporation is not the only
environmental feedback that can affect disk evolution. During
the dynamical evolution of clusters stars can occasionally
encounter other members at small distances. In those cases
when the impact parameter is smaller than a few hundred
astronomical units and one or both of the interacting stars have
a disk, the close encounter can have dramatic effects on the
morphology and evolution of the disk, resulting in significant
mass loss from the disk, with part of the material being
dispersed in the surrounding medium and part captured by the
other star (Clarke & Pringle 1993; Pfalzner et al. 2005; Thies
et al. 2010); enrichment of one circumstellar environment as a
result of the mass exchange with more evolved systems
(Adams & Spergel 2005); expulsion of forming planets from
the disk (Adams & Laughlin 2001; Spurzem et al. 2009), which
may result in floating planets; or perturbation of the orbits of
forming planetesimals and planets (i.e., Zapatero Osorio et al.
2000). The mass loss from the disk during a close encounter
depends on several factors: masses and velocities of the
interacting stars, the impact parameter, the direction of motion
of the interacting stars with respect to the orbital motion in the
disk, the angle between the plane of the disk and the direction
of the stellar interaction, etc.

Several theoretical studies have examined the impact of close
encounters on the disk population in clusters with different stellar
density. For instance, Adams et al. (2006) found that in small
clusters with a population of a few hundred members stars have a
probability between 0.1% and 1% of having a close encounter

with an impact parameter of 100–200 au in 1 Myr, and they
concluded that in low-mass environments disks are rarely
dispersed by the gravitational interaction between stars. Pfalzner
et al. (2006) have simulated the gravitational interactions in
intermediately massive environments such as the Trapezium in
Orion. They found that, on average, in 10Myr disks around
massive stars (Mstars> 10Me) lose ∼80% of their initial mass,
disk in stars with 1Me<Mstars< 10Me lose about 30%, while
less massive stars lose about 20%. In this environment, the
chances for very close encounters (i.e., b< 90 au) for a solar-
mass star have been calculated by Adams (2010) to range
between 1% and 10% in 10Myr. The hybrid N-body/smoothed
particle hydrodynamics (SPH) simulations presented in Rosotti
et al. (2014) have shown that close encounters in clusters mainly
affect disk size rather than disk mass. In the most extreme
environments, such as the Arches cluster, where the central 1 pc
cubic region contains about 125 O stars, one-third of the disks are
destroyed by gravitational interactions in less than 3Myr (Olczak
et al. 2012). Furthermore, in their analysis of the typical disk size
in clusters with different stellar densities, de Juan Ovelar et al.
(2012) found evidence that disks are typically smaller dense
environments, i.e., with densities in excess of 103.5 pc−2. There
are a wide range of situations, then, suggested by these theoretical
studies, but which still lack observational support.
As we discuss in Section 2, Cyg OB2 is a young association

that is dynamically not evolved. It is also rich in O stars, and it
contains a rich young stellar population of disk and diskless
objects. Given these properties, and the fact that local UV
fluxes at the positions of young members of the association,
Cyg OB2 is a perfect target to study the effects of
photoevaporation of disk dispersal. This is not the case in
most of the known massive clusters, which are more distant,
more dynamically evolved, and mixed. In this paper we study
the evolutionary timescale for disk dissipation in Cyg OB2, and
we compare our results to previous studies focused on the same
topic but in different star-forming regions. In Section 2 we
describe Cyg OB2 and the data from the Cygnus OB2 Chandra
Legacy Project; the evidence that disks are dissipated by the
environment feedback in Cyg OB2 is presented in Section 3,
and in Section 4 we compare the effectiveness of externally
induced photoevaporation and stellar close encounters on disk
dissipation. Finally, in Section 5 we discuss the importance of
the environment feedback on disk evolution and planet
formation, first in Cyg OB2 and then in other star-forming
environments of our Galaxy.

2. Cyg OB2 and the Cygnus OB2 Chandra Legacy Survey

The massive association Cyg OB2 in the Cygnus X complex
provides a laboratory to test the effects of environmental
feedback on the evolution of circumstellar disks and planet
formation. At a distance of 1400 pc (Rygl et al. 2012), it is the
closest massive young association to the Sun. The massive
population of Cyg OB2 has been the subject of several studies
(Reddish et al. 1967; Knödlseder 2000; Comerón et al. 2002;
Hanson 2003; Drew et al. 2008; Wright et al. 2015b). In
particular, this association hosts two of the few known O3 stars
in our Galaxy (Walborn 1973; Walborn et al. 2002), together
with an incredibly luminous B supergiant, Cyg OB2#12
(Massey & Thompson 1991; Negueruela et al. 2008).
Together with this massive population, Cyg OB2 is also rich

in young low-mass members. Censuses of low-mass members
based on Chandra/ACIS-I observations have found from 1000
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to 1500 stars in the central region (down to ∼0.5Me, but
complete at ∼1Me; Albacete Colombo et al. 2007; Wright &
Drake 2009). The age of these stars has been estimated to range
between 3 and 5Myr by Wright et al. (2010), although a
complex star formation history emerges from other studies:
Hanson (2003) dated some massive stars as younger than
2Myr, Drew et al. (2008) identified a 5–7Myr old population
of A stars southward of the association center, stars with disks
with intense accretion have been identified by Vink et al.
(2008), and very young embedded protostars and active star-
forming regions are observed in the periphery of Cyg OB2
(Wright et al. 2012; Guarcello et al. 2013). In particular, the
morphology of some of these structures, such as DR18
(Schneider et al. 2006), with ongoing embedded star formation,
and the observed orientation toward the center of Cyg OB2 of
several UV-illuminated features (Schneider et al. 2016) clearly
indicate a high level of feedback from the massive members of
Cyg OB2 (Guarcello et al. 2013).

Despite its proximity to the Sun, compared to other massive
associations, Cyg OB2 is affected by high extinction, mainly
due to the dust associated with the Cygnus Rift in the
foreground. Evidence that the Rift is responsible for an
extinction of few magnitudes along this line of sight was first
raised by Dickel & Wendker (1978). Schneider et al. (2007)
found an upper limit for the extinction due to the Rift equal to
AV= 5. This was confirmed by Sale et al. (2009), who found an
increase of extinction along this line of sight from AV= 2 to
AV= 5 caused by dust present in a region between 1 and 2 kpc
from the Sun. A similar estimate has been done by Drew et al.
(2008), who found that the extinction affecting the stars
associated with Cyg OB2 ranges from 2.5< AV< 7, and by
Wright et al. (2010), who found a median AV= 7.5 in the
central region and AV= 5.5 northward. A slightly lower
extinction has been estimated by Guarcello et al. (2012) from
r− i versus i− z colors, finding a main range of extinction of
2.6< AV< 5.6, with a median value AV= 4.3. The sample of
candidate members of the association defined by Kashyap et al.
(2023) has larger extinctions, more similar to what has been
found in previous studies: the 10% and 90% quantiles of their
AV distribution are in fact 4.4 mag and 8.5 mag, respectively,
with a median value of 6.4 mag.

A region of 1 deg2 centered on Cyg OB2 has recently been
surveyed with Chandra/ACIS-I for the Chandra Cygnus OB2
Legacy Project. The survey is composed of 36 ACIS-I fields
overlapping each other in order to have an almost constant
sensitivity in the central 40′× 40′ area. The resulting catalog of
7924 X-ray sources is described in Wright et al. (2023a). Since
optical and infrared data are crucial for most of the scientific
aims of the survey, the X-ray catalog has been combined with a
large set of photometric data: optical data in riz bands from
specific observations with OSIRIS@GTC (Guarcello et al.
2012), down to r= 25; data in ugriz bands from the SDSS/
DR9 public catalog (Aihara et al. 2011), down to r= 16; data
in r i H¢ ¢ a bands from the second data release of the IPHAS
public catalog (Drew et al. 2005; Barentsen et al. 2014), down
to r 21.5;¢ = NIR data in JHK from Two Micron All Sky
Survey (2MASS)Point Source Catalog (Cutri et al. 2003) and
UKIDSSGalactic Plane Survey (Lucas et al. 2008; King et al.
2013), down to J= 18.5 and J= 21, respectively; and Spitzer
and MIPS data from the Spitzer Legacy Survey of the Cygnus
X region (Beerer et al. 2010). With the exception of the
OSIRIS catalog, covering the central 40′× 40′ area, all these

catalogs cover the entire survey area. This large set of
photometric data has been combined in a unique optical
−infrared−X-ray catalog containing 328,540 sources (Guar-
cello et al. 2013, and 2014). Figure 1 shows an 8.0 μm image
of the region of Cyg OB2, with the area observed with
Chandra/ACIS-I indicated, together with the positions of
known O and B stars.
In this paper we study how the disk fraction (i.e., the fraction

of stars associated with Cyg OB2 bearing a circumstellar disk)
changes across the Chandra Cygnus OB2 Legacy Survey area
as a function of the local UV (FUV and EUV) field and the
local surface stellar density. For this aim, we use the list of
1843 members with disks selected by Guarcello et al. (2013),
which has been purged from contamination by foreground field
stars, background giants, and extragalactic sources; and the list
of 5022 candidate members obtained by Kashyap et al. (2023)
from the catalog of X-ray sources described in Wright et al.
(2023a). Among these X-ray sources, 441 are disk-bearing stars
and 102 are known OB stars. The remaining 4479 (with 154
multiple matches between the X-ray and optical−infrared
catalogs; Guarcello et al. 2023) are good candidate class III
objects of the association. Figure 2 shows the spatial
distribution of the selected members with disks (left panel)
and without disks (right panel), overplotted with the position of
the O stars. The contours mark the emission levels at 8.0 μm
from Spitzer observations, revealing the dense nebular
structures. Some of these are sites of ongoing star formation,
such as DR18. In the spatial distribution of the disk-bearing
sources, it is possible to distinguish the central cluster and the
surrounding annular stellar overdensity discussed in Guarcello
et al. (2013). In addition, the spatial distribution of the
members without disks shows a clear overdensity corresp-
onding to the central cluster, as well as a rich population in the
outer regions.

Figure 1. Spitzer/IRAC [8.0] image of the Cyg OB2 area. The field observed
with ACIS-I is marked, as well as the positions of known O stars (filled circles)
and B stars (crosses).
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For the purposes of this paper, it is necessary to estimate the
UV flux emitted by the O stars associated with Cyg OB2. We
will omit from the calculation the flux emitted by the early B
stars, whose census is still incomplete. Table 1 shows the
positions and spectral types of the known O stars, together with
their expected FUV and EUV luminosity. Their FUV
luminosities have been obtained using the interpolated relations
from Parravano et al. (2003). Stellar masses and spectral types,
necessary to calculate the FUV luminosity, are taken from
Wright et al. (2015b). The EUV luminosities in Table 1 are in
units of number of ionizing photons with λ< 912Å s−1 (the
Q0 value in Martins et al. 2005). We included in the list the
three W-R stars of the association and the O stars that are
outside the field of our survey but within a few arcminutes.

3. Spatial Variation of the Disk Fraction in Cyg OB2

To study the effect that O stars have on disk evolution in
Cyg OB2, we need to calculate how the disk fraction varies
across the association as a function of the local EUV and FUV
radiation fields. For this aim, using the technique adopted in
Guarcello et al. (2007), we calculate the FUV and EUV fluxes
emitted by each O star and incident at the position of each star
associated with Cyg OB2, both with and without a disk, using
the projected distances (i.e., the 2D projection of the real
distances). In this way it is possible to calculate the disk
fraction in given ranges of incident UV flux. The results are
shown in Figure 3. The top left and bottom left panels show the
disk fraction variation versus the incident FUV and EUV
fluxes, respectively. The FUV fluxes are measured in terms of
the Habing flux G0, equal to 1.6× 10−3 erg cm−2 s−1; 1.7 G0

corresponds to the average UV flux in the 912–2000Å spectral
range in the solar neighborhood (Habing 1968). The EUV
fluxes are described in units of photons s−1 cm−2. The size of
the bins is fixed in order to include the same number of diskless
members in each of them, so that the observed variation is
given by the decrease of the number of stars with disks. The
upper limits of incident fluxes used in Figure 3 (i.e., log

F 4.7FUV( ) = and log F 13.5EUV( ) = ) are chosen only to
improve the visualization of the figure, and they are much
smaller than the actual upper limits of the flux incident on the
stars. The right panels show the spatial distribution of the
candidate members (both with and without disks) and the O
stars. The different colors are used to mark the position of the
stars falling in each of the bins in the right panels.
Figure 3 clearly shows a smooth decline of the disk fraction

from ∼40% in the regions with low UV fluxes to ∼18% in
those close to the O stars. Hereafter, the bins will be labeled
with recurring numbers starting from those at high fluxes. In
this way, the first bin is the one corresponding to the highest
UV fluxes, and the sixth bin is the one corresponding to the
lowest fluxes.
In this calculation, we are not accounting for any evolution

of the UV radiation field in Cyg OB2 due to the evolution of
the O stars. This approximation should not have a strong
impact on our calculation given the age of Cyg OB2 members
and the expected evolutionary timescale of these massive stars.
Star formation in Cyg OB2 is expected to have started about
5 Myr ago (Wright et al. 2010), with most of the members
formed about 2–3Myr ago (Massey et al. 2001). Since (1) the
lifetime of O stars is expected to range between 4 and 7Myr for
the early (Langer et al. 1994) and late (Meynet et al. 1994;
Schaerer & de Koter 1997) O stars, respectively, and (2) star
formation is ongoing only in the periphery of the association
(Guarcello et al. 2013), the use of present-day UV flux is a
good approximation of the overall UV field experienced by the
disks during the evolution of the association. It must also be
noted that the study of Wright et al. (2014b) showed that in the
past Cyg OB2 never had a highly clustered stellar configura-
tion. We are also ignoring for the moment the absorption of the
UV radiation by intracluster dust particles that may still be
present in the association. Given that even reasonably small
concentrations of dust particles may result in significant
attenuation of the UV radiation, this may play an important
role in shaping the disk fraction versus incident UV flux
relation we observe, especially in the case of disks at large

Figure 2. Spatial distribution of stars with disks (left) and without disks (right), showing the position of the O stars (blue stars) and the 8 μm continuum emission
contours in red.
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Table 1
UV Fluxes Emitted by the O Stars in the Cyg OB2

R.A. Decl. Spectral Type log L LFUV ( ) log LEUV( )
J2000 J2000 (erg s−1) (photons s−1)

20:33:08.779 +41:13:18.10 O3If 5.38 49.79
20:33:08.779 +41:13:18.10 O6V 5.06 48.96
20:33:14.160 +41:20:21.50 O3I 5.33 49.79
20:33:18.019 +41:18:31.00 O5III 5.25 49.44
20:33:10.740 +41:15:08.00 O5I 5.40 49.60
20:33:10.740 +41:15:08.00 O3.5III 5.42 49.64
20:34:08.539 +41:36:59.30 O5I 5.28 49.61
20:33:23.460 +41:09:12.90 O5.5V 5.40 49.11
20:33:13.250 +41:13:28.60 O6V 4.96 48.96
20:31:37.500 +41:13:21.10 O6IV 5.19 49.09
20:31:37.500 +41:13:21.10 O9III 4.75 48.42
20:33:15.180 +41:18:50.10 O5.5III 5.21 49.33
20:33:15.180 +41:18:50.10 O6I 5.24 49.44
20:33:14.839 +41:18:41.40 O6.5III 5.14 49.11
20:34:44.100 +40:51:58.00 O6.5III 5.00 49.11
20:33:40.879 +41:30:18.50 O7V 4.71 48.63
20:34:13.500 +41:35:02.60 O7V 4.84 48.63
20:34:29.520 +41:31:45.50 O7V 4.98 48.63
20:34:29.520 +41:31:45.50 O9V 4.49 47.90
20:31:59.611 +41:14:50.40 O7V 4.76 48.63
20:32:13.771 +41:27:12.70 O7III 4.96 49.00
20:32:22.430 +41:18:19.00 O7I 5.24 49.27
20:32:22.430 +41:18:19.00 O6I 5.32 49.44
20:32:22.430 +41:18:19.00 O9V 4.49 47.90
20:31:36.910 +40:59:09.10 O7I 5.07 49.27
20:30:27.300 +41:13:25.00 O7I 4.82 49.27
20:30:27.300 +41:13:25.00 O9I 5.07 48.80
20:33:17.489 +41:17:09.20 O7.5V 4.84 48.44
20:33:26.770 +41:10:59.50 O7.5V 4.76 48.44
20:32:31.500 +41:14:08.00 O7.5III 5.13 48.89
20:31:10.570 +41:31:53.00 O8V 4.85 48.29
20:32:27.670 +41:26:21.70 O8V 4.69 48.29
20:32:38.580 +41:25:13.60 O8V 4.76 48.29
20:32:45.451 +41:25:37.30 O8V 4.82 48.29
20:32:59.170 +41:24:25.70 O8V 4.65 48.29
20:33:02.940 +41:17:43.30 O8V 4.76 48.29
20:33:13.670 +41:13:05.70 O8V 4.67 48.29
20:33:18.079 +41:21:36.60 O8V 4.69 48.29
20:33:30.430 +41:35:57.50 O8V 4.82 48.29
20:32:34.800 +40:56:17.00 O8V 4.62 48.29
20:34:21.950 +41:17:01.60 O8III 4.58 48.76
20:34:21.950 +41:17:01.60 O8III 4.58 48.76
20:33:02.899 +40:47:25.00 O8II 5.13 48.90
20:32:50.030 +41:23:44.60 O8.5V 4.66 48.10
20:33:16.361 +41:19:01.90 O8.5V 4.61 48.10
20:33:21.041 +41:17:40.10 O8.5V 4.53 48.10
20:33:25.670 +41:33:26.60 O8.5V 4.76 48.10
20:31:45.389 +41:18:26.80 O8.5I 4.77 48.95
20:31:18.310 +41:21:21.70 O9V 4.52 47.90
20:32:16.531 +41:25:36.40 O9V 4.55 47.90
20:33:09.581 +41:13:00.60 O9V 4.39 47.90
20:34:04.949 +41:05:13.20 O9V 4.46 47.90
20:34:09.521 +41:34:13.40 O9V 4.49 47.90
20:33:09.410 +41:12:58.20 O9V 4.32 47.90
20:31:49.651 +41:28:26.80 O9III 4.42 48.42
20:33:46.150 +41:33:00.50 O9I 5.18 48.80
20:33:15.739 +41:20:17.20 O9.5V 4.42 47.56
20:33:59.570 +41:17:36.10 O9.5V 4.45 47.56
20:30:57.701 +41:09:57.00 O9.5V 4.53 47.56
20:34:16.049 +41:02:19.60 O9.5V 4.47 47.56
20:31:46.001 +41:17:27.40 O9.5I 4.41 48.69
20:30:39.869 +41:36:50.90 O6V 5.06 48.96
20:34:55.099 +40:34:43.97 O9V 4.49 47.90
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distance from the center of the association. The effects of this
absorption are described in more detail in Section 5.1.

The spatial variation of disk fraction shown in Figure 3 is
compatible with a scenario where disks closer to O stars are
dissipated faster by externally induced photoevaporation than
those in the outer part of the association. However, there are
other effects that can produce similar results: a sequence of star
formation from the center of the association outward such that
the central stars are significantly older, a 2D projection effect,
and a nonuniform sensitivity of the data sets employed to
identify Cyg OB2 members with and without disks.

3.1. 2D Projection Effect

In Section 3 we describe how we calculate the FUV and EUV
fluxes at the position of the candidate members using the
projected distances between each member to the O stars. The
projected distances are lower limits to the real distances between
stars, resulting in overestimated UV fluxes experienced by the
candidate members. Since we are studying the effects on the disk
fraction, i.e., the ratio of the number of stars with disks over the
total number of members, it is not trivial to deduce how the 2D
projection of the real stellar distribution affects the correlation
observed between disk fraction and incident UV flux. One way to
infer how the trend in Figure 3 would appear using the real 3D
distances between stars is by simulating a large number of
realistic morphologies of the association and calculating the disk
fraction versus FUV flux for each simulation. We want to verify
whether possible 3D configurations of the association exist where
the decrease of the disk fraction as a function of the incident UV
flux would not be observed.

In order to simulate the 3D morphology of the association,
we need to assign to each member an elevation (z, in parsecs)
from the 2D projection plane. The elevation can be either
positive or negative. If Cyg OB2 were a cluster and not an
association, it would have been appropriate to adopt as an
upper limit of z a multiple (such as 5 times) of the cluster
radius. Cyg OB2 is, however, an association containing several
subclusters and structures (e.g., Guarcello et al. 2013), and Cyg
OB2 has been shown to have a substructured and fractal
structure and is not completely mixed (Wright et al. 2014b), so
that stars that are close together on the plane of the sky will also
be close together along the line of sight. More realistic
simulated 3D configurations can be obtained by considering its
clumpy structure.

We first calculate the minimum spanning tree (MST) of the
members (Barrow et al. 1985) using the R statistics package
nnclust.11 The MST is defined as the unique set of branches
connecting all the points in a given data set with the minimum
total length and not producing closed loops. This technique is
typically used to select and extract clustered groups of points,
and it has been used in several different studies related to stellar
clusters (e.g., Gutermuth et al. 2008). In this case we do not
attempt any selection of subclusters, but instead we simulate an
isotropic distribution for the orientation of each branch of the
MST with respect to the projection plane adopting a uniform
probability distribution. We set an upper limit to the simulated
elevation of each star equal to z 20max =  pc, in order to avoid
elevations ranging from 0 to ±∞.
We run 5000 simulations. Figure 4 shows one of the 3D

distributions that we obtain. A significant stellar population at
large elevations apparent in Figure 4 is found to be a common
feature of all the simulated 3D configurations. However, the
fall-off of the distribution toward the upper and lower box
edges shows that our result is not unduly sensitive to the value
of zmax chosen.
For each simulation, we calculate the disk fraction variation

as a function of the incident FUV flux, using the simulated 3D
distances between the low-mass members and the O stars. The
decline of the disk fraction toward the O stars is always
observed. In Figure 5 we show the median and 25% and 75%
quartiles of the disk fractions as a function of UV flux for all
the realizations. The difference between the 25% and 75%
quantiles of the disk fraction shown in Figure 5 is similar to its
error bars as shown in Figure 3, meaning that the 2D
approximation has a very small impact on our study. In
conclusion, there is no evidence that the variation of the disk
fraction as a function of the incident UV flux observed in
Cyg OB2 is a consequence of the 2D projection.

3.2. The Sequence of Star Formation

Mamajek (2009) describes the decline of disk fraction with
cluster age as an exponential decay with an e-folding timescale
of 2.5 Myr. As these authors state, however, the observed
decay strongly depends on the diagnostics adopted to select
members with and without disks and on the type of disks
included in the selection (i.e., active, passive, transitional, etc.).

Table 1
(Continued)

R.A. Decl. Spectral Type log L LFUV ( ) log LEUV( )
J2000 J2000 (erg s−1) (photons s−1)

20:30:07.800 +41:23:49.99 O8V 4.69 48.29
20:32:38.400 +40:40:43.97 O8III 4.90 48.76
20:34:55.999 +40:38:17.99 O9.7I 5.04 48.69
20:32:30.300 +40:34:32.99 O9.5IV 4.53 47.93
20:36:04.500 +40:56:12.98 O5V 5.18 49.26
20:31:00.101 +40:49:48.97 O7V 4.89 48.63
20:27:37.870 +41:15:46.80 O9.5V 4.40 47.56
20:34:28.999 +41:56:16.98 O9V 4.49 47.90
20:32:03.101 +41:15:19.90 WC4 3.77 49.10
20:32:06.281 +40:48:29.70 WN7 4.64 49.40
20:32:06.281 +40:48:29.70 O7V 4.92 48.63
20:35:47.090 +41:22:44.70 WC6 4.23 49.10
20:35:47.090 +41:22:44.70 O8III 5.10 48.76

11 http://cran.r-project.org/web/packages/nnclust/nnclust.pdf
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The disk selection in Cyg OB2 has been performed with JHK,
Spitzer/IRAC, and Spitzer/MIPS 24 μm data, and it involves
both stars with thick disks and candidate stars with transition,
pretransition, and low-mass (anemic) disks (Guarcello et al.
2013), classified according to their spectral energy distributions
and infrared colors.

A decrease of disk fraction from ∼40% to ∼18% as we
observe in Figure 3 can be explained if the population close to
the O stars is about 5 Myr old while that in the outer part of the
association is younger than 2Myr. Such a chronology can be a
consequence of a triggered star formation in the periphery of
the association by the OB stars in the center, which is a
plausible hypothesis in Cyg OB2. In order to examine this

possibility, it is necessary to estimate the age of the stars in the
different bins in Figure 3.
A rigorous estimate of stellar age would require an accurate

spectral classification of all the members, for which spectro-
scopic data are still not available. A less accurate method,
based on multiband photometry that is available for most of the
stars in Cyg OB2, consists in interpolating the position of each
member in dereddened optical color–magnitude diagrams with
the pre-main-sequence isochrones from Siess et al. (2000) and
the PARSEC stellar evolutionary model (Bressan et al. 2012).12

Since the presence of a circumstellar disk can alter the optical

Figure 3. Variation of the disk fraction as a function of the local EUV (bottom left panel) and FUV fields (top left panel) experienced by the low-mass members. The
spatial distribution of the stars falling in each bin is shown in the right panels, with the different colors marking those stars falling in the corresponding bin in the left
panels. The stars mark the positions of the O stars.

12 Downloaded from the CMD 2.7 web interface.
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colors of the central star by adding a blue excess due to the
accretion process (Calvet & Gullbring 1998) or scattering of
photospheric optical radiation into the line of sight (Guarcello
et al. 2010a), this method for evaluating stellar age cannot be
applied to the disk-bearing members but only to candidate
class III objects.

The optical r versus r− i and r− i versus i− z diagrams of
all the X-ray sources with optical counterparts are shown in
Guarcello et al. (2012). Most of these sources are classified as

members of Cyg OB2, so these diagrams also show the loci of
the diskless members. Since the extinction in Cyg OB2 changes
drastically with position, in order to obtain a reliable estimate
of the age of the diskless members, it is necessary to deredden
their optical colors using an estimate of the individual
extinction of each star, rather than some approximated average
value. Guarcello et al. (2012) used the displacement along the
reddening vector from the AV= 0 2.5Myr isochrone in the
r− i versus i− z diagram to calculate the individual extinctions
of the optical+X-ray sources in the central region of the
association. In the Chandra Cygnus OB2 Legacy Survey we
adopt the same approach but using the main-sequence locus
defined by Covey et al. (2007) rather than those from Siess
et al. (2000) and the source classification provided by Kashyap
et al. (2023), calculating ages and masses only for the
association members.
Figure 6 shows the age distributions calculated with Siess

et al. (2000) isochrones of the diskless stars falling in each of
the six bins of Figure 3. The main result is that the distribution
of stellar ages for the stars falling in the first and last bin is
similar, with a difference of median age of only 0.8 Myr. This
age difference, as well as the difference observed among the
stars falling in the other bins, cannot account for the observed
difference of disk fraction. A similar result is found using the
PARSEC models (in this case the difference of median age is
0.6Myr). In both cases, only the stellar population of the sixth
bin shows a wider distribution, with a population of younger
stars falling in the active star-forming regions identified by
Guarcello et al. (2013). This finding is in agreement with the
lack of significant spatial variation of stellar age as found by
Wright et al. (2015b) for the OB population.
As a further test, we fit the r and r− i distributions of the

populations of the six bins with a set of isochrones using the
maximum likelihood τ2-minimization method (Naylor &
Jeffries 2006; Naylor 2009). This method employs fitting of
two-dimensional photometric data in a color–magnitude space,
using a wide set of isochrones and also taking into account the
effects of the binary population and observed photometric
errors. Since the method does not calculate the extinction
separately, we use the deredden colors as described above. We
fit the r0 versus r0− i0 distribution of the stellar population of
the six bins using all the available isochrones (D’Antona &
Mazzitelli 1997; Baraffe et al. 1998; Palla & Stahler 1999;
Siess et al. 2000; Dotter 2008; Tognelli et al. 2012), adopting a
binary fraction of 0.5 and solar metallicity. Since we correct for
the individual reddening, we do not apply any further
systematic color error. Only when using the isochrones from
Dotter (2008) do we observe a likely inside-out age gradient
with a difference of 3Myr between the inner and outer stellar
populations. With the remaining six sets of isochrones we use,
no such trend is observed, with the age difference between the
stellar populations of adjacent bins being typically smaller than
1Myr. Assuming that the disk-bearing and diskless populations
are almost coeval, we can conclude that the observed decline of
disk fraction toward the O stars in Cyg OB2 is not a
consequence of an inside-out sequence of star formation.

3.3. Completeness

Any nonuniform sensitivity of our survey across the field
might impact the spatial variation of disk fraction that we
observe. For instance, the sensitivity across the ACIS-I detector
is known to decrease with the displacement from the center.

Figure 4. Simulated 3D stellar spatial distribution of the association.

Figure 5. Variation of the disk fraction as a function of the local FUV radiation
field obtained in the 5000 simulated 3D configurations of the association. The
solid histogram is obtained from the median disk fractions observed in the FUV
bins, the dotted histograms are obtained from the 25% and 75% quantiles, and
the dashed lines show the minimum and maximum disk fractions observed in
each FUV bin.
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Since pre-main-sequence stars are in general in the saturated
activity regime (Preibisch & Feigelson 2005), which means that
the X-ray luminosity in these stars is independent of stellar
rotation but scales with bolometric luminosity, which itself is
dependent on stellar mass and age, single ACIS-I observations
of young clusters will be deeper in stellar mass at small off-axis
angles than in the outer part of the field of view. Since there are
indications that less massive stars dissipate their disks more
slowly than more massive stars (Carpenter et al. 2006, 2009;
Luhman & Mamajek 2012), and also accounting for the fact
that disk-bearing stars are in general less X-ray bright than
diskless stars (Flaccomio et al. 2003; Preibisch et al. 2005), this
can affect the observed spatial variation of disk fraction.
However, this effect would mainly tend to increase the
observed disk fraction toward the center of a single field. Even
if the Chandra Cygnus OB2 Legacy Survey was designed in
order to reduce the impact of nonuniform sensitivity (Wright
et al. 2023b), it is important to verify whether this issue may
impact our results.

Another important effect can be the loss of sensitivity in the
optical and infrared images close to very bright stars, such as
most of the O stars in Cyg OB2. The bright wings of the point-
spread function of such stars can result in brighter background
and larger difficulty in detecting the emission from nearby faint
stars. It is not easy to predict the impact that this problem has in
our study, since observations at different wavelengths are
affected in different ways.

About 95% of the candidate cluster members have JHK
counterparts, in general from UKIDSS. The simplest way to
verify whether a nonuniform sensitivity of the data has affected
the result shown in Figure 3 is to derive the variation of the disk
fraction as a function of the FUV flux with different cuts in J
magnitude. Considering only members with J� 17, J� 16, or

J� 15, the disk fraction declines from 35% to 19% in the
former two cases and from 44% to 24% in the latter. We run
further tests to verify whether other completeness issues may
affect our results. We observe a smooth decline of the disk
fraction toward the center even considering only candidate
class III sources brighter in X-rays than the 25%, 33%, and
50% quantiles of the X-ray flux distribution, with a total
decline of the disk fraction from 46% to 23%, from 49% to
25%, and from 62% to 33% respectively. The masses of the
candidate cluster members detected in X-rays are estimated
from the dereddened optical and infrared color–magnitude
diagrams (Kashyap et al. 2023). Even if the presence of the
disk can affect the optical colors observed from the class II
sources, and thus the estimate of the individual extinction and
mass, we adopt the same procedure to estimate the masses of
the disk-bearing stars not detected in X-rays and calculate the
disk fraction versus the incident FUV flux adopting two cuts in
stellar mass: 0.4 and 0.7Me. The resulting spatial variation of
the disk fraction is still characterized by a significant decrease
toward the center of the association, even with a smaller total
disk fraction given the small number of stars for which masses
can be calculated: from 21% to 15% and from 25% to 17%,
respectively.
As a last test, disk lifetimes may depend on the mass of the

central star (e.g., Carpenter et al. 2006, 2009; Luhman &
Mamajek 2012). If the mass content of the central cluster is
different from that of the population in the outskirts of our field,
this would affect the spatial variation of the disk fraction.
However, the disk fraction calculated only for members with
M� 1Me declines from 27% to 13%, while for members with
M� 0.6Me it declines from 28% to 15%. Analogously, the
disk fraction for members with J� 15.4 and J� 16.1 (i.e., the
expected J magnitudes of 1 and 0.6Me stars, respectively, at a

Figure 6. Each histogram represents the age distribution of the stars falling in the bins in Figure 3. The plot titles show the median age of each distribution.
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distance of 1400 pc and extinguished by AV = 4.5) declines
from 39% to 18.5% and from 44% to 21%, respectively.

4. Photoevaporation versus Disruption due to Close
Encounters

In this section we compare the effects on disk evolution due
to UV radiation and close encounters adopting two different
approaches: the analysis of disk fraction maps with a higher
spatial resolution than employed in Figure 3, and estimating the
local stellar density around the position of each member
simulated in the 15,000 simulations of the 3D configuration of
the association as discussed in Section 3.1.

4.1. Disk Fraction Maps

Figure 7 shows a map of the disk fraction calculated in a grid
of 15× 15 bins and encoded with red tones. The value of the
disk fraction in those bins where σDF/DF< 0.25 is overplotted
(DF indicates the disk fraction).

In Figure 7 the contours mark the emission intensity at
8.0 μm as inferred from Spitzer data. This map allows us to
identify those bins where local peaks of the disk fraction
correspond with nebular structures that have been identified as
active star-forming regions in Guarcello et al. (2013), such as
the DR18 cloud at α∼ 308.8, δ∼ 41.2, the Globule 1 at
α∼ 308.0, δ∼ 41.2 (Schneider et al. 2006), and the bright
rimmed clouds in the northeast from the central cluster13

(Guarcello et al. 2013). On average, the disk fraction in these
structures ranges from ∼10% to ∼20% larger than that in some
of the surrounding bins. This is compatible with the embedded
stellar population being 1.5–2Myr younger than the surround-
ing stars (Mamajek 2009).

In the left panel of Figure 8 the spatial variation of disk
fraction is compared with the stellar surface density. Contours
mark the area where the local stellar surface density is equal to
typical values of clusters within 2 kpc from the Sun. The
adopted limits are the 25% and 95% quantiles of the
distribution of surface densities of the clusters within 2 kpc
from the Sun, as compiled by Lada & Lada (2003) and Porras
et al. (2003): 18 and 22 N pc−2, respectively. The limit
corresponding to the densest region in Figure 8 is 33 N pc−2,
which is the slope of the N versus R relation for these clusters
(with R being the cluster radius) as found by Adams et al.
(2006). These low densities are in agreement with the finding
of Wright et al. (2014b), who have demonstrated that Cyg OB2
has always been an association, characterized by modest stellar
density such as that we observe. The right panel shows a clear
decrease of the disk fraction as a function of the stellar surface
density measured in those bins with low relative error in the
disk fraction.
In the left panels of Figures 9 and 10 the contours mark the

local FUV and EUV fluxes, with the values fixed to the limits of
the bins in Figure 3. By a simple visual inspection of these
images, the correlation between the local disk fraction and the
local UV field (shown in the right panels of both figures for those
bins with low relative error in the disk fraction) is evident. In
most of the bins containing one or two O stars, which are
characterized by FFUV> 104 G0 or log F 11.5EUV( ) > in units of
photons s−1 cm−2, the disk fraction is about 15%–20% smaller
than that in surrounding bins not containing O stars and
characterized by less intense UV fields. Considering that the
stellar population of these regions is almost coeval, this gives an
estimate of the fraction of disks that have been destroyed by the
UV feedback in CygOB2 to date.
The center of the association, hosting the two central groups

of O stars and the elongated group in the northwest direction, is
characterized by an almost constant disk fraction (15%–18%),
high surface stellar density (>33 N pc−2), and intense UV field
(FFUV> 104 G0 and log F 11.5EUV( ) > ). This does not allow us
to use the data from the central region to compare the efficiency
of photoevaporation and collisional destruction. For this aim,
the values of the disk fraction in bins hosting isolated O stars
are more useful. For instance, in the northeast the region around
the group of seven O stars (marked with a black box in the disk
fraction maps) is characterized by intense UV fluxes but low
stellar surface density ranging between 5 and 17 N pc−2, and
the disk fraction of the whole area is about 15%. This is similar
to the center of the association in our grid and significantly
larger than the disk fraction observed southward and eastward
(also northward, but in this direction the presence of the cloud
cavity front and a trunk with ongoing star formation surely
affects the disk fraction). Analogously, the disk fractions in the
two bins hosting the three O stars at approximately α∼ 307.9,
δ∼ 41.2, and δ∼ 41.3 (spectral classes O8.5III, O8.5I, and
O9.5I), marked with a black box in the disk fraction maps, are
18% and 26%. These values are smaller than those in most of
the surrounding bins even if the surface stellar density is
similar.
The analysis of the disk fraction maps may suggest a greater

impact on disk dissipation timescale from the feedback from O
stars rather than from close encounters. In fact, this result is
only marginally significant and far from being final. However,
the spatial variation of disk fraction correlates in a similar way
with the local UV field and the stellar surface density, as shown

Figure 7. Maps showing the spatial variation of the disk fraction coded with
red tones. The values are indicated only in those bins where the relative error of
the disk fraction is smaller than 0.25. The overplotted contours mark the
8.0 μm emission.

13 Approximately at α ∼ 308.6, δ ∼ 41.5, at α ∼ 308.7, δ ∼ 41.55, and at
α ∼ 308.8, δ ∼ 41.6.
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in Figures 8–10, which is not surprising given the strong
correlation observed between the local stellar density and the
median value of the UV field in these bins (Figure 11). Given
the difficulty in isolating and comparing regions with different
stellar density and similar UV radiation field with regions with
similar density and different UV radiation field with good
statistics, the analysis described in this section provides only
marginal evidence that disk photoevaporation is a more
important mechanism than close encounters in the evolution
of disks.

4.2. Simulated Local Stellar Density

In Section 3.1 we describe the 5000 simulated 3D
configurations of the association realized with three different
approaches. These simulations allow us to estimate the local
stellar density per cubic parsec at the position of each member
and to use these estimates to infer the expected rate of stellar
encounters.
Given that Cyg OB2 is an association by some degree of

subclustering, the stellar density in the 3D simulations derived

Figure 8. Left panel: maps showing the spatial variation of the disk fraction as in Figure 7. The overplotted contours mark the local stellar surface density. The contour
levels are 0.7, 5, 17, 22, and 33 N pc−2. Right panel: disk fraction vs. stellar surface density flux in the bins of the same grid, showing only the values measured in bins
with the relative error of the disk fraction smaller than 0.25.

Figure 9. Left panel: maps showing the spatial variation of the disk fraction as in Figure 7. The overplotted contours mark the local FUV flux. The contour levels are
710.2, 2262.8, 3536.7, 6163.4, 11,087.3, 24,043.4 G0. Right panel: disk fraction vs. FUV flux in the bins of the same grid, showing only the values measured in bins
with the relative error of the disk fraction smaller than 0.25.
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in 3D binning or at increasing radial distances from a nominal
center is not useful to characterize the local stellar density
experienced by each member. A better estimate can be obtained
from the method of Whitworth et al. (1995) and devised for
SPH simulations. Considering the jth member of the associa-
tion whose position is given by its celestial coordinates and the
simulated elevations z, the local stellar density can be given by

h Wj j i ij
3d = ´ å- , with i running over the other members, hj

being the smoothing length associated with the jth member, and

W an appropriate kernel function. The smoothing length is
defined as the radius of the sphere containing 50 members and
centered on the jth member, while Wij is defined as
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with s being |ri− rj|/hj. The average distributions of local
stellar densities obtained with the simulations described in
Section 3.1 are shown in Figure 12. The number of members
experiencing a local stellar density larger than 200 stars pc−3 is
shown in the last bin. In the simulated 3D stellar configurations

Figure 10. Left panel: maps showing the spatial variation of the disk fraction as in Figure 7. The overplotted contours mark the local EUV flux. The contour levels are
2.3 × 1010, 6.2 × 1010, 9.3 × 1010, 1.6 × 1011, 3.1 × 1011, 7.7 × 1011 photons cm−2 s−1. Right panel: disk fraction vs. EUV flux in the bins of the same grid,
showing only the values measured in bins with the relative error of the disk fraction smaller than 0.25.

Figure 11. Correlation between the disk fraction and stellar surface density in
the bins of the grid used in Figure 7.

Figure 12. Distributions of local stellar density around the simulated 3D
members’ positions obtained averaging the 5000 simulations described in
Section 3.1.
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there is a significant number (i.e., about 300) of stars with such
a large surrounding stellar density. Only for very few members
in the simulated configurations do the local stellar densities
exceed the values typically observed in open clusters (i.e., from
tens to a few hundreds of stars pc−3).

The simulated local stellar densities experienced by each
association member allow us to make estimates of the chances
of close encounters in a given time. For instance, using the
calculations presented in Clarke & Pringle (1991) and adopting
a typical disk size of 100 au, we estimate that densities of ∼100
stars pc–3 correspond to about 1% probability of an encounter
in 1Myr. In the simulated 3D configurations there is a
significant fraction of members (14.6%) surrounded by such a
high local stellar density, but even in those cases the 1% chance
of close encounters in 1Myr is negligible in the context of the
disk sample in Cyg OB2 as a whole.

As a further test, we define a fixed grid in the simulated 3D
space, with 10 bins per axis, for a total of 1000 cells. For each
of the 5000 simulated 3D configurations, we calculate the disk
fraction and total stellar density. To infer the total stellar
density (i.e., across the entire mass spectrum), we adopt the
following procedure. In our X-ray catalog of cluster members,
we have 439 stars more massive than 1.5Me, 1292 between
1.5 and 0.7Me, and 3098 less massive than 0.7Me (Wright
et al. 2023a; Kashyap et al. 2023). Using the completeness as a
function of stellar mass calculated by Wright et al. (2023b), we
can predict a total number of members of 488, 1615, and 8551
stars in these three mass intervals, respectively. In order to
estimate the number of stars at about 0.1Me, we observe that,
following the initial mass function (IMF) defined by Kroupa
(2001), the expected population with such a mass is about 10
times larger than that with about 0.5Me, which in our case
means about 85,510 stars. Using these numbers, we predict a
total population of 96,164 stars in Cyg OB2 down to 0.1Me.
Incidentally, we note that since the average stellar mass
(adopting the Kroupa 2001 IMF) is 0.2Me, the total stellar
population of Cyg OB2 we estimate implies a total mass of the
association that is very similar to that predicted in existing
studies (e.g., Wright et al. 2015b). To estimate the total stellar
density in each cell, we make the assumption that the fraction
of members falling in each spatial cell does not depend on
stellar mass, i.e., we multiply the fraction of the members
falling in each spatial cell by the estimated total number of
stars. With this calculation, the estimated stellar density in the
3D grid never exceeds 90 stars pc–3. Such a stellar density is
too low to result in significant destructive feedback on disks’
evolution from the gravitational interaction between members.
For instance, Steinhausen & Pfalzner (2014) estimated the
number of disks destroyed by close encounters in 2Myr in
clusters with different stellar density, and no significant effects
are observed below stellar densities of 3000 stars pc–3.
Similarly, in the simulations by Vincke et al. (2015), after
5 Myr in environments with stellar densities of about 90 stars
pc–3, no disks have been destroyed by close encounters below
10 au, while the fraction of disks affected at radii �100 au from
the central star (which is a region of disks that we cannot probe
with our data) goes from about 10% to about 17%, with the
stellar density increasing from 15 to 90 stars pc–3. In
conclusion, the analysis of the simulated 3D stellar distribu-
tions of Cyg OB2 and the comparison between the effects of
the local UV field and stellar density indicates that the

evolution of protoplanetary disks is impacted by photoevapora-
tion and that erosion through collisions plays only a minor role.

5. Discussion

5.1. Is Cyg OB2 a Safe Environment for Disk Survival?

Externally induced disk photoevaporation has been proven
to expedite the dissipation of circumstellar disks. The
extraordinary HST optical images of the evaporating proplyds
(i.e., protoplanetary disks) in the Trapezium cluster in Orion
(Bally et al. 1998) clearly show the impact that photoevapora-
tion induced by nearby O stars (in this case the O6V star Θ1

Orionis) has on the evolution and morphology of nearby disks.
The cometary shape of these evaporating proplyds has been
studied by Johnstone et al. (1998) in terms of a neutral flow of
gas evaporating from the disk under the influence of the FUV
radiation. This gas is then ionized by the EUV radiation
forming an ionization front that lies at a distance from the disk
surface that depends on several factors, mainly the intensity of
the incident UV flux and the optical depth of the evaporating
column. The disk mass-loss rate of these proplyds has been
predicted to range between ∼10−7 and ∼10−8Me yr−1

(Störzer & Hollenbach 1999), which was later confirmed by
spectroscopic observations and analysis of optical emission
lines (Henney & O’Dell 1999).
In the Trapezium cluster photoevaporation is driven by the

FUV radiation. When the ionization front lies on the disk
surface, however, the EUV radiation can directly ionize the gas
in the disk, inducing a more intense mass loss. Störzer &
Hollenbach (1999) have studied the range of intensities of the
incident FUV flux produced by the O stars in the Trapezium,
which results in a photoevaporative flow that is dense enough
to absorb the incident EUV photons, i.e., in which the
photoevaporation is FUV dominated. With the typical EUV/
FUV flux ratio emitted by O stars, they found that the FUV-
dominated region occurs for FUV incident fluxes in the range
105 G0 FFUV 5× 107 G0. The lower limit is dictated by the
fact that at less intense FUV fluxes the wind is transparent to
incident EUV photons that can directly ionize the disk surface,
while the upper limit corresponds to distances from the ionizing
source with such intense EUV fields that the ionization front
coincides with the disk surface. Outside this interval, photo-
evaporation is EUV dominated.
In Cyg OB2, the disk fraction in the region irradiated by an

FUV flux within the FUV-dominated range is 18.3%, typical of
the very inner area of the association as shown in the disk
fraction maps. The distance of these stars from the closest O or
W-R star (independently from its spectral type) is about 0.4 pc.
This can be compared with the decline of the disk fraction with
the distance from the closest O star shown in Figure 13. On
average, the regions characterized by a disk fraction ∼20% are
less than 1 pc away from the closest O star.
Considering only the photoevaporation induced by FUV

photons, this could lead to the conclusion that, even in massive
associations such as Cyg OB2, the externally induced disk
photoevaporation is important only nearby the O stars.
However, we observe a smooth decline of the disk fraction
over the entire region toward the center of the association. To
explain this, we note that a number of simulations (e.g.,
Clarke 2007; Anderson et al. 2013; Facchini et al. 2016)
suggest that even with incident FUV radiation in the range
3000 G0 FFUV 30,000 G0 the lifetime of protoplanetary
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disks can be reduced to less than 2Myr, unless their viscosity is
exceptionally low. We can also verify whether in regions with
FFUV< 105 G0 the EUV radiation can drive the photoevapora-
tion of the disks. It is possible to estimate the mass-loss rate
induced by EUV radiation using the equation derived by
Adams (2010):

M 9 10 , 1L

d

r8
10 s

1 2 10 cm

30 au

3 2
dEUV

49 1

17 ( )( ) ( ) ( )» ´ -
-

/ /

where LEUV is the EUV luminosity of the ionizing sources (in
photons s−1), d is their distance from the disk, and rd is the disk
radius. We calculate the mass-loss rates due to the incident
EUV flux emitted by the O stars of Cyg OB2 adopting
rd= 100 au. The result is shown in Figure 14, where we plot
over the disk fraction map the contours of the expected mass-
loss rate induced by the local EUV radiation field. The contour
labels show the log M( ) values in units of Me yr−1. The mass-
loss rates induced by the extreme O population in Cyg OB2
range from 1.5× 10−8Me yr−1 to 3.9× 10−7Me yr−1 across
the entire field. Such values are capable of dissipating a disk
with a typical mass of 0.05Me in 3.3 and 0.1 Myr,
respectively. For comparison, a mass-loss rate larger than
1.5× 10−8Me yr−1 can be induced by Θ1 Ori only within
0.44 pc. This distance is just 0.03 times the projected radius of
our survey area. The question that must be addressed now is,
why do we still observe stars with disks in Cyg OB2 given this
intense mass-loss rate induced by the EUV radiation across the
entire field?

One possibility is that we are overestimating the incident
EUV flux because of the use of the projected distances rather
than the real ones. However, in order to dissipate the disks in
Cyg OB2 in a timescale comparable to the association lifetime,
the mass-loss rate must be about 5 times smaller. This
corresponds to an increase in distance d of a factor 5 for the

same emitted EUV flux, resulting in unreasonable distances
between the outer part of the association and its center.
Such intense mass-loss rates as those we calculate can also

be a consequence of the adopted stationary value for rd. Given
that the surface density in circumstellar disks decreases with
increasing distance from the central star, externally induced
photoevaporation, which results in an almost uniform mass-
loss rate across the disk, dissipates the disk from outside inward
(Johnstone et al. 1998). With time, the disk radius shrinks
down to the gravitational radius.14 After reducing the disk outer
radius to, for instance, 35 au, the mass-loss rate has been
reduced by a factor of ∼5, following Equation (1). It must be
noted that a such small disk can still produce detectable NIR
excesses.
Another likely explanation is that Equation (1) does not

account for the attenuation of the EUV radiation. Two
contributions of such absorption are likely to play an important
role. First, the calculation of the mass-loss rate in Equation (1)
accounts only for the wind produced by the externally induced
photoevaporation, ignoring any contribution from the photo-
evaporation induced by the central star itself (by both X-ray
and UV photons). As discussed, this process is thought to be
important in the evolution of disks and to be the main process
leading to the formation of pretransition and transition disks
(e.g.,: Clarke et al. 2001; Alexander et al. 2004). However, this
contribution is expected to be not dependent on quantities that
decrease with the distance from the O stars, such as disks’ and
central stars’ properties. It is more likely that the presence of a
large population of stars with disks in the outer part of the
association is instead possible thanks to the absorption of the

Figure 13. Disk fraction vs. distance of the low-mass members from the closest
O star.

Figure 14. Spatial variation of the disk fraction overplotted with contours
marking the expected mass-loss rate due to the photoevaporation externally
induced by EUV photons. The label shows the corresponding values of Mlog ( )
in units of Me yr−1. The disk fraction values are indicated only in those bins
with good statistics.

14 The gravitational radius is the maximum distance from the central star
where the evaporating gas is gravitationally bound to the system.
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UV radiation by intracluster material. There is evidence that the
inner cluster of Cyg OB2 is almost clear of gas (Schneider et al.
2006). This is not surprising given that massive stars in clusters
usually create cavities in the parental cloud in about 3–5Myr
(e.g., Allen et al. 2007). However, Hα images of the center of
Cyg OB2 (Drew et al. 2005; Guarcello et al. 2013) show
diffuse Hα emission around the O stars that must be emitted by
intracluster gas. There is also evidence for the presence of
diffuse dust emission and dense clumps mainly in the outer part
of the association (see Figure 1 and Guarcello et al. 2013).
There is, then, a column of absorbing material that partially
shields the stars with disks in the outskirts of the association
from the UV radiation emitted by the O members, and this
extinction is expected to increase with the distance between
stars with disks and the O stars. For instance, a decrease of the
mass-loss rate by a factor of 5 is enough for having disks’
dissipation timescale comparable to the age of the association.
Since, in Equation (1), M FEUV µ , this requires a decrease by
a factor of 25 of the incident UV flux. Dust absorption can be
accounted for using the extinction law of Cardelli et al. (1989):
for the EUV radiation (λ< 0.125 μm) a similar absorption can
be achieved with an extinction AV= 1, while in FUV
(λ< 0.18 μm) it can be achieved with AV= 1.4. Using the
relation NH/AV= 1.8× 1021 atoms cm−2 mag−1 and assuming
a constant column density along a distance of 2 or 3 pc, this
extinction corresponds to a particle density of ∼300 cm−3,
which is still typical of giant molecular clouds (Solomon et al.
1987), and it looks realistic given the presence of intracluster
material mainly in the outskirts of the association. Gas
absorption is even more efficient. We calculate that residual
intracluster gas with a column density of ∼1019 atoms cm−2 is
opaque to EUV radiation with λ< 912Å: a column density of
1.8× 1018 atoms cm−2 corresponds to a transmittance (the
fraction of incident flux that is not absorbed by the gas) of
∼0.004, becoming about 2 orders of magnitude smaller by
increasing the gas column density by a factor of 2. Considering
that the hydrogen (H+H2) column density that we can
calculate from Herschel data is larger (∼1021 atoms cm−2),
even if part of this comes from the Rift in the foreground, the
absorption of the EUV radiation by residual intracluster
material is then the most reliable hypothesis to explain the
presence of a larger fraction of members with disks in the outer
part of the association with respect to the center.

5.2. Cyg OB2 in Context

In the previous sections, we have found evidence that in
Cyg OB2 disk evolution has been seriously affected by the
surrounding environment.

Similar effects have been studied in other clusters with
different properties. In their series of papers, Guarcello et al.
(2007, 2009, 2010b) have found that the spatial variation of
disk fraction in NGC 6611 is constant across the cluster and
equal to ∼40%, except for a sudden decrease down to 26%
within 1 pc from the massive stars (O plus early B). NGC 6611
is an intermediately massive cluster hosting 54 OB stars,
among which are 13 O stars mainly concentrated in a cavity
2.2 pc in diameter (Hillenbrand et al. 1993). The most massive
star in this cluster is W205 with a mass of 75–80Me and a
spectral class O3–O5V (Evans et al. 2005). NGC 6611 is
younger than Cyg OB2, having a median age of ∼1Myr
(Guarcello et al. 2007). In Figure 15 we recalculate the
variation of the disk fraction in NGC 6611 as a function of the

incident FUV flux (in terms of G0) as we did in this paper for
Cyg OB2. The difference between the disk fraction in the first
and fourth bins is the only significant difference we observe,
with the disk fraction going from ∼41% to ∼31%. Compared
to Cyg OB2, the disk fractions in the outer population of the
two regions are similar, while the main difference is observed
in the central parts, close to the O stars. The differences
between the two regions are likely a consequence of the
different ages of the two stellar populations, with a combina-
tion of normal disk evolution and induced photoevaporation.15

However, in the recent paper by Richert et al. (2015), no
evidence of rapid disk dissipation nearby the massive stars in
NGC 6611 is found. These authors claim that the different
result is due to the different membership selection, since their
selection of stars with excesses in the NIR bands is based on
UKIDSS data while that in Guarcello et al. (2009) used
2MASS data, allowing them to observe less massive stars and
disks. Since the decrease of the disk fraction in the center of
NGC 6611 was observed also by Guarcello et al. (2010b), in
which stars with excesses in JHK bands were also selected
using UKIDSS data, it is very likely that the disparate results
are due to the different approaches both in selecting cluster
members and in the analysis of the spatial variation of disk
fraction. This simply suggests that the external feedback in disk
evolution in clusters such as NGC 6611 is still an open question
that requires further analysis.
A similar situation has been found in the coeval cluster

Pismis 24 by Fang et al. (2012). This ∼1Myr old cluster hosts
dozens of OB stars, with some very massive stars such as
Pis24-1 (O3I) and Pis24-17 (O3.5III) (Massey et al. 2001),
together with a rich low-mass population. Fang et al. (2012)
found that in this cluster the disk fraction is constant at ∼36%
across the field, decreasing down to 19% at a distance of 0.5 pc
from the most massive members. The stars within 0.5 pc from

Figure 15. Disk fraction vs. FUV flux as observed in NGC 6611.

15 The hypothesis of an inside-out star formation chronology in NGC 6611 has
been discarded by Guarcello et al. (2010b).
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these two massive stars are irradiated by an FUV flux more
intense than 21,000 G0, which is similar to the FUV flux
incident on the closest stars to the O stars in Cyg OB2 and
NGC 6611. The scenario resulting from these studies is similar:
in intermediately massive clusters after 1 Myr the environment
feedback on disk evolution is important only in the immediate
proximity of the O and B stars, and generally in the cluster
core, while on this timescale no effects are experienced by the
disks in the outer region.

Even for slightly older intermediately massive clusters the
situation is similar, as demonstrated by the spatial variation of
disk fraction in NGC 2244. This cluster is 2–3Myr old (Park &
Sung 2002), and it hosts seven O stars and a conspicuous low-
mass population. In NGC 2244 the average disk fraction is
∼40% and constant across the cluster, but with a rapid decrease
down to ∼23% at distances from the O stars <0.5 pc (Balog
et al. 2007).

Another important contribution in this context are the N-
body simulations of the evolution of protoplanetary disks in the
Orion Nebula Cluster by Scally & Clarke (2001). They
followed the evolution of the disks with radii of 100 and
10 au for 107 yr in a cluster with 4000 members, considering
the feedback provided by both the UV radiation and stellar
encounters separately. They have found that photoevaporation
removes between 0.01 and 1Me from the larger (100 au) disks,
while the 10 au disks are not seriously affected. Similarly, they
estimated that only 4% of the stars have encounters closer than
1000 au. These studies confirm, then, that important effects on
disk evolution in such environments can be experienced only in
the dense cluster core, characterized by an intense UV field,
even for timescales larger than 1Myr.

In clusters with small populations of massive stars and low
stellar density no important feedback on the evolution of
circumstellar disks is expected. The local UV field can reach
critical intensities only at very small distances from the few
massive members. Besides, as noted in Section 1, in clusters
hosting a few hundred members the chances of close
encounters with small (∼100–200 au) impact parameters are
�1% in 1Myr. This is confirmed by studies of the spatial
variation of the disk fraction in IC 1795 (Roccatagliata et al.
2011). This ∼3Myr old cluster hosts two O stars (O6.5V and
O9.7I), and no variation of disk fraction has been observed
toward the position of these ionizing sources. This can be
understood in terms of the FUV flux produced by these
sources. For instance, the median FUV flux experienced by the
stars in Cyg OB2 lying in the first bin in Figure 3 (i.e., the one
with the highest UV fluxes, containing more than 700
candidate members) is ∼54,100 G0. The two O stars in
IC 1795 only produce such intense FUV flux within 0.2 pc,
where 9/525 candidate members lie. In their search for
accreting objects in the young cluster IC 1396, around the
O6.5V star HD 206267, Barentsen et al. (2011) found that mass
accretion rates, number of accretors, and intensity of the
infrared excesses increase marginally with the distance from
this massive star, interpreting this result as a consequence of
triggered star formation rather than induced photoevaporation.

All these results taken together indicate that most of the
environments where star formation occurs in our Galaxy are
safe for disk evolution and planet formation: in sparse clouds
and low-mass clusters, as well as in the outer regions of
intermediately massive clusters, the local FUV and EUV fluxes
and the local stellar densities never exceed values that would

cause a rapid erosion of circumstellar disks, potentially halting
or disrupting the planet formation process. Important feedback
is expected and observed only in the core of intermediately
massive clusters, at distances of =1 pc from the massive stars
that are usually found in the cluster center.
There is strong evidence showing that even our Sun and

solar system formed in the outer part of an intermediately
massive cluster. Adams (2010) noted that the orbits of the
planets in the solar system require no close encounters with
b� 90 au, indicating that the parental cluster of the Sun had
less than 104 members; at the same time, the orbits of some
trans-Neptunian objects such as Sedna require at least one
encounter with 200 au� b� 300 au; the paucity of gas in the
trans-Neptunian objects and the presence of giant planets
require the incident FUV flux to have been in the range
2000 G0� FFUV� 104 G0; the presence in the solar system
today of short-lived radio nuclei with half-life < few Myr (such
as 26Al and 30Fe) requires the presence of O stars. All these
factors indicate that the parental cluster of the Sun was an
intermediately massive cluster hosting a few thousand
members and that the Sun formed in its periphery and
eventually moved toward its center (Adams 2010). The outer
regions of clusters like Pismis 24 and NGC 6611 are good
examples of such star-forming regions, which are quite
common in our Galaxy.
In this paper we complete this picture by studying the

feedback provided in very massive associations that, even if
rare in our Galaxy, harbor tens of thousands of stars. Our study
indicates that in environments such as Cyg OB2 the local
values of the EUV and FUV radiation field are intense enough
to externally induce the photoevaporation of disks even at large
distances from the O stars (�10 pc), and likely exceeding the
influence of close encounters, given the moderate stellar
density observed across the region. Using the estimate from
existing and detailed models of the photoevaporation process
induced by nearby O stars, photoevaporation is driven by the
FUV radiation in regions characterized by FUV fluxes
�105 G0, i.e., at distances �0.5 pc from the O stars, and then
by the EUV photons in the rest of the association. The induced
mass-loss rate from the EUV flux produced by the massive
population in Cyg OB2 would be intense enough to completely
dissipate the disks across the entire association very quickly.
The presence to date of a large disk population is likely a
consequence of the column of extinguishing material between
the low-mass members and the O members of Cyg OB2, which
absorbs the EUV radiation and then shields the disks. This
likely also plays a role in shaping the observed smooth decline
of the disk fraction with the distance from the center of the
association. Our data suggest that the overall effect on the
timescale corresponding to the age of Cyg OB2 members (i.e.,
between 3 and 5Myr) of the environmental feedback on disk
evolution is the decrease of the disk fraction by about 20%.
While disk erosion is likely to play a role in the planet

formation process, the effect it has is not yet known. The
observation of photoevaporating disks at 8.0 μm in NGC 2244
(Balog et al. 2006) indicates that small dust grains remain
trapped in the photoevaporating flow, reducing the reservoir of
solid material available for the formation of planetesimals in
the disk. On the other hand, Owen et al. (2011) show that only
a small fraction of the existing small dust remains trapped in
the photoevaporative flow, and the simulations presented by
Throop & Bally (2005) indicate that in the midplane of gas-
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depleted disks gravitational instabilities occur more easily,
allowing a rapid formation of planetesimals with dimensions
from centimeters to kilometers. More work is necessary to
better assess the true impact of rapid photoevaporation on
planet formation.

6. Summary and Conclusions

In this paper we study how the environment in Cyg OB2
affects the dissipation timescale of protoplanetary disks, by
analyzing the spatial variation of the disk fraction across the
association. We use the selection of members with and without
disks provided by other publications related to the Chandra
Cygnus OB2 Legacy Survey. We correlate the local values of
disk fraction across the association with the local values of
EUV and FUV fluxes and stellar surface density, observing a
smooth decline of the disk fraction from ∼40% to ∼18% with
increasing UV fluxes and stellar density.

We rule out the hypothesis that the observed decline of disk
fraction across the association is a consequence of an inside-out
triggering of star formation, a 2D projection effect, or
nonuniform sensitivity of our data. We also briefly discuss
the existing evidence supporting the hypothesis that the
association is not dynamically evolved and has never been
much denser than we observe today.

We interpret the result as a consequence of the rapid erosion
of the disks in Cyg OB2 by the incident UV radiation. In
particular, using models of externally induced photoevapora-
tion, we conclude that FUV radiation dominates the process in
the region within ∼0.5 pc from the O stars. However, the EUV
field is intense enough to induce the dissipation of the disks in a
few megayears across the entire association. The presence of a
significant fraction of stars with disks in the outer regions and
the observed smooth decline of the disk fraction with the
intensity of the incident UV flux are explained in terms of an
absorption of the EUV radiation by the material still associated
with the cloud whose efficiency increases at increasing
distances from the O stars. We find the destruction of disks
by close stellar encounters to be rare, such that only of the order
of 1% or fewer disks in the regions of the association are
characterized by a stellar density larger than 100 stars pc−3

Myr–1.
Finally, we consider similar studies published so far on

clusters with different size and age. Only the core of
intermediately massive clusters are characterized by UV fluxes
and stellar densities that have a strong impact on disk
evolution, while the outer regions are relatively safe environ-
ments for disk evolution. Analogously, massive associations
are harsh environments only if intracluster material cannot
provide efficient shielding from the ionizing radiation emitted
by the massive stars. These results suggest that a large variety
of star-forming environments in our Galaxy are safe environ-
ments for disk evolution and planet formation (i.e., sparse
clouds, which may be the typical star-forming environment in
our Galaxy, as suggested by the recent study of Kruijssen 2012;
low-mass clusters; and the outer regions of intermediately
massive clusters).

Acknowledgments

We thank the referee for the suggestions and help improving
our manuscript. M.G.G. acknowledges the grant PRIN-INAF
2012 (P.I. E. Flaccomio). N.J.W. acknowledges a Royal

Astronomical Society Research Fellowship. They also have
been supported by Chandra grant GO0-11040X during the
course of this work. J.J.D. and V.K. were supported by NASA
contract NAS8-03060 to the Chandra X-ray Center, and thank
the directors B. Wilkes, P. Slane, and the CXC science team for
advice and support.

ORCID iDs

M. G. Guarcello https://orcid.org/0000-0002-3010-2310
J. J. Drake https://orcid.org/0000-0002-0210-2276
J. F. Albacete-Colombo https://orcid.org/0000-0001-
8398-0515
C. Clarke https://orcid.org/0000-0003-4288-0248
E. Flaccomio https://orcid.org/0000-0002-3638-5788
V. Kashyap https://orcid.org/0000-0002-3869-7996
G. Micela https://orcid.org/0000-0002-9900-4751
T. Naylor https://orcid.org/0000-0002-0506-8501
S. Sciortino https://orcid.org/0000-0001-8691-1443

References

Adams, F. C. 2010, ARA&A, 48, 47
Adams, F. C., & Laughlin, G. 2001, Icar, 150, 151
Adams, F. C., Proszkow, E. M., Fatuzzo, M., & Myers, P. C. 2006, ApJ,

641, 504
Adams, F. C., & Spergel, D. N. 2005, AsBio, 5, 497
Aihara, H., Allende Prieto, C., An, D., Anderson, S. F., et al. 2011, ApJS,

193, 29
Albacete Colombo, J. F., Flaccomio, E., Micela, G., Sciortino, S., &

Damiani, F. 2007, A&A, 464, 211
Alexander, R. D., Clarke, C. J., & Pringle, J. E. 2004, MNRAS, 348, 879
Alexander, R. D., Clarke, C. J., & Pringle, J. E. 2006, MNRAS, 369, 216
Allen, L., Megeath, S. T., Gutermuth, R., et al. 2007, in Protostars and Planets

V, ed. B. Reipurth (Tucson, AZ: Univ. Arizona Press), 361
Anderson, K. R., Adams, F. C., & Calvet, N. 2013, ApJ, 774, 9
Bally, J., Sutherland, R. S., Devine, D., & Johnstone, D. 1998, AJ, 116, 293
Balog, Z., Muzerolle, J., Rieke, G. H., et al. 2007, ApJ, 660, 1532
Balog, Z., Rieke, G. H., Su, K. Y. L., Muzerolle, J., & Young, E. T. 2006,

ApJL, 650, L83
Baraffe, I., Chabrier, G., Allard, F., & Hauschildt, P. H. 1998, A&A, 337, 403
Barentsen, G., Farnhill, H. J., Drew, J. E., et al. 2014, MNRAS, 444, 3230
Barentsen, G., Vink, J. S., & Drew, J. E. 2011, MNRAS, 415, 103
Barrow, J. D., Bhavsar, S. P., & Sonoda, D. H. 1985, MNRAS, 216, 17
Beerer, I. M., Koenig, X. P., Hora, J. L., et al. 2010, ApJ, 720, 679
Bell, C. P. M., Naylor, T., Mayne, N. J., Jeffries, R. D., & Littlefair, S. P. 2013,

MNRAS, 434, 806
Bressan, A., Marigo, P., & Girardi, L. 2012, MNRAS, 427, 127
Calvet, N., D’Alessio, P., Watson, D. M., et al. 2005, ApJL, 630, L185
Calvet, N., & Gullbring, E. 1998, ApJ, 509, 802
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Carpenter, J. M., Mamajek, E. E., Hillenbrand, L. A., & Meyer, M. R. 2006,

ApJL, 651, L49
Carpenter, J. M., Mamajek, E. E., Hillenbrand, L. A., & Meyer, M. R. 2009,

ApJ, 705, 1646
Clarke, C. J. 2007, MNRAS, 376, 1350
Clarke, C. J., Gendrin, A., & Sotomayor, M. 2001, MNRAS, 328, 485
Clarke, C. J., & Pringle, J. E. 1991, MNRAS, 249, 584
Clarke, C. J., & Pringle, J. E. 1993, MNRAS, 261, 190
Comerón, F., Pasquali, A., Rodighiero, G., et al. 2002, A&A, 389, 874
Covey, K. R., Ivezić, Ž., Schlegel, D., et al. 2007, AJ, 134, 2398
Cutri, R. M., Skrutskie, M. F., van Dyk, S., et al. 2003, 2MASS All Sky

Catalog of Point Sources
D’Antona, F., & Mazzitelli, I. 1997, MmSAI, 68, 807
de Juan Ovelar, M., Kruijssen, J. M. D., Bressert, E., et al. 2012, A&A, 546, L1
De Marchi, G., Panagia, N., Guarcello, M. G., & Bonito, R. 2013, MNRAS,

435, 3058
Dickel, H. R., & Wendker, H. J. 1978, A&A, 66, 289
Dotter, A. 2008, ApJL, 687, L21
Drew, J. E., Greimel, R., Irwin, M. J., & Sale, S. E. 2008, MNRAS, 386, 1761
Drew, J. E., Greimel, R., Irwin, M. J., et al. 2005, MNRAS, 362, 753
Dullemond, C. P., & Dominik, C. 2004, A&A, 421, 1075

17

The Astrophysical Journal Supplement Series, 269:13 (18pp), 2023 November Guarcello et al.

https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-3010-2310
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0002-0210-2276
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0001-8398-0515
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0003-4288-0248
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3638-5788
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-3869-7996
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-9900-4751
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0002-0506-8501
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://orcid.org/0000-0001-8691-1443
https://doi.org/10.1146/annurev-astro-081309-130830
https://ui.adsabs.harvard.edu/abs/2010ARA&A..48...47A/abstract
https://doi.org/10.1006/icar.2000.6567
https://ui.adsabs.harvard.edu/abs/2001Icar..150..151A/abstract
https://doi.org/10.1086/500393
https://ui.adsabs.harvard.edu/abs/2006ApJ...641..504A/abstract
https://ui.adsabs.harvard.edu/abs/2006ApJ...641..504A/abstract
https://doi.org/10.1089/ast.2005.5.497
https://ui.adsabs.harvard.edu/abs/2005AsBio...5..497A/abstract
https://doi.org/10.1088/0067-0049/193/2/29
https://ui.adsabs.harvard.edu/abs/2011ApJS..193...29A/abstract
https://ui.adsabs.harvard.edu/abs/2011ApJS..193...29A/abstract
https://doi.org/10.1051/0004-6361:20066101
https://ui.adsabs.harvard.edu/abs/2007A&A...464..211A/abstract
https://doi.org/10.1111/j.1365-2966.2004.07401.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.348..879A/abstract
https://doi.org/10.1111/j.1365-2966.2006.10293.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.369..216A/abstract
https://ui.adsabs.harvard.edu/abs/2007prpl.conf..361A/abstract
https://doi.org/10.1088/0004-637X/774/1/9
https://ui.adsabs.harvard.edu/abs/2013ApJ...774....9A/abstract
https://doi.org/10.1086/300399
https://ui.adsabs.harvard.edu/abs/1998AJ....116..293B/abstract
https://doi.org/10.1086/513311
https://ui.adsabs.harvard.edu/abs/2007ApJ...660.1532B/abstract
https://doi.org/10.1086/508707
https://ui.adsabs.harvard.edu/abs/2006ApJ...650L..83B/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...337..403B/abstract
https://doi.org/10.1093/mnras/stu1651
https://ui.adsabs.harvard.edu/abs/2014MNRAS.444.3230B/abstract
https://doi.org/10.1111/j.1365-2966.2011.18674.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.415..103B/abstract
https://doi.org/10.1093/mnras/216.1.17
https://ui.adsabs.harvard.edu/abs/1985MNRAS.216...17B/abstract
https://doi.org/10.1088/0004-637X/720/1/679
https://ui.adsabs.harvard.edu/abs/2010ApJ...720..679B/abstract
https://doi.org/10.1093/mnras/stt1075
https://ui.adsabs.harvard.edu/abs/2013MNRAS.434..806B/abstract
https://doi.org/10.1111/j.1365-2966.2012.21948.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427..127B/abstract
https://doi.org/10.1086/491652
https://ui.adsabs.harvard.edu/abs/2005ApJ...630L.185C/abstract
https://doi.org/10.1086/306527
https://ui.adsabs.harvard.edu/abs/1998ApJ...509..802C/abstract
https://doi.org/10.1086/167900
https://ui.adsabs.harvard.edu/abs/1989ApJ...345..245C/abstract
https://doi.org/10.1086/509121
https://ui.adsabs.harvard.edu/abs/2006ApJ...651L..49C/abstract
https://doi.org/10.1088/0004-637X/705/2/1646
https://ui.adsabs.harvard.edu/abs/2009ApJ...705.1646C/abstract
https://doi.org/10.1111/j.1365-2966.2007.11547.x
https://ui.adsabs.harvard.edu/abs/2007MNRAS.376.1350C/abstract
https://doi.org/10.1046/j.1365-8711.2001.04891.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.328..485C/abstract
https://doi.org/10.1093/mnras/249.4.584
https://ui.adsabs.harvard.edu/abs/1991MNRAS.249..584C/abstract
https://doi.org/10.1093/mnras/261.1.190
https://ui.adsabs.harvard.edu/abs/1993MNRAS.261..190C/abstract
https://doi.org/10.1051/0004-6361:20020648
https://ui.adsabs.harvard.edu/abs/2002A&A...389..874C/abstract
https://doi.org/10.1086/522052
https://ui.adsabs.harvard.edu/abs/2007AJ....134.2398C/abstract
https://ui.adsabs.harvard.edu/abs/1997MmSAI..68..807D/abstract
https://doi.org/10.1051/0004-6361/201219627
https://ui.adsabs.harvard.edu/abs/2012A&A...546L...1D/abstract
https://doi.org/10.1093/mnras/stt1499
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.3058D/abstract
https://ui.adsabs.harvard.edu/abs/2013MNRAS.435.3058D/abstract
https://ui.adsabs.harvard.edu/abs/1978A&A....66..289D/abstract
https://doi.org/10.1086/593149
https://ui.adsabs.harvard.edu/abs/2008ApJ...687L..21D/abstract
https://doi.org/10.1111/j.1365-2966.2008.13147.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.386.1761D/abstract
https://doi.org/10.1111/j.1365-2966.2005.09330.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.362..753D/abstract
https://doi.org/10.1051/0004-6361:20040284
https://ui.adsabs.harvard.edu/abs/2004A&A...421.1075D/abstract


Ercolano, B., Drake, J. J., Raymond, J. C., & Clarke, C. C. 2008, ApJ, 688, 398
Evans, C. J., Smartt, S. J., Lee, J.-K., et al. 2005, A&A, 437, 467
Facchini, S., Clarke, C. J., & Bisbas, T. G. 2016, MNRAS, 457, 3593
Fang, M., van Boekel, R., King, R. R., et al. 2012, A&A, 539, A119
Flaccomio, E., Micela, G., & Sciortino, S. 2003, A&A, 397, 611
Guarcello, M. G., Damiani, F., Micela, G., et al. 2010a, A&A, 521, A18
Guarcello, M. G., Drake, J. J., Wright, N. J., García-Alvarez, D., &

Kraemer, K. E. 2014, ApJ, 793, 56
Guarcello, M. G., Drake, J. J., Wright, N. J., et al. 2013, ApJ, 773, 135
Guarcello, M. G., Drake, J. J., Wright, N. J., et al. 2023, ApJS, 269, 9
Guarcello, M. G., Micela, G., Damiani, F., et al. 2009, A&A, 496, 453
Guarcello, M. G., Micela, G., Peres, G., Prisinzano, L., & Sciortino, S. 2010b,

A&A, 521, A61
Guarcello, M. G., Prisinzano, L., Micela, G., et al. 2007, A&A, 462, 245
Guarcello, M. G., Wright, N. J., Drake, J. J., et al. 2012, ApJS, 202, 19
Gullbring, E., Hartmann, L., Briceno, C., & Calvet, N. 1998, ApJ, 492, 323
Gutermuth, R. A., Myers, P. C., Megeath, S. T., et al. 2008, ApJ, 674, 336
Habing, H. J. 1968, BAN, 19, 421
Haisch, K. E., Jr., Lada, E. A., & Lada, C. J. 2001, ApJL, 553, L153
Hanson, M. M. 2003, ApJ, 597, 957
Henney, W. J., & O’Dell, C. R. 1999, AJ, 118, 2350
Hernández, J., Hartmann, L., Megeath, T., et al. 2007, ApJ, 662, 1067
Hillenbrand, L. A., Massey, P., Strom, S. E., & Merrill, K. M. 1993, AJ,

106, 1906
Johnstone, D., Hollenbach, D., & Bally, J. 1998, ApJ, 499, 758
Kashyap, V. L., Guarcello, M. G., Wright, N. J., et al. 2023, ApJS, 269, 10
King, R. R., Naylor, T., Broos, P. S., Getman, K. V., & Feigelson, E. D. 2013,

ApJS, 209, 28
Knödlseder, J. 2000, A&A, 360, 539
Kroupa, P. 2001, MNRAS, 322, 231
Kruijssen, J. M. D. 2012, MNRAS, 426, 3008
Lada, C. J., & Lada, E. A. 2003, ARA&A, 41, 57
Langer, N., Hamann, W.-R., Lennon, M., et al. 1994, A&A, 290, 819
Lucas, P. W., Hoare, M. G., Longmore, A., et al. 2008, MNRAS, 391, 136
Luhman, K. L., & Mamajek, E. E. 2012, ApJ, 758, 31
Mamajek, E. E. 2009, in AIP Conf. Proc. 1158, Exoplanets and Disks: Their

Formation and Diversity, ed. T. Usuda, M. Tamura, & M. Ishii (Melville,
NY: AIP), 3

Martins, F., Schaerer, D., & Hillier, D. J. 2005, A&A, 436, 1049
Massey, P., DeGioia-Eastwood, K., & Waterhouse, E. 2001, AJ, 121, 1050
Massey, P., & Thompson, A. B. 1991, AJ, 101, 1408
Meynet, G., Maeder, A., Schaller, G., Schaerer, D., & Charbonnel, C. 1994,

A&AS, 103, 97
Montmerle, T. 1996, in ASP Conf. Ser. 109, Cool Stars, Stellar Systems, and

the Sun, ed. R. Pallavicini & A. K. Dupree (San Francisco, CA: ASP), 405
Naylor, T. 2009, MNRAS, 399, 432
Naylor, T., & Jeffries, R. D. 2006, MNRAS, 373, 1251
Negueruela, I., Marco, A., Herrero, A., & Clark, J. S. 2008, A&A, 487, 575
O’Dell, C. R., & Wen, Z. 1994, ApJ, 436, 194
Olczak, C., Kaczmarek, T., Harfst, S., Pfalzner, S., & Portegies Zwart, S. 2012,

ApJ, 756, 123

Owen, J. E., Ercolano, B., & Clarke, C. J. 2011, MNRAS, 411, 1104
Palla, F., & Stahler, S. W. 1999, ApJ, 525, 772
Park, B.-G., & Sung, H. 2002, AJ, 123, 892
Parravano, A., Hollenbach, D. J., & McKee, C. F. 2003, ApJ, 584, 797
Pfalzner, S., Olczak, C., & Eckart, A. 2006, A&A, 454, 811
Pfalzner, S., Umbreit, S., & Henning, T. 2005, ApJ, 629, 526
Porras, A., Christopher, M., Allen, L., et al. 2003, AJ, 126, 1916
Preibisch, T., & Feigelson, E. D. 2005, ApJS, 160, 390
Preibisch, T., Kim, Y.-C., Favata, F., et al. 2005, ApJS, 160, 401
Pringle, J. E. 1981, ARA&A, 19, 137
Reddish, V. C., Lawrence, L. C., & Pratt, N. M. 1967, PROE, 5, 112
Richert, A. J. W., Feigelson, E. D., Getman, K. V., & Kuhn, M. A. 2015, ApJ,

811, 10
Roccatagliata, V., Bouwman, J., Henning, T., et al. 2011, ApJ, 733, 113
Romanova, M. M., Long, M., Lamb, F. K., Kulkarni, A. K., & Donati, J.-F.

2011, MNRAS, 411, 915
Rosotti, G. P., Dale, J. E., & de Juan Ovelar, M. 2014, MNRAS, 441, 2094
Rygl, K. L. J., Brunthaler, A., Sanna, A., et al. 2012, A&A, 539, A79
Sale, S. E., Drew, J. E., & Unruh, Y. C. 2009, MNRAS, 392, 497
Scally, A., & Clarke, C. 2001, MNRAS, 325, 449
Schaerer, D., & de Koter, A. 1997, A&A, 322, 598
Schneider, N., Bontemps, S., Motte, F., et al. 2016, A&A, 591, A40
Schneider, N., Bontemps, S., Simon, R., et al. 2006, A&A, 458, 855
Schneider, N., Simon, R., Bontemps, S., Comerón, F., & Motte, F. 2007, A&A,

474, 873
Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593
Solomon, P. M., Rivolo, A. R., Barrett, J., & Yahil, A. 1987, ApJ, 319, 730
Spurzem, R., Giersz, M., Heggie, D. C., & Lin, D. N. C. 2009, ApJ, 697, 458
Steinhausen, M., & Pfalzner, S. 2014, A&A, 565, A32
Störzer, H., & Hollenbach, D. 1999, ApJ, 515, 669
Thies, I., Kroupa, P., Goodwin, S. P., Stamatellos, D., & Whitworth, A. P.

2010, ApJ, 717, 577
Throop, H. B., & Bally, J. 2005, ApJL, 623, L149
Tognelli, E., Degl’Innocenti, S., & Prada Moroni, P. G. 2012, A&A, 548, A41
Vincke, K., Breslau, A., & Pfalzner, S. 2015, A&A, 577, A115
Vink, J. S., Drew, J. E., & Steeghs, D. 2008, MNRAS, 387, 308
Walborn, N. R. 1973, ApJL, 180, L35
Walborn, N. R., Howarth, I. D., Lennon, D. J., et al. 2002, AJ, 123, 2754
Whitworth, A. P., Bhattal, A. S., Turner, J. A., & Watkins, S. J. 1995, A&A,

301, 929
Wright, N. J., & Drake, J. J. 2009, ApJS, 184, 84
Wright, N. J., Drake, J. J., Drew, J. E., & Vink, J. S. 2010, ApJ, 713, 871
Wright, N. J., Drake, J. J., Drew, J. E., et al. 2012, ApJL, 746, L21
Wright, N. J., Drake, J. J., Guarcello, M. G., et al. 2023a, ApJS, 269, 7
Wright, N. J., Drake, J. J., Guarcello, M. G., Kashyap, V. L., & Zezas, A.

2023b, ApJS, 269, 8
Wright, N. J., Drew, J. E., & Mohr-Smith, M. 2015b, MNRAS, 449, 741
Wright, N. J., Parker, R. J., Goodwin, S. P., & Drake, J. J. 2014b, MNRAS,

438, 639
Zapatero Osorio, M. R., Béjar, V. J. S., Martín, E. L., et al. 2000, Sci, 290, 103
Zuckerman, B. 2001, ARA&A, 39, 549

18

The Astrophysical Journal Supplement Series, 269:13 (18pp), 2023 November Guarcello et al.

https://doi.org/10.1086/590490
https://ui.adsabs.harvard.edu/abs/2008ApJ...688..398E/abstract
https://doi.org/10.1051/0004-6361:20042446
https://ui.adsabs.harvard.edu/abs/2005A&A...437..467E/abstract
https://doi.org/10.1093/mnras/stw240
https://ui.adsabs.harvard.edu/abs/2016MNRAS.457.3593F/abstract
https://doi.org/10.1051/0004-6361/201015914
https://ui.adsabs.harvard.edu/abs/2012A&A...539A.119F/abstract
https://doi.org/10.1051/0004-6361:20021484
https://ui.adsabs.harvard.edu/abs/2003A&A...397..611F/abstract
https://doi.org/10.1051/0004-6361/201014237
https://ui.adsabs.harvard.edu/abs/2010A&A...521A..18G/abstract
https://doi.org/10.1088/0004-637X/793/1/56
https://ui.adsabs.harvard.edu/abs/2014ApJ...793...56G/abstract
https://doi.org/10.1088/0004-637X/773/2/135
https://ui.adsabs.harvard.edu/abs/2013ApJ...773..135G/abstract
https://doi.org/10.3847/1538-4365/acdd64
https://doi.org/10.1051/0004-6361/200810671
https://ui.adsabs.harvard.edu/abs/2009A&A...496..453G/abstract
https://doi.org/10.1051/0004-6361/201014351
https://ui.adsabs.harvard.edu/abs/2010A&A...521A..61G/abstract
https://doi.org/10.1051/0004-6361:20066124
https://ui.adsabs.harvard.edu/abs/2007A&A...462..245G/abstract
https://doi.org/10.1088/0067-0049/202/2/19
https://ui.adsabs.harvard.edu/abs/2012ApJS..202...19G/abstract
https://doi.org/10.1086/305032
https://ui.adsabs.harvard.edu/abs/1998ApJ...492..323G/abstract
https://doi.org/10.1086/524722
https://ui.adsabs.harvard.edu/abs/2008ApJ...674..336G/abstract
https://ui.adsabs.harvard.edu/abs/1968BAN....19..421H/abstract
https://doi.org/10.1086/320685
https://ui.adsabs.harvard.edu/abs/2001ApJ...553L.153H/abstract
https://doi.org/10.1086/378508
https://ui.adsabs.harvard.edu/abs/2003ApJ...597..957H/abstract
https://doi.org/10.1086/301087
https://ui.adsabs.harvard.edu/abs/1999AJ....118.2350H/abstract
https://doi.org/10.1086/513735
https://ui.adsabs.harvard.edu/abs/2007ApJ...662.1067H/abstract
https://doi.org/10.1086/116774
https://ui.adsabs.harvard.edu/abs/1993AJ....106.1906H/abstract
https://ui.adsabs.harvard.edu/abs/1993AJ....106.1906H/abstract
https://doi.org/10.1086/305658
https://ui.adsabs.harvard.edu/abs/1998ApJ...499..758J/abstract
https://doi.org/10.3847/1538-4365/acdd68
https://doi.org/10.1088/0067-0049/209/2/28
https://ui.adsabs.harvard.edu/abs/2013ApJS..209...28K/abstract
https://ui.adsabs.harvard.edu/abs/2000A&A...360..539K/abstract
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K/abstract
https://doi.org/10.1111/j.1365-2966.2012.21923.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.426.3008K/abstract
https://doi.org/10.1146/annurev.astro.41.011802.094844
https://ui.adsabs.harvard.edu/abs/2003ARA&A..41...57L/abstract
https://ui.adsabs.harvard.edu/abs/1994A&A...290..819L/abstract
https://doi.org/10.1111/j.1365-2966.2008.13924.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.391..136L/abstract
https://doi.org/10.1088/0004-637X/758/1/31
https://ui.adsabs.harvard.edu/abs/2012ApJ...758...31L/abstract
https://doi.org/10.1051/0004-6361:20042386
https://ui.adsabs.harvard.edu/abs/2005A&A...436.1049M/abstract
https://doi.org/10.1086/318769
https://ui.adsabs.harvard.edu/abs/2001AJ....121.1050M/abstract
https://doi.org/10.1086/115774
https://ui.adsabs.harvard.edu/abs/1991AJ....101.1408M/abstract
https://ui.adsabs.harvard.edu/abs/1994A&AS..103...97M/abstract
https://ui.adsabs.harvard.edu/abs/1996ASPC..109..405M/abstract
https://doi.org/10.1111/j.1365-2966.2009.15295.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.399..432N/abstract
https://doi.org/10.1111/j.1365-2966.2006.11099.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.373.1251N/abstract
https://doi.org/10.1051/0004-6361:200810094
https://ui.adsabs.harvard.edu/abs/2008A&A...487..575N/abstract
https://doi.org/10.1086/174892
https://ui.adsabs.harvard.edu/abs/1994ApJ...436..194O/abstract
https://doi.org/10.1088/0004-637X/756/2/123
https://ui.adsabs.harvard.edu/abs/2012ApJ...756..123O/abstract
https://doi.org/10.1111/j.1365-2966.2010.17750.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411.1104O/abstract
https://doi.org/10.1086/307928
https://ui.adsabs.harvard.edu/abs/1999ApJ...525..772P/abstract
https://doi.org/10.1086/338643
https://ui.adsabs.harvard.edu/abs/2002AJ....123..892P/abstract
https://doi.org/10.1086/345807
https://ui.adsabs.harvard.edu/abs/2003ApJ...584..797P/abstract
https://doi.org/10.1051/0004-6361:20064905
https://ui.adsabs.harvard.edu/abs/2006A&A...454..811P/abstract
https://doi.org/10.1086/431350
https://ui.adsabs.harvard.edu/abs/2005ApJ...629..526P/abstract
https://doi.org/10.1086/377623
https://ui.adsabs.harvard.edu/abs/2003AJ....126.1916P/abstract
https://doi.org/10.1086/432094
https://ui.adsabs.harvard.edu/abs/2005ApJS..160..390P/abstract
https://doi.org/10.1086/432891
https://ui.adsabs.harvard.edu/abs/2005ApJS..160..401P/abstract
https://doi.org/10.1146/annurev.aa.19.090181.001033
https://ui.adsabs.harvard.edu/abs/1981ARA&A..19..137P/abstract
https://ui.adsabs.harvard.edu/abs/1967PROE....5..111R/abstract
https://doi.org/10.1088/0004-637X/811/1/10
https://ui.adsabs.harvard.edu/abs/2015ApJ...811...10R/abstract
https://ui.adsabs.harvard.edu/abs/2015ApJ...811...10R/abstract
https://doi.org/10.1088/0004-637X/733/2/113
https://ui.adsabs.harvard.edu/abs/2011ApJ...733..113R/abstract
https://doi.org/10.1111/j.1365-2966.2010.17724.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.411..915R/abstract
https://doi.org/10.1093/mnras/stu679
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441.2094R/abstract
https://doi.org/10.1051/0004-6361/201118211
https://ui.adsabs.harvard.edu/abs/2012A&A...539A..79R/abstract
https://doi.org/10.1111/j.1365-2966.2008.14083.x
https://ui.adsabs.harvard.edu/abs/2009MNRAS.392..497S/abstract
https://doi.org/10.1046/j.1365-8711.2001.04274.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.325..449S/abstract
https://ui.adsabs.harvard.edu/abs/1997A&A...322..598S/abstract
https://doi.org/10.1051/0004-6361/201628328
https://ui.adsabs.harvard.edu/abs/2016A&A...591A..40S/abstract
https://doi.org/10.1051/0004-6361:20065088
https://ui.adsabs.harvard.edu/abs/2006A&A...458..855S/abstract
https://doi.org/10.1051/0004-6361:20077540
https://ui.adsabs.harvard.edu/abs/2007A&A...474..873S/abstract
https://ui.adsabs.harvard.edu/abs/2007A&A...474..873S/abstract
https://ui.adsabs.harvard.edu/abs/2000A&A...358..593S/abstract
https://doi.org/10.1086/165493
https://ui.adsabs.harvard.edu/abs/1987ApJ...319..730S/abstract
https://doi.org/10.1088/0004-637X/697/1/458
https://ui.adsabs.harvard.edu/abs/2009ApJ...697..458S/abstract
https://doi.org/10.1051/0004-6361/201323124
https://ui.adsabs.harvard.edu/abs/2014A&A...565A..32S/abstract
https://doi.org/10.1086/307055
https://ui.adsabs.harvard.edu/abs/1999ApJ...515..669S/abstract
https://doi.org/10.1088/0004-637X/717/1/577
https://ui.adsabs.harvard.edu/abs/2010ApJ...717..577T/abstract
https://doi.org/10.1086/430272
https://ui.adsabs.harvard.edu/abs/2005ApJ...623L.149T/abstract
https://doi.org/10.1051/0004-6361/201219111
https://ui.adsabs.harvard.edu/abs/2012A&A...548A..41T/abstract
https://doi.org/10.1051/0004-6361/201425552
https://ui.adsabs.harvard.edu/abs/2015A&A...577A.115V/abstract
https://doi.org/10.1111/j.1365-2966.2008.13220.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.387..308V/abstract
https://doi.org/10.1086/181147
https://ui.adsabs.harvard.edu/abs/1973ApJ...180L..35W/abstract
https://doi.org/10.1086/339831
https://ui.adsabs.harvard.edu/abs/2002AJ....123.2754W/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...301..929W/abstract
https://ui.adsabs.harvard.edu/abs/1995A&A...301..929W/abstract
https://doi.org/10.1088/0067-0049/184/1/84
https://ui.adsabs.harvard.edu/abs/2009ApJS..184...84W/abstract
https://doi.org/10.1088/0004-637X/713/2/871
https://ui.adsabs.harvard.edu/abs/2010ApJ...713..871W/abstract
https://doi.org/10.1088/2041-8205/746/2/L21
https://ui.adsabs.harvard.edu/abs/2012ApJ...746L..21W/abstract
https://doi.org/10.3847/1538-4365/acdd62
https://doi.org/10.3847/1538-4365/acdd63
https://doi.org/10.1093/mnras/stv323
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449..741W/abstract
https://doi.org/10.1093/mnras/stt2232
https://ui.adsabs.harvard.edu/abs/2014MNRAS.438..639W/abstract
https://ui.adsabs.harvard.edu/abs/2014MNRAS.438..639W/abstract
https://doi.org/10.1126/science.290.5489.103
https://ui.adsabs.harvard.edu/abs/2000Sci...290..103Z/abstract
https://doi.org/10.1146/annurev.astro.39.1.549
https://ui.adsabs.harvard.edu/abs/2001ARA&A..39..549Z/abstract

