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ABSTRACT

Statistics of low-mass pre-main sequence binaries in the Orion OB1 association with separations
ranging from 076 to 20” (220 to 7400 au at 370 pc) are studied using images from the VISTA Orion
mini-survey and astrometry from Gaia. The input sample based on the CVSO catalog contains 1137
stars of K and M spectral types (masses between 0.3 and 0.9 M), 1021 of which are considered to be
association members. There are 135 physical binary companions to these stars with mass ratios above
~0.13. The average companion fraction is 0.0940.01 over 1.2 decades in separation, slightly less than,
but still consistent with, the field. We found a difference between the Ori OBla and OB1b groups, the
latter being richer in binaries by a factor 1.64+0.3. No overall dependence of the wide-binary frequency
on the observed underlying stellar density is found, although in the Ori OBla off-cloud population
these binaries seem to avoid dense clusters. The multiplicity rates in Ori OB1 and in sparse regions
like Taurus differ significantly, hinting that binaries in the field may originate from a mixture of diverse

populations.
Subject headings: stars:binary; stars:young

1. INTRODUCTION

Orbital parameters and mass ratios of binary stars de-
pend on their formation environment. It is known that
star formation regions (SFRs) of low stellar density, like
Taurus-Auriga, spawn a rich binary population, includ-
ing a substantial number of very wide pairs (Joncour et
al. 2017). In contrast, in more dense SFRs the binary
fraction is lower, comparable to the field binary popula-
tion (Duchéne & Kraus 2013; King et al. 2012). It is gen-
erally accepted that most stars in the field were formed in
relatively dense environments and that some young wide
binaries were destroyed by dynamical interaction with
neighboring stars. However, Duchéne et al. (2018) found
an excess of close (1060 au) binaries in the dense Orion
Nebula Cluster (ONC), compared to the field. These
close binaries are not susceptible to dynamical disrup-
tion (Parker & Meyer 2014). Critical examination of bi-
nary statistics in several nearby SFRs has led Duchéne
et al. (2018) to the disconcerting conclusion that none of
those groups is compatible with the binary statistics in
the field. However, the excess of binaries with separa-
tions <60 au in the ONC has later been contested by De
Furio et al. (2019).

The ongoing debate on the origin of the field binary
population and the role of SFR density and dynamical
interactions in shaping the binary separation distribu-
tion stimulates further observational studies. Currently
available data on multiplicity statistics suffer from large
errors owing to the small size of available samples and
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from various biases caused by observational constraints
or sample selection effects. Modern large—scale surveys
and catalogs change the landscape by providing large and
homogeneous data sets. For example, the Gaia census of
nearby wide binaries gave new insights on the distribu-
tion of their separations and mass ratios (El-Badry et al.
2019). A sample of ~600 stars in the Upper Scorpius
SFR has been recently observed with high angular reso-
lution to refine the binary statistics (Tokovinin & Briceno
2020).

Here we use the opportunity to learn about young bi-
naries offered by the combination of three modern sur-
veys: CVSO, VISTA Orion, and Gaia. The CVSO
(CIDA Variability Survey of Orion; Briceno et al. 2019)
was an optical, multi-epoch imaging survey that pro-
duced a large sample of pre-main sequence (PMS) stars
across ~ 180deg? in the Orion OB1 association, span-
ning all the region between « jogog = 5lrmh _ gh - and
02000 = —6° to +6° (Figure 1), with an average resolu-
tion of 3" (equivalent to 1112 au at 370 pc) as measured
in the original CVSO images. The young stars were se-
lected based on photometric variability and confirmed by
follow-up spectroscopy. These PMS stars are mostly lo-
cated outside the Orion A and B molecular clouds (Mad-
dalena et al. 1986) and we refer to them as off-cloud PMS
stars. The off-cloud stars have on average low extinction
(Ay < 0.5 mag). The spectral types range, mostly, from
M5 to KO and correspond to masses ~ 0.3 — 0.9 M.
The off-cloud CVSO PMS stars are localized in the two
main sub-associations in which Ori OB1 was been tra-
ditionally subdivided, namely Ori OBla and Ori OB1b
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Fia. 1.— Wide field optical image of the area encompassed by
the CVSO in the Orion OB1 association, showing as an irregular
polygon the approximate footprint of the VISTA Orion Survey
(Petr-Gotzens et al. 2011). The Orion OB1b sub-association is the
region within the dashed line circle, as in Bricefio et al. (2005). The
OBla sub-association is the area to the west of the OB1b region
and the dashed lines north and south of it, which roughly mark
the limits of the Orion A and B molecular clouds, as indicated by
the labels. We also indicate the location of the three Orion belt
stars 9, €, and ¢ Ori, as well as the o Ori and 25 Ori clusters. The
Orion Nebula Cluster (ONC) is also indicated. Photo courtesy of
Rogelio Bernal Andreo (http://www.deepskycolors.com/).

(Blaauw 1964; Warren & Hesser 1977), with further
sub—clustering within each group (Briceno et al. 2019).

The VISTA Orion survey (Petr-Gotzens et al. 2011)
covers a 30 square degree area toward the Orion belt
and was designed to overlap in large parts with the
CVSO footprint, although the total area covered is much
smaller, as shown in Figure 1. Its near infra-red (nIR)
images in the Z)Y,J, H, K, photometric bands have a
typical stellar point spread function FWHM (full width
at half maximum) resolution of 0’9, and allow us to de-
tect binaries down to 06 separation (projected separa-
tion of ~220 au at 370 pc distance). Statistics of wide
binaries can be studied after accounting for chance pairs
of unrelated field stars (optical companions). However,
distinguishing statistically true binaries from random as-
terisms becomes progressively uncertain with increasing
separation and magnitude difference.

The Gaia Data Release 2 (Gaia collaboration 2018),
hereafter GDR2, contains parallaxes and proper motions
(PMs) of most bright stars in the VISTA Orion catalog,
allowing a much more reliable distinction between real
and optical pairs. At the same time, it helps to clean
the main CVSO sample. However, GDR2 has its own
problems, mostly caused by close (unresolved) binaries.
As a result, reliable GDR2 astrometry is available for
most, but not all, stars and companions in Ori OBI.
This difficulty can be partially circumvented by using
the CVSO and VISTA Orion data. So, all three data
sources are more powerful when used jointly.

We define the CVSO-VISTA-Gaia sample of PMS stars
in section 2 and discuss its properties such as distance,
clustering, etc. Then in section 3 the data on binary

stars derived from the combination of the three surveys
are presented and characterized. The resulting binary
statistics are studied in section 4. We summarize our
findings and present our conclusions in section 5.

2. THE CVSO-VISTA-GAIA SAMPLE OF PMS STARS
2.1. Target sample selection

The CVSO catalog of young stars in Orion by Briceno
et al. (2019) served as a starting point for our target se-
lection. The CVSO contains 2062 spectroscopically con-
firmed T Tauri stars widely distributed across the Orion
OB1 association, mostly in the off-cloud regions, covering
well over 100 square degrees on the sky (Figure 1; also,
Figure 21 of Briceno et al. 2019). Though not complete,
we consider the CVSO to be a representative sample of
the population of PMS K and M type dwarfs in the off-
cloud regions of the Orion OB1 association, spanning the
OBla and OB1b sub-associations. First, because of how
the sample was selected, it is not biased toward accret-
ing stars with optically thick disks, as would be the case
of surveys that select objects with strong Ha emission
or near-IR excesses. Therefore, we expect it to contain
a reasonable representation of both accreting and non-
accreting PMS stars, most importantly because the later
constitute the bulk of the population in the slightly more
evolved off-cloud areas of the association. Second, the
spatial distribution of the CVSO PMS stars across the
OBla and 1b sub-associations is uniform enough, and
there should be no significant, unexpected biases due to
sampling only a small area of one or the other region. We
point out that because of how it was constructed, the
CVSO does not represent the much younger, on-cloud
population, which we do not address here.

Positions reported in the CVSO were determined with
a custom pipeline that measured an (x,y) weighted cen-
troid for each object; these positions were translated
to coordinates on the celestial sphere using astromet-
ric transformation matrices referenced to the USNO A-
2.0 catalog (Monet 1998). A positional match between
CVSO right ascension and declination coordinates and
the 2MASS catalog (Skrutskie et al. 2006), using a 1”
radius, yields a Root-Mean-Square (RMS) difference of
0721 £ 0717, sufficient for matching each source with
other catalogs.

We used TOPCAT (Taylor 2005) to match the CVSO
catalog star positions with the VISTA Orion source cat-
alog, that provides accurate positions for ~ 3 million
sources referenced to 2MASS (RMS of ~ 80 mas! for
the residual differential astrometry). The VISTA Orion
source positions are an average of the positions deter-
mined in each of the photometric bands in which a source
was detected. A comparison of the VISTA source posi-
tions with the UCAC 4.0 catalog (Zacharias et al. 2013)
resulted in an RMS of ~ (/27 for the absolute astrometry,
with no systematic offset (Spezzi et al. 2015). Running
a sky match with a 1” search radius between the CVSO
and VISTA catalogs yielded 1216 matches, with an RMS
of (/22 4+ 0”17, which is dominated by the errors in the
CVSO positions.

We further restricted the matched sample as follows.
We selected all stars that spatially belong to the popu-
lations Ori OBla or OBl1b, as shown in Figure 1, but
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we excluded a 0°5 radius around the star ¢ Ori, which
is the center of the eponymous stellar cluster. This led
to an initial list of 1137 stars, 405 in Ori OB1b, and 732
in Ori OBla including the 25 Ori and HR 1833 clusters.
Table 1 contains all targets, numbered sequentially from
1 to 732 and from 1001 to 1407 for the OBla and OB1b
groups, respectively. These internal numbers N, along
with the original CVSO numbers, are used throughout
the paper.

2.2. Cross-match with Gaia and characteristics of the
sample

The next step was to match the sample of 1137 CVSO
stars with VISTA catalog information against the Gaia
Data Release 2 catalog (GDR2). We first used Vizier
to download all stars in GDR2 within a 30" radius of
each of the 1137 CVSO target coordinates. Then, we did
a cross-match between this temporary catalog and the
CVSO positions, using a 5” radius and selecting the near-
est Gaia source. Coordinate differences between CVSO
and Gaia were small for single targets but offsets up to
2" were found for binaries, because CVSO positions refer
to their unresolved (blended) images. When the offsets
between the CVSO positions and the actual positions
of primary components, determined from the VISTA im-
ages as explained below, are accounted for, the rms coor-
dinate difference with Gaia is 0706. Overall, 1078 CVSO
stars have GDR2 astrometry. As for the other 59 ob-
jects, b5 of them have no parallax and PM information
in GDR2, and 4 had no match at all in the GDR2 for
no apparent reason (these stars are single and of average
brightness: CVSO 685, 1097, 1283, 1819). Finally, we re-
placed the CVSO equatorial coordinates with the GDR2
coordinates (equinox J2000, epoch J2015.5), which we
use from now on.

Having folded in GDR2 astrometry with the CVSO-
VISTA sample, we can now take a look at the overall
astrometric properties of our target sample. The top
panel of Figure 2 shows the location of the 1137 target
stars on the sky, where the symbols are colored according
to the GDR2 parallax. The 55 stars with no parallaxes
or PMs in the GDR2 and the 4 missing stars are marked
with crosses. The bottom panel of Figure 2 shows the PM
distribution of the 1078 targets having GDR2 astrometry.
The closer stars (in red) are more tightly concentrated
in PM space, while the more distant population (green
and blue) has a larger PM scatter.

As already noted by Briceno et al. (2019), the GDR2
astrometry shows that Ori OB1 stars are mostly located
at distances from 300 to 450 pc, depending on the group.
They also show, in accord with Figure 2, that the par-
allaxes in Ori OB1b have a bi-modal distribution, indi-
cating that closer stars, possibly belonging to Ori OBla,
project on the more distant Ori OB1b group.

The detailed structure of the Orion star-formation re-
gion is complex. It has been the subject of several stud-
ies using GDR2 astrometry (Zari et al. 2019) and, ad-
ditionally, radial velocities (Kounkel et al. 2018). Most
of our targets belong to the groups C and D identified
by Kounkel et al.; these groups have different mean dis-
tances (416 and 350 pc, respectively) and radial velocities
but spatially overlap on the sky. Since the structure of
the Ori OB1 association is outside the scope of this paper,
and our focus is on binaries, we use the traditional divi-
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Fia. 2.— Top: location of the 1137 CVSO-VISTA objects on the
sky (squares for OB1la, triangles for OB1b). The points are colored
by parallax in the range from 2 to 3 mas, as shown by the color
bar. Black crosses are stars without GDR2 parallaxes. The dashed
circle indicates the approximate boundary of the Ori OB1b group.
Bottom: distribution of the sample of 1078 objects with GDR2
astrometry in proper motion space. The symbols and colors are
the same as in the top panel.

sion into OBla and OB1b groups based only on the sky
location, following the boundaries used by Briceno et al.
(2005, 2019). Their mean parallaxes are 2.748 and 2.576
mas respectively, corresponding to distances of 363 and
388 pc. The mean PMs are close to zero and have a dis-
persion of ~2 mas yr—!. We point out that groups OBla
and OB1b as considered here are, however, not homoge-
neous in terms of their age and distance. OBla contains
clusters like 25 Ori and HR1833 within the more widely
spread "field” PMS population. Though it seems clear
that OBla as a whole is a population originating in an
earlier star-forming episode compared to OB1b (Kounkel
et al. 2018; Briceno et al. 2019), the ages and distances
we use are only indicative.

Using GDR2 astrometry, in the next section we will
investigate the membership of our targets to Ori OBla
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and Ori OBl1b, and identify likely non-members. In
fact, Briceno et al. (2019) note that their catalog of
Orion PMS stars can still be slightly contaminated by
active foreground K- and M-type dwarfs with spectral
signatures resembling those of PMS stars. For exam-
ple, CVSO 569 is a 6”2 pair of similar stars with al-
most identical PMs of (—20, —7) mas yr~! and parallaxes
about 4mas; this is a physical binary, and its spectrum
does show Ha in emission and Li I 6707 in absorption,
therefore it is clearly a low-mass, PMS star but likely
foreground and unrelated to the Orion OB1 PMS pop-
ulation. Finding young stars with motions discrepant
from those generally agreed to characterize the bona-fide
Orion OB1 population seems increasingly less surprising,
since recent studies find that the structure of the stellar
population across Orion is richer and more complex than
previously thought (Chen et al. 2019; Kos et al. 2019).

2.3. Analysis of the GDR2 astrometry

The large distance to Ori OB1 and its small PM mean
that very accurate astrometry is needed to discriminate
true association members from foreground and back-
ground stars. In addition, unresolved binaries degrade
the quality of GDR2 astrometry. Therefore, we focus in
the following on filtering out from our targets the likely
non-members, but keep those that potentially have their
Gaia astrometry compromised due to the presence of a
binary companion. The latter can be evidenced in three
different ways.

First, pairs with separations from (/1 to 0”7 and
moderate magnitude difference Am often have undeter-
mined astrometric parameters (parallax and PM) be-
cause they were recognized as non-point sources. For ex-
ample, all GDR2 stars without parallaxes were resolved
in the speckle interferometric survey of Upper Scorpius
(Tokovinin & Bricerio 2020). There are 55 of our targets
that do not have GDR2 parallaxes (section 2.2). Sec-
ond, the GDR2 astrometry of many close binaries, when
present, is often substantially biased because their mo-
tion does not conform to the standard 5-parameter as-
trometric model. Typically, these stars have large errors
of astrometric parameters, e.g. the parallax error o.
Our experience shows that the parameters of such stars
can deviate from their true values (known, e.g., from
wide components of well-resolved physical triple systems)
much larger than allowed even by those inflated errors.
In short, the GDR2 astrometry of these stars is unre-
liable. Third, even when the 5-parameter astrometric
model is adequate, the PM can still be slightly biased by
the orbital motion in a long-period binary. A solar-mass
binary with a semimajor axis a (in au) and a typical mass
ratio of 0.5 would have the orbital PM on the order of
1.8(10/a)®® mas yr~! at a distance of 370 pc.

In order to define a measure for the reliability of GDR2
astrometry specific to our target sample, we plot in Fig-
ure 3 the parallax error vs. G magnitude for all targets
with GDR2 astrometry and having G < 19. Note, for
very faint targets the GDR2 astrometry becomes very
uncertain and we therefore reject a priori 17 stars with
G > 19, which means in the context of our analysis we
define those as non-members. The distribution shown in
Figure 3 follows a well-defined trend which we approxi-
mate by the formula

00(G) = 0.024 + 0.017(G — 13) + [0.025(G — 16)?], (1)
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F1G. 3.— Parallax errors vs. G magnitude (crosses). The full line
is 09(G) defined by equation. 1, the dashed line represents 209 (G).

where the quadratic term is added only for G > 16 and
00(G) is in mas. We then use the ratio of the parallax
error to its model, 7 = 0 /00(G), as a measure of the
excess astrometric noise indicative of biased GDR2 as-
trometry. The Gaia errors depend on the source position
on the sky, and we caution against using our simplistic
model (1) in a more general context; it is just suitable
for Orion.

Figure 4 plots the parallax and total PM of our targets
with colors that correspond to r,. Targets with reliable
astrometry, defined here as r, < 2, are tightly concen-
trated at parallaxes between 2.2 and 3.2 mas and PMs
below 3 mas yr~!. A bi-modal distribution of parallaxes
can be noted. Considering potential biases caused by
unresolved binaries, we adopt the following relaxed cri-
teria. Targets with G < 19 and parallaxes from 1.5 to
4 mas and a total PM less than 5mas yr—!, irrespective
of their excess noise r, are considered astrometrically
confirmed members of Ori OB1. There are 934 stars that
comply with these criteria and are assigned a member-
ship flag 2 in Table 1. The high rate of astrometrically
confirmed members of Ori OB1 validates the spectro-
scopic and photometric selection of young stars adopted
in the construction of the CVSO sample. For compari-
son, Kounkel et al. (2018) adopted a parallax range from
2 to 5 mas and the PM limit of +£4mas yr~! in both
coordinates as membership criteria.

All targets with reliable astrometry, i.e. ro, < 2, but to-
tal PM and parallax values outside our adopted selection
box are considered astrometric non-members (member-
ship flag 0 in Table 1, 89 stars). The remaining 41 stars
with unreliable GDR2 astrometry (likely close binaries)
outside the adopted parallax and PM limits (including
three with negative parallaxes) are considered as mem-
bers, unless their total PM is larger than 13mas yr—!.
This PM threshold is chosen by examining the tail of the
PM distribution and applies to only 6 stars, which means
35 stars are finally considered as members. These mem-
bers are assigned the membership flag 1 to distinguish
them from astrometrically confirmed members. Mem-
bership flag 1 is also assigned to 52 stars with missing
GDR2 astrometry and G < 19. Admittedly, the thresh-
old 7 < 2 used here to define reliable astrometry is
arbitrary; a smaller threshold of 1.5 increases the num-
ber of targets with questionable astrometry by 56, but
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FiG. 4.— Correlation between parallax and total PM for our
sample. The symbols are colored according to the excess error 7,
as shown by the color bar. The dotted box shows the limits of
parallax and PM adopted for the 934 astrometric members.
combination of all membership criteria leads to the same
sample size of 1021.

The four stars not found in GDR2, the 17 stars fainter
than G = 19 mag, and the 6 stars with unreliable GDR2
astrometry and total PM larger than 13mas yr—! are
excluded from the following statistical analysis together
with the astrometrically confirmed non-members (mem-
bership flag 0). The numbers of targets with various
membership status are reported in Table 2. Overall,
there are 1021 members, 658 in Ori OBla and 363 in
Ori OB1b. We provide data for all 1137 targets of the
original sample and their companions and use the mem-
bership flag defined here only for evaluation of the mul-
tiplicity statistics.

The CVSO-VISTA-Gaia targets are listed in Table 1.
They are numbered sequentially from 1 to 732 for stars in
Ori OBla and from 1001 to 1407 for those in Ori OB1b
(the latter group contains 405 stars). Within each group,
the targets are ordered in the right ascension. These
numbers N, along with the CVSO numbers from Briceno
et al. (2019), link the targets to the lists of double stars
presented below. In the following columns of Table 1 we
give the information extracted from GDR2, namely the
equatorial coordinates (equinox J2000, epoch 2015.5),
parallax o, its error, proper motions p} and pus, and
the G band magnitude. The J magnitude from 2MASS
and the spectral type are retrieved from the CVSO cat-
alog. The last three columns contain the excess noise
rw (zero if parallax is not known), the membership flag,
and, for binaries, the separation in arcseconds.

2.4. Photometry and CMD

Figure 5 shows cumulative distributions of J magni-
tudes for members of Ori OBla and Ori OB1b. The
medians are 13.21 and 12.93 mag, respectively, consis-
tent with Ori OBla being slightly older than Ori OB1b;
the median G magnitudes in these groups are 16.20 and
15.89 mag.

The color-absolute magnitude diagram (CMD) in Fig-
ure 6 shows only 934 astrometrically confirmed members
of the association with measured parallaxes. We plot the
4 Myr and 10 Myr PARSEC isochrones for solar metallic-
ity (Tang et al. 2014) using the 2MASS and Gaia colors
and mark corresponding masses; these ages are consistent
with those adopted by Bricefio et al. (2019) for OB1b
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Fic. 5.— Cumulative distributions of J magnitudes for all targets
classified as members (flag 1 or 2).
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Fi1c. 6.— Color-magnitude diagram. Known binaries with sepa-
rations less than 57 are plotted by green triangles, other stars by
blue crosses. Absolute magnitudes have been derived for each star
based on its parallax. Two PARSEC isochrones for solar metal-
licity are plotted. The squares on the isochrones and numbers
mark masses from 0.3 to 0.9 M. The line marks the effect of an
Ay = 0.5 mag extinction.

(5 Myr) and OBla (~ 11 Myr); remember though that
these groups are not strictly coeval, as noted before. We
do not use here the VISTA Orion photometry because
for brighter targets it is biased by saturation. The ex-
tinction is not corrected for, but since these are off-cloud
populations, the overall reddening is small. In fact, for
our sample the median extinction Ay determined in the
CVSO catalog (Briceno et al. 2019) is 0.36 mag. About
24% targets have Ay = 0, and only 11% have Ay > 1
mag. According to Danielsky et al. (2018), Ay = 1 mag
corresponds to Ag = 0.47 mag and A; = 0.24 mag for a
star of 4000 K effective temperature. The Ay = 0.5 mag
vector plotted in Figure 5 displaces stars almost paral-
lel to the isochrones. The low-mass stars appear to be
bluer (or fainter) compared to the isochrones, showing
that evolutionary models of PMS stars are still far from
perfect. This systematic deviation from the isochrones is
confirmed by our photometry of binaries, see section 3.5.

Binary stars are located on the CMD above the single-
star isochrone. Known binaries with separations less
than 5" are distinguished in Figure 6 by green triangles.
The G magnitudes of those 61 targets refer to the pri-
mary components resolved by Gaia, while their J magni-



TABLE 1
CVSO-VISTA-GAIA SAMPLE (FRAGMENT)

N CVSO 2000 02000 w O 759 us G J Spectral 1o  Memb. p

(deg) (deg) (mas) (mas) (masyr~!) (mag) (mag)  type )

1 405  79.57240 —0.32216 3.41 0.37 0.98 —0.28 18.56 14.99 M4.5 1.30 2 0.00

2 408 79.60478 —0.33421 2.73 0.27 1.14 0.38 18.56  15.02 M3.0 0.96 2 0.00

3 416 79.68400 —0.56678 2.86 0.03 10.50 17.79 14.73 12.59 MO.0 0.51 0 0.00

4 425  79.76144 —0.54096 3.00 0.08 1.73 —1.02 16.07 13.11 M3.0 1.04 2 0.00

5 427 79.78025 —0.09696 2.55 0.17 1.52 —-0.89 17.62 14.41 M3.0 1.01 2 0.00

6 432 79.82293 —0.18850 2.78 0.08 2.00 —-0.82 16.51 13.49 M4.0 0.86 2 3.44

Separation [arcsec]
TABLE 2 0 WE)O
CLASSIFICATION OF THE TARGETS 100[ B - 1
r : Ori OB1a ]
Member flag N 0<7rp <2 7o >2 1o =0 80 OTEUQBAL? e [
2 934 869 65 0 o i 1
1 87 0 35 52 o 60 -
0 116 102 7 7 > r ]
c L ]
. L S 40f ]
tudes from 2MASS refer to the combined light, displacing = r 1
the points to the right by as much as 0.75 mag. How- W H E
ever, the majority of binaries are not recognized because 201 ]
they are closer than 06, the resolution limit of our sur- o r
Il Il

vey. Binarity certainly contributes to the scatter in the
CMD.

The CMDs of various sub-groups of the Ori OB1 as-
sociations are plotted and discussed by Briceno et al.
(2019) and Kounkel et al. (2018). They derive model-
dependent ages ranging from 4 to 13 Myr for various
sub-groups. However, even within one sub-group the
spread of the CMD is substantial. One of the reasons
is that all CVSO stars are variable (this was one of the
selection criteria in building the sample). The variability
of low-mass PMS stars ranges from a median value of 0.5
mag in the V' band for accreting Classical T Tauri stars,
caused by a combination of variable accretion, rotational
modulation by hot/cold spots and possible disk obscu-
ration, down to ~ 0.3 mag for the non-accreting Weak-
lined T Tauri stars, in which variability is mainly due to
rotational modulation by dark spots and chromospheric
activity (Briceno et al. 2019). The photometry provided
in the CVSO catalog is averaged over time, reducing the
impact of variability. But the 2MASS and Gaia photom-
etry are not simultaneous, and they are mostly single-
epoch measurements, therefore variability contributes to
the errors of colors and increases the scatter in the CMD.

Figure 6 implies that most CVSO stars have masses
between 0.3 and 0.9 Mg, with 0.4 to 0.8 Mg being
dominant, i.e., spectral types ~K2 to M4 (see Figure 1
in Briceno et al. 2019). However, masses of PMS stars
estimated from absolute magnitudes or colors are known
to be highly uncertain. The isochrones appear to deviate
systematically from the observed pre-main sequence, and
the problem is aggravated by the intrinsic variability of
all CVSO stars that adds uncertainty of magnitudes and
colors. Moreover, ages for individual stars are not well
determined and there appears to be a considerable age
spread in both sub-associations. Given these intrinsic
uncertainties, we refrain here from estimating individual
masses and mass ratios. A crude estimate of mass ratios
based on the isochrones is used here only for the purpose
of translating the limit of our survey from photometric
contrast into approximate mass ratio. The isochrones

10*
Separation [au]
Fic. 7.— Surface density of companions vs. separation in Ori

OBla and OB1b. The dotted line shows the companion density in
Taurus according to Larson (1995).

suggest that the magnitude difference in the J band is
related to the mass ratio of a young binary ¢ = My /M,
as ¢ ~ 1079327 (see section 4.1). In the following, we es-
timate approximate mass ratios using this formula with-
out insisting on its correctness or uniqueness. Accord-
ing to this relation, binaries with AJ < 3(2) mag have
g > 0.13(0.25). Therefore, by restricting our statistical
analysis to pairs with AJ < 3 mag, we cover most of
the mass ratio range, while rejecting fainter (and mostly
unrelated) companions.

2.5. Clustering and chance projections

Companions belonging to the Ori OB1 group according
to the astrometric and photometric criteria are not nec-
essarily bound to the main targets. Instead, they could
be random pairs of association members projecting close
to each other on the sky. To elucidate this issue, we
computed the spatial density of CVSO stars around each
target in 4 annular zones with a logarithmic radius step
of 0.5 dex, from 9” to 900" (0°25). The two subgroups
OBla and OB1b are treated separately. The surface den-
sity of association members in annular zones around our
targets is plotted in Figure 7, assuming a common dis-
tance of 370 pc. The average density in both groups is
similar, about 55 stars per square degree.

The dotted line in Figure 7 depicts the companion den-
sity in Taurus which, according to Larson (1995), is well
approximated by a broken power law with the exponents
of —0.62 at separations exceeding 10* au and —2.15 at
closer separations. Compared to Orion OB1, Taurus has
a much lower density and a stronger clustering inher-
ited from the structure of molecular clouds. In contrast,
in the older Orion OBI1 association the stars are well



mixed at scales less than a parsec, although they retain
clustering at larger scales (Bricefio et al. 2019, see also
Figure 2).

The first bin shows a reduced stellar density in Ori
OBla compared to larger scales, in strong contrast with
Taurus. Taken at face value, this implies an anti-
correlation, i.e. avoidance of close pairs relative to a
uniform distribution. Most likely, this is a selection ef-
fect that arises from the construction of the CVSO sam-
ple. It used multi-fiber spectroscopy for confirming the
PMS nature of ~ 70% of the candidates. Because there is
a minimum distance on the sky between adjacent fibers
(e.g. 20" for Hectospec; Fabricant et al. 2005), close
companions (also PMS stars) would not have been ob-
served for this technical reason. Therefore, we ignore this
effect and assume that the average density is 55 stars
per square degree in both groups. This means that we
expect to find 1.4 and 5.4 random pairs of association
members within 10” and 20", respectively, in a sample
of 1021 stars. However, this is only a lower limit be-
cause the CVSO does not contain a complete census of
the association members; this is further explored below
using GDR2. The expected number of random pairs is
subtracted in the following analysis of the separation dis-
tribution. We restrict the statistical analysis to separa-
tions below 20” and to moderate Am to minimize the
impact of random pairs. Extending these limits would
aggravate the uncertainty caused by random pairs of as-
sociation members.

3. OBSERVATIONAL DATA AND THEIR ANALYSIS

Our primary source of data on binaries is the exami-
nation of the images from the VISTA Orion mini-survey.
We attempted to detect almost all companions within
7" from all original 1137 CVSO stars visible in the im-
ages and only later realized that the detection depth is
excessive for our survey that needs only a contrast up to
3 mag. When studying the binary frequencies (section 4)
we will restrict the analysis to the members of Ori OB1.
We complemented the image analysis by searching for
wider pairs in the VISTA Orion photometric catalog and
by identifying all pairs in the GDR2. Joint analysis of
this information allows us to discriminate real binaries
from unrelated (optical) asterisms and sets the stage for
the statistical analysis presented in section 4.

3.1. Detecting binaries in the VISTA images

The VISTA Orion mini-Survey (Petr-Gotzens et al.
2011) provides seeing-limited images with a typical
FWHM resolution of 079 (details are given at the end
of this section). Data were acquired with VIRCAM,
the VISTA nlIR wide-field imaging camera that has
an average pixel scale of 07341/pix. Observations at
Z,Y,J, H, Ks; bands for one field were executed sequen-
tially in all filters, spanning no more than 2-3 hours in
total. This way effects of variability on the stars’ colors
should have been diminished.

For each CVSO target, fragments of VISTA images
of 43x43 pixels, corresponding to a size of 1477x14"7,
centered on the nominal target position reported in the
CVSO catalog were selected. They are called “postage
stamps” or “stamps”. Companions with separations up
to 7 (up to 10” in the corners) can be found in these
postage stamps. The VISTA/VIRCAM focal plane is

CVSO 1195 Residuals

|

CVSO 1516 RESUELS

Fic. 8.— Modeling the postage-stamp images by Moffat func-
tions. The images are shown on the left, the residuals on the right.
Top: the image of target 1027 (CVSO 1195) in the H band with
three stars. Note another faint star in-between that has been ig-
nored. Bottom: the image of target 1176 (CVSO 1516) in the J
band, with an insert showing residuals for the main star indicating
the elongation. The residuals after fitting three stars (on the right)
are smaller.

a mosaic of detectors, with large gaps in between, that
must be dithered in a 6-point pattern to contiguously
fill the field of view. Furthermore, at Z and Y filters
long and short exposures were taken. This means tar-
gets were imaged several times in all five filters. How-
ever, images where targets fall near a detector edge are
partially truncated. Among the 37,464 postage stamps
used in this project, 836 severely truncated ones are ig-
nored. On average, there are 5 images per target in the
filters Z and Y, 10 images in J and H, and only 2.4 in
K; some targets lack the K,—band images altogether.

We used a custom IDL code to process these images,
automating the work as much as possible. For each tar-
get, the program selects all postage stamps and displays
the chosen (usually the first) image in a graphical win-
dow. The user defines the number of visible stars and
their approximate positions and fits a model to deter-
mine accurate relative positions and intensities of these
stars. Modeling of all other images of this same target
can then be done by one command, using previous results
as a first approximation.

Several important comments are in order here. First,
all CVSO targets are 4 to 6 mag brighter than the
faint magnitude limit of the VSTA Orion survey, assur-
ing that well-resolved companions with a contrast un-
der 3 mag are always securely above the noise-limited
detection threshold. Second, no good estimates of the
point spread function (PSF) are available because many
postage stamps contain just one star, the target itself.
So, a decision on whether the PSF asymmetry is caused
by a close semi-resolved companion or by a residual tele-
scope jitter (the ellipticity of most images reported in the
headers is under 0.05, but in some cases reaches 0.1) is
not always straightforward. Unlike the situation in the
survey of De Furio et al. (2019), where accurate mod-
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els of both PSF and noise were available, detections of
close companions in the VISTA images cannot be auto-
mated and their significance cannot be rigorously eval-
uated by a metric like x2. On the positive side, how-
ever, we have multiple images of each target obtained
under different seeing conditions in five filters. There-
fore, the companions are confirmed as many times as
there are images. Mutual agreement of binary-star pa-
rameters derived from many independent postage-stamp
images guarantees the reliability of detections; they are
all secure and there are no false positives, as indicated by
the independent detection of all, except one, VISTA close
binaries (076 < p < 172) by GAIA and/or high spatial
resolution observations (cf. section 3.7). The detection
limit is further discussed in section 3.4.

The background level in each image is determined by
the median pixel value and further refined by excluding
pixels around known stars within a radius of four times
the FWHM resolution, typically about 12 pixels. Images
of stars that do not overlap significantly can be modeled
by fitting a symmetric Moffat profile
F(x,y) = MW’ r? = (z—po)’+(y—p)® (2)
with five free parameters pg, p1,p2,p3 = a,ps = 3. The
first two parameters are pixel coordinates of the center,
the third is the maximum intensity, the parameters a
and ( define the width and shape of the point spread

function (PSF). The FWHM equals 2av/2'/# — 1. The
background level is subtracted prior to fitting and not
included in the model. The PSF is fitted by minimizing
R, the un-weighted normalized rms difference between
the image I; and its model M; over all pixels ¢ within a
radius of 10 from the center:

R— \/ZUZ-—MM/\/ZIE. 3)

The residuals for single stars are dominated by the dif-
ference between the actual PSF shape and its model (2),
rather than by the detector and photon noise. Hence R is
the appropriate goodness of fit metric and its minimiza-
tion achieves the best approximation of the PSF shape.
For modeling saturated stars, pixels near the center can
be excluded. We also tested elliptical Moffat models with
two additional parameters, ellipticity and orientation,
but found that the symmetric model (2) works well in
most cases; therefore, the elliptical Moffat function was
not used.

When the pair is well separated, we model the sec-
ondary star by fixing the PSF parameters to those of the
primary and fit only the position and relative intensity.
For partially overlapping stars, we have the option of ad-
justing the common parameters a and ( for all stars, i.e.
2 + 3n parameters for an image containing n stars. This
method works very well even for close (blended) pairs
and it was used for measuring all companions. Residuals
after fitting a triple source 1027 (CVSO 1195) are shown
in Figure 8. The two companions are separated from the
main star by 6”7 and 8’7 and have AJ of 2.3 and 2.9
mag, respectively; both are unrelated field stars.

Detection of close binaries with separation less than the
FWHM is helped by modeling the PSF by a symmetric
Moffat function and visual examination of the residu-
als. A persistent asymmetry of multiple images of the

same target indicates a real companion, as opposed to
occasional PSF elongation. An a posteriori test of com-
panion detection is furnished by comparison with Gaia
(section 3.3). The lower panel of Figure 8 illustrates
modeling of the close binary star 1176 (CVSO 1516) in
an image with a FWHM resolution of (/96. The residu-
als after approximating the central star by a symmetric
Moffat function (in the insert) have a “butterfly” shape
indicative of asymmetry and are large, R = 0.156. Mod-
eling the central star by two point sources separated by
0”61 yields smaller residuals of R = 0.056. This pair
and the 0775 pair # 697 (CVSO 1567) were overlooked
initially in the VISTA images but found in Gaia and re-
fitted. All other overlooked Gaia pairs are closer than
0”6.

Although our statistical analysis considers only com-
panions with a contrast up to 3 mag, for the sake of
completeness we report in Table 3 all companions with
Am < 7 mag found in the postage stamp images. Its
first two columns give the sequential and CVSO num-
bers matching those in Table 1. The position angle 6
and separation p are average values for all processed im-
ages in all filters where the given companion is detected.
The rms scatter o, gives an idea of the internal agree-
ment between these measurements. The following five
columns give the average magnitude differences in the
VISTA Z)Y, J, H, K; bands. The remaining five columns
contain the rms scatter of Am in each filter where two or
more measurements are available. For a single measure-
ment, the scatter is zero. Some companions lack mea-
surements in some filters either because these images are
unavailable or because the companions were not detected
owing to noise or truncation. Table 3 contains 490 rows,
i.e. unique companions to our 1137 targets, with all com-
panions having a detection in at least two filters. The
majority of targets have one companion, and at most
four. Most of these companions are unrelated field stars.

The Moffat models also provide the FWHM resolution
in each image through parameters a and . Its median
value is 0788, the mean is 0789, and the dispersion is
(0720. Ninety per cent of FWHM values are comprised
between 0774 and 1712.

3.2. Wide pairs in the VISTA Orion photometric
catalog

The VISTA Orion photometric catalog contains equa-
torial coordinates and Z,Y,J, H, K, magnitudes of all
point sources found in the survey. The catalog is typ-
ically complete (at 100 significance) to Z = 21.7, J =
19.6, and K, = 17.9 mag, as inferred from the histograms
of the magnitudes. This ensures that the companion
search in the catalog is sensitive to all companions with
AJ < 3 mag, as the faintest target has J ~ 16 mag.

The catalog was also used to study the stellar density
as a function of magnitude in the area of the Ori OB1
association, to account statistically for the background
contamination. The number of stars n per square de-
gree brighter than a certain J magnitude is log,,n(J) ~
3.44 4+ 0.24(J — 15) in both groups of Ori OB1. These
models are no longer needed in the light of Gaia, but
could be used to compute the density of unrelated com-
panions.

We retrieved as companions all catalog stars that are
separated between 2" — 20” from the CVSO target po-
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COMPANIONS FOUND IN THE IMAGES (FRAGMENT)
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F1Gg. 9.— Separation versus AG of companions found in Gaia

within 20”. The line shows the detection limit AG < 5(p — 0.5)04
that approximates the detection limit at 50% probability found by
Brandeker & Cataldi (2019).

sition and have AJ < 3 mag. Separations and position
angles of these wide pairs are deduced from the equato-
rial coordinates. We compared the results of our postage-
stamp processing with the VISTA Orion catalog for pairs
wider than ~2"”. The comparison revealed that coordi-
nates of single stars in the CVSO catalog match their
VISTA Orion coordinates with a median offset of only
07047 and the maximum offset of 0723. However, for
binaries the spatial match was much worse because the
CVSO positions refer to the centroids of blended images
owing to its 3" typical FWHM resolution. Our image
analysis gives the offsets of the main component from the
postage-stamp center (which is at the CVSO position).
The CVSO coordinates corrected for these offsets match
the VISTA positions with a median difference of (//05.
The improved target coordinates also help to match the
main stars to the GDR2 without ambiguity. Overall, we
found a very good agreement between the relative as-
trometry and photometry of common pairs produced by
our image modeling with those derived from the VISTA
Orion catalog, although there are a few outliers. Com-
panions wider than 7" are found in the VISTA Orion
catalog, without the need to examine the images. We
added 411 wide pairs with AJ < 3 mag and separa-
tion 7”/< p < 20” to the companion list, thus extending
the separation range to 20”. The majority of these wide
companions are unrelated field stars, as shown below in
section 3.5.

3.3. Companions in GDR2

The GDR2 catalog was queried within 30" radius of
each target. The coordinate offsets determined from the
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F1a. 10.— Comparison of double-star astrometry between VISTA
Orion and Gaia. Squares are astrometrically confirmed association
members, pluses are other (mostly optical) companions with AG <
3 mag. The top plot compares separations, the lower plot shows
the tangential difference psin Af. The axis scale is in arcseconds.

image analysis helped to match securely the main targets
with GDR2 (the coordinates agree within ~0706).

Most stars found in GDR2 around each target are un-
related (optical) companions. Their separations and AG
are plotted in Figure 9. We matched the VISTA Orion
pairs to the list of companions in GDR2 and thus re-
trieved the GDR2 astrometry and photometry for all
pairs, except for four close ones with separations below
~0!7 (targets No. 392, 597, 1071, 1270) not resolved by
Gaia (possibly their secondary components were too faint
in the G band). Conversely, six close pairs in GDR2 were
not recognized in the VISTA images (targets No. 253,
458, 697, 1176 1257, 1258). All except two have sepa-
rations below (/6. Sources 697 (0775) and 1176 (0761)
were overlooked in the original analysis of the VISTA
images and added later (see Figure 8). All other com-
panions found in GDR2 with separations >0"6 were also
detected in the VISTA images or in the survey catalog.

The membership in the Ori OB1 association was tested
for each companion candidate with reliable astrometry
(measured parallax and PM and r, < 2). If its paral-
lax and PM satisfy the membership criteria adopted here
(Figure 4), the pair is considered real (physical) and its
flag is set to Pastro = 1. Otherwise, pastro = 0 and the
pair is considered optical. For 78 companions with miss-
ing or unreliable astrometry, we set pasiro = 0.5 and use
other criteria to test their membership (see section 3.5).
The rms PM difference between the primary and sec-
ondary components of 40 physical pairs with pastro = 1,
p < 5", and reliable GDR2 data for both components is
0.6 mas yr—!. We suspect that unrecognized inner sub-
systems contribute to the scatter of relative motions in
these wide pairs.

We compared the relative astrometry derived from
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F1G. 11.— Location of companions in the (p, AJ) plane. Squares
denote pairs found in our image analysis, crosses plot companions
found both in the images and in the VISTA Orion catalog. The
dashed line is the empirical detection limit (eq. 4), the dotted rect-
angle marks the limits of our statistical analysis.

the VISTA images with the presumably more accurate
GDR2 astrometry (Figure 10). The agreement is excel-
lent for astrometrically confirmed members with p.siro =
1 and p < 7, measured by us in the images. The mean
offsets between the relative companion’s positions in the
VISTA images and in Gaia in the radial and tangential
directions are +1 and +2 mas, respectively, while the rms
scatter of these offsets is 8 mas in both directions. On the
other hand, the positions of pairs wider than 7" rely on
the coordinates from the VISTA Orion catalog and are
accurate only to a fraction of an arcsecond.

3.4. Detection limit

Figure 11 plots the location of all companions in the
(p, AJ) plane. One can appreciate the advantage of our
image analysis in terms of resolution and contrast, com-
pared to using solely the VISTA Orion catalog.

The companion detection in the VISTA images de-
pends on the variable FWHM resolution and on the sig-
nal to noise ratio. Here we use the simplified optimistic
empirical detection limit (dashed line in Figure 11) de-
scribed by the formula

AJ < 6(logp +0.25)°°  p>076. (4)

This formula is chosen “by eye” to fit the envelope of the
points. We also studied the empirical detection threshold
as a function of FWHM resolution, but, considering the
limited range of FWHM variation and multiple images
available for each target, decided on a simpler alternative
(4). According to this formula, all pairs with separation
p > 172 and AJ < 3 mag are detected in the images.
In the following, we restrict the statistical analysis to
pairs with AJ < 3 mag and ignore fainter companions,
making their detection limit irrelevant to our study. Only
the contrast and resolution limit at small separations is
relevant.

As noted above, all our detections with p > 076 are
secure (no false positives). However, visual detection
of close companions by examination of residuals after
subtracting the Moffat profile is subjective. Compari-
son with Gaia reveals that two close pairs were actually
missed by our subjective procedure; they were recovered
later by modeling images as a double, rather than single,

1168 CVSO 1490 1281 CVSO 1743

-

1.06", 2.5 mag

1.25", 2.9 mag

Fi1Ga. 12.— Postage-stamp H-band images of two triple systems
with close faint companions, in negative rendering. Separations
and AJ of close inner pairs are indicated. Left: target 1168 (CVSO
1490), FWHM resolution 0”73. Right: target 1281 (CVSO 1743),
FWHM resolution 0”/87.

source. Conversely, four similarly close pairs were unre-
solved by Gaia. The mean AJ of physical companions
in the 076-172 and 172-2"”4 separation bins are 0.86 and
0.95 mag, respectively.

To further probe the adopted detection limit, we ex-
amined five pairs with p < 0”7 and AJ > 1 mag (targets
No. 392, 565, 674, 689, and 1366), near or beyond the
dashed line in Figure 11. Only the first and most dif-
ficult one (No. 392, 0750, 1.4 mag) was undetected by
Gaia. This pair is measured from 2 to 4 times in each
VISTA band (12 measurements in total) with consistent
parameters (rms separation scatter of 0708), hence its
detection is highly significant. We also re-examined four
close and high-contrast pairs with 1”7 < p < 1”5 and
AJ > 2.5 mag, near the lower-left corner of the rele-
vant parameter space (targets No. 1042, 1168, 1190, and
1281). All these companions are resolved by Gaia. Two
targets illustrated in Figure 12 are triple systems where
the 1” high-contrast pairs are accompanied by wider and
brighter companions at ~3” separation, also members
of the association according to the GDR2 astrometry.
These young triple systems with comparable separations
may be interesting in their own right. They are shown
here to prove that their close high-contrast inner pairs
are quite obvious and hard to miss.

An external test of our detections is furnished by Gaia.
We selected all GDR2 companions to our targets with
076 < p < 20” that conform to our astrometric criteria
of membership in Ori OB1 and cross-matched them with
our list of companions derived from the VISTA Orion
survey. No missed pairs closer than 7 were found, apart
from the two close ones mentioned above. We conclude
that the number of missed pairs (false negatives) is very
small or zero. The joint use of two independent surveys,
VISTA-Orion and GDR2, produces high-confidence re-
sults.

3.5. Discrimination between physical and optical pairs

The GDR2 astrometry of 78 companions with p,stro =
0.5 is either not available or unreliable. Their member-
ship status is decided based on the photometry and other
criteria and formalized by the flag ppnys. For the majority
of other companions with good astrometry, pphys = Pastro
takes the values of either 1 or 0.

Figure 13 plots parameters of the companions divided
by the pastro flag into three groups: physical, optical, and
uncertain. The upper panel shows the expected behav-
ior, where physical pairs concentrate at small separations
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FiG. 13.— Distribution of companions in the (p, AJ’) plane
(top) and in the (AG,AJ’) plane (bottom). Astrometrically con-
firmed companions are plotted by red squares, non-members by
blue crosses, and uncertain companions with pastro = 0.5 by ma-
genta plus signs. The brown solid line in the lower panel is derived
from the 4 Myr PARSEC isochrone for a primary component of
0.6 Mmass.

TABLE 4
MEANING OF THE pphys FLAG

Pphys  Pastro N Comment

0 0 397  Astrometric non-members
0.1 0.5 27  Photometric non-members
0.2 1 13 p > 7" photometric non-members
0.3 0.5/1 8 AJ < —0.5 mag, p > 7"
0.8 0.5 5 p<2' AJ <2 mag, no parallax
0.9 0.5 46  Photometric members

1 1 91  Astrometric members

and small AJ, optical pairs show the opposite trend, and
most uncertain pairs are close, lacking Gaia astrometry
for this reason. Note there are several wide (p > 7) pairs
in which the secondary components are brighter than the
primary, AJ < 0. Some of those companions are astro-
metrically confirmed members of Ori OB1, meaning that
these CVSO targets are the secondary components to
brighter stars. Such pairs should not be considered in
the statistics. However, in pairs of comparable stars it
is difficult to distinguish primary and secondary compo-
nents, especially considering their variability. We include
wide pairs with AJ > —0.5 mag in our statistics and re-
ject 8 wide pairs with brighter companions.

A physical companion is expected to have a lower
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temperature and a redder color, compared to the main
target. In the lower panel of Figure 13 this trend
AJ =~ 0.75AG (dashed line) is confirmed. However,
the empirical slope of 0.75, chosen to match the trend,
is steeper than the slope deduced from the isochrones;
in other words, secondary components are slightly bluer
than predicted. This trend matches the CMD in Fig-
ure 6 where most low-mass stars are located to the left
of the isochrones, i.e. have bluer colors. This suggests
a potential bias in masses and mass ratios derived from
the isochrones.

On the other hand, most optical pairs (blue crosses)
are elevated above the AJ = 0.75AG line by at least 0.6
mag and satisfy the condition

AJ > 0.6 4 0.75AG (5)

(dotted line in the Figure); most optical companions are
bluer than the astrometrically confirmed physical com-
panions. This allows us to classify the pairs that lack
good astrometry. We set ppnys = 0.9 for 46 pairs below
the dotted line (5) and pphys = 0.1 for 27 pairs above
this line. The close and faint companion to target 1281
(Figure 12) is just above the line and, although possibly
physical, it got pphys = 0.1. Of the 36 pairs with p < 2"
lacking reliable GDR2 astrometry, 30 are physical and
one optical according to the photometric criterion; five
pairs with AJ < 2 mag that lack Gaia photometry are
considered likely physical and assigned ppnys = 0.8, based
on the low probability of chance projections at close sep-
arations. For a typical J = 13 mag target, we expect to
find 2.7 optical companions within 2” with AJ < 2 mag
based on the stellar density in the VISTA Orion catalog,
so one or two pairs with ppnys = 0.8 can still be chance
alignments.

Selection of physical companions based on the GDR2
astrometry uses rather loose tolerances on the PM and
parallax adopted to accommodate effects of unresolved
close binaries. One notes in Figure 4 blue and green
points (stars with good astrometry) within our selection
box but outside the main cluster of points. The astromet-
ric filter alone does not reject all wide (p > 7") optical
companions, and we note in Figure 13 several red squares
above the dotted line, i.e. photometric non-members;
13 such pairs are assigned ppnys = 0.2 despite their
Pastro = 1 flag. Individual examination of their GDR2
astrometry indeed shows that the parallaxes and/or PMs
of both components disagree significantly, although both
satisfy our loose astrometric membership criteria. Some
remaining wide pairs with pastro = Pphys = 1 may still be
optical, and we address this issue in the following statis-
tical analysis.

The meaning of the ppnys flag and the number of com-
panions in each group are summarized in Table 4. Over-
all, we consider 142 pairs with ppnys > 0.5 as physical (bi-
naries); 135 of those have main targets that are deemed
to be members of Ori OB1. The remaining pairs either
are optical (chance projections) or do not belong to Ori
OBI1.

At wide separations, the contamination by unrelated
association members and other stars that pass the as-
trometric and photometric selection criteria is far from
being negligible. The density of these contaminants, or
interlopers, must be estimated to make appropriate cor-
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Fic. 14.— Top: comparison of magnitude differences in the Z
and K bands for 86 physical companions with p > 2”’; the dotted
line marks equality. Bottom: Magnitude difference vs. wavelength
for physical binaries. Squares plot the median values in each band,
the bars show the first and third quartiles.
rection to the binary statistics. The lower limit of 55
stars per square degree is obtained by star counts in the
CVSO catalog in section 2.5. The upper limit of ~4000
stars per square degree results from the star count in the
Vista Orion catalog. We estimated the realistic density
of interlopers by selecting companions in the GDR2 with
separations from 20" to 30” from our targets that pass
the adopted astrometric criteria, ignoring their . The
J-band magnitudes of these companions were retrieved
from the VISTA Orion catalog by positional match (typ-
ically within 0706). The resulting list of 71 companions
was further filtered by colors using equation 5, leaving
29 companions with AJ < 3 mag, 24 of those having
AJ < 2 mag. Assuming that all those wide companions
are interlopers, we derive their density of 226(187) stars
per square degree for AJ < 3(2), respectively. The sta-
tistical error of this estimate is about 20%. Considering
other uncertainties, we assign the relative error of 30%
to the estimated density of interlopers.

3.6. List of binaries in Ori OB1

Multi-band photometry provided by the VISTA Orion
survey can potentially help in distinguishing physical and
optical pairs. However, magnitudes of a given low-mass
young star in all VISTA nIR bands are very similar. The
top panel of Figure 14 compares magnitude differences
of physical binaries at the shortest and longest VISTA
wavelengths. The slope is barely different from one, while
the large scatter results from a combination of variabil-

S T 3
g | o o ]
4; :a E
; I a’
. 3F fmm e =
o = E
O E 1
& E E
~ 2k [m} —
SHé % ;
E o |
= o 3
F . g m = = E
g o e
OfF— B s 3
E L ) ) e ]
0.1 1.0

o (arcsec)

Fi1G. 15.— Separations p and magnitude differences Al of CVSO
pairs resolved at SOAR (note: 2 pairs with respective separation
of 3”7 and 31 are outside the plotting area). The full and dashed
lines show the median detection limit and its quartiles. The sepa-
ration range between 0715 and 0’6 used in the statistical analysis
is delimited by the vertical dotted lines.

ity, photometric errors, and/or circumstellar extinction.
We base our statistical analysis on the magnitude differ-
ences in the J band, which are very close to Am in the
adjacent photometric bands Y and H. For physical com-
panions, the rms differences between Am in the band J
compared to the bands Z,Y, H, K are 0.38, 0.28, 0.29,
and 0.19 mag, respectively. Hence, in the following table
we replace AJ by AJ’ — the median Am in the Y, J, H
bands — in order to reduce random errors and the im-
pact of variability and taking advantage of the fact that
there is no systematic difference between Am in these
three bands. We use AJ’ in the following in place of
AJ.

Figure 14 illustrates the distributions of Am in six pho-
tometric bands for physical binaries by plotting medians
and quartiles of the distributions. The distributions in
all nIR bands are remarkably similar, with median Am
around 0.8 mag. Remember that we keep only pairs
with AJ < 3 mag. If the magnitude differences were
distributed uniformly, the median would be close to 1.5
mag; instead, real binaries prefer small Am. The median
AG = 1.2 mag is larger than in the nIR, as expected for
low-mass, low-temperature companions.

The list of 587 companions with AJ < 3 mag found
in the images and including wider pairs added from the
VISTA Orion catalog is presented in Table 5. Its first
four columns are identical to those of Table 3. The
next two columns give the magnitude difference A.J’
(median over Y, J, H bands) and the Gaia AG. The
last columns contain the flags pasiro and ppnys intro-
duced above. There are 142 likely physical pairs with
Pphys > 0.5. To distinguish the 7 physical pairs where the
main star is not a member of Ori OB1 (e.g. CVSO 569,
see above), their pynys are listed as negative.

3.7. Close binaries observed at SOAR

To probe binary frequency at smaller separations, we
observed 123 relatively bright stars in Ori OB1 selected
from the CVSO catalog with the speckle camera at the
4.1 m Southern Astrophysical Research (SOAR) tele-
scope in 2016 January. The instrument, data reduction,
and results are published in Tokovinin et al. (2019). We
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TABLE 5
COMPANIONS WITH AJ < 3 MAG (FRAGMENT)

N CVSO ¢ o
(degr) ()
5 427 304.3  16.730
6 432 101.9 3.440
8 438 328.9 15.482
9 439 123.5 17.400
10 444 303.1 15.419
11 449 11.3 17.845
13 453 100.5 16.993

detected 28 pairs, including some wide ones also found
in the VISTA Orion images (Figure 15). The closest
pair has a separation of (//09; 12 pairs have separations
between 0715 and 076, and all these detections are re-
liable. Some close CVSO pairs discovered in 2016 were
confirmed by further speckle observations in 2017-2019.
The SOAR data are published and we do not duplicate
them here.

Only 74 stars observed at SOAR overlap with the
present CVSO-VISTA-Gaia sample, the rest are lo-
cated outside the sky region studied here. We can use
the higher spatial resolution of SOAR observations to
double-check VISTA detection sensitivity at small sepa-
rations, although restricted to the overlap sample. The
SOAR observations confirmed that no companions with
separations >1" were missed in the VISTA companion
search, thereby affirming the assumed completeness for
separations >172 and AJ < 3 mag. At smaller separa-
tions, i.e. 0/6-172, there is only one binary resolved at
SOAR that was missed by VISTA (No. 214, CVSO 2001,
0764, AI = 4.1 mag, close to or below the VISTA detec-
tion limit).

Since this paper is devoted to wide binaries in our well-
defined sample, we evoke the SOAR data on closer pairs
in a different sample only for reference. The SOAR sam-
ple is, on average, brighter than the CVSO-VISTA-Gaia
sample. More massive stars are expected to have an in-
creased binary frequency and, indeed, the data hint at a
larger companion fraction in the SOAR sample, although
the difference is not statistically significant. Moreover, a
higher companion fraction among the SOAR sample is
naturally expected due to the general shape of the sepa-
ration distribution that has a peak at <100 au.

4. BINARY STATISTICS

In this section, we study the statistics of real (physical)
binaries with separations from 076 to 20" and AJ < 3
mag discovered in the VISTA images and in the VISTA
Orion catalog. The parent sample of 1021 members of
Ori OB1 contains 135 physical companions, including 4
triples; 131 members have at least one companion. We
ignore wide secondary companions that are brighter than
our targets by more than 0.5 mag in the J band.

4.1. Distribution of the mass ratio

As noted above, we do not attempt to derive masses
and mass ratios. The empirical distribution of mass ra-
tios is evaluated here only to access the fraction of missed
companions at close separations and to quantify the sur-
vey depth. Fortunately, this fraction and the associated
incompleteness correction are small and hence have little
influence on our results.

AJ AG Pastro  Pphys
(mag)  (mag)
—0.41 —2.41 0.0 0.0
1.89 2.53 1.0 1.0
2.08 0.45 0.0 0.0
2.16 3.05 0.0 0.0
1.52 0.78 0.0 0.0
2.48 1.00 0.5 0.1
2.94 1.39 0.0 0.0
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FiG. 16.— Relation between log;yq and AJ derived from the
PARSEC isochrones for primary stars of 0.4, 0.7, and 0.9 M mass
and companions more massive than 0.075 M. Squares correspond
to the linear formula log,y ¢ = —0.3AJ.
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Fic. 17.— Cumulative distribution of the mass ratio g for 58
binaries with separations between 172 and 5”(line and crosses).
The dashed and dotted lines correspond to the field binaries (see
the text) and to the uniform distribution, respectively.

First, we study the distribution of the magnitude dif-
ference AJ for 57 binaries in the 172-5" separation range,
where the detection is complete to AJ < 3 mag and the
contamination by random pairs of association members
is negligible. The distribution is non-uniform, with a
preference of small AJ, as can be inferred by looking
at Figure 13. Only 10/58=0.17 fraction of pairs have
2 < AJ < 3 mag, so by further restricting our analysis
to AJ < 2 mag we would reject ~17% of binaries.

The PMS stars and their companions in Orion OB1 are
variable. Therefore, there is no unique relation between
magnitude difference and mass ratio ¢; for any given bi-
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nary, different values of ¢ can be inferred from obser-
vations at different moments or in different photometric
bands. Different circumstellar extinction (so-called infra-
red companions) and accretion rates can further compli-
cate translation of relative photometry into q. Here we
adopt the relation ¢ ~ 1079347 derived from the 4 and
10 Myr isochrones (Figure 16). There is little dependence
on the age, except maybe for the youngest and lowest
mass stars in Ori OB1b, which represent at most ~15%
of the binaries. Our formula is an excellent approxima-
tion for 0.7 Mg primary components, roughly equivalent
to a spectral type K7-M0, while for 0.9 M, stars it works
less well, with an rms error of 0.06 dex in log;q¢q. For
0.4 Mg, stars at 4 Myr the derived mass ratios could be
overestimated by 0.1 dex in log,, ¢, but the number of
binaries in this parameter space is small; their hydrogen-
burning companions have AJ < 2 mag.

The mass ratios deduced by the crude formula from AJ
appear to be distributed uniformly (Figure 17). Reas-
suringly, a uniform distribution of ¢ is known to hold for
field solar-type binaries (Raghavan et al. 2010; Tokovinin
2014). El-Badry et al. (2019) studied the mass ratio dis-
tribution of wide field binaries, grouping them by the
primary mass and separation. They modeled the dis-
tribution by a broken power law plus some twins with
q > 0.95. We average the model parameters from their
Table F1 in the mass range from 0.4 to 0.8 M and the
separation range from 600 to 2500 au, roughly matching
our survey, and adopt Ysmailq = 0.25, Yiargeq = —0.8, and
ftwin = 0.02. The corresponding cumulative distribution
is over-plotted in Figure 17 by the dashed line; it barely
differs from the uniform distribution.

Adopting a uniform distribution of ¢, we evaluate the
fraction of missing binaries with small separations us-
ing the detection limit AJ(p) in equation (4). This cor-
rection, relevant only at separations below 172, is small
(factor ~1.12, see below). Therefore, our results are lit-
tle affected by the assumptions regarding the mass ratio
conversion and the detection limit.

4.2. Separation distribution and companion fraction

The distribution of separations and the companion fre-
quency are determined in five logarithmic bins of 2x
width covering the separation range from 076 to 1972
(1.5 dex, 222 to 7104 au at 370pc distance). Bina-
ries with AJ < 3 mag and AJ < 2 mag are counted
in each bin. These numbers N, are used to compute
the companion frequency per decade of separation f; =
(N; = Nyand)/ (Niot logyg 2), where Ny is the sample size.
The errors of f; assume the Poisson statistics. The first
bin is corrected for undetected companions relatively to
other bins; however, this correction is minor, 1.12 and
1.04 times for the two AJ thresholds. The expected num-
ber of random pairs N;anq is estimated from the density
of potential contaminants (interlopers) deduced in sec-
tion 3.5 by selecting companions in the 20”-30” separa-
tion range and applying the same astrometric and photo-
metric filters as used for the closer companions: 226 and
187 stars per square degree for AJ < 3 mag and AJ < 2
mag, respectively; a relative error of 30% is assumed for
the density of interlopers and included in the estimated
errors of f;.

The separation distribution for the full sample and for
the OBla and OB1b groups is given in Table 6, where N;
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FiG. 18.— Companion frequency vs. separation (fraction per

decade) in Ori OBla (top) and Ori OB1b (bottom). The full line
corresponds to binaries with AJ < 3 mag, the dash-dot line to
binaries with AJ < 2 mag. The log-normal distributions for field
stars (solid and dashed curves) are described in the text.

and N/ are the numbers of pairs with AJ < 3 mag and
AJ < 2 mag, respectively, in each bin and f; are the frac-
tions per decade for AJ < 3 mag in per cent, corrected
for incompleteness in the first bin and for the random
pairs. The estimated numbers N;.,q of contaminants
with AJ < 3 mag are listed for the full sample. They
become comparable to the actual number of companions
in the last bin, increasing the f; error. Considering this
uncertainty, the last line gives the total number of bina-
ries and the companion frequency in the first four bins
only covering 1.2 dex in separation.

The separation distributions in Ori OBla and Ori
OB1b are plotted in Figure 18. Projected separations
are translated into au using distances of 363 and 388 pc,
respectively (section 2.2); a common distance of 370 pc is
used for the full sample. The distributions appear to be
different, especially in the second bin, where there are al-
most twice as many binaries in Ori OB1b as in Ori OBla.
However, bear in mind that the projected separation s
equals the semimajor axis a only statistically and their
ratio s/a varies by a factor of 2 (i.e. the bin width) both
ways owing to projections and random orbital phases.
Therefore, even if the distribution of semimajor axes had
a sharp feature, it would be spread over adjacent bins in
the distribution of s. Modeling shows that the distribu-
tion of s/a depends on the eccentricity distribution: its
median is 0.9 when the average eccentricity is around 0.5
and 0.98 if the eccentricity distribution is linear (ther-
mal), f(e) = 2e (see the Appendix). The latter is ap-
propriate for wide binaries considered here (Tokovinin
2020). Although various correction factors on the or-
der of 1 have been proposed in the literature to convert s



15

TABLE 6
MurtripLicITY ON ORI OBl
Separation Full sample Ori OBla Ori OB1b
" au  N; N/ Niana fi N; N| fi N; N| fi

0.6 -1.2 314 26 24 0.1 9.4+1.9 16 16 9.0+£2.3 10 8 10.2+3.4

12-24 627 33 28 02 107419 16 13 80421 17 15 155+3.9

24 -48 1255 23 19 1.0 7.2+1.6 11 10 5.24+1.8 12 9 10.7£3.3

48-96 2511 16 16 39  3.9+14 10 10 3.8+1.7 6 6 42425

9.6 -19.2 5023 31 18 15.5 5.1+24 20 10 5.1+£2.8 11 8 5.0£3.5

0.6 9.6 .98 87 52 94409 53 49 7.8+1.1 45 38 122+18
into a, no correction is actually needed and the statistical Separation [arcsec]
distributions of log s and log a can be compared directly, 095 0.1 1.0 10.0
provided they are smooth on a >0.3 dex scale. T Fold G

The different multiplicity fractions in both groups can . 090 Field M -—---
be seen even from the raw numbers. In Ori OBla, L
we detect 74 binaries out of 658 targets (multiplicity 5
11.241.3%). In contrast, in Ori OB1b there are 61 bi- > 015
naries among 363 targets (multiplicity 16.84+2.2%). The 5
difference of 5.6+3.2% is significant at the 1.80 level. The 5 0.10
. .o . . . . [oN
corrected multiplicity fractions in the last line of Table 6 £
differ by 4.442.1%, their ratio is 1.64-0.3. 8 005
For reference, we plot in Figure 18 the log-normal dis-

tribution for field solar-type binaries derived by Ragha- 0.00
van et al. (2010) with a median of 50 au, separation dis- 100 1000 10000
persion of 1.52 dex (2.28 dex in period), and compan- Separation [au]
ion frequency of 0.60. The dotted line is the log-normal Fig. 19.— Distribution of separation in the full sample. The

distribution for field M-type dwarfs found by Winters
et al. (2019), with the median at 20 au, dispersion 1.16
dex, and the companion frequency of 0.35, appropriate
for early M dwarfs. While the separation distribution of
binaries in Ori OBla is consistent with those of early M-
dwarfs, as expected given that the distribution of spec-
tral types in the CVSO sample is weighted to M stars,
Ori OB1b shows a high binary fraction, that partially
is even higher than for solar-type dwarfs. In both sub-
groups of Ori OB1, the companion frequency at separa-
tions above ~4000 au (in the last bin) has a large uncer-
tainty caused by the substantial and uncertain fraction
of contaminants.

As mentioned above, we refrain from assigning individ-
ual masses to the stars of our sample. Instead, we use
the J-band magnitude as a proxy for mass, in order to
explore the dependence of multiplicity on stellar mass.
We split the members of Ori OB1 into three equal sets
grouped by J magnitude: brighter than J = 12.63, in-
termediate, and fainter than J = 13.56, with 340 stars
in each group. The numbers of non-single stars in these
groups (61, 48, and 26, respectively, or multiplicity frac-
tions 0.18+0.023, 0.1440.02, and 0.084+0.016) suggest a
substantial dependence of multiplicity on mass, as ob-
served for field binaries.

4.3. Close binaries

Figure 19 presents the distribution of projected sepa-
rations in the full CVSO-VISTA-Gaia sample, including
the observed frequency of closer pairs derived from the
SOAR observations (the wide dash-dot bar). The latter
is 12/123 = 0.162 + 0.047 in the separation range from
0”715 to 0”6. The faintest companion in this range has a
magnitude difference AI = 3.4 mag. If it is excluded,
the binary frequency would be 0.148 £+ 0.045. SOAR
observations have variable resolution and contrast sen-

dash-dot line shows the result for the SOAR sample. The diamond
is the companion frequency in the ONC from Reipurth et al. (2007).
A distance of 370 pc is used.

TABLE 7
CLOSE BINARIES IN GAIA
Group Niot Now reg>2 fclose
OBla 658 25 65 0.13740.014
OB1b 363 27 35 0.171£0.022

sitivity because they used a laser to correct for atmo-
spheric turbulence and depended on the variable atmo-
spheric conditions. The median detection limit is Al ~ 2
mag. Therefore, the SOAR survey is somewhat shallower
compared to our survey. The SOAR sample, selected
from amongst the brightest CVSO stars, differs from the
CVSO-VISTA-Gaia sample in that it contains, on aver-
age, brighter, earlier K-type, more massive stars, known
to have a larger multiplicity in comparison with late K-
and M-type dwarfs. Considering these differences, direct
comparison between the SOAR and VISTA Orion multi-
plicity surveys has to be done with caution. All we can
affirm is a qualitative agreement.

Yet another way to probe the frequency of close bina-
ries is offered by Gaia. Stars without measured paral-
laxes are almost certainly close binaries with separations
between 0”1 and 0”7, as demonstrated, e.g., by Tokovinin
& Briceno (2020). Moreover, stars with excess parallax
error are also likely close binaries. The total number
of these close binary candidates can be used to estimate
the frequency of close binaries fciose, with the caveat that
the exact range of separations and mass ratios of these
close binaries is not defined and the numbers are not di-
rectly comparable to the frequency per decade computed
above. The numbers are reported in Table 7. We note
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FiG. 20.— Spatial distribution of single stars (blue crosses),
close Gaia binaries (magenta triangles), and wider VISTA Orion
binaries (green squares). The size of the squares reflects binary
separation ranging from 0”6 to 10”. The two black asterisks show
the locations of 25 Ori and HR 1833. The dashed circle depicts the
boundary of Ori OB1b.

the increased fraction of candidate close binaries in Ori
OB1b compared to Ori OBla. This echoes the difference
between these groups found for wider pairs, although the
difference between the frequency of close Gaia binaries,
3.64+2.6%, is not statistically significant.

Reipurth et al. (2007) measured the companion fre-
quency for 781 low-mass stars in the periphery of the
ONC at projected separations from 67.5 to 675 au and
found it to be 8.841.1% (represented by the diamond
symbol in Figure 19). Their result agrees, within errors,
with the multiplicity in Ori OB1. However, the decline
in the binary frequency at separations beyond ~200 au
suggested by their study is certainly refuted by our data.
Even in the ONC, Jerabkova et al. (2019) found a sub-
stantial number of binaries with separations from 1 to
3 kau. The 14 low-mass binaries in the ONC with sep-
arations from 30 to 160 au discovered by De Furio et
al. (2019) match, within errors, the frequency of M-type
binaries in the field.

4.4. Spatial distribution of binaries

The difference in the binary statistics between the two
subgroups of Orion OB1 is intriguing. To clarify it fur-
ther, we plot in Figure 20 the spatial distribution of single
(i.e. unresolved) stars, wide binaries with separations be-
tween 0”6 and 10”, and potential close binaries inferred
from Gaia. Binaries with separations >10" are ignored
because several of them are likely random pairs of asso-
ciation members.

One notable feature of Figure 20 is the apparent ab-
sence of wide binaries in the two stellar over-densities of
Ori OBla near the stars 25 Ori and HR 1833 (marked
by asterisks). The latter group lacks wide binaries com-
pletely. In the 25 Ori cluster, wide binaries are located
on the periphery, at a distance of ~0°5 from the cen-
tral star, and avoid the center. Meanwhile, both clusters
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Fic. 21.— Cumulative distributions of the density of association
members around single stars, wide, and close binaries, computed
for 0225 radius.
contain closer Gaia binaries.

We estimated the mean stellar surface density around
each target by counting association members within 0°25
radius, which gives an average number of 11 stars in this
area. Figure 21 plots the cumulative distribution of sur-
face density in the three groups: single stars, wide bi-
naries with separations between 0”6 and 10”, and close
binaries inferred from Gaia (763, 97, and 127 stars, re-
spectively). The distributions do not differ significantly
(the two-sided Kolmogorov-Smirnov test gives a proba-
bility of 0.60 for wide binaries and single stars having the
same parent distribution). Therefore, we cannot claim
that the frequency of wide binaries in Ori OB1 depends
on the stellar density.

On the other hand, the region has dynamically evolved
and the density structures seen today most likely differ
from the actual birth configuration. Yet, stars in Ori
OBla appear more clustered than those in Ori OBlb,
despite being roughly twice the age. Adopting the ve-
locity dispersion in a subgroup of 0.5 mas yr—!, which
corresponds to 0.8 km s™!, consistent with typical ve-
locity dispersion of young stellar groups and clusters in
Orion OBI (Briceno et al. 2007; Kounkel et al. 2018), we
find that in 7 Myr stars can move from their birthplace
by ~1°. Stars within ~0°5 from the 25 Ori cluster center
could have experienced dynamical interactions and been
ejected 6-7 Myr ago. This timescale is nicely consistent
with the age of the 25 Ori group (Briceno et al. 2019).
On the other hand, wide binaries around it could have
formed in a low-density environment rather than in the
cluster. If the 198 stars located within 0°5 from 25 Ori
and HR 1833 are removed from the Ori OBla sample,
the frequency of binaries closer than 9”6 among the re-
maining 460 members becomes larger, ~0.1, similar to
their frequency in Ori OB1b.

5. DISCUSSION AND SUMMARY

In Figure 22 we put our results in the context of mul-
tiplicity in other regions, with the obvious caveat related
to the differences in the stellar mass range and complete-
ness of various surveys. Assuming a uniform distribution
of ¢ between 0.05 and 1, we correct our estimate of multi-
plicity fraction in Ori OB1 by 0.95/0.9=1.055. The band
shows the 1o statistical errors. The canonical companion
frequency of 0.6 for the field solar-type dwarfs (Ragha-
van et al. 2010) is assumed. The multiplicity in the Up-
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Comparison of multiplicity in different populations

per Scorpius OB association measured by Tokovinin &
Bricetio (2020) is similarly corrected by 0.95/0.7=1.36,
considering their lower mass ratio limit of ¢ > 0.3. Their
data in the mass range from 0.4 to 1.5 M, are averaged
because no clear dependence of multiplicity on mass was
found. We plot the multiplicity in Taurus using the data
from Joncour et al. (2017), without any correction. Data
from Reipurth et al. (2007) for the ONC are also left un-
corrected because the lower limit of the mass ratio in
their survey is not known.

The diversity of the multiplicity statistics in young stel-
lar populations, noted already by King et al. (2012) from
the scarce data available at the time, is emerging with
a stronger confidence from the modern large multiplicity
surveys, including this one. In the overall Orion OB1
association the binary fraction is somewhat less than in
the field; the opposite is true in Taurus, where the ex-
cess of binary fraction over the field is well documented
(Duchéne & Kraus 2013). In the separation range of 1.2
dex from 222 to 3552 au that corresponds to the first
four bins in Table 6, the sample of 142 stars in Tau-
rus counts 31 companions (Joncour et al. 2017), hence
f = 0.22 £0.04 (the same number can be deduced by
summing the last 4 bins of Fig. 4 in Kraus et al. 2011).
In Ori OB1, the multiplicity in the same separation range
corrected by 1.055 is 0.099 £ 0.009, and the difference of
0.12 £ 0.04 is statistically significant. Deacon & Kraus
(2020) found a significant deficit of binaries with sepa-
rations 300-3000 au in open clusters compared to the
field and moving groups, confirming the critical role of
environment in the binary population statistics.

Considering Ori OBla and OB1b individually, we note
that OB1b shows a binary fraction comparable to the
field and is more similar to Upper Scorpius, at least for
the wide binaries that we probe in our study. There
is accumulating evidence that Upper Scorpius, as well
as other OB associations, most likely were formed in a
configuration similar to how they appear today — i.e.
as an assembly of loose stellar groups with moderate to
low stellar density (Wright & Mamajek 2018; Lim et al.
2019). If the initial stellar density of a star forming en-
vironment largely dictates the formation or dynamical
destruction of wide binaries, one might speculate that a
different stellar birth density causes the observed differ-
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ence in binary fraction between Ori OBla and Ori OB1b.
In this picture Ori OBla would have formed from a dense
cluster, while Ori OB1b would stem from a wide-spread
population with only some sparsely clustered substruc-
tures. Future kinematic studies with Gaia providing
higher precision than GDR2 will hopefully allow to fur-
ther explore this issue. Regarding the origin of the field
binaries, a mix of Orion-type and Taurus-type binary
populations in a suitable proportion would resemble the
field.
The main results of our study are as follows:

e Double stars in a sample of 1021 low-mass PMS
stars of the Orion OB1 association, selected from
the CVSO catalog, have been identified by the anal-
ysis of the nIR images from the VISTA Orion mini-
survey. Using Gaia astrometry and photometry, we
rejected unrelated pairs and arrived at a list of 135
most likely real (physical) companions, arranged in
127 binaries and 4 triples, with projected separa-
tions from 0”6 to 20”(222 — 7400 au at 370 pc) and
magnitude difference AJ < 3 mag.

e The distribution of magnitude difference AJ of
these binaries is compatible with a uniform mass
ratio distribution. Our survey is almost complete
for wide binaries with mass ratios above 0.13.

e We found that the two sub-groups, Ori OBla and
Ori OB1b, likely have a different multiplicity rate:
0.078£0.011 and 0.12240.018, respectively, in the
1.2 dex separation range from 076 to 976 (222 to
3600 au at 370 pc).

e The frequency of wide binaries in Ori OB1 depends
on mass (more companions around more massive
stars similarly to the field) but is independent of
the currently observed surface density of stars. Lo-
cation of wide binaries on the sky suggests that
they avoid cluster centers.

e Our survey highlights the differences in multiplic-
ity properties between star-forming regions. The
binary population in the field could result from a
mixture of these diverse populations.

Based on observations made with ESO Telescopes
at the La Silla Paranal Observatory under programme
ID 60.A-9285(B). We acknowledge the great work done
by the VISTA consortium who built and commissioned
the VISTA telescope and camera. This work used
bibliographic references from the Astrophysics Data
System maintained by SAO/NASA. We used the data
from the European Space Agency (ESA) mission Gaia
(https://www.cosmos.esa.int /gaia processed by the
Gaia Data Processing and Analysis Consortium (DPAC,
https://www.cosmos.esa.int /web/gaia/dpac/consortium).
Funding for the DPAC has been provided by national
institutions, in particular the institutions participating
in the Gaia Multilateral Agreement. This research has
made use of the VizieR catalogue access tool, CDS,
Strasbourg, France (DOI: 10.26093/cds/vizier). The
original description of the VizieR service was published
in A&AS 143, 23. The work of Tokovinin and Briceno is
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APPENDIX
RELATION BETWEEN PROJECTED SEPARATION AND SEMIMAJOR AXIS

On Referee’s request, we include a short discussion of the statistical relation between projected separation s used
throughout this paper and the true semimajor axis a of the binary orbit. The ratio z = s/a is computed for 10*
simulated binaries with random orbit orientation and random phase. The resulting distribution of x slightly depends
on the adopted eccentricity distribution; here we assume the thermal distribution f(e) = 2e appropriate for wide
binaries. Figure A1 (left) shows the cumulative distribution of x for simulated binaries and its analytic model

F(z) =0.54 0.5sin[n/2 (x/x0)"], (A1)

where 2o = 0.98 is the median and a = 0.94 encodes deviation from the pure sine curve. These parameters were fitted
to the simulated distribution. The analytical model (Al) is remarkably good, with rms deviation of 0.0005 and the
maximum deviation of 0.005. If a uniform eccentricity distribution is assumed, the fitted parameters are o = 0.92
and a = 1.05, but the difference between distribution and its model is ~6x larger than for thermal eccentricities.

For a thermal eccentricity distribution, the median projected separation s is an accurate measure of the true median
semimajor axis, no correction is needed. In a sample of binaries, 82.8% of projected separations differ from the true
semimajor axis by a factor less than two, and the remaining 17.2% have s < 0.5a.

Multiplicative factors slightly larger than one have been proposed in the literature to convert s into a (e.g. Raghavan
et al. 2010). Different values of scaling factors are obtained depending on the assumed eccentricity distribution and
on the metric used to compute the factor (median, mean s/a, mean a/s, mean loga/s, etc.). The distribution of s/a
in Figure Al is almost symmetric, its mean is very close to the median. However, the distribution of the logarithm is
skewed, and (log(s/a)) = —0.073 might suggest a ~ 1.18s, while (a/s) = 1.59. The correct approach is to de-convolve
the observed distributions of s from projection using the kernel from simulations (or its analytical approximation),
instead of simple scaling. Example of such deconvolution is provided in the Appendix of (Tokovinin 2018).
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