N
N

N

HAL

open science

The Volume-limited A-Star (VAST) survey - II. Orbital
motion monitoring of A-type star multiples

R. J. de Rosa, J. Patience, Arthur Vigan, P. A. Wilson, A. Schneider, N. J.
Mcconnell, S. J. Wiktorowicz, C. Marois, I. Song, B. Macintosh, et al.

» To cite this version:

R. J. de Rosa, J. Patience, Arthur Vigan, P. A. Wilson, A. Schneider, et al.. The Volume-limited
A-Star (VAST) survey - II. Orbital motion monitoring of A-type star multiples. Monthly Notices
of the Royal Astronomical Society, 2012, 422 (4), pp.2765-2785.

hal-02118392

HAL Id: hal-02118392
https://hal.science/hal-02118392

Submitted on 2 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

10.1111/j.1365-2966.2011.20397.x .


https://hal.science/hal-02118392
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

of the
ROYAL ASTRONOMICAL SOCIETY Avgonamyind

Mon. Not. R. Astron. Soc. 422, 2765-2785 (2012) doi:10.1111/5.1365-2966.2011.20397.x

The Volume-limited A-Star (VAST) survey — II. Orbital motion
monitoring of A-type star multiples

R. J. De Rosa,'*1 J. Patience,! A. Vigan,' P. A. Wilson,! A. Schneider,?
N. J. McConnell,? S. J. Wiktorowicz,>* C. Marois,’ I. Song,> B. Macintosh,’
J.R. Graham,>” M. S. Bessell,® R. Doyon® and O. Lai'°

L College of Engineering, Mathematics and Physical Sciences, University of Exeter, Physics Building, Stocker Road, Exeter EX4 4QL

2 Physics and Astronomy, University of Georgia, 240 Physics, Athens, GA 30602, USA

3 Department of Astronomy, University of California at Berkeley, Berkeley, CA 94720, USA

4Department of Astronomy, University of California at Santa Cruz, Santa Cruz, CA 95064, USA

SNRC Herzberg Institute of Astrophysics, 5071 West Saanich Road, Victoria, BC V9E 2E7, Canada

S Institute of Geophysics and Planetary Physics, Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore, CA 94550, USA

T Dunlap Institute for Astronomy and Astrophysics, University of Toronto, 50 St George Street, Toronto, ON M55 3HS, Canada

8 Mount Stromlo and Siding Spring Observatories, Institute of Advanced Studies, The Australian National University, Weston Creek P.O., ACT 2611, Australia
9Dépt de Physique, Université de Montréal, C.P. 6128, Succ. Centre-Ville, Montréal, QC H3C 3J7, Canada

10 Canda—France-Hawaii Telescope, 65-1238 Mamalahoa Highway, Kamuela, HI 96745, USA

Accepted 2011 December 14. Received 2011 December 13; in original form 2011 November 29

ABSTRACT

As a part of our ongoing Volume-limited A-Star (VAST) adaptive optics survey, we have
obtained observations of 26 binary systems with projected separations <100 au, 13 of which
have sufficient historical measurements to allow for refinement of their orbital elements. For
each system with an estimated orbit, the dynamical system mass obtained was compared
with the system mass estimated from mass—magnitude relations. Discrepancies between the
dynamical and theoretical system mass can be explained by the presence of a previously
unresolved spectroscopic component or by a non-solar metallicity of the system. Using this
approach to infer the presence of additional companions, a lower limit to the fraction of bi-
naries, triples and quadruples can be estimated as 39, 46 and 15 per cent for systems with
at least one companion within 100 au. The fraction of multiple systems with three or more
components shows a relative increase compared to the fraction for solar-type primaries re-
solved in previous volume-limited surveys. The observations have also revealed a pair of
potentially young (<100 Myr) M dwarf companions, which would make an ideal benchmark
for the theoretical models during the pre-main-sequence contraction phase for M dwarfs.
In addition to those systems with orbit fits, we report 13 systems for which further orbital
monitoring observations are required, 11 of which are newly resolved as a part of the VAST
survey.

Key words: techniques: high angular resolution — binaries: close — binaries: general.

1 INTRODUCTION

The orbits of binary stars offer one of the few techniques to deter-
mine stellar masses, or masses and radii in cases with a favourable
geometry (e.g. Andersen et al. 1991). Orbits of binaries with young
ages are particularly important to test theoretical evolutionary mod-
els, and examples include a double-lined eclipsing binary in Orion
(e.g. Stassun et al. 2008). Low-mass stars and brown dwarfs also
represent a regime requiring empirical calibration, and the visual

*E-mail: derosa@astro.ex.ac.uk

tBased on observations obtained at the Canada—France-Hawaii Tele-
scope (CFHT) under programme IDs 2001AF11, 2008 AC22, 2009BC06,
2010AC14 and 2011ACI11. Based on observations made with ESO tele-
scopes at the La Silla Paranal Observatory under programme IDs 272.D-
5068(A), 074.D-0180(A), 076.C-0270(A), 076.D-0108(A), 077.D-0147(A)
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orbits of nearby M, L and T dwarfs have been used to measure sys-
tem masses and compare with theoretical mass—luminosity relations
(Dupuy, Liu & Bowler 2009).
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Visual orbits also provide a method to search for evidence of
additional components and determine higher order multiplicity, by
identifying systems with dynamical masses significantly in excess
of the theoretical predictions. These visual binaries with an indica-
tion of unresolved companions can be monitored with spectroscopy
or interferometry to determine the properties such as period and
mass ratio of the closer pair and augment the statistics compiled
from catalogues (Tokovinin 2008). The properties of higher order
multiple systems represent tests of formation scenarios including
fragmentation of cores (e.g. Pringle 1989; Bonnell 2001) and discs
(e.g. Stamatellos, Hubber & Whitworth 2007; Kratter, Murray-Clay
& Youdin 2010) and may be influenced by processes such as accre-
tion (e.g. Bate 2000) and dynamical interactions (e.g. McDonald &
Clarke 1995; Lodato et al. 2007)

In this paper, a subset of the systems resolved by our ongo-
ing Volume-limited A-Star (VAST) survey are used to determine
dynamical system masses from orbit fits and to compare the re-
sults with theoretical models and search for additional unresolved
stellar companions. The sample of adaptive optics (AO)-imaged
binaries considered in this study is detailed in Section 2, and a
short summary of the new observations is given in Section 3. The
data analysis, including the AO image processing to determine
the relative positions and the subsequent orbit determination from
the compilation of position data, is explained in Section 4. Section 5
reports the astrometric results from the new measurements and the
orbital elements and masses based on the orbit fits. The discussion
in Section 6 covers a comparison with theoretical mass—magnitude
relations, an assessment of the higher order multiplicity and the
identification of a set of targets for continued monitoring. Finally,
Section 7 provides a summary and future directions for the project.

2 SAMPLE

The sample of binaries is drawn from the ongoing VAST survey
(De Rosa et al. 2011), an AO imaging survey of A stars within
75 pc, and includes the 26 systems with projected separations less
than 100 au (Fig. 1). The angular separations of the binaries range
from 0.094 to 4.66 arcsec, and 11 are newly resolved. Fig. 2 plots
the measured magnitude difference as a function of separation for
the complete sample. Of the 26 systems, 13 have a substantial
number of previous measurements, and these systems comprise the
orbit subsample. For the remaining 13 systems, there is insufficient
coverage to fit an orbit, and these binaries comprise the monitoring
subsample. Table 1 lists each observed binary in the two subsamples,
along with basic parameters for each such as distance (van Leeuwen
2007), Tycho2 Vr-band and Two Micron All Sky Survey (2MASS)
K;-band photometry (ESA 1997; Skrutskie et al. 2006), and spectral
type listed within the SIMBAD data base.

For the brightest stars within the sample, the shortest 2MASS
exposures saturate, requiring a different method for measuring the
photometry, resulting in significantly larger uncertainties on the
estimated magnitudes (Skrutskie et al. 2006). Therefore for three
of these brighter targets, near-infrared photometry was obtained
from alternative sources (Morel & Magnenat 1978; Ducati 2002)
and converted into the 2MASS photometric bands using empirical
colour transformations (Carpenter 2001). The distribution of the
sample on the colour—magnitude diagram (CMD) is plotted in Fig. 1.
The contamination from the secondary to the apparent magnitude
measured by 2MASS has been removed, based on the magnitude
differences measured within this study. Given the rapid evolution
of massive stars off the main sequence, the position of an A star on
the CMD provides a method to estimate the age of the system based
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Figure 1. A CMD of the 27 stars discussed within this work, plotted along-
side three different sets of theoretical isochrones at 100, 500 and 800 Myr.
Those targets with new or refined orbits are plotted in blue with a diamond
symbol (see Table 4), and those targets for which further measurements are
required are plotted in red with a cross symbol (see Table 5 and Section 6.3).
Three different sets of theoretical isochrones are plotted at ages of 100,
500 and 750 Myr; (top) Lejeune & Schaerer (2001), (middle) Marigo et al.
(2008) and (bottom) Siess, Dufour & Forestini (2000).

on a comparison with theoretical isochrones. The inferred age of
the system from the CMD is combined with the dynamical system
mass from the orbit and system photometry from the literature to
test mass—magnitude relations at the corresponding age.

3 OBSERVATIONS

With AO systems operating on telescopes ranging in diameter from
the 3-m Shane to the 8-m Gemini and Very Large Telescope (VLT),
near-infrared images were obtained on all targets. In most cases, the
filter used for the observations was a narrow- or broad-band filter
within the K bandpass, though some images were taken within the J
and H bandpasses. Both the primary and secondary of the pairs were
unsaturated in the AO images, simplifying the astrometry measure-
ments. Table 2 details the key characteristics of the instruments used
to acquire the new AO observations, with the measured pixel scale
and orientation for each camera. A subset of the observations were
obtained from the Canada—France—Hawaii Telescope (CFHT) and
ESO Science Archive Facilities. One measurement obtained at the
Southern Observatory for Astrophysical Research (SOAR) as a part

© 2012 The Authors, MNRAS 422, 2765-2785
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Figure 2. The magnitude difference between primary and secondary for
each binary system within this study as a function of angular separation. The
targets are divided into two distinct subsamples, those with new or refined
orbits estimated within this study (filled circles) and those for which further
measurements are required before an orbital determination can be attempted
(filled stars). The majority of the systems within the second subsample were
newly resolved as a part of the VAST survey, demonstrating the higher
dynamic range possible with AO imaging. The filled circles connected with
a solid line represent companions within the same hierarchical triple (HIP
44127 and HIP 82321).

Table 1. Basic properties of sample members.
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of the VAST survey, and used within this study, has been recently
published in Hartkopf, Tokovinin & Mason (2012).

4 DATA ANALYSIS

4.1 AO image processing

The AO science images obtained were processed with standard
image reduction steps including dark subtraction, flat-fielding, in-
terpolation over bad pixels and sky subtraction. To align all the
images, the centroid of the bright primary was obtained in each
exposure by fitting a Gaussian to the core of the central point spread
function (PSF). For each system resolved within the observations,
an empirical PSF was determined from the radial profile of the
primary after masking any close companion. The empirical PSF
was then fitted to the position and intensity of both components
of the system, providing a measure of the separation, position an-
gle and magnitude difference. Uncertainties within the photometry
and astrometry were estimated from the standard deviations of the
photometric and astrometric measurements from each individual
exposure before combination.

To ensure accurate determination of the separation and position
angle, the pixel scale and orientation of the detectors were calibrated
based on observations of the Trapezium cluster, with the exception
of data obtained with IRCAL and Palomar High Angular Resolution
Observer (PHARO). Depending on the total field of view of the
detector, the positions of 20—40 Trapezium members were compared

HIP Name HR HD ADS Spectral Distance Vr K
type (po) (mag) (mag)
Orbit subsample
5300 v Phe 331 6767 A3IV 57.0 £2.0 5.230 £ 0.001 478 £ 0.02
9480 48 Cas 575 12111 1598 A3IV 3534+0.6 4533 £0.002 4.08 £0.13¢
11569 t Cas 707 15089 1860 ASp 407+ 1.3 4496 +£0.003  4.25+0.03
17954 1188 23985 2799 A2V+... 56.5+ 1.8 5.259 £0.004  4.81 £0.02
28614 0 Ori 2124 40932 4617 475+ 1.5 4.150 4+ 0.002 3.64 £0.26
36850 Castor ~ 2891/2890  60178J 6175 A2Vm 15.6 +0.9 1.590 £ 0.020  1.47 £0.03¢
44127 t UMa 3569 76644 ATV 14514+ 0.03  3.1594+0.002 2.67 & 0.03?
47479 3863 84121 A3IV 726 £22 5.334 £0.003  4.80 £0.02
76952 y CrB 5849 140436 9757 BOIV+... 448 +1.0 3.819 4+ 0.002 3.67+£0.23
77660 b Ser 5895 141851 A3Vn 498 +0.8 5.112£0.002  4.70 £0.02
80628 v Oph 6129 148367 A3m 41.0£ 1.5 4.657 £0.003  4.17 £ 0.04
82321 52 Her 6254 152107 10227  A2Vspe... 553+1.0 4833 +£0.003 4.57+0.02
93506 ¢ Sgr 7194 176687 11950 A2.5Va 27.0 £ 0.6 2.617 £ 0.003 2.29 +0.23
Monitoring subsample

128 224890 Am... 70.8 £ 1.7 6.521 £0.004  6.02 £0.02
2381 118 2696 A3V 53.1£0.8 5.188 £ 0.003  4.83 £0.02
2852 BG Cet 151 3326 ASm. .. 489 +0.8 6.093 £0.004 542 +0.01
5310 79 Psc 328 6695 A3V 473+ 1.7 5.581 £ 0.003 5.22 +0.02
18217 1192 24141 AS5m 505+ 1.1 5.806 +£0.004 537 £0.02
29852 2265 43940 A2V 619+ 1.0 5.895 + 0.003 5.44 4+ 0.02
51384 4062 89571 FOIV 40.6 £ 0.6 5.549 +£0.003  4.85+0.02
65241 64 Vir 5040 116235 A2m 659+ 1.4 5.897 £ 0.003 5.62 +0.02
66223 5108 118156 8956 FOIV 69.8 +2.0 6.394 +0.004  5.88 £0.02
103298 16 Del 8012 199254 14429 A4V 60.5 + 1.1 5.555 £ 0.003 5.19 +0.02
109667 8464 210739 A3V 63.5+2.1 6.209 + 0.005 5.74 £ 0.02
110787  p' Cep 8578 213403 A2m 63.2+0.9 5.857 £0.004 554 +0.03
116611 75 Peg 8963 222133 AlVn 714+14 5.483 £ 0.003 542 +0.02

“K-band photometry from Ducati (2002).
> K-band photometry from Morel & Magnenat (1978).

© 2012 The Authors, MNRAS 422, 2765-2785
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Table 2. Observing run details with calculated astrometric calibration values.

Telescope Date Filter Plate scale True north Proposal ID
(instrument) (mas pixel’l) ©)
CFHT 2001 May 5-7 Hcontinuum  34.87 £0.14 1.47£0.19 2001AF11
(KIR) 2001 May 6 J continuum 34.82+£0.15 1.51+0.17 2001AF11
2008 June 13 Hy(v=1-0) 3481£0.10 —2.4240.13 2008AC22
2008 June 14 Feu 3476 £0.08 —2.40=£0.11 2008AC22
2009 August 30 to September 1 Hy(v=1-0) 3478£0.10 —2.404+0.20 2009BC06
2010 February 4-5 Hy (v=1-0) 34.75+0.08 —2.37+0.11 2010AC14
2011 Hy (w=1-0) 3477£006 —2.354+0.09 2011AC11
Gemini N 2008 September 8 to November 14 Bry 21.28 £0.12 0.52+0.29 GN-2008A-Q-74
(NIRI) 2009 December 19 Bry 21.28 £0.12 0.524+0.29  GN-2008B-Q-119
2010 June 25 to August 26 Bry 21.28 £0.12 0.524+0.29  GN-2010A-Q-75
Lick 2008 July 24 to 2009 July 25 Bry 74.55 £ 1.00 1.68 +0.50 -
(IRCAL) 2008 October 16-17 Bry 74.55 + 1.00 1.68+0.50 -
VLT-UT4 2004 June 30 1B218 27.02 £0.14 0.244+0.30 272.D-5068(A)
(NACO) 2005 January 10 1B218 27.02 £ 0.15 0.26£0.30 074.D-0180(A)
2005 February 8 K 27.02 £0.15 0.26+0.30 074.D-0180(A)
2005 November 8 K 26.98 £ 0.08 0.21+£0.20 076.C-0270(A)
2005 November 10 K 26.98 £ 0.08 0.214+0.20 076.D-0108(A)
2005 December 6 1B218 26.98 £ 0.08 0.21£0.20 076.D-0108(A)
2006 January 4 K 27.01 £0.13 0.314+0.29 076.D-0108(A)
2006 January 7 1B218 27.01 £0.13 0.314+0.29 076.D-0108(A)
2006 April 27 1B218 27.00 £ 0.12 0.094+0.26 077.D-0147(A)
2007 September 20 1B218 2699 +£0.12 —-0.23£0.21 080.D-0348(A)
2007 September 20 K 2699 £0.12 —0.234+0.21 080.D-0348(A)
2007 September 26 1B218 2699+£0.12 —-0.23£0.21 080.D-0348(A)
2007 November 4 K 27.00 £0.10 —0.184+0.20 080.D-0348(A)
2008 February 15 1B218 27.01 £0.14  —0.12£0.29 080.D-0348(A)
2008 February 24 K 27.01 £0.14  —0.124+0.29 080.D-0348(A)
Palomar 2008 April 11 CHy 25.00 £ 1.00 0.704+1.00 -
(PHARO) 2008 April 12 Bry 25.00 £ 1.00 0.70+1.00 -
2008 July 12 CH4 25.00 £ 1.00 0.704+1.00 -
2008 July 13 Bry 25.00 £ 1.00 0.70+1.00 -

Notes. KIR — (Doyon et al. 1998); NIRI (Near-InfraRed Imager and Spectrometer) — (Hodapp et al. 2003); IRCAL — (Lloyd
et al. 2000); NACO (Nasmyth Adaptive Optics System/Near-Infrared Imager and Spectrograph) — (Lenzen et al. 2003; Rousset
et al. 2003); PHARO (Palomar High Angular Resolution Observer) — (Hayward et al. 2001).

with the coordinates reported in McCaughrean & Stauffer (1994).
The average derived pixel scale and orientation was computed, and
the standard deviation of these values was used as the associated
errors; the results are given in Table 2. For the data obtained with
IRCAL and PHARO, the pixel scale and orientation were calibrated
from binary systems also observed with instruments calibrated with
Trapezium measurements.

4.2 Orbital determination

For the 13 binaries with sufficient coverage of the orbit, a fit was
performed for the orbital elements, and an estimate of the dynami-
cal mass was determined. The measurements presented within this
study were combined with previous measurements contained within
the Washington Double Star (WDS; Mason et al. 2001) catalogue.
These archive measurements were obtained using a variety of ob-
servational techniques and date back to the 18th century. As in
some cases the statistical uncertainties were not provided in the
WDS catalogue, we searched the literature for the formal errors
for each individual measurement, and only separation and posi-
tion angle values for which uncertainties could be assigned were
included within the fitting procedure. A detailed listing of the in-
dividual measurements used for the orbital determination will be
made available at the Strasbourg astronomical Data Center (CDS;
http://cds.u-strasbg.fr).

Our orbit fitting approach utilizes the method presented by
Hilditch (2001), and demonstrated by an application to measure-
ments of the T Tau S system (Kohler et al. 2008). This method is
similar to the grid-based search technique developed by Hartkopf,
McAlister & Franz (1989). At each epoch of observation #;, the x;,y;
position of the companion with respect to the primary is measured
in the observed tangent plane. These values are related to the true
position of the secondary in the orbital plane (x;, y;) through the
following equations:

x; = Ax + Fy],
Bx] + Gy, M

Yi
where A, B, F and G are the orbital Thiele-Innes elements, with

A = a(coswcos 2 — sinw sin 2 cos i),

B = a(cos wsin 2 + sinw cos 2 cos i),

F = a(—sinwcos 2 — coswsin 2 cos i),

G = a(—sinwsin Q + cos w cos 2 cos i), 2
where a is the semimajor axis of the orbit, w the longitude of peri-
astron, 2 the longitude of the ascending node and i the inclination —

four of the seven orbital elements. The position of the companion in
the orbital plane (x/,y;) can also be expressed through the remaining

© 2012 The Authors, MNRAS 422, 2765-2785
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orbital elements (e, P, Ty) as

X, =cosE —e,

v =+1—e€’sinE, 3)
where e is the eccentricity of the system. The eccentric anomaly (E)
can be determined from a numerical solution to Kepler’s equation,

M =FE —esinE
= @2mn/P)(t; — To), 4

where M is the mean anomaly, P the period of the system and T
the epoch of periastron passage. At each epoch of observation, the
position of the component in the orbital plane can be defined using
just three of the orbital elements (e, P and 7). The orbital position
at each epoch can then be converted into the observed position using
the equations in equation (1) through a least-squares determination
of the four Thiele—Innes elements.

An initial estimation of the orbital parameters of each system can
be determined through an iterative three-dimensional grid search
of e, P and Ty. A wider range of parameter values were searched,
with 100 linear steps searched over a range of 0 < e < 1, 500 linear
steps in the range 1 < log (P/yr) < 3 and T initially distributed
between the years 2000.0 — (P/2) and 2000.0 + (P/2). At each
position within this three-dimensional grid, the fit orbital positions
(x},y]) were directly calculated (equation 3), with the four remaining
orbital parameters (a, i, ®, 2) estimated from a least-squares fit to
the observed positions using equations (1) and (2). After the x2
statistic was calculated at each position within the grid, the range
of T, values searched was reduced by a factor of 10 centred on
the optimum value of T, found within the previous iteration. This
process was repeated until the step size in T, was reduced to less
than 1d. The values for a, i, @ and Q can be determined from an
inversion of equation (2) (Green 1985):

1{ <B—F) (B+F)}
Q2 = — |arctan | —— | — arctan >
2 G+ A G-A
o (55) -]
w = |arctan - Q,
G+ A
[\/—(B—{—F)sin(w-‘rfz)
i = 2arctan - s
(B — F)sin(w — Q)
B B—F
a= sin(w + Q) [1 + cos (i)] ©

The orbital parameters calculated at each position within the (P, e)
grid are then used as a starting point for a Levenberg—Marquardt
minimization to ensure the minimum of the y? distribution is found.
The set of orbital parameters with the minimum 2 statistic was then
used as the orbit solution for the system.

The shape of the x? distribution in the vicinity of the global min-
imum can be used to determine the 1o uncertainties of each param-
eter (Press et al. 1992). By perturbing an individual parameter away
from the global minimum, and optimizing the remaining parame-
ters, a region of the x distribution can be calculated where the x?

Table 3. Summary of theoretical model grids.

Grid Mass range Metallicity
reference Mp) 2)
Lejeune & Schaerer (2001)  0.80 <M < 5.0 0.02
Marigo et al. (2008) 0.15<M <50 0.02
Siess et al. (2000) 010<M <50 0.02
Baraffe et al. (1998) 008 <M <15 0.02

© 2012 The Authors, MNRAS 422, 2765-2785
Monthly Notices of the Royal Astronomical Society © 2012 RAS
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statistic is less than x2,, + 1. This region encloses 68 per cent of the
probability distribution and is not necessarily symmetric about the
minimum x? value. Our implementation of the orbit fitting method
was tested against four well-studied systems (Liu, Dupuy & Ireland
2008; Bonnefoy et al. 2009; Dupuy, Liu & Bowler 2009), with the
resulting parameters being within the published 1o uncertainties.

4.3 Theoretical mass—-magnitude relations

We obtained four different grids of evolutionary models with which
the dynamical system masses estimated from the fitted orbital

0
1E Lejeune+2001 .
2 e — = = AN - - e e ==
= st :
4F .
1E Marigo+2008 3
2 e = e e AN o e e e e e e - -
=30 :
4F .
1 Siess+2000 .
2 _____________
s 3 :
4F .
1E Baoroffe+1998 .
=

1.0 0.1
Mass (M/Mg)

Figure 3. Mass—magnitude relations were constructed from each of the
four model grids. The evolution of the mass—magnitude relation is shown
for each grid, with the 10-Myr (black line), 100-Myr (blue line) and 1-
Gyr (red line) relations plotted. For reference the dashed line indicates the
faintest A-type star within the sample, and the dotted line indicates the
zero-age main-sequence magnitude of an MO star. A-type stars typically
have an absolute K-band magnitude ranging between Mg = 0 and 2, where
the mass is significantly dependent on the age of the star. Within the Lejeune
& Schaerer (2001) and Marigo et al. (2008) models, the mass—magnitude
relation of stars fainter than Mg ~ 2 is not dependent on the age of the star.
The Siess et al. (2000) and Baraffe et al. (1998) models include a description
of the contraction phase of lower mass stars on to the main sequence during
the early portion of its life.
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Table 4. Measured binary position angle and separation for previously resolved systems.

HIP  Comp. WDS Discoverer Previous Instrument  Epoch 0 P AK
designation  designation orbit ©) (arcsec) (mag)
5300 AB  01078—4129 RST3352 Soderhjelm (1999) NACO  2005.02 15.734£0.76 0.089 £0.001  0.50740.020
NACO  2007.72 126.69+£0.38 0.114 £ 0.001 “0.5734+0.018
9480  A-B 02020+7054 BUS513  Mason, Douglass & Hartkopf (1999)  IRCAL ~ 2008.79 293.97£0.75 0.679 £0.011  1.11040.056
KIR 2009.67 297.36+0.22 0.666 +0.002  1.172+0.013
NIRI 2010.65 302.114+0.29 0.644 4 0.004 “1.137£0.007
11569 Aa, Ab 0229146724  CHR 6 Drummond et al. (2003) IRCAL  2008.79 43.50+0.80 0.575+0.006 “1.906+0.026
KIR 2010.10  41.524+2.61 0.60240.023  1.771£0.301
17954  AB 0350342535  STT 65 Docobo & Ling (2007) NIRI 2008.87 194.76 +£0.31 0.200 + 0.001  “0.232+0.005
28614 AB 0602440939 A 2715 Muterspaugh et al. (2008) NIRI 2009.96  21.954+0.29 0.403 +0.002 “1.008 £ 0.006
KIR 2011.31  21.314£1.06 0.397 £ 0.006  0.896£0.120
36850 AB 0734643153 STF1110 Docobo & Costa (1985) KIR 2010.09  57.4640.14 4.663 +0.013  “0.698 £0.050
44127 BC  08592+4803  HU 628 Eggen (1967) PHARO  2008.28 242.01+1.04 0.433 +£0.017 “0.005+0.031
KIR 2010.10 228.984+0.27 0.568 +0.003  0.027 £0.023
KIR 2011.30 223.374+0.31 0.656 +0.003 —0.011+£0.039
47479  AB  09407-5759 B 780 Soderhjelm (1999) NACO  2008.12 300.2240.58 0.099 £0.001 “0.08240.017
76952 AB 1542742618 STF1967 Muterspaugh et al. (2010) PHARO  2008.28 112.65+1.07 0.683 4 0.028 -
KIR 2011.31 111.3740.33 0.620 4 0.005 “1.056£0.030
77660 AB  15513—-0305 CHR 51 Docobo et al. (2010) KIR 2001.34  82.724+2.42 0.188 +0.018 -
KIR 2001.34  81.974+1.59 0.197 & 0.008 -
KIR 2001.35 83.38+3.67 0.185+0.016 -
NACO 200450 71.8740.31 0.247 £0.001 “1.48740.006
NACO  2006.32 69.74+£0.42 0274 +0.003  1.47240.097
KIR 2010.10  66.694+0.47 0.3304+0.004  1.483+£0.058
KIR 2011.30  64.214+2.57 0.340+0.014  1.455+0.194
80628 Ab,Ab 16278—0822 RST3949 - PHARO 2008.28 22.56+1.05 0.674 £0.027 “2.07240.066
IRCAL  2008.56 23.534+0.71 0.685+0.009 1.978+£0.057
KIR 2011.31  34.374+0.29 0.771 £0.003  2.237+0.038
82321 BC 1649244559 A 1866 Popovic (1969) PHARO  2008.53 247.334+1.03 0.286 +0.012 -
KIR 2011.30 260.514£0.53 0.301 £0.005 “0.299 £0.044
93506 AB  19026—2953 HDO 150 Mason et al. (1999) KIR 2008.45 31.05+2.31 0.194+0.010 -
KIR 2011.31 285.5940.71 0.304 +0.004 “0.320£0.043

“Photometry measurement used to determine the magnitude of each component in Table 6.

Table 5. Measured binary position angle and separation for potential orbital monitoring targets.

HIP Instrument  Epoch 0 o AK Projected

©) (arcsec) (mag) separation (au)

128 NIRI 2008.72 80.64+0.29 0.983 +0.006 “3.521+£0.021 69.59 + 1.72
IRCAL 2008.79 80.73+£0.52 0.975 +0.013 3.355+£0.037 68.98 + 1.90

2381 NACO 200593  279.514+0.26  1.765 £ 0.006  “6.206 4-0.088 93.75 £ 1.48
NACO 2007.73  279.13+0.22  1.767 £ 0.008 6.229 +£0.055 93.86 £ 1.51

NIRI 2008.79  278.544+0.29  1.759 £ 0.013 7.4014+0.711 93.39 + 1.59

2852 NIRI 2008.79  260.55+0.30 0.931 £0.006  “5.001 £0.056 4551 £0.82
5310 NIRI 2008.79  174.994+0.30  0.357 £0.002  “3.71940.023 16.88 £+ 0.62
18217 IRCAL 2008.79 64.78£0.65 1.037 £ 0.012 2.301 +£0.029 5237+ 1.24
NIRI 2008.87 64.96+0.29 1.033 + 0.006 42.414+0.010 52.13 £ 1.12

29852 NACO 2005.85 210.76+0.22  0.218 £0.001  “2.003+0.013 13.49 £ 0.21
NACO 2005.86 210.804+0.21  0.217 £ 0.001 1.9834+0.012 13.44 £ 0.21

51384 PHARO 2008.18  212.43+1.05 2.078 £0.084  “4.543 £0.169 84.44 + 3.66
65241 NACO 2005.10  196.954+0.62  0.328 £ 0.003 3.061 £0.231 21.65 + 0.50
NACO 2008.15  212.754+0.57 0.258 £0.003  “3.025£0.097 17.01 £ 0.42

66223 PHARO 2008.53  187.714+1.02 1.381 £0.056  “5.66040.105 96.42 +4.73
103298 NIRI 2008.69  115.724+0.30  0.220 £ 0.001  92.962 £0.007 13.29 £ 0.25
109667 NIRI 2008.69  285.174+0.30  1.117 £0.007  “3.9974+0.011 70.88 + 2.38
KIR 2009.66  284.66+0.25 1.108 £ 0.006 4.051+0.073 70.28 £2.35

NIRI 201048 284.384+0.29  1.101 £ 0.007 4.0444+0.103 69.84 +2.34

110787 NIRI 2008.71  211.114+0.35 0.291 £0.002  “3.891 +0.043 18.38 £ 0.29
116611 NIRI 2008.75 173.114+0.32  0.950 £ 0.006  “5.930 £ 0.089 67.78 + 1.38
NIRI 201048  172.114+0.34  0.943 £ 0.006 5.7944+0.076 67.31 +1.34

“Photometry measurement used to determine the magnitude of each component in Table 6.

© 2012 The Authors, MNRAS 422, 2765-2785
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Table 6. Derived parameters of individual components.

2771

HIP Comp. Vr Ks V-K My Mg Additional SB Reference
(mag) (mag) (mag) (mag) components  type
Orbit subsample
5300 A 5.51 +0.02 5.28+0.02 0.23 +0.03 1.73£0.08 1.50 +0.08
B 6.85 + 0.08 5.85+0.02 0.99 + 0.08 3.07+£0.11 2.08 £0.08
9480 A 4.69 + 0.01 4.40+£0.13 0.29 +0.13 1.95+0.03 1.67+£0.13
B 6.72 £ 0.01 5.54+0.13 1.18 £ 0.13 398+0.04 280+0.13
11569° Aa 4.67 +0.01 479+£0.03 —0.12+0.03 1.62+0.07 1.74 +0.08
Ab 8.65 +£0.16 6.71 £0.03 1.94 +0.16 5.60£0.17 3.66 + 0.08
17954 A 5.81 +0.04 5.46+£0.02 0.35 +0.04 2.05+0.08 1.70 +0.07
B 6.26 + 0.06 5.69+0.02 0.57 £+ 0.06 2.50£0.09 1.93+0.07
28614 A 4.32 +0.01 4.00+£0.26 0.33 +0.26 0.94+0.07 0.61 £0.27 Aa, Ab SB1 Fekel et al. (2002)
B 6.22 +0.02 5.01+0.26 1.22 +0.26 2.84+0.07 1.62+0.27 Ba, Bb SB2 Fekel et al. (2002)
36850 A 1.98 +0.02 1.934+0.03 0.05 + 0.04 1.02+£0.13 097 +£0.13 Aa, Ab SB1 Vinter Hansen et al. (1940)
B 2.88 £0.03 2.63+0.04 0.25 +0.05 1.92+0.13 1.66 +£0.13 Ba, Bb SB1 Vinter Hansen et al. (1940)
44127 A 3.16 £0.02 2.71£0.03 0.45 + 0.04 2.35+£0.02 1.90+£0.03
B 10.88 £ 0.11 6.90 +£0.04 398 +£0.12 10.07£0.11  6.09 + 0.04
C 11.08 £ 0.12 6.90+0.04 4.18 £ 0.12 10.27£0.12  6.09 £ 0.04
47479 A 5.82 +0.01 5.514+0.02 0.31 £ 0.02 1.51£0.07 1.21 £0.07
B 6.45 +0.01 5.59+0.02 0.85 +0.03 2.14£0.07 1.29 +£0.07
76952 A 4.05 +0.01 4.024+0.23 0.03 +£0.23 0.80£0.05 0.76 +0.23
B 5.60 + 0.02 5.07+0.23 0.53 +£0.23 2.35+£0.05 1.82+0.23
77660 A 521 +0.01 4.9440.02 0.26 + 0.02 1.72£0.04 1.46 +0.04
B 7.82 +0.04 6.43+0.02 1.38 £ 0.04 4.334+0.05 2.95+0.04
80628 Aa 4.68 +0.01 4.324+0.04 0.37 £ 0.04 1.62+0.08 1.25+0.09 Aal, Aa2 SB2 Gutmann (1965)
Ab 8.80 £ 0.10 6.39+0.07 241 +0.12 5.74+£0.13 3.33+0.11
82321 A 4.87 +0.01 4.734+0.02 0.14 £ 0.02 1.16£0.04 1.02 +0.04
B 9.19 +0.11 7.33+£0.03 1.86 £0.11 547+£0.12  3.62+0.05
C 9.29 +0.11 7.63+0.04 1.66 +0.12 5.57£0.12 392 +0.05
93506 A 3.27 +£0.01 2.90+0.23 0.37 £0.23 1.11£0.05 0.74 £0.24
B 348 +0.01 3.22+0.24 0.26 + 0.24 1.32£0.05 1.06 +0.24
Monitoring subsample
128 AB - 6.06 +0.02 - - 1.81 £ 0.06 A,B SB1 Carquillat et al. (2003)
C - 9.58+£0.03 - - 5.33 £ 0.06
2381 A - 4.834+0.02 - - 1.21 £ 0.04
B - 11.04 £0.09 - - 7.41 +£0.10
2852 A - 5.434+0.02 - - 1.98 + 0.04
B - 10.43 £0.06 - - 6.98 + 0.07
5310 A - 5.254+0.02 - - 1.88 +0.08
B - 8.97+£0.03 - - 5.60 + 0.08
18217 A - 5.48+0.02 - - 1.97 +£0.05
B - 7.90+0.02 - - 4.38 +0.05
29852 A - 5.60+0.02 - - 1.64 +0.04
B - 7.60+0.02 - - 3.64 £0.04
51384 A - 4.874+0.02 - - 1.82 £ 0.04
B - 9.41+0.17 - - 6.37 +0.17
65241 A - 5.69+0.02 - - 1.59 £ 0.05
B - 8.71£0.09 - - 4.62+0.11
66223 Aa - 5.894+0.02 - - 1.67 + 0.06
Ab - 11.55+0.11 - - 7.33+0.12
103298 Aa - 5.264+0.02 - - 1.35 £ 0.04
Ab - 8.22+0.02 - - 431 +0.04
109667 A - 5.76 £0.02 - - 1.75 £ 0.07
B - 9.76 £0.02 - - 5.75 £ 0.07
110787 A - 5.574+0.03 - - 1.57 £ 0.04
B - 9.46 +£0.05 - - 5.46 + 0.06
116611 Aa - 5.4240.02 - - 1.16 £ 0.05 Aal, Aa2 SB1 Rucinski et al. (2005)
Ab - 11.35+0.09 - - 7.09 +0.10

“The spectroscopic binary reported by Abt (1965) is the system resolved within the AO data.

bThe individual component magnitudes may be significantly biased due to the presence of additional companions within the resolution limit of the Tycho2 and

2MASS observations.
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Figure 4. The age of each system can be estimated based on the position
of each component on the CMD [top — Lejeune & Schaerer (2001), middle
— Marigo et al. (2008) and bottom — Siess et al. (2000)]. This procedure,
while demonstrated for only two systems in this figure, was repeated for all
the remaining members of the orbit subsample. For each system, the age
estimated from each of the three model grids is reported in Table 10.

parameters were compared. Table 3 lists the mass range, metallicity
and literature reference for each of the four grids. The Lejeune &
Schaerer (2001), Marigo et al. (2008) and Siess et al. (2000) grids
cover a significant portion of the lifespan of a typical A-type star, and
as such we applied a maximum age cut-off at 1 Gyr. In addition to
these grids, models from Baraffe et al. (1998) were obtained in order
to study a pair of lower mass companions presented in Section 6.1.2.
Each grid was converted into the photometric systems used within
this study — Tycho V and 2MASS Ks (Carpenter 2001), before
producing a high-resolution (dM /M = 0.001) mass—magnitude
relation, created through cubic interpolation of the grid data, as
shown in Fig. 3.

The absolute V- and K-band magnitudes were calculated from
the V-band magnitude differences obtained from the literature
and the K-band magnitude differences presented within this study
(Tables 4 and 5). The individual component magnitudes and V — K
colour for each system are presented in Table 6. Within the A-type
star mass range, the mass—magnitude relations significantly change

Component A

Component B

107 108
Age

o
©

Figure 5. The mass—magnitude relation for a hypothetical binary system
with Mg(A) = 1.25 £ 0.05 and Mg(B) = 5.50 & 0.10, as a function of
system age. The evolution of the mass—magnitude relation is shown for
both components (A — blue region, B — red region) and the system as a
whole (grey region). The extent of the region in each case represents the
uncertainty in the mass estimate due to the uncertainties of the magnitudes
of each component.

Table 7. Visual magnitude differences for a subset of the sample.

HIP AV Reference

5300 1.344+0.104  Horch, Ninkov & Franz (2001)
9480 2.03+£0.01 Fabricius & Makarov (2000)
11569 3.98+0.16 Christou & Drummond (2006)
17954 0.45+£0.10  Horch, Meyer & van Altena (2004)
28614 1.90£0.02 Fabricius & Makarov (2000)
36850 0.90+0.03 Worley (1969)

44127 ABC  7.06+0.10*  Baize & Petit (1989)

44127 BC 0.20£0.10  Mason et al. (2001)

47479 0.63+0.02 Mason et al. (2001)

76952 1.55+0.02 Fabricius & Makarov (2000)
77660 2.61+0.04 Docobo et al. (2010)

80628 4.12+£0.10  Mason et al. (2001)

82321 ALBC  3.61+0.10¢ Mason et al. (2001)

83231 BC 0.10£0.10¢  Mason et al. (2001)

93506 0.214+0.02 Fabricius & Makarov (2000)

“For AV measurements without uncertainties, 0.10 is used.

as a function of the age of the system due to the rapid evolution
of A-type stars across the CMD. The age of each system is there-
fore estimated, based on the position of the primary on the CMD
(Fig. 4), before a mass for each component is estimated from the
mass—magnitude relations. The estimated masses of each compo-
nent are summed to produce an estimation of the system mass,
hereafter called the theoretical system mass.

To demonstrate the analysis procedure, a hypothetical binary
system of magnitudes Mg(A) = 1.25 and Mg(B) = 5.50 was used
to construct the mass—age relation for each component and their
corresponding sum (Fig. 5). The evolution of the mass—magnitude
relation as a function of age can be then visualized as a continuous
function for both components within the system. For this example a
set of models were used which include the pre-main-sequence con-
traction phase of lower mass stars, as demonstrated by the increase
in the derived mass as a function of age for the companion. The two
mass—age curves can then be summed to produce a mass—age re-
lation for the system in question. Using the age estimated for the

© 2012 The Authors, MNRAS 422, 2765-2785
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Table 8. Estimated orbital parameters and corresponding 1o uncertainties.
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HIP N. Period Semimajor Inclination  Longitude Epoch of Eccentricity Longitude System
meas. axis of node periastron of periastron mass
P (yr) a (arcsec) i(°) To (yr) e w () Mp)
5300 19 28367000 02396700003 653103 1427703 2007.941092 042470002 3339104 316034
9480 66 61.14700%  0.61470:0% 16710 482737 1964.357005  0.355T0000 19.5733  27240.13
1.0 0.007 1.7 2.7 0.08 0.009 2.6
11569 11 502410 04297000, 149.011 7 180.073¢ 1993.24100%  0.6427 0000 3313539 2124025
17954 44 61.2+01 0.44210002 847101 264702 1998307508 0.62870002 3403707 4154039
28614 69 18.641105008 02741700000 96.597002 24767002 2003.7427500 074470000 217.087508  6.36 +0.62
+6.3 +0.05 +0.09 +0.1 +0.3 +0.007 +0.6
36850 207 466.8183 6787005 11356100 41.2*0] 19573793 033310007 249370¢ 5424097
44127 9 39.4104 0707090 11167} 245112 1999.1+0 0.35+02 3542144 0.68 +£0.04
+0.04 +0.0006 +1.5 +0.5 +0.03 0.009 1.1
47479 s 10747000 01207700000 1284715 874707 200589700 0.365700% 18.6%15  583+0.53
76952 104 91.2%04 0.72970006 94457007 11175100 1931.6%03 0.4810:01 103.8%0¢  4.19£0.30
+1.5 +0.03 +5.4 +8.1 +0.9 +0.03 +6.8
80628 8 82.8713 0.7970:53 312735 86.87H 1994119 0.4510:03 177.9%8% 4994075
82321 12 56.4703 02797000 374138 575739 1991.2+34 0.13+0:2 694789 116 £ 0.09
93506 42 21.007001 04897000 11111 740707 2005997003 021179001 72708 5264037

system based upon its position on the CMD, a theoretical system
mass can be estimated and compared with the dynamical system
mass determined from the orbital elements.

5 RESULTS

5.1 Astrometric results

The astrometry and photometry measurements of the two subsam-
ples are given in Tables 4 and 5. Both tables contain the Hipparcos
designation of the primary, the components of the system under
investigation, the instrument and epoch of observation, and the
measured astrometric values with the corresponding uncertainties.
For the orbit subsample, the WDS designation and discoverer code
are also listed for reference.

Combining the K-band magnitudes of the sample with the AK
values reported in Tables 4 and 5, and the Hipparcos parallax, al-
lowed for an estimation of the K-band apparent and absolute mag-
nitudes of the resolved components (Table 6). For systems with AV
measurements reported within the literature (Table 7), the corre-
sponding estimated V-band apparent and absolute magnitudes and
V — K colours for each resolved component are reported. Seven
members of the overall sample are hierarchical systems with at
least one of the components resolved within our data set consisting
of multiple subcomponents, indicated in Table 6. An example of this
is HIP 128; our AO data are able to resolve a previously unknown
binary companion within this system (HIP 128 C at ~1.0 arcsec),
but are of insufficient angular resolution to resolve the previously
known spectroscopic component HIP 128 B. Without an estimate
of the AV or AK between HIP 128 A and HIP 128 B, the individual
magnitudes cannot be estimated, and therefore only the blended
magnitudes of the two components are listed.

5.2 Orbital elements and dynamical masses

The orbital parameters for each system with sufficient orbital cov-
erage are listed in Table 8, alongside a system mass estimated from
Kepler’s third law (hereafter the dynamical system mass) and the
number of measurements used to fit the orbit. In Fig. 6, the refined
orbital fits incorporating the new data are plotted along with the
previously reported orbit (references listed within Table 4). The re-

© 2012 The Authors, MNRAS 422, 2765-2785
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sulting orbits span a range of periods from 10.78 to 467.4 yr and
a range of semimajor axes between 0.12 and 6.78 arcsec. The rel-
atively short period of each system allows for orbital motion to be
resolved over very short baselines, typically of the order of months.
The changes to the estimated dynamical system mass between the
previously published orbit fit and the refined fit presented within
this study are shown in Table 9.

6 DISCUSSION

We have presented high-resolution observations obtained for 26
nearby multiple systems with A-type primaries with projected sep-
arations within 100 au. The subset of 12 targets with orbit fits have
been further divided into four distinct categories primarily based on
a comparison between the dynamical mass and the theoretical mass
estimated from the mass—magnitude relations, as shown in Fig. 7.
The theoretical mass estimates for each system using the Lejeune
& Schaerer (2001), Marigo et al. (2008) and Siess et al. (2000)
grids are shown in Table 10. Those systems with only two known
components are discussed in Section 6.1.1, where the importance of
metallicity is described. Two hierarchical systems resolved within
our data are discussed in Sections 6.1.2 and 6.1.3, which allow for
a comparison to the models within the K- to M-type spectral range.
For systems with a dynamical mass excess, significantly higher than
the mass predicted from the theoretical mass—magnitude relations,
the subset with known spectroscopic components is discussed in
Section 6.2.1, and we present three systems with evidence sugges-
tive of an additional unresolved component in Section 6.2.2. The
remaining targets are discussed in the context of continued moni-
toring of the orbital motion in Section 6.3; of these, 11 are newly
resolved as a part of the VAST survey, two were resolved in re-
cent multiplicity surveys of nearby southern A-type stars (Ivanov
et al. 2006; Ehrenreich et al. 2010) and one resolved within a large
speckle interferometry survey (McAlister et al. 1987).

6.1 Comparison to theoretical models

6.1.1 A-type binaries

Four targets within the orbit subsample are systems where the two
known components have been resolved within our high-resolution
data: HIP 5300, HIP 9480, HIP 11569 and HIP 76952. For each of
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Figure 6. Combining our high-resolution observations with historical measurements, refined orbits for 12 binary systems are plotted. The previous orbital fit,
obtained from the Sixth Orbit Catalogue, is plotted for reference with a dashed line. Each plot uses a similar symbol scheme to the Sixth Orbit Catalogue,
with open blue circles representing eyepiece interferometry, filled blue circles speckle interferometry, green crosses micrometrical observations and violet
asterisks photographic measurements. Our high-resolution observations presented within this study are plotted as filled red stars. For each measurement, the
corresponding O — C line is plotted, showing the difference between expected and actual position within the orbital path. Symbols in grey represent those
measurements presented without formal errors, and are not used while estimating the orbital parameters. Within each plot, the 57-mas-radius black disc
represents the resolution limit for K-band observations at an 8-m telescope.
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Figure 6 — continued

these four targets, the mass—magnitude relations were used to de-
termine how the system mass changes as a function of our estimate
of the system age, shown in Fig. 8. For one system, HIP 76952,
the dynamical system mass is consistent with the theoretical system

© 2012 The Authors, MNRAS 422, 2765-2785
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mass (Fig. 8, top panel). The ages of the systems estimated from
the position of the primary on the CMD are consistent with their
position within the local interstellar bubble (LIB). The minimum
age of a star within the LIB, excluding those with relatively high
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Table 9. Previous and revised dynami-
cal system masses.

HIP Old estimate ~ New estimate
Mp) Mp)

5300 3.45 3.16 £0.34

9480 2.98 +£0.39 2.72 +£0.13

11569 2.12+£0.33 2.12£0.25

17954 3.37 £0.35 4.15+0.39

28614 6.33 £ 0.62 6.36 + 0.62

36850 5.51 5.42 4+ 0.97

44127 0.61 +£0.03 0.68 4+ 0.04

47479 7.50 5.83 £0.53

76952 4.14 £ 0.28 4.19 +0.30

80628 - 499 +0.75

82321 1.00 1.16 £0.09

93506 5.20 £0.36 5.26 +0.37
E ' 28614 — ' P
__6F 7479 // 3
2 o R
N 5F 80628 .7 E
o 4E 1794»-1-/ 76952 3
o ‘ E
= 3 3 , ’-}- 5300 E
0 /,’.-5-. 9480
€ of . 4 11569 E
c E L’
3 1 _ I 7§ 82321 _

é , sx 44127
1 1 1 1 1 1

1 2 3 4 5 6
Theoretical Mass (M/Mg)

Figure 7. Using the method introduced in Section 4.4, a comparison can be
made between the dynamical mass determined from the orbit and the mass
estimated from theoretical mass—magnitude relations for the stars within the
orbit subsample [the Marigo et al. (2008) models are used for this exam-
ple]. The systems with an A-type star primary which are known to consist
only of two components are denoted as black points (Section 6.1.1). Two
hierarchical systems were fully resolved with our data, and the lower mass
pair of each system are in green (Section 6.1.2). The systems which have a
significantly discrepant dynamical mass can be explained by the presence
of an unresolved spectroscopic companion within our data. The targets with
known spectroscopic components are plotted in red (Section 6.2.1), while
those systems with evidence suggesting a previously unknown spectroscopic
component are plotted in blue (Section 6.2.2). The dashed line denotes the
equivalence between the dynamical and theoretical mass.

space motions (e.g. the B Pic moving group — Ortega et al. 2002),
has been shown to be 160 Myr (Abt 2011).

The dynamical system masses of the three remaining systems
are consistently lower than their theoretical system masses. One
possible explanation for the apparently low dynamical masses is a
non-solar metallicity. Varying the metallicity has a significant effect
on the system age estimate and the mass—magnitude relations. As
an example, a 2 M, star with supersolar metallicity will be more
luminous and have a redder V — K colour index than a similar-
mass star of solar metallicity. A supersolar metallicity star will
appear to be significantly older based on its position on a CMD
if solar metallicity models are used. To explore the effect of our

assumption of solar metallicity for the entire sample, the HIP 5300
system (Fig. 8, second panel) was studied at varying metallicity
values. Using the solar metallicity models, the dynamical system
mass of this system is significantly lower than the theoretical system
mass (Fig. 9, top panel). Increasing the metallicity causes the star
to appear both younger, and less massive (Fig. 9, bottom panel).
Only eight of the targets included within this study have metallicity
measurements, either from spectroscopic analysis (e.g. Erspamer
& North 2003) or derived from Stromgren photometry (e.g. Song
et al. 2001), demonstrating the need for further study in this area.

6.1.2 K- and M-type binaries — HIP 44127

The detection of two hierarchical systems, with pairs of lower mass
companions in a wide orbit around an A-type primary, allows for a
comparison of the theoretical models in the low-mass regime where
the models differ in the treatment of the contraction phase of these
objects (e.g. Fig. 3). Our observation of the HIP 44127 system,
shown in Fig. 10, resolves three components to this hierarchical
system, with an A star primary (A) separated by ~4 arcsec from
two fainter, gravitationally bound, companions (BC).

The orbit presented in the Sixth Orbit Catalogue of the BC pair
around the A-type primary is in disagreement with our recent obser-
vations of this system. Although the phase coverage is insufficient
for a robust orbital determination, the high proper motion of the
primary (Aa = —441.1 masyr~', A§ = —215.2mas yr~') suggests
that the BC pair is comoving. In addition, radial velocity variations
detected within the spectra of the primary suggest the presence of
a spectroscopic component to this system with a period of ~11 yr
(Abt 1965). The separation of this component was anticipated to
be between 0.2 and 0.6 arcsec, reaching maximum separation in the
middle of 2007 (Docobo & Andrade 2006). We do not resolve any
companion in any epoch of our observations which are consistent
with these predictions, placing an upper limit to the separation of
0.08, 0.10 and 0.10 arcsec in 2008, 2010 and 2011, respectively.
The magnitude difference between the primary and the suggested
companion, estimated to be Am = 1.2, is well within our detection
limits at the expected separation (Docobo & Andrade 2006).

A refined orbit of HIP 44127 BC is presented in Table 8 and Fig. 6,
with an estimated dynamical system mass of 0.68 £ 0.04 M. The
small magnitude difference between the two components (AK ~ 0)
suggests a mass ratio close to unity. Assuming individual masses of
~0.34 M, the components would be of early M to mid-M spectral
type (Baraffe & Chabrier 1996), a region of particular disagreement
between theoretical models. The Baraffe et al. (1998) and Siess
et al. (2000) models both predict that for a binary consisting of two
stars of magnitudes equal to the measured magnitudes of the two
components (Mg = 5.87), the system mass will increase from 0.3
t0 0.9 M between 10 and 100 Myr (Fig. 10), as these models take
into account the phase of contraction on to the main sequence for
lower mass stars. No such change is predicted by the Marigo et al.
(2008) models, with the system mass remaining unchanged between
10 Myr and 1 Gyr (Fig. 10). The theoretical system masses are only
consistent with the dynamical mass at ~30 Myr in the Baraffe et al.
(1998) and Siess et al. (2000) models, and are not consistent with
any age in the Marigo et al. (2008) models. The metallicity of this
system has been measured to be almost solar (Wu et al. 2010),
removing the degeneracy which exists between metallicity and the
mass and age of the system (e.g. Section 6.2.6).

The position of the primary on the CMD suggests a relatively
young age of the system between 50 and 250 Myr. The V — K

© 2012 The Authors, MNRAS 422, 2765-2785
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Table 10. Comparison of dynamical and theoretical system masses for each system within the orbit subsample.

Dynamical Lejeune & Schaerer Marigo et al. Siess et al.
system Age System Age System Age System
HIP mass (M) (Myr)  mass (M) (Myr)  mass (M) (Myr)  mass (M)
Systems identified as doubles (Section 6.1.1)
5300 3.16 £0.34 280 3.56 £0.13 400 3.47+0.13 355 3.69 £0.16
9480 272 £0.13 250 3.15+£0.20 280 3.12+0.20 160 3.25+£0.31
11569 AaAb®  2.12+£0.25 100 2.45 4+ 0.07 100 2.89 £ 0.15 100 297 +0.25
76952 4.19 £0.30 315 4.38 £045 400 4.10 £0.40 315 438 £045
Low-mass binary pair within hierarchical system (Sections 6.1.2 and 6.1.3)

44127 BC 0.68 +0.04 - - 250 0.88 £ 0.01 50 0.83 £0.01
82321 BC 1.16 £0.09 400 1.91 £0.02 445 1.87 £0.02 500 1.90 £ 0.02
Systems with one unresolved spectroscopic component (Section 6.2.1)

80628 499 £0.75 630 3.03 £0.08 630 3.06 £0.18 445 3.154+0.13
Systems with two unresolved spectroscopic component (Section 6.2.1)

28614 6.36 £ 0.62 630 3.98 £0.32 630 3.96 £0.28 500 4.18 £0.34
36850 542 £0.97 280 426+ 0.28 355 4.154+0.24 315 4.34 £ 0.31
Systems with evidence of unresolved spectroscopic components (Section 6.2.2)

17954 4.15£0.39 400 349 £0.11 400 344 £0.12 225 3.67 £0.16
47479 5.83 £0.53 560 3.99£0.10 560 3.96 £0.10 445 4.17 £0.14
93506 5.26 £0.37 710 4.11 £0.25 710 4.07£0.23 500 4.45 £0.36

“The ages and theoretical masses may be significantly biased due to the presence of additional companions within the

resolution limit of the Tycho2 and 2MASS observations.

colours of the BC pair also suggest a young age, between 40 and
100 Myr using the Siess et al. (2000) and Baraffe et al. (1998)
models. The inferred young age of the system is not inconsistent
with the minimum age of stars found within the LIB (Abt 2011),
given the relatively high UVW space velocity of the HIP 44127
system (Palous 1983). The detection of X-ray emission from this
system is also of interest. Previous studies have shown that A7 stars
such as the primary should not emit X-rays and that any detection
of X-rays from the position of the star can be indicative of a lower
mass companion (e.g. De Rosa et al. 2011). The ROSAT source
J085913.0+480227 is coincident with the optical position of HIP
44127 (Voges et al. 1999).

This hierarchical triple system warrants further study, primarily in
order to refine the orbital fit as the BC pair approaches apastron pas-
sage in 2018. This system also makes an ideal candidate for future
spectroscopic observations to search for the narrow spectral lines of
the two faint companions. With a double-lined spectroscopic orbit
fit, model-independent masses can be calculated for the individual
components. If the young age suggested by both the position on
the CMD and the system mass estimated from the mass—magnitude
relations is correct, the BC pair would be an ideal calibrator for the
theoretical models in the young, low-mass regime.

6.1.3 K- and M-type binaries — HIP 82321

The hierarchical triple system HIP 82321 was resolved within a
single epoch of our AO observations. The A-type primary (A) is
~2 arcsec from a binary pair of two lower mass companions (BC)
in a wide orbit. The significant proper motion of the primary (Ax =
22.8masyr~!, A§ = —51.4mas yr~') and near constant separation
of the three stars suggest that the lower mass pair is comoving
with the primary. Spectroscopic measurements of the lower mass

© 2012 The Authors, MNRAS 422, 2765-2785
Monthly Notices of the Royal Astronomical Society © 2012 RAS

components of this system are possible given the small magnitude
difference of the pair with respect to the primary (AK ~ 2.5); such
spectra would allow for a determination of the individual masses
independent of the distance to the system. The Hipparcos parallax
and 2MASS K-band magnitude measurements of this system allow
for a tight constraint of the system age to between 300 and 400 Myr,
based on the position of the primary on the CMD. The primary
is also a possible member of the Ursa Major moving group, an
association of solar metallicity stars with an age between 300 Myr
(Soderblom & Mayor 1993) and 500 Myr (King et al. 2003).

A refined orbit of the BC pair is presented in Table 8, with an
estimated dynamical system mass of 1.32 £ 0.05Mg. The the-
oretical system mass, assuming the distance to each component
is the same as the primary, is significantly higher at ~2.0Mg
(Fig. 11). The sparse coverage of the orbit (Fig. 6) suggests that the
orbit fit could be poor, resulting in an incorrect dynamical system
mass. The orbit fit would be significantly improved with subsequent
observations. An alternative scenario is that the pair are a back-
ground binary with a proper motion similar to the primary, which
would bring the dynamical and photometrically derived masses into
agreement.

6.2 Higher order multiplicity

6.2.1 Known spectroscopic binaries

The presence of an unresolved spectroscopic binary can have a sig-
nificant impact on the magnitude assigned to each component of the
multiple system, increasing the estimated component magnitude by
as much as 0.75 mag for an unresolved equal-mass spectroscopic
binary. For each target within this study, the literature was searched
for references to additional components resolved through spectro-
scopic or interferometric observation which would influence any
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Figure 8. The system mass as a function of age based on the mass—magnitude relations derived from three of the model grids. Each panel is similar in nature
to Fig. 5, with the spread in the mass—age relation introduced by uncertainties in both the measured K-band magnitude, and the distance determination. The
horizontal dot—dashed line indicates the dynamical mass determined from the system orbit, with the uncertainty denoted by the line shaded region. The vertical
dotted line indicates the age of the system derived from the isochrones, with the line-shaded region denoting the range of ages consistent with the uncertainties
in the position of the primary on the CMD. The primary of the HIP 11569 system is significantly bluer than expected for a main-sequence star, and as such its
age has been assigned to 100 Myr, with no corresponding uncertainty. The presence of additional components to the HIP 11569 system, within the resolution

limit of both the Tycho2 and 2MASS observations, is the likely cause of this bias.

comparison made between the dynamical system mass and the the-
oretical system mass. Of the targets within the orbit subsample,
three are known to have additional spectroscopic components (HIP
28614, HIP 36850 and HIP 80628). The spectroscopic component
to HIP 9480 resolved by Abt (1965) is resolved within our AO ob-

servations. Similarly, for the monitoring subsample, two are known
spectroscopic binaries (HIP 128 and HIP 116611). The greater fre-
quency of spectroscopic binaries within the orbit sample, relative to
the monitoring sample, can be explained by the narrow spectral lines
of the former sample due to their relatively low radial velocities,

© 2012 The Authors, MNRAS 422, 2765-2785
Monthly Notices of the Royal Astronomical Society © 2012 RAS
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Figure 9. Top panel: the dynamical mass of the HIP 5300 system (horizontal
line-shaded region) is significantly below that of the system mass estimated
from mass—magnitude relations (solid shaded region) calculated from the
solar metallicity models from Lejeune & Schaerer (2001). Middle panel:
assuming a higher metallicity (Z = 0.04), the position of the components
on the CMD suggests a younger age (denoted by the vertical line-shaded
region), and the mass—magnitude relation derived from the metal-enhanced
models suggests a systematically lower system mass, although the dynamical
mass is still discrepant. Bottom panel: with a metallicity of Z = 0.10, the
age estimate is younger still (<10Myr), and the discrepancy between the
dynamical mass and the mass estimated from the mass—magnitude relation
is removed.

(vsini) = 71kms~' compared with (vsini) = 115kms~! for the
latter sample (Abt & Morrell 1995). The magnitudes listed for the re-
solved components of these systems (Table 6) are the blended mag-
nitudes of the listed spectroscopic components. In addition to these
known spectroscopic binaries, three members of the orbit subsam-
ple are resolved as hierarchical triples within our high-resolution
observations (HIP 11569, HIP 44128 and HIP 82321). A schematic
representation of the higher order multiplicity systems is given in
Fig. 12.

For the three systems with known spectroscopic components
within the orbit sample, the dynamical system mass includes the
mass of each component, regardless of whether it is resolved within

© 2012 The Authors, MNRAS 422, 2765-2785
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our data. This causes a significant discrepancy when the dynam-
ical system mass is compared with the theoretical system mass
(e.g. Fig. 7), with the dynamical system mass being systematically
higher. The discrepancy between the two values cannot be directly
converted into a mass for the unresolved components however, as
a blended magnitude would have been used when determining the
mass from the mass—magnitude relations.

6.2.2 Evidence of spectroscopic components

Systems with significantly higher dynamical masses than theoretical
masses obtained from mass—magnitude relations are strong candi-
dates for multiple systems with unresolved components which have
not been detected in spectroscopic observations. We find two such
systems with the signature of a possible unresolved component: HIP
17954 and HIP 93506 (Fig. 13), with masses of the order of 0.5 and
1.5 M. Sensitive spectroscopic observations of both systems may
lead to the detection of the spectral lines from an unresolved lower
mass component. A similar phenomenon is observed for the HIP
47479 system, although the number of measurements used to deter-
mine the orbit is particularly low, making the dynamical mass less
certain. The narrow spectral lines of HIP 47479, implied by the low
measured stellar rotational velocity (Royer, Zorec & Gémez 2007),
make it an ideal candidate for spectroscopic follow-up. Previous
spectroscopic observations of this system reveal vsini variations
with a magnitude of 40kms~' (Moore 1932).

From the total sample of 26 systems, and only considering stellar
companions within 100 au, a lower limit on the higher order mul-
tiplicity of A-type stars can be estimated. Assuming the suspected
unresolved companions described earlier in this section are true,
there are five double, six triple and two quadruple systems within
the orbit subsample, corresponding to frequencies of 38, 46 and 16
per cent, respectively. This lower limit shows an enhancement on
the higher order multiplicity of A-type stars when compared with
solar-type primaries (74 per cent double, 20 per cent triple and 6 per
cent quadruple or higher order — Raghavan et al. 2010), and is more
consistent with the fraction reported for more massive O-type pri-
maries (46 per cent double and 54 per cent triple or higher order —
Mason et al. 2009).

6.3 Continued monitoring targets

6.3.1 Newly resolved binaries

We have identified 13 binary systems with projected separations
ranging between 13 and 96 au which would make ideal candidates
for future orbital monitoring projects (Table 5). The 100-au pro-
jected separation cut-off was applied to select only systems for
which orbital motion could be detected with several years of ob-
servations. The binaries resolved within the monitoring subsample
typically have lower mass ratios than for the orbit subsample, a
demonstration of the effectiveness of AO observations at detecting
high-contrast binaries. Based on their position on the CMD, two
members of the monitoring subsample (HIP 5310 and HIP 18217)
appear to lie on the zero-age main sequence, and the measured
magnitude difference between primary and secondary would corre-
spond to a late K or early M-type companion in each case. These
companions are of particular interest as they will allow for further
tests of the theoretical models within the young, low-mass regime.
A gallery of the observations obtained of each target within the
monitoring subsample is shown in Fig. 14.
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Figure 10. Top row (left): an AO observation of HIP 44127 triple system. The orbit of the lower mass pair (BC) taken from Table 8 is plotted as a solid line for
reference. The bright point source to the lower-right of the primary PSF is a known filter ghost. The axis labels are given in arcseconds, with each arcsecond
equal to approximately 14.5 au. (Centre): a CMD highlighting the position of the primary with respect to the theoretical models (Marigo et al. 2008 — solid
line; Siess et al. 2000 — dotted line), while the Baraffe et al. (1998) models do not extend to high enough masses. The age of the system was estimated using
the isochrone which best fits the position of the primary. (Right): a CMD highlighting the position of the two lower mass components (B — blue, C — red). The
line styles are the same as the centre panel. Bottom row: the theoretical system mass plotted as a function of system age for each of the three models. The
vertical dotted line within each panel indicates the age of the system estimated from using each of the models, while the horizontal dot—dashed line indicates
the dynamical system mass estimated from the orbital fit. As the Baraffe et al. (1998) models do not extend to the A-type star mass range, an age estimate is
not possible.

Lejeune+01 Marigo+08 Siess+00

2,0

1.8

1.6

B AN

1.4} 1

Y

10’ 10° 10° 10° 10° 10° 10°
Age (years) Age (years) Age (years)

\\-\\\\\\-\-\-\\\-
\\\\\-\\\\\-\-\\

System Mass (Mg)

Figure 11. The theoretical system mass plotted as a function of system age for each of the three models for the HIP 82321 BC system. The vertical dotted line
within each panel indicates the age of the system estimated from using each of the models, while the horizontal dot—dashed line indicates the dynamical system
mass estimated from the orbital fit. The clear discrepancy between the dynamical and theoretical system masses can be explained by the lack of complete
coverage of the orbit presented in Fig. 6. Further high angular resolution observations of this system will allow for an improved determination of the orbital
parameters.
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Figure 12. A schematic of the seven hierarchical systems within both sub-
samples, including only components within a projected separation of 100 au
to the A-type primary. The schematic diagram does not include the sus-
pected spectroscopic binaries described in Section 6.2.2. Those systems
which were newly resolved as a part of the VAST survey are highlighted
in blue. Each filled circle represents an individual component, with the pe-
riod of the binary pair denoted by its vertical position. Our high-resolution
observations are only sensitive to systems with orbital periods greater than
~10yr, denoted by the dashed horizontal line. For wide separation systems
with indeterminate orbital periods, such as HIP 128 AB—C, the orbital pe-
riod has been arbitrarily set at 1000 yr, denoted by the dotted horizontal
line.
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6.3.2 HIP 77660

An advantage of monitoring binary systems for orbital motion with
AOQ instrumentation over interferometric techniques is the elimina-
tion of the quadrant ambiguity. In some cases, the output of the
image processing of speckle data results in a 180° ambiguity on the
position angle measurement (Bagnuolo et al. 1992). This may lead
to a scenario where orbital motion is thought to exist for a binary
pair, when in fact this motion is the product of such a quadrant
uncertainty combined with the true linear motion of the compan-
ion. The ambiguity can be resolved by observing the system using
AO imaging, where no reconstruction is required to obtain the final
science image.

Based on our AO observations of the binary system HIP 77660,
it appears that such a quadrant ambiguity has occurred, making
linear motion appear as orbital motion, as shown in Fig. 15. The
significant proper motion of the system (Aa = —91 masyr~!, A§ =
—28mas yr'), as measured by Hipparcos, is inconsistent with a
stationary background object. While future measurements of this
system will be able to resolve the presence of orbital motion after
a sufficient time baseline, spectroscopy or multicolour photometry
will allow for a rapid characterization of the properties of both
components.

7 SUMMARY

We have presented high-resolution observations of 26 nearby mul-
tiple systems with A-type primaries with projected separations
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Figure 13. The six systems for which spectroscopic components are either known to be present through previous spectroscopic observations (HIP 28614, HIP
36850 and HIP 80628) or thought to exist due to a significant discrepancy between the theoretical system mass and the dynamical system mass. For clarity
only one model has been used to estimate the theoretical system mass (Lejeune & Schaerer 2001). The horizontal displacement between the intersection of the
dynamical system mass (dot—dashed line) and the age estimate of the system (dotted line), and the theoretical system mass curve (solid shaded region) gives
an order of magnitude estimate of the mass of the unresolved spectroscopic components.
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Figure 14. Observations of the 13 systems with projected separations <100 au suggested as future orbital monitoring targets. The companion in each image
is highlighted, with a logarithmic image scale between 1 (white) and 10 (black) relative to the peak intensity of the primary. An observation of one of the
13 systems with projected separations <100 au suggested as future orbital monitoring targets. The companion in each image is highlighted, with a logarithmic
image scale between 1 (white) and 10~ (black) relative to the peak intensity of the primary.

© 2012 The Authors, MNRAS 422, 2765-2785
Monthly Notices of the Royal Astronomical Society © 2012 RAS

1202 4990120 20 U0 180nB Aq L 200 L/S9LZ/Y/ZZ/RI01HE/SEIUW/WO0D dNODILSPED.//:SANY WO} POPEOJUMOQ



HIP116611

0.5

0.0

-0.5

-1.0 ﬂ

-1.5
-15 -1.0 -0.5 00 0.5 1.0 1.5
Aa (arcseconds)

Figure 14 — continued

<100au, 11 of which are binaries newly resolved as a part of the
VAST survey. For those systems with sufficient orbital motion cov-
erage, refined orbital parameters were calculated and the estimated
dynamical system mass was compared to masses derived from theo-
retical models. Due to their rapid evolution across the CMD, remov-
ing the significant age degeneracy for lower mass solar-type stars,
binaries with A-type components are ideal targets with which to test
theoretical models. Four such systems were investigated, with one
system having consistent dynamical and theoretical system mass
estimates. Of the remaining three systems, each had a dynamical
mass significantly lower than that predicted from the models. While
this discrepancy may be indicative of a true divergence between the
models and observations, the lack of metallicity measurements for
these systems provides another explanation. Future orbital moni-
toring observations of A star binary systems will provide further
refinement to the orbital parameters and, combined with refinement
of the magnitude, metallicity and parallax measurements, will im-
prove the analysis performed within this study.

Observations of two hierarchical systems, consisting of an A-type
primary and a tight low-mass binary pair in a wide orbit, allowed us
to extend this analysis to the lower mass regime. The primary of the
triple HIP 44127 suggests a young system age (<100 Myr), making
the M dwarf pair interesting for comparison with evolutionary mod-
els. We have also shown that a dynamical system mass significantly
higher than the theoretical system mass is suggestive of an unre-
solved spectroscopic component within the system. Demonstrated
on several known spectroscopic binaries, systems which exhibit this
discrepancy are ideal candidates for future spectroscopic or inter-
ferometric observations in an attempt to detect these hypothetical
companions. Interferometric observations may be required to re-
solve these purported companions, as the rotationally broadened
spectral lines of the rapidly rotating members of the monitoring
sample (Abt & Morrell 1995) may preclude the detection of addi-
tional components using spectroscopy. Including the three systems
with evidence of an unresolved close companion, a lower limit on
the higher order multiplicity can be estimated from the 13 systems
within the orbit subsample as 39 per cent double, 46 per cent triple
and 15 per cent quadruple. The frequency of single A-type stars will
be explored in an upcoming publication within the VAST survey
paper series. The remaining systems for which an orbit could not
be determined are candidates for orbital monitoring projects with
ground-based high-resolution observations. A number of these sys-
tems are of particular interest, based on age estimates derived from
the position of the primary on the CMD and the magnitude differ-
ence between the two components.

© 2012 The Authors, MNRAS 422, 2765-2785
Monthly Notices of the Royal Astronomical Society © 2012 RAS

Orbital monitoring of A-type star multiples 2783

0.4 - - -
- L 2011.30 4
g 0.2 /  2006.32
c .
o .
(0]
® ook 7 “‘\ 2007.59
0 : M Teal 200027
o] h \'\3\ RN < /
: ~ o - ’\\
< 0.2t TS
_0.4 1 1 1
0.4 0.2 0.0 -0.2 -0.4
Ao (arcseconds)
0.4 - - -

A6 (arcseconds)
o
o
T

-0.2r 7

-0.4 . ) !

0.4 0.2 0.0 -0.2 -0.4
Ao (arcseconds)

Figure 15. Top panel: the historical measurement of the system HIP 77660,
plotted with the orbital fit estimated by Docobo et al. (2010). This system
demonstrates the quadrant ambiguity limitation of the speckle interferom-
etry technique. The binary companion was measured by Tokovinin, Mason
& Hartkopf (2010) using speckle interferometry to be at a position angle
of 24824 to 2468 between mid-2007 and mid-2009 (blue filled circles, top
right). Our AO images, which do not suffer from the same quadrant ambi-
guity, show the binary at a position angle of 69°7-67°3 between mid-2006
and mid-2011 (red filled stars, left). Bottom panel: the relative position of
the secondary, with 180° added to the four speckle interferometry measure-
ments which were inconsistent with the observations presented within this
study. The solid line connects the first and the last observations, showing a
deviation away from linear motion. Further observations are required to de-
termine if this deviation is indicative of the true orbital path of the secondary
about the primary.
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