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ABSTRACT

Cool subdwarfs are the oldest members of the low-mass isElaulation. Mostly present in the galactic
halo, subdwarfs are characterized by their low-metajflidéieasuring their binary fraction and comparing it to
solar-metallicity stars could give key insights into thardormation process early in the Milky Way's history.
However, because of their low luminosity and relative yaintthe solar neighborhood, binarity surveys of cool
subdwarfs have siered from small sample sizes and incompleteness. Previmusys have suggested that
the binary fraction of red subdwarfs is much lower than faitimain-sequence cousins. Using the highly
e cient Robo-AO system, we present the largest yet high-néisol survey of subdwarfs, sensitive to angular
separations ( (°45) and contrast ratios (4 6) invisible in past surveys. Of 344 target cool subdwarfs,
40 are in multiple systems, 16 newly discovered, for a bideagtion of 116% 1:8%. We also discovered
6 triple star systems for a triplet fraction of 1.7%7%. Comparisons to similar surveys of solar-metallicity
dwarf stars gives a3 disparity in luminosity between companion stars, with subds displaying a shortage
of low-contrast companions. We also observe a lack of clabewarf companions in comparison to similar-
mass dwarf multiple systems.

Subject headingsinaries: close - subdwarfs - stars: late-type - instruat@n: adaptive optics - techniques:
high angular resolution - methods: data analysis

1. INTRODUCTION 2013). The formation process of low mass stars remains

Cool subdwarfs are the oldest members of the low-mass/€SS Well understood than for solar-like stars. —Although
stellar population, with spectral types of K and M, masses be multiple indications suggest they form as the low-mass tail

tween 0.6and 0.08 M , and surface eective temperatures of regular star formation_(Bourke et'al. 2006), other mech-
between 4000 and 2300 K (Kaltenegger et al. 2009). First2nisms have been proposed for some or all of these ob-
coined byl Kuipér[(1939), subdwarfs are the low-luminosity, JSCIS é‘G\?Od‘g"” & \2’\62”2""0”2 200{3‘. Th'e? & K.rO”]E’a |2007’
metal-poor ([FéH] < -1) spectral counterparts to the main se- ‘235U & VOrobyov )- rm binary fraction for low-
quence dwarfs. On a color-magnitude diagram, subdwarfs lieM€t@llicity cool stars could assist in constraining vasiéor-
between white dwarfs and the main sequehce (Aams 1915)[{“"‘“9” ngpdel_s. This again motivates thltla nee? for a compre-
With decreased metal opacity, subdwarfs have smaller stel- e_Pr?lve 'Parl'.ty sur\]{ey, sensitive to Smé" ar;guhar ng I
lar radii and are bluer at a given luminosity than their main e multiplicity of main sequence dwarfs has been we
sequence counterparts (Sandage & Eggen|1959). These lowgXPlored in the literature. A consistent trend that has pur-
mass stars are members of the Galactic halo and have highef€Y€d is that the percentage of stars with stellar companion
seems to depend on the mass of the stars. For AB-type stars,

systematic velocities and proper motions than disk dwarf °
stars. Traditionally subdwarfs have been identi ed usiighh ~ Peteretal.[(2012) used a sample of 148 stars to determine
a companion fraction of 70%. For solar type stars (FGK-

proper motion surveys. Although 99.7% of stars in the galaxy type), around 57% have companiohs (Duquennoy & Mayor

%r?h(gzlé mgw Fs)ﬁﬂqgﬁrr\llze;/,ss}gtésig ?IH;VT;\? Sl(r)%g; 'ore subsiva 1991), although Raghavan et al. (2010) have revised the frac
The search for companions to stars of elient masses gon ‘10""”(;(} 463" F|S(|:the|_r ‘.?[ndf Matlycy (}%S);O)/Io&ked at M-
; ; dwarfs and found a multiplicity fraction o 6. More re-
gives clues to the star formation process, as any successcemly, Janson et (2012) nd a binary fraction for late K-

ful model must account for both the frequency of the mul- .
; ; to mid M-type dwarfs of 27 3% from a sample of 701 stars.
tiple star systems and the properties of the systems. In ad For late M-dwarfs, a slightly lower fraction was found by

dition, monitoring the orbital characteristics of mulgpstar i X ;

systems yields information otherwise unattainable foglgin  LaW ‘"?'é /T‘I' (2'\(/|)06b) %f ’ i%'MESXt,\E/’Igd'Jng their prf’l" '&lﬂ)slit“dﬁ
stars, such as relative brightness and masses of the compd?" Mid/late M-type dwarfs, s ANS0N etal.(2014) n
nents [(Goodwin et al._ 2007), lending further constraints to ;;\:Itlpllcny fraction of 21%-27% using a sample of 205

mass-luminosity relationships (Chabrier et al. 2000) . L .
Old population Il stars are important probes for the = 'While the multiplicity of dwarf stars has been heavily stud-
early history of star formation in the galaxy (Zhang etal. 1€d with comprehensive surveys, detailed multiplicitycses
T = of low-mass subdwarfs have, historically, been hindered by
_ their low luminosities and relative rarity in the solar neig
Cag'zt')eg'ert@“”f'efd;h s and Ast University of Northral borhood. Within 10 pc, there are three low-mass subdwarfs,
at Chgsg{ mﬁncﬁapelyjzﬁs,\?g ooy yaersity of Northdliaa compared to 243 main sequence stars (Monteiro| &t all 2006).
2 Institute for Astronomy, University of Hawai'i at Manoa| BI6720- SUbseque_mly' multiplicity surveys of COO_| S_Ubdwarfs have
2700, USA been relatively small. The largest, a low-limit angularares

3 Division of Physics, Mathematics, and Astronomy, Califarmstitute lution search by Zhana etlal. (2013) mined the Sloan Digital
of Technology, Pasadena, CA, 91125, USA - - )
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Table 1 The speci cations of the Robo-AO subdwarf survey

Filter Sloani®band

FWHM resolution 8%s 10~ -
Field size 480 440 - ]
Detector format 10Zpixels

Pixel scale 43.1 malspix

Exposure time 120 seconds

Subdwarf targets 344 i 7
Targets observethour 20 - 15— —
Observation dates September 12012 —

August 21 2013

Sky Survey |(York et al. 2000) to nd 1826 cool subdwarfs,
picking out subdwarfs by their PMs and identifying spectral

type by tting an absolute magnitude-spectral type relatio 20
ship. They nd 45 subdwarfs multiple systems in total, with T S
30 being wide companions and 15 partially resolved compan- White Dwarfs Subdwarfs MS Stars
ions. When adjusting for the incompleteness of their syrvey ‘ |
an estimate of the binary fraction 8fL0% is predicted. The 0 2 4 6
authors note the need for a high spatial resolution imaging
survey to search for close binarieslQ0 AU) and put tighter  Figure 1. Reduced proper motion diagram of the complete rNLTT
constraints on the binary fraction of cool subdwarfs. (Gould & Salim[2003), with our observed subdwarfs in i¢d. The dis-

The high-resolution subdwarf surveys completed thus far \‘;J;}’;?'e”gmr'f'ggsrebg?"’_eg”aflg'%r'lrgetrae'ggg{ﬁ‘\’/‘g@’fsavn'é‘ﬁ%gr S;Obd%ae”:hggfj
Peagﬁdbr?ggoﬁ)gna?’l?(zigviilya Ssrgrillla.le S;Zellseseieégogzs%%(gwgﬁs warfs plotted make use of the‘imeroved photohﬁetry of Mals(ﬁﬂ[)'l).

Riaz et al.|(2008) similarly found no companions in a sample

of nineteen M subdwarfs using tttubble Space Telescope ° ‘
Lodieu et al. [(2009) reported one companion in a sample of | @
33 M type subdwarfs._Jao etlal. (2009) found four compan-
ions in a sample of 62 cool subdwarf systems. With the high
variance in small number statistics, the relationship keetw
dwarf and subdwarf multiplicity fractions remains incaumcl
sive. w0k

We present here the largest high resolution cool subdwarf
multiplicity survey yet performed, making use of the@ent % 1 i ¥ ] 7 i i e
Robo-AO system. The Robo-AO system allows us to detect V magnitude
more cool and close companion stars in a much larger sample  *[" ‘
size than previously possible. This survey combines previ-  so-
ously known wide proper-motion pairs, spectroscopic bina-
ries, and high ar(ljgular resolution images able to detect com-
panions with 95and m 6.

The paper is organized as follows. In Secfibn 2 we describe
the target selection, the Robo-AO system, and follow-up ob-
servations. In Sectio] 3 we describe the Robo-AO data re-
duction and the companion detection and analysis. In Sectio 0’5
[ we describe the results of this survey, including discester
companions, and compare to similar dV‘(arf SUrveys. The. re-Figure 2. (a) Histogram of magnitudes in V band of the 348 observed subd-
sults are discussed in Sectldn 5 and put in context of previou yaris. ) Histogram of the ¢ J) colors of the observed subdwarf sample,

literature. We conclude in Sectiéh 6. with approximate spectral types regions K and M marked. Baits use the
photometry of Marshall (2007)

# Targets

# Targets
8
T

2. SURVEY TARGETS AND OBSERVATIONS
2.1. Sample Selection

We selected targets from the 564 spectral type F- throug
M-subdwarfs studied by Marshall (2007). These targets were
selected from the New Luyten Two-Tenths (NLTT) catalog
(Luyten 1979; Luyten & Hughes 1980) of high proper motion
stars $0.18 arcsefyear) using a reduced proper motion dia-
gram (RPM). To distinguish subdwarf stars from their solar- Hw = m+5log +5 (1)
metallicity companions on the main sequence, the RPM used
a (V J) optical-infrared baseline, a technique rst used by where m is the apparent magnitude arid the proper motion
Salim & Gould (200R2), rather than the shortBr (R) baseline in %9yr. The discriminator, , developed by Salim & Gould to

hused by Luyten. This method uses the high proper motion as
a proxy for distance and the blueness of subdwarfs relaiive t
equal luminosity dwarf stars to separate out main sequence
members of the local disk and the halo subdwarfs (Marshall
2008). The reduced proper motionyHis de ned as
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Original Robo-AO PSF Subtracted
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Figure 3. Example of PSF subtraction on NLTT31240 with companion sgjum of @%4. The red X marks the position of the primary star's PSF peak
Successful removal of PSF leaves residuals consistentplviton noise.

separate luminosity classes, is de ned as 2.2.2. Keck LGS-AO

(Hy;V Jsinb)=Hy 31V J) 1:47sinbj 7:73 (2) Six candidate multiple systems were selected for re-
. . . imaging by the NIRC2 camera behind the Keck Il laser
where b is the Galactic latitude. The reduced proper g, ide star adaptive optics system (Wizinowich é{al. 20086;

motion diagram for the revised NLTT (rNLTT) catalog yanDam et dl. 2006), located in Maunakea, Hawaii, on 2014
(Gould & Salim[2008) and our subdwarf targets is presentedAugust 17 (UT) to con rm possible companions. The targets

in Figure[1l. The improved photometry of Marshall (2007) \yere selected for their low signi cance of detectabilitither
placed 12 of the original suspected subdwarfs outside #e SU pecayse of low contrast ratio or small angular separatibe. T
dwarf sequence. These stars were rejected from our sample,ysaryvations were done in thé Knd H bands with three 90
Of the 552 subdwarfs con rmed by Marshall, a randomly- ¢ exnosures for two targets and three 30 s for ve targets in
selected sample of 348 K- and M-subdwarfs were observed, 3_nosition dither pattern that avoided the noisy, loves-I
by Robo-AO when available between other high priority sur- quadrant. We used the narrow camera settif§@09px),

veys. The V-band magnitudes arM ( J) colors of the ob-  \\hich gave a single-frame eld of view of 2 107
served subdwarf sample are shown in Figdre 2.

2.2.3. SOAR Goodman Spectroscopy

2.2. Observations )
221 Robo-AO We took spectra of 24 of the subdwarfs using the Southern
. Astrophysical Research Telescope and the Goodman Spectro-
We obtained high-angular-resolutionimages of the 348 sub-graph (Clemens et 5l. 2004) on 2014 July 15. We observed
dwarfs during 32 separate nights of observations betweentwelve targets with companions and twelve single starsfas re
2012 September 3 and 2013 August 21 (UT). The obser-erence. The spectra were taken using a 930/inesgrating
vations were performed using the Robo-AO laser adaptiveyith 0.42 A/pixel, a D7 slit, and exposure times of 480 s.
optics system (Baranec et al. 2013, 2014; Riddle let al.|2012)
mounted on the Palomar 60 inch telescope. The rst robotic 3. DATA REDUCTION AND ANALYSIS
laser guide star adaptive optics system, the automatic Robo 3.1. Robo-AO Imaging
AO system can eciently observe large, high-resolution sur-
veys. All images were taken using the Sla&and Iter
(York et al.[2000) and with exposure times of 120 s. Typical  To verify that each star viewed in the image is the desired
seeing at the Palomar Observatory is betwei¥h @nd i%, subdwarf target, we created Digital Sky Survey cutouts of
with median around®® (Baranec et al. 2014). The typical Similar angular size around the target coordinates. Eaeh im
FWHM (di raction limited) resolution of the Robo-AO sys- age was then manually checked to assure no ambiguity in the
tem is @%2-@%5. Speci cations of the Robo-AO system are target star. The vast majority of the targets are in relgtive
summarized in Tablg 1. sparse stellar regions. Four of the target stars in croweatts
The images were reduced by the Robo-AO imaging whose identi cation was ambiguous were discarded, leaving
pipeline described ih Law etlal. (20084,b, 2009, 2014). The 344 veri ed subdwarf targets.
EMCCD frames are dark-subtracted and at- elded and then, )
using the Drizzle algorithn (Fruchter & Hook 2002), stacked 3.1.2. PSF Subtraction
and aligned, while correcting for image motion using a brigh ~ To locate close companions, a custom locally optimized
star in the eld. The algorithm also introduces a factortaf point spread function (PSF) subtraction routine (Law et al.
up-sampling to the images. Since the subdwarf targets are ir2014) based on the Locally Optimized combination of Im-
relatively sparse stellar elds, for the majority of the iges ages algorithm/(Lafreniere etlal. 2007) was applied to cen-
the only star visible is the target star and was thus used totered cutouts of all stars. Other subdwarf observationsrtak
correct for the image motion. at similar times were used as references, as it is unlikely to

3.1.1. Target Veri cation
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have a companion found in the same position for twoedi 1L2H . ' ' : TTiO s
ent targets. For each targetimage and for 20 reference Bnage
selected as the closest to the target image in observatien ti i w
the region around the star was subdivided into polar sestion Lol | rd’(]l \
ve up-sampled pixels in radius and 4% angle. A locally ' | ‘% M I ;“
optimized estimate of the PSF for each section was then gen ié'\“, A "Ii i ;{ \
erated using a linear combination of the reference PSFs. The }\ Yl | ] "
algorithm begins with an average over the reference PSFs g [y lai g g ] g ! # i { 1]
then uses a downhill simplex algorithm to optimize the con- | i |f ‘ ‘ L\‘ I '
tributions from each reference image to nd the best t to the !’t‘i it ‘ :’{1
target image. The optimization is done on several cointiden Can [
sections simultaneously to minimize the probability of sub 0.6~ : ~
tracting out a real companion, with only the central region ‘
outputted to the nal PSF. This also provides smoother tran- . . , , , ,
sitions between adjacent sections as many of the imagespixel 6200 6400 6600 6800 7000 7200
were shared in the optimization. Wavelength (angstroms)

Afte( iterating over al_l SePt'O”S oftheimage, the nal PSFi . Figure 4. The extracted spectra for NLTT52532 showing subdwarf ahara
an optimal local combination of all the reference PSFs. This teristics, most apparent the weakness of the 7050ATiO baddsength of
nal PSF is then subtracted from the original reference im- the 6380ACaH band. The y-axis is given in normalized artyitrax units.
age, leaving residuals that are consistent with photorenois
Figure[3 shows an example of the PSF subtraction perfor-
mance. Table 2 ) )

We manually checked the nal subtracted images for close Full SOAR Spectroscopic Observation List
companions detections% ). The initial search was limited
to a detection radius of'4from the target star. We subse-

NLTT my ObsID Companion?

i 2205 14.0 2014 Jul 14 es
quently performed a secondary search out to a radiu&f 2 2301 149 2014Jul1a zes
3.1.3. Imaging Performance Metrics ggéé 1‘2‘:8 ggij jﬂ: ﬂ yes
The two dominant factors that ect the image performance 9898  14.2 2014 Jul 14
of the Robo-AO system are seeing and target brightness. To 10022 158 20 g
further classify the image performance for each target an au 33971 12.8 2014 Jul 14
tomated routine was ran on all images. Described in detail 37342 14.4 2014 Jul 14 yes
in [Law et al. (2014), the code uses two Mat functions t 37807 12.0 2014 Jul 14
to the PSF to separate the widths of the core and halo. We iggig g? ggii jﬂ: }3
found that the core size was an excellent predictor of the con 41111 137 2014 Jul 14
trast performance, and used it to group targets into thketde 44039 11.5 2014 Jul 14
(low, medium and high). Counter-intuitively, the PSF core 44568 12.3 2014 Jul 14
size decreases as image quality decreases. This is caused ggggg }g'g égﬂ ﬂﬂ: ii yes
by poor SN on the shift-and-add image alignment used by 52377 145 2014 Jul 14 yes
the EMCCD detector. The frame alignment subsequently 52532 155 2014 Jul 14 yes
locks onto photo noise spikes, leading to single-pixetdiz ggégg ig‘l) égij g“: ﬁ" yes
spikes in the image$ (Law etlal. 2006b, 2009). The images 26818 11D 2014 Jul 14 Yoo
with di raction limited core size (0.15"9 were assigned to 57038 13.9 2014 Jul 14 yes
the high-performance group, with smaller cores assigned to 58812 14.9 2014 Jul 14 yes

lower-performance groups.

Using a companion-detection simulation with a group of
representative targets, we determine the angular separati
and contrast consistent with a Sletection. For clarity, the
contrast curves of the simulated targets are tted with func
tions of the forma b=r c) (wherer is the radius from the
target star and, b,andcare tting variables). Contrast curves
for the three performance groups are shown in Seflion 4.

in those areas. For detection purposes, we use many PSF
core sizes for optimization, and the algorithm's abilityres
move the companion light is reduced. However, the compan-
ion is arti cially faint as some ux has still been subtradte

To avoid this, the PSF t was redone excluding a six-pixel-
diameter region around the detected companion. The large
PSF regions allow the excess light from the primary star to be
3.1.4. Contrast Ratios removed, while not reducing the brightness of the companion

For wide companions, the binaries' contrast ratio was deter
mined using aperture photometry on the original images. The
aperture size was determined uniquely for each system based Separation angles were determined from the raw pixel po-
on separation and the presence of non-associated backroursitions. Uncertainties were found using estimated systiema
stars. errors due to blending between components. Typical uncer-

For close companions, the estimated PSF was used to retainty in the position for each star was 1-2 pixels. Position
move the blended contributions of each star before apertureangles were calculated using a distortion solution produce
photometry was performed. The locally optimized PSF sub- using Robo-AO measurements for a globular cluter.
traction algorithm attempts to remove the ux from com-
panions using other reference PSFs with excess brightness *S- Hildebrandt (2013, private communication).

3.1.5. Separation and Position Angles



Cool Subdwarf Multiplicity 5

3.2. Previously Detected Binaries Table 3

To further realize our goal of a comprehensive cool sub- Full Keck-AO Observation List
dwarf survey, we included in our statistics previously con-

rmed binary systems in the literature with separations-out NLTT _ mv ObsiD __ Low-sig. Companion?
side of our “eld of view. Common proper motion is a use- 4817 114 2014 Aug 17

ful indicator of wider binary systems. Wide 80°y common 7914 14.3 2014 Aug 17 yes
proper motion companions among our target subdwarfs were 50869 15.8 2014 Aug 17

previously identi ed in the Revised New Luyten Two-Tenths 52377 14.5 2014 Aug 17 yes
(rNLTT) catalog (Salim & Gould 2002; Chanamé & Gduld 52532 155 2014 Aug 17 yes
2004), and a search by Lépez et al. (2012) of the Lepine and 53255 15.0 2014 Aug 17 yes
Shara Proper Motion-North catalag (Lépine & Shara 2005). 56818 14.0 2014 Aug 17 yes

The target list was also cross-checked againgiithth Cat-
alogue of Spectroscopic Binary OrbiBourbaix et dl. 2004,  high signi cant companion%7 ) in the Robo-AO eld of
S0), a catalogue of known spectroscopic binaries availableview. An example of the Keck Il images and the Robo-AO
onlinef] While these systems were included in the total subd- images is given in Figuig 5. The full Keck Il observations are
warf binary numbers, the compilatory nature of this catakog  listed in Tablé B, with the last column indicating the pre=en
leaves some uncertainty in the completeness of the spectroof the low detection signi cance companion.
scopic search. 4. DISCOVERIES

3.3. Spectroscopy Of the 344 veri ed subdwarf targets observed, 40 appear to

To further verify that the targets selected are cool subd- b€ in multiple star systems for an apparent binary fraction o
warfs, we took spectra of 7% of the total survey and 31% of 11.6% 1.8%, where the error is based on Poissonian statis-
the candidate companion systems. Past spectroscopic studics (Burgasser et al. 2003). This count includes 6 multiple
ies of cool subdwarfs at high resolution have provendi ~ Systems rst recorded in the NLTT, 13 systems rst recorded
cult as, at the low temperatures present, a forest of maecul N the rNLTT, 1 wide binary found in the LSPM (Lopez et al.
absorption lines conceals most atomic lines used in spectra2012), 6 spectroscopic binaries, and 16 newly discovered
analysis. Subdwarfs can be classi ed spectroscopically us multiple systems. We also found four new companions to al-
ing two molecular lines[(Gizis 1997). Comparing titanium ready recorded binary systems, including two new triple sys
oxide (TiO) bands to metal hydride bands (typically CaH in tems, for atotal of 6 triple star systems, for a triplet fraciof
M subdwarfs), Gizis classi ed two groups, the intermediate 1.7% .7%. One quarter (26%) of the companions would only
and extreme subdwarfs. As the metallicity decreases, thebe observable in a high-resolution surve (($ep). The bi-
TiO adsorption also decreases, but the CaH remains largelyrary fraction of the target stars binned by th&ir (J) color is
una ected for a given spectral type. This classi cation sys- given in Figurd B. Cutouts of the closest 22 multiple star sys
tem was expanded and revised to include ultra subdwarfs bytems are shown in Figufé 8. Measured companion properties
Lépine et al.[(2007), who introduced the new useful parame-are detailed in Tablel 4.
ter tio=can- o -

Spectra were taken for wavelengths 5900-7400A, and re- ) 4_'1' Probab|l|.ty of Association .
duced (dark-subtracted and at- elded) using IRAF reduc-  The associations of all discovered and previously recorded
tion packages, particularly the onedspec.apall to extteet ~ companions were con rmed using the Digitized Sky Sur-
trace of the spectrum and onedspec.dispcor for applying thevey (DSS) |(Reid etal. 1991). Since all the targets have
wavelength calibration. A FeAr arc lamp was recorded for  high proper motions, if not physically associated the syste
wavelength calibration. All observed target subdwarfsever Would have highly apparent shifts in separation and pasitio
con rmed to show the spectral characteristics of subdwarf angle over the past two decades. For the widely separated sys
stars described above, speci cally the reduced band sieng tems with both stars visible in the DSS, we checked the angu-

of 7050ATIO5. An example of the extracted spectra is given lar separation in the DSS and our survey to con rm relatively

in Figure[d. The full observation list for SOAR is given in Cconstantseparation. For closely separated systems whiére b
Table2. stars are merged in the DSS, we looked for a background star

at the DSS position that does not appear in our images.
3.4. Candidate Companion Follow-ups In addition, since our stars appear in relatively spardkaste

With either high contrast ratio or small angular separation €9ions in the sky, well outside the Galactic disk, the proba
six candidate subdwarf binary systems with low detection Pility of @ background star appearing in a close radius to our
signi cance €6 ) were selected for follow-up imaging us- observed star is low. Using the total number of known non-
ing Keck II. One low-probability candidate companion star associated stars in our images, than we expect over alfttarge
was rejected after followups using Keck II, an apparentelos ;g%rs in our survey 1.2 background stars within a radius of
( ' 0:15" binary to NLTT50869, probably resulting from 2 of any of our target stars, compared to 10 stars observed
a cosmic ray on the original Robo-AO image. A wider bi- in that range.
nary to NLTT50869, with high detection signi cance, was 4.2. Photometric Parallaxes
not in the image eld of view. Outside of the six target stars - .
with low signi cant companions, another candidate compan-  Very few subdwarfs in our sample have accurate parallax
ion star, NLTT4817, was observed and had no companion in-measurements. Only 43 of the targets have published paral-
side the eld of view of the Keck Il image, however had a laxes, most with signi cant measurement errors. To estimat

the distances to our subdwarf targets, we employed an expres

® http7/sb9.astro.ulb.ac.be sionfor Mr= (R |) estimated by Siegel etlal. (2002) using a
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Robo-AO Sloan i' Band

1 arcsec |

Keck-AO NIRC2 H Band

1 arcsec |

Figure 5. Keck-AO con rming the Robo-AO companion to NLTT52532. Exquue time for the Robo-AO image is 120 s and for the Keck-AOgenia 90 s.
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Figure 7. Comparison of the separation and the magnitudemince in the
i-band between our subdwarf companior$q) and the dwarf companions
found by Janson etal. (2012). The detectable magnitudesriir our image
performance groups are also plotted, with the number ofrebdesubdwarfs
targets in each image performance group, as described finSEcL3.
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color-magnitude diagram and the photometric measurements
byMarshall (20077).

The polynomial tfound by Siegel for subdwarfs with mea-
sured parallaxes and an estimated mearHFef -1.2, and
with thelLutz & Kelker (1973) correction, is

Mgr=203+10 (R 1) 221 (R )2 (3)

The color-absolute magnitude relation has an uncertaihty o

0.3 mag. In all cases, the published parallax errors are much
larger than photometric errors &0.03 mag. The estimated
distances for the primary stars in the subdwarf multiple sys
tems are listed in Tablg 4.

5. DISCUSSION
5.1. Comparison to Main-Sequence Dwarfs

With comparable sample size and spectrum types, the cool
dwarf survey of Janson etlal. (2012) is a useful metal-rict an
log to this work. The most striking disparity between the two
samples is the lack of low-contrastrfy 2), close (1%
companions to the subdwarf stars, a regime heavily popllate
by solar-metallicity dwarf companions. This is clearlysée
a plot of the companion's magnitude dirence versus angular
separation for the two populations, as in Figure 7.

The dissimilarity between contrast ratios between dwarfs
and subdwarfs is further illustrated in Figlie 9. A two saenpl
Kolmogrov-Smirnov test rejects the null hypothesis that th
two populations are similar at a con dence 2.8 .

The lack of close subdwarf companions has been noted pre-
viously byl Jao et all (2009) and by Abt (2008), however with
signi cantly smaller samples. A direct comparison of oabit
separations is biased by the relative distance variatiadhen
two samples. With their relative rarity in the solar neighbo
hood, the subdwarf sample is overall approximately a factor
of 4 further distant than the dwarf sample. If the population
were similiar, this would result in a relative abundancegtit
dwarf binaries, while the ®limit of the Janson et al. sur-
vey reduces the number of observed wide dwarf binaries. At-
tempts to pick out similar systems by relative distance or by
orbital separation from the two surveys results in a smal st
tistical sample. Nonetheless, the relative lack of closgesst
in the subdwarfs sample, as illustrated in Fidurk 10, and con

rmed at high-con dence in our survey, warrants further in-
vestigation.
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Multiple subdwarf systems resolvedTSé)iEg‘lRobo-AO and prssly detected systems

NLTT Comp mp2 ObsID i P.A. Dist Prev Det?

NLTT  (mag) (mag) 9 (AU) (deg.) (pc)
2045AB 13.5 2013 Aug 15 183.3 21.0 SB9
2205AB 2206 13.9 2013 Augl5 0.18 3.37 47958.3 1232 140.9 16.1 L79
2324AB 2325 15.7 2013 Augl6 1.16 3.84 13818.9 2542 36.14.1 L79
2324AC 15.7 2013 Aug1l6 4.14 2348 84786.2 1592 36.1 4.1
4817AB 4814 11.4 2012 Sep 3 430 2459 36453 218 2 147 16.8 S02
7301AB 7300 14.9 2012 Sep 3 2.48 4.87 103.2.1 57 2 21.7 2.5 S02
7914AB 14.3 2012 Sep 3 3.76 2.53 424485 1502 167.6 19.2
10536AB 10548 11.2 2013 Aug 15 185.7 306333501 85.5 164.918.9 S02
11015AB 11016 16.3 2013 Aug1l6 0.94 9.24 13280 572 151.317.3 S02
12845AB 10.6 2012 Oct 3 471 1.85 149.47.1 92 2 80.6 9.2
15973AB 15974 9.3 2012 Oct 7 3.47 6.88 303B21.6 2272 44 5.0 S02
15973AC 9.3 2012 Oct 7 5.02 8.23 362.21.1 2172 44 5.0
17485AB 11.9 2012 Oct 10 191.3 21.9 SB9
18502AB 12.2 2013 Jan 19 3.18 5.95 1264 3312 212.1243
18798AB 18799 14.5 2013 Jan 19 3.12 12.82 2289 172 2 177 20.2 S02
19210AB 19207 11.2 2013 Jan 20 102.5 1848810 285.4 180.220.6 S02,SB9
20691AB 9.6 2013 Jan 19 70.6 8.1 SB9
21370AB 13.7 2013 Jan 19 246 19.83 66055 3222 3329381 SB9
24082AB 13.1 2013 Jan 19 4.46 5.81 1682 1872 289.7 33.1
24082AC 13.1 2013 Jan 19 4.17 12.00 347 2672 289.7 33.1
25234AB 25233 13.2 2013 Jan 18 3.05 8.29 11734 2872 141.7 16.2 S02
28434AB 14.9 2013 Jan 17 2.46 2.54 6528.6 2022 256.7 29.3
29551AB 11.5 2012 Sep 3 3.29 0.51 104®».0 3552 206.523.6
29594AB 13.2 2013 Apr 22 38.10 128341466 269 336.838.5 L12
30193AB 14.6 2013 Apr 21 1.99 0.95 304.84.8 3042 321.536.7
30838AB 30837 12.5 2013 Apr 22 569 16.25 44867 252 273 31.2 S02
31240AB 15.0 2013 Apr 21 4.16 0.74 251.28.7 2102 338.338.7
31240AC 15.0 2013 Apr 21 3.86 10.32 349399 1572 338.338.7
34051AB 13.5 2013 Jan 19 242.3 27.7 SB9
37342AB 37341 14.4 2013 Apr 22 1.37 5.75 12314.1 54 2 21.4 25 S02
45616AB 11.9 2012 Sep 3 259 2831 46%36.8 1132 165.919.0 SB9
49486AB 49487 15.9 2012 Oct 4 1.48 4,51 39018.6 1482 86.4 9.9 S02
49819AB 49821 14.0 2013 Augl19 1.12 2528 1026873 842 406 46.4 S02
50759AB 50751 15.9 2012 Sep 13 297.7 791569046 267.7 265.830.4 S02
50869AB 15.8 2013 Aug 8 3.15 8.17 170195 192 209.0 24.0
52377AB 14.5 2012 Sep 4 2.35 0.92 561&.2 2112 585.3 66.9
52532AB 15.5 2012 Sep 4 2.60 0.30 52.820 168 2 175 20.0
52532AC 52538 15.5 2012 Sep 4 335 37.14 6538 176 21.0 L79
53255AB 15.0 2013 Augl6e 0.75 1.07 123.94.2 682 112.7129
53255AC 53254 15.0 2013 Aug 16 53.8 6063 694 112.7 12.9 L79
55603AB 12.1 2013 Aug18 3.54 445 886.901.4 292 199.222.8
56818AB 14.0 2012 Sep 3 2.04 0.63 1691.4 442 246.2 28.1
57038AB 13.9 2013 Augl6 0.19 8.14  250886.7 3352 308.3 35.2
57452AB 13.6 2013 Augl6e 191 1.98 474.54.2 772 2349 26.9
57856AB 13.2 2013 Augl17 5.08 2.00 585.86.9 1692 289.7 33.1
58812AB 58813 150 2013 Augl6 1.40 2.81 7436.0 692 264.430.2

Notes. — References for previous detections are denoted tise following codes: Pourbaix et al. 2004 (SB9); Luyted94.8.79); Samir et
al. 2002 (S02); Lopez et al. 2012 (L12).

8(Marshall 2007)
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Figure 8. Gray scale cutouts of the 22 multiple star systems with sejoas<7%resolved with Robo-AO. The angular scale and orientaticinslar for each

cutout.
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lar clusters by Kopal (1959), while Jaschek & Jaschek (1959)
discovered a de ciency of spectroscopic binaries in a sam-
ple of high-velocity dwarfs. Abt & Willmarth (1987) used
higher resolution CCD spectra to conclude that the frequenc
of spectroscopic binaries in high-velocity stars was hélf o
metal-rich stars. Recently, however, this view has come un-
der attack. Carney et al. (1994) used radial velocity measur
ments of 1464 stars, along with metallicity data (Carney.et a
1987), and found the dierence in binary frequency of metal-
rich and metal-poor stars to not be signi cant. Likewise,
Grether & Lineweaver (2007) found a2 anti-correlation
between metallicity and companion stars.

In recent years, the relationship between planetary system
and metallicity has also been explored. Fischer & Valenti
(2004) found a positive correlation between planetary sys-
tems and the metallicity of the host star. This correlatias h
beenreinforcedto4 by Grether & Lineweaver (2007). Re-
cently, Wang et al. (2014) found that planets in multiplerst
systems occur 4.53.2, 2.6 1.0, and 1.70.5 times less fre-
quently when the companion star is separated by 10, 100, and
1000 AU, respectively.

Figure 9. Histogram of the magnitude dérence in the i-band between all The solution may lie in the dierences between halo and
our subdwarf companions and the dwarf companions found hyodeet al. thick disk stars. Latham et al (2002) found no obviousedi
(2012). A y

ence between the binary fraction of the two populations,-how
ever Chiba & Beers (2000) found a 55% multiplicity rate for
thick disk stars and 12% for halo stars. Grether & Lineweaver
also nd that the thick disk shows a4 times higher binary
fraction than halo stars, further hypothesizing that thximgj

of the populations is the explanation for the perceived-anti
correlation of metallicity and binarity.

The large di erence between the M subdwarfs and thick-
disk M dwarfs, apparent in our work in this paper and
Janson et al. (2012), seems to imply the two populations
formed under dierent initial conditions. Star formation in
less dense regions appear to lower binary rates. Kohlér et a
(2006) found a factor 3-5 derence in binary fraction be-
tween the low-density Taurus star-forming region and the
dense Orion cluster. Itis also possible that, as older thkan-s
abundance stars, the metal-poor subdwarfs could have suf-
fered more disruptive encounters with other stars. These di
turbances could separate companions with separatiorer larg
than a few AU, with the tighter, more highly bound systems
being less aected (Sterzik & Durisen 1998; Abt 2008), a the-
ory derived fromN-body simulations (Aarseth & Hills 1972;
Kroupa 1995). This, however, is contrary to our tentative re
sult of a lack of close subdwarf companions, and the simi-
Figure 10. Histogram of the angular separations of our subdwarf compan lar Observa.tlon.s of Jao etal. (2009) a.nd Abt (2008) thateclos
ions and the dwarf companions found by Janson et al. (201aly §stems ~ subdwarf binaries are rare. This implies that metal-pobr su
resolvable in both surveys were plottedi8< < Q) dwarfs had shorter lifetimes in clusters than their younger
L . metal-rich cousins, either being ejected or formed in a dis-
5.2. Binarity and Metallicity rupted cluster.

The binary fraction we have found further con rms what  Another possible explanation is that a large number of
has been suspected by past studies: that the binary fractiofow-metallicity stars in the Milky Way could have resulted
of subdwarfs is substantially lower than their dwarf coasin from past mergers with satellite galaxies. Simulationsnfro
The largest survey of cool subdwarfs, although limited &y th Abadi et al. (2006) predict that the early Galaxy underwent
low angular resolution of the SDSS, Zhang et al. (2013), nd a period of active merging. From these mergers, the Galaxy
a multiplicity for type late K and M subdwarfs of 2.41%, with  would inherit large numbers of metal-poor stars. Meza et al.
an estimated lower bound of 10% when adjusting for survey (2005) observe a group of metal-poor stars with angular mo-
incompleteness. This estimate and our work leave subdwarfsmenta similar to the clustér Cen, long theorized to be the
multiplicity rates approximately a factor of 2 to 4 lower tha core of a dwarf galaxy that merged with the Milky Way. The
solar-metallicity stars of the same spectral types. environment of these foreign galaxies is unknown, so star fo

Historically, it has been a widely held view that metal-poor mation could be quite dierent than our own Galaxy. It is
stars possess fewer stellar companions (Batten 1973; dinatha also possible that during the merger multiple close stelfar
2004). A de ciency of eclipsing binaries was found in globu- counters and perturbations could alter their primordiaaby
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properties.

6. CONCLUSIONS

In the largest high-resolution binary survey of cool subd-
warfs, we observed 344 stars with the Robo-AQO robotic laser
adaptive optics system, sensitive to companions at®5
and m 6. Of those targets, we observed 16 new multi-
ple systems and 4 new companions to already known binary
systems. When including previously recorded multiple sys-
tems, this implies a multiplicity rate for cool subdwarfs of
11.6% 1:8% and atriplet fraction of 1.7%:7%. This is sig-
ni cantly lower than the observed cool subdwarf binarity of
26% 6% by Jao et al. (2009) and in agreement with the com-
pleteness adjusted estimate>0fLl0% of Zhang et al. (2013).
When comparing our results to similar surveys of dwarf bina-
rity, we note a 2.8 di erence in relative magnitude dir-
ences between companions. An apparent lack of close bina-
ries is noted, as has been previously observed in the literat
The high e ciency of Robo-AO makes large, high-angular
resolution surveys practical and will in the future congrta
put tighter constraints on the properties of stellar pojiis.
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7. APPENDIX

In Table 5, we list our Robo-AO observed subdwarfs, in-
cluding date the target was observed, observation quadity a
described in Section Section 3.1.3, and the presence of de-
tected companions.

Table 5 Full Robo-AO Observation List

NLTT m, ObsID Obs. qual Companion?
69 15.2 2012 Oct 10 low
193 155 2013 Augl1l5 medium
341 12.1 2012 Oct 10 high
361 15.4 2013 Aug 17 low
496 15.8 2012 Sep 04 medium
660 15.7 2012 Sep03 low
812 12.8 2012 Sep 03 high
933 155 2013 Augl6 low

1020 15.3 2013 Aug1l5 medium

1059 13.8 2012 Sep 04 medium

1231 119 2013 Aug 16 high

1509 15.8 2013 Aug 16 low

1575 16.2 2012 Sep 03 low

1635 13.2 2012 Sep 03 high

1684 15.1 2012 Sep 13 low

1815 155 2012 Sep 04 low

1870 13.9 2012 Sep 03 medium

2045 135 2013 Aug1l5 medium yes

2107 155 2012 Sep 04 low

2205 14.0 2013 Aug1l5 medium yes

2324 15.7 2013 Aug 16 medium yes

2868 13.5 2013 Aug1l6 medium

2953 15.9 2012 Sep 04 low

2966 15.6 2012 Sep 04 medium

3035 15.9 2012 Sep 04 low

3965 16.1 2013 Augl16 medium

4245 15.6 2013 Aug 15 low

4447 159 2012 Sep 03 low

4817 11.4 2012 Sep 03 high yes

4838 154 2012 Sep 03 low

5022 13.9 2012 Sep 03 medium

5192 14.3 2012 Sep 03 medium

5289 15.6 2012 Sep 03 low

6519 14.8 2012 Sep 03 medium

6582 15.7 2013 Aug 17 low

6614 15.7 2012 Sep 03 medium

6816 16.1 2013 Aug 15 low

6856 16.1 2012 Sep 03 low

6863 15.3 2013 Aug 17 low

7078 14.4 2012 Sep 03 medium

7207 145 2013 Aug1l5 medium

7299 115 2013 Aug 16 high

7301 14.9 2012 Sep 03 high yes

7415 9.1 2012 Sep 03 high

7417 11.6 2013 Aug 15 high

7467 159 2012 Sep 13 low

7596 16.2 2013 Aug 17 low

7654 16.1 2013 Aug1l6 medium

7769 14.0 2012 Sep 03 medium

7914 14.3 2012 Sep 03 medium yes

8034 11.8 2012 Sep 03 high

8227 10.5 2013 Aug 17 high

8342 149 2012 Sep 03 medium

8405 15.8 2012 Sep 03 medium

8507 13.9 2012 Sep 03 medium

8783 11.5 2012 Sep 03 high

8866 15.8 2013 Aug 16 low

9523 15.4 2013 Aug 15 low

9550 15.5 2013 Aug 19 low

9578 10.5 2013 Aug 15 high

9597 12.0 2012 Sep 13 high

9622 14.3 2012 Sep 04 medium

9648 14.9 2012 Sep 04 medium

9653 15.6 2013 Aug 16 low

9727 15.8 2013 Aug1l5 medium

9734 15.0 2012 Sep 04 medium

9799 154 2012 Sep 13 low

9848 16.6 2013 Aug 19 low

9898 14.2 2013 Aug 19 low

9938 16.2 2013 Aug 15 low

10018 15.4 2013 Aug 17 low

10022 15.8 2013 Aug1l6 medium

10135 15.7 2012 Sep 04 low

10176 15.8 2013 Aug 20 low

10243 14.1 2012Sep04  medium

10401 14.6 2013 Aug 18 low

10517 145 2012Sep04  medium



TABLE 5 — Continued
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NLTT m, ObsID Obs. qual Companion?
10536 11.2 2013 Aug 15 high yes
10548 15.9 2013 Aug 15 low

10850 10.7 2012 Sep 04 high

10883 15.9 2012 Sep 04 low

11007 12.2 2013 Aug 21 high

11010 14.1 2012Sep04  medium

11015 16.3 2013 Aug 16 low yes
11032 14.2 2012Sep04  medium

11068 15.4 2013 Aug 21 low

11938 14.3 2012Sep04  medium

12017 12.3 2013 Aug 17 high

12026 15.8 2013 Aug 18 low

12044 15.8 2012 Sep 13 low

12227 14.2 2013 Aug 18 medium

12350 12.1 2013 Aug 18 medium

12489 14.6 2012 Oct 10 low

12537 145 2013 Aug2l medium

12704 15.4 2012 Oct 10 low

12769 14.1 2013 Aug 18 medium

12829 14.6 2012 Oct03 medium

12845 10.6 2012 Oct 03 high yes
12856 10.8 2013 Aug 18 high

12876 15.6 2012 Oct03 low

12923 15.2 2013 Aug 18 low

13022 15.9 2012 0Oct03 low

13344 13.8 2012 0Oct03 medium

13368 15.5 2012 Oct03 low

13402 14.7 2012 Oct03 low

13469 15.1 2013 Aug 18 low

13470 13.8 2012 Oct03 medium

13641 12.9 2012 Oct 06 high

13660 12.4 2012 Oct03 high

13694 154 2013 Aug20 medium

13706 14.5 2012 Oct03 low

13770 12.4 2012 Oct03 high

13811 13.4 2012 0Oct03 medium

13920 14.4 2013 Aug20 medium

13940 14.4 2012 Oct 05 medium

14091 13.9 2012 Oct05 medium

14131 13.4 2012 Oct03 medium

14169 13.4 2012 Oct 05 medium

14197 12.4 2012 Oct 04 low

14391 13,5 2012 Oct04 low

14450 14.7 2012 Oct 04 low

14549 145 2012 Oct 10 low

14822 12.7 2012 Oct 03 medium

14864 14.3 2012 Oct 07 low

15039 14.8 2012 Oct 10 low

15183 12.6 2012 Oct 07 medium

15218 12.3 2012 Oct 06 high

15973 9.3 2012 Oct 07 high yes
15974 13.8 2012 Oct 07 high

16030 13.9 2012 Oct07 low

16185 14.4 2012 Oct 10 low

16242 10.6 2012 Oct 06 medium

16579 12.3 2012 Oct 09 high

16606 12.3 2012 Oct 10 high

16849 15.3 2012 Oct 10 low

16869 13.2 2013 Jan 20 high

16986 15.8 2013 Jan 20 low

17039 129 2012 Oct 10 medium

17485 11.9 2012 Oct 10 high yes
17680 13.6 2013 Jan 20 medium

17786 12.0 2013Jan 20 high

17872 10.7 2013 Jan 20 high

18019 13.3 20120ct10 medium

18131 14.4 2013Jan 20 medium

18424 127 2013 Jan 18 high

18463 13.8 2013 Jan 20 high

18502 12.2 2013Jan 19 high yes
18731 13.1 2013 Jan 19 high

18798 14.5 2013Jan 19 high yes
18799 11.0 2013Jan 19 high

19037 14.9 2013Jan 20 medium

19210 11.2 2013Jan 20 high yes
19301 14.7 2013Jan 19 low

19570 14.4 2013 Apr22  medium

19614 15.7 2013 Apr22  medium

TABLE 5 — Continued

NLTT m, ObsID Obs. qual Companion?
19643 11.9 2013 Jan19 high

19824 14.6 2013 Jan19 medium

20252 14.9 2013 Apr22  medium

20288 14.9 2013 Apr22  medium

20392 13.8 2013 Jan 22 low

20476 13.2 2013 Apr 22 high

20492 13.3 2013Jan 19 high

20684 12.0 2013Jan19 high

20691 9.6 2013Jan 19 high yes
20768 14.0 2013Jan19 medium

21039 14.0 2013Jan19 medium

21112 15.3 2013 Apr22  medium

21133 12.7 2013Jan19 medium

21341 14.3 2013 Jan 19 low

21370 13.7 2013 Jan19 medium yes
21449 12.6 2013 Apr 22 high

21601 14.6 2013 Apr22  medium

22026 12.6 2013 Apr22 high

22053 12.1 2013 Jan19 high

22520 10.8 2013 Jan19 high

22752 13.9 2013 Jan19 medium

22945 13.2 2013 Apr22  medium

23894 14.6 2013Jan18 low

24006 15.5 2013 Apr22  medium

24082 13.1 2013 Jan19 medium yes
24353 13.2 2013 Jan 18 medium

24371 14.2 2013 Jan 18 low

24718 13.1 2013 Jan 18 medium

24984 125 2013 Apr21 high

25006 14.1 2013 Apr21  medium

25177 12.2 2013 Apr 22 high

25190 13.9 2013Jan18 low

25234 13.2 2013 Jan 18 medium yes
25475 13.9 2013 Apr21  medium

25776 13.8 2013 Apr22  medium

25909 13.5 2013 Apr22 high

25970 14.9 2013Jan18 low

26232 14.4 2013 Jan 18 low

26482 12.5 2013 Jan 18 medium

26503 14.2 2013 Apr21  medium

26532 14.8 2013 Jan 18 low

26565 14.8 2013 Jan 18 low

26588 13.6 2013 Apr21 high

26677 13.5 2013Jan18 low

27436 13.0 2013 Jan 18 medium

27763 13.6 2013 Jan 18 medium

27767 14.7 2013 Apr21  medium

28199 13.2 2013Jan 18 medium

28304 13.3 2013 Apr22  medium

28434 14.9 2013 Jan 17 low yes
29023 13.0 2013Jan18 medium

29064 14.0 2013 Apr21  medium

29256 14.7 2013 Jan 18 low

29442 14.4 2013 Jan 18 low

29551 115 2013 Apr21 high yes
29594 13.2 2013 Apr 22 high yes
29933 10.2 2013 Apr 22 high

30128 13.1 2013 Apr21 high

30193 14.6 2013 Apr21  medium yes
30462 12.8 2013Jan18 medium

30636 14.8 2013 Jan 18 low

30824 14.6 2013 Jan17 low

30838 12.5 2013 Apr22 high yes
31146 12.0 2013 Apr21 high

31155 13.6 2013 Jan 18 medium

31240 15.0 2013 Apr21  medium yes
31965 14.2 2013 Jan 19 medium

32316 11.3 2013 Apr22 high

32392 14.6 2013 Jan19 medium

32562 14.3 2013 Jan 17 low

32648 12.8 2013 Jan 18 medium

32917 13.8 2013 Apr22  medium

32995 13.4 2013 Apr22 high

33104 14.0 2013Jan18 low

33156 14.2 2013 Apr22  medium

33371 12.8 2013 Jan 17 medium

33971 12.8 2013Jan 18 medium

34051 13.5 2013Jan19 low yes

11
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TABLE 5 — Continued

NLTT m, ObsID Obs. qual Companion?
34628 11.9 2013 Apr2l1 high

35068 13.2 2013 Jan 18 medium

35318 13.4 2013 Apr21 high

36020 14.2 2013 Apr22  medium

37342 14.4 2013 Apr 22 high yes
37684 13.3 2013 Apr 22 high

37807 12.0 2013 Apr22 high

39378 13,5 2013 Apr22 high

39721 13.6 2013 Apr22 high

40022 139 2013 Apr22  medium

40313 13.7 2013 Apr 22 high

41111 13.7 2013 Apr22  medium

44039 115 2012Sepl4 high

44233 15.2 2012 Sep 04 low

44568 12.3 2012 Sep 04 high

44639 11.8 2012 Sep 04 high

44769 15.2 2013 Apr21  medium

45609 12.5 2012 Sep 04 high

45616 11.9 2012 Sep 04 high yes
47480 13.8 2012 Oct 05 low

47543 9.2 2012 Oct 05 medium

48011 14.7 2012 Oct 05 high

48056 13.7 2012 Oct 07 low

48391 15.2 2012 Oct 05 medium

48592 12.2 2012 Oct 04 medium

48866 12.7 2012 Oct 04 medium

49486 16.0 2012 Oct 04 medium yes
49487 12.3 2012 Oct 04 medium

49488 149 2013 Aug19 medium

49618 12.2 2012 Oct 04 medium

49726 159 2013 Aug 19 low

49749 14.8 2012 Oct 03 medium

49819 14.0 2013 Aug 19 high yes
49821 12.8 2013 Aug 19 high

49897 15.8 2012 Oct 04 low

50257 13.8 2013 Aug 18 low

50376 13.9 2012 Sep 13 medium

50556 15.7 2012 Sep 13 low

50759 159 2012 Sep 13 low yes
50869 15.8 2013 Aug 19 low

50911 11.6 2012 Sep 13 high

51006 14.1 2013 Aug19 medium

51153 15.1 2012 Sep 13 low

51740 15.3 2012 Sep 13 low

51754 15.0 2012 Sep 13 low

51824 119 2013 Aug18 medium

51856 13.4 2012Sep04  medium

52089 14.9 2012Sep04  medium

52377 145 2012Sep04  medium yes
52532 15.5 2012 Sep 04 low yes
52573 15.3 2013 Aug 18 low

52666 15.0 2013 Aug19 low

52816 15.7 2012 Sep 13 low

52894 16.0 2012 Sep 13 low

53190 15.4 2013 Aug16 medium

53254 14.7 2013 Aug16 medium

53255 15.0 2013 Aug16 medium yes
53274 119 2013 Aug17 high

53316 154 2012 Sep 13 low

53346 13.8 2013 Augl1l7 medium

53480 12.6 2013 Aug 17 high

53702 15.3 2012 Sep 13 medium

53707 12.1 2013 Aug18 medium

53781 13.8 2013 Augl1l7 medium

53801 11.8 2012 Sep13 high

53823 13.8 2013 Aug 18 low

54027 13.3 2013 Aug19 medium

54088 14.1 2013 Aug 18 low

54168 13.4 2013 Augl1l7 medium

54184 14.0 2013 Augl1l7 medium

54349 14.4 2012 Sep 13 medium

54450 15.6 2013 Aug 16 low

54578 15.8 2013 Aug 18 low

54608 16.0 2013 Aug 16 low

54620 15.2 2013 Aug17 medium

54699 15.1 2012 Sep 13 low

54710 15.2 2012 Sep 13 low

54730 115 2012 Sep13 high
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TABLE 5 — Continued
NLTT m, ObsID Obs. qual Companion?
55411 15.9 2013 Aug 16 low
55603 12.1 2013 Aug18 medium yes

55732 13.4 2013 Augl1l7 medium
55733 14.5 2012 Sep 03 medium
55942 13.5 2013 Aug16 medium
56002 14.4 2012 Sep 03 medium
56290 12.6 2013 Aug 16 high
56420 15.6 2012 Sep 03 low
56533 15.9 2013 Aug 16 low
56534 12.7 2013 Aug 17 high
56774 129 2013 Aug 18 low
56817 16.1 2013 Aug 17 low

56818 14.0 2012 Sep 03 medium yes
56855 13.7 2013 Augl16 medium

57038 13.9 2013 Aug16 medium yes
57214 15.8 2013 Aug 16 low

57452 13.6 2013 Augl16 medium yes

57546 16.2 2013 Aug 17 low

57564 10.6 2013 Aug 17 high

57630 15.0 2013 Aug16 medium

57631 13.5 2013 Augl1l7 medium

57647 14.7 2013 Aug17 medium

57741 14.2 2013 Aug17 medium

57744 16.1 2013 Aug 17 low

57781 10.1 2013 Aug 16 high

57832 15.2 2012 Sep 03 medium

57851 15.2 2012 Sep 03 medium

57856 13.2 2013 Aug17 medium yes
58071 13.1 2012 Sep 03 medium

58141 15.8 2013 Aug 16 low

58403 15.2 2013 Aug 16 low

58522 15.0 2013 Aug17 medium

58555 15.1 2012 Sep 03 medium

58812 14.9 2013 Augl16 medium yes
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