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ABSTRACT

Aims. This work analyses the spatial distribution of stars in Taurus with a specific focus on multiple stars and wide pairs in order to
derive new constraints on star formation and early dynamical evolution scenarios.

Methods. We collected the multiplicity data of stars in Taurus to build an up-to-date stellar/multiplicity catalog. We first present a
general study of nearest-neighbor statistics on spatial random distribution, comparing its analytical distribution and moments to those
obtained from Monte Carlo samplings. We introduce the one-point correlation ¥ function to complement the pair correlation function
and define the spatial regimes departing from randomness in Taurus. We then perform a set of statistical studies to characterize the
binary regime that prevails in Taurus.

Results. The ¥ function in Taurus has a scale-free trend with a similar exponent as the correlation function at small scale. It extends
almost 3 decades up to ~60 kAU showing a potential extended wide binary regime. This was hidden in the correlation function due
to the clustering pattern blending. Distinguishing two stellar populations, single stars versus multiple systems (separation <1 kAU),
within Class II/III stars observed at high angular resolution, we highlight a major spatial neighborhood difference between the two
populations using nearest-neighbor statistics. The multiple systems are three times more likely to have a distant companion within
10 kAU when compared to single stars. We show that this is due to the presence of most probable physical ultra-wide pairs (UWPs,
defined as such from their mutual nearest neighbor property), that are themselves generally composed of multiple systems containing
up to five stars altogether. More generally, our work highlights; 1) a new large population of candidate UWPs in Taurus within the
range 1-60 kAU in Taurus and 2) the major local structural role they play up to 60 kAU. There are three different types of UWPs;
either composed of two tight and comparatively massive stars (MM), by one single and one multiple (SM), or by two distant low-mass
singles (SS) stars. These UWPs are biased towards high multiplicity and higher-stellar-mass components at shorter separations. The
multiplicity fraction per ultra-wide pair with separation less than 10 kAU may be as high as 83.5 + 19.6%.

Conclusions. We suggest that these young pre-main sequence UWPs may be pristine imprints of their spatial configuration at birth
resulting from a cascade fragmentation scenario of the natal molecular core. They could be the older counterparts, at least for those
separated by less than 10 kAU, to the <0.5 Myr prestellar cores/Class 0 multiple objects observed at radio/millimeter wavelengths.

Key words. open clusters and associations: individual: Taurus — stars: variables: T Tauri, Herbig Ae/Be — binaries: general —

binaries: visual — methods: data analysis — stars: statistics

1. Introduction

The formation of stars results fundamentally from the runaway
unbalance between overwhelming inwards self-gravity and out-
wards pressure-gradient forces (thermal, turbulence, magnetic,
radiation, etc.) inside a perturbed gas cloud. Star formation has
been known to be a complex process since at least the first model
proposed almost three decades ago of a single isolated low-mass
star formed out of one dense gas core (Shu et al. 1987). It also
involves radiative processes (heating and cooling), generation
and decay of turbulence and magnetic fields, chemical evolu-
tion of molecules, as well as dust and feedback mechanisms of
newly formed stars in their natal environment. A realistic pic-
ture must be even more complicated since the stars are rarely
born in isolation (Lada & Lada 2003) and, moreover, they are
generally not single but part of multiple systems (Mathieu 1994;
Duchéne & Kraus 2013). Overall, the whole story of star for-
mation spans over ten orders of magnitude length-scale range.
Giant gas clouds, having typical sizes from 10 pc to 100 pc

Article published by EDP Sciences

(Dobbs et al. 2014), fragment, cool, and collapse to form dy-
namic clusters of young multiple objets whose sizes are approxi-
mately a solar radius. Since newly born stellar objects are closely
linked to their gaseous progenitors (Hartmann 2002), their spa-
tial distribution and their multiplicity properties offer important
tests on star formation models.

Giant molecular clouds appear to be anything but uniform.
They are highly substructured into a hierarchy of gas clumps
and into highly intertwined filamentary networks, as strikingly
revealed by the recent Herschel Gould Belt Survey (André et al.
2014). In turn these filaments shelter single or chains of molec-
ular cores (Tafalla & Hacar 2015). Whether such heterogeneous
patterns remain as the relics of the star formation processes in
young stellar populations or are totally and quickly erased by
subsequent dynamical evolution is an important question.

To seek such imprints of star formation, the giant Taurus mole-
cular cloud is an ideal nursery. Its proximity (137 pc, Torres
etal. 2007), the youth (1-10Myr) of its stellar population
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(Bertout et al. 2007; Andrews et al. 2013), and its low stellar
density bring a complete census of approximately 350 young
low-mass stars down to 0.02 M, (Luhmanetal. 2010;
Rebull et al. 2010). As there is a small spatial dispersion of
(proto-)stars within the gaseous filament (Hartmann 2002;
Covey et al. 2006), these stars are most probably born where
they are now observed.

The current paradigm of star formation attributes a seem-
ingly fundamental role to dense molecular cores thought to be
the very cradles of stars (Ward-Thompson et al. 2007). The long-
standing scenario proposed so far to form one low-mass star
from one collapsing single core (Shu et al. 1987) predicts that
the dense cores set the final mass of young stars. This is sup-
ported by the correspondence of the shapes of the core mass
function (CMF) and the initial mass function (IMF) of stars,
although the peak of the IMF is shifted by a factor 2-3 to-
wards lower mass. This shift may be due to a partial 30-40%
efficiency gas to star conversion (Alves et al. 2007; Lada et al.
2008; Marsh et al. 2016; Konyves et al. 2015), although this es-
timate is higher than the star-formation efficiency (1-10%) esti-
mated for the whole cloud. Alternatively, such a shift between
the core mass function and the initial mass function may also
result from the multiplicity of stars born within one individual
core that has undergone multiple fragmentation (Goodwin et al.
2008). This may lead to a core-to-stars efficiency as high as
100% (Holman et al. 2013; see for a review Offner et al. 2014).

The multiplicity appears to be a key feature in star-
forming regions. The companion frequency of young stars in
Taurus is generally twice that of field stars (Duchéne & Kraus
2013), and the formation of coeval and wide binaries up to
5 kAU is a common outcome of the star formation process
(Kraus & Hillenbrand 2009a). Furthermore, since multiplicity
appears to decrease with age (see for a review Duchéne & Kraus
2013) due to dynamical evolution, observing multiplicity at this
young age means that the multiple system-core picture of star
formation is the rule rather than the exception. In this picture, the
maximal size of multiple systems cannot exceed the size of their
progenitor cores, typically approximately 20 kAU, that is, 0.1 pc
(Ward-Thompson et al. 2007). If the dense cores are de facto the
smallest bricks to build a young stellar population, we then ex-
pect that spacing between stars as well as binary semi-major axes
be related to parental molecular core size and spacing, provided
that dynamical evolution has not erased early imprints. Further-
more, if the formation of multiple systems and single stars share
a common scenario, we do not a priori expect any difference in
spatial distribution between the two.

Several spatial studies have been performed in Taurus. Some
were based on the stellar two-point correlation function and
the related mean surface density of companions to examine
the scale-free behavior of clustering modes (Gomez et al. 1993;
Larson 1995; Simon 1997; Gladwin et al. 1999; Hartmann 2002;
Kraus & Hillenbrand 2008). Other studies based on first-nearest-
neighbor separation (1-NNS) statistics analysis aimed either at
comparing the spatial distribution of stars in Taurus to a random
distribution (Gomez et al. 1993) or at studying their distribution
as a function of their mass and spectral energy distribution (SED)
(Luhman 2006; Luhman et al. 2010).

In this work, after a description of the stellar data catalog
we have built to perform our studies (Sect. 2), we apply these
two statistical tools (I-NNS distribution and two-point correla-
tion function) to analyse the spatial distribution of stars in Taurus
with a focus on multiples with respect to single stars, while in-
troducing the one-point correlation function ¥ (Sect. 3). We then
assess the statistical properties of 1-NNS couples while defining

Al4, page 2 of 33

ultra-wide pairs (UWP) as mutual nearest neighbors in the range
of 1-100 kAU and we show the crucial role they play in spatial
clustering features (Sect. 4). We make a synthesis of results and
open a discussion (Sect. 5) before a summary to conclude the
paper (Sect. 6).

2. Data
2.1. Input catalog

Although a recent catalog of Taurus members has been re-
leased including newly detected mid-infrared Wide-field In-
frared Survey Explorer (WISE) sources (Esplin et al. 2014), we
adopted the catalog containing 352 Taurus members that offers
a full census of members down to 0.02 M (Luhman et al. 2010;
Rebull et al. 2010), which we supplemented with stellar multi-
plicity data. The newly identified WISE members are mainly due
to a wider coverage of the Taurus region compared to Spizzer’s,
similar to the new candidates recently identified in Taurus us-
ing the Sloan Digital Sky Survey (Luhman et al. 2017). These
new members belong primarily to the dispersed stellar popula-
tion and have typically not been observed at high angular res-
olution (HAR), hence multiplicity information is not complete
for these sources. Therefore, setting this population aside should
not significantly affect our conclusions surrounding local pairing
statistical properties. Moreover, the Luhman et al. (2010) catalog
provides a full and coherent analysis of SEDs as obtained from
the Spitzer Infrared Array Camera and Multiband Imaging Pho-
tometer, leading to a system of four Classes of SED (Class 0,
I, II, and III objects) that we will use in our statistical stud-
ies. This classification is widely used to assess the evolution-
ary state of the material surrounding the star (Lada & Wilking
1984; Lada 1987; Andre et al. 1993; Greene et al. 1994). Further
studies have revealed that pure SED analyses can be misleading
(Carney et al. 2016) for individual objects. However, although
uncertainties remain on the individual classification, there is a
clear statistical sequence of ages as a function of SED classifica-
tion when the population is taken as an ensemble.

Taurus is known to be the archetype of low-mass star for-
mation in loose groups (Jones & Herbig 1979; Gomez et al.
1993; Kirk & Myers 2011). The star mass estimates were taken
from the latter work exploiting the same catalog of stars from
Luhman et al. (2010). We note that the stellar masses have been
estimated from their spectral type while assuming a constant age
of 1-2 Myr for all stars of the complex and using an ad hoc
isochrone at 1-2 Myr composed of a sequence of several the-
oretical evolutionary tracks depending on the mass range (see
Kirk & Myers 2011, for details). Since a recent careful analy-
sis based on optical spectroscopic study of young stars in star-
forming regions, including Taurus, has shown that spectral types
measured over the past decade are mostly consistent with the
new evaluation (Herczeg & Hillenbrand 2014), the main source
of uncertainties surrounding mass estimation comes from the hy-
pothesis of a unique age for all the members (1-2 Myr).

The mass was estimated for each star using the effective tem-
perature converted from its spectral type and an ad-hoc isochrone
at 1-2 Myr composed of a sequence of several theoretical evolu-
tionary tracks depending on the mass range (see Kirk & Myers
2011, for details). For a given spectral type, assuming a younger
age for a star than reality will tend to underestimate its mass.
But, even if the absolute value of the mass is subject to great un-
certainties (30 to 50%), yet we do not expect a systematic differ-
ential bias in mass estimation. Besides, there is no indication of a
mixture of components in the age distribution that would suggest
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the presence of distinct episodic generation of stars, nor any ev-
idence of a systemic dynamical evolution that would divide the
stars into distinct age-based populations. New generation of stars
and dynamical evolution appear to be continuous processes that
globally lead to a smooth dispersion of age. For instance, multi-
ple systems and single stars have a same mean age and display
the same age dispersion (White & Ghez 2001). Thus, assuming
a single age for all the stars will bias the absolute value of each
derived mass, but the relative difference between them, which is
used in our analysis, should be much less affected.

2.2. Multiplicity

To construct a census of stellar systems in Taurus, we began
by compiling a list of all known multiple members of the re-
gion from almost three decades of increasingly higher-angular-
resolution observations (see references in Table C.1). We also
assigned a flag to each star when it has been observed at HAR.

In order to separately study the populations of single stars
and multiple systems and to distinguish clustering from multi-
plicity, we grouped together all stars that are separated by less
than 77 (0.92 kAU ~ 1 kAU) to form a single entity. Throughout
this paper we refer to them simply as “multiple systems”. This
threshold is, to a certain extent, arbitrary. However, two reasons
motivate this choice. First of all, it is the lower threshold that de-
fines wide binaries (separation >1 kAU) and secondly (the main
reason), this threshold is close to the 6” beam of the Spitzer-
MIPS data. Thus, we ensure that the census of neighbor stars be-
yond 1 kAU is completely independent of the Class of the Taurus
members.

We assigned the total number of stars within a 1 kAU radius
n, (for a single star n. = 1, for a binary n. = 2, ...) to each
entry of the catalog, and we note that this parameter is only re-
liable for Class II and III type stars that have been observed at
HAR, using techniques such as speckle interferometry imaging
and adaptive optics with spatial resolution between 0.05” to 2”.
These techniques probe the immediate neighborhood of a star,
at least beyond ~10 AU at the distance of Taurus (i.e., 5-20 AU
depending on the technique). Very close binaries (i.e., <10 AU)
most probably originate from a distinct scenario from other bi-
naries, as they are probably not formed by fragmentation in situ
(Bate et al. 2003). We thus consider spectroscopic binaries and
the closest visual binaries (below ~20 AU) as single stars to en-
sure the consistency and completeness of our visual binary anal-
ysis, since no exhaustive spectroscopic binaries survey has been
performed till now.

The resulting catalog (see Table C.1) contains 338 sources.
Of these, 250 have been observed at HAR and amongst the latter
94 are multiple systems, resulting in a mean multiplicity fraction
(MF) of 40%, which could truly be as high as 54%, if all the re-
maining stars that have not been observed at HAR are multiple
systems. A similar multiplicity fraction is obtained when consid-
ering only Class II/III stars (i.e., MF = 40% + 10%). The mean
companion frequency for Class II/III stars observed at HAR is
48%. We note that a chi-squared test shows that the proportion
of Class I, II, and III in the star sample observed at HAR is statis-
tically the same when considering either single stars or multiple
stars. The disk fraction (the number of Class II stars over the
number of Class II and III stars) is also statistically the same
in the two populations. Using Class as a proxy for the age, we
obtain, as already stated by White & Ghez (2001) that uses the-
oretical stellar evolution models, that the two populations share
the same age and the same range of age dispersion.

Table 1. Sub-samples of stars in Taurus.

Sub-sample  Spatial region Class HAR N
S1 whole All No 338
S2 Wi All No 252
S3 whole 1II, III Yes 179

Notes. Sub-samples of our star catalog depending on their spatial loca-
tion (whole region of Taurus or within Wj,, see Fig. 1), their Class, or
whether or not they all have been observed at HAR. N: total numbers
of stars within the sub-sample.

2.3. Samples

The sources in Taurus, as was first pointed out by Gomez et al.
(1993), are not randomly distributed on the sky (see Fig. 1).
Some sets of stars appear grouped at a global scale in two struc-
tures located North (in L1507 molecular cloud) and South-West
(in L1543 molecular cloud) with respect to the three main fila-
ments, while some of them are tightly subgrouped at small scales
within the main central filaments. Yet, other stars appear more
spatially dispersed between the main structures. One of the goals
of this work is to more precisely quantify their spatial distribu-
tion based on nearest-neighbor analysis, now that the census of
star population in Taurus has more than doubled since the semi-
nal work of Gomez et al. (1993).

From our catalog we extracted three distinct samples (de-
fined in Table 1) that we use to test different hypotheses through-
out this work, notably for multiplicity testing.

3. Local spatial analysis

In this section, we perform the spatial analysis of stars in the
entire Taurus region and we assess the difference in the spatial
distribution between multiple systems and single stars based on
their respective first nearest neighbor separation (1-NNS) statis-
tics. Nearest-neighbor statistics have been used for decades in
Taurus to; (1) demonstrate departures from random uniform dis-
tributions (Gomez et al. 1993); (2) show that the spatial distribu-
tion of brown dwarfs and stars are undistinguishable (Luhman
2004); and (3) study the spatial distribution of stars as a function
of their Class (Luhman et al. 2010). We start with some prelim-
inary work on 1-NNS statistics to advocate the use of the theo-
retical 1-NNS distribution derived for a random distribution in
an infinite medium as a reliable proxy for a random distribution
enclosed in a finite and irregularly shaped window provided that
the window is large and well-populated. We then define the one-
point correlation function ¥, which complements the two-point
correlation function, to study the binary regime. This function al-
lows us to quantify the departure of a population from a random
uniform one and to identify distinct spatial regimes (clustering,
inhibition, and dispersion).

Most of our work was performed using the free R soft-
ware environment for statistical computing and graphics (R Core
Team 2015) using a set of packages such as Spatstat, Hmisc,
fields, FITSio, calibrate, xtable, astrolab, deming, mixtools,
and magicaxis (Baddeley & Turner 2005; Harrell et al. 2015;
Nychka et al. 2015; Harris 2013; Graffelman 2013; Dahl 2014;
Chakraborty et al. 2014; Therneau 2014; Benaglia et al. 2009;
Robotham 2015).
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Fig. 1. Spatial distribution of stars within the Taurus region superimposed on near-infrared extinction (unit mag, gray scale) from
Juvela & Montillaud (2016). Dashed polygon: restricted spatial window W, in Taurus complex; blue filled dots: random sampling. Color-coding
for Taurus stars: red plus marks: clustered stars [1-NNS < 0.1°]; black plus marks: “inhibited” regime stars [0.1° < 1-NNS < 0.55°]; green plus

marks: isolated stars [1-NNS beyond 0.55°] (see Sect. 3).

3.1. 1-NNS study in Taurus

This subsection aims at analyzing the spatial distribution in Tau-
rus based on a I-NNS analysis. The 1-NNS of a star is, by defini-
tion, the distance to its nearest neighbor star. Throughout this pa-
per, we deal with the projected 1-NNS, computed for each star as
the minimum value of projected angular distance between each
pair of stars onto the celestial sphere (see Appendix A).

After estimating the mean surface density of stars, we first
compare the Taurus 1-NNS distribution in the three main fil-
aments to that associated to the entire region. We then com-
pare the theoretical random 1-NNS distribution obtained for an
infinite random spatial process to the 1-NNS distribution de-
rived from Monte Carlo samplings in a finite irregularly shaped
window, and finally we compare Taurus 1-NNS distribution to
the 1-NNS random distribution.
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3.1.1. Mean stellar surface density in Taurus

To derive an estimate of the mean surface density py, of the spa-
tial process in Taurus, we focus on its central part as the least
heterogeneous area and define the spatial polygonal window
Win that encloses the central three main filaments (see Fig. 1),
to get:

Pw = Ny/Ay ~ 5 deg™ ~ 1 pc?, (D
where A,, = 48.5deg® (i.e. 289.57 pc?) is the projected area of
the window Wj, that encloses Ny, = 252 stars. This window de-
fines our star sample S, (see Table 1).

In the following paragraph, we estimate the uncertainty of
the mean projected stellar surface density of Taurus. A conserva-
tive estimate of the uncertainty on the surface density may be ob-
tained when choosing for the window, the convex hull of the stars
enclosed within the polygonal window Wj,. The convex hull of
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Table 2. Moments of the 1-NNS distribution in Taurus.

Spatial window  Stars sample 7 [pcl ros [pcl o? [pcz] o [pc] y
whole region Taurus Sy 038+0.04 0.17+006 0.55+0.05 0.74+0.03 591+0.32
Wi, Taurus S, 028+0.02 0.16+003 0.14+0.01 0.37+0.02 3.18+0.19

Infinite  Rand. Theo 0.54 0.50 0.08 0.28 0.63

W; Rand. MC 0.55+0.02 0.51+0.02 0.09+0.01 030+0.01 0.84=+0.05

Notes. The moments of the 1-NNS distribution are given for: all stars in the whole Taurus region (sample S ;, see Table 1), stars within the W;, win-
dow (sample S ,, see Table 1 and Fig. 1), the random theoretical 1-NNS distribution “Rand. Theo™ in an infinite medium wg(r) = 2mpr exp(-mpr?)
(Eq. (B.1)), and the 1-NNS distribution obtained from the 10 000 random Monte Carlo samplings “Rand. MC” within the W;, window. The two
random distributions are computed using the same intensity process p = 5 deg™ (see Eq. (1)). The uncertainties are evaluated from Eq. (5), with

N =252.

- PSS
I S

0.8

Cumulative function
0.4

L |
107" 10°

1-NNS [°]

| |
1078 1072

Fig. 2. Empirical cumulative distribution of the 1-NNS distribution for
the whole region (black) and for the central part within W, region
(blue). The blue vertical line represents the clustering length, 7. = 0.1°.

a set of points in the Euclidean space is defined as the smallest
convex set of points that contains the whole set of points.The
area of the convex hull, A ~ 33 deg?, being less than the polygo-
nal window, the surface density estimate mechanically increases
by a factor of 1.6 (N, /A ~ 8 deg™>). Conversely, taking the con-
vex hull area of the whole Taurus region (~202 deg?) contain-
ing 338 objects lowers the mean surface density to ~2 deg™>.
Combined, these extreme cases yield a probable range for the
projected stellar density of Taurus of

p ~ 5+ 3stars/deg 2. (2)

3.1.2. 1-NNS distribution across Taurus

The 1-NNS median value evaluated within the full region of Tau-
rus (see Table 2) does not differ from the 1-NNS median value
evaluated within the three main filaments, and their 1-NNS cu-
mulative distributions do not differ either for length scale below
r. ~ 0.1° (see Fig. 2). This indicates that the spatial properties
of the spatial distribution of stars are similar across the whole

region of Taurus below this angular scale. Above the 0.1° scale,
the two cumulative distributions diverge due to the presence of
highly dispersed stars between the three main filaments and other
main stellar concentrations in Taurus. As a result of these, the
1-NNS distribution of the whole region has a more populated
large-scale tail. Nonetheless, up to the third quantile, the 1-NNS
quartiles are similar. As a matter of fact, due to its highly asym-
metrical shape, the Taurus 1-NNS distribution is better evaluated
using quantiles rather than the mean and standard deviation that
are more conveniently suited for symmetrical functions.

3.1.3. 1-NNS distribution: theoretical random
vs. Monte Carlo samplings

In this subsection, we compare the theoretical 1-NNS distribu-
tion for a spatially random process in an infinite media to the
1-NNS distribution obtained from Monte Carlo samplings in a
finite, irregularly-shaped window to establish that the former can
be used as a reliable proxy for the latter.

The random theoretical 1-NNS distribution wg(log r) derived
for an infinite media (see Appendix B for the full development)
is given by:

wg(logr) = 2 In(10) 7 p 1 exp(—mpr?), 3

where p is the mean intensity of the random process (the av-
erage surface density of stars) and r is the 1-NNS. We want to
compare this theoretical distribution to the 1-NNS histogram ob-
tained from 10000 random Monte Carlo samplings within the
finite and irregularly-shaped window W, (see Fig. 3). Their re-
spective moments are similar (see Table 2), with theoretical mo-
ments computed from the following expressions:

F~1/2p), (4a)
o? = (4 - n)(4np)~!, (4b)
y =2+vn(r - 3)/(4 - n)*2, (4c)
ros = VIn2/(np), (4d)

where 7, ry 5, 02, 02, and v are the mean, median, variance, stan-
dard deviation, and skewness factor (see Appendix B for their
derivation). The moments from random Monte Carlo samplings
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PDF

1-NNS [°]

Fig. 3. Probability distribution function (PDF) of the 1-NNS distribu-
tions observed in Taurus (solid blue histogram: within the limited win-
dow Wi, that is, the three main filaments; dashed blue histogram: the
entire Taurus region) and predicted for a random distribution (black
histogram: for a Monte Carlo sampling within the window W,; red
curve: unlimited theoretical random 1-NNS distribution, see Eq. (3)).
Both random populations are drawn using the same mean surface den-
sity py = 5deg®. Increasing the mean density by a factor of two leads
to a shift towards the left whose amplitude is represented by the green
arrow. The Monte Carlo sampling in a finite window and the unlim-
ited theoretical random 1-NNS do not significantly differ. The 1-NNS
distributions computed either in the whole Taurus or within W;, do not
significantly differ either. However, the Taurus and random 1-NNS dis-
tributions are statistically highly inconsistent, with a p-value of ~107
for the KS test. The spatial distribution in Taurus is clearly far from
being random.

were obtained from:

N
1
F= g DN - T o,
1

1 N
0% = s ) (=D V2N - 1707,
(N—l)Z

1 N
7= Y =R 2N - D] e,
)

N

YT W - HW-2)

N
Dl =P -1y,
1

ros = Nos £ o n/(2(N - 1)) )

where A is the ordered sequence of the 1-NNS from the small-
est to the highest value, the standard errors of the moments and
the standard error of the median are taken respectively from
Ahn & Fessler (2003) and Kendall & Stuart (1977).

We thus conclude that finite size and edge window effects
do not significantly alter the distribution of 1-NNS from that ob-
tained in an infinite medium at the level of our observational
uncertainties. To prove this statement quantitatively, we use a
bootstrapping technique, comparing 10000 realizations of a) a
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sample of N ~ N,, = 252 1-NNS obtained from standard rejec-
tion sampling technique using analytical random 1-NNS distri-
bution (Eq. (3)) to b) the 1-NNS associated to random Monte
Carlo samplings of 252 stars enclosed within Wj,. The two-
sample Kolmogorov-Smirnov (KS) and Anderson-Darling (AD)
statistical tests indicate that the two 1-NNS distributions can-
not be statistically distinguished with a mean p-value and stan-
dard deviation respectively of 0.36 + (.28 for the KS test and
0.34 + 0.27 for the AD test.

We have therefore shown that the random theoretical 1-NNS
probability density function (Eq. (3)) may be used as a reli-
able proxy to describe a 1-NNS random distribution even in the
case of a random population enclosed in a finite and irregularly
shaped window, such as Wj,. We mention, as an asset, that us-
ing random theoretical 1-NNS distribution proxy avoids large
Monte Carlo sampling computations required to populate highly
improbable bins of very small spacings associated with tightly
clustered regions.

3.1.4. Spatial distribution in Taurus

The comparison between the Taurus and random 1-NNS distri-
butions clearly reveals an excess of short spacings in Taurus (see
Fig. 3), for which the 1-NNS distribution has smaller central val-
ues (median and mean) and a wider dispersion (see Table 2). The
2-sample KS and AD tests, give a p-value less than <2.2 x 1071
and <1074, respectively, that the two samples are mutually con-
sistent. Thus, we can firmly reject the hypothesis that the spatial
distribution of stars within Taurus is random.

This result is not surprising, since the same conclusion was
already reached by Gomez et al. (1993) based on a sample of
139 stars. But the expansion of the stellar census by nearly
200 new stars in Taurus strengthens this conclusion. The me-
dian value of the 1-NNS distribution we derived is rg5 ~ 0.067°
(~0.16 pc, i.e. 33 kAU); almost half the value obtained by these
authors. This is what we expect when the spatial distribution of
additional stars follows a similar spatial pattern from the original
population, since from Eq. (4d), the median value is reduced by
a factor of ~v/338/139 ~ 1.5.

This also underlines the modest usefulness of the absolute
value of the median nearest-neighbor distance to determine clus-
tering property when the stellar census is incomplete. In the fol-
lowing section, we introduce an alternative criterion based on the
one-point correlation function to quantitatively assess local de-
partures from pure randomness and to determine characteristic
clustering scales.

3.2. One and two-point correlation statistics

In order to identify a criterion that quantifies the departure of a
spatial distribution of stars from randomness, we introduce the
one-point correlation function based on the 1-NNS distribution.
This function is a new tool to assess and quantify the binary and
spatial clustering regimes of stars and aims at complementing
the two-point correlation statistics.

3.2.1. The two-point and pair correlation functions

The two-point correlation function (TPCF) &y(r) is defined for
a 3D spatial process as a measure of the probability to get any
excess of stellar pairs with a separation distance vector r above
random expectation: dP = p%/(l + &y(r))dV,dV,, where py is the
mean volumic density of the uniform random process and dP is
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the infinitesimal joint probability to find a pair of stars respec-
tively centered in the volume elements dV; and dV, and sepa-
rated by r (Peebles 1980). Similarly, for an isotropic and sta-
tionary spatial process, the standard projected angular two-point
correlation function £(r) is then defined as the probability to find
a pair of stars each separated by a projected angular distance r
above random expectation: dP = p*(1 + £(r)dQ,dQ,, where p
is the density of stars per steradian and dP is the infinitesimal
joint probability to find a pair of stars each within a unit solid
angle dQ;, dQ, and separated by a projected angular distance r.

Besides the two-point correlation function, the second order
statistics may also be evaluated from related entities:

— the main surface density of companions (MSDC) above ran-
dom expectation: X(r) = p&(r);

— the pair correlation function g(r) as a measure of the proba-
bility to have any pair of stars separated by r: g(r) = 1 +&(r).

When the spatial distribution is random, all these functions are
constant (£(r) = 0,g(r) = 1,X(r) = 0). Although different es-
timators may be used to compute the pair correlation function
(Landy & Szalay 1993; Kerscher et al. 2000), we use the simple
and natural one defined as:

. il
g(r) = W, (6)

where N;’:&“(r) and ngai“(r) are the histogram of separations be-
tween stars within Taurus and in a randomly distributed cata-
logue, respectively.

Since the pair correlation function estimate is mainly sensi-
tive to the shape and extension of the window, no straightfor-
ward theoretical expression can be derived for N]};a‘m(r) on gen-
eral grounds, even in the random spatial distribution case. We
then compute the pair correlation function using Eq. (6) while
performing 100 000 random Monte Carlo samplings within Wi,
(see Fig. 4).

The slope and the shape of the resulting Taurus pair cor-
relation fonction are comparable to those obtained in pre-
vious works studying the two-point correlation function or
the main surface density of companions (Gomez et al. 1993;
Larson 1995; Simon 1997; Gladwin et al. 1999; Hartmann 2002;
Kraus & Hillenbrand 2008). Together with our own, these stud-
ies show that the second order statistics exhibit at least two
distinct power-laws: a steep binary/multiple regime at small
scale and a smoother clustering regime beyond a breaking point.
Larson (1995) suggested that; (1) the observed break at 0.04 pc
(8.25 kAU) can be the signature of the transition from a binary
to a clustering regime; (2) it could correspond to the Jeans length
for the gas in cool dense molecular cores; (3) the scale-free bi-
nary regime may reflect the scale-free fragmentation of collaps-
ing clumps; and (4) the self-similar clustering regime may reflect
the hierarchical, fractal, and spatial distribution of the gas from
which the stars formed.

Later on, Kraus & Hillenbrand (2008) found an extended
transition zone between the binary regime and the global clus-
tering of stars in groups rather than a sharp break between the
two regimes. This transition zone was found to begin at 0.02 pc
(4.25 kAU) and end at 0.2 pc (42.5 kAU). They proposed that
part of this transition zone, which is almost flat from 0.11 pc
(23.52 kAU) to 0.2 pc (42.5 kAU), is due to the random motion
of stars that may smooth out primordial stellar association and
lead to a quasi-constant surface density of pairs.

However, some caution has to be taken when interpreting
the two-point correlation function beyond the binary regime,
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Fig. 4. One-point correlation function ¥ (Eq. (7), blue symbols) and es-
timated pair correlation function ¢g (gray symbols) using the sample of
stars within W;,. The pair correlation function has been estimated using
the estimator given in Eq. (6) while performing 10 000 random Monte
Carlo samplings within W;,. The 1o vertical errorbars of ¥ and g are
estimated from Poisson statistics. The solid horizontal blue line repre-
sents both the constant ¥ = 1 and § = 1 functions, that is, the one-point
and pair correlation function expected for a spatial random distribution.
Vertical black solid lines delimit three spatial regimes, clustering, inhi-
bition, and dispersion, derived from the crossing of the Taurus ¥ func-
tion with the ¥ = 1 horizontal line associated to random spatial distribu-
tion. The vertical dashed purple line indicates the 7" spacing threshold
used to group stars into a unique multiple system. The dotted-dashed
green line is the ¥ o r~'3 function resulting from a linear regression
fit taking into account vertical errorbars over ten 1-NNS logarithm bins
(Alogr = 0.2). The ¥ function may reveal an extended binary regime
from 1.6 kAU to 100 kAU in Taurus, which has remained unidentified
beyond approximately 5 kAU in previous works that used the pair corre-
lation function alone, since the latter reveals a power law break around
that separation.

especially when the spatial distribution of stars deviates from
isotropy. Indeed the standard form of the two-point correla-
tion function is obtained with the hypothesis of a homogeneous
and isotropic distribution. However, the Taurus complex is not
isotropic, as evidenced by its elongated gaseous structures in
which stars are preferentially located. The break in the two-
point correlation function between the binary and the clustering
regimes may thus be partly due to the filamentary geometrical
anisotropy, rather than being only a signature of a hierarchi-
cal/fractal gas structure as proposed by Larson (1995).

Indeed, the observed break in the two-point correlation func-
tion could also be linked to the observed width of filaments,
which was found to be relatively universal at approximately
0.1 pc (André et al. 2014) even though Ysard et al. (2013) found
that filament width may vary by up to a factor of approximately
four. This spread of filament widths may also contribute to the
transition elbow zone that is present between the binary and clus-
tering regimes. Thus, the elbow in the correlation function that
extends up to 0.25 pc may be related to geometrical spatial stellar
structures (see Joncour et al., in prep.).
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3.2.2. The one-point correlation function

Similarly to the pair correlation function, we define the one-point
correlation function, ¥, as the probability of having a closest star
located at r from any chosen star at random, which in turn de-
fines an equivalent local stellar density function o: dP = o (r)dV,
with o(r) = p¥(r). The ¥ function, which describes the spatial
location of stars, gives first order variation trends of the spatial
process relative to a random distribution. Instead, the pair corre-
lation function is associated to second-order characteristics de-
scribing the spatial co-location of stars. One estimator of the ¥
function may be defined from the ratio of the 1-NNS Taurus dis-
tribution wr,,(log ) to the 1-NNS random distribution wg(log r)
obtained either by Monte Carlo simulations or from theoretical
random probability density function (Eq. (3)):
wr(logr)
We note that this function is usually called the nearest neighbor
ratio when it is evaluated as the average over the whole range of
1-NNS values. Here we evaluate it bin per bin of spacing. For
a random spatial distribution, the one-point correlation function
reduces to unity (P(r) = 1).

The one-point correlation ¥ function can be fitted from
1.6 kAU to ~100 kAU, by a power law using Pearson’s chi-
squared linear regression taking into account vertical errorbars
(see Fig. 4):

P(logr) = (N

WTau _
¥=—««r?
WR

®)

with @ = 1.5/%2 at the 95% confidence level. This allows us to
derive a fractal dimension Dy associated to the binary regime in
Taurus. Since the random distribution in 2D increases as wg o 2
for r << 1/+/mp (see Appendix B), the 1-NNS distribution within
Taurus wr,, follows a shallow, rising power-law function with
the following exponent:

Dy ~2-a=05. ®

We note, that this scale-free behavior of the ¥ function with an
exponent lower than the projected 2D euclidian space dimension
is equivalent to a uniform distribution in a 2D projected fractal
space with the fractal dimension D¢ = 0.5 (Sakhr & Nieminen
2006).

3.2.3. Departure from randomness

The one point correlation function ¥ may be used to assess de-
parture from a spatially random distribution. From its definition,
regimes where W is below unity indicate a deficit of stars (inhi-
bition) with respect to random, whereas where it is above unity
reveals an excess of stars, either a clustering trend at small spac-
ings (aggregation) or a dispersion trend at large spacings. The ¥
function evaluated for Taurus thus reveals three spatial regimes
(see Fig. 4). The stellar clustering regime covers the range of
spacings below ~0.1°, where ¥(r) > 1. This defines the upper
clustering length threshold r.:

re = 0.1° ~ 0.24 pc ~ 50kAU. (10)

The clustering regime is followed by an “inhibition zone” where
Y(r) < 1 associated with a typical length scale between ~0.1°
(0.2pc) and ~0.3° (0.7 pc). Finally, Taurus faces an excess of
highly dispersed stars for typical length scale above ~0.3°. The
“clustered stars” are tightly packed together in specific locations
while the “inhibited stars” are more widely spread between the
zones of clustered stars (see Fig. 1).
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Fig. 5. First nearest neighbor separation fraction distribution of mul-
tiple systems (solid blue histogram) versus single stars (dashed black
histogram) for Class II and III objects observed at high angular resolu-
tion (HAR) in Taurus region. Each bin represents the number density
of stars per unit logarithmic interval in projected separation, that is, the
number density fraction of 1-NNS per (Alogr = 0.2) interval. There
is a marked excess of 1-NNS in the range 1-10 kAU for the multiple
systems with respect to single stars.

3.2.4. Ultra-wide binary regime in Taurus?

The comparison between the pair correlation and the ¥ functions
yields new insight into an extended binary regime. Both of them
have the same scale-free trend at least in the four logarithm bins
of separation (see Fig. 4), from 1.5 to 5 kAU. While the correla-
tion function reaches an elbow from that point on, breaking from
the binary regime to reach the clustering regime, the ¥ func-
tion extends the same power-law trend up to ~100 kAU. Thus,
although it remains hidden in the correlation function because
of mixing between binarity and clustering, the binary regime in
Taurus appears to extend to much larger scales than previously
realized.

3.3. Local neighborhood of multiples versus single stars

In this subsection, we study the spatial distribution of multiple
systems and single stars based on the comparison of their 1-NNS
statistics.

The S| sample in the whole Taurus contains 96 stars flagged
as visual multiple systems (in the range of 10 AU to 1 kAU) and
24?2 a priori single stars. To limit biases, we define the S 3 sample
composed exclusively of Class II and III stars that have been
observed at HAR. From that sub-sample, we separately con-
struct the 1-NNS histograms of the 89 multiple systems and the
140 single stars (see Fig. 5) that appear very different one from
each other. Both the KS and AD statistical tests indicate that we
can reject the theory that they come from the same parent popu-
lation with a confidence level of 99.8%. The 1-NNS fraction of
multiple systems having a projected separation less than 10 kAU
is noticeably higher than for the single stars in the same range
(see Fig. 5).

The excess fraction of 1-NNS at close spacings is remark-
ably high: nearly 40% of the 1-NNS of all multiple systems are
located within the first five bins, that is, between 1 and 10 kAU.
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This is more than 2.5 times the fraction found in the same range
of separations for the single stars (15%). It is also twice as
high as the frequency of visual companions per decade of pro-
jected separation found in the 10—2000 AU separation range (see
Duchéne & Kraus 2013, Fig. 5). Moreover, 63% of the compan-
ions of multiple systems in the five first bins are themselves mul-
tiple systems (25% of the total multiple systems), against 43%
for the singles (6% of total single stars sample).

The local neighborhood of multiple stars is thus more pop-
ulated than that of simple stars: a multiple system has almost
three times more chance of having a companion within 10 kAU,
and that companion in turn has a higher chance of being a close
multiple system itself than a single star.

3.4. Beyond local neighborhood

To test whether this striking difference between the neighbor-
hood of multiple systems and single stars extends beyond the
first neighbor, we analyse the second nearest neighbor distribu-
tions, again using the bias-free S'3 sample. Although there is still
a slight excess of companions for multiple systems within the
first bin up to 10 kAU, this difference does not appear statistically
significant: the KS and AD tests both give a p-value of 0.15.
We further compare their respective k.-NNS distributions, up to
k = 8. They too cannot be statistically distinguished (p-value of
1 for both KS and AD tests). This confirms the statistical identity
between the neighborhood of the two populations, multiples and
singles, beyond their first neighbor.

Since the 2-NNS distribution is not statistically different for
single stars and multiple systems, we can use its median value
(0.13°, 0.3 pc or ~60 kAU) as a typical length scale at which
these two populations cannot be statistically distinguished. This
value is close to the upper clustering threshold r, = 0.24 pc de-
rived in the second section.

Interestingly, we also note that the distribution of the second
nearest neighbor of multiple systems cannot be statistically dis-
tinguished from the first nearest neighbor of single stars either
(p-value of 0.1224 for the KS test). This suggests that, although
the neighborhood of multiple systems has been found to be more
populated within 10 kAU, this trend fades away beyond 60 kAU.
Based on the k-nearest neighbor analysis (k > 2), we therefore
define a scale of 60 kAU beyond which the stellar environment
is statistically identical for single stars and multiple systems.

4. From multiples to ultra-wide pairs

In this section, we further analyze the reasons for such a diver-
gence between neighborhoods of multiple systems and single
stars.

4.1. Mutual nearest neighbors as ultra-wide pairs

From the list of all nearest neighbor pairings (see Table C.2),
we selected the subset of all mutual nearest neighbors, that is,
pairs in which the nearest neighbors are reciprocal. This property
serves to probe the most “connected” pairs. It has been used, for
instance, as part of the process to identify physical binary can-
didates in simulations (Parker et al. 2009; Kouwenhoven et al.
2010).

We find that over the 338 first nearest neighbor pairings of
stars in Taurus, 45% of pairings are non-mutual pairs (within
this type of couples, only one star is the nearest neighbor of
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Fig. 6. Distribution of ultra-wide pair fraction as a function of separation
in the three main Taurus filaments (i.e., for stars enclosed within W;,,
solid blue histogram) versus pair fraction of random mutual pairs (ob-
tained from 10 000 Monte Carlo samplings, thick black histogram) and
1-NNS fraction of non-mutual pairs (dashed blue histogram). The solid
blue line represent a log-normal fit to the distribution of non-mutual
pairs in Taurus. The distribution of mutual pairs of Taurus does not re-
sult from a random process (p-value of 107!%), and is statistically dif-
ferent from non-mutual pairs distribution in Taurus (p-value of 107'4).
Conversely, the 1-NNS distribution of non-mutual pairs in Taurus is rea-
sonably well fitted (p-value of 0.2) by a long-normal function, with a
mean value y = 4.74 + 0.04 and a standard deviation o~ = 0.46 + 0.03.

the other, while the second one has a different nearest neighbor)
whereas 55% of the whole pairings are mutual pairs.

The 1-NNS distribution for mutual pairs is markedly differ-
ent from that of non-mutual pairs; the KS test returns a p-value
of 10~'% when assuming, as a null hypothesis, that these two pop-
ulations are drawn from a same parent population (see Fig. 6).
The distribution for non-mutual pairs is reasonably well fitted
by a log-normal function (p-value = 0.2, showing that two dis-
tributions are statistically the same) with a mean y = 4.74 +0.04
(i.e. 55 kAU) and a standard deviation o = 0.46 + 0.03 (~20
to 160 kAU range). This suggests that, unlike the mutual pairs,
the distribution of 1-NNS for non-mutual pairs in Taurus may
be seen as a statistical realization of a multiplicative process,
which is converted to an additive process in the log domain,
for which the central limit theorem may be applied. Although
it is beyond the scope of this paper to establish the physical ori-
gin of this multiplicative process, we can speculate that relative
random motion and gravitational encounters between physically
unrelated stars may contribute to randomization of the spatial
location of individual stars. This is not the case for gravitational
binaries or common proper motion pairs, however, as they are
kept together at the same mutual nearest distance over time.

The mutual pairs in Taurus are very unlikely due to random
mutual pairing (see Fig. 6). A KS test comparing the distribution
of 1-NNS separation of mutual pairs with the W, window to
that of the mutual first nearest pairs from an ensemble of random
Monte Carlo Poisson samplings within the same window returns
a p-value lower than 10716,

Moreover, it is worth noting that the mutual pairs we iden-
tified in the separation range 1-5kAU, are already known to
be true physical binaries, that is, gravitationally bound binaries
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Fig. 7. Ultra-wide pair fraction F within the whole Taurus region (sam-
ple S'1) as a function of separation, plotted using Adp = 0.25 dex bins.
The solid blue line is a power law fit to the data (F = aéﬁ, with
log @ = —1.21 and 8 = 0.14) between 3 and ~60 kAU (vertical black
dashed line). The gray area represents the 95% confidence band. In

terms of the power law parameters, the corresponding parameter 95%
confidence intervals are log a = [-1.78, -0.65], 8 = [0, 0.28].

(Kraus & Hillenbrand 2009b). This further validates our selec-
tion of mutual nearest neighbors to identify physically related
pairs in that range. We thus expect that a large majority of these
mutual pairs to be at least common proper-motion pairs, and
plausibly even gravitationally bound. From now on, we refer to
these systems as ultra-wide pairs (UWPs).

The present-day distribution of separations for these UWPs
should reflect its counterpart at birth, provided that dynamical
encounters are rare enough to keep it unchanged (see discus-
sion Sect. 5). These mutual pairs covering separations from 1 to
~60 kAU are the only type of pairs (versus non-mutual pairs)
found in the short-separation end of the 1-NNS distribution. Ap-
proximately 60% (resp. 90%) of 1-NNS have separations below
20 kAU (resp. 60 kAU) with a relatively long-uniform distribu-
tion. Thus, the continuous power-law trend at small and inter-
mediate scales observed in the ¥ function is mainly due to the
existence of these mutual pairs, which define the binary regime.
They generate a scale-free clustering pattern and constitute a ma-
jor structural spatial imprint in Taurus.

4.2. An Opik law for the UWPs separation

In this subsection we discuss the distribution of UWP separation
based on the data that we derived (see Table C.2).

The UWPs fraction F in Taurus follows a slightly increasing
power law, F oc 6314 (see Fig. 7), at least up to an upper cut-
off of ~60 kAU (i.e., 0.27 pc). The robustness of this simple
fit is confirmed by performing a power law fit to the empirical
cumulative function that explains 97.73% of observed variations.
Beyond this cut-off, there is a sharp decrease in the two last bins
of separations. The first two bins overlap the study conducted by
Kraus & Hillenbrand (2009b), who found that the separation of
binaries below 4.2 kAU is log-uniform in this range (F(logd) =
const. or, equivalently Fp(9) « }5), i.e., following Opik’s law.
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Table 3. Class fraction in Taurus.

ClassI  ClassII  Class III N

All Taurus stars 0.11 0.52 0.37 | 338

Stars in UWPs (6 < 10 kKAU) 0.18 0.61 0.22 74
Stars in UWPs (all separations) 0.13 0.56 0.31 186

Notes. N is the total number of stars in each subsample.

Class pairing within UWP (sep < 10 000 AU)
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Random Class pairing
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Fig. 8. Distributions of SED Class pairings expected from a random
pairing process based on the global proportions of Class I, II, and III
stars in Taurus (left) and observed among Taurus UWPs (right). The
SED Class pairing within UWPs deviates significantly from random
pairing, suggesting coevality within these systems.

4.3. Class pairing in UWPs

We first focus on the 37 mutual pairs with separation less than
10 kAU (from sample S;), a regime where the distinction be-
tween multiple systems and single stars strongly suggests that a
physical process is at play. Within this sub-population, Class I
and Class II are over-represented (and, accordingly, Class III
under-represented) relative to the overall Taurus population (see
Table 3). A chi-squared test confirms that this difference is sta-
tistically significant (p-value of 0.01). In other words, the stel-
lar population within UWPs separated by less than 10 kAU is
less evolved, i.e., younger, than the rest of the population in the
Taurus molecular cloud.

In the following, we show that the class pairing found in

these UWPs deviates from random pairing. The probability P;;
of getting an unordered pair (i, j) without replacement is given
by:
Pj=y-Pi-Pj=y-(Ni/N)-(N}/(N - 1), (11)
where N is the the total number of stars in the sample under
consideration, {i, j} = I, II, IIl is the SED Class of stars, P; is the
fraction of Class i type star, N; is the number of stars of Class i,
andy =1 andN; = N;—1fori = jwhereasy = 2andN} = N;
for (i # j).

We compute the random Class pairing probability for each
type of pairings from Eq. (11) and the number of stars of each
Class N; derived from the first line in Table 3. These probabilities
are quite different from those observed among UWPs in Taurus
(see Table 4 and Fig. 8). The main difference can be summarized
as follows: there are more pairs of the same Class, that is, (I, 1),
(L 1) and (III,III) pairs, than expected from random pairing.
Correspondingly, there are fewer pairs from mixed Classes, (I, II)
and (II, IIT) pairs, and there are no (I, III) pairs at all despite the
expectation that there should be ~10% of such pairs based on
random pairing. These differences are found to be statistically
significant at the 99.74% level based on a chi-squared test.

Applied to the larger sample of UWPs covering the whole
range of separation (sample P3), we obtain the same result as
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Table 4. Class pairings fraction in UWPs compared to random Class
pairing.

WP type Pah  PALI) PAILIN) PALID  PEIM  PEID
op < 10 kAU | UWPs .11 46 .14 .16 .00 14
Rand .02 .36 .06 .30 .08 18

Notes. pq y) is either the fraction of Class I stars paired with another
Class I star within UWPs (separation dp less than 10 kAU) or the prob-
ability to obtain this pairing from a random distribution (Rand).

above with an even higher significance level (p = 107*). These
results indicate that the UWPs are most likely coeval.

4.4. High multiplicity fraction within UWPs

Considering that the stars are part of UWPs, there are almost
equal numbers of single stars (50) and multiple systems (44).
The resulting multiplicity fraction of 47% is ~15% higher than
that of the sample of Class II and III stars observed at HAR that
are not in UWPs, a result that is statistically significant (p-value
of 0.007 for a chi-squared test). In other words, multiple sys-
tems are more often within UWPs than not. More interestingly,
the multiplicity fraction within UWPs depends on the separation
range: it declines from a maximum of ~70% at short separations
(at approximately 5 kAU) to the average multiplicity fraction of
47% at large separation of approximately 6 x 10 kAU, above
which the multiplicity fraction remains constant (see Fig. 9).
Thus, with a confidence level higher than 95%, the multiplicity
fraction within UWPs is higher when their separation is shorter.

4.5. Multiplicity pairing within UWPs

In this subsection, we look at the multiplicity nature (single or
multiple) of individual components composing the UWPs. There
are 47 UWPs in sample S 3 with 12 of them being composed of
two multiple systems (MM pairs), 15 of them of two single stars
(SS pairs) and the remaining 20 pairs of one multiple system
and one single star (SM pairs). The probabilities associated to
random multiplicity pairings are computed from Eq. (11) and
give 0.28, 0.22, and 0.50 to get a SS, SM or MM pair, respec-
tively. Using a Pearson’s y? test, we cannot rule out a random
multiplicity pairing (p-value 0.59) of the observed UWPs over
the whole range of separation. But, the observed probability is
not uniform along with the separation. For instance, considering
only UWPs whose separation is less than 10 kAU, more than
double the expected MM pairs are observed (48% of the UWPs
are of MM pair type, 19% of SS and 33% of SM). The same
x° test indicates that a random multiplicity pairing can be re-
jected with a high significance level (p-value 0.018). Thus the
higher multiplicity fraction for tighter UWPs, as shown in the
previous subsection, stems primarily from the fact that multiple
systems tend to be paired with other multiple systems in that
range of separation (<10 kAU).

A comparison of the pair fraction distribution between MM,
SM, and SS UWPs as a function of their separation reveals
indeed that nearly 90% of MM pairs are concentrated below
10 kAU, the SM pairs are distributed essentially log-uniformly
over the whole range, and SS pairs are preferentially sepa-
rated far apart (median separation at 35 kAU, see Fig. 10). As
a consequence, MM systems are the main contributor to the
observed “bump” in the 1-NNS distribution of multiple sys-
tems outlined in the previous section. Of the 30 multiple stellar

R
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10° 10* 10° 108

8 [AU]

Fig. 9. Multiplicity fraction of Class II and III stars observed at HAR
and members of UWPs as a function of their separation. For a given
value of §, the black (resp. blue) symbol represents the multiplicity
fraction computed over all separations smaller (resp. greater) than 6.
Errorbars are standard errors computed from the standard formula:
SE; = \VF; (1 = F))/n;- V(N — n;)/(N — 1) where n; is the sample size,
and N is the total population size of Class II and III stars observed at
HAR within UWPs independently of their separation. The dashed black
line represents the mean multiplicity fraction for stars within UWPs
whereas the gray line marks the corresponding mean multiplicity frac-
tion for stars that are not in UWPs. The red dotted lines define the inter-
val within which the multiplicity fraction within UWPs is significantly
(p-value of 0.05 or less based on a chi-squared test) higher than the
mean value.

systems having their 1-NNS less than 10 kAU, 20 of them are
within multiple/multiple UWP (65%), 7 members (25%) are
within single/multiple UWPs and 3 (10%) are non-mutual pairs.
Therefore, the spatial neighborhood difference between multiple
systems versus single stars comes down to a higher fraction of
“tighter” MM UWPs with respect to the SS UWPs.

4.6. UWP multiplicity

In this subsection, we study the properties of UWPs, as a func-
tion of their multiplicity n., defined as the sum of the total num-
ber of stars within each pair (2 < n, < 5).

For this analysis, we continue focusing on sample S3 (half
the population of UWPs), which has the most reliable multi-
plicity data, since each of the components has been observed
at HAR. Within it, we investigate the distribution of the UWPs
as a function of their degree of multiplicity. The number of
UWPs seems to be rather uniform up to a multiplicity of four
(see Table 5), and exhibits a sharp decrease for a multiplic-
ity of five. We note that this behavior differs from the geomet-
ric progression for pre-main sequence closer binaries in Taurus
N,, < b™ =2.6"" (Duchéne & Kraus 2013).

Following Correia et al. (2006), we define the multiplicity
fraction per ultra-wide binary (M Fyy,) as the number of higher
multiplicity systems over the total number of UWP systems
of the sample with projected component separations typically
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Fig. 10. SS (dashed blue), SM (dashed red) and MM (solid blue) pair
fraction as a function of their separation. MM pairs are tighter (most
are found below 10 kAU) whereas SS pairs are far apart (with a peak
at approximately 50 kAU); on the other hand, SM pairs are relatively
uniformly distributed.

Table 5. Number and type of high order multiplicity in UWPs.

n. 2 3 4 5

Np 16 4 3 7

UWPType (5,S) (5,B) 8(B,B) 4(B,T)
5(S,T)

Neg 3 11 10 7

UWPType (S,S) (5,B) 6(B,B) 4(B,T)
4(S,T)

Ney, i 6 7 7

UWP Type (5,S) (S,B) 6(B,B) 4(B,T)
1(S,T)

Notes. Number Np (resp. Np,, and Np,, ) of UWPs in the whole range
of separation (resp. for separation less than 60 kAU and 10 kAU) as
a function of their multiplicity n. and their hierarchical type (S, B, T:
single, binary, triple).

higher than 1 kAU. Over the whole range of separation we
obtain:
T+0+...

————— =65.6+11.85%.
B+T+Q+...

MF,,, = 12)

We similarly define the companion frequency per ultra-wide bi-
nary (CFuy) as:

CFUW=2XT+3XQ+"'
B+T+Q+...

=1.77£0.19. 13)
We use the Poisson error to estimate the error made on MF,
(resp. CF,y), that is, we use the square root of the number of
higher order multiple systems (resp. the total number of com-
panions in higher order systems 2 X 7+ 3 X Q + ...) divided
by the total number of systems (B, 7, ...). We also estimate
the multiplicity fraction and companion frequency per ultra-
wide binary for UWPs separated by less than 60 kAU (resp.
10 KAU): MF¢y = 65.79 £ 13.16% and CF¢y = 1.79 £ 0.22
(resp. MF 9 = 80.95 + 19.63% and CFp = 2.33 + 0.33).
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Fig. 11. Mean separation op of UWPs (sample S3) and standard er-
rorbars (o /+/n,) as a function of their multiplicity n. = 2,3, ... The
separation is consistent with a geometric progression dp oc a™™ with
a ~ 1.8 (shown as the blue line).

The values we obtained are far above the values of multi-
plicity fraction (26.8 + 8.1%) and companion frequency (0.68 +
0.13) per wide binary found in young T Tauri wide binaries in the
range 14—17 AU up to 1.7-2.3 kAU (Correia et al. 2006), high-
lighting the ubiquity of high-order ultra-wide binaries in Taurus
found in our sample.

Based on the previous subsection, and since tighter pairs
are mostly composed by MM pairs, we expect them to have a
higher multiplicity. Indeed, the mean projected separation dp of
UWPs is negatively correlated with the degree of multiplicity
(see Fig. 11). We obtain the best geometric progression fit as:
op(ny) ca™ ~1.87", (14)
where 0p(V,) is the mean separation of UWPs per bin of degree
of multiplicity n.. Thus, UWPs composed of two single stars
are wider on average than UWPs composed of a single star and a
binary, which in turn are wider on average than UWPs composed
of two multiple systems. In summary, tighter UWPs are biased
towards higher-order multiplicity.

4.7. Ultra-wide pairs and mass function

The mass function of single stars and primaries of multiple sys-
tems within UWPs depends on their type (see right Fig. 12). A
KS test indicates that the mass distribution for SM pairs can-
not be distinguished from that of either the SS or the MM pairs.
However, a similar KS test shows that the difference in mass
distribution between SS and MM pairs is significant with a con-
fidence level of 97.8%.
Specifically, compared to SS pairs, MM pairs exhibit:

— adeficit of mass below 0.1 My, with a frequency of only 5%
(against 20%);

— a deficit of stars with mass in the 0.1-0.6 M, range, with a
frequency of 25% for the MM pairs (against 50%);

— an excess of stars with mass between 0.6 and 0.8 M, with a
frequency of 45% (against 25%);
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Fig. 12. Boxplot for the distribution of the (primary) star mass within
UWP (left), the sum of the masses of the two (primary) stars within
each UWP (center), and the separation (right) of UWPs. The SS, SM
and MM types of systems are shown separately to illustrate that MM
pairs are tighter and more massive than SS pairs.

— a predominance of stars more massive than 0.8 Mg (20% of
the most massive stars in Taurus are in MM pairs but only
5% are in SS pairs).

Thus, 70% of stars within SS pairs have a mass of less than
0.6 My and ~65% of stars within MM pairs are more massive
than 0.6 Mg,

As a result of these trends (see Fig. 12), the median pri-
mary mass of MM pairs is twice as high as the median pri-
mary mass in SS pairs (0.7 My compared to 0.3 My). Further-
more, they have a much smaller dispersion as indicated by the
interquartile range for MM pairs (0.5-0.8 M, versus 0.1-0.7 M
for SS pairs, see left panel in Fig. 12). The median primary
mass of MM pairs is intriguingly close to the unusual peak at
0.8 My, in Taurus reported by Bricefio et al. (2002). This peak
was tentatively explained by a fragmentation/ejection hydrody-
namical model (Goodwin et al. 2004) of molecular cores that
have unusual properties (extended envelope, a narrow range of
core mass function with a peak near 5 My, and a low level
of turbulence). The results of simulations show that 50% of
the low-mass objects that form within the cores are ejected
from their cradles to produce an extended population of low-
mass stars and brown-dwarfs, whereas the remaining stars in
multiple systems accrete the gas reach a mass of up to 0.8—
1 M. This type of dynamical ejection model was also ad-
vocated by Reipurth & Clarke (2001), Boss (2001), Bate et al.
(2003), Kroupa & Bouvier (2003a), Kroupa et al. (2003). How-
ever, Bricefio et al. (2002) and Luhman (2006) argued that the
absence of a widely dispersed brown-dwarf population is strong
enough evidence to reject this type of model. Therefore up to
now, there is no clear consensus to explain the peak at 0.8 M in
the mass function of Taurus.

Summing the two (primary) masses within each UWP am-
plifies the contrast between the lower mass threshold needed to
produce MM pairs with respect to SS pairs (see the middle panel
in Fig. 12). The median sum of primary masses within MM pairs
(1.5 My,) is twice as high as that within SS pairs (0.7 M), but
the width of the interquartile ranges are comparable (1.2—-1.7 M

Unexpected ultra-wide pairs of high-order multiplicity in Taurus
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Fig. 13. Primary mass versus mass ratio within MM (filled dark blue
circle), SS (filled light red circle), and SM (open light blue circle)
UWPs. Intermediate (resp. smallest) size of marks: UWPs separated
by less than 35 kAU (resp. less than 10 kA), the largest size devoted to
wider UWPs beyond 35 kAU. Dashed lines: brown dwarfs (BD)/planet
(0.012 M) and BD/star (0.075 M) limits. Dotted line: 0.8 M star
limit. The superpositions are due to the discretized nature of mass de-
termination models from the spectral type and evolutionary tracks.

and 0.4-0.8 Mg, for MM and SS pairs, respectively). The differ-
ence in mass range between SS and MM pairs would be even
more pronounced if the mass of inner companions within MM
pairs were also included in the sum; unfortunately, the current
multiplicity data are insufficient to evaluate this in a consistent
manner across the entire sample. In summary, the median of the
stellar mass in MM pairs is twice as high as that within SS pairs,
and they are also ten times less divergent; the masses of stars
within SS pairs spread a larger range unlike the primary masses
in MM pairs. The SM pairs have intermediate properties between
these two classes.

4.8. Mass ratio in UWPs

The study of the mass ratio of the secondary mass over the pri-
mary mass in the UWPs as a function of the primary mass shows
several interesting features (see Fig. 13). First the secondary
mass covers the whole range of mass, from equal mass down
to brown dwarf type mass (0.075 M) suggesting the same con-
tinuous formation scenario from star to brown dwarf. Secondly,
there is a clumping trend of MM UWPs towards the upper part of
the diagram. Further, we note that there are no UWPs composed
of two brown dwarfs.

Some other features appear to be spurious. The apparent con-
centration of secondary brown dwarfs pairing with 0.6-0.8 Mg
stars showing up in Fig. 13 is in fact due to the preeminence
of these 0.6-0.8 M, stars in the mass function. By performing
10000 Monte Carlo mass pairing samplings amongst the mass
sample of UWP stars, we obtain indeed a p-value of 0.15 com-
patible with the hypothesis that this pattern is due to chance pair-
ing. The next intriguing pattern that appears at first glance is the
empty top right “wedge”, where no secondary stars heavier than
0.8 M, lie in for primary stars heavier than 0.8 M. By per-
forming a similar Monte Carlo sampling, we obtain a p-value of
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Fig. 14. Correlation between multiplicity and primary (large size mark)
& secondary (small size mark) mass of stars in MM (filled dark blue
triangle), SS (filled light red triangle), and SM (light blue open triangle)
UWPs.

0.005, which seems to indicate that we can apparently reject the
hypothesis that this occurs by chance. This result, however, is
not based on a large sample size (median expectation: four pairs
within that wedge), and the stellar mass determination from the-
oretical evolutionary tracks, as well as the spectral type classi-
fication, artificially stretches the width of this empty wedge. At
this stage, we cannot therefore ensure that it is a reliable pattern.

The increase of the multiplicity goes along with the primary
mass of the UWPs (see Fig. 14). This trend was also noted for
closer binaries (Kraus & Hillenbrand 2007). The mass of the
secondary star does not correlate with the multiplicity to the
same extent.

5. Discussion

In this section, we discuss the possible nature of the UWPs iden-
tified in Taurus.

5.1. UWPs as physical pairs

The findings surrounding UWPs obtained in the previous section
amount to an array of circumstantial evidence suggesting that
these pairs are probably physical pairs:

— non-random 1-NNS distribution of mutual pairs (versus log-
normal 1-NNS distribution for non-mutual pairs);

— approximate log-uniform separation distribution (Opik’s law
distribution) for mutual pairs, extending up to ~60 kAU (i.e.,
0.27 pc) at least, observed for binaries at closer separations
(Kraus & Hillenbrand 2009b);

— non-random Class pairings within mutual pairs suggesting
coevality;

— UWPs in the range of separation <5 kAU are already known
to be true physical binaries (Kraus & Hillenbrand 2009b).

To be gravitationally bound, the internal energy of UWPs must
be negative, that is, 1/2uAv> — GM M, /r < 0, with u being the
reduced mass (u = M; M,/(M| + M), M, and M, being the
mass of the stars), G the gravitational constant,  and Av the sep-
aration and the relative velocity between the two stars, respec-
tively. Thus, the condition to meet for a pair to be bound can be
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rewritten as follows:

Av < 2G(M; + My)/r)'?

M, M, r -1z —1
<0'3([0.5M®]+[0.5M®])(IOkAU) kms . (15)

This relative velocity between the stars is low compared to the
observed already low velocity dispersion in the Taurus stellar
complex; 2—4 km s~! in the whole region (Frink et al. 1997,
Rivera et al. 2015) and as low as 1-2 kms~! in stellar subgroups
(Jones & Herbig 1979). However, as we will see in the following
subsection, the low stellar density of Taurus and the low stellar
velocity dispersion prevent efficient exchanges of energy during
random encounters between wide pairs and other stars, such that
the characteristic disruption time 74 of a few ~10° Myr is much
longer than the age of the Taurus pre-main sequence population,
that is, 1-10 Myr old (Kenyon & Hartmann 1995; Bertout et al.
2007; Andrews et al. 2013). Therefore, we consider in the fol-
lowing that UWPs are physically linked. This hypothesis will be
further tested by results of the Gaia survey that will provide 3D
spatial data and 2D/3D velocity measurements (proper motions
of stars and radial velocity for part of them).

5.2. A short review on wide binaries: models
and observations

From the theoretical side, different models and numerical sim-
ulations have been performed to produce multiple systems (see
Reipurth et al. 2014, for a complete review on recent numerical
simulation improvements). One notable result from simulations
of star formation from collapsing gas is that they do not gen-
erate wide pairs at birth beyond 1 kAU because of the strong
dynamical interactions that occur in simulations of the collapse
of turbulent cores (Bate 2012).

Nonetheless, wide pairs are present among field stars, al-
beit in relatively small numbers: approximately 10% of all
solar-type field stars have a companion with separations larger
than 1 kAU (Raghavan et al. 2010; Lépine & Bongiorno 2007;
Longhitano & Binggeli 2010) and maximum separations as high
as 20 kAU (Chanamé & Gould 2004; Shaya & Olling 2011,
Dhital et al. 2015).

The low-but-not-negligible fraction of visual wide pairs in
the field could not solely be the result of random gravitational
capture: the binary creation rate in the field is estimated to be of
the order 4 x 102! pc=3 Gyr~! (Kouwenhoven et al. 2010) show-
ing that random creation of bound pairs in the field, as well as in
the star-forming regions, is an extremely rare event.

An alternate mechanism must be at play to produce such
pairs either at birth or as the result of subsequent dynamical evo-
lution. But wide pairs with separations beyond 0.1 pc appear to
be particularly unlikely pristine products of star formation pro-
cess because their separations exceed the typical size of a col-
lapsing cloud core, precluding a scenario based exclusively on
core fragmentation.

Consequently, two scenarios based on dynamical evolu-
tion have been proposed to explain their origin. One pos-
sibility is that an initially compact triple system could dy-
namically unfold, with the tighter pair shrinking while the
third component being ejected onto an extremely long orbit
(Reipurth & Mikkola 2012). Alternatively, the gradual dissolu-
tion of a star cluster could leave behind wide binaries that are
barely bound if two stars happen to be very close in the 6D
phase space (Kouwenhoven et al. 2010; Moeckel & Bate 2010;
Moeckel & Clarke 2011). For most star clusters, the dissolution
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time, when this “pairing” could occur, is of the order of a
few Gyr (Lamers & Gieles 2006).

The model of Kouwenhoven et al. (2010) also predicts that
these wide pairs are high-order multiples as a reflection of the
high multiplicity of individual stars at birth. This matches nicely
with our findings on UWPs in Taurus, however their mechanism
also induces random pairing with respect to mass and Class be-
cause the binding pairs are generated by chance depending on
the proximity of the objects once the gas of the cluster is re-
moved. This is not what is observed within UWPs in Taurus,
since we have shown in the previous section that the Class-
pairing is not random and that the distributions of mass is not
the same in SS and MM pairs.

Another inadequacy of both the “pairing during cluster dis-
solution” theory and the “unfolding of triple systems” theory is
that they occur on timescales that are orders of magnitude longer
than the age of the Taurus population (0.1-0.5 Myr for Class I
stars and a few Myr for Class II and III stars).

The large fraction of UWPs in Taurus is reminiscent of
the surprisingly large number of UWPs (10-50 kAU) recently
identified in slightly older moving groups (10-100 Myr) such
as in the § Pic moving group (Alonso-Floriano et al. 2015). A
preference has also been identified for high-order multiplicity
among these UWPs, as well as in AB Doradus, TW Hydrae
and Tucanae-Horologium moving groups (Torres et al. 2006;
Elliott et al. 2016). Elliott & Bayo (2016) suggest that the bi-
nary population from close (0.1 AU) to very wide systems
(100 kAU) in 8 Pic Moving Group can be accounted for by
the internal dynamical interaction of triple systems as proposed
by Reipurth & Mikkola (2012). But, as an alternative, these very
wide pairs may be the survival part of the wide pairs population
formed at an earlier time.

Some of these wide pairs may even survive longer since
solar-type stars within high-order multiplicity UWPs with pe-
riods that peak around 100 yr (separations about 36.5 kAU) have
also been observed in the field (Tokovinin 2014) as well as for
late-spectral-type M1-M5 dwarf UWPs (Law et al. 2010). In the
latter case, a very high value was found for the multiple frac-
tion per ultra-wide pair, that is, 77’:32% for systems with separa-
tions >4 kAU, very close to what we obtain for the high-order-
multiple fraction derived in Taurus UWPs with separation less
than 10 kAU.

On the other hand very wide pairs composed of extremely
young (~0.1 Myr) Class O objects are relatively common
(Looney et al. 2000; Tobin et al. 2010, 2016; van Kempen et al.
2012; Chen et al. 2013; Lee et al. 2015; Pineda et al. 2015). We
thus conclude that the UWPs in Taurus must have been produced
by a mechanism that acts extremely early on and, indeed, that
these systems may well be the pristine outcome of star forma-
tion itself, as is suggested moreover by the coevality trend.

We contend that the population of UWPs that we identified
in Taurus supports the idea that very wide binary systems are al-
most universally produced in star-forming regions, even though
the physical mechanism leading to their formation remains under
debate.

5.3. A pristine origin for these UWPs

To argue for pristine UWPs, one must ensure that they can sur-
vive dynamical interactions. The destruction of multiple stars oc-
curs either due to the intrinsic instability of the non-hierarchical
multiple stellar system itself or due to the decay of a few Nbody
systems driven by hard or soft encounters with other stars of that
region. For the former mechanism, the timescale is very short,

that is, a few crossing times, or approximately a few 10 kyr
(Reipurth 2000), far less than the Taurus age (few Myr).

Disruption and dissolution of wide binary stars in the Galaxy
by gravitational encounters with other stars, molecular clouds,
and tidal forces due to gravitational potential of the Galaxy is a
long-standing study (Chandrasekhar 1944; Heggie 1975, 1977,
Retterer & King 1982; Bahcall et al. 1985; Jiang & Tremaine
2010). It was estimated that in the solar neighborhood, the half-
life of a binary composed of two solar-type stars separated by
31 kAU is 10 Gyr (Jiang & Tremaine 2010).

We expect that in a low-stellar-density region such as Taurus
(i.e., 1-10 pc~?), dynamical interactions between stellar systems
are rare and soft. We thus expect minor dynamical destruction of
the wide pairs in Taurus, such that most probably wide binaries
in Taurus reveal their pristine configuration. The following argu-
ments on characteristic times associated with the destruction of
binaries due to dynamical encounters will give some support to
these expectations.

Binney & Tremaine (2008) have estimated the effects of dy-
namical encounters of binaries with random stars, allowing us
to derive two destruction timescales for wide binaries. First,
we consider catastrophic single encounters, characterized by a
timescale

™ = \3/14x My (G pe Me a7,
My, )”2 0.05pc3 1 M, (104 AU)M
2M® Pc Mc

T ~ 7.2 Gyr ( (16)

a

Secondly, we evaluate the destruction timescale in the diffusive
regime:

74 ~ 0.085 (0ol Mioib?

min)(lec2 Ca3)_l;
2 _
ki e M (1M 0.05pc> 10* AU
4 ~ 3.5Gyr diff ~ Orel tot © pc )
0.085 4 km s_1 2 Mo\ M, Pe a
(17)

In both cases, a is the semimajor axis, My is the total mass of
the pair, p. is the stellar volumic density, M. is the mass of the
random encounter star, o is the stellar dispersion velocity, and
kg = 0.085(bmin/a)? is a diffusive parameter with by, ~ a
being the impact parameter cut off.

While the semi-major axis a cannot be estimated directly
for these long period binaries, it is statistically correlated with
the projected separation 6, as 6 = a (Leinertetal. 1993;
Tokovinin & Lépine 2012). The closeness of the two values
depends on the chosen eccentricity distribution type, either
flat (f(e) = const.), as observed in solar-type stars from the
HIPPARCOS catalog by Raghavan et al. (2010) for wide bina-
ries, or thermalized (f(e) = 2e), as first theoretically pro-
posed by Jeans (1919), generalized to broader types of distri-
bution by Ambartsumian (1937) and observed in field stars by
Duquennoy & Mayor (1991).

We evaluate the volume density through p. = pw/A ~
1/25 ~ 0.04 pc=3, with p,, being the mean projected surface den-
sity (Eq. (1)) and A ~ 20pc the depth of Taurus (Torres et al.
2007).

Both destruction times are much larger than the age of the
young Taurus star-forming region. Therefore, in such an envi-
ronment, it is extremely unlikely that wide binaries, even with
separation as large as 100 kAU, can be destroyed by dynam-
ical encounters. Numerical simulations have indeed confirmed
that loose associations such as Taurus provide an environment
that is inefficient at binary disruption even at large separation

Al4, page 15 of 33



A&A 599, A14 (2017)

Fig. 15. Schematics for a prolate core with a length d in the main di-
rection and a width of d/n. giving birth to two multiple systems whose
primaries are separated by ¢.

(Kroupa & Bouvier 2003b; Marks & Kroupa 2012). Even if they
use an initial distribution of binary separation up to 10 kAU, we
expect that a same result would be obtained with an extended
binary separation up to 100 kAU.

We may thus feel confident that the very wide pairs popula-
tions in Taurus may trace the initial spatial distribution at birth
without being destroyed by dynamical encounters up to now.

5.4. Core properties for pristine UWPs

In the context of a pristine configuration for the wide pairs, we
look for the initial conditions that could lead to the formation of
such pairs in a core fragmentation model (see Fig. 15).

We thus make the hypotheses that; (1) these UWPs are pris-
tine remnants of the star-formation process; and (2) they form
within a single core with a core-to-star efficiency factor ¢ ~
40% (Konyves et al. 2015). The total mass of parental clump can
be evaluated as My (1 + ag)/ac, where My, is the sum of (pri-
mary) masses and ag My is the mass of inner companion stars
(g = 0 for SS pairs). We also introduce a geometrical shape
factor n. to quantify the propension of clumps to be elongated
and prolate rather than roundish or oblate (n. ~ 2—4, Myers et al.
1991; Ryden 1996; Lomax et al. 2013). From those assumptions,
we get the mean particle density p of an initial core as:

-1
p = Mo/(umy) (4/37088°) " (1 +an)/ac, (18)
where ¢t = 2.33 is the mean molecular weight and my is the
atomic hydrogen mass.

We proceed to compute the median density estimate of
initial cores that would be required to produce each type of

pair pss, PsM, PMM:

4 3 Mo 0.17pc 13 [nc/41?
pss ~ 107 cm [0.7211%][ 5 ] lac /05T (192)
S 3 M 0.12pc 13 [nc/41 (1 +[ap/0.2])
psm ~ 107 em ﬁ][ 5 hcsl (19b)
7 3 Mg 0.017pc 13 [nc /412 (1+[eg /0.2]
Py ~ 3 x 107 em™ | gt | [ 2076 | e AL Ulan/021, - (19¢)
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We then question whether those kinds of cores would be instable
or stable against any perturbation. As the Jeans instability length
is given by:

1/2
bd
A =Cs| = >
(Gp)

where ¢, = 0.2 kms~! is the sound speed at T = 10 K, we derive
the following Jeans length estimates for the three types of pairs:

(20)

P

Ass = 1.2[% pe, (21a)

Asm = 0.7 [(SS—M]pC (21b)
0.2/

Ay = 0.2 [‘SM—M pe, (21¢)
0.017

where Jss, Osm, Omm are the median separations of the three
types of UWPs.

The Jeans length is therefore slightly larger than the charac-
teristic length of the SS fictitious clumps (Eq. (21a)), while it is
smaller for the MM and SM ones (Egs. (21b) and (21c)). In other
words, the latter two appear to be instable against gravitational
(Jeans) instability, while the former appears to be marginally
stable.

Therefore, it is plausible that SM and MM pairs formed
within the same core, while the SS pairs may have formed
through an alternative scenario. We may still consider a pris-
tine origin for them. The two stars may be born in two distinct
but proximate cores. Or alternatively, the two stars may be born
within the same low-density core that becomes supercritical due
to the external potential of the Galaxy (Ballesteros-Paredes et al.
2009b,a) or due to the tidal potential of the parent molecular
cloud (Horton et al. 2001), both scenarios triggering enhanced
fragmentation.

5.5. Towards a fragmentation cascade scenario

We note a negative correlation between the multiplicity within
the UWPs and their separation (see Fig. 11): the multiplic-
ity decreases with wider separation. The fragmentation of
dense molecular cores into UWPs with at least one high-mass
(20.5 M) component seems to have an impact on the probabil-
ity that either one component, and most probably both, will fur-
ther fragment. The extent of this fragmentation cascade would
depend on the separation of the first two fragments. It suggest
a competitive scenario between collapse and an efficient frag-
mentation process of the gas core/clump to create multiple sys-
tems rather than one single object. The densest and most massive
molecular cores in Taurus would produce high multiplicity hier-
archical MM UWPs. Based on the work of Kraus et al. (2011),
this fragmentation cascade scenario may be inhibited at lower
spatial scales, since they found that there is no relation between
a 1-5 kAU-wide binary and innermost high-order multiplicity
distribution.

The probable primordial nature of UWPs suggests a sce-
nario in which the turbulent fragmentation of a molecular fil-
ament forms over-densities (Pineda et al. 2015) that undergo a
fragmentation cascade, producing wide pairs that are themselves
closer multiple systems. These systems may be stable enough to
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survive 1-30 Myr in a low-density environment. This link be-
tween multiple systems and wide pairs has also been outlined by
millimeter observations that show that fragmentation of clumps
can proceed through separate envelopes or inside a common en-
velope (Looney et al. 2000).

5.6. Distributed and clustered modes of formation clues
in Taurus

Taurus is considered as the archetypical star-forming region
that gives rise to isolated prestellar cores, with a typical den-
sity of 10° cm™ and a size of 0.1 pc. The consensus model for
star formation therefore predicts that this cloud will produce a
distributed star population, in contrast with the clustered star-
formation mode that is associated with denser regions such as
p Ophiuchus, with typical core densities of 107 cm™ and sizes
of 0.02-0.03 pc (Ward-Thompson et al. 2007). In this context, it
is worth noting the significant (more than two orders of magni-
tude) difference between the typical densities derived for the hy-
pothesized cores that give birth to the SM pairs and MM pairs.
These results suggest that, despite its overall low core densities,
the Taurus molecular cloud may harbor the two modes of star
formation, isolated and clustered.

6. Conclusion

In the Taurus star-forming complex, we have identified an ex-
tended binary regime up to ~60 kAU using the one point cor-
relation function, ¥, which further allowed us to distinguish
three spatial regimes. The clustering regime has an upper clus-
tering threshold of 0.1° (0.24 pc, i.e., 50 kAU, at the distance
of Taurus). The ¥ function appears to be scale-free (i = r~'3)
over three decades and extends the usual binary regime, as de-
fined by the two-point correlation function, to a very wide pair
regime. We note that the value of the upper clustering length co-
incides with the local maximum of Taurus NH?>* molecular cores
correlation function reported by Hacar et al. (2013). As the lat-
ter indicates a typical separation between the cores, we expect
to see a clustering imprint of stars starting at this value, as is
observed. This length is more than twice the universal typical
width (0.1 pc) of filamentary structures highlighted by Herschel
in Taurus and more generally in Gould Belt star-forming re-
gions (André et al. 2014). The clustering regime is followed by
a regime of stellar inhibition between 0.1° and 0.5° (0.24 pc up
to 1.2 pc), and ends beyond this with a third regime associated
to highly isolated stars.

We have highlighted a major structural pattern in the spa-
tial distribution of stars in Taurus based on their multiplicity sta-
tus. Distinguishing single stars from multiple systems, defined
as having at least one physical companion within 1 kAU, we
highlight a major and unexpected difference in their spatial dis-
tribution based on 1-NNS study: the stellar neighborhood in the
range of 1-10 kAU of multiple stars is more “crowded” than the
single star neighborhood: 40% of multiple systems have a com-
panion within that range compared to 15% for single stars. The
probability that a multiple system has a wide companion is three-
fold that of a single star. We have shown that this excess within
10 kAU is due to the very wide pairs candidates that are more-
over generally composed themselves of two multiple systems.

We have identified a potential very wide pairs population in
Taurus. Our work shows that 55% of our stellar catalog in Taurus
are UWPs in the range of 1-60 kAU. These UWPs are composed
preferentially of stars of the same Class, departing from random
Class pairing, and, thus, pointing towards coeval pairs. The pair

fraction of UWPs follows an almost flat Opik function (+%!4),

extending what has been found for the young binaries at lower
range. This coevality clue and Opik law behavior coupled with
the fact that their 1-NNS distribution differs from random mu-
tual pairs suggests that these may be true physical pairs; indeed,
UWPs with separation less than 5 kAU have been found to be
wide binaries (Kraus & Hillenbrand 2009b).

Amongst the UWP population in Taurus, we distinguish
three different types of UWPs, depending on whether they are
composed either of two multiple systems (MM pairs), a sin-
gle star and a multiple system (SM pairs), or two single stars
(SS pairs). Their properties differ in terms of (primary) mass and
separation range. The MM pairs are composed of more mas-
sive stars (median mass: 0.65 M) and tighter (median value
3.5 kAU, 75% of them having separation below 9 kAU). The
median mass of stars within SS pairs is 0.25 M and their me-
dian separation is 35 kAU (75% of them have a separation above
12 kAU). SM pairs have intermediate properties (median mass of
primaries of 0.5 M, and a uniform separation distribution cover-
ing the whole range 1-60 kAU). Multiplicity in these UWPs is
a decreasing function of stellar primary mass. We also show that
the multiplicity within UWPs increases as the separation of (pri-
mary) stars decreases, showing an increased high-order-multiple
fraction for the tightest UWP targets in Taurus. Class

These differences suggest a different scenario for the forma-
tion of UWPs in Taurus. The “massive” MM pairs most probably
reflect the imprints of the star-formation process within the same
molecular core. Based on estimates of their hypothesized natal
core properties, Taurus may generate both isolated and clustered
star formation. The “low-mass” SS pairs could point to a differ-
ent formation scenario or may result from a dynamical process,
such as low-mass star ejection from multiple systems.

Obtaining parallaxes and proper motions for all Taurus mem-
bers would help tremendously in identifying which of the UWPs
are physical binaries, common proper motion pairs and those
which may form from a dynamical process. This will ultimately
be achieved thanks to the Gaia survey that will determine the
astrometric quantities (angular position, proper motion, and par-
allax) of stars with an accuracy of 20 u and at a brightness of
15 mag, and determine the radial velocity of stars brighter than
16 mag.

Unfortunately, the first Gaia release (Gaia Collaboration
2016) does not provide enough data on the whole sample of stars
in Taurus (only ~5%). We expect that future releases of Gaia,
perhaps as early as the second release, will allow us to firmly
establish the physical status of the UWPs, in turn providing a
means to discriminate between different scenarios for their for-
mation, and more generally will provide invaluable information
on the structure and dynamics of Taurus as a young association
(Moraux 2016).

In summary, we identified a new category of ultra-wide pairs
(UWPs) in Taurus outlining a high order of multiplicity for
tighter ones (separation less than 10 kAU). We suggest that part
of these UWPs may be pristine imprints of their spatial configu-
ration at birth and put forward a cascade fragmentation scenario
for their formation. Furthermore, UWPs may constitute a poten-
tial link between the wide pairs recently identified in very young
Class 0 type objects (0.5 Myr) and the somewhat older but still
young moving groups (~20-30 Myr).
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Appendix A: Spherical geometry

As areminder, this section gives the formulae to obtain the angu-
lar distance Ao~ between two stars on the celestial sphere, given
by the spherical law of cosines:

Ao = arccos(sin @ sin @; + cos @ cos a; cos Ad), (A.1)

where ¢;, 4; (i = 1,2) are, respectively, the declination and right
ascension of the star i, and Ad = |6» — ;] their absolute differ-
ence in declination. Since this above equation is ill-conditioned
for small Ao, it is better to use the following Vincenty formula
(Vincenty 1975) applied to a sphere

Ao =

\/(cos @, sin AS)? +(cos @ sin a,—sin ¢1c0Ss a; cos AS)?
arctan

sin g sin @, +Cos @ COs @, cos Ad

(A.2)

Appendix B: Analytics for k-Nearest Neighborhood
statistics

B.1. Theoretical probability density function (PDF)
and cumulative distribution of 1-nearest neighbor
separation (1-NNS) for spatial random distribution

In this section, we derive the theoretical distribution of 1-NNS
for a random point process in an infinite medium, following
the work done in 3D by Chandrasekhar (1943). The probabil-
ity w(r)dr that the first neighbor of a star is located at a distance
between r and r + dr in 2D, is given by the product of the proba-
bility that there is no stars in a disk of radius r multiplied by the
probability of having stars in a shell area between r and r + dr:

w(r)dr = (1 - ff w(r)dr) X 2rr dr p, (B.1)
0

where p is the mean intensity of the process in an infinite
medium, that is, the average number of stars per unit of surface.
Equation (B.1) may be written as:

d [w(r) — ony w(r)
dr\27rp) p27rrp

(B.2)

Once integrated, from the equation above, we get the probabil-
ity density function (PDF) of the first neighbor distance for a
random Poissonnian process:
w(r) = 2mpr exp(—ﬂprz). (B.3)

The PDF integral is unity (i.e., we have f;w wr)dr =

+00
|- exp(=mpr)| " = 1.
Furthermore, from the 1-NNS PDF (Eq. (B.3)), we get the
related cumulative distribution function W(r) as:

W(r) = f 2npr exp(—mpr?)dr
0
= 1 — exp(-npr?), (B.4)

that allows us to define the characteristic value r, associated to
the quantile g from: g = W(r,) =1 - exp(—n’prg), to get:

ry = In(1/(1 = 9))/(zp). (B.5)
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B.2. Moments of first nearest neighbor distribution
B.2.1. Mean

The theoretical mean 7, of the first nearest neighbor distance in
an infinite medium is computed from the PDF as:

i =E(r) = f+°° rw(rydr
0

= [% - rexp(—ﬂprz)]o , (B.6)

where =E(r) is the expected value of r, and erf(x) is the error
function. Taking the value at 0 and infinity, we end up with a
simple analytical result of first nearest neighbor distance theo-
retical mean 7; in a random process of intensity p in an infinite
medium, i.e., 7; is strictly equal to half of the inverse square root
of the density:

1

. B.7
BV (B.7)

Fi

B.2.2. Variance

From the PDF w(r), we now compute the theoretical variance o>

(o being the standard deviation) of the first nearest neighbor
distance for a random Poisson process,

o’ = f oo(r — »?w(r)dr
0

+00 1 2
=2nrp f r (r - —) exp(—mpr?) dr. (B.8)
0 2+p
The integration gives:

o= 4_7110[ exp(—ﬂprz)(Zﬂ exp(np 1) erf(\7ip r))

+00

+a(l-2+Vary +4 (B.9)

0

We then compute series expansions of the integral at x = 0:

2 4+7T+7l'l"2 271 3
=t — - = r
4mp 4 3 P

- %(n — 4)7rpr4 + O(rs), (B.10)

and then at x = +oo:

rl_i)le 0',2 = —1/(2p)( exp(—nr?)[2pr* =2 \Vp
+(1/2+2/7) — (prr)™

+ 2?3y + 07 H) + 1), (B.11)

to finally get:

o = —2p)" + (4 + m)(dnp)”!

= (4 — m)(4np) " (B.12)
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B.2.3. Skewness

The skewness of a distribution quantifies its asymmetry, and is
defined from the third moment of the distribution. When it is
positive, the peak of the distribution is shifted to the left, that is,
there is a tail towards the right. When it is negative, it is the other
way round. The skewness may be defined from the moments of
the distribution:

v = (B0 = 37EC) + 2777) /(o)
= (3/(4mp™?) = 37/ (np) + 27 ) ()’

=2n(r - 3)/(4 - m)*"?

~ 0.63. (B.13)

We note that the skewness of the first nearest neighbor distribu-
tion of a random spatial distribution is constant, that is, indepen-
dent of the density/intensity of the random process.

B.3. Log PDF

Based on transformation rules, we then derive the theoretical
PDF for the Log(1-NNS) in a random process. Let y = Log(r),
where r is the 1-NNS variable, and thus we have:

w(r)dr = w(y)dy, (B.14)

where w(r) is the PDF of the 1-NNS variable (Eq. (B.3)) and
w(y) is the PDF of the logarithm variable. We get the following
moments for the random k1-NNS theoretical distributions:

w(y) = w(r) (B.15)

8r‘ ( )dr
2= wi)—-
Ay dy
From this relation, we get the PDF of the first neighbor distance
logarithm for a random process as:
w(y) =2 In(10) 7 p exp (—ﬂprz) , (B.16)
where it reaches its maximun value (mode) at ryoq = +/@p . From
Taylor expansion for x < 1, we get:

w(y) ~ 2 In(10)7pr? + O(xY), (B.17)

as we expect in 2D for a random distribution, the first near-
est neighbor 1-NNS distribution function increases as a squared
power law for r < 1//mp. From Eq. (B.16) above, we derive its
logarithmic expression:

logw(y) =log(2 n(10)mp) +2r — (np/In 10)r2. (B.18)

In a Poisson point process in a d-dimensional space with inten-
sity p, the distance r between a point and its kth neighbor is dis-
tributed according to the generalized Gamma distribution:

Po(r) ~ 4 [pvan] exp (—pVq(r)).

V() (B.19)
where Vy4(r) is the volume ball or radius r in d-space.
Va(r) = car’ (B.20)
and ¢4 is the unit volume ball in d-space given by:
ca =72 Td)2 + 1), (B.21)

and I" is the Gamma function. So, in a planar (2D) distribution,
we get:

_ 2(7Tp)k 2k-1 2
Pr(r) = T r exp( OTTr ) (B.22)
The cumulative distribution is then:
Wir) = f Pr(r)dr. (B.23)
0

So for the second nearest neighbor cumulative distribution we
get:

WyHr(r) = f Pr(r)ydr=1- (7rpr2 +1) exp(—yrrz), (B.24)
0

and for the third nearest neighbor cumulative distribution, we
have:

Win)= f Piar=112[expnr?) (mor o +2) - 2)+2].
0
(B.25)

Appendix C: Catalogs

This section gathers the catalogs described respectively in
Sects. 2 and 4.1 of the paper.
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