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Observations of several protostellar jets show systematic differences in radial velocity transverse to the jet propagation
direction, which have been interpreted as evidence of rotation in the jets. In this paper we discuss the origin of these
velocity shifts, and show that they could be originated by rotation in the flow, or by side to side asymmetries in the
shock velocity, which could be due to asymmetries in the jet ejection velocity/density or in the ambient medium. For
typical poloidal jet velocities (∼ 100− 200 km s−1), an asymmetry >∼ 10% can produce velocity shifts comparable to
those observed. We also present three dimensional numerical simulations of rotating, precessing and asymmetric jets,
and show that, even though for a given jet there is a clear degeneracy between these effects, a statistical analysis of jets
with different inclination angles can help to distinguish between the alternative origins of transverse velocity shifts.
Our analysis indicate that side to side velocities asymmetries could represent an important contribution to transverse
velocity shifts, being the most important contributor for large jet inclination angles (with respect the the plane of the
sky), and can not be neglected when interpreting the observations.
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We investigate whether the stellar initial mass function (IMF) is universal, or whether it varies significantly among
young stellar clusters in the Milky Way. We propose a method to uncover the range of variation of the parameters
that describe the shape of the IMF for the population of young Galactic clusters. These parameters are the slopes
in the low and high stellar mass regimes, γ and Γ, respectively, and the characteristic mass, Mch. The method
relies exclusively on the high mass content of the clusters, but is able to yield information on the distributions of
parameters that describe the IMF over the entire stellar mass range. This is achieved by comparing the fractions of
single and lonely massive O stars in a recent catalog of the Milky Way clusters with a library of simulated clusters
built with various distribution functions of the IMF parameters. The synthetic clusters are corrected for the effects of
the binary population, stellar evolution, sample incompleteness, and ejected O stars. Our findings indicate that broad
distributions of the IMF parameters are required in order to reproduce the fractions of single and lonely O stars in
Galactic clusters. They also do not lend support to the existence of a cluster mass-maximum stellar mass relation.
We propose a probabilistic formulation of the IMF whereby the parameters of the IMF are described by Gaussian
distribution functions centered around γ = 0.91, Γ = 1.37, and Mch = 0.41 M", and with dispersions of σγ = 0.25,
σΓ = 0.60, and σMch

= 0.27 M" around these values.
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1.  Parameters!that!describe!the!shape!of!the!IMF!for!the!
populaCon!of!young!GalacCc!clusters:!!
•  Slopes!in!the!low!and!high!stellar!mass!regimes,!γ!and!Γ,!

respecCvely!
•  CharacterisCc!mass,!Mch.!!

2.  The!method!!
•  relies!exclusively!on!the!high!mass!content!of!the!clusters,!

but!is!able!to!yield!informaCon!on!the!distribuCons!of!
parameters!that!describe!the!IMF!over!the!enCre!stellar!
mass!range.!!

•  Compare!the!fracCons!of!single!and!lonely!massive!O!stars!
•  a!recent!catalog!of!the!Milky!Way!clusters!
•  a!library!of!simulated!clusters!built!with!various!

distribuCon!funcCons!of!the!IMF!parameters.!!
•  The!syntheCc!clusters!are!corrected!for!the!effects!of!the!

binary!populaCon,!stellar!evoluCon,!sample!
incompleteness,!and!ejected!O!stars.!!

3.  Our!findings:!!
•  Broad!distribuCons!of!the!IMF!parameters!are!required!!
•  No!support!for!the!existence!of!a!cluster!mass,maximum!

stellar!mass!relaCon.!!
4.  Proposal:!a!probabilisCc!formulaCon!of!the!IMF!

•  parameters!with!Gaussian!distribuCon!funcCons!!
•  Center:!!γ!=!0.91,!Γ!=!1.37,!and!Mch!=!0.41!M�!
•  Dispersions:!σγ!=!0.25,!σΓ!=!0.60,!and!σMch!=!0.27!M�!�
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in a cluster is called ”single” if it is the only living star, or a
binary system with any of its components, that has a mass
! 15 M! in the cluster. The fraction of single O stars3 in a
population of clusters is thus given by:

fO,single =
NO,single

NO
, (1)

where NO,single is the total number of single O stars and NO

is the total number of O stars in all clusters. We also measure
the fraction of ”lonely” O stars in the clusters. A lonely
O star in a cluster is a single O star with the additional
constraint that the next massive system in the cluster is less
massive than 10 M! (i.e., absence of high mass B stars with
masses between 10 and 15 M!). The fraction of lonely O
stars is given by:

fO,lonely =
NO,lonely

NO
, (2)

where NO,lonely is the total number of lonely stars in the
clusters. The basic idea of the method relies on the compari-
son of fO,single and fO,lonely measured for a recent catalogue
of stellar clusters in the Milky Way with those derived for
populations of stellar clusters that are generated with vari-
ous prior functions for the distributions of the IMF parame-
ters. A number of important corrections have to be applied
to the zero-age synthetic clusters and to their stellar con-
tent before they can be compared to the observations. The
description of the observational sample of clusters is given
in §. 3, while the synthetic models of clusters are described
in §. 4.

3 OBSERVATIONAL CATALOG OF

CLUSTERS

The observations used in this paper come from the Milky
Way Stellar Clusters survey (MWSC) (Kharchenko et al.
2012; Kharchenko et al. 2013; Schmeja et al. 2014)4, which
lists ∼ 3200 clusters with ages between ∼ 1 Myr and ∼ 7
Gyr. The clusters are detected as density and velocity en-
hancements in the Two Micron All Sky Survey (2MASS)
(Skrutskie et al. 2006) and the proper motions PPMXL sur-
vey (Röser et al. 2010). The survey includes clusters up to
a distance of ∼ 10 kpc from the position of the Sun with
a substantial fraction of the clusters being located within a
distance " 1.8 kpc (see Figure 1 in Schmeja et al. 2014). The
files in the catalog list the B, V, and J, H, K magnitudes of
each star in each cluster present in the catalog, along with
other properties such as position, age, cluster membership
probability, proper motions, and, when available, the spec-
tral type. The resolved stellar content of each cluster are
however not corrected for the effects of the binary popula-
tion. In this work, we are interested in clusters that could,
based on their age, harbor high-mass stars (M∗ ! 15 M!),
which implies clusters younger than τ15 ≈ 12.3 Myrs, where

3 For simplicity, we will use the term ”star” to define both indi-
vidual stars or binary systems
4 The full list of cluster parameters is avail-
able at http://vizier.cfa.harvard.edu/viz-bin/VizieR?-
source=J/A+A/558/A53

τ15 is the duration of the Hydrogen and Helium burning
phases for a star with a mass of 15 M! (Ekström et al.
2012). This brings down the number of clusters useful for
our purposes in the MWSC to NMWSC,cl = 341. The in-
dividual stellar masses are estimated from the relation be-
tween logM∗ and the absolute visual magnitude MV given
by Schilbach et al. (2006). The absolute magnitude MV is
computed from the apparent magnitude mV , the distance,
and the extinction EB−V which are all listed in the MWSC
(Kharchenko et al 2013). Out of the total 341 clusters, 175 of
them contain at least one O star (M∗ ! 15 M!). The num-
ber of single and lonely O stars in the observational sample
is NO,single = 89 and NO,lonely = 29, respectively, and the
total number of O stars is NO = 688. Thus, the fractions
of single and lonely O star in the MWSC catalog measured
using Eq. 1 and Eq. 2 are fO,single(MWSC) = 12.9% and
fO,lonely(MWSC) = 4.2%.

4 MODELS

4.1 Generating populations of zero-age clusters

The possibility of detecting massive O stars in the Galaxy
is bound by the relatively short lifetime of these stars and
by the value of the Galactic star formation rate (SFR). The
models of stellar clusters that are compared to the observa-
tions are generated in the following way: assuming that all
stars form in clusters, the total mass contained in the young
population of Galactic stellar clusters that are likely, based
on their age, to contain O stars (M∗ ! 15 M!) is given by:

Σcl =

∫ τ15

0

SFR(t)× dt, (3)

where SFR(t) is the time dependent star formation rate over
the last τ15 timescale of the lifetime of the Galaxy. The
Galactic SFR over such a relatively short period of time can
be assumed to be constant5 and Σcl can be approximated
by Σcl ≈ SFR×τ15. We consider three values of the Galactic
SFR of 0.68, 1, and 1.45 M! yr−1 that are the lower, cen-
tral, and upper estimates obtained from the count of young
stellar objects in the GLIMPSE survey of the Galactic plane
(Robitaille & Whitney 2010). The individual cluster masses
are stochastically sampled from the mass reservoir Σcl us-
ing an initial cluster mass function (i.e., the mass function of
clusters at their birth, ICLMF). The ICLMF is taken to be
a power-law, between the minimum and maximum cluster
masses of Mcl,min and Mcl,max, and is given by:

dNcl

dMcl
= Acl ×M−β

cl , (4)

where Acl is the normalization constant given by:

∫ Mcl,max

Mcl,min

Acl ×M−β+1

cl dMcl = Σcl. (5)

5 The instantaneous Galactic SFR cannot be in reality a constant
(i.e., the birth of single massive star in the Galaxy will boost the
SFR), but the assumption is made here that the time dependent
Galactic SFR will fluctuate around the values chosen in this work
(see also da Silva et al. 2012 for further discussion on this issue).
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0

SFR(t)× dt, (3)

where SFR(t) is the time dependent star formation rate over
the last τ15 timescale of the lifetime of the Galaxy. The
Galactic SFR over such a relatively short period of time can
be assumed to be constant5 and Σcl can be approximated
by Σcl ≈ SFR×τ15. We consider three values of the Galactic
SFR of 0.68, 1, and 1.45 M! yr−1 that are the lower, cen-
tral, and upper estimates obtained from the count of young
stellar objects in the GLIMPSE survey of the Galactic plane
(Robitaille & Whitney 2010). The individual cluster masses
are stochastically sampled from the mass reservoir Σcl us-
ing an initial cluster mass function (i.e., the mass function of
clusters at their birth, ICLMF). The ICLMF is taken to be
a power-law, between the minimum and maximum cluster
masses of Mcl,min and Mcl,max, and is given by:

dNcl

dMcl
= Acl ×M−β

cl , (4)

where Acl is the normalization constant given by:

∫ Mcl,max

Mcl,min

Acl ×M−β+1

cl dMcl = Σcl. (5)

5 The instantaneous Galactic SFR cannot be in reality a constant
(i.e., the birth of single massive star in the Galaxy will boost the
SFR), but the assumption is made here that the time dependent
Galactic SFR will fluctuate around the values chosen in this work
(see also da Silva et al. 2012 for further discussion on this issue).
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in a cluster is called ”single” if it is the only living star, or a
binary system with any of its components, that has a mass
! 15 M! in the cluster. The fraction of single O stars3 in a
population of clusters is thus given by:

fO,single =
NO,single

NO
, (1)

where NO,single is the total number of single O stars and NO

is the total number of O stars in all clusters. We also measure
the fraction of ”lonely” O stars in the clusters. A lonely
O star in a cluster is a single O star with the additional
constraint that the next massive system in the cluster is less
massive than 10 M! (i.e., absence of high mass B stars with
masses between 10 and 15 M!). The fraction of lonely O
stars is given by:

fO,lonely =
NO,lonely

NO
, (2)

where NO,lonely is the total number of lonely stars in the
clusters. The basic idea of the method relies on the compari-
son of fO,single and fO,lonely measured for a recent catalogue
of stellar clusters in the Milky Way with those derived for
populations of stellar clusters that are generated with vari-
ous prior functions for the distributions of the IMF parame-
ters. A number of important corrections have to be applied
to the zero-age synthetic clusters and to their stellar con-
tent before they can be compared to the observations. The
description of the observational sample of clusters is given
in §. 3, while the synthetic models of clusters are described
in §. 4.

3 OBSERVATIONAL CATALOG OF

CLUSTERS

The observations used in this paper come from the Milky
Way Stellar Clusters survey (MWSC) (Kharchenko et al.
2012; Kharchenko et al. 2013; Schmeja et al. 2014)4, which
lists ∼ 3200 clusters with ages between ∼ 1 Myr and ∼ 7
Gyr. The clusters are detected as density and velocity en-
hancements in the Two Micron All Sky Survey (2MASS)
(Skrutskie et al. 2006) and the proper motions PPMXL sur-
vey (Röser et al. 2010). The survey includes clusters up to
a distance of ∼ 10 kpc from the position of the Sun with
a substantial fraction of the clusters being located within a
distance " 1.8 kpc (see Figure 1 in Schmeja et al. 2014). The
files in the catalog list the B, V, and J, H, K magnitudes of
each star in each cluster present in the catalog, along with
other properties such as position, age, cluster membership
probability, proper motions, and, when available, the spec-
tral type. The resolved stellar content of each cluster are
however not corrected for the effects of the binary popula-
tion. In this work, we are interested in clusters that could,
based on their age, harbor high-mass stars (M∗ ! 15 M!),
which implies clusters younger than τ15 ≈ 12.3 Myrs, where

3 For simplicity, we will use the term ”star” to define both indi-
vidual stars or binary systems
4 The full list of cluster parameters is avail-
able at http://vizier.cfa.harvard.edu/viz-bin/VizieR?-
source=J/A+A/558/A53

τ15 is the duration of the Hydrogen and Helium burning
phases for a star with a mass of 15 M! (Ekström et al.
2012). This brings down the number of clusters useful for
our purposes in the MWSC to NMWSC,cl = 341. The in-
dividual stellar masses are estimated from the relation be-
tween logM∗ and the absolute visual magnitude MV given
by Schilbach et al. (2006). The absolute magnitude MV is
computed from the apparent magnitude mV , the distance,
and the extinction EB−V which are all listed in the MWSC
(Kharchenko et al 2013). Out of the total 341 clusters, 175 of
them contain at least one O star (M∗ ! 15 M!). The num-
ber of single and lonely O stars in the observational sample
is NO,single = 89 and NO,lonely = 29, respectively, and the
total number of O stars is NO = 688. Thus, the fractions
of single and lonely O star in the MWSC catalog measured
using Eq. 1 and Eq. 2 are fO,single(MWSC) = 12.9% and
fO,lonely(MWSC) = 4.2%.

4 MODELS

4.1 Generating populations of zero-age clusters

The possibility of detecting massive O stars in the Galaxy
is bound by the relatively short lifetime of these stars and
by the value of the Galactic star formation rate (SFR). The
models of stellar clusters that are compared to the observa-
tions are generated in the following way: assuming that all
stars form in clusters, the total mass contained in the young
population of Galactic stellar clusters that are likely, based
on their age, to contain O stars (M∗ ! 15 M!) is given by:

Σcl =

∫ τ15

0

SFR(t)× dt, (3)

where SFR(t) is the time dependent star formation rate over
the last τ15 timescale of the lifetime of the Galaxy. The
Galactic SFR over such a relatively short period of time can
be assumed to be constant5 and Σcl can be approximated
by Σcl ≈ SFR×τ15. We consider three values of the Galactic
SFR of 0.68, 1, and 1.45 M! yr−1 that are the lower, cen-
tral, and upper estimates obtained from the count of young
stellar objects in the GLIMPSE survey of the Galactic plane
(Robitaille & Whitney 2010). The individual cluster masses
are stochastically sampled from the mass reservoir Σcl us-
ing an initial cluster mass function (i.e., the mass function of
clusters at their birth, ICLMF). The ICLMF is taken to be
a power-law, between the minimum and maximum cluster
masses of Mcl,min and Mcl,max, and is given by:

dNcl

dMcl
= Acl ×M−β

cl , (4)

where Acl is the normalization constant given by:

∫ Mcl,max

Mcl,min

Acl ×M−β+1

cl dMcl = Σcl. (5)

5 The instantaneous Galactic SFR cannot be in reality a constant
(i.e., the birth of single massive star in the Galaxy will boost the
SFR), but the assumption is made here that the time dependent
Galactic SFR will fluctuate around the values chosen in this work
(see also da Silva et al. 2012 for further discussion on this issue).

MNRAS 000, 1–17 (2016)

ICLMF:!Distriburion!of!cluster!masses!at!their!birth!

Variations of the IMF in the Milky Way 3
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, (1)
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in §. 3, while the synthetic models of clusters are described
in §. 4.

3 OBSERVATIONAL CATALOG OF

CLUSTERS

The observations used in this paper come from the Milky
Way Stellar Clusters survey (MWSC) (Kharchenko et al.
2012; Kharchenko et al. 2013; Schmeja et al. 2014)4, which
lists ∼ 3200 clusters with ages between ∼ 1 Myr and ∼ 7
Gyr. The clusters are detected as density and velocity en-
hancements in the Two Micron All Sky Survey (2MASS)
(Skrutskie et al. 2006) and the proper motions PPMXL sur-
vey (Röser et al. 2010). The survey includes clusters up to
a distance of ∼ 10 kpc from the position of the Sun with
a substantial fraction of the clusters being located within a
distance " 1.8 kpc (see Figure 1 in Schmeja et al. 2014). The
files in the catalog list the B, V, and J, H, K magnitudes of
each star in each cluster present in the catalog, along with
other properties such as position, age, cluster membership
probability, proper motions, and, when available, the spec-
tral type. The resolved stellar content of each cluster are
however not corrected for the effects of the binary popula-
tion. In this work, we are interested in clusters that could,
based on their age, harbor high-mass stars (M∗ ! 15 M!),
which implies clusters younger than τ15 ≈ 12.3 Myrs, where

3 For simplicity, we will use the term ”star” to define both indi-
vidual stars or binary systems
4 The full list of cluster parameters is avail-
able at http://vizier.cfa.harvard.edu/viz-bin/VizieR?-
source=J/A+A/558/A53

τ15 is the duration of the Hydrogen and Helium burning
phases for a star with a mass of 15 M! (Ekström et al.
2012). This brings down the number of clusters useful for
our purposes in the MWSC to NMWSC,cl = 341. The in-
dividual stellar masses are estimated from the relation be-
tween logM∗ and the absolute visual magnitude MV given
by Schilbach et al. (2006). The absolute magnitude MV is
computed from the apparent magnitude mV , the distance,
and the extinction EB−V which are all listed in the MWSC
(Kharchenko et al 2013). Out of the total 341 clusters, 175 of
them contain at least one O star (M∗ ! 15 M!). The num-
ber of single and lonely O stars in the observational sample
is NO,single = 89 and NO,lonely = 29, respectively, and the
total number of O stars is NO = 688. Thus, the fractions
of single and lonely O star in the MWSC catalog measured
using Eq. 1 and Eq. 2 are fO,single(MWSC) = 12.9% and
fO,lonely(MWSC) = 4.2%.

4 MODELS

4.1 Generating populations of zero-age clusters

The possibility of detecting massive O stars in the Galaxy
is bound by the relatively short lifetime of these stars and
by the value of the Galactic star formation rate (SFR). The
models of stellar clusters that are compared to the observa-
tions are generated in the following way: assuming that all
stars form in clusters, the total mass contained in the young
population of Galactic stellar clusters that are likely, based
on their age, to contain O stars (M∗ ! 15 M!) is given by:

Σcl =

∫ τ15

0

SFR(t)× dt, (3)

where SFR(t) is the time dependent star formation rate over
the last τ15 timescale of the lifetime of the Galaxy. The
Galactic SFR over such a relatively short period of time can
be assumed to be constant5 and Σcl can be approximated
by Σcl ≈ SFR×τ15. We consider three values of the Galactic
SFR of 0.68, 1, and 1.45 M! yr−1 that are the lower, cen-
tral, and upper estimates obtained from the count of young
stellar objects in the GLIMPSE survey of the Galactic plane
(Robitaille & Whitney 2010). The individual cluster masses
are stochastically sampled from the mass reservoir Σcl us-
ing an initial cluster mass function (i.e., the mass function of
clusters at their birth, ICLMF). The ICLMF is taken to be
a power-law, between the minimum and maximum cluster
masses of Mcl,min and Mcl,max, and is given by:

dNcl

dMcl
= Acl ×M−β

cl , (4)

where Acl is the normalization constant given by:

∫ Mcl,max

Mcl,min

Acl ×M−β+1

cl dMcl = Σcl. (5)

5 The instantaneous Galactic SFR cannot be in reality a constant
(i.e., the birth of single massive star in the Galaxy will boost the
SFR), but the assumption is made here that the time dependent
Galactic SFR will fluctuate around the values chosen in this work
(see also da Silva et al. 2012 for further discussion on this issue).
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Figure 5. The initial, present-day, and single O-star cluster mass functions in two realizations of the ICLMF. The left panel displays a
case in which the set of three parameters that describe the IMF of each cluster are each randomly drawn from a GPD-σobs probability
distribution function whereas the right panel displays a case in which the set of three parameters that describe the IMF is similar to the
values of the parameters for the Galactic field mass function. All other parameters are set to Mcl,min = 50 M!, M∗,min = 0.02 M!,
M∗,max = 150 M!, and β = 2. The figure displays the initial cluster mass function (ICLMF) and the present-day cluster mass function
(CLMF). The CLMF is the conversion of the ICLMF after each individual cluster has been assigned an age, and has been corrected
for the effects of the stellar binary fraction and stellar evolution. The number distribution of clusters that contain single O stars (with
M∗ ! 15 M! (CLMF-O), peaks at a few tens of stellar masses and most of the clusters in the CLMF-O have masses " 400 M!.

The completeness correction is calculated for each re-
alization of the cluster mass function with respect to the
sample of young clusters in the MWSC survey. In this work,
the approach we use in order to account for the effect of
cluster incompleteness is based on the populations of low
mass B stars in the clusters (i.e., stars with masses between
2M! # M∗ # 10M!) whose total number in a cluster is
N∗,2−10. For each realization of the ICLMF, after the cor-
rections for the effects of the binary population and stellar
evolution have been taken into account, we compute the
distribution of low mass B stars φ(N∗,2−10). Fig. 6 (top
panel, left) displays an example of the distribution of φ
for one of the ICLMF realizations from the GPD-σobs fam-
ily of models (full black line) and for the young clusters
in the MWSC catalog (purple dashed line) plotted versus
log(N∗,2−10 + 1). The unnormalized ratio of these two dis-
tributions (R2−10 = φobs/φmodel) is plotted in Fig. 6 (middle
panel, left). A similar example is shown in the right panel
for one realization of the ICLMF from the δf-GF family of
models. All completeness functions that we have computed
for the different synthetic cluster mass functions display a
similar behavior, namely a peak at LogN∗,2−10 ≈ 1.8 − 2,
with a decrease for both increasing and decreasing values
of N∗,2−10 around the peak. We assume a completeness of
unity at the position of the peak by normalizing the com-
pleteness function by its value at the peak, and fit linear
relations for both components of the completeness function
on each side of the peak. (triple dot-dash line, Fig. 6, lower
panel, left and right). As stated above, we interpret the de-
crease in completeness at low values of N∗2−10 by the non-
detection of faint clusters, whereas the non-detection of some
of the most massive clusters is most likely due to their rel-
ative scarcity in the Galaxy and the fact that they lie, on

average, at larger distances from the Sun. The normalized
function fcomp = R2−10/max(R2−10) constitutes the com-
pleteness function. A cluster is admitted for the comparison
with the observational data if its completeness probability
fcomp is larger than a uniform random number drawn be-
tween 0 and 1. For the families of ICLMFs generated in this
work, typically only about half of the clusters in the ICLMF
pass the filter of the completeness function and are used in
the comparison with the observational data. Additional ex-
amples of the completeness function for various values of β
and its effect on the derived values of fO,single and fO,lonely

are discussed in App. B.

5 COMPARISON OF MODELS TO

OBSERVATIONS

5.1 Models based on stochastic star formation

In this family of models, stellar masses in each
cluster are randomly sampled in the mass range
[0.02,min(Mcl, 150)]M! for the set of parameters (Γ, Mch,
γ) that are assigned to the cluster. When comparing the
fractions of single and lonely O stars (fO,single and fO,lonely)
between the observations and the models of synthetic clus-
ters, we have two main options: option 1) we compare the
observational values of fO,single and fO,lonely with the same
quantities derived for the entire sample of clusters in a given
initial cluster mass function that pass the filter of the com-
pleteness function (or to an average value of these quanti-
ties for a number of realizations of the ICLMF; i.e., the ”all
clusters” approach). Under this approach, the assumption
is that the sample of NMWSC,cl = 341 young clusters in the
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We fix Mcl,max at 5× 104 M! which is the mass of the
most massive clusters in the Milky Way (e.g., Figer et al.
1999; Dib et al. 2007; Ascenco et al. 2007; Harayama et al.
2008; Clark et al. 2009) and explore values of Mcl,min = 50
(fiducial), 20, and 10 M!. Our fiducial value of β is 2 as this
is in agreement with the slope of the cluster mass function at
intermediate- to high cluster masses in nearby galaxies (e.g.,
Elmegreen & Efremov 1997; Zhang & Fall 1999; Hunter et
al. 2005; de Grijs & Anders 2006; Selman & Melnick 2008;
Larsen 2009; Chandar et al. 2010; Fall & Chandar 2012) and
with theoretical expectations (Elmegreen 2006; Dib et al.
2011; Dib 2011a,b; Dib et al. 2013). We also consider cases
with β = 2.2 and β = 1.8. For each cluster with an assigned
mass Mcl, the masses of star-systems (i.e., individual stars
or binary systems) in the clusters are randomly sampled
using a tapered power law (TPL) distribution function (de
Marchi et al. 2010; Parravano et al. 2011). Without any
assigned binary fraction, a stellar ”system” of mass M∗ can
correspond to an individual star or to a binary system. The
TPL function is given by

dN∗

dlogM∗

= A∗ ×M−Γ
∗

{

1− exp

[

−

(

M∗

Mch

)γ+Γ
]}

, (6)

where dN∗ is the number of stellar systems with the loga-
rithm of their masses between logM∗ and logM∗ + dlogM∗,
and A∗ is the normalization coe! cient which is given by:

∫ M! ,max

M! ,min

A∗×M−Γ
∗

{

1− exp

[

−

(

M∗

Mch

)γ+Γ
]}

dM∗ = Mcl.

(7)

The TPL function describes the IMF with only three
parameters, the slope in the low mass regime (γ), the slope
in the intermediate-to-high mass regime (" ), and the char-
acteristic mass (Mch). The minimum stellar mass, M∗,min,
is always taken to be 0.02 M!. The maximum stellar mass,
M∗,max, is either given by min[Mcl, 150 M!] (correspond-
ing to the case of stochastic sampling) or is dictated by a
cluster mass-maximum stellar mass relation (Mcl−M∗,max)
relation proposed by Vanbeveren (1982) and later by Wei-
dner & Kroupa (2004). We test models in which the dis-
tributions of the parameters (" , Mch, γ) are either given
by delta function (all clusters have the same value of the
parameters), Gaussian functions, or boxcar functions. A re-
cent study found that the mean values of the parameters
among a relatively small sample of young Galactic stellar
clusters are " obs = 1.37, γobs = 0.91 and Mch,obs = 0.41
M! with standard deviations of σΓobs = 0.60, σγobs =
0.25, and σMch,obs = 0.27 M!, respectively (Dib 2014a).
When drawing the parameters from Gaussian distributions,
the distributions are always centered on these observed
mean values. We test dispersions of the Gaussian distri-
butions of (σΓobs ,σγobs ,σMch ), (σΓobs ,σγobs ,σMch ) /2, and
(σΓobs ,σγobs ,σMch ) /4, and apply lower and upper cuto#s
of (0.4, 1.5) for γ, (0.70, 2.4) for " , and (0.05, 1) M! for
Mch, which correspond to the lower and upper limits de-
rived by Dib (2014a). These models are labeled GPD-σ/i
(for Gaussian Probability Distributions, where i=1, 2, or 4).
They are contrasted with other models in which the distri-
butions of the IMF parameters are delta functions that are

Figure 1. The Þgure displays the probability distribution func-
tions of the three parameters that describe the IMF used in th is
work. The acronym ! F-GF refers to delta functions of the pa-
rameters at the positions of the Galactic Þeld values, where as
! F-OBS refers to delta functions located at the mean values of
the parameters derived by Dib (2014a) for a sample of 8 young
Galactic stellar clusters. The cases GPD- " obs, GPD- " obs/ 2, and
GPD- " obs/ 4 correspond to cases with a Gaussian probability dis-
tribution of the IMF parameters whose half-width is related to
1, 0.5, and 0.25 the values of the dispersion of each parameter in
the sample of Dib (2014a). FDP- " obs corresponds to a case where
the probability distribution function of each parameter is given
by a boxcar function whose width is given by 2 ! " obs. The lower
and upper truncations for each of the parameters correspond to
the lower and upper limits of these parameters derived by Dib
(2014a).

either located at the values of the parameters derived by
Dib (2014a), or the Galactic field values that are given by
" field = 1.35, γfield = 0.57, and Mch,field = 0.42 M! (Par-
ravano et al. 2011). These families of models are labeled δF-
OBS and δF-GF (Delta Function Observations and- Galactic
Field, respectively). We also test flat probability distribu-
tions (FPD). These are described by boxcar functions be-
tween (0.4, 1.5) for γ, (0.7, 2.4) for " , and (0.05, 1) M! for
Mch. The distribution functions of the parameters of the
IMF for all of these models are displayed in Fig. 1.

Fig. 2 displays a few examples of the generated ICLMFs
with various permutations of the Galactic SFR, the expo-
nent of the ICLMF (β), and the lower mass cuto# in cluster
masses (Mcl,min), and Fig. 3 displays the system IMFs for a
few selected clusters drawn from one of the realization of the
ICLMF in the GPD-σobs family of models (i.e., with varying
IMFs). Additional technical details on the sampling of the
ICLMF and of the IMF are presented in App. ¤. A.

4.2 Assigning ages to simulated clusters

The synthetic clusters that are generated for each realiza-
tion of the ICLMF are initially zero-age clusters. Before the
stellar populations of the clusters can be corrected for the bi-
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We Þx M cl,max at 5 ! 104 M! which is the mass of the
most massive clusters in the Milky Way (e.g., Figer et al.
1999; Dib et al. 2007; Ascenco et al. 2007; Harayama et al.
2008; Clark et al. 2009) and explore values ofM cl,min = 50
(Þducial), 20, and 10 M! . Our Þducial value of ! is 2 as this
is in agreement with the slope of the cluster mass function at
intermediate- to high cluster masses in nearby galaxies (e.g.,
Elmegreen & Efremov 1997; Zhang & Fall 1999; Hunter et
al. 2005; de Grijs & Anders 2006; Selman & Melnick 2008;
Larsen 2009; Chandar et al. 2010; Fall & Chandar 2012) and
with theoretical expectations (Elmegreen 2006; Dib et al.
2011; Dib 2011a,b; Dib et al. 2013). We also consider cases
with ! = 2 .2 and ! = 1 .8. For each cluster with an assigned
mass M cl , the masses of star-systems (i.e., individual stars
or binary systems) in the clusters are randomly sampled
using a tapered power law (TPL) distribution function (de
Marchi et al. 2010; Parravano et al. 2011). Without any
assigned binary fraction, a stellar ÓsystemÓ of massM " can
correspond to an individual star or to a binary system. The
TPL function is given by

dN"

dlogM "
= A" ! M # !

"

!

1 " exp

"

"
#

M "

M ch

$ ! + !
%&

, (6)

where dN" is the number of stellar systems with the loga-
rithm of their masses between logM " and logM " + dlogM " ,
and A" is the normalization coe! cient which is given by:

' M ! ,max

M ! ,min

A " ! M # !
"

!

1 " exp

"

"
#

M "

M ch

$ ! + !
%&

dM " = M cl .

(7)

The TPL function describes the IMF with only three
parameters, the slope in the low mass regime (" ), the slope
in the intermediate-to-high mass regime ( " ), and the char-
acteristic mass (M ch ). The minimum stellar mass, M " ,min ,
is always taken to be 0.02 M! . The maximum stellar mass,
M " ,max , is either given by min[ M cl , 150 M! ] (correspond-
ing to the case of stochastic sampling) or is dictated by a
cluster mass-maximum stellar mass relation (M cl " M " ,max )
relation proposed by Vanbeveren (1982) and later by Wei-
dner & Kroupa (2004). We test models in which the dis-
tributions of the parameters ( " , M ch , " ) are either given
by delta function (all clusters have the same value of the
parameters), Gaussian functions, or boxcar functions. A re-
cent study found that the mean values of the parameters
among a relatively small sample of young Galactic stellar
clusters are " obs = 1 .37, " obs = 0 .91 and M ch,obs = 0 .41
M! with standard deviations of #! obs = 0 .60, #! obs =
0.25, and #M ch,obs = 0 .27 M! , respectively (Dib 2014a).
When drawing the parameters from Gaussian distributions,
the distributions are always centered on these observed
mean values. We test dispersions of the Gaussian distri-
butions of ( #! obs , #! obs , #M ch ), ( #! obs , #! obs , #M ch ) / 2, and
(#! obs , #! obs , #M ch ) / 4, and apply lower and upper cuto#s
of (0.4, 1.5) for " , (0.70, 2.4) for " , and (0.05, 1) M ! for
Mch , which correspond to the lower and upper limits de-
rived by Dib (2014a). These models are labeled GPD-#/i
(for Gaussian Probability Distributions, where i=1, 2, or 4 ).
They are contrasted with other models in which the distri-
butions of the IMF parameters are delta functions that are

Figure 1. The Þgure displays the probability distribution func-
tions of the three parameters that describe the IMF used in th is
work. The acronym ! F-GF refers to delta functions of the pa-
rameters at the positions of the Galactic Þeld values, where as
! F-OBS refers to delta functions located at the mean values of
the parameters derived by Dib (2014a) for a sample of 8 young
Galactic stellar clusters. The cases GPD- " obs , GPD- " obs / 2, and
GPD- " obs / 4 correspond to cases with a Gaussian probability dis-
tribution of the IMF parameters whose half-width is related to
1, 0.5, and 0.25 the values of the dispersion of each parameter in
the sample of Dib (2014a). FDP- " obs corresponds to a case where
the probability distribution function of each parameter is given
by a boxcar function whose width is given by 2 ! " obs . The lower
and upper truncations for each of the parameters correspond to
the lower and upper limits of these parameters derived by Dib
(2014a).

either located at the values of the parameters derived by
Dib (2014a), or the Galactic Þeld values that are given by
" f ield = 1 .35, " f ield = 0 .57, and M ch,f ield = 0 .42 M! (Par-
ravano et al. 2011). These families of models are labeled$F-
OBS and $F-GF (Delta Function Observations and- Galactic
Field, respectively). We also test ßat probability distrib u-
tions (FPD). These are described by boxcar functions be-
tween (0.4, 1.5) for " , (0.7, 2.4) for " , and (0.05, 1) M ! for
M ch . The distribution functions of the parameters of the
IMF for all of these models are displayed in Fig. 1.

Fig. 2 displays a few examples of the generated ICLMFs
with various permutations of the Galactic SFR, the expo-
nent of the ICLMF ( ! ), and the lower mass cuto# in cluster
masses (M cl,min ), and Fig. 3 displays the system IMFs for a
few selected clusters drawn from one of the realization of the
ICLMF in the GPD- #obs family of models (i.e., with varying
IMFs). Additional technical details on the sampling of the
ICLMF and of the IMF are presented in App. ¤. A.

4.2 Assigning ages to simulated clusters

The synthetic clusters that are generated for each realiza-
tion of the ICLMF are initially zero-age clusters. Before th e
stellar populations of the clusters can be corrected for the bi-
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Figure 8. The top panel (A) in the Þgure compares the frac-
tions of single and lonely O-star systems (deÞned as M ! ! 15
M " ) calculated from the samples of clusters from the MWSC
survey (dashed lines) with those measured for the di ! erent mod-
els of synthetic clusters (purple circles and orange triang les). The
other parameters of the models are set at their Þducial value s
of M cl,min = 50 M " , M ! ,min =0 .02 M " , M ! ,max = 150 M " ,
and ! = 2. The orange points and error bars are the mean and
standard deviation of f O,single and f O,lonely calculated using all
clusters that pass the Þlter of the completeness function in 27 real-
izations of the initial cluster mass function (ICLMF). The 2 7 real-
izations include variations of the Galactic star formation rates, the
randomly drawn ages of the clusters, and seed numbers used to
randomly sample the ICLMF and the stellar masses within each
cluster. The purple points and error bars are the grand mean a nd
grand mean absolute deviation from the 27 ICLMF realization s
and where the mean and mean absolute deviation for each reali za-
tion are calculated from 10000 drawings of subsamples of clu sters
each of size NMW SC,cl = 341. Each subsample of NMW SC,cl
clusters is randomly drawn from the ensemble of clusters tha t
pass the Þlter of the completeness function in each realizat ion of
the ICLMF. The lower left panel (B) and lower right panel (C)
display the e ! ect of changing the exponent of the ICLMF ( ! ) and
the minimum cluster mass ( M cl,min ), respectively. For clarity, the
orange triangles and purple circles have been shifted horiz ontally
by [0.2, ! 0.2], and by [1 , ! 1] in panels (B) and (C), respectively.

to be negligible for clusters whose masses are" 400 ! 500
M" . It increases up to " 25% for cluster masses of" 3000
M" and declines to 5! 10% for higher cluster masses (Oh
et al. 2015). Note that these fractions were evaluated for
clusters that obey an M cl ! M ! ,max relation and all pos-
sess the same underlying Galactic Þeld-like IMF (i.e., the
Kroupa IMF). As such, these estimates may not reßect ex-
actly the expected fractions of ejected O stars for each family
of our synthetic clusters. However, the basic result, that d y-
namical ejection of O stars from clusters less massive than
" 400! 500 M" is insigniÞcant, should not depend on these
details. Since most clusters that harbor single O stars in our
models have masses" 400 ! 500 M" , the ejection of mas-
sive stars from the clusters is not expected to signiÞcantly
a! ect the value of f O,single . If we account for the fraction
of ejected O stars, The quantity f O,single can be approx-
imated by " NO,single / (NO,single + f O,ejec NO,non # single ),
where NO,non # single is the number of O star that are not
single, and f O,ejec is the fraction of ejected O stars as a func-
tion of the cluster mass. Using the values of NO,single and
NO,non # single and adapted values of f O,ejec as a function of
cluster mass for the di! erent families of models yields small
increases inf O,single of " 10! 12% for GPD-! obs type mod-
els and " 18 ! 22% for " F-GF type models. Applying this
correction to account for the fraction of dynamically eject ed
O stars increases the disagreement between the" F-GF type
models and the observations while at the same time, it does
not substantially a ! ect the relative good agreement between
the GPD- ! obs models and the observations.

5.2 Models with an imposed M cl ! M ! ,max relation

Our modeling allows us to test the consequences of con-
straining the maximum stellar mass in clusters. Vanbeveren
(1982) and Weidner & Kroupa (2004) argued that a deter-
ministic relation exists between the mass of the most mas-
sive star in a cluster and the mass of the cluster. The exis-
tence of a cluster-mass-dependent truncation of the IMF is
highly debated and has important consequences for cluster
and galaxy properties and evolution. A M cl ! M ! ,max re-
lation results in a steeper galaxy wide IMF for lower mass
galaxies at a Þxed SFR and to a downturn in the ratio of
the H# emission to the Far Ultraviolet emission (FUV) at
low galactic FUV luminosities. A number of observational
studies found that a cluster-mass-dependent truncation of
the IMF leads to an under-prediction of the observed H #
luminosities at low FUV luminosity (Fumagalli et al. 2011;
Weisz et al. 2012). Other studies on the scale of resolved
star forming regions using the H#/FUV ratios or the cor-
relation between H# and bolometric luminosities found re-
sults that do not seem to lend support to the existence of
an M cl ! M ! ,max relation (Hermanowicz et al. 2013).

Following the same procedure described above, we gen-
erate additional models in which the masses of stars (i.e.,
star-systems) in the clusters are randomly sampled in the
range M ! ,min = 0 .02 M" and an M ! ,max that is imposed
by the latest version of the M cl ! M ! ,max relation (Wei-
dner et al. 2013). The M cl ! M ! ,max relation is given by
log10 (M ! ,max / M" ) = ! 0.66 + 1.08 # [log10 (M cl / M" )] !
0.15 # [log10 (M cl / M" )]2 + 0 .0084 # [log10 (M cl / M" )]3 and
is assumed to be valid for cluster massesM cl # 2.5 # 105

M" which is the case of the clusters considered in this work.
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LkCa 15 is an extensively studied star in the Taurus region known forits pre-transitional disk with a large inner cavity
in dust continuum and normal gas accretion rate. The most popularhypothesis to explain the LkCa 15 data invokes
one or more planets to carve out the inner cavity, while gas continues to ßow across the gap from the outer disk onto
the central star. We present spatially unresolved HCO+ J=4Ð3 observations of the LkCa 15 disk from the JCMT
and model the data with the ProDiMo code. We Þnd that: (1) HCO+ line-wings are clearly detected, certifying the
presence of gas in the cavity within<50 AU of the star. (2) Reproducing the observed line-wing ßux requires both a
signiÞcant suppression of cavity dust (by a factor>104 compared to the ISM) and a substantial increase in the gas
scale-height within the cavity (H0/R0 ∼ 0.6). An ISM dust-to-gas ratio (d : g = 10 −2) yields too little line-wing ßux
regardless of the scale-height or cavity gas geometry, while a smaller scale-height also under predicts the ßux even
with a reduced d:g. (3) The cavity gas mass is consistent with the surface density proÞle of the outer disk extended
inwards to the sublimation radius (corresponding to massMd ∼ 0.03 M"), and masses lower by a factor>10 appear
to be ruled out.
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The ρ Ophiuchi molecular complex and in particular the Lynds L1688 dark cloud is unique in its proximity ( ∼130 pc),
in its richness in young stars and protostars, and in its youth (0.5 Myr). It is certainly one of the best targets currently
accessible from the ground to study the early phases of star-formation. Proper motion analysis is a very e" cient tool for
separating members of clusters from Þeld stars, but very few proper motions are available in theρ Ophiuchi region since
most of the young sources are deeply embedded in dust and gas. Weaim at performing a kinematic census of young
stellar objects (YSOs) in the ρ Ophiuchi F core and partially in the E core of the L1688 dark cloud. Werun a proper
motion program at the ESO New Technology Telescope (NTT) with the Son of ISAAC (SOFI) instrument over nine
years in the near-infrared. We complemented these observationswith various public image databases to enlarge the
time base of observations and the Þeld of investigation to 0.5◦×0.5◦. We derived positions and proper motions for 2213
objects. From these, 607 proper motions were derived from SOFIobservations with a∼1.8 mas/yr accuracy while the
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and model the data with the ProDiMo code. We find that: (1) HCO+ line-wings are clearly detected, certifying the
presence of gas in the cavity within <50 AU of the star. (2) Reproducing the observed line-wing flux requires both a
significant suppression of cavity dust (by a factor >104 compared to the ISM) and a substantial increase in the gas
scale-height within the cavity (H0/R0 ∼ 0.6). An ISM dust-to-gas ratio (d : g = 10−2) yields too little line-wing flux
regardless of the scale-height or cavity gas geometry, while a smaller scale-height also under predicts the flux even
with a reduced d:g. (3) The cavity gas mass is consistent with the surface density profile of the outer disk extended
inwards to the sublimation radius (corresponding to mass Md ∼ 0.03 M"), and masses lower by a factor >10 appear
to be ruled out.
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The ρ Ophiuchi molecular complex and in particular the Lynds L1688 dark cloud is unique in its proximity (∼130 pc),
in its richness in young stars and protostars, and in its youth (0.5 Myr). It is certainly one of the best targets currently
accessible from the ground to study the early phases of star-formation. Proper motion analysis is a very efficient tool for
separating members of clusters from field stars, but very few proper motions are available in the ρ Ophiuchi region since
most of the young sources are deeply embedded in dust and gas. We aim at performing a kinematic census of young
stellar objects (YSOs) in the ρ Ophiuchi F core and partially in the E core of the L1688 dark cloud. We run a proper
motion program at the ESO New Technology Telescope (NTT) with the Son of ISAAC (SOFI) instrument over nine
years in the near-infrared. We complemented these observations with various public image databases to enlarge the
time base of observations and the field of investigation to 0.5◦×0.5◦. We derived positions and proper motions for 2213
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in dust continuum and normal gas accretion rate. The most popular hypothesis to explain the LkCa 15 data invokes
one or more planets to carve out the inner cavity, while gas continues to flow across the gap from the outer disk onto
the central star. We present spatially unresolved HCO+ J=4–3 observations of the LkCa 15 disk from the JCMT
and model the data with the ProDiMo code. We find that: (1) HCO+ line-wings are clearly detected, certifying the
presence of gas in the cavity within <50 AU of the star. (2) Reproducing the observed line-wing flux requires both a
significant suppression of cavity dust (by a factor >104 compared to the ISM) and a substantial increase in the gas
scale-height within the cavity (H0/R0 ∼ 0.6). An ISM dust-to-gas ratio (d : g = 10−2) yields too little line-wing flux
regardless of the scale-height or cavity gas geometry, while a smaller scale-height also under predicts the flux even
with a reduced d:g. (3) The cavity gas mass is consistent with the surface density profile of the outer disk extended
inwards to the sublimation radius (corresponding to mass Md ∼ 0.03 M"), and masses lower by a factor >10 appear
to be ruled out.
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Research University, F-91191 Gif-sur-Yvette Cedex, France

E-mail contact: christine.ducourant at u-bordeaux.fr

The ρ Ophiuchi molecular complex and in particular the Lynds L1688 dark cloud is unique in its proximity (∼130 pc),
in its richness in young stars and protostars, and in its youth (0.5 Myr). It is certainly one of the best targets currently
accessible from the ground to study the early phases of star-formation. Proper motion analysis is a very efficient tool for
separating members of clusters from field stars, but very few proper motions are available in the ρ Ophiuchi region since
most of the young sources are deeply embedded in dust and gas. We aim at performing a kinematic census of young
stellar objects (YSOs) in the ρ Ophiuchi F core and partially in the E core of the L1688 dark cloud. We run a proper
motion program at the ESO New Technology Telescope (NTT) with the Son of ISAAC (SOFI) instrument over nine
years in the near-infrared. We complemented these observations with various public image databases to enlarge the
time base of observations and the field of investigation to 0.5◦×0.5◦. We derived positions and proper motions for 2213
objects. From these, 607 proper motions were derived from SOFI observations with a ∼1.8 mas/yr accuracy while the
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remaining objects were measured only from auxiliary data with a mean precision of about ∼3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from field stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µα cos δ, µδ)=(-8.2,
-24.3)±0.8 mas/yr for the L1688 dark cloud. A supervised classification was applied to photometric data of members
to allocate a spectral energy distribution (SED) classification to the unclassified members. We kinematically confirmed
that the 56 members that were known from previous studies of the ρ Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We defined the evolutionary status of the
unclassified members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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The dispersal of the circumstellar discs of dust and gas surrounding young low- mass stars has important implications
for the formation of planetary systems. Photo- evaporation from energetic radiation from the central object is thought
to drive the dispersal in the majority of discs, by creating a gap which disconnects the outer from the inner regions
of the disc and then disperses the outer disc from the inside-out, while the inner disc keeps draining viscously onto
the star. In this Letter we show that the disc around TW Hya, the closest protoplanetary disc to Earth, may be the
first object where a photoevaporative gap has been imaged around the time at which it is being created. Indeed the
detected gap in the ALMA images is consistent with the expectations of X-ray photoevaporation models, thus not
requiring the presence of a planet. The photoevaporation model is also consistent with a broad range of properties
of the TW Hya system, e.g. accretion rate and the location of the gap at the onset of dispersal. We show that the
central, unresolved 870 µm continuum source might be produced by free free emission from the gas and/or residual
dust inside the gap.
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Fig. 1: Areas covered by the present proper motion catalogue
overlaid on the map of the L1688 dark cloud from Bontemps
et al. (2001). Red lines delimitate the NTT-SOFI observations
and blue lines give the total extension of the catalogue including
auxiliary data.

where the absorption due to dust is much lower and objects are
detectable in the visible wavelengths. For the vast majority of ob-
jects, which are only detectable in the infrared or NIR, we com-
bined the positions from 2MASS with those from the AllWISE
data release (Cutri et al. 2013) (central epoch⇠2010), matched in
a 300 search radius to estimate the proper motions. We excluded
the AllWISE objects with a semi-major axis of the error ellipse
larger than 200 mas, however. We derived more than six hundred
proper motions estimates in the NIR in this way.

The resulting input astrometric catalogue contained positions
and proper motions for about nine hundreds objects and was
used to scale and rotate the 1437 frames and align them onto
the axes of the input catalogue. The rescaled and rotated lists
of measurements were then cross-correlated and compiled in a
metalist that contained the measurements of each object in each
image in which it was detected. This metalist contains 2205 ob-
jects.

3.2. Proper motions

Then the whole set of measurements of the objects detected in
the ⇢ Ophiuchi region was globally reduced through a block-
adjustment-type iterative procedure described in Ducourant et al.
(2007, 2008), which allowed us to simultaneously compute the
unknown parameters of all stars (positions and proper motions)
and the unknown plate parameters of all frames.

When we examined the residuals of the global fit as a func-
tion of the observations epochs, we observed that the residuals
appeared to systematically deviate from the expected null mean
value at three epochs. One deviation in 1982 corresponds to the
USNO A2.0 positions (see Assafin et al. (2001) for an analy-
sis of systematics of the USNO A2.0), another in 2004 corre-
sponds to Spitzer positions and the last one in 2010 to the WISE

positions. These deviations indicate a local systematic e↵ect in
these catalogues. We therefore applied the following corrections
to these data, which correspond to the mean of the residuals :
(�↵,��)= (-182,+86) mas for USNO A2.0 positions, (+152,-
217) mas for Spitzer positions, and (+23,-137) mas for WISE
positions. After applying these corrections, the input reference
catalogue that contains the proper motions based on WISE and
2MASS positions was regenerated using the modified positions,
and the whole data set was reprocessed.

An a posteriori analysis of the derived proper motions
showed evidence that the quality of the plate-to-plate transfor-
mations was degraded in the regions where cluster members
were too numerous with respect to field stars. We therefore de-
cided to exclude objects with a much higher velocity than the
mean velocity of field stars (as defined in Sect. 5.1) from the
plate-to-plate transformations because these objects are proba-
bly cluster members or foreground stars.

We finally obtained positions and proper motions for 2213
objects spread over a 0.5� x 0.5� field. These objects are sep-
arated into two groups : 607 are located in a central region of
13.80 x 10.80 and benefited from SOFI observations, while the
remaining objects have proper motions derived only from aux-
iliary data. We present the distribution of the internal precisions
of our proper motions in Fig. 2.

The spread of the precisions is the reflection of the historical
material proper to each object and of its magnitude. It is obvious
from this figure that the proper motions derived with the con-
tribution of SOFI observations (red filled histogram) are more
precise than the ones obtained from auxiliary data. The subsam-
ple benefiting of the SOFI data will constitute the core of our
catalogue that we will designate hereafter as the SOFI catalogue.

Fig. 2: Histogram of internal precisions of our proper motion
catalogue in the ⇢ Ophiuchi embedded cluster. The solid black
line corresponds to the whole catalogue while the red filled his-
togram designates objects which benefit from SOFI data (SOFI
catalogue).
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LkCa 15 is an extensively studied star in the Taurus region known for its pre-transitional disk with a large inner cavity
in dust continuum and normal gas accretion rate. The most popular hypothesis to explain the LkCa 15 data invokes
one or more planets to carve out the inner cavity, while gas continues to flow across the gap from the outer disk onto
the central star. We present spatially unresolved HCO+ J=4–3 observations of the LkCa 15 disk from the JCMT
and model the data with the ProDiMo code. We find that: (1) HCO+ line-wings are clearly detected, certifying the
presence of gas in the cavity within <50 AU of the star. (2) Reproducing the observed line-wing flux requires both a
significant suppression of cavity dust (by a factor >104 compared to the ISM) and a substantial increase in the gas
scale-height within the cavity (H0/R0 ∼ 0.6). An ISM dust-to-gas ratio (d : g = 10−2) yields too little line-wing flux
regardless of the scale-height or cavity gas geometry, while a smaller scale-height also under predicts the flux even
with a reduced d:g. (3) The cavity gas mass is consistent with the surface density profile of the outer disk extended
inwards to the sublimation radius (corresponding to mass Md ∼ 0.03 M"), and masses lower by a factor >10 appear
to be ruled out.
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The ρ Ophiuchi molecular complex and in particular the Lynds L1688 dark cloud is unique in its proximity (∼130 pc),
in its richness in young stars and protostars, and in its youth (0.5 Myr). It is certainly one of the best targets currently
accessible from the ground to study the early phases of star-formation. Proper motion analysis is a very efficient tool for
separating members of clusters from field stars, but very few proper motions are available in the ρ Ophiuchi region since
most of the young sources are deeply embedded in dust and gas. We aim at performing a kinematic census of young
stellar objects (YSOs) in the ρ Ophiuchi F core and partially in the E core of the L1688 dark cloud. We run a proper
motion program at the ESO New Technology Telescope (NTT) with the Son of ISAAC (SOFI) instrument over nine
years in the near-infrared. We complemented these observations with various public image databases to enlarge the
time base of observations and the field of investigation to 0.5◦×0.5◦. We derived positions and proper motions for 2213
objects. From these, 607 proper motions were derived from SOFI observations with a ∼1.8 mas/yr accuracy while the
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remaining objects were measured only from auxiliary data with a mean precision of about ∼3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from field stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µα cos δ, µδ)=(-8.2,
-24.3)±0.8 mas/yr for the L1688 dark cloud. A supervised classification was applied to photometric data of members
to allocate a spectral energy distribution (SED) classification to the unclassified members. We kinematically confirmed
that the 56 members that were known from previous studies of the ρ Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We defined the evolutionary status of the
unclassified members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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The dispersal of the circumstellar discs of dust and gas surrounding young low- mass stars has important implications
for the formation of planetary systems. Photo- evaporation from energetic radiation from the central object is thought
to drive the dispersal in the majority of discs, by creating a gap which disconnects the outer from the inner regions
of the disc and then disperses the outer disc from the inside-out, while the inner disc keeps draining viscously onto
the star. In this Letter we show that the disc around TW Hya, the closest protoplanetary disc to Earth, may be the
first object where a photoevaporative gap has been imaged around the time at which it is being created. Indeed the
detected gap in the ALMA images is consistent with the expectations of X-ray photoevaporation models, thus not
requiring the presence of a planet. The photoevaporation model is also consistent with a broad range of properties
of the TW Hya system, e.g. accretion rate and the location of the gap at the onset of dispersal. We show that the
central, unresolved 870 µm continuum source might be produced by free free emission from the gas and/or residual
dust inside the gap.
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3.3. Photometry

LF SOFI observations were acquired in the J, H, Ks bands (cen-
tral=(1.247,16.653,2.162) µm, width=(0.290,0.297,0.275) µm)
to complement the 2MASS photometry for fainter objects of the
SOFI catalogue. We present the distribution of the Ks magni-
tudes of objects in our catalogue in Fig. 3 and list in Table 6
the J,H,Ks photometry from 2MASS or derived in this work for
the kinematic members of the ⇢ Ophiuchi core (see next section
for the membership determination) together with the AllWISE
(Cutri et al. 2013) (w1,w2,w3,w4) photometry.

Fig. 3: Histogram of Ks magnitudes of the proper motion cat-
alogue. The black line correspond to the whole catalogue while
the red filled histogram designates the SOFI catalogue.

The SOFI catalogue explores the cluster down to much
fainter magnitudes than the remaining catalogue and reaches
Ks=18.6 mag.

It is also interesting to note that the distribution on the sky of
the various classes of magnitudes is not homogeneous, as shown
in Fig. 4. The faintest objects are essentially detected where the
deeper SOFI observations are present and coincide with the clus-
ter region where the extinction is high, while the brighter objects
essentially lie at the periphery of the cluster.

4. Astrometric validation

It is di�cult to asses the external errors of our catalogue because
two thirds of our catalogue concern objects that are invisible at
optical wavelengths and because to our knowledge, no astromet-
ric proper motion reference catalogue exists in the NIR in this
region. The recent release of the AllWISE catalogue (Cutri et al.
2013) provides proper motion estimates in the NIR. Unfortu-
nately, their quality is far too poor to be helpful in a region such
as the ⇢ Ophiuchi complex (the mean standard error on these
proper motions in the studied region is is �µ ⇠300 mas/yr).

Fig. 4: Distribution on the sky of objects from our proper motion
catalogue with indication of their magnitude range.

4.1. Comparison to PPMXL and 2MASS catalogues

For the optical part of our catalogue, the densest comparison cat-
alogue is the PPMXL catalogue (Roeser et al. 2010). We note
that the present work included some PPMXL proper motions as
starting point of the iterative reduction process but the final cata-
logue should be more or less independent of it. Another di�culty
results from the fact that the 239 objects common to our cata-
logue and PPMXL are mostly concentrated at the southern edge
of the field, which means that the cluster is almost completely
excluded from this comparison and only the brightest objects
of our catalogue are concerned. Nevertheless, we performed the
comparison of both sets of proper motions, and we noted a sys-
tematic mean di↵erence (in the sense this work minus PPMXL)
of (�µ↵cos(�),�µ�)=(-1,+6) mas/yr.

To determine the origin of the large systematic di↵erence (es-
sentially in declination), we considered the 2MASS catalogue
which provides positions for epoch ⇠1999.3 with errors ⇠100
mas and compared its positions to the PPMXL and to our cata-
logue, each transported to the 2MASS epoch by application of
its own proper motions. We present these comparisons in Fig. 5.
The resulting mean di↵erences in position in the sense 2MASS
minus catalogue are (+45,+41) mas for PPMXL (1321 objects)
and (-11,+11) mas (504 objects) for this work.

When we assume that 2MASS provides positions without
bias, we can conclude that both catalogues su↵er from system-
atic e↵ects in their proper motions : ⇠(+2.7,+2.5) mas/yr for
PPMXL (mean epoch ⇠1982.6) and ⇠(+1.3,-1.3) mas/yr for this
work (mean epoch ⇠2007) and that a large part of the di↵erences
observed in the comparison of our proper motions with PPMXL
is due to PPMXL.

We note that the PPMXL and the present catalogue incorpo-
rated the 2MASS catalogue at some stage of their elaboration,
which diminishes the impact of this comparison. Moreover, the
comparisons presented in this section (PPMXL/this work, PP-
MXL/2MASS, this work/2MASS) do not rely on the same set
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the field. On the one hand, it may also be interesting to test any
object of the catalogue for its membership to the F/E cores al-
though its proper motion is not of high accuracy to have a census
of members as complete as possible. This is why we performed
our analysis in two steps.

We first selected the most reliable proper motions of our
SOFI catalogue to derive the kinematic properties of the clus-
ter and of the field, using objects with at least a time base of
observations of five years, with a number of observations greater
than 20, and with �µ  2mas/yr. From these, we excluded proper
motions higher than 45 mas/yr, which correspond to foreground
objects that do not belong to the ⇢ Ophiuchi complex. This left
us with 342 objects with highly accurate proper motions.

The membership analysis led to the following mean proper
motions and precisions for the cluster derived with 48 mem-
bers (µ⇤↵, µ�)cl= (-7.4 -22.9) ±0.8 mas/yr (hereafter µ⇤↵ stands
for µ↵cos�) and for the field (µ⇤↵, µ�) f = (-3.5, -1.4) ± (0.4,0.3)
mas/yr. The kinematic values derived for field stars agree rea-
sonably well with predictions from the Besançon Galaxy model
simulations in the direction of our field : (µ⇤↵, µ�)= (-2,-2) mas/yr.

In a second step, we considered all the objects from our
proper motion catalogue that were excluded from previous anal-
ysis and selected those whose data were spread over five or more
observational epochs with a time base of observations longer
than six years and a precision better than 3.5 mas/yr. We then
tested their membership to the two distributions and retained
those with a probability greater than 50%.

We thus end up with 82 objects with a membership proba-
bility to the cluster higher than 50%. We present the repartition
of membership probabilities for the 936 objects analysed here in
Fig.6. We observe in this figure two clear peaks that correspond
to field population (P<0.1) and cluster population (P>0.9) and
objects with intermediate probabilities. Sixty-eight objects have
a probability P>0.9 and are considered as members, while14 ob-
jects have a membership probability 0.5<P<0.9 and are classi-
fied as candidate members.

Membership analyses are very sensitive to outliers (e.g.,
foreground objects from the Galaxy with high proper motion)
and need to be excluded to derive realistic solutions (see dis-
cussion about the pruning of the data in Cabrera-Cano & Alfaro
(1985)). We therefore excluded objects with µ⇤↵ or µ� > 45 mas/yr
at step one and objects with proper motions beyond 2.5 � of the
mean properties of the cluster and of field at the end of step two.
We present a list of objects in Table 5 that are considered as out-
liers despite their high membership probability (P>0.9) because
their proper motion di↵ers by more than 2.5� from that of the
cluster.

The resulting mean kinematic properties of the cluster are
listed in Table 3. We present the list of the members and can-
didate members with their astrometric solution and their mem-
bership probability in Table 7. Fig. 7 shows the vector plot di-
agram of the cluster and indicates the membership probability,
and Fig. 8 shows the distribution of field stars and of cluster
members and candidate members across our field.

Figure 7 shows that the repartition of the kinematic members
is globally circular, as expected. The dispersion of their proper
motions (< 5 mas/yr) is larger than expected from the astro-
physical point of view (1-2 mas/yr) and reflects the di�culties
of measuring proper motions in such obscured zones and the re-
ality of our accuracy. Twenty-six members are YSOs that have
been identified by ISO or Spitzer. Field stars and cluster mem-
bers are separated in Fig.7 by a layer of objects with intermediate
membership probabilities (candidates).

Fig. 6: Repartition of membership probabilities of the 936 ob-
jects. The filled black histogram corresponds to known young
stellar objects (detected by ISO (Bontemps et al. 2001) or Spitzer
(Evans et al. 2003)) that are present in our catalogue. For visibil-
ity the y axis is truncated; the peak that corresponds to a proba-
bility of ⇠0.05 culminates at 800 objects.

Fig. 7: Vector plot diagram. Red circles correspond to the kine-
matic members (P>0.9) derived in this work, blue circles to can-
didate members (0.5<P <0.9). The black dots correspond to field
objects (P<0.1). Filled circles designate objects belonging to the
SOFI catalogue and triangles identify known young stellar ob-
jects detected by ISO or Spitzer.
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Fig. 8: Distribution on the sky of kinematic members, candidate
members (0.5<P<0.9) and field stars with indication of the local-
isation of the B, C, E, and F cores of ⇢Ophiuchi. Red circles cor-
respond to the kinematic members (P>0.9) derived in this work,
blue circles to candidate members (0.5<P <0.9). Filled circles
designate objects belonging to the SOFI catalogue and triangles
identify known young stellar objects detected by ISO or Spitzer.
The black dots correspond to field objects (P<0.1).

5.2. New and known members

Of the 82 kinematic members or candidate members derived in
this work, 56 are referenced at CDS as young stellar objects, the
26 others are new members or new candidates. Of the known ob-
jects, 7 are brown dwarfs (BDs) (Alves de Oliveira et al. 2012),
1 is a BD candidate (FHTWIR-Oph 80, Alves de Oliveira et al.
(2010)), and 26 were found by the major spatial NIR-surveys
ISO (Bontemps et al. 2001) or Spitzer (Evans et al. 2003).

The kinematic members are mostly located around the Oph
F and E cores, with several new detections south to these cores.
Some previously known members around Oph B core are also
classified as kinematic members. The high concentration of kine-
matic members in the central part of the field covered by this
study corresponds to the zone of deep SOFI observations.

We present in Fig. 9 the repartition in terms of Ks magnitudes
of the 56 known and 26 new members.

The new members appear essentially fainter (down to
Ks=18.1) than the known members and were revealed by the
deep Near-IR observations performed in this work.

We note that some well-attributed members of ⇢ Ophiuchi
are not included in our list of kinematic members because their
astrometry was too poor to analyse them.

5.3. Spatial velocities

We derived the Galactic coordinates (X towards the Galactic
centre, Y in direction of Galactic rotation, Z towards the North
Galactic Pole) and heliocentric space velocity of the cluster
using the most recent distance determination d=133.3±3.6 pc
(Ortiz-Leon 2015) and the median radial velocity for Oph pre-

Fig. 9: Ks distribution of known young stellar objects referenced
at the CDS and new kinematic members or candidates of the
cluster.

main-sequence stars (-6.3±0.3) km s�1 (Prato 2007; Guenther
et al. 2007; Kurosawa 2007; James et al. 2006). We summarise
in Table 3 the kinematic properties of the ⇢ Ophiuchi (F core).

Table 3: Mean spatial and kinematic properties of the ⇢ Ophi-
uchi F core as derived from the 68 kinematic members with the
highest membership probability (P>0.9).

Property Value
(↵,�) ( 16h 27m 22.51s, �24� 41‘ 58.5”)
(µ↵ cos�, µ�) ( -8.2, -24.3)± 0.8 mas/yr
(l,b) ( 352.9816�,16.5540�)
(µl cos b, µb) ( -23.8,-10.7)± 0.8 mas/yr
Position (X,Y,Z) ( 126.9, -15.6, +37.4) pc
Velocity (U,V,W) ( -5.9±0.1, -14.2±0.3, -8.1±0.4) km/s

Notes. The mean proper motion of the core given here does not account
for the probable systematic error (⇠ 2 mas/yr) of our proper motion
catalogue.

We compared these values with the kinematic characteristics
of the Upper Scorpius (US) association since the ⇢ Oph cluster
is expected to be part of the Upper Sco association (see Wilking
et al. (2008)). We observe that the velocity derived here for the
cluster is very similar to the one that we derive for the sample
of 117 members of Upper Sco OB2 group with Hipparcos mea-
surements (de Zeeuw et al. 1999) (U,V,W)US = (-5.0 , -14.8 ,
-6.5 ) ± (0.1, 0.4, 0.2) km/s.

6. Classification

Of the 82 kinematic members or candidate members, 29 have
been classified in terms of their spectral energy distribution
(SED) into class I, II, or III (Bontemps et al. (2001) and Guter-
muth et al. (2009)), but 53 of them appear to be unclassified.
Some of these unclassified members are referenced as YSOs at
the CDS.

Accordingly, we decided to perform a tentative classification
into the three most significant YSO classes (I, II and III) using
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photometric data from Table 6. If there are some contaminants
in our kinematic members sample, then they will be incorrectly
attributed to one of the three YSO classes since we assume here
that each of the 82 members and candidates are young stellar
objects.

For the classification we adopted a supervised learning
method, whose principle is the following. The method consid-
ers the various magnitudes of each previously classified member
(J,H,Ks,w1,w2,w3,w4) and all their colour combinations (J-H, J-
Ks, J-w1, etc.) and searches for regions in this magnitude-colour
hyperspace that are occupied by members of a same class (I, II
and III). When the parameters characterising these regions are
“learned’, the algorithm considers the unclassified members and
attributes a class to them depending on their localisation in this
hyperspace.

Of the various supervised methods available, we adopted the
well-known and successful data classification non-parametric
method called random forests (Breiman 2001; Breiman et al.
2003), complemented by a Monte Carlo trial to account for er-
rors in the observable quantities. We adopted the R language im-
plementation of random forests by Liaw & Wiener (2002), and
to take all the errors of the available measurements into account,
we followed a Monte Carlo approach, performing 30000 inde-
pendent classifications of the dataset. At each run the following
process was performed: first the magnitudes of each star at each
filter are sampled from Gaussian probability distribution func-
tions with the mean equal to the measured (or imputed, see the
paragraph below) value and the sigma equal to the measured (or
imputed) magnitude error at the relevant filter; then all the possi-
ble colour combinations between the filters J, H, K, w1, w2, w3
and w4 are computed; then a random forests classifier assigns a
class to all the objects with unknown classes. Finally, after all the
independent runs, the frequency that each object was assigned to
each class is computed and the class with the greatest frequency
is adopted as the object class.

A special approach had to be adopted because some data
points were missing in our dataset (e.g., many objects were ob-
served or detected only in some, but not all, of the 2MASS or
WISE filters). The approach adopted was to perform data im-
putation and Monte Carlo sampling of error distributions. The
first step is to perform data imputation, but to avoid mixing the
well-known objects with the most uncertain objects, we split
the missing data imputation into two phases: first, the data im-
putation was performed using all the objects with previously
known classifications; then, the missing data imputation was per-
formed considering all objects in our dataset. We adopted a non-
parametric missing data imputation method called missForest
(Stekhoven & Buehlmann 2012). This method is also based on
a random forests algorithm to predict continuous missing val-
ues from the observed values of all other objects in the dataset
and from the relation of the object whose value is missing and
all other objects considering the entire parameter space of the
dataset.

The results of the classification performed here are repre-
sented in one of the many possible colour-colour planes in Fig.
10 which shows that most of the objects lacking literature clas-
sification were assigned a class II status. Of the 53 unclassified
members or candidates, 16 were assigned a class III status, 32 a
class II, and 5 a class I.

To analyse how probable it was to find a young stellar ob-
ject of classes I, II, or III at a given distance from the center
of the ⇢ Ophiuchi cluster F core, we built probability density
estimations using kernel density estimators. The projected radii
for the objects classified as members of each SED class were
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Fig. 10: One of the colour - colour diagrams for kinematic mem-
bers using 2MASS Ks and WISE w1,w2, and w4 photometry.
Objects with classes previously known in the literature that were
used for the training of the method (train) are shown with filled
symbols and the objects we classified are shown with empty
symbols. Squares refer to class I, circles to class II, and trian-
gles to class III.

computed based on the angular distance between the positions
of each object and the median position of all member objects
(Fig.11). The median projected radii and the absolute median
deviation for each type of object shows that the di↵erent classes
present di↵erent preferential projected radii and also di↵erent
spread: RI = 5.6 ± 3.1 0, RII = 8.8 ± 4.5 0, RIII = 10.7 ± 5.3 0.
These results indicate that the youngest objects are more concen-
trated in the central parts of the working zone (cores E and F),
while more evolved objects are more spread towards the exterior.
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Fig. 11: Radial density plot. The projected densities of each class
of YSOs are given in number of objects par arcmin2 and are
displayed versus the projected distance to the center [of each
class.

This is also visible in Fig.12, which displays the distribution
on the sky of the objects of our proper motion catalogue and of
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the kinematic members. We observe that they are mostly located
in the region of highest absorption where star-formation is on-
going. We also note that class I objects are globally aligned on a
northwest-southeast axis, mostly located in the most embedded
region, which was proposed by Motte et al. (1998) to correspond
to the perpendicular to the direction of shock propagation by the
Upper Scorpius OB association onto the core of the ⇢ Oph cloud
complex.

Fig. 12: Distribution on the sky of objects from our proper mo-
tions catalogue (grey dots) and of the 82 kinematic members and
candidates of the ⇢ Ophiuchi cluster (coloured symbols) derived
in this work. Red squares designate class I, green circles class II
and blue triangles class III. The zones with few grey dots corre-
spond to the most obscure regions. Crosses indicate the approx-
imative centres of the E, F, and B cores; the dotted line indicates
the line of clumps and YSOs identified by Motte et al. (1998).

7. Nature of kinematic members and candidates

Of the 82 kinematic members and candidate members in the
region we analysed, we proposed a classification for 53 ob-
jects. Six objects (2MASS-6X J16271965-2441487, 2MASS
J16272439-2441475, 2MASS J16272661-2440451, 2MASS
J16273272-2445004, 2MASS J16274161-2446447, and 2MASS
J16273894-2440206) have been listed by Alves de Oliveira et al.
(2010) as potential brown dwarfs (BDs) based on their position
in a colour-magnitude diagram among the faintest, red objects.
That we can kinematically confirm that they are part of the clus-
ter indicates that they are probably BDs.

Using the typical IR excesses in J, H, and K bands for class
II and class III YSOs and the extinction law in near-IR as in
Bontemps et al. (2001), we derived the absolute J and H mag-
nitudes for the kinematic members and candidates members1.
1 One new member (WISE J162702.05-243938.6) was detected in
only one near-IR band therefore we were unable to derive its absolute
magnitudes.

We present the distribution of these H absolute magnitudes for
known members (black dotted histogram) and new members
(red) in Fig. 13 .

As expected, most of the new members are weak sources
with MH ranging from 5 to 12. Since the transition between stars
and BDs occurs at MH⇠5 mag, that is, MJ⇠6 mag for young
clusters (e.g., Bara↵e et al. 2015), virtually all the new members
fall in the substellar regime. The MH values of the seven spec-
troscopically confirmed BDs in ⇢ Ophiuchi are also indicated in
Fig 13 together with their spectral type. Above MH = 5 mag, we
find 23 new substellar members, which is 3.3 times more than
previously known BDs in the surveyed area.

The weakest four new members (UGCS J162746.78-
244059.1, BX162727602-24381862, UGCS J162700.96-
244339.5, and 2MASS-6X J16265864-2443281) with MH �11
mag are potentially very low mass BDs that reach spectral types
as cool as L0 (⇠2200K, see discussions in Tottle & Mohanty
2015). These cool young BDs are expected to be very low mass
of only about 10 MJup (Chabrier et al. 2000).

We summarise the evolutionary status of the 82 members and
candidates in Table 4. Seven members already known as YSOs
are identified BD (Alves de Oliveira et al. 2012) and 6 new YSOs
are BD candidates (Alves de Oliveira et al. 2010).

Table 4: Summary of evolutionary status of the 82 kinematic
members and candidates.

Status Members Candidates
56 known YSOs (CDS)
Class I 4 0
Class II 34 2
Class III 13 3
26 new YSOs
Class I 2 3
Class II 11 5
Class III 4 1

8. Conclusions

With our astrometric observations we have determined the
proper motions of 2213 stellar and sub-stellar objects in the
⇢ Ophiuchi cluster region. We performed a kinematic member-
ship analysis and derived a list of 82 kinematic members and
candidate members, 26 of them are new members. We estab-
lished in a reliable way the mean kinematic properties of the
L1688 dark cloud (µ↵ cos �, µ�)=(-8.2, -24.3)±0.8 mas/yr and
confirm that the velocity of this core is very similar to the one of
the Upper Scorpius association.

We assigned a SED class to the 53 unclassified kinematic
members or candidates using a non-parametric random forests
supervised method for classifying objects using any combina-
tion of the (J, H, K, w1, w2, w3 and w4) 2MASS and AllWISE
colours. Nine objects are defined as class I, 52 as class II, and 21
objects as class III.

We discovered 23 new BDs candidates as part of the cluster,
potentially multiplying the number of known BDs in ⇢ Ophiuchi
cluster by 3.3. A few of them might be extremely low mass BDs
in the 10 MJup regime.

We were able to establish a secondary astrometric reference
frame in the NIR in a region where reference stars in the large
existing astrometric catalogues can hardly be found. The Gaia
catalogue will undoubtedly be a valuable tool for studying asso-
ciations of young stars, as Hipparcos was in its time. For a clear
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Fig. 13: Distribution of absolute H magnitudes of known (black
dotted) and new (solid red) members. Spectroscopically con-
firmed brown dwarfs by Alves de Oliveira et al. (2012) are indi-
cated together with their spectral type.

view of the star-formation processes and to access the youngest
clusters (< a few Myr), infrared astrometric catalogues will be
the crucial tool, however. The future space infrared astrometric
mission Jasmine (Gouda et al. 2005) may in this respect be the
first to bring insight into embedded star-forming regions. The
secondary reference frame established in this work is a first step
on this way.
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the kinematic members. We observe that they are mostly located
in the region of highest absorption where star-formation is on-
going. We also note that class I objects are globally aligned on a
northwest-southeast axis, mostly located in the most embedded
region, which was proposed by Motte et al. (1998) to correspond
to the perpendicular to the direction of shock propagation by the
Upper Scorpius OB association onto the core of the! Oph cloud
complex.

Fig. 12: Distribution on the sky of objects from our proper mo-
tions catalogue (grey dots) and of the 82 kinematicmembersand
candidatesof the! Ophiuchi cluster (coloured symbols) derived
in this work. Red squares designate class I, green circles class II
and blue triangles class III. The zones with few grey dots corre-
spond to the most obscure regions. Crosses indicate the approx-
imative centres of the E, F, and B cores; the dotted line indicates
the line of clumps and YSOs identiÞed by Motte et al. (1998).

7. Nature of kinematic members and candidates

Of the 82 kinematic members and candidate members in the
region we analysed, we proposed a classiÞcation for 53 ob-
jects. Six objects (2MASS-6X J16271965-2441487, 2MASS
J16272439-2441475, 2MASS J16272661-2440451, 2MASS
J16273272-2445004, 2MASS J16274161-2446447, and 2MASS
J16273894-2440206) have been listed by Alves de Oliveira et al.
(2010) as potential brown dwarfs (BDs) based on their position
in a colour-magnitude diagram among the faintest, red objects.
That we can kinematically conÞrm that they are part of the clus-
ter indicates that they are probably BDs.

Using the typical IR excesses in J, H, and K bands for class
II and class III YSOs and the extinction law in near-IR as in
Bontemps et al. (2001), we derived the absolute J and H mag-
nitudes for the kinematic members and candidates members1.
1 One new member (WISE J162702.05-243938.6) was detected in
only one near-IR band therefore we were unable to derive its absolute
magnitudes.

We present the distribution of these H absolute magnitudes for
known members (black dotted histogram) and new members
(red) in Fig. 13 .

As expected, most of the new members are weak sources
with MH ranging from 5 to 12. Since the transition between stars
and BDs occurs at MH! 5 mag, that is, MJ! 6 mag for young
clusters (e.g., Bara! e et al. 2015), virtually all the new members
fall in the substellar regime. The MH values of the seven spec-
troscopically conÞrmed BDs in! Ophiuchi are also indicated in
Fig 13 together with their spectral type. Above MH = 5 mag, we
Þnd 23 new substellar members, which is 3.3 times more than
previously known BDs in the surveyed area.

The weakest four new members (UGCS J162746.78-
244059.1, BX162727602-24381862, UGCS J162700.96-
244339.5, and 2MASS-6X J16265864-2443281) with MH " 11
mag are potentially very low mass BDs that reach spectral types
as cool as L0 (! 2200K, see discussions in Tottle & Mohanty
2015). These cool young BDs are expected to be very low mass
of only about 10 MJup (Chabrier et al. 2000).

We summarise the evolutionary status of the 82membersand
candidatesin Table 4. Seven members already known as YSOs
are identiÞed BD (Alves de Oliveira et al. 2012) and 6 new YSOs
are BD candidates (Alves de Oliveira et al. 2010).

Table 4: Summary of evolutionary status of the 82 kinematic
membersandcandidates.

Status Members Candidates
56 known YSOs (CDS)
Class I 4 0
Class II 34 2
Class III 13 3
26 new YSOs
Class I 2 3
Class II 11 5
Class III 4 1

8. Conclusions

With our astrometric observations we have determined the
proper motions of 2213 stellar and sub-stellar objects in the
! Ophiuchi cluster region. We performed a kinematic member-
ship analysis and derived a list of 82 kinematicmembersand
candidatemembers, 26 of them are new members. We estab-
lished in a reliable way the mean kinematic properties of the
L1688 dark cloud (µ" cos#, µ#)=(-8.2, -24.3)±0.8 mas/yr and
conÞrm that the velocity of this core is very similar to the one of
the Upper Scorpius association.

We assigned a SED class to the 53 unclassiÞed kinematic
members or candidates using a non-parametric random forests
supervised method for classifying objects using any combina-
tion of the (J, H, K, w1, w2, w3 and w4) 2MASS and AllWISE
colours. Nine objects are deÞned as class I, 52 as class II, and 21
objects as class III.

We discovered 23 new BDs candidates as part of the cluster,
potentially multiplying the number of known BDs in! Ophiuchi
cluster by 3.3. A few of them might be extremely low mass BDs
in the 10 MJup regime.

We were able to establish a secondary astrometric reference
frame in the NIR in a region where reference stars in the large
existing astrometric catalogues can hardly be found. The Gaia
catalogue will undoubtedly be a valuable tool for studying asso-
ciations of young stars, as Hipparcos was in its time. For a clear
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remaining objects were measured only from auxiliary data with a meanprecision of about ! 3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from Þeld stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µ! cos! , µ" )=(-8.2,
-24.3)± 0.8 mas/yr for the L1688 dark cloud. A supervised classiÞcation wasapplied to photometric data of members
to allocate a spectral energy distribution (SED) classiÞcation to the unclassiÞed members. We kinematically conÞrmed
that the 56 members that were known from previous studies of the" Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We deÞned the evolutionary status of the
unclassiÞed members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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1.  Photo,!evaporaCon!of!the!circumstellar!
discs!of!dust!and!gas!surrounding!young!
low,!mass!stars!
•  A!gap!disconnects!the!outer!from!

the!inner!regions!of!the!disc!!
•  Outer!disc!–!disperses!from!the!

inside,out!
•  Inner!disc!–!keeps!draining!

viscously!onto!the!star!
2.  The!disc!around!TW!Hya!may!be!the!first!

object!where!a!photoevaporaCve!gap!
has!been!imaged!around!the!Cme!at!
which!it!is!being!created.!(i.e.,!no!planet!
required)!!!
•  The!X,ray!photoevaporaCon!model!

is!consistent!with!a!broad!range!of!
properCes!of!the!TW!Hya!system:!
e.g.,!!
•  accreCon!rate!
•  locaCon!of!the!gap!at!the!

onset!of!dispersal.!!
•  The!central,!unresolved!870!μm!

conCnuum!source!might!be!
produced!by!free!free!emission!
from!the!gas!and/or!residual!dust!
inside!the!gap.�
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TW Hya disc Ð and/or if the accretion rate at the time of
gap opening is high Ð again a probable scenario in TW Hya
given the strong X-ray ßux from the central object which
results in high photoevaporation rates. This lends credence
to the fact that we might indeed be able to observe the gap
opening phase in the TW Hya disc.

4 GAS AND DUST SURFACE DENSITY
EVOLUTION UNDER VISCOSITY AND
X-RAY PHOTOEVAPORATION

We have developed a simple 1D viscous evolution model
which includes X-ray photoevaporation for a TW Hya-like
system.

Our 1D gas surface density evolution code, Spock, is
described in detail in Ercolano & Rosotti (2015). At t = 0
the disc has a mass of 0.15 M! , a radius of 18 au and an
accretion rate of 10" 8 M! / yr. We solve the viscous evo-
lution equation, taking into account the photo-evaporative
mass-loss, on a grid of 2500 points uniformly spaced inR1/ 2

extending from 0.025 au to 2500 au.
In our model the gap opens between 1 and 2 au at

an age of 5.7 Myr. At this point the mass accretion rate
onto the star is 3.6 ! 10" 10 M ! / yr. 3.5 ! 105 years later
(4.6% of the global disc lifetime and 17% of the transition
phase lifetime) the mass accretion rate has already dropped
to 8.6 ! 10" 11 M! / yr and the gap outer radius is out to
6 au. This implies that one expects 4.6% of the global pro-
toplanetary disc population and 17% of transition discs to
be observed in this early clearing phase3. These numbers
show that a small, but not negligible fraction of young pro-
toplanetary disks in nearby star forming regions should be
in this evolutionary phase.

In order to verify the timescales for dispersal of dust
particles of various sizes from the inner disc once the gap is
opened, we have used the gas surface density distributions
obtained with Spock as an input to the fargo hydro code
(Masset 2000) modiÞed by Picogna & Kley (2015). We model
the dust as individual particles, sampling the evolution of a
larger ensemble of single dust particles and their interaction
with the surrounding environment.

In Figure 1 we show the drift timescales for particles of
sizes between 100µm and 1 mm just after the opening of the
gap in the dust distribution (as it is shown in the 2D dust
distribution for 870 µm size particles in Figure 2), when the
gas mass accretion rates is 3.7 ! 10" 10 M! / yr. In the inner
regions (" 0.5 au) particles of 870 µm have a drift timescale
of 2 ! 106 yr.

The drift timescales have an abrupt change in their dis-
tribution inside 2 .5 au because the strong gas radial velocity

3 When talking about transition discs demographics, that tran-
sition discs are a very diverse class of objects. We refer here to
objects that are on the verge on dispersal and have developed a
hole as a consequence of photoevaporation, which do not include
the class of mm-bright ÒtransitionÓ discs, which accrete vigorously
and simultaneously have large holes. It is unclear if the latter are
objects undergoing a fast transition phase at all; they may be
more long-lived but rare systems, whose large gaps have been
carved by dynamical interaction with a companion (see also dis-
cussion by Owen & Clarke, 2012).

Figure 1. The drift timescales of the dust particles of di ! erent
sizes are plotted at the location and at the time of gap opening.
The radial velocity of the gas is overplotted with a dashed line
and its zero value is marked with a grey line.

Figure 2. The 2D dust distribution for 870 µm size particles is
shown at the time of gap opening.

(overplotted with a dashed line) is directed outwards and
drags with it the dust particles. Inside 1 au the gas radial
velocity is not strong enough and the bigger dust particles
(870µm, 1 mm ) are able to migrate inwards but with a long
drift time-scale.

It is thus likely that some of the 870 µm size particles
still linger in the inner gas disk of TW Hya and contribute
to the emission of the unresolved 1 mJy ßux detected by
Andrews et al. (2016).

5 CONCLUSIONS

In this Letter we presented argument in support of X-ray
photoevaporation as the origin of the recently detected gap
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Star formation is primarily controlled by the interplay between gravit y, turbulence, and magnetic Þelds. However, the
turbulence and magnetic Þelds in molecular clouds near the Galactic Center may di! er substantially from spiral-arm
clouds. Here we determine the physical parameters of the central molecular zone (CMZ) cloud G0.253+0.016, its
turbulence, magnetic Þeld and Þlamentary structure. Using column-density maps based on dust-continuum emission
observations with ALMA+ Herschel, we identify Þlaments and show that at least one dense core is located along
them. We measure the Þlament width WÞl = 0 .17 ± 0.08 pc and the sonic scale! sonic = 0 .15 ± 0.11 pc of the
turbulence, and ÞndWÞl ! ! sonic . A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps
obtained with ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a wide
double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions, we Þnd a nearly Gaussian
velocity PDF typical for turbulence. We measure the total and tur bulent velocity dispersion, 8.8± 0.2 kms! 1 and 3.9±
0.1 km s! 1, respectively. Using magnetohydrodynamical turbulence simulations, we Þnd that G0.253+0.016Õs turbulent
magnetic ÞeldBturb = 130 ± 50µG is only <" 1/ 10 of the ordered Þeld component. Combining these measurements,
we reconstruct the dominant turbulence driving mode in G0.253+0.016 and Þnd a driving parameterb = 0 .22± 0.12,
indicating solenoidal (divergence-free) driving. We compare this tospiral-arm clouds, which typically have a signiÞcant
compressive (curl-free) driving component (b > 0.4). Motivated by previous reports of strong shearing motions in the
CMZ, we speculate that shear causes the solenoidal driving in G0.253+0.016 and show that this reduces the star
formation rate (SFR) by a factor of 6.9 compared to typical nearby clouds.

Accepted by ApJ

http://adsabs.harvard.edu/pdf/2016arXiv160905911F

Spitzer Observations of Long Term Infrared Variability Amo ng Young Stellar Objects
in Chamaeleon I
Kevin M. Flaherty 1, Lindsay DeMarchi 2,8, James Muzerolle 3, Zoltan Balog 4, William Herbst 1, S.
Thomas Megeath 5, Elise Furlan 6, Robert Gutermuth 7

1 Van Vleck Observatory, Astronomy Dept., Wesleyan University, 96 Foss Hill Drive, Middletown, CT 06459, USA
2 Dept. of Physics and Astronomy, Colgate University, 13 Oak Drive,Hamilton, NY 13346, USA
3 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, Maryland, 21218, USA
4 Max-Planck-Institut f¬ur Astronomie, K¬onigstuhl 17, 69117 Heidelberg, Germany
5 Ritter Astrophysical Research Center, Dept. of Physics and Astronomy, University of Toledo, Toledo, OH 43606,
USA
6 Infrared Processing and Analysis Center, California Institute of Technology, 770 S. Wilson Ave, Pasadena, CA 91125,
USA
7 Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA
8 Department of Physics, Syracuse University, Syracuse, NY, 13244, USA

E-mail contact: kßaherty at wesleyan.edu

Infrared variability is common among young stellar objects, with surveys Þnding daily to weekly ßuctuations of a
few tenths of a magnitude. Space-based observations can produce highly sampled infrared light curves, but are often
limited to total baselines of about a month due to the orientation of the spacecraft. Here we present observations
of the Chameleon I cluster whose low declination makes it observable by the Spitzer space telescope over a 200 day
period. We observe 30 young stellar objects with a daily cadence to better sample variability on timescales of months.
We Þnd such variability is common, occurring in " 80% of the detected cluster members. The change in [3.6] # [4.5]
color over 200 days for many of the sources falls between that expected for extinction and ßuctuations in disk emission.
With our high cadence and long baseline we can derive power spectraldensity curves covering two orders of magnitude
in frequency and Þnd signiÞcant power at low frequencies, up to theboundaries of our 200 day survey. Such long
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1.  turbulence,!magneCc!field!and!filamentary!structure!
in!the!central!molecular!zone!(CMZ)!cloud!
G0.253+0.016!

2.  Dust,conCnuum!map!with!ALMA+Herschel:!filaments!
and!at!least!one!dense!core!along!them!
•  filament!width!Wfil!=!0.17!±!0.08!pc!
•  sonic!scale!of!turbulence!λsonic!=!0.15!±!0.11!pc!

(the!transiCon!scale!from!supersonic!to!subsonic!
turbulence)!=>!!Wfil!≈!λsonic!!

3.  HNCO!intensity,weighted!velocity!maps!obtained!
with!ALMA+Mopra!
•  Velocity!gradient:!large,scale!shear!
•  Turbulence:!nearly!Gaussian!velocity!PDF!
•  Velocity!dispersion:!8.8!±!0.2!km/s!(total),!!

3.9!±!0.1!km/s!(turbulence)!
4.  Comparison!with!MHD!turbulence!simulaCons!

•  Bturb!=!130!±!50!μG!is!only!<�1/10!of!the!
ordered!field!component!!

•  Driving!parameter!b!=!0.22!±!0.12!indicates!
solenoidal!(divergence,free)!driving!!
•  cf.!b!>!0.4!in!spiral,arm!clouds:!significant!

compressive!(curl,free)!driving!
component!

•  SpeculaCon:!!
shear	�=>!solenoidal!driving!=>!SFR��!
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Figure 1. H2 column density maps of G0.253+0.016 from Herschel (Longmore et al. 2012 ) (left-hand panel) and ALMA+ Herschel
(Rathborne et al. 2014b ) (right-hand panel). The Herschel map traces the large-scale structure well, while the combin ed ALMA+ Herschel
map reveals the internal structure of G0.253+0.016. Using t he DisPerSE algorithm we identify 11 Þlaments in the ALMA+ Herschel map,
which are highlighted and labelled by artiÞcially increasi ng the column density by a factor of 5 for each pixel belonging to a Þlament. The
gray contour encloses gas with a column density N ! 5 " 1022 cm! 2 (lower column densities have relatively low S/N). The posit ion of
a water maser is labelled and is located along Þlament 1, wher e N ! 2.5 " 1023 cm! 2 (black contours). Another two over-dense regions
(Ôdense-core candidatesÕ) above the same threshold stand out along Þlaments 2 and 4. Red lines indicate the direction of the large-scale
magnetic Þeld from polarization measurements obtained in Dotson et al. (2010); see Pillai et al. (2015). Both images are in equatorial
coordinates: the (0,0) o ! set position in right ascension (R A) and declination (DEC) is 17:46:09.59, # 28:42:34.2 J2000.

that the most important parameter in the DisPerSE al-
gorithm is the persistence threshold, which we have set
here to 5! 1022 cm! 2, i.e., 10! of the sensitivity threshold
of the observations (see Sec.2), in order to Þnd only the
most signiÞcant and dense Þlaments.17 We have experi-
mented with higher and lower persistence thresholds and
found similar Þlaments and similar Þlament column den-
sities and widths. Decreasing or increasing the threshold
by a factor of two neither signiÞcantly a! ects the number
of identiÞed Þlaments nor their average properties.18

Section 7), so we restrict ourselves to the analysis of the projected
Þlaments. Thus individual Þlaments in the map may actually c on-
sist of multiple sub-Þlaments along the LOS, but simulation s have
shown that the average width of these projected Þlaments agr ees
with the average width of the intrinsic 3-dimensional Þlame nts to
within a factor of 2 (Sec. 7).

17 All other DisPerSE parameters were set to the recommended
standard values. The full DisPerSE command lines used were:
mse map.fits -noTags -upSkl -periodicity 0 -cut 4.75e22
-robustness and skelconv map.fits.up.NDskl -noTags -toFITS
-breakdown -smooth 6 -trimBelow robustness 4.75e22
-assemble 70. We further enforced a minimum number of 5
pixels per Þlament.

18 A systematic analysis of varying the persistence threshold is
performed in Federrath (2016), showing that the average Þlament

The black contours In Figure 1 highlight three promi-
nent over-dense regions with N " 2.5 ! 1023 cm! 2

(one potentially active region of star formation as in-
dicated in the map and traced by a water maser;
seeLis et al. 1994; Breen & Ellingsen 2011; Mills et al.
2015). Rathborne et al. (2014b) used a 2! higher thresh-
old (N > 5 ! 1023 cm! 2) based on the fact that the
column-density PDF starts to deviate from a log-normal
PDF at this column-density threshold. Using N > 5 !
1023 cm! 2 only selects the water-maser location, which
Rathborne et al. (2014b) conÞrmed to be a coherent and
bound core. Here we reduce the threshold by a factor
of 2, which yields another two dense structures that we
call Ôdense-core candidatesÕ. We cannot conÞrm them as
coherent structures in velocity space at this point (see
discussion about the correlation of dust and molecular
line emission in Sec.7). However, given the uncertain-
ties in the column-density calibration (see Sec.7), the
N " 2.5 ! 1023 cm! 2 threshold used here is still consis-
tent with the deviation point in the column-density PDF

width does not signiÞcantly depend on the choice of persiste nce
threshold, while the average column density of the Þlaments de-
creases with decreasing threshold, as expected.

1/4�

remaining objects were measured only from auxiliary data with a meanprecision of about ! 3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from Þeld stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µ! cos! , µ" )=(-8.2,
-24.3)± 0.8 mas/yr for the L1688 dark cloud. A supervised classiÞcation wasapplied to photometric data of members
to allocate a spectral energy distribution (SED) classiÞcation to the unclassiÞed members. We kinematically conÞrmed
that the 56 members that were known from previous studies of the" Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We deÞned the evolutionary status of the
unclassiÞed members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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The dispersal of the circumstellar discs of dust and gas surrounding young low- mass stars has important implications
for the formation of planetary systems. Photo- evaporation from energetic radiation from the central object is thought
to drive the dispersal in the majority of discs, by creating a gap which disconnects the outer from the inner regions
of the disc and then disperses the outer disc from the inside-out, while the inner disc keeps draining viscously onto
the star. In this Letter we show that the disc around TW Hya, the c losest protoplanetary disc to Earth, may be the
Þrst object where a photoevaporative gap has been imaged around the time at which it is being created. Indeed the
detected gap in the ALMA images is consistent with the expectationsof X-ray photoevaporation models, thus not
requiring the presence of a planet. The photoevaporation model isalso consistent with a broad range of properties
of the TW Hya system, e.g. accretion rate and the location of the gap at the onset of dispersal. We show that the
central, unresolved 870µm continuum source might be produced by free free emission from the gas and/or residual
dust inside the gap.
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Star formation is primarily controlled by the interplay between gravit y, turbulence, and magnetic Þelds. However, the
turbulence and magnetic Þelds in molecular clouds near the Galactic Center may di! er substantially from spiral-arm
clouds. Here we determine the physical parameters of the central molecular zone (CMZ) cloud G0.253+0.016, its
turbulence, magnetic Þeld and Þlamentary structure. Using column-density maps based on dust-continuum emission
observations with ALMA+ Herschel, we identify Þlaments and show that at least one dense core is located along
them. We measure the Þlament width WÞl = 0 .17 ± 0.08 pc and the sonic scale! sonic = 0 .15 ± 0.11 pc of the
turbulence, and ÞndWÞl ! ! sonic . A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps
obtained with ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a wide
double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions, we Þnd a nearly Gaussian
velocity PDF typical for turbulence. We measure the total and tur bulent velocity dispersion, 8.8± 0.2 kms! 1 and 3.9±
0.1 km s! 1, respectively. Using magnetohydrodynamical turbulence simulations, we Þnd that G0.253+0.016Õs turbulent
magnetic ÞeldBturb = 130 ± 50µG is only <" 1/ 10 of the ordered Þeld component. Combining these measurements,
we reconstruct the dominant turbulence driving mode in G0.253+0.016 and Þnd a driving parameterb = 0 .22± 0.12,
indicating solenoidal (divergence-free) driving. We compare this tospiral-arm clouds, which typically have a signiÞcant
compressive (curl-free) driving component (b > 0.4). Motivated by previous reports of strong shearing motions in the
CMZ, we speculate that shear causes the solenoidal driving in G0.253+0.016 and show that this reduces the star
formation rate (SFR) by a factor of 6.9 compared to typical nearby clouds.
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Infrared variability is common among young stellar objects, with surveys Þnding daily to weekly ßuctuations of a
few tenths of a magnitude. Space-based observations can produce highly sampled infrared light curves, but are often
limited to total baselines of about a month due to the orientation of the spacecraft. Here we present observations
of the Chameleon I cluster whose low declination makes it observable by the Spitzer space telescope over a 200 day
period. We observe 30 young stellar objects with a daily cadence to better sample variability on timescales of months.
We Þnd such variability is common, occurring in " 80% of the detected cluster members. The change in [3.6] # [4.5]
color over 200 days for many of the sources falls between that expected for extinction and ßuctuations in disk emission.
With our high cadence and long baseline we can derive power spectraldensity curves covering two orders of magnitude
in frequency and Þnd signiÞcant power at low frequencies, up to theboundaries of our 200 day survey. Such long
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Figure 4. Top panels: maps of the HNCO intensity-weighted velocity in the G0.253+0.016, before subtracting the large-scale velo city
gradient (left-hand panel) and after subtracting it (right -hand panel). The middle panel shows the Þtted gradient acro ss G0.253+0.016,
which is likely associated with systematic motions, such as large-scale shear or rotation of the cloud. This systematic contribution must be
subtracted in order to isolate the turbulent motions in the c loud. The coordinates and Þeld of view of the maps are identic al to Figure 1.
Bottom panels: HNCO velocity PDF before subtracting the lar ge-scale gradient (left-hand panel) and after subtracting it (right-hand
panel). The velocity PDF after subtraction is consistent wi th the typical Gaussian distribution (dotted line) of a turb ulent medium with
a one-dimensional velocity dispersion of ! v, 1D = 3 .9 ± 0.1 km s! 1 .

Here we use the HNCO line emission of G0.253+0.016
by Rathborne et al. (2015), in order to obtain global
kinematics (large-scale velocity gradient and dispersion)
that we will then correlate with the global gas density
dispersion obtained in the previous section. The Þnal
goal is to determine the sonic scale and the turbulence
driving mode (solenoidal, mixed, or compressive). The
HNCO line measurements fromRathborne et al. (2015)
provide the best available correlation with the ALMA
dust emission and also provide the best available spatial
cloud coverage, so we use it here to determine the turbu-
lent velocity dispersion of G0.253+0.016 (cf. Sec.2.2).

3.2.1. Velocity maps

The top panels of Figure 4 show maps of the HNCO
intensity-weighted velocity (centroid velocity). The left-
hand panel shows a strong and prominent velocity gra-
dient across the long axis of G0.253+0.016, which had
been seen in earlier works (e.g.,Rathborne et al. 2015).

This large-scale velocity gradient is likely associated with
systematic rotation or shearing of the cloud. By con-
trast, stellar feedback or gravitational infall would pro-
duce a shock, i.e., a discontinuity, but we see a rather
smooth gradient, which is most likely associated with
shear (Kruijssen et al., in preparation). Such large-scale
systematic motions must be subtracted in order to iso-
late the turbulent motions on scales smaller or equal to
the size of the cloud (e.g.,Burkert & Bodenheimer 2000;
Sur et al. 2010; Federrath et al. 2011b). In order to iso-
late the turbulent motions, we Þt the gradient with a
plane, shown in the middle panel, and then subtract it
from the original velocity map (shown in the top right-
hand panel of Figure4). This gradient-subtracted veloc-
ity map depicts the turbulent gas motions along the line
of sight (LOS), centered onv = 0.

3.2.2. Velocity PDF

The CMZ cloud G0.253+0.016 5

from a log-normal distribution to a high column-density
tail found in Rathborne et al. (2014b).

The average e! ective diameter of the water maser and
the two dense-core candidates is 0.09 pc with a varia-
tion by about a factor of 2. The Þlling fraction of these
dense structures is only 0.0011± 0.0001 of the total area
of G0.253+0.016, indicating ine" cient dense-core and
star formation (see also Kau! mann et al. 2013). The
water maser and the two dense-core candidates are lo-
cated along Þlaments 1, 2 and 4. Dense cores are of-
ten associated with Þlaments and their intersections,
which is also seen in clouds in the spiral arms of the
Milky Way ( Schneider et al. 2012; Polychroni et al. 2013;
K¬onyves et al. 2015). This suggests that Þlaments may
be fundamental building blocks of molecular clouds, ir-
respective of whether the clouds are located along spiral
arms or near the Galactic Center.

Finally, the red lines in the right-hand panel of Fig-
ure 1 indicate the projected large-scale magnetic Þeld di-
rection (B0) inferred from polarization measurements by
Dotson et al. (2010) and further analysed in Pillai et al.
(2015). We see that some Þlaments are mainly parallel
to B0 (e.g., Þlaments 1 and 5), while others are primar-
ily perpendicular to B0 (e.g., Þlaments 2 and 4). We do
not Þnd that the Þlaments have a preferred orientation
with respect to the large-scale magnetic Þeld. In the fol-
lowing, we determine the width of these Þlaments and
distinguish Þlaments primarily parallel or perpendicular
to B0, in order to test whether the width depends on the
Þlament orientation.

3.1.1. Filament proÞles

In order to measure the characteristic width of the
Þlaments in G0.253+0.016, we construct radial proÞles
centered on each individual Þlament in Figure1. The
procedure is similar to that applied in previous studies
(Arzoumanian et al. 2011; Federrath 2016). The radial
proÞles are computed by selecting all pixels belonging
to a Þlament and then tracing the column density cells
at a perpendicular distancer to the Þlament as in previ-
ous studies (e.g.,Federrath 2016, and references therein).
Binning the average column density and column density
dispersion in the radial distance r from each Þlament
yields the Þlament proÞle.

Figure 2 shows the Þlament proÞle of G0.253+0.016
(the black line is the average proÞle and the shaded re-
gion shows the 1! -dispersion). In order to determine the
Þlament width WÞl , we apply two Þts, one with a Gaus-
sian proÞle, the other with a Plummer proÞle.

The Gaussian Þlament proÞle (shown as the dotted line
in Figure 2) is deÞned as

# (r ) = # (0) exp
!

!
r 2

2! 2
Gauss

"
+ # o! set , (1)

with the Þt parameters # (0) and ! Gauss . The Þlament
width WÞl = 2

"
2 ln 2! Gauss # 2.355! Gauss is deÞned

as the FWHM of the Gaussian. The constant column
density o! set # o! set = 1 $ 1023 cm! 2 was chosen to be
consistent with the average column density inside the
5 $ 1022 cm! 2 contour of G0.253+0.016, providing high
S/N column density values.

The Plummer Þlament proÞle (shown as the dashed
line in Figure 2) is deÞned as

# (r ) = # (0)
#
1 + ( r/R ßat )

2
$(1 ! p) / 2

+ # o! set , (2)

Figure 2. Top panel: Average radial proÞle of all the
G0.253+0.016 Þlaments in Figure 1. Middle panel: same as top
panel, but only for the Þlaments that are primarily parallel to the
large-scale magnetic Þeld (B 0). Bottom panel: same as top panel,
but only for the Þlaments that are primarily perpendicular t o B 0.
In all panels, the shaded region shows the 1 ! -dispersion about the
average proÞle. Plummer Þts with Equation ( 2) and a Gaussian
Þts with Equation ( 1) are shown as dashed and dotted lines, re-
spectively. The beam size is shown as a ruler. Both Gaussian a nd
Plummer Þts yield consistent beam-corrected Þlament width s of
WÞl = 0 .17 ± 0.08 pc for all Þlaments, WÞl = 0 .19 ± 0.09 pc for the
Þlaments primarily parallel to B 0, and WÞl = 0 .13± 0.07 pc for the
Þlaments mainly perpendicular to B 0.

with the Þt parameters # (0), p and Rßat , where the lat-
ter is related to the Þlament width WÞl # 3Rßat for
p = 2 ( Arzoumanian et al. 2011). Arzoumanian et al.
(2011), Contreras et al. (2013), Smith et al. (2014) and
Federrath (2016) experimented with the power p and
found that the best Þts to the Þlament proÞles were
obtained with p # 2. Here we Þndp = 2 .1 ± 1.0 for
G0.253+0.016 from the Plummer Þt shown in Figure2.

Federrath (2016) provided a theoretical model for p =
2, which is given by the radial dependence of the den-
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to universal (Arzoumanian et al. 2011; Benedettini et al.
2015; Kainulainen et al. 2016; Federrath 2016). It is even
more remarkable that we Þnd here a Þlament width of
WÞl = 0 .17± 0.08 pc for the CMZ cloud G0.253+0.016,
consistent with WÞl in the solar neighborhood. We can
explain the similar widths of the Þlaments in both envi-
ronments with the following theoretical model.

In our model, the Þlament width is determined by the
sonic scale of the turbulence (Arzoumanian et al. 2011;
Federrath 2016). The sonic scale marks the transition
from supersonic turbulence on large scales to subsonic
turbulence on small scales (V«azquez-Semadeni et al.
2003). It is deÞned as (Federrath & Klessen 2012;
Federrath 2016)23

! sonic = LM ! 2 !
1 + " ! 1"

, (5)

where L , M = #v,3D /c s and " are the cloud scale
(diameter), the 3D turbulent sonic Mach number, and
the ratio of thermal to magnetic pressure, plasma" =
pthermal /p magnetic = 2 c2

s/v 2
A of the cloud. Inserting

L = 4 .7 ± 0.1 pc, M = 11 ± 3, and " = 0 .34 ± 0.35
based on our measurements and values taken from the
literature summarized in Table 1, we Þnd a sonic scale of

! sonic = 0 .15± 0.11 pc (6)

for G0.253+0.016. This is in excellent agreement with
the Þlament width that we measured for G0.253+0.016
in Figure 2. It supports the idea that the sonic scale of
magnetized turbulence given by Equation (5) may con-
trol the width of interstellar Þlaments, not only in nearby
clouds (Federrath 2016), but also in the CMZ.

We have to add the caveat that Equation (5) is gener-
ally only applicable for clouds where the magnetic Þeld is
primarily turbulent, i.e., Bturb > B 0. This does not seem
to be the case in G0.253+0.016 (see Section3.3), so we
have to perform a more careful analysis of the orientation
of the Þlaments with respect to the large-scale ordered
magnetic Þeld componentB0. In Figure 2 we found that
Þlaments parallel to B0 are somewhat wider than Þla-
ments perpendicular to B0, however, this is merely a
trend that is not statistically signiÞcant given the uncer-
tainties in the measured Þlament width. So while Equa-
tion ( 5) only takes the turbulent magnetic pressure into
account and would thus theoretically only apply to the
Þlaments perpendicular toB0, it seems to provide a good
match to the measured Þlament widths, irrespective of
the Þlament orientation.

6. THE EFFECTIVE TURBULENT DRIVING
Theoretical and numerical studies have shown that

the density ßuctuations (#! / ! 0 ) in a turbulent medium
correlate with the Mach number (M ) and the driv-
ing of the turbulence, which is controlled by the turbu-
lence driving parameter b (Federrath et al. 2008b, 2010;
Price et al. 2011; Konstandin et al. 2012; Nolan et al.
2015; Federrath & Banerjee 2015),

#! / ! 0 = bM
!
1 + " ! 1" ! 1/ 2

, (7)

23 Note that the deÞnition of the sonic scale in Eq. (45) in
Hopkins (2013a) is similar to ours and yields the same dependence
on M , but it does not incorporate the magnetic pressure contri-
bution that we include here and Þrst introduced as the Õmagne to-
sonicÕ scale in Eq. (22) inFederrath & Klessen (2012).

with

b =

#
$

%

1/ 3 : purely solenoidal driving
0.4 : natural mixture
1 : purely compressive driving.

(8)

Equation (7) includes the magnetic pressure contribution
through the thermal-to-magnetic pressure ratio, plasma
" (Padoan & Nordlund 2011; Molina et al. 2012). Note
that in the absence of magnetic Þelds, where" ! " , the
relation simpliÞes to #! / ! 0 = bM . While Equation ( 8)
lists the three special cases (solenoidal, mixed, compres-
sive), the driving parameter can vary continuously in the
range 1/ 3 ! b ! 1. An increasing b value corresponds
to an increasing fraction of compressive modes in the
turbulent driving mechanism. The special case called
Ônatural mixtureÕ is close to solenoidal driving and refers
to the situation where the turbulent driving modes are
randomly distributed in all three dimensions (see Fig. 8
in Federrath et al. 2010).

Given our measurements of#! / ! 0 = 1 .3 ± 0.5, M =
11 ± 3 and " = 0 .34 ± 0.35 in G0.253+0.016 from the
previous sections and summarized in Table1, we can
solve Equation (7) for the turbulence driving parameter
and Þnd

b = #! / ! 0 M ! 1(1 + " ! 1)1/ 2 = 0 .22± 0.12. (9)

This result means that turbulence in G0.253+0.016 is
primarily caused by a solenoidal driving mechanism.

6.1. The density dispersionÐMach number relation
Figure 6 shows a graphical representation of the den-

sity dispersionÐMach number relation given by Equa-
tion ( 7). In order to put our result for the CMZ cloud
G0.253+0.016 in context, we include three spiral-arm
clouds in Figure 6, for which the density dispersionÐ
Mach number relation was measured in previous works.
Measurements in Taurus were obtained inBrunt (2010),
with corrections to the Mach number estimate in
Kainulainen & Tan (2013), and combined here with an
Alfv«en Mach number of M A > 1 estimated for the gas
inside the cloud (Heyer & Brunt 2012).24 The Galac-
tic Ring Survey molecular cloud GRSMC43.30-0.33 data
are from Ginsburg et al. (2013) and the IC5146 data are
from Padoan et al. (1997a). For GRSMC43.30-0.33 and
IC5146, we had to neglect the magnetic Þeld (assumed
M A ! " ), because there are no measurements ofBturb
available for these clouds. However, we emphasize that
including a realistic magnetic Þeld strength Bturb > 0
will always lead to higher values of the driving parame-
ter b. The data points for GRSMC43.30-0.33 and IC5146
shown in Figure 6 therefore represent lower limits ofb.

We see that all three available spiral-arm clouds have
a signiÞcant compressive driving component, i.e., they
havebparameters exceeding the natural driving mixture,
b > 0.4, given by the blue dotted line (Federrath et al.
2010). However, G0.253+0.016 (shown as the red cir-
cle in Fig. 6) has a signiÞcantly lower density disper-
sion #! / ! 0 and thus signiÞcantly lowerb than any of the

24 As a reasonable estimate of M A in Taurus, we adopt M A = 2
and plot in Fig. 6 the horizontal error bars from the lower limit
(M A = 1) to 4 times this value ( M A = 4). Given the low
Alfv«en Mach number in the periphery of Taurus ( M A ! 0.5; see
Heyer & Brunt 2012 ), it is unlikely that M A could reach values
higher than M A = 4 inside Taurus. We further include the uncer-
tainty of the sonic Mach number into the horizontal error bar s.
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to universal (Arzoumanian et al. 2011; Benedettini et al.
2015; Kainulainen et al. 2016; Federrath 2016). It is even
more remarkable that we Þnd here a Þlament width of
WÞl = 0 .17± 0.08 pc for the CMZ cloud G0.253+0.016,
consistent with WÞl in the solar neighborhood. We can
explain the similar widths of the Þlaments in both envi-
ronments with the following theoretical model.

In our model, the Þlament width is determined by the
sonic scale of the turbulence (Arzoumanian et al. 2011;
Federrath 2016). The sonic scale marks the transition
from supersonic turbulence on large scales to subsonic
turbulence on small scales (V«azquez-Semadeni et al.
2003). It is deÞned as (Federrath & Klessen 2012;
Federrath 2016)23

! sonic = LM ! 2 !
1 + " ! 1"

, (5)

where L , M = #v,3D /c s and " are the cloud scale
(diameter), the 3D turbulent sonic Mach number, and
the ratio of thermal to magnetic pressure, plasma" =
pthermal /p magnetic = 2 c2

s/v 2
A of the cloud. Inserting

L = 4 .7 ± 0.1 pc, M = 11 ± 3, and " = 0 .34 ± 0.35
based on our measurements and values taken from the
literature summarized in Table 1, we Þnd a sonic scale of

! sonic = 0 .15± 0.11 pc (6)

for G0.253+0.016. This is in excellent agreement with
the Þlament width that we measured for G0.253+0.016
in Figure 2. It supports the idea that the sonic scale of
magnetized turbulence given by Equation (5) may con-
trol the width of interstellar Þlaments, not only in nearby
clouds (Federrath 2016), but also in the CMZ.

We have to add the caveat that Equation (5) is gener-
ally only applicable for clouds where the magnetic Þeld is
primarily turbulent, i.e., Bturb > B 0. This does not seem
to be the case in G0.253+0.016 (see Section3.3), so we
have to perform a more careful analysis of the orientation
of the Þlaments with respect to the large-scale ordered
magnetic Þeld componentB0. In Figure 2 we found that
Þlaments parallel to B0 are somewhat wider than Þla-
ments perpendicular to B0, however, this is merely a
trend that is not statistically signiÞcant given the uncer-
tainties in the measured Þlament width. So while Equa-
tion ( 5) only takes the turbulent magnetic pressure into
account and would thus theoretically only apply to the
Þlaments perpendicular toB0, it seems to provide a good
match to the measured Þlament widths, irrespective of
the Þlament orientation.

6. THE EFFECTIVE TURBULENT DRIVING
Theoretical and numerical studies have shown that

the density ßuctuations (#! / ! 0 ) in a turbulent medium
correlate with the Mach number (M ) and the driv-
ing of the turbulence, which is controlled by the turbu-
lence driving parameter b (Federrath et al. 2008b, 2010;
Price et al. 2011; Konstandin et al. 2012; Nolan et al.
2015; Federrath & Banerjee 2015),

#! / ! 0 = bM
!
1 + " ! 1" ! 1/ 2

, (7)

23 Note that the deÞnition of the sonic scale in Eq. (45) in
Hopkins (2013a) is similar to ours and yields the same dependence
on M , but it does not incorporate the magnetic pressure contri-
bution that we include here and Þrst introduced as the Õmagne to-
sonicÕ scale in Eq. (22) inFederrath & Klessen (2012).

with

b =

#
$

%

1/ 3 : purely solenoidal driving
0.4 : natural mixture
1 : purely compressive driving.

(8)

Equation (7) includes the magnetic pressure contribution
through the thermal-to-magnetic pressure ratio, plasma
" (Padoan & Nordlund 2011; Molina et al. 2012). Note
that in the absence of magnetic Þelds, where" ! " , the
relation simpliÞes to #! / ! 0 = bM . While Equation ( 8)
lists the three special cases (solenoidal, mixed, compres-
sive), the driving parameter can vary continuously in the
range 1/ 3 ! b ! 1. An increasing b value corresponds
to an increasing fraction of compressive modes in the
turbulent driving mechanism. The special case called
Ônatural mixtureÕ is close to solenoidal driving and refers
to the situation where the turbulent driving modes are
randomly distributed in all three dimensions (see Fig. 8
in Federrath et al. 2010).

Given our measurements of#! / ! 0 = 1 .3 ± 0.5, M =
11 ± 3 and " = 0 .34 ± 0.35 in G0.253+0.016 from the
previous sections and summarized in Table1, we can
solve Equation (7) for the turbulence driving parameter
and Þnd

b = #! / ! 0 M ! 1(1 + " ! 1)1/ 2 = 0 .22± 0.12. (9)

This result means that turbulence in G0.253+0.016 is
primarily caused by a solenoidal driving mechanism.

6.1. The density dispersionÐMach number relation
Figure 6 shows a graphical representation of the den-

sity dispersionÐMach number relation given by Equa-
tion ( 7). In order to put our result for the CMZ cloud
G0.253+0.016 in context, we include three spiral-arm
clouds in Figure 6, for which the density dispersionÐ
Mach number relation was measured in previous works.
Measurements in Taurus were obtained inBrunt (2010),
with corrections to the Mach number estimate in
Kainulainen & Tan (2013), and combined here with an
Alfv«en Mach number of M A > 1 estimated for the gas
inside the cloud (Heyer & Brunt 2012).24 The Galac-
tic Ring Survey molecular cloud GRSMC43.30-0.33 data
are from Ginsburg et al. (2013) and the IC5146 data are
from Padoan et al. (1997a). For GRSMC43.30-0.33 and
IC5146, we had to neglect the magnetic Þeld (assumed
M A ! " ), because there are no measurements ofBturb
available for these clouds. However, we emphasize that
including a realistic magnetic Þeld strength Bturb > 0
will always lead to higher values of the driving parame-
ter b. The data points for GRSMC43.30-0.33 and IC5146
shown in Figure 6 therefore represent lower limits ofb.

We see that all three available spiral-arm clouds have
a signiÞcant compressive driving component, i.e., they
havebparameters exceeding the natural driving mixture,
b > 0.4, given by the blue dotted line (Federrath et al.
2010). However, G0.253+0.016 (shown as the red cir-
cle in Fig. 6) has a signiÞcantly lower density disper-
sion #! / ! 0 and thus signiÞcantly lowerb than any of the

24 As a reasonable estimate of M A in Taurus, we adopt M A = 2
and plot in Fig. 6 the horizontal error bars from the lower limit
(M A = 1) to 4 times this value ( M A = 4). Given the low
Alfv«en Mach number in the periphery of Taurus ( M A ! 0.5; see
Heyer & Brunt 2012 ), it is unlikely that M A could reach values
higher than M A = 4 inside Taurus. We further include the uncer-
tainty of the sonic Mach number into the horizontal error bar s.
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Figure 6. Relation between the turbulent density ßuctuations ( ! ! / ! 0
) and the combination of sonic Mach number ( M ) and plasma " .

This relation given by Equation ( 7), deÞnes the turbulence driving parameter b (Federrath et al. 2008b , 2010). The three dotted lines
show Eq. (7) for three representative driving cases: purely solenoida l driving ( b = 1 / 3, gold), naturally-mixed driving ( b ! 0.4, blue),
and purely compressive driving ( b = 1, purple); see Eq. ( 8). Numerical simulations are shown as symbols (with the colo r indicating the
applied driving mode: sol, mix or comp): from Federrath et al. (2008b, 2010) (diamonds), Price et al. (2011) (pentagon), Molina et al.
(2012) (squares), Konstandin et al. (2012) (stars), Nolan et al. (2015) (triangles), and Federrath & Banerjee (2015) (upside-down triangle).
The black crosses are measurements in the Milky Way spiral-a rm clouds Taurus ( Brunt 2010 ), GRSMC43.30-0.33 ( Ginsburg et al. 2013 ),
and IC5146 ( Padoan et al. 1997a). Our measurement for G0.253+0.016 is shown as the red circl e with 1 ! uncertainties drawn from the
PDFs in the top and right panels. This indicates solenoidal d riving of the turbulence in G0.253+0.016, i.e., b < 0.4. By contrast, all three
spiral-arm clouds show a signiÞcant compressive driving co mponent, b > 0.4.

three solar neighborhood clouds. Our measurement of
b = 0 .22± 0.12 indicates solenoidal driving of the turbu-
lence (b < 0.4). Given the inherent observational uncer-
tainties we rule out mixed driving in favor of solenoidal
driving at 1 ! conÞdence level. We speculate that the
most likely physical driver causing this solenoidal driv-
ing mode in G0.253+0.016 are shearing motions in the
CMZ. This is consistent with the large-scale velocity
gradient across G0.253+0.016 that we saw in Figure4,
which Kruijssen et al. (in preparation) show rigorously is
caused by the shear that G0.253+0.016 experienced dur-
ing its recent pericenter passage (Longmore et al. 2013a;
Kruijssen et al. 2015).

If G0.253+0.016 is representative of clouds in the
CMZ, then we expect/predict that turbulence is gen-
erally driven solenoidally by shear in the CMZ and
possibly in the central parts of other galaxies as
well (Kruijssen & Longmore 2013; Martig et al. 2013;
Davis et al. 2014). The dominant driver of the turbu-
lence in such environments would be shear (as assumed
in Krumholz & Kruijssen 2015). With our direct mea-
surement of the driving parameter b = 0 .22 ± 0.12 in
the CMZ, we provide an independent conÞrmation that
shear is a strong turbulence driver in G0.253+0.016.25

This solenoidal driving mode might cause (or at least

25 We note that the shear can only maintain the turbulence as
long as the rotation curve allows it. At a galacto-centric ra dius of
about 100 pc (i.e., where G0.253+0.016 currently resides), the rota-
tion curve reaches a shear minimum. In the Krumholz & Kruijssen
(2015); Krumholz et al. (2016) model, this is why the star forma-
tion is episodic: irrespective of the turbulence driving, e ventually
the gas will hit the shear minimum and collapse to form stars a nd
drive feedback.

contribute to) the low SFRs observed in the CMZ
(Longmore et al. 2013b) compared to spiral-am clouds,
where the turbulence driving is signiÞcantly more com-
pressive (cf. Fig. 6). Indeed, simulations and theoret-
ical models of the SFR show that solenoidal driving
can reduce the SFR by an order of magnitude com-
pared to compressive driving (Federrath & Klessen 2012;
Padoan et al. 2014). More measurements ofb are needed
in di ! erent environments to understand which turbu-
lence drivers are dominant in di! erent physical con-
ditions (e.g., spiral-arm clouds vs. CMZ, low redshift
vs. high redshift, etc.).

7. DISCUSSION
7.1. Suppression of dense cores in G0.253+0.016

Interferometric molecular line and dust emission obser-
vations by Kau! mann et al. (2013) and Rathborne et al.
(2014b) showed a lack of dense cores of signiÞcant mass
and density in G0.253+0.016, thus providing a possible
explanation for the low star formation activity in the
CMZ cloud. However, this does not explain what causes
the lack of dense cores. Here we Þnd a possible rea-
son, namely that the turbulence is driven solenoidally in
G0.253+0.016 by large-scale shear, which can suppress
the formation of dense cores and reduces the SFR.

7.2. The star formation rate in G0.253+0.016
Kruijssen et al. (2014) and Rathborne et al. (2014b)

showed that the volume density threshold for star for-
mation is several orders of magnitude higher in the
CMZ compared to clouds in the solar neighborhood.
We now compute the critical density and the SFR for
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remaining objects were measured only from auxiliary data with a meanprecision of about ! 3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from Þeld stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µ! cos! , µ" )=(-8.2,
-24.3)± 0.8 mas/yr for the L1688 dark cloud. A supervised classiÞcation wasapplied to photometric data of members
to allocate a spectral energy distribution (SED) classiÞcation to the unclassiÞed members. We kinematically conÞrmed
that the 56 members that were known from previous studies of the" Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We deÞned the evolutionary status of the
unclassiÞed members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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The dispersal of the circumstellar discs of dust and gas surrounding young low- mass stars has important implications
for the formation of planetary systems. Photo- evaporation from energetic radiation from the central object is thought
to drive the dispersal in the majority of discs, by creating a gap which disconnects the outer from the inner regions
of the disc and then disperses the outer disc from the inside-out, while the inner disc keeps draining viscously onto
the star. In this Letter we show that the disc around TW Hya, the c losest protoplanetary disc to Earth, may be the
Þrst object where a photoevaporative gap has been imaged around the time at which it is being created. Indeed the
detected gap in the ALMA images is consistent with the expectationsof X-ray photoevaporation models, thus not
requiring the presence of a planet. The photoevaporation model isalso consistent with a broad range of properties
of the TW Hya system, e.g. accretion rate and the location of the gap at the onset of dispersal. We show that the
central, unresolved 870µm continuum source might be produced by free free emission from the gas and/or residual
dust inside the gap.
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Star formation is primarily controlled by the interplay between gravit y, turbulence, and magnetic Þelds. However, the
turbulence and magnetic Þelds in molecular clouds near the Galactic Center may di! er substantially from spiral-arm
clouds. Here we determine the physical parameters of the central molecular zone (CMZ) cloud G0.253+0.016, its
turbulence, magnetic Þeld and Þlamentary structure. Using column-density maps based on dust-continuum emission
observations with ALMA+ Herschel, we identify Þlaments and show that at least one dense core is located along
them. We measure the Þlament width WÞl = 0 .17 ± 0.08 pc and the sonic scale! sonic = 0 .15 ± 0.11 pc of the
turbulence, and ÞndWÞl ! ! sonic . A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps
obtained with ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a wide
double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions, we Þnd a nearly Gaussian
velocity PDF typical for turbulence. We measure the total and tur bulent velocity dispersion, 8.8± 0.2 kms! 1 and 3.9±
0.1 km s! 1, respectively. Using magnetohydrodynamical turbulence simulations, we Þnd that G0.253+0.016Õs turbulent
magnetic ÞeldBturb = 130 ± 50µG is only <" 1/ 10 of the ordered Þeld component. Combining these measurements,
we reconstruct the dominant turbulence driving mode in G0.253+0.016 and Þnd a driving parameterb = 0 .22± 0.12,
indicating solenoidal (divergence-free) driving. We compare this tospiral-arm clouds, which typically have a signiÞcant
compressive (curl-free) driving component (b > 0.4). Motivated by previous reports of strong shearing motions in the
CMZ, we speculate that shear causes the solenoidal driving in G0.253+0.016 and show that this reduces the star
formation rate (SFR) by a factor of 6.9 compared to typical nearby clouds.
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Infrared variability is common among young stellar objects, with surveys Þnding daily to weekly ßuctuations of a
few tenths of a magnitude. Space-based observations can produce highly sampled infrared light curves, but are often
limited to total baselines of about a month due to the orientation of the spacecraft. Here we present observations
of the Chameleon I cluster whose low declination makes it observable by the Spitzer space telescope over a 200 day
period. We observe 30 young stellar objects with a daily cadence to better sample variability on timescales of months.
We Þnd such variability is common, occurring in " 80% of the detected cluster members. The change in [3.6] # [4.5]
color over 200 days for many of the sources falls between that expected for extinction and ßuctuations in disk emission.
With our high cadence and long baseline we can derive power spectraldensity curves covering two orders of magnitude
in frequency and Þnd signiÞcant power at low frequencies, up to theboundaries of our 200 day survey. Such long
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Table 1
Physical parameters of G0.253+0.016 in the CMZ.

Physical Parameter Symbol/DeÞnition Mean (Standard Devia tion) Comment (Reference)
Measured physical parameters:
Area A 17 (1) pc2 From Figs. 1, 4; (Refs. 1)
H2 column density N0 1.9 (1.0) ! 1023 cm! 2 From Fig. 1; (Refs. 2)
Filament width WÞl 0.17 (0.08) pc From Figs. 1, 2
2D-to-3D density dispersion ratio R 1/ 2 0.28 (0.11) From Fig. 1; Eq. ( 3); (Ref. 3)
1D turbulent+shear velocity dispersion ! v, tot ,1D 8.8 (0.2) km s! 1 From Fig. 4, with gradient
1D turbulent velocity dispersion ! v, 1D 3.9 (0.1) km s! 1 From Fig. 4, grad. subtracted
Derived from numerical simulations:
Turbulent magnetic Þeld B turb 130 (50) µG From Fig. 5; Sec. 3.3
Taken from the literature:
Log. column density dispersion ! ! 0.34 (0.02) " = ln( N/N 0 ); (Refs. 2)
Gas temperature T 100 (50) K (Refs. 4)
Dust temperature Tdust 20 (1) K (Refs. 2)
Total (ordered+turbulent) magnetic Þeld B tot 2.2 (0.9) mG (Ref. 5)
Mean molecular weight per unit mH µmol 2.8 mH : mass of an H atom (Ref. 6)
Derived physical parameters:
E! ective diameter L = 2 ( A/ #)1/ 2 4.7 (0.1) pc
Massa M = N0µmol mH A 7.2 (3.8) ! 104 M "

H2 volume number density b n0 = N0/L 1.3 (0.7) ! 104 cm! 3

Volume density $0 = n0µmol mH 6.2 (3.3) ! 10! 20 g cm! 3

Column density dispersion ! N/N 0
= [exp( ! 2

! ) " 1]1/ 2 0.35 (0.02) (Ref. 7)
Volume density dispersion ! " / " 0

= ! N/N 0
/ R 1/ 2 1.3 (0.5) Eq. ( 3); (Ref. 3)

Sound speed (isothermal) cs = [ kB T/ (µp mH )]1/ 2 0.60 (0.15) km s! 1 µp = 2 .33 (Ref. 6)
Turbulent Alfv«en speed vA = B turb / (4#$0 )1/ 2 1.5 (0.7) km s! 1

Turbulent plasma beta %= 2 c2
s /v 2

A 0.34 (0.35)
3D turbulent+shear velocity dispersion ! v, tot ,3D = 3 1/ 2 ! v, tot ,1D 15.2 (0.3) km s! 1

3D turbulent velocity dispersion ! v, 3D = 3 1/ 2 ! v, 1D 6.8 (0.2) km s! 1

Virial parameter (turbulence+shear) &vir , tot = 5 ! 2
v, tot ,3D / (#GL 2 $0) 4.3 (2.3)

Virial parameter (turbulence only) &vir = 5 ! 2
v, 3D / (#GL 2$0) 0.85 (0.45)

Freefall time t ! = [3 #/ (32G$0 )]1/ 2 0.27 (0.14) Myr
Turbulent crossing time t turb = L/ ! v, 3D 0.67 (0.03) Myr
Turbulent energy dissipation rate ' turb = M ! 2

v, 3D / (2t turb ) 1.5 (0.8) ! 1036 erg s! 1

3D turbulent sonic Mach number M = ! v, 3D /c s 11 (3)
3D turbulent Alfv«en Mach number M A = ! v, 3D /v A 4.6 (2.1)
Sonic scale ( sonic = L M ! 2(1 + %! 1) 0.15 (0.11) pc Eq. ( 5); (Refs. 8)
Turbulence driving parameter b = ! " / " 0

M ! 1(1 + %! 1)1/ 2 0.22 (0.12) Eq. ( 7); (Refs. 9)
Derived star formation parameters:
Log-critical density scrit = Eq . (10) 2.3 (1.2) Eq. ( 10); (Ref. 10)
Critical number density ncrit = n0 exp(scrit ) 1.0 (1.4) ! 105 cm! 3 (Ref. 10)
Star formation rate per freefall time ' ! = Eq . (11) 0.042 (0.030) Eq. ( 11); (Ref. 10)
Star formation rate SFR = ' ! M/t ! 1.1 (0.8) ! 10! 2 M " yr ! 1 Eq. ( 13); (Ref. 10)

Notes. All physical parameters are derived for pixels that fall wit hin the 5 ! 1022 cm! 2 (10 ! sensitivity) column density contour shown in
Figure 1 and where the HNCO intensity-weighted velocity has valid me asurements (see Figure 4). This deÞnes the Þxed area A = 17 (1) pc 2

within which we derive and report all physical parameters of G0.253+0.016. All uncertainties were propagated based on e ach independent
parameter. The standard deviation of each parameter is prov ided in brackets; we note that some of the parameters do not ha ve Gaussian
probability distributions, e.g., % = 0 .34(0.35), which must not be read as % having a Þnite probability to be negative (by deÞnition it
must not), instead this is a consequence of the skewed distri bution of %. Nevertheless, the standard deviation is always a useful me asure
of the uncertainty in each parameter ( DÕAgostini 2004). References: (1) assuming a distance of 8.3 (0.3) kpc ( Malkin 2013 ; Zhu & Shen
2013; Reid et al. 2014), (2) Longmore et al. (2012), Rathborne et al. (2014b), (3) Brunt et al. (2010b), (4) Lis et al. (2001), Mills & Morris
(2013), Ao et al. (2013), Bally et al. (2014), Ginsburg et al. (2016), (5) Pillai et al. (2015); note that the magnetic Þeld measurement of
5.4 (0.5) mG in Pillai et al. (2015) was adjusted to reßect the correct volume density n0 = 1 .3 (0.7) ! 104 cm! 3 of G0.253+0.016, because
the volume density reported in Longmore et al. (2012) is incorrect. We further propagated the uncertainty of n into the uncertainty
of B tot . (6) Kau ! mann et al. (2008). (7) Price et al. (2011). (8) Federrath & Klessen (2012), Federrath (2016). (9) Federrath et al.
(2008b), Federrath et al. (2010), Padoan & Nordlund (2011), Molina et al. (2012), Federrath & Banerjee (2015), Nolan et al. (2015). (10)
Federrath & Klessen (2012). a Note that the mass of 1 .3 ! 105 M " derived by Longmore et al. (2012) is a factor of 1.8 higher than our
estimate, because Longmore et al. (2012) computed the mass in an area of 1 .3! 105 M " / (1023 cm! 2 µmol mH ) = 58 pc 2, which is signiÞcantly
larger than what we deÞne here for the area of G0.253+0.016. N ote that the e ! ective radius of 2 .8 pc reported in Longmore et al. (2012) also
corresponds to a signiÞcantly smaller area (25 pc 2) compared to the area used for their mass estimate. Here we de rive all physical quantities
consistently in a Þxed area A = 17 (1) pc 2 (see above). bThe average volume density of 8 ! 104 cm! 3 reported in Longmore et al. (2012) is
incorrect because of an error in the script from which that va lue was derived. The corrected value derived here is n0 = 1 .3 (0.7) ! 104 cm! 3.
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remaining objects were measured only from auxiliary data with a meanprecision of about ! 3 mas/yr. We performed
a kinematic analysis of the most accurate proper motions derived in this work, which allowed us to separate cluster
members from Þeld stars and to derive the mean properties of the cluster. From the kinematic analysis we derived a
list of 68 members and 14 candidate members, comprising 26 new objects with a high membership probability. These
new members are generally fainter than the known ones. We measured a mean proper motion of (µ! cos! , µ" )=(-8.2,
-24.3)± 0.8 mas/yr for the L1688 dark cloud. A supervised classiÞcation wasapplied to photometric data of members
to allocate a spectral energy distribution (SED) classiÞcation to the unclassiÞed members. We kinematically conÞrmed
that the 56 members that were known from previous studies of the" Ophiuchi F cluster and that were also part of
our survey are members of the cluster, and we added 26 new members. We deÞned the evolutionary status of the
unclassiÞed members of the cluster. We showed that a large part (23) of these new members are probably brown
dwarfs, which multiplies the number of known substellar objects in the cluster by a factor of 3.3.
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The dispersal of the circumstellar discs of dust and gas surrounding young low- mass stars has important implications
for the formation of planetary systems. Photo- evaporation from energetic radiation from the central object is thought
to drive the dispersal in the majority of discs, by creating a gap which disconnects the outer from the inner regions
of the disc and then disperses the outer disc from the inside-out, while the inner disc keeps draining viscously onto
the star. In this Letter we show that the disc around TW Hya, the c losest protoplanetary disc to Earth, may be the
Þrst object where a photoevaporative gap has been imaged around the time at which it is being created. Indeed the
detected gap in the ALMA images is consistent with the expectationsof X-ray photoevaporation models, thus not
requiring the presence of a planet. The photoevaporation model isalso consistent with a broad range of properties
of the TW Hya system, e.g. accretion rate and the location of the gap at the onset of dispersal. We show that the
central, unresolved 870µm continuum source might be produced by free free emission from the gas and/or residual
dust inside the gap.
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Star formation is primarily controlled by the interplay between gravit y, turbulence, and magnetic Þelds. However, the
turbulence and magnetic Þelds in molecular clouds near the Galactic Center may di! er substantially from spiral-arm
clouds. Here we determine the physical parameters of the central molecular zone (CMZ) cloud G0.253+0.016, its
turbulence, magnetic Þeld and Þlamentary structure. Using column-density maps based on dust-continuum emission
observations with ALMA+ Herschel, we identify Þlaments and show that at least one dense core is located along
them. We measure the Þlament width WÞl = 0 .17 ± 0.08 pc and the sonic scale! sonic = 0 .15 ± 0.11 pc of the
turbulence, and ÞndWÞl ! ! sonic . A strong velocity gradient is seen in the HNCO intensity-weighted velocity maps
obtained with ALMA+Mopra. The gradient is likely caused by large-scale shearing of G0.253+0.016, producing a wide
double-peaked velocity PDF. After subtracting the gradient to isolate the turbulent motions, we Þnd a nearly Gaussian
velocity PDF typical for turbulence. We measure the total and tur bulent velocity dispersion, 8.8± 0.2 kms! 1 and 3.9±
0.1 km s! 1, respectively. Using magnetohydrodynamical turbulence simulations, we Þnd that G0.253+0.016Õs turbulent
magnetic ÞeldBturb = 130 ± 50µG is only <" 1/ 10 of the ordered Þeld component. Combining these measurements,
we reconstruct the dominant turbulence driving mode in G0.253+0.016 and Þnd a driving parameterb = 0 .22± 0.12,
indicating solenoidal (divergence-free) driving. We compare this tospiral-arm clouds, which typically have a signiÞcant
compressive (curl-free) driving component (b > 0.4). Motivated by previous reports of strong shearing motions in the
CMZ, we speculate that shear causes the solenoidal driving in G0.253+0.016 and show that this reduces the star
formation rate (SFR) by a factor of 6.9 compared to typical nearby clouds.
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Infrared variability is common among young stellar objects, with surveys Þnding daily to weekly ßuctuations of a
few tenths of a magnitude. Space-based observations can produce highly sampled infrared light curves, but are often
limited to total baselines of about a month due to the orientation of the spacecraft. Here we present observations
of the Chameleon I cluster whose low declination makes it observable by the Spitzer space telescope over a 200 day
period. We observe 30 young stellar objects with a daily cadence to better sample variability on timescales of months.
We Þnd such variability is common, occurring in " 80% of the detected cluster members. The change in [3.6] # [4.5]
color over 200 days for many of the sources falls between that expected for extinction and ßuctuations in disk emission.
With our high cadence and long baseline we can derive power spectraldensity curves covering two orders of magnitude
in frequency and Þnd signiÞcant power at low frequencies, up to theboundaries of our 200 day survey. Such long
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dominating the cloud and possibly galaxy-center clouds
in general. Our measurements and results are summa-
rized in Table 1. Here we list the most important results
and conclusions:

1. Using the DisPerSE Þlament detection algorithm,
we Þnd 11 high-S/N Þlaments in the dense gas of
G0.253+0.016 (see Fig.1). Located along some of
these Þlaments are three over-dense regions with
a column density exceeding 2.5 ! 1023 cm! 2. As
shown in previous studies, one of these cores has
a water maser, which may indicate local active
star formation. We Þnd that the Þlling fraction
of these cores is only 0.1% of the total area of
G0.253+0.016, indicating ine! cient dense-core and
star formation.

2. We construct the average radial proÞle of the Þla-
ments and Þnd a typical Þlament column density of
" 1023 cm! 2, which is an order of magnitude higher
than the average Þlament column density observed
in nearby spiral-arm clouds. We measure an aver-
age width of WÞl = 0 .17± 0.08 pc (see Fig.2).

3. We Þnd that the Þlament width does not signiÞ-
cantly depend on the orientation of the Þlaments
with respect to the ordered magnetic Þeld compo-
nent in G0.253+0.016.

4. Based on the column density PDF analyzed in
Rathborne et al. (2014b) and combined with the
column density power spectrum, we reconstruct the
volume density dispersion,! ! / ! 0 = 1 .3± 0.5, using
the method developed inBrunt et al. (2010b).

5. Analyzing the spatial distribution of the HNCO
intensity-weighted velocity, we see a strong large-
scale velocity gradient across the whole cloud,
which is likely associated with strong shearing mo-
tions (Kruijssen et al., in preparation). We sub-
tract the large-scale gradient in order to obtain
the distribution of turbulent velocities. From the
Gaussian shape of the velocity PDF (Fig.4), we
Þnd a turbulent velocity dispersion of ! v,1D =
3.9± 0.1 kms! 1, which is signiÞcantly smaller than
the total velocity dispersion (8.8 ± 0.2 km s! 1).

6. Using magnetohydrodynamical turbulence simula-
tions that take the measured turbulent velocity
dispersion and the total (ordered+turbulent) mag-
netic Þeld strength Btot = 2 .2 (0.9) mG adapted
from Pillai et al. (2015) as input, we determine the
turbulent magnetic Þeld componentBturb = 130 ±
50µG (Fig. 5). Given the velocity dispersion and
strong ordered Þeld in G0.253+0.016, our simula-
tions show that Bturb can only grow to ! Btot / 10.

7. Using Bturb and adding the gas temperatureT =
100± 50 K constrained in the literature, we derive
the sound speed, the Alfv«en speed and the ratio of
thermal to magnetic pressure, plasma" (Tab. 1).
Using these measurements, we derive a 3D turbu-
lent sonic Mach number ofM = 11 ± 3 and a tur-
bulent Alfv«en Mach number of M A = 4 .6± 2.1 for
G0.253+0.016.

8. We measure the e" ective cloud diameter L =
4.7 ± 0.1 pc and combine it with the Mach num-
ber and plasma" to derive the sonic scale#sonic of
the turbulence in G0.253+0.016. We Þnd#sonic =
LM ! 2(1 + " ! 1) = 0 .15 ± 0.11 pc, in agreement
with our measurement of the Þlament width,WÞl =
0.17 ± 0.08 pc. This supports the idea that the
Þlament width is determined by the sonic scale,
Equation (5), both in the CMZ and in spiral-arm
clouds (Federrath 2016). We caution that Equa-
tion ( 5) strictly only applies to the Þlament popu-
lations perpendicular to the ordered magnetic Þeld;
however, we Þnd similar widths for parallel and per-
pendicular Þlaments (see Fig.2).

9. Our results imply that the Þlament width in
G0.253+0.016 is similar to the Þlament width in
nearby clouds, despite the orders-of-magnitude dif-
ference in some physical parameters of nearby
clouds compared to the CMZ. The reason behind
the similarity in WÞl is the sonic scale, Equa-
tion ( 5). It depends only on L , M = ! v,3D /c s
and " = pthermal /p magnetic . While the thermal and
magnetic pressure are both an order of magnitude
higher in G0.253+0.016 compared to clouds in so-
lar neighborhood, the ratio (plasma " " 0.3) is
similar in both environments. The same applies
for the sonic Mach numberÑboth ! v,3D and cs are
individually enhanced in G0.253+0.016 by factors
of a few, but their ratio ( M " 10) is again similar
to nearby clouds (Schneider et al. 2013).

10. Using the reconstructed volume density dispersion
! ! / ! 0 together with M and " allows us to de-
rive the driving mode parameter b of the turbu-
lence, following Equations (7) and (8). We Þnd
b = ! ! / ! 0 M ! 1(1 + " ! 1)1/ 2 = 0 .22± 0.12, indicat-
ing solenoidal driving in G0.253+0.016.

11. We argue that the solenoidal driving in this
Galactic-Center cloud is caused by strong shear,
in agreement with the strong large-scale velocity
gradient (c.f. Fig. 4) and with detailed numerical
simulations of CMZ clouds. We speculate that
this solenoidal mode of turbulence driving might
be the typical driving mode in the centers of galax-
ies, because of the enhanced shear in such envi-
ronments. The solenoidal (shearing) mode of tur-
bulence might explain the low SFRs observed in
the CMZ compared to spiral-arm clouds, where the
driving appears to have a signiÞcantly more com-
pressive component,b > 0.4 (see Fig. 6). Using
SFR theory based on MHD turbulence, we Þnd that
b = 0 .22 yields a factor of 6.9 lower SFR compared
to b = 0 .5, emphasizing the role of the turbulence
driving parameter.

We thank A. Ginsburg for discussions on the ther-
mal structure and T. Pillai and J. Kau " mann for dis-
cussions on the ordered magnetic Þeld in G0.253+0.016.
We further thank T. Csengeri, R. Klessen, V. Os-
senkopf and N. Schneider for discussions on noise,
foreground corrections and uncertainties in column-
density PDFs constructed from interferometric data.
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Gaussian shape of the velocity PDF (Fig.4), we
Þnd a turbulent velocity dispersion of ! v,1D =
3.9± 0.1 kms! 1, which is signiÞcantly smaller than
the total velocity dispersion (8.8 ± 0.2 km s! 1).

6. Using magnetohydrodynamical turbulence simula-
tions that take the measured turbulent velocity
dispersion and the total (ordered+turbulent) mag-
netic Þeld strength Btot = 2 .2 (0.9) mG adapted
from Pillai et al. (2015) as input, we determine the
turbulent magnetic Þeld componentBturb = 130 ±
50µG (Fig. 5). Given the velocity dispersion and
strong ordered Þeld in G0.253+0.016, our simula-
tions show that Bturb can only grow to ! Btot / 10.

7. Using Bturb and adding the gas temperatureT =
100± 50 K constrained in the literature, we derive
the sound speed, the Alfv«en speed and the ratio of
thermal to magnetic pressure, plasma" (Tab. 1).
Using these measurements, we derive a 3D turbu-
lent sonic Mach number ofM = 11 ± 3 and a tur-
bulent Alfv«en Mach number of M A = 4 .6± 2.1 for
G0.253+0.016.

8. We measure the e" ective cloud diameter L =
4.7 ± 0.1 pc and combine it with the Mach num-
ber and plasma" to derive the sonic scale#sonic of
the turbulence in G0.253+0.016. We Þnd#sonic =
LM ! 2(1 + " ! 1) = 0 .15 ± 0.11 pc, in agreement
with our measurement of the Þlament width,WÞl =
0.17 ± 0.08 pc. This supports the idea that the
Þlament width is determined by the sonic scale,
Equation (5), both in the CMZ and in spiral-arm
clouds (Federrath 2016). We caution that Equa-
tion ( 5) strictly only applies to the Þlament popu-
lations perpendicular to the ordered magnetic Þeld;
however, we Þnd similar widths for parallel and per-
pendicular Þlaments (see Fig.2).

9. Our results imply that the Þlament width in
G0.253+0.016 is similar to the Þlament width in
nearby clouds, despite the orders-of-magnitude dif-
ference in some physical parameters of nearby
clouds compared to the CMZ. The reason behind
the similarity in WÞl is the sonic scale, Equa-
tion ( 5). It depends only on L , M = ! v,3D /c s
and " = pthermal /p magnetic . While the thermal and
magnetic pressure are both an order of magnitude
higher in G0.253+0.016 compared to clouds in so-
lar neighborhood, the ratio (plasma " " 0.3) is
similar in both environments. The same applies
for the sonic Mach numberÑboth ! v,3D and cs are
individually enhanced in G0.253+0.016 by factors
of a few, but their ratio ( M " 10) is again similar
to nearby clouds (Schneider et al. 2013).

10. Using the reconstructed volume density dispersion
! ! / ! 0 together with M and " allows us to de-
rive the driving mode parameter b of the turbu-
lence, following Equations (7) and (8). We Þnd
b = ! ! / ! 0 M ! 1(1 + " ! 1)1/ 2 = 0 .22± 0.12, indicat-
ing solenoidal driving in G0.253+0.016.

11. We argue that the solenoidal driving in this
Galactic-Center cloud is caused by strong shear,
in agreement with the strong large-scale velocity
gradient (c.f. Fig. 4) and with detailed numerical
simulations of CMZ clouds. We speculate that
this solenoidal mode of turbulence driving might
be the typical driving mode in the centers of galax-
ies, because of the enhanced shear in such envi-
ronments. The solenoidal (shearing) mode of tur-
bulence might explain the low SFRs observed in
the CMZ compared to spiral-arm clouds, where the
driving appears to have a signiÞcantly more com-
pressive component,b > 0.4 (see Fig. 6). Using
SFR theory based on MHD turbulence, we Þnd that
b = 0 .22 yields a factor of 6.9 lower SFR compared
to b = 0 .5, emphasizing the role of the turbulence
driving parameter.
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