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Figure 2 — continued

fits demand an age of 8-10 Gyr, significantly above the 4 Gyr age
inferred from the star’s Ry, index (—4.91; Henry et al. 1996). A
stellar mass of 1.04 & 0.05 Mg, is inferred. Orbital parameters
are tightly defined given the limited phase coverage of the RV
measurements and the Keplerian fit is significant at the 20 per cent
level. A period of 4534.78 + 224.92 d and zero eccentricity translate
to a secondary minimum mass of 0.20 £ 0.02 M.

HD 162255: Though no Rj¢ index is given for this G3 dwarf
(Houk & Smith-Moore 1988), isochrone fits based on ~—0.01 dex
(Bond et al. 2006) and 0.17 dex (Casagrande et al. 2011) metal-
licities suggest an age ranging from 5 to 9 Gyr, translating to a
stellar mass of 1.12 £ 0.08 M. The eleven RV measurements
fold convincingly around a 47.95-d period, indicating a companion
minimum mass of 0.333 4= 0.001 Mg

HD 169586: This GOV star Houk (1982) appears metal rich
([Fe/H] = 0.32 dex; Casagrande et al. 2011) suggesting an age
around 2—4 Gyr, which is in agreement with that derived from the
Rk index (—4.92; Henry et al. 1996); the stellar mass is estimated
at 1.25 £ 0.05Mcy. The acquisition of two of the most recent RV
measurements has defined a relatively sharp extremum in what was
originally a monotonic RV variation so that a 2935-d orbit with an
eccentricity of 0.35 appears well constrained. Given that the sec-
ondary has a minimum mass of 0.68 & 0.22 M, (equivalent to
an My = 9.4 companion) contamination of the primary’s spectrum
has almost certainly taken place, and is possibly a reason why the
rms for the fit (60.2 m s~') is so large, along with the large xf.

Nevertheless, the existing RV measurements clearly indicate that
the primary has one or more companions.

HD 175345: Listed in Dommanget & Nys (1994) as having a
V = 14.2 proper-motion companion (B 413: 252°, 5.4 arcsec, 1927),
our measurements indicate that this GO dwarf (Houk & Smith-
Moore 1988) is itself a spectroscopic binary. There is no Rj;; index
for this star and the isochrone fits based on its Casagrande et al.
(2011) metallicity of [Fe/H] = —0.16 dex gives an age range of
4-9 Gyr along with an inferred mass of 1.05 & 0.05 M. There is a
clear fold of the RV data around a 312-d period so orbital parameters
are tightly constrained; however, the residuals are relatively large
(rms = 14 m s~') making the fit statistically poor, even though the
XUZ is fairly low (3.44). With a minimum mass of 0.48 £ 0.08 M,
(equivalent to My = 9.5 or brighter) the secondary is again a source
of spectral contamination.

The locations of these stars on a HIPPARCOS-based HR diagram,
along with a summary of the isochrone fits, are shown in Figs 3(a)
and (b), respectively. We also show the distribution of eccentricity
versus period in Fig. 4. We find that the companions to HD 121384
and HD 175345 have very high eccentricities for companions with
orbital periods below 1000 d, placing them in the extreme upper
tail of the distribution in this parameter space. We also find a few of
the longer period companions that have not been fully constrained
yet due to the limited baseline of the data have moderate to high
eccentricity. Although the periods of the orbits could be significantly
longer, the eccentricities are rather well constrained with the current
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Figure 3. (a) The AAPS binaries are indicated on a colour—magnitude diagram constructed using HIPPARCOS data for solar-neighbourhood stars.
(b) Best-fitting isochrones for each star; the numbers assigned to the stars are given in Table 1.
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Figure 4. A plot of eccentricity versus period for the AAPS binaries. The
binaries represented by filled circles are from Table 2 (i) and have well
constrained Keplerian periods; open circles are used for binaries with poorly
constrained periods — given in Table 2 (ii).

data in hand, assuming a single Keplerian fit. The one obvious
exception is HD 156274B which currently only exhibits a linear
trend with velocity over time, and although we fit this will a circular
model, this could very well be highly eccentric.

3.2 High-contrast observations

A number of the binaries we have discovered in this work have
been followed up using adaptive optics systems to search for direct
confirmation of the companions. Obtaining orbital motion from
direct images of low-mass companions to bright Sun-like stars,
especially when coupled with RV information, can yield dynamical
masses for the companions (Liu, Leggett & Chiu 2007). Combining
dynamical masses with photometric colours and spectra can allow
evolutionary and atmospheric properties to be well constrained and
models to be tested (e.g. Dupuy, Liu & Ireland 2009).

In Jenkins et al. (2010) we observed two of the host stars we
report new binaries for in this work, HD 25874 and HD 145825.
In that work we found contrast ratios of greater than 11 mag at
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Figure 5. An example astrometric plot of the positional residuals and as-
sociated errors for HD 175345.

separations of only 0.5 arcsec using the VLT NAOS CONICA in-
strument (Rousset et al. 2003) in Simultaneous Differential Imaging
mode. Although a tentative detection of the companion around HD
25874 was discussed, further analysis revealed this to be a proba-
ble artefact of the reduction and analysis procedure, and therefore
no companion detection was conclusively made for either of these
stars with mid-T dwarf masses of around 50 M; or so. Some of the
other stars we report companions for are included in our ongoing
NACO/NICI imaging campaign.

3.3 HIPPARCOS astrometry

Out of these 16 binaries, 4 (HD 39213, HD 120690, HD 121384, and
HD 175345) have well constrained periods in the range 0.5-6 yr,
making them suitable candidates for analysis of their HIPPARCOS
astrometry. In order to determine if there are any astrometric sig-
natures that would allow us to place additional constraints on our
orbital parameters, we extracted the astrometric data from the HIP-
PARCOS data base (van Leeuwen 2007) and derived positional
residuals (acos §, §). In Fig. 5 we show these with associated errors
for HD 175345.

There are no significant variations obvious in the plots for the four
candidates, though in the case of HD 175345, periodogram analysis
reveals significant power at around 320 d (cf. a 312-d period from
RV analysis). Failure, however, of these data to fold around either
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Figure 6. Quality of orbital fit (in terms of the statistical significance attributed to the Xf value) versus (a) the number of observations per star (b) the minimum

mass ratio of the system.

period suggests that the spectral power owes more to sampling of
the data (which have a strong 300-d element) than to any possible
astrometric signature. The significance of the astrometric variations
is clearly low and we do not attempt further to constrain our orbital
parameters using these data.

3.4 Secondary flux contamination

In those cases where the orbits are fully constrained and the
secondary minimum mass is ~0.5Mn (HD 18907, HD 26491,
HD 120690, HD 131923, HD 169586, and HD 175345), the con-
tribution of the secondary to the overall flux is at least 1 per cent
and the signature of this contribution is found in the quality of the
orbital solutions: the rms scatter of these stars is generally much
higher than the internal measurement uncertainty. The reason for
this is that flux from the secondary, which is contaminating the pri-
mary’s spectrum, will be associated with a different RV at each of
the subsequent observations from that when the template spectrum
was acquired. The RV fitting process relies on the assumption that
the primary’s spectrum is modified only by the Doppler shift of the
primary and the spectrograph PSF variation. Consequently, less than
optimal solutions can be expected when a faint secondary contribu-
tion to the primary’s spectrum is present at variable Doppler shifts.
In essence, the fitting process matching the observed and synthetic
spectra would be expected to generate larger measurement errors,
and this is the case particularly for HD 169586. Fig. 6 shows how
the quality of the orbital solutions — measured by the significance
of the fit — varies with the number of observations (plot a) and the
binary minimum-mass ratio (plot b). While no correlation appears
to be evident between the reduced chi-squared and companion mass
ratio, in general, the statistical significance of the fits appear to in-
dicate a marked deterioration as the number of data points increase.
This could reflect the fact that these are the systems exhibiting the
most stellar flux contamination and therefore they required more
observations in order to better constrain their orbits, or, another
possibility is that these systems also contain additional compan-
ions, either brown dwarfs or planets, that are giving rise to mixed

signals that are being manifest once enough RV measurements have
been acquired.

Given the precision with which RVs can be obtained by the AAPS,
we could speculate that where low M sini values yield statistically
poor fits (HD 39213, HD 121384), the orbital inclinations are low
and that the companions have masses high enough for spectral
contamination to be taking place. The large errors in RV measure-
ments for HD 39213 and HD 156274 lend credence to this scenario,
though this is not the only explanation. It is also possible that these
are multiple systems for which a double-star solution simply is not
appropriate. Moreover, enhanced activity in any of these stars (bear-
ing in mind that the R}; index is merely a ‘snapshot’ measurement)
would mean that the internal errors would not properly reflect the
uncertainty in the RV measurements. This is why it is pragmatic
to use relatively inactive stars in Doppler searches. For the targets
considered here, enhanced activity is unlikely to be the cause: Henry
et al. (1996) estimate that 90 per cent of the time a single Rj;, mea-
surement for a solar-type star is sufficient to identify correctly if it
has an activity greater, or less, than R} = —4.75, and all but one
of the stars have Ry, indices lower than this. Where the measure-
ment errors are low but the orbital solutions are statistically weak
(HD 121384 and HD 162255), the most convincing explanation is
that these systems comprise more than a single companion.

The effect of binarity on the colour and magnitude of a pri-
mary of any age and metallicity can be modelled easily using the
Yonsei—Yale isochrone data. Fig. 7 shows the variation in colour
and magnitude for a 5.5 Gyr, solar metallicity isochrone ranging in
mass from 0.88 to 1.20 M, (solid curve). The effect of adding a
secondary is marked by the dotted curves at various mass intervals,
with each point representing a secondary companion that increases
in mass from 0.5 to 1.0 M, in steps of 0.05 M,,.

For companions below 0.55 M, the effect of binarity on the
colour—magnitude location of the primary is negligible. The effect
of a 0.70 M,, companion is to make the primary appear redder and
brighter by around 0.05 and 0.3 mag, respectively, for a solar-mass
star, with slighter larger and smaller values for less massive and
more massive primary stars, respectively. Such an effect generally
makes the unresolved pair appear older and/or more metal rich;
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Figure 7. Effect of binarity on the colour and magnitude at 5.5 Gyr for solar
metallicity primaries ranging in mass from 0.88 to 1.20 M. Secondary
mass values increase in 0.05 M), increments from 0.5 to 1.0 M,,.

however, if the primary itself is evolving away from the main se-
quence, the companion will make the pair appear ‘bluer’. These
effects will complicate the process of mass estimation. For exam-
ple, the presence of a 0.70M,, companion translates effectively to a
systematic error of ~ 0.04M¢, in the mass of the primary. This is
of the order of the error in mass due to the age—metallicity uncer-
tainties. The orbital solutions indicate binary mass ratios generally
significantly less than unity (HD 169586 being the exception) so
that the effect of binarity on the determination of the primary mass
(and by extension the secondary mass) is negligible. Clearly, for
many of the binaries in our sample, the uncertainty in secondary
mass is due principally to poorly constrained orbital parameters.

3.5 Mass distribution

The binaries and planetary companions to solar-type stars reported
by the AAPS provide an opportunity to examine, from a single RV
survey, the distribution of M sin i values for a mass regime extending
from Jovian through brown dwarf to sub-solar in value.

In order to derive a more meaningful distribution of minimum-
mass ratios, we need to impose a period cut-off on both the planetary
and binary companions so that we count only those companions
within a certain distance of the primary stars. As a rule, planetary
candidates are announced when the phase coverage of the RV data
are close to one orbital period. For the AAPS, which has been
operating since 1998, we can say that the inventory of exoplanet
candidates orbiting with periods up to 12 years (i.e. out to around
the orbit of Jupiter in the Solar system) is reasonably complete
down to the level permitted by a Doppler precision of ~3 m s~!,
i.e. complete for Jupiter-mass objects and above. Brown dwarf and
low-mass stellar companions induce larger reflex velocities making
them easier to detect over a greater range of distances and periods.
In order to compare directly with Duquennoy & Mayor (1991), 6
out of the 16 binaries have periods greater than 12 years and these
need to be excluded from our count.

10 remaining binaries out of a sample of 178 stars is around
half of that expected from the period distribution given in fig. 13
of Raghavan et al. (2010), when normalized by the multiplicity
fraction, though there are several reasons for this. First, our sample
excludes all known short-period spectroscopic binaries with sepa-
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Figure 8. The raw distribution of companion minimum masses uncovered
by the AAPS with periods less than 12 years.

rations less than 2 arcsec; secondly, all binaries beyond 2 arcsec
detected using HIPPARCOS data are excluded from our sample;
thirdly, ‘double-lined’ spectrum binaries are immediately removed
as soon as they are recognized; fourthly, our requirement for the
AAPS target stars to have an Ry index below —4.5 has the ef-
fect of filtering out some short-period, chromospherically active
binaries — RS CVn/W UMa types for example — though admittedly
these are few in number. The observed distribution in minimum
masses, corrected for completeness for periods up to 12 years, is
shown in Fig. 8.

The main features seen in this P < 12 yr distribution are (i) a
sub-stellar companion mass function rising strongly below 10 Mj,
(ii) a comparatively flat distribution of stellar companions, and (iii)
a region from ~20 to 70 Mj (corresponding to the brown dwarf
regime) where relatively few objects are found despite a selection
bias in the observations making them easier to detect than planets.
Note that although objects do exist in this part of the parameter
space (e.g. Jenkins et al. 2009), the term brown dwarf desert was
given to highlight the relative paucity in comparison to planets and
stellar objects (Marcy & Butler 2000). Such features accord with
RV observations elsewhere: the CORALIE, Keck, and Lick surveys
all report the same form of sub-stellar function while the ‘flat’ stellar
distribution mirrors that seen in Duquennoy & Mayor (1991, fig.
11). This similarity comes about despite the fact that the various
RV surveys work with different samples and operating strategies.
The form of the distribution of planetary and stellar companions is
considered to reflect the different formation mechanisms for these
two populations (respectively accretion in dissipative circumstellar
discs and gravitational instabilities in collapsing cloud fragments)
and their consequent evolution. The relatively small number of
brown dwarf companions has been noted elsewhere (for example
Halbwachs et al. 2000; Butler et al. 2001; McCarthy 2001) and may
be a reflection of a formation mechanism different again from that
of stars or planets, though Armitage & Bonnell (2002) argue that
its existence is a consequence of orbital migration of brown dwarfs
within an evolving protostellar disc.

The question arises as to what effect a correction for inclination
would have on the observed distribution. The simplest (crudest)
correction is to scale masses up by a factor of 1/(sini). This does
not alter the form of the distribution, nor in this case the total
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Figure 9. Metallicity—mass distribution. Filled circles correspond to ex-
oplanets with 1.5M; < M < 5.0 Mj, discovered using the RV technique,
open triangles correspond to binary stars from Halbwachs, Mayor & Udry
(2012) and Duquennoy & Mayor (1991), filled triangles show our AAPS
candidates, and open circles show the distribution for doubles reported by
Tokovinin (2014). The metallicities were obtained from Casagrande et al.
(2011). The horizontal and vertical lines mark the approximate planet—
brown dwarf boundary and the extreme lower tail of the Tokovinin binary
distribution, respectively. The cross-hairs mark the sample medians for the
planets, AAPS candidates, and the Tokovinin (2014) binaries, increasing in
mass, respectively.

number of objects that can be regarded as brown dwarf candidates
— just those objects out of the survey that can be regarded as such.
Clearly, a knowledge of the precise form of the mass distribution
for this (or any) RV survey is precluded until inclinations can be
determined accurately via sub-milliarcsecond astrometric surveys
such as GAIA (Sozzetti et al. 2001) and SIM (Sozzetti et al. 2002),
though it would take a remarkable confluence of inclinations for the
objects uncovered by the AAPS to alter the underlying distribution
of masses. Indeed, recent attempts have been made to recover the
‘true’ mass distribution (Lopez & Jenkins 2012), with very few of
the sub-10 M objects moving above this mass limit.

3.6 Metallicity—mass distribution

One of the most interesting features to emerge from the early study
of exoplanets is the dependence of gas giants to be found orbit-
ing stars with supersolar metallicities (Gonzalez 1997; Fischer &
Valenti 2005; Sousa et al. 2011). This result is a key prediction of
the core accretion scenario for planet formation (Ida & Lin 2004;
Mordasini et al. 2012). However, it seems that this bias towards the
most metal-rich stars is only found for gas giants and not lower
mass rocky planets (Udry et al. 2007; Buchhave et al. 2012; Jenkins
et al. 2013a). Therefore, given there is a clear mass dependence as
a function of metallicity, it is interesting to test what the metallic-
ity distribution looks like for binaries drawn from a representative
sample.

In Fig. 9 we show the distribution in the metallicity—mass plane of
planets, brown dwarfs, and stellar binaries that have been detected
mostly by the RV method, with a large clutch of the stellar binaries
being drawn from the sample of F, G, and K stars from Tokovinin
(2014). The iron abundances used in this plot were taken from
high-resolution spectral analysis where possible, generally from
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Figure 10. The metallicity distribution of exoplanet (upper panel) and bi-
nary (lower panel) companions. The best-fitting model distributions are also
shown in the plots, where a power law is used for the exoplanet sample, and
a linear function is used to model the binary distribution.

the published papers for the detected exoplanets, with the Tokovinin
(2014) primary star metallicities being drawn from Casagrande et al.
(2011). The giant planet metallicity bias discussed above is evident
here, where the sample mean cross-hairs are clearly offset from
the sample means at higher masses (i.e. above the horizontal dot—
dashed line). The brown dwarf and stellar binaries have mean values
in good agreement with each other, both with sub-solar values,
in comparison to the exoplanet primary mean distribution that is
significantly above the solar value.

In Fig. 10 we show the distribution of exoplanets and binaries as
a function of primary star metallicity. We used the large sample of
Fischer & Valenti (2005) for the exoplanet distribution and again
the Tokovinin (2014) sample for the binary population. The biases
in both of these samples are discussed in each of the works, yet they
are large enough and have been examined well enough that they can
be thought of as good representations of their respective field pop-
ulations. The full Tokovinin (2014) sample was not included since
we wanted to maintain metallicity homogeneity and also we aimed
for a direct overlap in orbital separation with the exoplanet sample,
meaning we only included binary companions with orbital periods
out to 4 years. For metallicity homogeneity, we cross-matched the
sub-4 year sample with the Casagrande et al. (2011) catalogue of
metallicities, leaving a total of 874 binaries or multiple stars, out of
the complete 3936 sample.

As was shown in Fischer & Valenti (2005), the distribution of
exoplanets follows a power law where the percentage of stars with
giant planets increases as a function of metallicity. After construct-
ing a similar histogram of values to that in Fischer & Valenti (2005),
we find a power law described by an amplitude of 0.028 £ 0.002
and an index of 2.23 £ 0.09, which we represent by the dashed black
curve in the plot. Beyond around a solar metallicity, the increase in
planet hosting fraction rises steeply, possibly accelerating beyond a
value of +0.2 dex in metallicity (Sousa et al. 2011).

The distribution of binaries on the other hand is extremely flat
across all the metallicity range, within the uncertainties, with the
fraction found to be 43 + 4 percent, in excellent agreement with
Raghavan et al. (2010). The best-fit-weighted linear function is
shown in the figure and has values for the gradient (b) and offset
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Figure 11. The cumulative fraction of the binary fraction distribution (solid
curve) and the exoplanet fraction distribution (dashed curve).

(a) of 0.286 = 0.011 and —0.099 £ 0.044, respectively. These
parameters are fairly insensitive to different bin widths, therefore,
it is clear that the binarity fraction as a function of metallicity is
significantly different to the planetary system fraction.

We investigated if there is any dependence on the binary fraction
with orbital separation by constructing the same distribution on the
sample of binaries with orbital periods longer than 4 years, and on
the full sample regardless of orbital period. We found no significant
differences between the distributions; however, we do note a small
drop in the fraction of binaries in the metal-poor regime (—0.8<
[Fe/H] < —0.5) for the longer period sample. Although it still agrees
with a flat distribution within the uncertainties, in future it may be
worthwhile to revisit this regime with more binaries in these bins to
see if this drop in fraction becomes significant, which would indicate
that there is a dependence of the binary fraction with separation as
a function of metallicity.

In Fig. 11 we show the cumulative fraction between the binary
fraction and the exoplanet fraction as a function of metallicity. The
early rise at low metallicities in the binary fraction is apparent, along
with the rapid rise at the high-metallicity end for the exoplanet frac-
tion. We find that the largest disparity between the two populations
occurs around 0.15 dex in metallicity, a little over solar metallic-
ity, where the planet fraction begins to significantly increase. A
Kolmogorov—Smirnov test yields a D-statistic of 0.733 here, relat-
ing to a probability of the null hypothesis of 2.377x 1072 per cent.

Gao et al. (2014) show that the fraction of binaries with orbital pe-
riods of less than 1000 d dramatically falls in the metal-rich regime
when they split their Sloan Digital Sky Survey and LAMOST FGK
star samples up into three different metallicity bins. They find a
total binary fraction of 43 + 2 percent, again in excellent agree-
ment with what we find here, but they calculate binary fractions of
56 £ 5 per cent, 56 £ 3 per cent, and 30 & 5.7 per cent for metallic-
ities ([Fe/H]) of <—1.1, —1.1 to <—0.6, and >—0.6, respectively,
indicating a drop in the fraction of binaries in the most metal-rich
region. Although this is an indication of a higher fraction of bina-
ries near our metallicity lower limit, within the uncertainties the
distribution is still flat (similar to the result reported in Raghavan
et al. 2010). Therefore, we cannot confirm if such a binary fraction
change exists, a change that is also recovered by some models (e.g.
Machida et al. 2009).

MNRAS 453, 1439-1457 (2015)

Bate (2014) studied the effects of changes of the metallicity on
their star formation models, assuming the dust opacity scales lin-
early with metallicity across a range of metallicities from 1/3rd solar
to three times solar metallicity. He finds no significant changes in
the multiplicity fraction with metallicity, suggesting gas opacity
does not overtly change the large-scale properties of star formation
from the fragmentation of giant molecular clouds. Furthermore, he
also finds no dependence with metallicity on the orbital separation
of binaries and higher order multiples, as we find here. Given that
recent works have shown that the cooling times in protoplanetary
discs increase as a function of metallicity, meaning suppression
of disc fragmentation in the super metal-rich regime (e.g. Cai et al.
2006), we might expect that if FGK star secondaries formed primar-
ily through fragmentation of the protoplanetary disc, there would
be a strong dependence of the binary fraction with metallicity. As
this does not appear to be the case, then a flat distribution of binary
fraction with metallicity suggests that these close binaries predom-
inantly form through fragmentation of the giant molecular cloud
that also formed the primary star.

3.7 Summary

Our target sample of 178 solar-type stars has revealed that ~10 per
cent are spectroscopic binaries. Orbital solutions indicate that two
systems potentially have brown dwarf companions and another two
could have eccentricities that place them in the extreme upper tail
of the eccentricity distribution for binaries with periods less than
1000 d. The systems with the largest quantity of data points appear
to generate the least robust orbital solutions, which could owe to
secondary flux contamination of the template spectra, and hence the
necessity to garner more data to constrain their solutions. When the
RV measurement errors are low, yet the Keplerian solutions have
low significance, the most likely scenario is a multiple-star system.
HIPPARCOS astrometry was examined in an attempt to constrain
our orbital parameters; however, no significant astrometric variation
could be discerned in the positional residuals. The distribution of
companion masses was examined for both the binaries and candi-
date exoplanets detected by the AAPS. For periods up to 12 years
the ‘steep’ planetary and ‘flat’ binary mass distributions mirror
those seen by other surveys. Over a time-scale equivalent to one
orbital period of Jupiter, upwards of 30 exoplanet detections can be
expected from our original sample of 178 stars. The discovery of
these 16 AAPS binaries from a sample of solar-type stars selected
to have no resolvable or known SB companions is a reminder that
the data for even the relatively bright southern stars remain far from
complete.

Finally, analysis of the metallicity—mass plane from planetary
companions all the way up to stellar companions reveals a stark dif-
ference in the mean metallicities of these populations, with planets
orbiting stars more metal-rich than stellar companions, in general.
The fraction that host these companions as a function of metallic-
ity is also different, with the binary fraction being found to be flat
(43 £ 4 per cent) in the metallicity range between —1.0 and 0.6 dex.
This is in contrast to the fraction of stars hosting giant planetary
systems, which has a very low fraction until around a solar metal-
licity, at which point the fraction rises steeply following a power
law. The flat binary fraction across this wide range of metallici-
ties is in agreement with recent hydrodynamical simulations of star
formation through fragmentation of giant molecular clouds. Such a
result suggests that this is the dominant formation mechanism for
FGK-type binaries and not fragmentation of the protoplanetary disc
that was left over from the formation of the primary star.
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