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Abstract

We present interferometric measurements obtained with the CHARA Array of 13 adolescent-age stars in nearby
moving groups. The motivation was to spatially resolve the largest stars and to search for binary companions. Nine
stars have diameters smaller than the resolution limit and no evidence for companions within 0.5-50 mas and
AH < 2.0 mag. The diameters of three stars were spatially resolved: GJ 159 (0.582 + 0.016 mas) and GJ 393
(0.564 +£ 0.021 mas) in the AB Dor moving group, and former member HD 89744 (0.556 £ 0.032 mas). Combining
the angular diameters with their distances and bolometric fluxes, we measured radii and effective temperatures. The
temperatures of GJ 159 (6286 + 123 K) and GJ 393 (3515 4 68 K) are consistent with spectroscopic measurements.
Comparisons with evolutionary models show that HD 89744 has evolved off the main sequence. GJ 159 and GJ 393
lie within 1.50 of the zero-age main sequence, complicating their age estimates because it is unclear whether the stars
are contracting or expanding. GJ 159 has a mass of 1.2 £ 0.1 M, with an age spanning 0.021-3.0 Gyr. Its debris
disk and lithium abundance favor a young age. GJ 393 has a mass of 0.42 4 0.03 M, and a lower limit on its age
0.06 Gyr. This overlaps with the age of the moving group; however, an older age would be more consistent with its
slow rotation, low activity, and luminosity, suggesting that GJ 393 is a kinematic interloper.
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1. Introduction

The prospects for conducting detailed studies of young stars
and young planetary systems improved greatly with the
discovery of associations of stars with ages of 10-100 Myr
in close proximity (<100 pc) to the Sun (e.g., Zuckerman &
Song 2004; Torres et al. 2008). For example, studies of stars in
these associations have led to high-fidelity images of disks
(e.g., AU Mic, TW Hya; Kalas et al. 2004; Liu 2004; Nomura
et al. 2016) and directly imaged planet-mass objects (e.g.,
2M1207b, WISEA J114724.10-204021.3; Chauvin et al. 2004;
Schneider et al. 2016). New instruments and facilities have
been commissioned and are being constructed with the primary
science goal of looking for planets and disks around these
nearby young stars (e.g., Kataria & Simon 2010).

The temporal evolution of young stars, brown dwarfs, debris
disks, and extrasolar planets in these associations is limited by
our understanding of their ages. Although it is believed that these
associations consist of coeval populations, their adolescent age
makes assigning absolute ages difficult. This is in part because
at ages older than ~30 Myr, solar-mass stars have already
gravitationally settled to their main sequence size, thus they
are not distinctively overluminous. While lower-mass (e.g.,
<0.5 M;) members are predicted to still be gravitationally
contracting, the use of these stars for constraining ages has been
inhibited by both poorly determined stellar properties (effective
temperatures, bolometric luminosities, and multiplicity) and
limitations of the stellar evolutionary models. As an example,
while most low-mass association members have a measured
spectral type, it is uncertain whether to assign a dwarf-like
temperature to these stars or a slightly warmer temperature as is

adopted for T Tauri age stars (e.g., White et al. 1999; Luhman
et al. 2003; Pecaut & Mamajek 2013). Moreover, most
theoretical isochrones do a poor job of matching the main
sequence below 0.5 M, as defined empirically by either nearby
field stars (e.g., Hillenbrand & White 2004) or open clusters
(e.g., Stauffer et al. 2007; Bell et al. 2012); discrepancies are
attributed to uncertainties in the requisite input physics.

The high spatial resolution achieved by long-baseline
optical/infrared interferometry provides a powerful tool for
overcoming these limitations. First, interferometric measure-
ments can be used to spatially resolve short-period spectro-
scopic binaries to determine accurate dynamical masses. These
in turn can be used to constrain the input physics of stellar
evolutionary models (e.g., Boden et al. 2007; Le Bouquin
et al. 2014). Second, the close proximity of these young stellar
populations imply that at least some of the stars can be spatially
resolved (McCarthy & White 2012), yielding direct measures
of stellar radii. If stellar luminosities are determined from
spectral energy distributions (SEDs), these radii can be used to
determine accurate stellar effective temperatures through
Stefan’s Law; temperatures with precision of ~1%-2% are
now regularly achieved from interferometric data (Boyajian
etal. 2012b, 2013). Simon & Schaefer (2011) demonstrated the
success of measuring interferometric sizes of two F star
members of the [ Pictoris moving group. The radius
measurements indicate an age of 13 £ 2 Myr, which is toward
the lower end of the 10-24 Myr range of age determinations
(see Mamajek & Bell 2014 and references therein).

With these goals in mind, we present an interferometric
survey of 13 young candidate members of nearby moving
groups, the majority (nine) of which are in the AB Doradus
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Table 1
Observed Sample of Stars®
Name HD HIP Group® SpT® Dist® (pc) % K*
PW And 1405 AB Dor K2 27 8.859 6.39
BD-+23 296 A 13482 10272 AB Dor K1* 36.6 + 1.6 7.932 5.73*
BD-+28 382 14082A 10680 6 Pic F8 345 + 3.4 7.031 5.79
BD-+28 382B 14082B 10679 /3 Pic Gl 273 + 4.4 7.755 6.26
BD-04 560 20385 15247 Tuc,/Hor F5 492 + 1.4 6.10
V577 Per A 21845 16563 AB Dor G5 344 + 1.2 8.250 6.37
GJ 159 25457 18859 AB Dor F8 18.83 4 0.11 5378 4.18
BD-+20 1790 AB Dor K5 26 10.215 6.88
BD-+41 2076 89744 50786 [AB Dor] F7 39.43 4 0.48 5.720 4.45
GJ 393 51317 [AB Dor] M2.5 7.07 £ 0.11 9.586 5.31
PX Vir AB 113449 63742 AB Dor K1* 21.69 + 0.38 7.700* 551"
BD-04 4194 152555 82688 AB Dor GO 46.7 £ 2.0 7.818 6.36
LO Peg, GJ 4199 106231 AB Dor K5 24.8 + 0.65 9.245 6.38

Notes.
? The star name used in this document is highlighted in boldface type.

® The moving group identification is listed in square brackets if the star is no longer considered to be a member.
¢ Values marked with an asterisk indicate measurements that may be biased by a spatially unresolved companion.
Distances given with uncertainties are calculated from Hipparcos parallax measurements, while those without are kinematically estimated by Torres et al. (2008).

moving group. Age estimates for this group range from 50 to
150 Myr (e.g., Malo et al. 2013; Bell et al. 2015). The primary
motivation of the survey was to spatially resolve stars that
are large enough to be resolved to measure their radii and
effective temperatures, and to search for binary companions at
milliarcsecond (mas) separations.

2. Sample Selection, Observations, and Data Reduction
2.1. Moving Group Members

At the inception of this project in 2008, stars were selected
for interferometric observations from the moving group
membership lists assembled in Zuckerman & Song (2004)
and Lopez-Santiago et al. (2006). Since then, the membership
lists have been expanded through further kinematic studies
(e.g., Schlieder et al. 2010; Aller et al. 2016; Riedel
et al. 2017). Based on the typical sensitivities® of the CHARA
Array at the time when we began the survey, we restricted the
sample to stars brighter than K < 6.5 mag and V < 10 mag.
We also required the stars to be located northward of decl. >
—5°. Although stars can be observed at lower elevations in the
sky, we used a conservative limit so that the targets could be
observed at low airmasses for several hours during the night to
ensure good visibility calibration.

From the initial sample, we removed four stars (GJ 856, HD
4277, HD 17332, and HIP 23418) that had known binary
companions with separations between 1” and 4” (e.g., Mason et al.
2001). Given the diffraction-limited resolution of an individual
CHARA telescope (1”6 in the K-band for a 1 m diameter mirror)
and typical seeing conditions, incoherent light from the companion
would degrade the fringe visibility of the primary star. Before we
realized the nature of these complications, we observed HD 13482
which has a 1”8 companion (Mason et al. 2007).

HD 29391 fell within the selection criteria of our survey, but
it had been resolved previously by Simon & Schaefer (2011)
using the CHARA Array. We also did not observe HD 129333,

5> The CHARA Array currently can reach K < 8.5 mag and V < 12 mag in

excellent seeing conditions. These sensitivities are expected to become typical
in average seeing conditions following the commissioning of adaptive optics
systems on all six telescopes (ten Brummelaar et al. 2016).

because at a decl. of +64°, it was in a different part of the sky
compared with other targets in the sample and could not be
observed with the same configuration of the array. We added
one fainter star to our sample, BD+20 1790, to fill an empty
window in our scheduled time.

The total sample observed consists of 13 stars: 10 proposed
AB Dor members, two (3 Pic members, and one Tucana/
Horologium member. However, since the sample was originally
defined, several more rigorous membership studies have been
conducted and neither Malo et al. (2013) nor Bell et al. (2015)
consider HD 89744 to be a member of the AB Dor moving
group. Further evidence against its membership based on its
evolved age is presented in Section 5. GJ 393 is considered a
bona fide member of the AB Dor moving group by Malo et al.
(2013); however, Bell et al. (2015) determine it to be ~0.5 mag
below an empirical single-star isochrone for the AB Dor moving
group. They do not consider it to be a member, despite its
consistent kinematic properties. The remaining 11 stars are
considered bona fide members in both studies.

All 13 stars are listed in Table 1 by their common name,
Henry Draper number, and Hipparcos number (when avail-
able); the name used in this document is highlighted in
boldface type in Table 1 for clarity. The spectral types are from
either the spectroscopic study of McCarthy & White (2012) or
the original membership survey (Zuckerman & Song 2004;
Lépez-Santiago et al. 2006). The V-band magnitudes are
calculated from V7 magnitudes in the Tycho-2 Catalog (Hgg
et al. 2000), using the prescription of Bessell (2000). The K
magnitudes are from 2MASS (Skrutskie et al. 2006).

Six of the observed stars are members of multiple star
systems. As mentioned before, HD 13482 has a 1”8
companion (Mason et al. 2007). PX Vir has a companion
detected spectroscopically with a period of 216 days (Grif-
fin 2010; Guenther & Tal-Or 2010) and resolved spatially with
a semimajor axis of ~0”034 and flux ratio of AH = 1.6 mag
(Evans et al. 2012). Although the primary stars in the HD
13482 and PX Vir systems dominate the emitted optical/
infrared light, the majority of observed properties listed in
Table 1 are from spatially unresolved measurements, and
therefore are likely biased. The two G Pic members observed
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here, HD 14082 A and B, make a 13”8 pair and V577 Per A
has a companion at 9”5 that was not observed. HD 89744 has a
massive planetary companion (m sin i = 7.2 My,p) that orbits
every 256 days in a highly eccentric orbit (e = 0.7; Korzennik
et al. 2000), and an LOV proper motion companion at a
separation of 63”0 (Wilson et al. 2001).

2.2. Selection of Interferometric Calibrator Stars

A two-telescope optical /infrared interferometer measures the
normalized power or visibility amplitude of the interference
fringes (see Boden 2000 for a review). For a perfect system, an
unresolved point source will have a normalized visibility of 1.0.
The fringe amplitude for a spatially resolved source will be
diminished below 1.0, because light across the stellar surface will
combine incoherently. This reduction of the visibility amplitude
depends on the angular size of the star. Loss of coherence can also
be caused by instrumental and environmental effects.

To account for these instrumental effects and calibrate the
system visibility, we observed single and effectively unre-
solved (A < 0.4mas) stars before and after each science
observation. These calibrator stars were selected using the
getCal planning tool® distributed by the NASA Exoplanet
Science Institute, which estimates the sizes of stars based on
their photometric energy distributions. All selected calibrators
lie within 10° on the sky and have K; magnitudes within 1-2
magnitudes of their affiliated science star. To correct for the
small but finite sizes of the calibrators, we adopted limb-
darkened angular diameters for the calibrators provided by the
SearchCal tool’ developed by the JMMC Working Group
(Bonneau et al. 2006, 2011). Diameters for three of our
calibrators (HD 18682, HD 112943, and HD 154518) were not
included in SearchCal. For these three stars, we used the V — K
color relation in Bonneau et al. (2006) to compute angular
diameters based on the V magnitude from Kharchenko &
Roeser (2009) and the 2MASS K, magnitude (Skrutskie
et al. 2006). Table 2 lists the HD numbers for all of the
calibrators along with their spectral types assigned by
Kharchenko & Roeser (2009), V and K; magnitudes, adopted
limb-darkened angular diameters, and the affiliated science star.

2.3. CHARA Array Observations and Data Reduction

The CHARA Array is an optical/infrared interferometer
consisting of six 1 m telescopes arranged in a Y-configuration
with baselines ranging from 34 to 331 m (ten Brummelaar et al.
2005). We observed the 13 young stars in our sample using the
CHARA Classic beam combiner (ten Brummelaar et al. 2013).
CHARA Classic combines the light from two telescopes
simultaneously and scans through the fringe position using a
dither mirror. Observations were obtained in both the
H-band (1.6731 pum center, 0.2854 ym width) and K’-band
(2.1329 pm center, 0.3489 pm width). To achieve the highest
possible spatial resolution, we used the longest 331 m baseline
between the S1 and E1 telescopes. A few of the observations
for PX Vir were obtained with the 278 m baseline between the
S1 and E2 telescopes, and some for HD 89744 were obtained
with the 222 m baseline between the E1 and W2 telescopes. At
the time when the measurements were collected, the detector
readout mode for the H-band would saturate on bright targets.

6
7
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Table 2
Calibrator Properties

Calibrator SpT \% K, 0; p (mas) Target
HD 691 KOV 7939 6.176  0.268 + 0.018 HD 1405
HD 1083 A1V 6342 6328 0.153 £ 0.011 HD 1405
HD 10126 G8V  7.730  6.040 0312 £ 0.022 HD 13482
HD 13382 G5V 7.308 5786 0312 +0.022 HD 13482
HD 13836 G8V  8.123 6.448 0.233 £ 0.016 HD 13482
HD 15326 F8V 7486 6.170 0.252 +0.017 HD 14082
HD 16397 GOV 7.360 5.833 0.296 + 0.020 HD 14082
HD 18682 KOV  7.780 5.170  0.467 4+ 0.033  HD 20385
HD 21038 AOV  6.501 6340 0.153 £0.011 HD 21845
HD 22879 FOV  6.684 5179 0413 +0.028 HD 25457, HD

20385
HD 23050 G2V 7473 5996 0.281 +£0.019 HD 21845
HD 23363 B7V 5229 5433 0.206 + 0.014 HD 25457
HD 25340 B5V 5269 5.662 0.165 = 0.011 HD 25457
HD 54046 GOV 7.802 6.367 0.234 +£0.016 BD+20 1790
HD 55458 K1V 8390 6.224 0.272 +0.019 BD+20 1790
HD 57744 A1V 6.164 6.163 0.161 +£0.011 BD+20 1790
HD 87301 F4V 6432 5441 0.334 +0.023 HIP 51317
HD 88725 GlV  7.738 6.153 0.265 £ 0.018 HIP 51317
HD 90840 A4V 5784 5483 0.206 + 0.014 HD 89744
HD 91365 A2V 5571 5348 0274 £0.019 HD 89744
HD 91752 F3V 6285 5202 0.382 +0.026 HD 89744
HD 111515 G8V  8.112 6.358 0.246 £ 0.017 HD 113449
HD 112943 K7V 9.770 6.769 0.232 +£0.016 HD 113449
HD 117436 F2V  6.098 5.286 0.346 + 0.024 HD 113449
HD 153240 F6V  8.328 7.022 0.169 £+ 0.012 HD 152555
HD 154518 K2V  8.810 6.451 0.254 +£0.018 HD 152555
HD 157856 F3V  6.440 5.303 0.365 +£0.025 HD 152555
HD 202926 F6V 7340 6.235 0.235 £0.016 GJ 4199
HD 204079 K1V 8295 6.202 0.273 £0.019 GJ 4199
HD 206332 GOV 7401 6.005 0.276 £0.019 GJ 4199
HD 206374 G8V  7.443 5774 0319 £ 0.022 GJ 4199

Note. The spectral types and V magnitudes are from Kharchenko & Roeser
(2009); the K; magnitudes are from 2MASS (Skrutskie et al. 2006); and the
limb-darkened diameters are from SearchCal (Bonneau et al. 2006, 2011).

Aperture stops were used to attenuate the light when the counts
were high enough to saturate the detector; this was needed for
the H-band observations of GJ 159.

The recorded fringe data were reduced using the reduceir
pipeline developed for CHARA Classic data (ten Brummelaar
et al. 2005). The visibility amplitudes were computed by
integrating the fringe power spectra. Log normal statistics were
used to better represent the changes in correlation caused by
atmospheric turbulence.

To calibrate the visibilities, we separated the calibrator and
target observations into sequences observed under the same
alignment conditions. Typically, we obtained several repeated
observations on a given target, interspersed by calibrator
observations. Using the adopted angular sizes of the calibrators
(Table 2), we computed the expected visibilities of the
calibrators assuming a uniform disk distribution of light. We
then calculated the system visibility (the loss in fringe
coherence due to the response of an imperfect interferometer)
during each calibrator observation by comparing the measured
and expected visibilities. We performed a linear least-squares
fit to the set of calibrators in an observing sequence to
determine the system visibility correction during the times of
the target observations.

Table 3 lists the UT date and MJD of observation, the
baseline used, the filter wavelength, the u and v coordinates of
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Table 3
CHARA Classic Observations of Young Stars in AB Dor
Object UT Date MJD Baseline A ux107° vx10°° B Ve
(pum) (cycles/rad) (cycles/rad) (m)

HD 25457 2008 Nov 17 54787.2619 S1-El 2.1329 90.63 116.82 315.36 0.825 £ 0.048
2008 Nov 17 54787.2713 S1-El 2.1329 87.76 116.80 311.60 0.770 £ 0.041
2008 Nov 17 54787.2896 S1-El 2.1329 81.26 116.75 303.40 0.765 £ 0.039
2008 Nov 17 54787.3182 S1-El 2.1329 68.97 116.69 289.11 0.830 £ 0.037
2008 Nov 17 54787.3321 S1-El 2.1329 62.21 116.66 281.99 0.881 £ 0.034
2008 Nov 17 54787.3446 S1-El 2.1329 55.67 116.64 275.66 0.899 + 0.043
2008 Nov 18 54788.3152 S1-El 2.1329 69.13 116.69 289.28 0.798 £ 0.044
2008 Nov 18 54788.3305 S1-El 2.1329 61.61 116.66 281.39 0.890 £ 0.056
2009 Nov 16 55151.2846 S1-El 1.6731 107.54 148.86 307.25 0.685 £ 0.021
2009 Nov 16 55151.2992 S1-El 1.6731 100.48 148.82 300.42 0.733 £ 0.024
2009 Nov 16 55151.3202 S1-El 1.6731 88.80 148.76 289.86 0.766 £ 0.017
2009 Nov 16 55151.3297 S1-El 1.6731 82.96 148.73 284.94 0.746 £+ 0.017

HD 89744 2007 Nov 14 54418.4972 S1-El 2.1329 98.94 103.43 305.30 0.772 £ 0.028
2007 Nov 14 54418.5051 S1-El 2.1329 97.66 106.66 308.44 0.799 + 0.031
2007 Nov 14 54418.5138 S1-El 2.1329 95.96 110.15 311.60 0.816 £ 0.032
2007 Nov 14 54418.5218 S1-El 2.1329 94.14 113.33 314.23 0.781 £ 0.034
2007 Nov 14 54418.5326 S1-El 2.1329 91.31 117.48 317.37 0.852 £+ 0.033
2008 May 12 54598.2014 E2-W1 2.1329 —95.05 —60.52 240.35 0.882 £+ 0.251
2008 May 12 54598.2233 E2-W1 2.1329 —85.12 —68.71 233.33 0.844 £ 0.047
2008 May 12 54598.2316 E2-W1 2.1329 —80.91 —71.58 230.41 0.990 £ 0.391
2008 May 12 54598.2515 E2-W1 2.1329 —69.91 —77.83 223.15 0.962 £ 0.197
2008 May 12 54598.2604 E2-W1 2.1329 —64.67 —80.31 219.92 0.903 £ 0.095
2008 May 12 54598.2744 E2-W1 2.1329 —55.96 —83.83 214.97 0.983 £ 0.100
2008 May 12 54598.2838 E2-W1 2.1329 —49.88 —85.89 211.85 0.916 £ 0.155
2009 Apr 20 54941.3061 S1-El 2.1329 —17.28 154.05 330.64 0.834 £+ 0.092
2009 Apr 20 54941.3158 S1-El 2.1329 —23.38 153.23 330.61 0.808 £ 0.052
2009 Apr 20 54941.3265 S1-El 2.1329 —30.03 152.04 330.55 0.857 £+ 0.026
2009 Apr 20 54941.3408 S1-El 2.1329 —38.60 150.01 330.38 0.832 £ 0.081
2009 Apr 20 54941.3509 S1-El 2.1329 —44.50 148.27 330.18 0.832 £ 0.059
2009 Apr 20 54941.3610 S1-El 2.1329 —50.22 146.28 329.88 0.884 £+ 0.051

HIP 51317 2009 Apr 27 54948.1631 S1-El 2.1329 60.61 118.22 283.36 0.830 £ 0.068
2009 Apr 27 54948.1852 S1-El 2.1329 48.71 118.33 272.94 0.894 + 0.064
2009 Apr 27 54948.1939 S1-El 2.1329 43.77 118.37 269.18 0.782 £ 0.056
2009 Apr 27 54948.2095 S1-El 2.1329 34.51 118.43 263.10 0.879 £ 0.046
2009 Apr 27 54948.2194 S1-El 2.1329 28.54 118.46 259.89 0.875 £ 0.037
2009 Apr 27 54948.2288 S1-El 2.1329 22.67 118.48 257.29 0.860 £ 0.047
2009 Apr 27 54948.2408 S1-El 2.1329 15.11 118.50 254.79 0.911 £ 0.058
2009 Apr 30 54951.1716 S1-El 1.6731 65.93 150.82 275.40 0.767 £+ 0.047
2009 Apr 30 54951.1894 S1-El 1.6731 53.07 150.92 267.66 0.833 £ 0.049
2009 Apr 30 54951.2141 S1-El 1.6731 34.06 151.02 259.02 0.926 £ 0.056
2009 Apr 30 54951.2348 S1-El 1.6731 17.51 151.07 254.45 0.935 £ 0.050
2009 May 01 54952.1838 S1-El 2.1329 43.27 118.38 268.82 0.843 £ 0.067
2009 May 01 54952.2022 S1-El 2.1329 32.37 118.44 261.88 0.896 + 0.077
2009 Nov 15 55150.5005 S1-El 2.1329 98.52 117.39 326.88 0.819 £ 0.044
2009 Nov 15 55150.5219 S1-El 2.1329 94.27 117.58 321.44 0.757 £ 0.039
2009 Nov 15 55150.5402 S1-El 2.1329 89.23 117.74 315.10 0.811 £ 0.044
2009 Nov 15 55150.5567 S1-El 2.1329 83.71 117.87 308.36 0.792 £+ 0.033
2009 Nov 16 55151.5156 S1-El 1.6731 121.23 149.86 322.49 0.720 £ 0.056
2009 Nov 16 55151.5279 S1-El 1.6731 117.31 149.99 318.59 0.663 £ 0.042
2009 Nov 16 55151.5418 S1-El 1.6731 112.04 150.14 313.44 0.710 £ 0.044
2009 Nov 16 55151.5578 S1-El 1.6731 104.93 150.30 306.69 0.740 £ 0.048
2009 Nov 16 55151.5643 S1-El 1.6731 101.69 150.36 303.71 0.809 £ 0.041
2010 Apr 07 55293.2653 S1-El 1.6731 43.63 150.98 262.93 0.782 £ 0.055
2010 Apr 07 55293.2821 S1-El 1.6731 30.48 151.03 257.79 0.765 £ 0.050
2010 Apr 07 55293.3002 S1-El 1.6731 15.93 151.07 254.16 0.766 £ 0.058
2010 Apr 07 55293.3196 S1-El 1.6731 0.15 151.09 252.79 0.759 £ 0.047
2010 Apr 07 55293.3306 S1-El 1.6731 —8.86 151.08 253.21 0.762 £ 0.059

Notes.

# The visibility uncertainties for the three resolved stars have been scaled to force X,% = 1 for the best-fit limb-darkened model. The visibilities for the unresolved stars

and the PX Vir binary are available online (the uncertainties for the unresolved targets have not been scaled).

® The visibilities for HD 13482 have been corrected for the presence of incoherent light from the binary companion (see Section 2.4).

(This table is available in its entirety in machine-readable form.)
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Figure 1. Left: CHARA Classic visibility measurements of the F8 star GJ 159 a proposed member of the AB Dor moving group. The visibility uncertainties were
scaled to force the reduced xf = 1 for the best-fit angular diameter. The black line shows the best-fit limb-darkened model, corresponding to an angular size of
0.582 + 0.016 mas. The shaded light gray region shows the range of angular diameters obtained from the bootstrap distribution, while the narrower dark gray region
shows the standard deviation. A histogram of the bootstrap distribution is shown in the panel on the right.

the spatial frequencies projected on the sky in R.A. and decl.,
the length of the projected baseline B, and the calibrated
visibility (V) for each star in our survey. The projected baseline

is related to the spatial frequencies by B/\ = Ju? + v2. We
discuss special reduction steps performed on HD 13482 and PX
Vir in the next section.

2.4. Additional Reduction Notes for Individual Objects

HD 13482 has a companion at a separation of 178 and a
magnitude difference of AV = 1.6 mag (Mason et al. 2001).
The companion lies within the astronomical “seeing disk” (the
Airy disk of the telescope convolved with the atmospheric
seeing) of the primary star. As a consequence, the visibility
measurements for this star are diminished because of
incoherent light from its companion. Boyajian et al. (2008)
provide a method for correcting for this effect, if the baseline
length, detector pixel size, binary separation, flux ratio, and
astronomical seeing are known (see their Equation (2)). During
observations of HD 13482 the seeing, characterized by the
Fried parameter ry (Fried 1966), ranged from 4.0 to 7.8 cm.
Using these values, along with the properties of the binary, the
calibrated visibilities of HD 13482 were corrected for
incoherent light from the companion. After applying the
correction, the calibrated visibilities are consistent with a
spatially unresolved primary star (V ~ 1.0). These corrected
visibilities are presented in Table 3.

The close companion in PX Vir also affects the measured
visibilities. Using the available orbital data (Griffin 2010;
Evans et al. 2012), we calculated that the binary had an
expected projected separation of 2040 mas along the baselines
used during the CHARA observations. At these separations, we
should be able to detect two fringe packets (one from each
component) in the scan window (e.g., Farrington et al. 2010).
However, given the brightness of the companion relative to the
primary (AH = 1.6 mag) and the marginal seeing conditions,
we were not able to detect reliably the fringe packet from the
companion. During two out of a total of nine observations, we
see evidence for a second fringe at ~30mas projected
separation, but the remaining scans from those nights are too
noisy to confirm the detection. The visibilities measured for PX
Vir in Table 3 are less than 1.0; this is likely attributed to
incoherent light from the close companion diminishing the

fringe amplitude of the primary star. Because of the difficulty in
detecting the companion in these observations, we do not
provide any further analysis for this target. Now that a
preliminary visual orbit is known (Evans et al. 2012), appro-
priate baselines could be selected to optimize the detection of
the companion and improve the orbital solution using
additional observations with the CHARA Array.

3. Results

Four of the 13 stars in our sample (GJ 159, GJ 393, HD
89744, and PX Vir) have calibrated visibilities significantly less
than 1.0, consistent with being spatially resolved. We discuss
the results for GJ 159, GJ 393, and HD 89744 in Section 3.1.
As mentioned in Section 2.4, we were not able to obtain a
reliable binary solution for PX Vir, although the companion is
clearly affecting the measurements. The calibrated visibilities
of the remaining nine stars are statistically indistinguishable
from 1.0 and consistent with being spatially unresolved. These
values are used to assign companion detection limits in
Section 3.2.

3.1. The Angular Diameters of GJ 159, GJ 393, and HD 89744

The three resolved stars are GJ 159 (HD 25457), GJ 393 (HIP
51317), and HD 89744. The smoothly declining visibilities
versus baseline length for all three stars (see Figures 1-3),
observed consistently over many epochs, indicate that their
photospheres are spatially resolved. For these, we computed
both uniform disk (fyp) and limb-darkened disk (6;p)
diameters by modeling the visibility data. The visibility of a
uniform disk is described as

V= 2J1(x) ’

X

ey
while the visibility of a limb-darkened disk is described as

B Ji(x) T J32(x)
ot

1 — -1
x( Y ﬂ) , )
2 3
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dark gray region shows the standard deviation. 6333 Reiners (2006)
6308 4.38 Gray et al. (2003)
6190 —-0.12 4.28 Prugniel & Soubiran (2001)
where x = 7BON"!, J, is the nth order Bessel function, and 6162 011 428 Chen et al. (2000)
. h | h-d d limb-darkeni ffici HD 89744 6270 3.95 Bonfanti et al. (2016)
1y is the wavelength-depen ent. imb-darkening  coe cient 6280 1013 3.97 Sitnova et al. (2015)
(Hanbury Brown et al. 1974). Linear limb-darkening coeffi- 6300  +0.24 4.07 Tsantaki et al. (2014)
cients at H and K were adopted from Claret & Bloemen (2011) 6242 Mufioz Bermejo et al. (2013)
based on their computations using the least-square method and 6222 Mufioz Bermejo et al. (2013)
the ATLAS models. For GJ 159 and GJ 393, we adopted the 6346 +022 358 Gmizallef;gleg’)‘andez
. . et al.
effe.zctlve .temperatures 62QOK anfl 3420 K, respectlvel.y, 6095 4009 377 Mortier et al. (2013)
assigned in the spectroscopic analysis of McCarthy & White 6219 4023  3.95 Sansom et al. (2013)
(2012), and assumed log g values of 4.4 and 4.7 cm s~ 2 based 6262  +0.30 3.94 Casagrande et al. (2011)
on the spectral types listed in Table 1 using the tabulation in +0.267 4149 Leeetal (2011)
Drilling & Landolt (2000). For HD 89744, we used an average 6169 Jfg‘l‘g ‘3"5‘3"8 I};ee et jl' 52?1301 N
. o —2 . . rugniel et al.
effective temperature of §222 K and logg = 4.01 cms b.ased 6196 4023 389 Schuler et al. (2011)
on the published values listed in Table 4 to determine the limb- 6155 4015  3.95 Wu et al. (2011)
darkening coefficients. The effective temperatures derived in 6237  +0.17  3.88 Gonzalez et al. (2010)
Section 4 produce slightly different limb-darkening coeffi- 6223 +0.18 Holmberg et al. (2009)
cients, but the effect on the angular diameters is negligible. 6236 +0.294 391 Chen et al. (2008)
We computed the angular diameters by minimizing the x> 6281 +021 412 Prugniel et al. (2007)
S . 6186 +0.33 3.96 Schiavon (2007)
between the measured and model visibilities. For the limb- 10.256 Gonzalez & Laws (2007)
darkened model, the visibilities measured in .th.e H— and 6166 +b.04 Ammons et al. (2006)
K-bands were fit simultaneously. The uncertainties in the 6149 Masana et al. (2006)
diameters were computed using a bootstrap technique (Efron & 6311 4022 437 Luck & Heiter (2006)
Tibshirani 1986; Press et al. 1992). From the observed 6262  +0.29 3.98 Huang et al. (2005)
distribution of visibility measurements, we randomly selected 6041 Ramirez and Meléndez (2005)
values with replacement to generate a new sample of visibilities 6188 4014 391 Takeda et al. (2005)
consisting of the same total number of measurements. Because 6291 +0.26 407 Valenti & Fischer (2005)
of the replacement, some measurements are repeated in the new 6234 +022 398 Santos et al. (2004)
? N . 6177 +0.18 3.89 Fuhrmann (2004)
sample.an'd others are left out. We ap.pl.le.d' fandom Gaussian 6202 3.99 Gray et al. (2003)
uncertainties to the new sample of visibilities based on the 6300 +0.22 4.40 Heiter & Luck (2003)
measurement errors. An angular diameter was fit to the new 6189 Ribas et al. (2003)
sample of visibilities and this process was repeated 10,000 6151  +0.13  4.04 Takeda et al. (2002)
times to generate the bootstrap distribution of angular diameters. 6338 +0.30  4.17 Gonzalez et al. (2001)
The standard deviation of this distribution was adopted as the 6?55 +0'1§ 4.00 Prugniel & ISoulblran (2001)
error on the angular diameter. During the bootstrap procedure, 6186 +0. 383 Gratton et al. (1996)
. . S 6320 +0.18 4.07 Edvardsson et al. (1993)
we scaled the uncertainty in the visibilities (the standard error 6083 G
. T Py ray & Johanson (1991)
output by the. reduction pipeline) to for.ce‘the reduced x;, to 1~ for GJ 393 3544  —0.17 484 Maldonado et al. (2015)
the best-fit limb-darkened model. This increased the visibility 3548 _0.18 Mann et al. (2015)
uncertainties by factors of 1.63, 2.41, and 1.12 for GJ 159, GJ 3511 —0.18 Newton et al. (2015)
393, and HD 89744, respectively (the scaled visibility 3514 019 Terrien et al. (2015)
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Table 4
(Continued)
Star Tosr [Fe/H] logg References
(K) (cms )
3525 —0.18 Gaidos & Mann (2014)
3500 —-0.25 5.0 Malo et al. (2014)
3431 —0.20 Neves et al. (2014)

—0.18 Newton et al. (2014)

3460 5.0 Lépine et al. (2013)
3391 —0.22 Neves et al. (2013)
3500 5.0 Rajpurohit et al. (2013)
3500 Stelzer et al. (2013)
3420 McCarthy & White (2012)
3500 Zuckerman et al. (2011)
5850 Bailer-Jones (2011)
3570 da Silva et al. (2009)
3403 —0.20 Casagrande et al. (2008)
3524 Zickgraf et al. (2005)
3325 Neff et al. (1995)

3400 Giampapa et al. (1981)

uncertainties are reported in Table 3). The final limb-darkened
diameters are 0.582 4 0.016 mas for GJ 159 (2.7% precision),
0.564 £ 0.021 for GJ 393 (3.7% precision), and 0.556 4 0.032
mas for HD 89744 (5.9% precision). The measured uniform
disk diameters at H and K, the adopted limb-darkening
coefficients, and measured limb-darkened diameters are sum-
marized in Table 5.

Of the three resolved stars, HD 89744 was observed only in
the K-band, whereas observations of GJ 159 and GJ 393 were
obtained at both H and K. This was because HD 89744 was
observed as part of a program on measuring the angular
diameters of exoplanet host stars using a different observing
strategy; we present the measurements here because of its
inclusion in our initial list of nearby moving group members.
The angular diameter of HD 89744 is smaller than the
formal resolution limit in the K-band on the longest baseline
(0.5M\/B ~ 0.66 mas). This is also the case for GJ 159 and GJ
393; however, the additional observations in the H-band for
these two stars provide a factor of 1.3 improvement in
resolution (0.52 mas). Because of the small angular size and
lower instrumental resolution, we suspect that the interfero-
metric measurements of HD 89744 could be influenced more
strongly by systematic uncertainties in the visibility calibration.
For example, if we fit limb-darkened diameters to the K-band
visibilities only for GJ 159 and GJ 393, we get diameters larger
than the combined fits by a factor of 1.0% and 4.6%,
respectively. In contrast, if we fit only the H-band data, the
difference from the combined fits are smaller by only 0.2% and
2.3%, respectively. This indicates that the diameters are
constrained more stringently by the higher resolution data
and that caution should be applied when evaluating angular
diameters below the resolution of the instrument.

3.2. Angular Diameter Upper Limits

Nine of the 13 stars observed (PW And, HD 13482, HD
14082A, HD 14082B, HD 20385, V577 Per A, BD+20 1790,
HD 152555, and LO Peg) have visibility measurements that are
statistically indistinguishable from 1.0, and thus they are
consistent with being spatially unresolved stars. These
measurements can, nevertheless, be translated into an upper
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Figure 3. CHARA Classic visibility measurements of the F7 star HD 89744, a
formerly proposed member of the AB Dor moving group. The visibility
uncertainties were scaled to force the reduced Xi = 1 for the best-fit angular
diameter. The black line shows the best-fit limb-darkened model, corresp-
onding to an angular size of 0.556 £ 0.032 mas. The shaded light gray region
shows the range of angular diameters obtained from the bootstrap distribution,
while the narrower dark gray region shows the standard deviation.

limit for the angular size of these stars. This can be done by
estimating the typical uncertainty on the visibility measure-
ments (oy). We assume that the smallest star than can be
resolved will have a visibility of V = 1-30y. To estimate the
effective resolution achieved during the observations, we
convert this visibility into an angular diameter for a given
baseline length and wavelength.

To accomplish this, we fit a uniform disk diameter to the
visibility measurements for each star in our sample (excluding
the binaries HD 13482 and PX Vir). We calculated the rms
scatter about the uniform disk models as an assessment of the
accuracy in any individual visibility measurement. This yielded
an rms uncertainty in the visibilities of oy = 0.064, which
translates to a 30 upper limit on the smallest angular size that
can be measured of 0.43 mas. We also calculated the rms
scatter about the limb-darkened disk models using only the two
resolved sources (GJ 159, GJ 393) for which we collected the
largest number of visibility measurements. This yielded an rms
uncertainty in the visibilities of oy = 0.045, which translates to
a 30 upper limit on the smallest angular size that can be reliably
measured of 0.35 mas. This value is consistent with the
smallest angular size measurement made with the CHARA
Array at infrared (H-band) wavelengths (0.377 £ 0.024 mas;
Baines et al. 2007).

For the nine unresolved stars in our sample, the angular
diameters estimated by McCarthy & White (2012) range from
0.19 to 0.32 mas. These sizes are smaller than the upper limit
we computed of 0.35 mas. The combination of their physical
radius and distance make their angular diameters too small to
be resolved by our current observations.

3.3. Detection Limits on Small Separation
(1-50 mas) Companions

Aside from the close binary PX Vir and the wide companion
to HD 13482, the CHARA observations show no evidence that
any of the remaining 11 stars have a close stellar companion.
These results are consistent with previous non-detections in
aperture masking and radial velocity surveys (e.g., Evans
et al. 2012; Elliott et al. 2014).
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Table 5
Angular Diameter Measurements
Star Other Oupn (mas) fOupk (mas) % 10 6ip (mas)
GJ 159 HD 25457 0.569 £ 0.018 0.577 £ 0.036 0.274 0.240 0.582 £+ 0.016
GJ 393 HIP 51317 0.542 £ 0.029 0.582 £ 0.022 0.222 0.186 0.564 £+ 0.021
GJ 9326 HD 89744 0.546 + 0.032 0.269 0.236 0.556 £ 0.032

Note. The limb-darkening coefficients (yz and pix) are from Claret & Bloemen (2011). The limb-darkened angular diameters for GJ 159 and GJ 393 are based on both
H- and K-band interferometric measurements. For HD 89744, we obtained observations only in the K-band, which provides a lower instrumental resolution; given its
small angular size, the diameter for HD 89744 could be more strongly influenced by systematic calibration uncertainties.

There are two ways that an interferometer can detect binary
stars. If the separation is wide enough, then two separated
fringe packets from each component will be observable in the
scan window of the Classic beam combiner (e.g., Farrington
et al. 2010). The minimum separation that will produce
separated fringe packets is set by the coherence length of the
filter ()\% / AMN), which determines the overall shape and width
of the fringe pattern. The maximum separation is set by the
length of the dither scan (85 pum for the short dither scan length
used for most of the observations presented here). These limits
correspond to a range of angular separation on the sky of
10-50 mas for the longest 331 m baseline for CHARA Classic
operating in the near-infrared. We examined all data scans by
eye, and did not find any separated fringe packet binaries in our
sample. Based on the representative plots in Figure 2 of
Farrington et al. (2010), we estimate that our visual inspection
would have been sensitive to companions with magnitude
differences brighter than ~1.0—1.5 mag. This is consistent with
the detection limits computed more formally by Raghavan et al.
(2012). A companion in this field of view would also diminish
the visibility of the primary fringe, due to incoherent light from
the companion (see the discussion on HD 13482 in
Section 2.4). Using the rms uncertainty of o, = 0.045
(Section 3.2) provides a consistent estimate that we would
have detected a depreciation of the visibility from a companion
within this separation range with a magnitude difference
brighter than 2.0 mag at the 30 level in average seeing
conditions (rg ~ 6-8 cm). The reduced visibilities that we
measured for PX Vir are within these detection limits.

The other way to detect binaries with an interferometer is
when the fringe packets of the two components overlap. In this
case, the measured visibility will be modulated as a function of
the projected baseline and binary separation on the sky (e.g.,
Boden 2000). The visibility curve versus baseline length
becomes a periodic function where the separation between the
peaks gives the projected separation of the binary and the
visibility at the minimum is determined by the flux ratio
H/fi = A=Vain)/(1 + Viin). Using the rms uncertainty of
oy = 0.045, we estimate that our observations would be
sensitive to modulated fringe packet binaries down a flux ratio
of 0.072 or magnitude difference of 2.9 mag at the 30 level.
The range of separations for this detection limit would be
set by the formal resolution limit of the interferometer
A/(2B) = 0.52 mas for the longest 331 meter baseline in the
H-band out to the ~10 mas limit where binaries would be
observed as separated fringe packets. However, we note that
because the visibility curve of a close binary varies between
Vmin and 1.0, that without sufficient time sampling with
multiple baseline projections we cannot rule out absolutely a
companion within these detection limits.

4. Radii, Luminosities, and Temperatures

The stellar radii of GJ 159, GJ 393 and HD 89744 are
determined from the measured limb-darkened angular diameters
(Table 5) and distances provided by the Hipparcos parallaxes (van
Leeuwen 2007; Table 1). These correspond to 1.18 & 0.03 R,
(2.8% uncertainty) for GJ 159, 043 £0.02 R, “4.0%
uncertainty) for GJ 393, and 2.36 & 0.14 R (5.9% uncertainty)
for HD 89744; we define 1 solar radius to be 6.960 x 10'°cm,
consistent with its mean measured value (Emilio et al. 2012).

We computed bolometric fluxes by fitting the observed
SEDs. A summary of the magnitudes used for each star is
presented in Table 6. We fit the SEDs using models and
empirical spectral templates. As described below, we used
different sets of models for the two F stars (GJ 159 and HD
89744) compared with the M-star (GJ 393). For each star, we
converted the observed magnitudes m, to measured fluxes
through

Fmeas = Fy, X 10.07040m=A, 3)

where A, is the wavelength-dependent interstellar extinction
assuming an R = 3.1 reddening law (Cardelli et al. 1989;
O’Donnell 1994), and Fq is the zero-point flux density for a
filter at wavelength A (e.g., Fukugita et al. 1995; Drilling &
Landolt 2000). To compare the observed and model fluxes, we
averaged the flux of the spectral models across the width of
each filter band. The emergent flux from the star scales as the
area subtended on the sky. Therefore, to find the best-fitting
stellar model, we searched through a 3D grid in the scaling
factor, interstellar extinction Ay, and effective temperature of
the stellar model. We minimized the y? between the observed
and model fluxes to find the best-fit spectral model and
determined uncertainties through a bootstrap method (e.g., the
observed magnitudes are varied and the SED is re-fit, similar to
the approach used for the visibility modeling in Section 3.1).
For GJ 159 and HD 89744, we fit the SEDs using low
spectral resolution stellar models provided by R. Kurucz.®
Based on the published measurements of stellar properties
tabulated in Table 4, the average metallicity for GJ 159 is
[Fe/H] = —0.02, and that for HD 89744 is [Fe/H] = +0.21.
The grid of models used for GJ 159 are therefore selected at
solar metallicity ([Fe/H] = 0.00), while the grid used for HD
89744 are metal-rich ([Fe/H] = 0.20); the grids are available
in £0.20 dex metallicity increments. Both grids assume
log g = 4.0, corresponding to a luminosity class intermediate
to dwarfs and subgiants. The grids contain models calculated

8 http:/ /kurucz.harvard.edu/grids.html
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Table 6
Photometry Used in SED Fits

Star Filter Magnitude References
GJ 159 Johnson U 5.891 + 0.05 Mermilliod et al. (1997)
GJ 159 Johnson B 5.895 + 0.05 Mermilliod et al. (1997)
GJ 159 Johnson V 5.377 £ 0.05 Mermilliod et al. (1997)
GJ 159 Johnson B 5.910 + 0.05 Kharchenko &

Roeser (2009)
GJ 159 Johnson V 5.379 £+ 0.05 Kharchenko &

Roeser (2009)
GJ 159 Stromgren v 6.155 + 0.08 Hauck & Mermilliod (1998)
GJ 159 Stromgren b 5.664 + 0.08 Hauck & Mermilliod (1998)
GJ 159 Stromgren y 5.342 £ 0.08 Hauck & Mermilliod (1998)
GJ 159 2MASS J 4712 £ 0.236  Skrutskie et al. (2006)
GJ 159 2MASS H 4.342 £ 0.076  Skrutskie et al. (2006)
GJ 159 2MASS K 4.181 £+ 0.036  Skrutskie et al. (2006)
GJ 393 Johnson U 12.349 + 0.05 Koen et al. (2010)
GJ 393 Johnson B 11.157 £ 0.05 Koen et al. (2010)
GJ 393 Johnson V 9.631 4+ 0.05 Koen et al. (2010)
GJ 393 Cousins R, 8.612 £+ 0.05 Koen et al. (2010)
GJ 393 Cousins I.. 7.393 4+ 0.05 Koen et al. (2010)
GJ 393 Johnson J 6.233 + 0.05 Koen et al. (2010)
GJ 393 Johnson H 5.582 + 0.05 Koen et al. (2010)
GJ 393 Johnson K 5.349 + 0.05 Koen et al. (2010)
GJ 393 Johnson U 12.389 + 0.05 Landolt (2009)
GJ 393 Johnson B 11.151 £ 0.05 Landolt (2009)
GJ 393 Johnson V 9.650 + 0.05 Landolt (2009)
GJ 393 Cousins R.. 8.617 £+ 0.05 Landolt (2009)
GJ 393 Cousins /. 7.389 + 0.05 Landolt (2009)
GJ 393 Johnson B 11.147 £+ 0.05 Kharchenko &

Roeser (2009)
GJ 393 Johnson V 9.630 + 0.05 Kharchenko &

Roeser (2009)
GJ 393 2MASS J 6.176 £ 0.021  Skrutskie et al. (2006)
GJ 393 2MASS H 5.605 + 0.033  Skrutskie et al. (2006)
GJ 393 2MASS K 5.311 £ 0.023  Skrutskie et al. (2006)
HD 89744  Johnson U 6.370 £ 0.064  Mermilliod et al. (1997)
HD 89744  Johnson B 6.310 £ 0.058  Mermilliod et al. (1997)
HD 89744  Johnson V 5.780 + 0.056  Mermilliod et al. (1997)
HD 89744  Johnson B 6.347 £ 0.05 Kharchenko &

Roeser (2009)
HD 89744  Johnson V 5.730 £+ 0.05 Kharchenko &

Roeser (2009)
HD 89744  Stromgren v 6.579 + 0.08 Hauck & Mermilliod (1998)
HD 89744  Stromgren b 6.057 + 0.08 Hauck & Mermilliod (1998)
HD 89744  Stromgren y 5.719 + 0.08 Hauck & Mermilliod (1998)
HD 89744 2MASS J 4.855 +£0.232  Skrutskie et al. (2006)
HD 89744 2MASS H 4.529 £+ 0.036  Skrutskie et al. (2006)
HD 89744  2MASS K, 4454 + 0.021  Skrutskie et al. (2006)

Note. Weighted mean UBV and uvby magnitudes were collected from the
General Catalog of Photometric Data (http://obswww.unige.ch/gcpd/gepd.
html) maintained by Mermilliod et al. (1997), and from Hauck & Mermilliod
(1998). The Stromgren indices b—y, m;, and ¢; were transformed to ubvy
magnitudes using the transformations in Cousins & Caldwell (1985). and
Turner (1990). We excluded the Stromgren # magnitude from the fit, because it
was not consistent with the spectral models. We adopted minimum
uncertainties of +0.05 for UBVRI and £0.08 for ubvy photometry. These
uncertainties are assigned by the fbol routine in the getCal software and are
based on an assessment of the typical variation of measured values (G. van
Belle 2018, private communication).

with a temperature step size of 250 K. We interpolated between
the templates to determine spectra at 50 K intervals.

For GJ 159, we found a best fit using the interpolated 6300 K
spectral model with a visual extinction of 0.01 + 0.13 mag.
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This temperature is consistent with the mean temperature of
~6292 £ 107 K based on previously published measurements
listed in Table 4. The low extinction is consistent with its close
proximity (18.83 4 0.11 pc). Fixing Ay = 0.0 and summing
the flux of the best-fit model yields a bolometric flux of
Foor = 1.762 £ 0.097 x 1077 ergem 2 s,

For HD 89744, we found a best fit using the interpolated
6150K spectral model with a visual extinction of 0.01 £
0.15 mag. The effective temperature is slightly cooler than the
mean value of 6222 £ 72 K based on the previously published
measurements listed in Table 4. The low extinction is
consistent with the close proximity of the star (39.43 £+
0.48 pc). Fixing Ay = 0.0 and summing the flux of the best-fit
model yields a bolometric flux of Fypo = 1.272 4+ 0.061 x
1077 erg em s

The SED and best-fitting spectral models for GJ 159 and
HD 89744 are shown in Figure 4. The bolometric fluxes we
computed for these two stars are lower by 4.5% and 4.8%,
respectively (~10), compared with the values computed by
Casagrande et al. (2011) using the infrared flux method
(Fpor = 1.8407 x 1077 ergcnf2 s~' for HD 25457 and
Fpor = 1.3326 x 107 ergem ™2 s~ ' for HD 89744).

To check for systematic biases in our prescription, we also
calculated the bolometric flux of GJ 159 and HD 89744 by
fitting the SED using the stellar spectral flux library from
Pickles (1998), which includes a range of stellar spectral type
templates spanning wavelengths from 0.115 to 2.500 pm.
We used the Rayleigh—Jeans tail of a blackbody curve to
approximate the flux at wavelengths longer than 2.5 ym. For
GJ 159, the best-fit stellar spectrum is that of an F5 dwarf,
with a visual extinction of 0.14 £ 0.03 mag. The non-zero
extinction likely stems from the larger blueward flux of this
slightly hotter best-fit template. However, we expect that this is
likely unphysical given the close proximity of the star. If
the visual extinction is set to zero, the best-fit spectrum is that
of an F6 dwarf, with a bolometric flux of 1.793 £ 0.082 x
1077 erg em 2 s . The computed Fi,, is consistent within
the errors to the value computed using the Kurucz models. The
spectral type is slightly hotter than the F8-like temperature
inferred from the spectral analysis by (McCarthy & White
2012), but within the F5-F8 range of spectral types published
earlier in the literature (Roman 1952; Malaroda 1975;
Cowley 1976; Bidelman 1985; Gray 1989). For HD 89744,
we find a best-fit stellar spectrum of an F8 dwarf, with a visual
extinction of 0.057592 mag. By fixing Ay = 0 mag, we find a
slightly cooler stellar spectrum of GOV and Fy, = 1.289 +
0.098 x 1077 erg cm 2 s~ consistent within the errors to Fi,,
using the Kurucz models. Given this overall consistency, we
choose to adopt the Kurucz values and uncertainties for GJ 159
and HD 89744.

The incomplete treatment of the TiO opacity in Kurucz
atmospheric models (Castelli et al. 1997) make them less
appropriate for determining the bolometric flux of the early M
dwarf GJ 393. For this star, we fit the SED using flux-calibrated
spectra from Mann et al. (2015). These templates provide
improved spectral coverage and flux calibration for late-type
stars compared with the Pickles stellar spectral flux library
(Mann et al. 2013). GJ 393 (PM 110289+-0050) itself is one of
the stellar templates; Mann et al. (2015) derive a spectral type
of M2.2, effective temperature of 3548 K, and metallicity of
[Fe/H] = —0.18. This effective temperature is warmer than the
value determined by McCarthy & White (2012; M2.5,
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width of the photometric filter.

Tois = 3420K) and the overall mean T.4 = 3476 + 66 K
based on the published values listed in Table 4. Fixing the
visual extinction Ay = 0.0 mag, as expected based on the close
proximity of the star (7.07 &+ 0.11 pc), and fitting the SED we
recover GJ 393 as the best-fitting template and determine a
bolometric flux of 1.619 + 0.033 x 10~° ergem 2 s~ for GJ
393. This is consistent within 0.20 with the bolometric flux
derived by Mann et al. (2015). The SED and best-fitting
spectral template are shown in Figure 4.

For all three stars, we combined the bolometric fluxes with
the Hipparcos distances to determine luminosities, which yield
values of 1.94 £ 0.11 L, for GJ 159 (5.7% uncertainty),
0.0252 £ 0.0009 L, for GJ 393 (3.6% uncertainty), and
6.15 + 0.33 L. for HD 87944 (5.4% uncertainty). Finally,
stellar effective temperatures are determined from the bolo-
metric fluxes and limb-darkened angular diameters by inverting
Stefan’s Law,

Fool = %H%DaTé}f, @)
where o is the Stefan—Boltzmann constant. This yields T =
6286 4 123 K for GJ 159 and Ty = 3515 £ 68 K for GJ 393,
consistent with previous T,y estimates. The uncertainties in
these stellar effective temperature estimates are 1.9%; they are
thus among the most precisely determined temperatures for
adolescent-age single stars. The effective temperature for HD
89744 (T = 5927 + 185K, 3.1%) is about 1.5¢0 lower than
the average value of 6222 + 72 K based on spectroscopic and
photometric measurements available in the literature (see
Table 4). As discussed in Section 3.1, the lower instrumental
resolution during the interferometric observations could have
biased the diameter measurement of HD 89744. However, our
SED fit also found a best-fitting template with a lower
temperature of 6150 K. The stellar properties and results from
the SED fits for each star are summarized in Table 7.

5. Mass and Age Estimates
5.1. GJ 159 and GJ 393

The measured radii and calculated temperatures for GJ 159
and GJ 393 are illustrated on a radius-temperature diagram in
Figure 5. The stellar evolutionary models of Feiden (2016) and
Baraffe et al. (2015), computed at solar metallicity, are shown

10

for comparison. We use these evolutionary models to create
isochrones by linearly interpolating the mass tracks at specific
ages; we note that this prescription yields isochrones consistent
with nearby young associations (see Herczeg & Hillenbrand
2015) for both models. Solar metallicity is adopted as it is
likely appropriate for members of the AB Dor moving group
(Barenfeld et al. 2013) and GJ 159, but this is inconsistent with
the measured subsolar metallicity of GJ 393. However, the
changes in the model predictions using subsolar metallicity are
less than the sizes of the error bars at the location of GJ 393. As
Figure 5 illustrates, both stars lie within 1.50 of the zero-age
main sequence (ZAMS), defined here as the loci of positions
where low-mass stars have their smallest radii. Low-mass stars
generally shrink in size as they approach the ZAMS, and then
swell slowly thereafter. For approximate masses of 1.2 M., and
0.45 M, for GJ 159 and 393, the ZAMS occurs at ages of
~30 Myr and ~200 Myr, respectively.

Because evolutionary models have historically struggled to
match the main sequence, especially at subsolar masses (e.g.,
Hillenbrand & White 2004; Torres et al. 2010; Bell et al. 2012;
Feiden & Chaboyer 2012), we first test the predicted ZAMS
near the position of GJ 393 through a comparison with an
empirical main sequence determined from interferometric
radius measurements of field K and M dwarfs’ (Boyajian
et al. 2013). As shown in Figure 5, this empirical main
sequence is slightly cooler than the 200 Myr isochrone at
0.40 M., and the location of GJ 393. We note that this offset
should not be a consequence of the assumed solar metallicity of
the models; subsolar metallicity models will shift toward hotter
temperatures and slightly smaller sizes, resulting in a larger
offset from this empirical main sequence.

Aware of this possible discrepancy, both models predict that
GJ 393 lies on the mass track of 0.42 4 0.03 M, at an age of
80730 Myr if contracting toward the main sequence. The
assigned uncertainties reflect only the uncertainties in the sizes
and temperatures, and not those inherent to stellar evolutionary
models. If GJ 393 is expanding away from the main sequence,
then the lower limit on its age is set by the 0.44 M, track at
3 Gyr and the upper limit extends beyond the maximum age of

® The mean metallicity of the stars that define the empirical main sequence are

slightly subsolar (mean [Fe/H] = —0.16 dex, with a standard deviation of
40.21 dex); it has a thickness of +0.031 R,
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Table 7
Stellar Properties
GJ 159 GJ 393 GJ 9326

Quantity HD 25457 HIP 51317 HD 89744
Radius (Ro) 1.178 £ 0.033 0.428 £ 0.017 2.356 + 0.139
Best-fit template 6300 K (Kurucz) 3548 K (Mann) 6150 K (Kurucz)
[Fe/H] 0.0 (fixed) —0.18 0.2 (fixed)
Ay (mag) 0.0 (fixed) 0.0 (fixed) 0.0 (fixed)
Foor (1077 ergem 257 ") 1.762 + 0.097 0.1619 + 0.0033 1.272 + 0.061
L (L) 1.944 £ 0.110 0.0252 £ 0.0009 6.153 £ 0.332
Ter (K) 6286 + 123 3515 £ 68 5927 £+ 185

Note. To determine the bolometric fluxes, we used synthetic Kurucz models for GJ 159 and HD 89744, and empirical spectral templates from Mann et al. (2015) for
GJ 393. Because of its smaller angular size and the lower instrumental resolution during the interferometric observations of HD 89744 (see Section 3.1), the stellar
properties of HD 89744 could be more strongly biased by systematic calibration uncertainties.

evolutionary models, calculated out to 20 Gyr by Feiden (2016)
and 10 Gyr by Baraffe et al. (2015).

Testing the predicted ZAMS at 1.2 M, using size measure-
ments of nearby F stars is inhibited by the larger spread in star
sizes at this mass (Boyajian et al. 2012a) caused by their more
rapid evolution. However, both evolutionary models show
evidence of matching empirical main sequences defined by
clusters and stars in the field at these masses (Baraffe et al.
2015; Feiden 2016). According to the Feiden (2016) models,
GJ 159 lies on the mass track of 1.2170:0¢ M., at an age of
23 + 2 Myr if contracting, or the mass track of 1.1830! M, at
an age of 273 Gyr if expanding. We caution that ages and
masses anywhere in between these most probable values are
possible as the 1o error bars overlap the ZAMS. GJ 159 falls
below, but within 1o of the Baraffe et al. ZAMS. According to
these models the most probable mass for GJ 159 is only a few
percent larger than that predicted by the Feiden (2016) models,
and the age is restricted to be closer to the ZAMS.

The unresolved stars in the AB Dor moving group are
plotted in Figure 5 using the upper limit on their angular
diameters of 0.35mas and their Hipparcos distances to
compute an upper limit on their radii. We assigned
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temperatures based on their spectral types in Table 1.
Assuming that these stars also lie on the ZAMS, the measured
size upper limits are between 40% and 90% larger than their
actual radii (McCarthy & White 2012); longer baselines and/or
observations at shorter wavelengths are needed to spatially
resolve these stars.

5.2. HD 89744

As noted previously, HD 89744 is no longer considered a
bona fide member of the AB Dor moving group. Although
similar in temperature to GJ 159, HD 89744 is twice its size,
confirming that it is a more evolved star. We note that slightly
more massive stars cross this location while very young; this
location is also consistent with that of a ~1.8 M star at
~6 Myr, based on the pre-main sequence evolutionary
calculations by Dotter et al. (2008) at a metallicity of
[Fe/H] = +0.2 dex. The Dotter et al. (2008) evolutionary
models, which are an older version of the Feiden (2016)
models, are adopted in this case because they are publicly
available at this metallicity; significant differences between
these two generations of models are not expected in this mass
range (G. Feiden 2018, private communication). This very
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Figure 6. Radius vs. temperature for the formerly proposed AB Dor moving
group member HD 89744. Super-solar metallicity ([Fe/H] = +0.20 dex) mass
tracks computed by Dotter et al. (2008) for 1.3, 1.5, and 1.7 M, are plotted as
dotted lines up to an age of 100 Myr, then as dashed lines for older ages.
Assuming HD 89744 is a post-main-sequence star, it has a mass of
1.37 & 0.10 M;, and an age of 3.8 £ 0.9 Gyr.

young age is considered unlikely given the slow rotation,
absence of circumstellar material associated with HD 89744,
and its depleted lithium abundance (Ramirez et al. 2012).
Instead, as illustrated in Figure 6, the evolutionary models also
yield a mass of 1.37 &+ 0.10 M, and age of 3.8 &+ 0.9 Gyr; the
uncertainties span the range of possible values based on the 1o
uncertainties in temperature and radius.

6. Summary and Discussion

We present interferometric measurements obtained with the
CHARA Array of 12 adolescent-age stars in nearby moving
groups, including one star in Tucana-Horologium, two stars in
( Pictoris, and nine stars in AB Doradus. We also include
measurements on HD 89744, which is no longer considered to
be a member of the AB Dor moving group. We resolved the
angular diameters of two members in the AB Dor subsample.
Obtaining spatially resolved measurements of additional
known members will require higher resolution (either by going
to shorter wavelengths or using longer baselines), or a facility
with equivalent resolution in the southern hemisphere.

The two spatially resolved candidate members of the AB
Dor moving group are the F8 star GJ 159 (0.582 £ 0.016 mas;
2.7% precision) and the M2.5 star GJ 393 (0.564 £ 0.021 mas;
3.7% precision). We also resolved the previously suspected
member HD 89744 (0.556 + 0.032 mas; 5.9% precision). We
measured reduced visibilities for the known spectroscopic and
visual binary PX Vir, but the available data are insufficient to
reliably measure the separation during the observation. For the
nine stars that were spatially unresolved, the measurements
show no evidence for the presence of any close companions
with separations in the range of 0.5-50 mas and near-infrared
magnitude differences smaller than 2.0 magnitudes.

For GJ 159, GJ 393, and HD 89744, we used Stefan’s Law
to combine the angular diameters with bolometric fluxes
derived from their photometric energy distributions to measure
effective temperatures of 6286 4+ 123K, 3515 + 68K, and
5927 £ 185K, respectively. We compared the radius and
temperature measurements to predictions from evolutionary
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models to estimate masses and ages. Comparisons with the
solar metallicity models computed by Feiden (2016) and
Baraffe et al. (2015) yield masses of 1.2 + 0.1 M, for GJ 159
and 0.42 £ 0.03 for GJ 393. Both stars are within 1.5¢0 of the
ZAMS, which inhibits assigning a precise age because it cannot
be determined based on physical parameters alone whether the
stars are contracting toward or expanding away from the
ZAMS (e.g., Ligi et al. 2016). The age ranges derived for each
star overlaps with the estimated age of the AB Dor moving
group of 50-150 Myr (Malo et al. 2013; Bell et al. 2015).

For the F8 star GJ 159, model comparisons suggest a broad
range of possible ages of 0.021-3.0 Gyr at the 1o uncertainty
level. However, the detection of lithium in its atmosphere (e.g.,
Weise et al. 2010; McCarthy & White 2012) and a debris disk
surrounding it (Hillenbrand et al. 2008) favor the interpretation
that it lies near the ZAMS, with an age near the low end of this
range (<100 Myr), consistent with its membership in the AB
Dor moving group. Unfortunately the measurement and model
uncertainties cannot exclude much older ages.

For GJ 393, the models suggest a broader range in age
starting from 0.06 Gyr and extending beyond 10-20 Gyr at the
1o uncertainty level. As noted in Section 2.1, GJ 393 was a
defining member of the AB Dor moving group (Torres
et al. 2008; Malo et al. 2013); however, Bell et al. (2015)
find that it is hotter and/or under-luminous relative to the
single-star isochrone for the group. This is consistent with it
being an older metal-poor star. In support of this, we note the
lack of youthful characteristics. GJ 393 is slowly rotating (v sin
i = 1.5 km s~ '; Reiners 2007) and chromospherically inactive
relative to other proposed early M dwarf members (e.g., V372
Pup, vsini = 20 km sfl; da Silva et al. 2009). Precision radial
velocity measurements of GJ 393 have achieved values
consistent to within a few ms~', spanning several years time
(Bonfils et al. 2013), which is uncharacteristic of young
adolescent-age M dwarfs (e.g., Paulson & Yelda 2006). We
conclude that GJ 393 is likely an old field star that
coincidentally has a space motion similar to that of bonafide
AB Dor members; it is probably a kinematic interloper.

The size and temperature of the planet host and wide binary
star HD 89744 confirm that it has evolved off the main
sequence. A comparison with evolutionary models with a
metallicity of [Fe/H] = +0.15 dex computed by Dotter et al.
(2008) yields a mass of 1.37 £0.10 M, at an age of
3.8 £ 0.9 Gyr. We caution that the assigned errors are
approximate, as the evolution is nonlinear in both time and
the radius-temperature plane at this evolutionary stage. Values
assigned for stars near the “hook region” of the HR diagram are
known to be ambiguous (Edvardsson et al. 1993). Never-
theless, the age is slightly larger, but statistically consistent
with the range of previous age estimates (1.5-3.0 Gyr)
assembled in Wilson et al. (2001). Additional interferometric
measurements at higher angular resolution could help confirm
the radius and effective temperature measured for HD 89744
and its estimated older age which could impact whether the
LOV companion identified by Wilson et al. (2001) is a brown
dwarf or a very low-mass star.
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