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A CATALOG OF COOL STARS FOR PRECISION PLANET SEARCHES

CASSY SMITH

Under the Direction of Russel J. White

ABSTRACT

We present an equatorial § 30" Decl.) sample of all known single (within 4 mid M-dwarfs
(M2.5V-M8.0V) extending out to 10 pc. For this sample of 58 stars, @provide photometry,
low dispersion optical (6009 9000A) spectra from which spectral types are determined, &
equivalent widths, and gravity sensitiveNal indices. For 45 of these 58 stars, strict limits
are placed on the presence of companions, based on precise iattaadial velocities. Our
spectroscopic results indicate that on average, we rule out tlexistence of companions with
masses of 1.5 M,p or greater in 10 day orbital periods around slowly rotating\{sini < 6.5
km s ) M-dwarfs. Similarly, strict limits are placed on the presenc®f companions to 53
out of the 58 stars with astrometry. Our astrometric results showhat, on average, we rule
out the presence of companions with masses greater than 99 with an orbital period of

8 years. These results establish these stars as the nearest set of singteM-dwarfs.



Two additional stars, GJ 867B and LHS 1610, were initially inclded in this program,
but later discovered to be spectroscopic binaries (SB). The l@ry GJ 867BD is a wide
(24°%) companion to the M2 dwarf GJ 867AC. With this discovery, theGJ 867 system (d
=8.82 § 0.08 pc) becomes one of only four quadruple systems within 10 gfcthe Sun and
the only among these with all M-dwarf (or cooler components).

To measure how the rotational velocities vary with spectral tge, we assembled a list
of all known single (within 3y mid M-dwarfs that have trigonometric parallaxes within 25
pc and reside between 30* and +65* Decl from the RECONS sample. From this list of
402 stars, only 169 stars have previously reportedini values. We obtained spectroscopic
measurements for an additional 75 stars. Of those, 17 havsini values above our detection
threshold of 3 km $1. Our data are consistent with the trend of more low mass M-dwarfs

having high projected rotational velocity values than highmass M-dwarfs.

INDEX WORDS: Low Mass Stars, Gaseous Planets, Stellar Companions
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Introduction

1.1 The Hunt for Exoplanets Begins

Countless Hollywood movies have sensationalized the idea of spé@vel to distant worlds

and the possibilities of communicating with extraterrestriallife. One of the most popular
space moviesStar Wars (1977), helped to further inspire and instill the idea that lie could

exist on distance planets or possibly even moons orbiting plaisah other star systems. This
movie envisioned planetary systems that are quite di®erent thasur own. To mention a

few, the movie shows planetary systems around stars less massiventbar Sun and systems
that have more than one Sun. With the possibilities that these fatasies could be reality,
Star Wars and other Hollywood hits have created a generation of peoplager to nd other

worlds.

In 1992, Wolszcan made what was considered at the time thest detection of two exo-
planets around a milli-second pulsar, PSR 1257+12, using pulsaming (Wolszczan & Frail
1992). Having terrestrial-like masses and likely terrestrialde densities, these planets prob-
ably formed from the ejecta of a supernova or a quark nova (Kamdn & Ouyed 2003), which
is unlike how planets formed in our Solar System. A few yeardda, Mayor & Queloz (1995)
discovered the rst exoplanet orbiting a Sun-like star, 51 Pegadiased on periodic change in
it RV, which is known as the radial velocity (RV) technique. Theplanet around 51 Pegasi,
now known as 51 Pegasi b, has about half as much mass as Jupitart bnlike the Jovian
planets in our Solar System, it is very close to its host star; it dits in a quick 4.4 days.
The detection of this object and others like it indicates a n& class of planets referred to

as hot Jupiters. Hot Jupiters are planets that have masses simil&w Jupiter, but yet orbit



close-in to their host stars. Wright et al. (2012) de nes these objeas having P< 10 days

and msini > 0.1 Myyp. Many of the rst RV detected exoplanets happen to be Jupiter
mass objects, as more massive objects exert a greater tug on thest stars and are easier
to detect.

As more planets were discovered, it became important for the monunity to establish
criteria that de ne whether very low mass objects are planetsrdorown dwarfs. In 2001,
the International Astronomical Union (IAU) working group on extrasolar planets decided
that for an object to be considered a planet that it must orbit a sar or stellar remnant
and that its true mass must be less than the limiting mass for theromuclear fusion of
deuterium. Theoretical evolutionary models placed thisrnit at 13 times the mass of Jupiter,
for objects with solar metallicity. Although there is no clearmass cut-o® to determine
whether an object should burn deuterium or not, the mass at whic50% of the deuterium
fuses is now estimated to be 12 Mp, down from the 13 Myyp estimated when the IAU
de nition was written (Seager & Lissauer 2010). It is also impo&nt to note that some
contention arises with this de nition, as it does not includedrmation-based criterid. With
this current de nition of an extrasolar planet, perhaps the dicovery of the rst exoplanet
should be credited to Dave Latham. Latham et al. (1989) annowed the presence of an
unseen companion around the F star, HD114762, that has a minimumass of 11 Myp .
This unseen companion could also be a brown dwarf, as the in@tion of the system is

unknown.

1For more details on the working de nition of an exoplanet, see
http://www.astro.iag.usp.br/ » dinamica/WGEP.html.



1.2 Characterizing the Population of Planets around FGK Typ e Stars
Over the last two decades, an extensive international e®ort hamked to establish the
frequency and properties of planetary systems. With all of theada in hand, we now have
enough to gather useful statistics on the frequency of planetsoaind Sun-like stars. Using
RV data from the Lick and Keck observatory, the California Plaet Survey determine that
the fraction of hot Jupiters orbiting FGK- type stars in the solr neighborhood is 1.2 0.38%
(Wright et al. 2012), which is the consistent with the fractionreported by the HARPS and
CORALIE RV surveys (Mayor et al. 2011). This fraction is almost @uble the number of hot
Jupiters reported from data obtained from theKepler space mission (Borucki et al. 2010;
Koch et al. 2010) around these FGK- type stars (0.5% Howard et é&2012). This di®erence
could be in part due to the exclusion of close stellar binaries flout planets) from RV
surveys. Alternatively, it could be that the frequency is di®er&, becauseKepler data are
probing a di®erent intrinsic stellar population (stars are at a ®erent Galactic height) than
our own (Wright et al. 2012). No matter what causes this di®eres¢ the conclusion from
both Kepler and RV studies is that hot Jupiter planets are quite rare. If weextend the
range of periods from 2 to 2000 days to include most Jupiter-rss planets, Cumming et al.
(2008) determined the frequency of solar-type stars hosting ag giant planet (mpsini =
100; 3000 MearTH ) to be 10.5%, based on RV data.

As technology and techniques have improved, astronomers havegun to detect and
characterize large terrestrial planets. Earth mass and Earth z planets have not been
detected in large numbers around FGK type stars. Howard et al. (10) measure the oc-

currence rates of terrestrial planets with periods less thanO5days to be less than 1%



around GKM stars using the RV method. This estimate is in agreeméwith the predicted
occurrence rate determined by transit data. For planets orbng GK type stars with or-
bital periods less than 50 days, (Howard et al. 2012) measure ogemces of 0.1380.008,
0.023 0.003, and 0.0180.002 planets per star for planets with radii between 2 and 4
RearTH » 4 and 8 ReartH » and 8 and 32 RarTH , respectively.

Along with determining the frequency of the planets, some trersdhave emerged. Metal
rich FGK type stars have been shown to be more likely to host gasagit planets (e.g.
Santos et al. 2004; Fischer & Valenti 2005). This trend has alé@en shown to extend down
to the lower mass M-stars (e.g. Johnson & Apps 2009; Rojas-Ayala dt 2010). However,
this trend is not applicable for lower mass planets. For Neptuan and smaller planet hosts
there is either no correlation or even an anti-correlation étween the frequency of these
planets and the metallicities of their host stars (Neves et al.023).

Another emerging trend comes from th&epler data, which demonstrates an increase
in terrestrial planet occurrence with decreasing & from 7100 to 3600 Kelvin, spanning
spectral types F2 to MO. Small terrestrial planets are seven ties more abundant around
cool stars than the hottest stars in the sample (Howard et al. 2012) With this trend,

perhaps the best place to search for the lowest mass Earth-likeapeéts is around M-dwarfs.

1.3 Investigating the Potential for M-dwarfs to Host Habita ble Exoplanets
M-dwarfs have been favorite targets of precision searches foiv mass planets because
a planetary companion is easier to detect around a low mass stdran a Sun-like star
(examples: RV Re°ex Motion (K) » Mgtar' 223, Transit Depth » Radiusstar' ?). Also,

the distance where one would expect habitable planets to foratound a star is much closer



in for an M-dwarf than a more massive star (Kasting et al. 1993), wth makes detection of
these planets easier (example: RV Re°ex Motion (K» semi-major axis (a) 12).

Along with searching for planets that reside in the habitable zate, we also want to search
for planets on which abiogensis has occurred and where possdieanced civilizations have
arisen. To do this, we should search for planets around stars thaave long stellar lifetimes
(Tarter et al. 2007). Fortunately, lower mass stars have longemain sequence lifetimes
compared to more massive stars @(Js » Mstar' 2°). The main sequence lifetimes of M-
stars range from 18" to 10'° years, which should allow enough time for abiogensis to occur
based on the one example we have. This hope of nding habitabbeoplanets with possible
extrasolar life has further motivated the race to nd exoplanes around M-dwarfs.

There are a few potential drawbacks to searching for habitabplanets around M-dwarfs.
Young (<1 Gyr) M-stars and late M-dwarfs are signi cantly more magnetially active at X-
ray and UV wavelengths than Sun-like stars. These stars can exhibtrong stellar °ares that
range from a few minutes to a few hours (Poletto 1989), whosedriation and particle °ux
might signi cantly change the atmosphere of planets around tlse stars and might inhibit
abiogensis (Khodachenko et al. 2007; Lammer et al. 2007). Heestrong stellar °ares are
quite common for late M-dwarfs. Hilton et al. (2010) determing the percentage of time
°ares occurred during the entire period of observations to inease from 0.02% for early
M-dwarfs to 3% for late M-dwarfs in the Galactic plane. Thesealues are slightly lower
than found by Schmidt et al. (2007) who investigated 81 M-dwds and obtained a °are duty
cycle of» 5%. Although many M-dwarfs exhibit °ares, life might still form around these

stars (Heath et al. 1999).



1.4 Characterizing the Population of Planets around M-Dwar fs
Recent studies have determined that Earth size planets are camn around M-dwarfs.
Morton & Swift (2013) estimate an occurrence rate of 1.5 plateper M-dwarf with periods
less than 90 days and radii larger than 0.5RrtH , using the list of 4000 stars with temper-
atures below 4000 K assembled in Batalha et al. (2013) that weobserved with theKepler
mission (Borucki et al. 2010; Koch et al. 2010). This estimate nsistent with but slightly
higher than previous studies, which measure occurence rategspproximately one planet per
M-dwarf (Youdin 2011; Mann et al. 2012; Swift et al. 2013; Desing & Charbonneau 2013).
Given the apparent abundance of Earth-size planets orbitinigl-dwarfs, which dominate the
stellar population (75%; Henry et al. 2006), Dressing & Charbomau (2013) predict with
95% con dence that the nearest non-transiting planet in the hatable zone orbiting an
M-dwarf is within 5 pc of the Sun. However, how suitable these nday planets within
the classically de ned habitable zone (e.g. Kasting et al. 1998)ay be for life is still un-
der debate (e.g. Tarter et al. 2007; Barnes et al. 2011; Guéde al. 2014). Nevertheless,
given their ubiquity and proximity, M-dwarfs are ideal starsto search for Earth-size and
Earth-mass planets in stellar habitable zones (Cantrell et aR013).

Preliminary surveys show that Jupiter-mass companions are mmaround M-dwarfs. Us-
ing RV measurements and high contrast imaging, Montet et al. (®4) found that 6.5 3.0%
of M-dwarfs (M0O-M5.5) host a giant planet (1-13 Myp) with a semi-major axis smaller
than 20 AU, but this sample only included 18 M-dwarfs of M4 or lar in their survey of 111
M-dwarfs. Another large M-dwarf survey of 102 stars (Bon Is et al2013a) only included

M-dwarfs with V<14 and found the giant planet (sini = 100-1000 M:carTH ) frequency



to be 2% for orbital periods between 10 and 100 days, and the swigarth (msini = 1-10
MearTH ) frequency with the same orbital periods to be signi cantly higer at 52%. Many of
the M-dwarfs not surveyed are faint and chromospherically aige, which limits the achiev-
able RV precision and chances to nd Earth-mass planets. As a resuthese two surveys,
which are representative of other spectroscopic M-dwarf sungyinclude very few mid to
late M-dwarfs and can report only preliminary statistics for panet occurrence around such
stars.

With the relatively small number of mid to late M-dwarfs that have been surveyed
for companions by ground based telescopes aKépler, we cannot concretely say whether
planets even exist around most of these stars, as the latest knownrsiéth an exoplanet is
the M4.5 dwarf GJ 1214 (Reid et al. 1995; Charbonneau et al. @9). A list of the known

planet and planet candidates within 25 pc is given in Table 1.

1.5 Many Mid- to Late- M-dwarfs Have Been Left Out of Exoplane t Surveys

Not all M-dwarfs are equally suitable targets for the precisioomeasurements needed to
“nd Earth-mass companions. Some M-stars exhibit high chromosptie activity, which can
hinder the achievable RV precision (e.g. Mohanty & Basri 200&einers & Basri 2008); this
is especially problematic for mid to late (M3 and cooler) M-derfs. Reiners et al. (2012)
‘nd 41% of the 115 stars with spectral types M3 to M4.5 to be activemission-line stars.
Likewise, Gizis et al. (2000) and West et al. (2011) reports angrease in emission-line stars
with lower mass. The increase in chromospheric activity can crisainhomogeneities on the

stellar surface that can produce variations in the measured Rve@mmonly referred to as



stellar jitter Henry et al. 2002; Queloz et al. 2001; Wright 208) which makes it harder to
detect planets around these stars.

The achievable RV precision also strongly depends on the amouwstt rotational broad-
ening. Stars with higher projected rotational velocities &ve wider absorption features that
make it harder to measure precise RVs. The widths of absorption te@es for stars with
di®erent rotational velocities at 2.298 microns, within the Kband, are illustrated in Fig-
ure 1.1. As an example, one of the largest surveys of M-dwarfs hastituted the criterion
that their target stars must have vsini values< 6.5 km s ! in order to be viable candidates
for planet searches (Bon'Is et al. 2013a). This criterion doe®t a®ect most early M-dwarfs
(M0-M3), as these stars are usually slow rotators with vsink 3 km § ! (Marcy & Chen
1992; Browning et al. 2010; Reiners et al. 2012). However,tial surveys reveal that many
mid and late M-dwarfs that will be surveyed by the next generabn spectrographs are
not quiet stars and tend to have higher rotational velocitiege.g. Mohanty & Basri 2003;
Reiners & Basri 2008; Jenkins et al. 2009). With preliminary sueys indicating that many
late type stars have high rotational velocities, it becomes &lent that we need to obtain
rotational velocities for all of the nearest stars to determi@ which stars are suitable for
future RV monitoring.

Some M-dwarfs have close stellar or substellar companions thaayrinhibit the detection
of planets. The dynamically disruptive e®ects of these compang could also preclude
the existence of planets; the lack of short period giant planeta multiple planet systems
corroborates this hypothesis (Latham et al. 2011; Ste®en et 2012; Batalha et al. 2013).

Given the above considerations, we argue that the best stars torgget for Earth-mass planet
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Figure 1.1: Widths of Absorption Feature for Stars with Di®eretnRotational Velocities. As

the projected rotational velocity of a star increases, the withis of the absorption features
also increase making it harder to measure precise RVs. This is demstvated above for
synthetic stellar spectra created from NextGen models (Hauschildt al. 1999) for projected
rotational velocities of 2 km $1, 8 km § 1, 14 km $ ! and 20 km $ 1.

searches are likely the lowest mass stars (mid to late M-dwarfs)atdo not have a disruptive

companion, and are both inactive and slowly rotating.
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1.6 Developing a Catalog of Cool Stars for Precision Planet S earches

We create a catalog of cool stars for precision planet searchesislproject is composed of
two parts. First, we assess the companion fraction of the nearestdril-dwarfs by utilizing
the Doppler technique and astrometry. These two techniques qoe a large spatial regime
and will allow us place strict limits on the presence of compamms our sample. Second,
we measure the projected rotational velocities of stars to d&imine which stars would be

viable candidates for exoplanet searches.

1.6.1 Using Radial Velocity To Find Companions Around Mid M- dwarfs

Mid to late M-dwarfs are faint in the optical, which makes then hard to observe at optical
wavelengths where most precision facilities operate. Luckilthese stars are infrared bright
and new techniques have been developed to obtain precise RVsha infrared. We obtain
precise RVs by measuring the positions of the rich photospheriéCO R branch lines (2.3
1 m) relative to a wavelength solution set by telluric methane aorption features in the
Earth's atmosphere (e.g. Blake et al. 2010; Bailey et al. 201Ravison et al. 2014); this is
analogous to the iodine absorption cell used in high precisioptecal studies.

An additional advantage to studying mid M-dwarfs in the infrared is that it will minimize
the noise added in the data due to stellar °ares, as °ares strongly cdease in amplitude
with wavelength (Rockenfeller et al. 2006). Similar to the °ees, noise from starspots can
also be reduced by obtaining precise RVs in the near-IR (Prato el. 2008; Crockett et al.
2012), as the contrast of spots compared to the photosphere isdein the near-IR than
the optical. It is important to minimize noise due to starspots, a starspots can introduce

periodic noise in the high precision RV data, which could masqragle as a planetary re°ex
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motion (Bon'Is et al. 2007). In the case of the GOV star HD 166435, @gloz et al. (2001)
nd » 200 m $! RV signal in the optical from starspots.

In order to analyze the types of planetary systems that can be teted with precise
RVs, we will analyze the stellar wobble around the system's baryater caused by a planet.
An equation to relate the re°ex motion of a star to characteristis of the system can be
found by combining the mass function and Kepler's Third Law toyield:

ME,, ¢P3 ¢ 1 &

where K is the re°ex motion in m $ %, mppane is the planet mass in M, Mg, is the star
mass in M, P is the period in days and e is the eccentricity.

As an example, a 1 Myp planet around a 0.2 M- star viewed at an inclination of i=9(°
in a 10 day period would cause a re°ex motion of 290 m $!, if we assume a circular
orbit, which is likely appropriate for companions to old stas with short periods ( 10 days;
Lin & Gu 2004). With our detection limits, explained later in x9.2, we would be able to

detect this object.

1.6.2 Using Astrometry To Find Companions Around Mid M-dwar fs

Similar to the Doppler technique, astrometry indirectly deects planets by studying a host
star's motion. If the target star wobbles, then it can be inferrd that a secondary object is
in the system and that the two objects are orbiting a common ceet of gravity. Knowing

the change in right ascension, declination and the distance tbe system, and assuming the

mass of the star, all of the orbital elements can be solved for atlie mass of the planet can
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be determined without the sini ambiguity. This makes astrometry a very powerful method
to nd and determine the characteristics of a planet.

Using geometry and the formula for center of mass, a simple equatithat nds the
astrometric signal can be found. In the equation belowy is in arcseconds when the masses
of the planet and the star are given in solar masses, the distance,td,the system is given

in parsecs and the semi-major axis, a, is given in astronomicalit;m(AU).

_ Mplanet ¢a
(M star T mplanet) ¢d

u

We can use this equation for the astrometric signal and Kepler®hird Law to relate
the astrometric signal to the orbital period in years, planetar mass in M, stellar mass in

M~ and distance to the system in parsecs:

wIN

Mpjanet P_
q .

M=
(M Star T mplanet)

(SN

As an example, a 10 Myp planet around a 0.2 M~ in a 6 year orbit at a distance of
8 pc from the Sun would create an astrometric signal of 12 milieseconds; this object we

would be able to detect using RECONS data.
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Table 1.1: Planet and Planet Candidates Orbiting M-dwarfs vthin 25 pc

Radial Velocity Detections

Name Pl. mp sini i P a e ref. ref.
(Mear) (Maue) (%) (d)  (AU) disc. _param.
Kapteyn's b 4.8 0.015 - 4862 0.168 0.21 1 1
c 7.0 0.0220 - 1215 0311 0.23 1 1
GJ15A b 5.35 0.0168 - 1144 0.0717 O 2 2
GJ27.1 b 13.0 0.0409 - 15819 0.101 0.08 3 3
GJ 163 b 10.8 0.339 - 8.63 0.06 0.11 4 4
c 6.9 0.022 -  25.63 0.13 0.10 4 4
d 29.4 0.093 - 604.0 1.03 0.37 4 4
GJ 176 b 8.3 0.026 - 8.78 0.07 0.0 5 5
GJ 179 b 262 0.82 - 2288 241 0.21 6 6
GJ 180 b 6.4 0.0201 - 24329 0.129 0.09 3 3
c 8.3 0.0261 - 17.38 0.103 0.11 3 3
GJ 229 b 32.0 0.10068 -  471.0 0.97 0.1 3 3
GJ 317 b 570 1.81 - 692 095 0.11 7 8
c »600 »20 - >10000 1940 0.81 7 8
GJ 422 b 9.9 0.03114 - 26.161 0.119 0.05 3 3
GJ 433 b 5.8 0.0182 - 7.37 0.06 0.08 9 9
c 44.6 0.14 - 3693 3.6 017 39 3
GJ 581 b 15.9 0.0499 -  5.369 0.04 0.031 10 11
c 5.3 0.017 - 12.9 0.07 0.07 12 11
d 7.1 0.022 - 66. 0.22 0.38 12,13 13
e 2.0 0.0060 - 3.1 0.03 032 13 11
GJ 649 b 103 0.325 - 598 1.14 030 14 14
GJ 649 C 10.0 0.03 - 44762 0.043 0.2 15 15
GJ 667C b 5.6 0.018 - 7.20 0.05 0.150 16 17
c 4,2 0.013 - 28.1 0.13 027 16 17
d 5.098 0.016 - 9161 0.276 0.03 18 18
e 2.7 0.0085 - 6224 0213 0.02 18 18
f 2.7 0.0085 - 39.026 0.156 0.08 18 18
% 4.61 0.0145 -  256.2 0.549 0.03 18 18
GJ 674 11.1 0.035 - 4.7 0.04 020 19 19
GJ 676A b 1560 4.90 - 10568 182 033 11 11
c 1000 3.0 - 4400 5.2 0.2 5 20
d 4.4 0.014 - 3537 0187 024 20 20
e 11.0 0.036 - 3.6 0.0413 0.15 20 20
GJ 682 b 4.4 0.0138 - 17478 0.08 0.08 3 3
c 8.7 0.0273 - 5732 0176 0.1 3 3
GJ 687 b 18.0 0.058 - 3814 0.164 0.04 21 21
GJ 832 b 205 0.64 - 3420 3.4 012 22 22
GJ 849 b 264 0.83 - 1880 235 0.04 23 4
c 2400 0.77 - 7049.0 - 0.218 24 24
GJ 876 b 619 1.95 - 61.1 0.208 0.032 25,26 27
c 1946 0.612 - 30.1 0.130 0.256 28 27
d 5.9 0.018 - 19378 0.021 0.207 29 29
e 12.5 0.0392 - 1243 0.333 0.056 27 27
LHS 1672 b 25.8 0.0812 - 30.6 0.1434 0.09 30 30
d 22.4 0.0705 - 12398 0.364 0.37 30 30
LHS 1748 b 1135 0.35717 - 14.207 0.089 0.31 30 30
LHS 2335 Db 7.1 0.022 - 2645 0.028 0.08 16 16
HIP 12961 b  112.6 0.354 - 57.4 0255 017 11 11
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Table 1.1 { Continued

Name PI. Mp Sini i P a e ref. ref.
(Mear) (Myup) (%) (d) (AU) disc. param.

HIP 57050 b 95 0.298 - 41.4 0.16 0.3 31 31

HIP 79431 b 672 2.1 - 111.7 0.36 0.29 32 32

Transit Detections

Name PI. me i P a e _ref. ref.
(Mear) (Myyp) (9 (d) (AU) disc. param.
GJ 436 b 23.1 0.073 86 2.643 0.029 0.16 33 34

GJ 1214 b 6.47 0.020 88 1.5804 0.014 0.27 35 36

aThis table lists planets and planet candidates from exoplaheu as of March 20, 2015.
bPhotometric Distance by Gliese & Jahrei¥s (1991).

°Discovery and Parameter References. (1) Anglada-Escud® et(@014); (2) Howard et al.
(2014); (3) Tuomi et al. (2014); (4) Bon'Is et al. (2013b); (5)Forveille et al. (2009); (6)
Howard et al. (2010); (7) Johnson et al. (2007); (8) Anglada-Esd@ et al. (2012a); (9)
Delfosse et al. (2013); (10) Bon'Is et al. (2005); (11) Forvedlet al. (2011); (12) Udry et al.
(2007); (13) Mayor et al. (2009); (14) Johnson et al. (2010)156) Wittenmyer et al. (2013);
(16) Bon'Is et al. (2011); (17) Robertson & Mahadevan (2014);18) Anglada-Escud$ et al.
(2012b); (19) Bon'Is et al. (2007); (20) Anglada-Escud® et a]2013); (21) Burt et al. (2014);
(22) Bailey et al. (2009); (23) Butler et al. (2006); (24) Motet et al. (2014); (25) Delfosse et al.
(1998); (26) Marcy et al. (1998); (27) Rivera et al. (2010);28) Marcy et al. (2001); (29)
Rivera et al. (2005); (30) Astudillo-Defru et al. (2015); (31Haghighipour et al. (2010); (32)
Apps et al. (2010); (33) Butler et al. (2004); (34) Maness et &2007); (35) Charbonneau et al.

(2009); (36) Harps¢.e et al. (2013).
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Sample Selection

In order to obtain meaningful statistics of a population, thee needs to be a large sample of
stars that possess little observational bias. The best way to obtathis is to use a volume-
limited sample; more practical, magnitude-limited samplestroduce biases toward hotter
stars, binary stars, and a Malquist bias (Butkevich et al. 2005). é¢ttunately, the RECONS
(Henry et al. 2014) e®ort has been discovering and charactemzimany nearby stars, which
allows us to assemble a volume-limited survey. It is estimateddahthe RECONS sample of
M-dwarf primaries is » 90% complete for the 10 pc sample and30% complete for the 25
pc sample for stars with trignometric parallaxes, if we assume tbe samples have the same
fraction of stars per volume as in the 5 pc sample (Cantrell et.a2013). The RECONS

sample includes both single stars and multiple systems.

2.1 An Equatorial Volume-Limited Sample of Nearby Mid M-Dwa rfs
(CAESAR)

Beginning with a parent volume-limited sample of stars extendg out to 10 pc (unpublished
list; Henry et al. 2006), we assembled a sample of mid M-dwarfs foetdiled study listed in
Table 2.1. The sample of stars is restricted to within the declation range of§ 30* and
the sky positions are illustrated in Figure 2.1; the stars are thaiaccessible to the majority
of observing facilities in both the northern and southern herapheres.

To be inclusive, we de ne mid M-stars using three independent maaes, including
optical spectral type, (V-K) color, and absolute magnitude. Starting with the complete 10
pc sample, we include stars meeting one of the following criter spectral types between

M3.5V and M8.0V as classi ed in the RECONS system (described ¥3), V-K color between
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Figure 2.1: CAESAR stars. This plots shows the sky positions of all kwn single (within
4% equatorial (8 30" Decl.) mid M-dwarfs (M2.5V-M8.0V) extending out to 10 pc; thei
proximity and low masses make them ideal targets for planet sehes.

5.0; 9.0 mag, orMy between 12.0 and 19.0 mag. There are 67 systems that have prignar
stars that meet at least one of these criterfa As the goal is to observe our targets with
both astrometry and spectroscopy, we exclude stars with compamis within 4% as it is
too dixcult operationally to get spectrum of a star with such a clee companion that is
uncontaminated by its secondary companion.

Of these 67, 49 are single star systems, one of which is a known mpléinet host (GJ
876; Rivera et al. 2010). The remaining systems consist of 12 hiles, ve triples and one
quintuple system (GJ 644ABE-C-GJ 643). Out of the 12 known binaes, 11 are close
(<4 % binaries and are excluded from our sample. The other knownrzry is composed

of two mid M-dwarfs (M3.5V GJ 896A and M4.0V GJ 896B) separatedy » 5% (both

2We include the M3V GJ 628 with V-K =4.99 in our sample and in the number count of the systems
because the photometric uncertainty in its V-K color overlaps with the adopted color range.
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components of this binary are included in our sample). Of the & known triple systems,
three are composed of stars that all lie within less %and are excluded from our sample.
The two remaining triplets in our sample are composed of spatiglsingle stars that are
wide companions to a binary star system. One of the triplets is ngposed of M2.5V LP
771-095A (included in our sample), which has a distant compami that is a close €4 %
M-dwarf binary LP 771-096BC (excluded in our sample). The ot triplet is composed
of the close €4 °Y binary GJ 1230AC (excluded in our sample) and the M4.5V dwarJ
1230B. The quintuple system is composed of one close triple systeexdluded from our
sample) and two more widely separated stars M7V GJ 644C and GJ 648oth of these
wide companions are included in our sample. A sub-sample of 53dni\-dwarfs (52 mid
M-dwarfs systems) is constructed that excludes close multiples 4%y and the planetary
host GJ 876. Additionally, this sub-sample is augmented to inctie ve more mid M-dwarfs
that are wide companions to higher mass stars (GJ 105B, GJ 166GJ 283B, GJ 752B, LP
876-010). In total, 58 stars are in our sample. We refer to this swle of stars as CAESAR,
which stands for a Companion Assessment of Equatorial Stars with Asimetry and Radial
velocity. Table 2.1 lists the astrometric, photometric, specbscopic and physical properties
of the 58 CAESAR stars, which we refer to as e®ectively single equabmid M-dwarfs.
Mass estimates in Table 2.1 are based on mass luminosity relatiasfsHenry & McCarthy
(1993) and Henry et al. (1999); typical errors using these relahs are close to 20%.

Of the 58 stars identi ed above as possible targets for precisiotapet searches among
equatorial mid M-dwarfs, only 33 of the stars have been includein past spectroscopic

searches for planetary companions (Barnes et al. 2012; Raodd¢ al. 2012; Tanner et al.
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2012; Bon'ls et al. 2013a; Montet et al. 2014) and in some casexs$ie searches only in-
cluded 2 3 epochs. In addition, four of the 58 stars do not have known pregted rotational
velocity (vsini) values, and thus could be rapidly rotating (see Table 2.1).

For statistical purposes, it is also useful to note that there are aadditional three close-
separation & 4%y mid M-dwarf binaries that are wide companions to more massistars (GJ
569BC, GJ 695 BC, GJ 867BD). These wide binaries are not incled in our sample and
were not included in our original count of M-dwarf binaries, sithese stars are all members
of higher-order systems. Also, the M7.0V GJ 105C (excluded fromdhsample and not in
the original count of M-dwarf systems) is a part of a triple systemhat has a higher mass
primary. We refer to this star as being a part of a close separatianultiple as it is only
33 (Golimowski et al. 2000) from its higher mass primary. In toth there are 21 close-
separation & 4° mid M-dwarf multiples that are within the distance and declnation range
of this sample (see Table 2.2). Also listed in the Table are 2MASS admates, parallaxes,
spectral types, absolute/ magnitudes and the con gurations of the systems. In Table 2.3,
we list near infrared photometry from 2MASS and optical photoretry of the systems, as
one of the criteria to de ne mid M-dwarfs is based on théV-K) colors of the system.

At the start of this program in 2008, two of the stars now exclud# as binaries were
thought to be single stars and thus were included in our origihaample. Subsequently,
GJ 867B (included in Table 2.2) has been determined to be a slagined spectroscopic
binary with a period of 1.795 days (Davison et al. 2014). Likase, LHS 1610AB (included
in Table 2.2) has been claimed to be a spectroscopic binary (Bnet al. 2013a), but its

orbital properties are unknown. Also, we treated G169-029 aspetential member of our



19

sample, as it met the criteria of being an M-dwarf and had a prehinary parallax estimate
that placed it within 10 pc (our sample requires a published patlax within 10 pc). However,
later we determined this star is more distant (seg6.1). We note these 3 systems (GJ 867BD,
LHS 1610AB and G169-029) because we have obtained astrometrid &/ data on these

systems along with the 58 CAESAR stars.

2.2 Rotational Velocity Sample
In an e®ort to obtain a less biased assessment of the projected rataal velocities of mid to
late M-dwarfs and measure how the rotational velocities vanyith spectral type, we assemble
an independent Vsini sample." This is constructed from the volume-limited RECONS 25
Parsec Database (Henry et al. 2014), which currently include®34 stars, brown dwarfs, and
exoplanets in 2168 systems All of the stars in this database have published trigonometric
parallaxes greater than 40 milli-arcseconds (mas<@5 pc) with errors below 10 mas. From
this list, we select all mid M-dwarfs (stars withVj K values between 4.65 and 9.0 mag)
that lie between j 30 and +65* Decl. and do not have known close companions within
3% See Table 2.4 for a list of 71 systems excluded due to a close comipathat otherwise
met the criteria. Because thisVj K range extends into the L spectral class, we exclude all
spectroscopically determined L-dwarfs from the literaturein order to focus on mid to late
M-dwarfs. Likewise, we cut all spectroscopically determinedt K- or early M-dwarfs from
the literature. A total of 402 stars meet these criteria.

Since many of the stars do not have spectroscopically determéhspectral types, we as-

sign spectral types for statistical uses only to our sample based dretr Vi K colors and the

33074 stars, brown dwarfs, and exoplanets in 2168 systems are included as @ndiary 1, 2014.
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classi cation schemes of Bessell & Brett (1988) and Bessell et al. 919. The meanV; K
values from Bessell & Brett (1988) and Bessell et al. (1991) are asdxded in Table 2.6. By
interpolating these mean values, th&/j K color ranges associated with each spectral type
have been determined.

Of the 402 stars in our comprehensive sample, 169 of these starsehpublished pro-
jected rotational velocity values (Browning et al. 2010; Banes et al. 2014; Davison et al.
2014; Delfosse et al. 1998; Jenkins et al. 2009; Jones et al.5220@ohanty & Basri 2003;
Reiners & Basri 2007, 2010; Reiners et al. 2012; Stau®er & Hartmal986; Tanner et al.
2012; Houdebine & Mullan 2015). For six of these 169 stars, Bon'Is ak (2013a) did not
give the vsini values of their individual targets, however the authors did site the criteria
that all stars in their sample had to havevsini value below 6.5 km 5. Therefore, we use 6.5
km s 1 an upper limit to the vsini value of these stars. In Table 2.5, we list the coordinates,
photometry, parallaxes and projected rotational velocigs of the stars with publishedvsini
values. The full sample of 402 stars is illustrated in a color-magude diagram (Figure 2.2),
and the 169 stars with publishedssini values are distinguished from the 233 stars without.

Although our sample is volume-limited, our results are still bised towards observing
brighter M-dwarfs. This bias is in part caused by only includig objects in our sample that
have measured trigonometric parallaxes, which are generaliyighter stars in the sky, and in
part by our observing strategy. Of the stars withoutvsini measurements in our sample, only
141 are bright enough Ks<9 mag) to be easily observed with CSHELL (Tokunaga et al.
1990; Greene et al. 1993) on NASA's Infrared Telescope FaciliyRTF). Unfortunately,

this magnitude restriction translates into a sample that does at include many late type
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Figure 2.2: VSINI sample. This sample includes 402 single (without known compans
within 4% mid M-dwarfs that lie between 36 and +65* in declination and have published
trignometric parallaxes greater than 40 milli-arcseconds.69 (black diamonds) of these stars
have published projected rotational velocity values. Of theemaining 233 stars, 141 (blue
diamonds) are infrared bright (Ks < 9) and are bright enough to observe with CSHELL.

M-dwarfs. Our sample may also be a®ected by the Malquist bias; thisagnitude limit may
result in an over abundance of young stars and unknown binaries.

Our vsini statistics may also be biased due to classifying spectral types basedV; K
colors. As our selection criteria was based on the average K colors of old disk M-dwarfs,
we may have miscategorized young stars. Also, some dMe and late tyjid stars are in-
trinsically variable on long timescalesx 0.02-0.10 mag) due to stellar activity (Bessell et al.

1991; Hosey et al. 2015) and may also be mis-labeled by half a spaiclype.
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Table 2.1: E®ectively Single Equatorial§ 30° Decl.) mid M-dwarfs within 10 pc

Name R.A. Decl. Paralla® SpType® Mas§ My?  vsini®
(J2000.0) (J2000.0) (mas) (M) (mag) (km s 1)
GJ 1002 00 06 43.2 07 32 17.0 213.(93.60 M5.0v  0.11 15.48 <3.0¢
GJ54.1 01 12 30.6; 16 59 56.3 269.082.992 M4.0Ve 0.13 14.30 <2.%
LHS 1302 01 51 04.3; 06 07 04.8 100.731.89 M4.5Ve 0.13 14,51
GJ 83.1 02 00 13.0 +13 03 07.0 224%0.90 M4.0Ve 0.14 14.11 <2.%
LHS 1326 02 02 16.2 +10 20 13.7 11288.2¢0 M5.0Ve 0.10 15.95 <4.5
LHS 1375 02 16 29.8 +13 35 13.7 1178.00 M5.0Ve 0.10 16.15 12%
GJ 102 02 33 37.2 +24 55 39.2 1028Q.7¢+ M3.5Ve 0.17 13.10
GJ 105B 02 36 15.4 +06 52 19.1 138§9.43%4 M3.5V 0.22 1242 <2%
SO 0253+16 02 53 00.8 +16 52 53.3 259840.8F° M7.0v 0.08 17.21 1090
LP 771-95A 03 01 51.1; 16 35 30.7 143.82.49 M2.5vV 0.25 12.01 58
GJ 1057 03 13 23.0 +04 46 29.3 11788.5¢ M4.5V  0.13 1428 <22t
GJ 1065 03 50 44.3 06 05 41.7 105.493.20 M3.5v 0.18 12.93 49
GJ 166C 04 15 21.7; 07 39 17.4 200.650.23"2 M4.0Ve 0.19 12.75 590
LP 655-48 04 40 23.3 05 30 08.3 105.593.2¢ M6.0Ve 0.08 17.92 16%5
LHS 1723 05 01 57.4 06 56 46.5 187.®1.2¢ M4.0Ve 0.15 13.57 <3.2
GJ 203 05 28 00.2 +09 38 38.1 102%Q.09"2 M3.0V 0.19 1252 <4.¢
GJ 213 05 42 09.3 +12 29 21.6 171%0.00+%7 M3.5V  0.19 1271 <2.%
G 99-49 06 00 03.5 +02 42 23.6 190§7.86-3 M3.5Ve 0.19 12.71 74
GJ 232 06 24 41.3 +23 25 58.6 11980.3¢ M4.0v 0.15 1355 <3.17
GJ 1093 06 59 28.7 +19 20 57.7 12888.5¢ M5.0Ve 0.11 15.49 <28
GJ 273 07 27 24.5 +05 13 32.8 26688.66-%7 M3.0v 0.25 12.01 25
GJ 283B 07 40 19.2; 17 24 45.0 109.450.5158° M6.5Ve 0.09 16.89
GJ 285 07 44 40.2 +03 33 08.8 16789.052 M4.0Ve 0.23 1231 438
GJ 1103 07 51 54.7; 00 00 11.8 114.093.30 M4.5v  0.15 13.54
GJ 299 08 11 57.6 +08 46 22.1 146%0.1¢ M3.5v 0.15 13.69 3.0
GJ 300 08 12 40.9; 21 33 06.8 125.780.97 M3.5V 0.20 12.65 <3.C
GJ 1111 08 29 49.3 +26 46 33.7 27588.00 M6.0Ve 0.09 17.16 81
LHS 2090 09 00 23.6 +21 50 05.4 15687.67 M6.0Ve 0.09 17.09 2090
LHS 2206 09 53 55.2 +20 56 46.0 108%2.06%1° M4.0Ve 0.14 1420 16%5
LHS 292 10 48 12.6, 11 20 08.2 220.33.60 M6.5Ve 0.08 17.50 3
GJ 402 10 50 52.0 +06 48 29.2 145%3.177 M4.0V 0.21 1253 <2.%
GJ 406 10 56 28.9 +07 00 53.2 41980.1¢ M5.0Ve 0.09 16.69 <3.0%
GJ 447 11 47 44.4 +00 48 16.4 29884.377 M4.0V 0.16 1352 <2.%
GJ 1154 12 14 16.5 +00 37 26.4 11988.5¢+ M4.5Ve 0.14 14.03 52
GJ 1156 12 18 59.4 +11 07 33.9 152%8.0¢ M4.5Ve 0.12 14.87 972
GJ 486 12 47 56.6 +09 45 05.0 119%8.64 M4.0V 0.28 11.79 <27
GJ 493.1 13 00 33.5 +05 41 08.1 12388.5¢ M4.5Ve 0.15 13.85 1678
GJ 555 14 34 16.8; 12 31 10.3 160.731.98:%1! M3.5V 0.22 1237 <2.%
LHS 3003 14 56 38.3 28 09 47.4 152.492.02-812 M7.0Ve 0.08 17.99 590
GJ 609 16 02 51.0 +20 35 21.8 10086.1¢ M4.0V 0.20 1259 <3.0
GJ 628 16 30 18.1j 12 39 45.4 234.381.502 M3.0V 0.26 11.92 18
GJ 643 16 55 25.3; 08 19 20.8 154.960.528134 M3.0v  0.19 12.72 <2.7
GJ 644C 16 55 35.3; 08 23 40.1 154.960.5281314 M7.0ve 0.08 17.80 9
GJ 1207 16 57 05.7; 04 20 56.0 115.%1.5C M3.5Ve 0.19 1256 10%
GJ 699 17 57 48.5 +04 41 36.2 545%0.295215 M3.5V 0.17 13.17 <2.%
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Table 2.1 { Continued

Name R.A. Decl. Paralla® SpType® Mas§ My?  vsini®
(J2000.0)  (32000.0) (mas) (M) (mag) (km s 1)
GJ 1224 18 07 32.9 15 57 47.0 132.693.7¢+ M4.0Ve 0.14 14.09 <3.0©
GJ 1230B 18 41 09.8 +24 47 19.5 12090.20 M4.5ve 0.19 12.74 <7.1%
GJ 729 18 49 49.4; 23 50 10.4 337.B1.97? M3.5Ve 0.17 13.14 49
GJ 752B 19 16 57.6 +05 09 02.2 171&0.50+%1617 M8.0Ve 0.07 18.62 65
GJ 1235 19 21 38.7 +20 52 02.8 10088.5¢} M4.0Ve 0.16 13.47
GJ 1256 20 40 33.6 +15 29 57.2 102%0.20 M4.0v 0.16 13.51 <6.5%
LP 816-60 20 52 33.G 16 58 29.0 175.083.4C M3.0V 0.19 12.72 <6.5"
G 188-038 2201 13.1 +28 18 24.9 1118/D73? M3.5Ve 0.23 12.29 359
LHS 3799 22 23 07.Q 17 36 26.1 134.494.90 M4.5Ve 0.14 13.94 <6.5"1
LP 876-10 22 48 04.5 24 22 07.5 132.(&1.198 M4.0Ve 0.17 13.19 228
GJ 896A 23 31 52.2 +19 56 14.3 159.88.53:21° M3.5Ve 0.33 11.32 1090
GJ 896B 2331 52 6 +19 56 13.9 15988.53:%1° M4.0Ve 0.16 13.42 1590
GJ 1286 23 35 10.5 02 23 20.8 138.393.50 M5.0Ve 0.11 15.43 <57

aWhen multiple parallax references are listed for a system, theported value here is the
weighted mean for each system. Parallax references, listed asnauwical superscripts, are as
follows: (1) van Altena et al. (1995); (2) van Leeuwen (2007)3] Henry et al. (2006); (4)
lanna et al. (1996); (5) Gatewood & Coban (2009); (6) Shkolkiet al. (2012); (7) Gatewood
(2008); (8) Costa et al. (2005); (9) Subasavage et al. (2009%0) Smart et al. (2010); (11)
Jao et al. (2005); (12) Tinney (1996); (13) SAderhjelm (199 (14) Martin et al. (1998);
(15) Benedict et al. (1999); (16) Tinney et al. (1995); (17) Rwvdo & Shaklan (2009); (18)
Mamajek et al. (2013); (19) Weis (1996). This table only incldes previously published par-
allax measurements. New astrometric measurements from this paee given in Table 6.2.
PRECONS spectral types are determined in section 3.2. The uncainty in all cases is§ 0.5
spectral sub-classes.

‘Masses are determined using the mass-luminosity relationship of Hemt al. (1999) for
stars with M, > 12.89 mag, and the relationship of Henry & McCarthy (1993) fordghter

stars. Typical errors using these relations are close to 20%.
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dUsing our photometric measurements given in Table 4.1 and thegwiously published par-
allax data, the absolute magnitude errors range from 0.03 ta@ mag.

evsini references, listed as a numerical superscript, are as follows:) Mohanty & Basri

(2003); (2) Browning et al. (2010); (3) Jenkins et al. (2009)(4) Barnes et al. (2014); (5)
Tanner et al. (2012); (6) Reiners (2013); (7) Delfosse et al.928); (8) Jones et al. (2005);
(9) Reiners & Basri (2010); (10) Reiners & Basri (2007); (11) Bols et al. (2013a); (12)

Mamajek et al. (2013).
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Table 2.2: Close-separation mid M-Dwarf Equatorial Multiple within 10 pc

Name R.A. Decl. ParallaxX SpType® My Con g°
(J2000.0) (J2000.0) (mas) (mag)

GJ 1005AB 00 15 27.7; 16 07 56.0 168.420.89"%34 M4.0VJ* 13.75 AB
GJ 2005ABC 00 24 44.2; 27 08 25.2 129.8.2.43° M5.5VJ? 15.98 ABC
GJ 65AB 01 39 01.5§ 17 57 01.8 373.®2.7¢ M5.5V! 14,92 AB
GJ 105C 02 36 04.7 +06 53 14.8 138§0.43%"  M7.0v¢ .. AC-B
LP 771-096BC 03 01 51.4 16 35 36.1 143.82.498 M3.5VJ* 12.16 A-BC
LHS 1610AB 03 52 41.7 +17 01 05.7 10088.03 M4.0VJ* 13.87 AB
GJ 190AB 05 08 35.1j 18 10 19.4 107.5¥2.08-° M3.5VJ? 10.48 AB
GJ 234AB 06 29 23.4j 02 48 50.3 244.40.9242° M4.5VJ* 13.06 AB
LTT 17993AB 07 36 25.1 +07 04 43.2 116.6@.97 M4.5VJ? 13.58 AB
GJ 1116AB 08 58 15.2 +19 45 47.1 19180.50 M5.5VJ! 15.06 AB
LTT 12352AC 08 58 56.3 +08 28 25.9 147.64.98 M3.5VJ* 11.77 AC-B
GJ 473AB 12 33 16.3 +09 01 26.0 227.8@.60 M5.5VJ! 14.28 AB
GJ 569BC 14 54 29.4 +16 06 08.9 100%2.28-° M8.5VJ® ... A-BC
GJ 644ABD 16 55 29.6; 08 19 55.3 154.960.524%510 M2.5vJ! 9.98 ABE-C-D*
GJ 695BC 17 46 25.1 +27 43 01.4 12080.16-° M3.5VJ? 10.26 AD-BC
GJ 1230AC 18 41 09.8 +24 47 14.4 12080.2¢0 M4.5VJt 1257 AC-B
GJ 791.2AB 20 29 48.3 +09 41 20.2 112%80.30-° M4.5VJ° 13.34 AB
GJ 829AB 2129 36.8 +17 38 35.9 149.91.69-° M3.4VJt 11.17 AB
GJ 831AB 21 31 18.6j 09 47 26.5 128.8.2.05° M4.5vJt 12.58 AB
GJ 866ABC 22 38 33.7j 15 17 57.3 289.594.40 M5.0VJ! 14.68 ABC
GJ 867BD 22 38 45.3j 20 36 51.9 113.3F1.04611 M3.5VJ® 11.75 AC-BD

aWhen multiple parallax references are listed, the reportedalue here is the weighted
mean for each system. Parallax references, listed as a numerisaperscript, are as fol-
lows: (1) van Altena et al. (1995); (2) SAderhjelm (1999); (3pmart et al. (2010); (4)

Hershey & Ta® (1998); (5) Costa et al. (2005); (6) van Leeuwen @D; (7) lanna et al.

(1996); (8) Henry et al. (2006); (9) Gatewood et al. (2003); @ Martin et al. (1998); (11)

Davison et al. (2014).

bJ represents a joint spectral type when two or more stars cannoeldeconvolved into their
individual components. Spectral type References: (1) Henry at. (1994); (2) Reid et al.

(1995); (3) Golimowski et al. (2000); (4); Henry et al. (2006)5) Kirkpatrick et al. (1991);
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(6) Davison et al. (2014).

¢System Con guration. We indicate widely ¢ 4 separated pairs with a hyphen. There is
no spacing between components with separations less thdli(d.g. AB).

dLP 771-096BC is a distant companion to LP 771-095, which is laled A under this con-
“guration.

€GJ 643 is labeled D under this con guration.
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Table 2.3: Photometry of Close-separation mid M-Dwarf

Multiples within 10 pc

Name V2 R2 | 2 Jb HP  KgP
(mag) (mag) (mag) (mag) (mag) (mag)

GJ 1005AB 12.62 11.46 10.03 7.22 6.71 6.39
GJ 2005ABC  15.42 13.7% 1156 9.25 855 8.24
GJ 65AB 12.06 10.4¢ 834 6.28 5.69 5.34
GJ 105C

LP 771-096BC 11.37 10.13 858 7.29 6.77 6.50
LHS 1610AB  13.85 12.42 10.66 8.93 8.38 8.05
GJ 190AB 10.32 9.17 7.67 6.17 559 531
GJ 234AB 11.12 9.78 8.08 6.38 575 5.49
LTT 17993AB 13.25 11.8% 997 8.18 7.61 7.28
GJ 1116AB 13.68 11.97 9.8% 7.79 7.24 6.89
LTT 12352AC 10.92 9.67 8.0 6.51 597 5.69
GJ 473AB 12.49 1093 897 7.00 6.40 6.04

GJ 569BC
GJ 644ABD 9.03 7.94 657 527 478 4.40
GJ 695BC 9.86 87¢ 7.2% 577 517 4.95

GJ 1230AC 12.16 10.82 9.07 7.53 6.91 6.62
GJ 791.2AB 13.08 11.73 9.98¢ 823 7.67 7.31
GJ 829AB 10.3 9.15 7.70 6.25 574 5.45
GJ 831AB 12.04 10.74 9.04 7.32 6.70 6.38
GJ 866ABC 12.37 10.7¢ 8.64# 6.55 595 554
GJ 867BD 11.4%8 10.29 878 7.34 6.82 6.49

aWe give joint photometry of the close binary stars as these closessgms cannot be decon-
volved into their individual components. All stars with spectrad types denoted by the letter
J in Table 2.2 also have joint photometry.V, R and | references, listed as a numerical su-
perscript, are as follows: (1) Riedel et al. (2010); (2) Bessel991); (3) Henry et al. (2006);
(4) Bessel (1990); (5) Weis (1996); (6) Davison et al. (2015);)(Weis (1991).

PAll J, H, Ks magnitudes are from the 2MASS All Sky Catalogue of point sourcésom

Skrutskie et al. (2006).



Table 2.4: Close-separationg3°) mid- to late- M-dwarfs

Multiples within 25 pc

Name R.A. J2000.0 Decl. J2000.0 REF
GJ 1005AB 00 15 28.07 j 16 08 01.8 1
GJ 2005ABC 0024 44.19 | 27 08 24.2 2
LP 349-025AB 00 27 55.99 +22 19 32.5 3
LTT 10301AB 00 50 33.23 +24 49 00.9 4
GJ 1041BC 01591260 +033111.3 5
GJ 1047AB 02 21 04.04 +36 53 04.7 6
LTT 17492AB 03171220 +452222.1 7
LP 532-081AB 03254225 +055151.9 8
LHS 1582AB 03 43 22.08 | 09 33 50.9 9
LHS 1610AB 03524176 +170104.3 10
LHS 1630AB 04 07 20.51 | 2429 13.7 11
GJ 164AB 04 1258.80 +5236419 12
GJ 165AB 04 1310.15 +503141.4 6
LTT 11472AB 04 38 1259 +281300.1 11
2MA 0446-1116AB 04 46 51.74 1116 47.7 13
LP 717-036AB 05 25 41.67 j 09 09 12.6 4
GJ 206AB 05 32 14.67 +09 49 15.0 5
GJ 1081AB 053319.13 +444858.7 14
GJ 207.1AB 053344.81 +015643.4 15
GJ 1083AB 0540 25.72 +244808.3 16
LHS 1864AB 06 43 49.71 +51 08 20.1 6
LHS 1885AB 06 57 57.08 +62 19194 17
LHS 224AB 07 03 55.73 +524206.6 11
GJ 263AB 070417.70 { 1030316 11
GJ 268AB 071001.81 +383146.0 18
LHS 1901AB 07111144 +432958.1 19
GJ 268.3AB 07 16 19.77 +2708 33.0 11
GJ 275.2AD 07 30 42.78 +481158.6 20
GJ 277AC 073157.70 +361309.7 11
LTT 17993AB 07 36 25.13 +070443.1 21
LHS 1955AB 07 54 54.80 | 29 20 56.4 9
GJ 1108BC 08 08 55.44 +32 49 04.7 5
GJ 308AB 08 28 22.13 +350059.1 22
GJ 2069BD 08 313742 +192349.2 11
GJ 2069ACE 08 313758 +1923394 11
LP 726-012BC 08 48 36.95 | 1353 08.8 16
GJ 326AB 08 54 05.29 | 1307 31.1 6
LHS 2071AB 08 55 20.25 | 2352 15.2 9
GJ 1116AB 08 58 15.16 +194547.2 23
GJ 1138AB 10494555 +353250.5 11
LHS 2397aB 11 21 49.19 1313085 24
GJ 1155AB 12165187 +025804.9 25
GJ 469AB 1228 57.60 +082531.7 14
GJ 473AB 12331741 +090115.7 14
NLTT 33370AB 1314 2040 +132001.2 26
GJ 516AB 1332 4464 +164839.3 27
GJ 568AB 14 535145 +233320.8 28
GJ 595AB 1542 06.54 | 1928184 29
GJ 630.1AB 16 34 20.33 +570949.7 30

28



Table 2.4 { Continued

Name R.A. J2000.0 Decl. J2000.0 REF
GJ 1210AB 17 07 40.85 +07 22 06.7 31
G 203-047AB 1709 31.55 +434053.0 32
GJ 660AB 17115232 § 015106.0 33
GJ 1212AB 17 13 40.46 08 25 14.7 15
GJ 695BC 17 46 25.08 +274301.6 34
LP 390-016AB 18 13 06.58 +260151.9 35
GJ 1230AB 18 41 09.77 +24 47143 36
GJ 747AB 1907 43.00 +3232415 37
GJ 748AB 19 12 1460 +025311.0 14
GJ 766AB 19454549 +2707 31.7 38
GJ 1245AC 19535450 +442453.3 14
GJ 791.2AB 2029 48.32 +094120.2 39
GJ 802ABC 20 43 19.27 +552053.0 40
GJ 810AC 2055 37.76 | 1402 08.0 41
LTT 16240AC 21160580 +295151.2 13
GJ 831AB 213118.64 i 0947264 14
GJ 852BC 2217 18.67 { 0848 19.1 11
GJ 860AB 22 28 00.38 +57 41 49.1 6
GJ 856AB 22 2329.11 +3227 340 42
GJ 867BD 22 3845.29 | 2036 51.9 43
GJ 1284AB 23301345 | 2023274 44
LHS 4009AB 2345 31.26 | 16 10 20.1 19

29

aBinary references: (1) Hershey & Ta® (1998); (2) Leinert et al1994); (3) Forveille et al.
(2005); (4) Bergfors et al. (2010); (5) Shkolnik et al. (2030(6) Gliese & Jahrei¥s (1991); (7)
Pravdo et al. (2006); (8) van Altena et al. (1995); (9) Riedelteal. (2010); (10) Bon'Is et al.
(2013a); (11) Beuzit et al. (2004); (12) Martinache et al. @09); (13) Shkolnik et al. (2012);
(14) Henry et al. (1999); (15) Reiners et al. (2012); (16) Janscet al. (2014); (17) Law et al.
(2008); (18) Tomkin & Pettersen (1986); (19) Montagnier et a2006); (20) Harrington et al.
(1993); (21) Oppenheimer et al. (2001); (22) Malkov et al. (®2); (23) Dieterich et al.
(2012); (24) Freed et al. (2003); (25) Mason et al. (2009); (R&chlieder et al. (2014); (27)
Mason et al. (2011); (28) ESA (1997); (29) Nidever et al. (2002{30) Lacy (1977); (31)
Horch et al. (2011); (32) Delfosse et al. (1999); (33) Blazit el.41987); (34) Hartkopf & Mason

(2009); (35) Shkolnik et al. (2009); (36) Gizis & Reid (1996)(37) Delfosse et al. (2000);
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(38) Lampens et al. (2007); (39) Hershey (1978); (40) Ireland al. (2008); (41) Jao et al.

(2011); (42) H¢g et al. (2000); (43) Davison et al. (2014); (44)igs et al. (2002).



Table 2.5: Projected Rotational Velocity Measurements fronthe Literature

Name R.A. Decl. \Y; My2 Kgs? ViK Parallax® vini®
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (kmi €)
GJ 1002 00 06 43.26 07 32 14.7 13.84 15.48 7.44 6.40 213.@®8.60¢ <3.0t
GJ 12 00 15 49.20 +133321.9 12%212.30 7.81 4.81 86.42.03:234 1.07
GJ 15B 00 18 25.50 +44 01 37.6 119613.29 5.95 5.11 279.80.60-5° <3.1
LHS 112 00 20 29.22 +33 05 08.2 16091559 9.33 6.76 79.38B.70 4.5
GJ 1012 00 28 39.48 06 39 48.1 12.1%7 1156 7.19 4.98 75.45.10¢ <3.0¢
RG 0050-2722 00 52 54.69 27 05 59.7 21.54 19.60 12.54 9.00 41.804.00 4.0p
GJ 46 00 58 27.89; 27 51 25.1 11.77 11.31 6.89 4.88 80.83.136 <3.0¢
GJ 1029 01 05 37.32 +28 29 34.0 13%813.28 8.55 5.23 79.38.00 4.13
LP 647-13 01 09 51.17% 03 43 26.4 19.%7 19.36 10.43 8.84 104.82.29 13.¢0
GJ54.1 01 12 30.53 1659 57.0 12.15 1430 6.42 5.73 269.@3.99-° <25
GJ 1034 01 16 28.94 +24 19 28.2 150013.41 9.91 5.09 48.804.50 4.5
GJ 82 0159 23.51 +58 31 16.1 12.2111.77 6.96 5.25 81.88B.411° 13.¢
GJ 831l 02 00 12.79 +13 03 11.2 1213514.11 6.65 5.70 224.8®.9¢ <25
LHS 1326 02 02 16.21 +10 20 13.7 15'7015.95 8.93 6.77 112.6@8.2¢ - 4.5
GJ 84.1B 02 05 24.67; 28 03 15.2 12.77 10.95 8.04 4.74 43.30.06"° <3.0¢
LHS 1375 02 16 29.78 +13 35 13.7 15%8016.15 8.98 6.82 117.%04.00 12.4
LHS 1377A 02 16 41.19 3059 18.1 12.08 11.25 7.13 4.90 69.813.1C¢ <3.0¢
LHS 1378 02 17 09.93 +35 26 33.0 15%0015.82 9.01 6.89 96.401.10 28.2
GJ 105B 02 36 15.36 +06 52 19.1 11%112.42 6.57 5.14 138.89D.4368 <25
LHS 1426 02 37 29.71 +00 21 27.3 15%1613.18 9.69 5.47 40.304.30 4.9
LHS 1443 02 46 34.86 +16 2511.6 17%0416.22 10.19 6.86 68.8@.50+° 6.2
LP 771-021 02 48 41.0G 16 51 21.7 19.21 18.16 11.42 7.79 61.80%.40° - 3.0
SO 0253+1652 02 53 00.85 +16 52 53.3 15.147.21 7.59 7.56  259.410.89%1213 <3.¢°
LP 771-095 03 0151.43 16 3535.7 11.2%2 12.01 6.50 4.72 143.812.4911 5.5
GJ 1055 03 09 00.16 +10 01 25.8 14%514.47 9.07 5.78 83.94.00 4.7
GJ 1057 03 13 23.00 +04 46 29.4 139414.28 7.83 6.11 117.8@.50¢ <2.2
LP 412-31 03 20 59.65 +18 54 23.3 1818818.07 10.64 8.24 68.80.5914 12.¢
GJ 1065 03 50 44.32 06 05 40.0 12.82 1293 7.75 5.07 105.4@8.2¢ <3.0°
LHS 1604 03 51 00.05 00 52 45.3 18.1% 17.28 10.23 7.88 68.80..8¢ 6.5
GJ 157B 03 57 28.92 01 09 23.2 11.6% 10.66 6.93 4.68 64.581.04"° <10.0°
GJ 166C 04 1521.73 0739 17.4 11.24 1275 596 5.28 200.8%.23¢ 5.5
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Table 2.5 { Continued

Name R.A. Decl. V2 My KsP VK Parallax® vini®
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (kmi $)
GJ 169.1A 04 31 11.48 +58 58 37.6 110412.32 5.72 5.32 180.82.78"° <19
LP 655-048 04 40 23.25 0530 08.3 17.79 17.91 955 8.25 105.8@.20° 16.8
LHS 197 04 46 18.50 +48 4451.9 178915.87 10.76 6.53 52.80.9¢ - 4.5°
GJ 179 04 52 05.73 +06 28 35.6 119811.52 6.94 5.04 80.823.786 <25
LHS 1723 05 01 57.4% 06 56 45.9 12.20 13.57 6.74 5.46 187.821.26" <3.0°
LHS 1731 05 03 20.1Q 17 22 24.6 11.69 11.87 6.94 4.75 108.66L.6716 <25
GJ 1078 05 23 48.99 +22 32 39.7 15%213.93 9.85 5.67 48.@%.50 7.2
GJ 203 05 28 00.15 +09 38 38.3 12471253 7.54 4.93 102.8®.09"6 <3.0°
LTT 11684 0534 52.12 +1352 47.2 11.8111.34 6.94 4.87 80.§1.80 <25
GJ 213 05 42 08.98 +12 29 25.3 115412.71 6.39 5.15 171.801.0055° <25
GJ 2045 0542 12.72 05 27 56.7 15.29 14.79 9.37 5.92 79.881.15571617 4.6°
LHS 1785 05 47 09.07 05 12 10.7 14.58 13.43 9.18 5.40 58.801.9¢ 4.5
G 99-049 06 00 03.51 +02 42 23.6 11!3112.71 6.04 5.27 190.87.86511 5.81
LHS 1805 06 01 11.07 +59 3550.8 1137112.31 6.64 5.07 132.804.90+° <25
LHS 1809 06 02 29.18 +49 51 56.2 143%314.69 8.44 6.10 107.3@.60 4.3
LP 838-016 06 07 43.75 2544 41.4 11.89 11.62 7.17 4.72 88.802.5¢ <25
GJ 232 06 24 41.32 +23 2558.6 13161355 7.91 5.25 119.4®.3¢ <3.0°
LHS 1857 06 36 06.39 +11 37 03.2 1432412.93 8.99 5.25 54.8R.40 4.0°
G 108-021A 06 42 11.18 +03 34 52.7 120611.96 7.33 4.73 95.88.50 0.9
GJ 251 06 54 49.03 +33 16 05.9 100211.27 5.28 4.75 178.811.436 <25
GJ 1093 06 59 28.69 +19 20 57.7 1419415.49 8.23 6.71 128.88.5¢ - 2.8
GJ 273 07 27 24.50 +051332.8 98812.01 4.86 5.02 266.83.66-°° <25
GJ 1097 07 28 45.43; 03 17 52.4 11.483 11.10 6.70 4.73 86.@831.83"° <25
GJ 277B 07 31 57.35 +36 13 47.8 11%811.41 6.76 5.03 84.441 .814° <4.0¢
LHS 1935 07 38 40.89 21 1327.6 11.72 1159 7.06 4.66 94.313.31 <25
GJ 285 07 44 40.18 +03 33 09.0 111912.31 5.70 5.49 167.82.05+° 5.0'
LHS 1950 07 51 51.38 +05 32 57.3 14%7213.71 9.09 5.63 62.718.1¢ <25
LP 423-31 07 52 23.90 +16 12 15.7 17%0415.72 9.85 7.19 54.371.00° 9.0°
GJ 1105 07 58 12.70 +41 18 13.5 11%0812.43 6.88 5.10 123.82.4818 <2.0t
GJ 299 08 11 57.58 +08 46 22.1 1238613.69 7.66 5.20 146.38.10 3.0
GJ 300 08 12 40.8§ 21 33 05.7 12.15 12.65 6.71 5.45 125.390.9741! <3.0¢
GJ 1111 08 29 49.50 +26 46 34.8 1419617.16 7.26 7.70 275.88.00 11.¢
GJ 317 08 40 59.24 23 27 23.3 12.00 11.08 7.03 4.97 65.330.40-1° <25
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Table 2.5 { Continued

Name R.A. Decl. V2 My KsP VK Parallax® vini®
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (kmi $)
LHS 252 08 41 20.13 +59 29 50.6 150515.05 8.67 6.38 99.808.40+° 4.0°
GJ 324B 08 52 40.85 +28 18 58.9 134312.66 7.67 5.46 80.680.726 <29
LHS 2065 08 53 36.2Q 03 29 32.1 18.784 19.05 9.94 8.80 115.81.17474 12.¢
LHS 2090 09 00 23.59 +21 50 05.4 16*1117.09 8.44 7.67 156.82.6 71 20.CG°
GJ 1119 09 00 32.54 +46 35 11.8 133213.25 7.74 5.58 96.92.7¢ <4.0¢
LHS 265 09 17 46.00 +58 25 22.4 15211425 9.40 5.81 64.404.004° 3.9
GJ 1125 09 30 44.58 +00 19 21.4 11%211.74 6.87 4.85 100.832.48"° <25
GJ 359 09 41 02.00 +22 01 29.2 142413.73 8.81 5.43 79.@38.8¢ 3.2
LHS 2181 09 43 55.63 +26 58 08.6 1230511.32 7.19 4.86 71.3%.49 <4.0
GJ 1129 09 44 47.32 18 12 48.9 12.48 12.32 7.26 5.20 03.80.49° <3.0¢
LHS 2206 09 53 55.23 +20 56 46.0 140214.20 8.33 5.69 108.82.06'4 16.5°
GJ 377 10 01 10.74 30 23 24.5 11.42 10.41 6.70 4.74 62.33.46° <3.0¢
GJ 388 10 19 36.35 +1952 12.2 9.29 10.84 459 4.70 204.6@.8¢ » 3.012
GJ 1134 10 41 38.10 +37 36 39.8 12081291 7.71 5.27 96.8R.30 4.3
LHS 292 10 48 12.58 11 20 08.2 15.78 17.50 7.93 7.85 220.3@.60 <3.0°
GJ 402 10 50 52.01 +06 48 29.3 11701252 6.37 5.33 145.873.174° <25
GJ 406 10 56 28.87 +07 00 52.8 135816.69 6.08 7.50 419.5@.10 <29
GJ 412B 11 05 31.33 +43 31 17.1 14%4416.01 7.84 6.60 205.80.93-¢ 7.7
LHS 2351 11 06 18.97 +04 28 32.7 198617.97 11.33 8.23 48.8(8.10° <16.0°
LHS 302 11 23 08.00 +2553 37.0 15%1413.93 9.46 5.68 57.38.70+° - 2.5°
GJ 1148 11 41 44.72 +42 45 07.3 11%9211.66 6.82 5.10 88.§12.146 <25
GJ 447 11 47 44.41 +00 48 16.4 111613.53 5.65 5.51 298.841.37° <25
GJ 1151 11 50 57.88 +48 22 39.6 13%2413.67 7.64 5.60 122.8®@.90+° <41
GJ 452.F 11 54 07.88 +09 48 22.7 12.811255 7.87 4.94 88.8%13.65"34 <6.5
LHS 2520 12 10 05.6G 15 04 15.7 12.00 1155 6.86 5.23 77.82 .47 <2.0
GJ 1154 12 14 16.54 +00 37 26.4 13%6414.03 7.54 6.10 119.4@.50 5.2
GJ 1156 12 18 59.40 +11 07 33.9 1319514.87 7.57 6.38 152.98.0¢ 16.7°
GJ 480 12 38 52.43 +11 41 46.2 115110.78 6.69 4.82 71.342.546 <3.0¢
GJ 486 12 47 56.64 +09 45 05.0 114011.79 6.36 5.04 119.59.64+6 <25
LHS 2651 12 55 56.81 +50 55 21.9 14%4212.84 9.61 4.82 48.4%.00 3.9
GJ 490B 12 57 39.35 +35 13 19.5 132011.71 8.02 5.18 50.3.30-° <10.0°
GJ 493.1 13 00 33.51 +05 41 08.1 13%4013.85 7.66 5.74 123.8@8.5¢ 16.8
GJ 512A 13 28 21.06; 02 21 36.5 11.42 10.73 6.61 4.81 72.80.70-° <4.0
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Table 2.5 { Continued

Name R.A. Decl. V2 My KsP VK Parallax® vini®
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (kmi $)
LHS 2784 13 42 43.29 +33 17 25.5 11%9712.15 6.98 4.99 108.813.10+6 <3.0°
LHS 2794 13 4550.75 17 58 04.7 11.86 11.81 6.90 4.96 97.65.03 <29
LHS 2836 13 59 10.46 19 50 03.5 12.88 12.72 7.45 5.44 92.870.8% <3.0¢
LHS 2876B 14 12 12.16 00 35 16.5 20.1'4 18.16 12.09 8.05 40.338.40 9.0
GJ 1182 14 15 32.54 +04 39 31.2 14.3013.58 8.62 5.68 71.88B.40 6.8
GJ 545 14 20 07.39 09 37 12.7 12.84 12.11 7.98 4.86 71.401.30-3416 <4.0¢
LHS 2930 14 30 37.88 +59 43249 17.88 1796 9.79 8.09 103.801..3¢ 18.7
GJ 553.1 14 31 01.2Q 1217 45.2 11.95 11.76 6.96 4.99 91.8.70+° <25
GJ 555 14 34 16.83 12 31 10.7 11.34 12.37 5.94 5.40 160.881.98-6:16 <25
GJ 1186 14 53 37.19 +11 34 12.4 15%913.93 9.65 5.64 53.54.10 3.9
LHS 3003 14 56 38.3% 28 09 47.4 17.07 17.99 8.93 8.14 152.49.02710 6.0"°
GJ 1187 14 57 53.75 +56 39 24.2 15%315.28 9.27 6.26 89.@x.60 13.6
GJ 581 15 19 26.90 07 43 20.1 10.5% 1157 5.84 471 160.§2.33:6:1621 <25
GJ 585 1523 51.13 +17 27 57.0 13%7213.37 8.28 5.44 85.82.9¢ 3.8
LHS 3075 15 29 43.93 +42 52 49.9 14%2112.75 8.72 5.49 51.804.40 <25
GJ 592 15 36 58.68 14 08 00.6 12.70 12.07 7.57 5.13 74.9013.8¢0 <3.0¢
GJ 609 16 02 50.99 +203521.8 12%812.59 7.37 5.21 100.3@8.1¢ <3.0¢
GJ 628 16 30 18.09 12 39 43.4 10.07 11.92 5.08 4.99 234.881.50-° 1.5%
GJ 2121 16 30 13.14 14 39 49.5 12.35 10.60 7.60 4.75 44.%5%5.36° 2.1°
GJ 643 16 55 25.27 08 19 20.8 11.77 12.72 6.72 5.05 154.88.5267222324 <2 7
GJ 644C 16 55 35.29 08 23 40.1 16.85 17.80 8.82 8.03 154.§@.5267222324 9 (P
GJ 1207 16 57 05.7% 04 20 56.0 12.25 1256 7.12 5.13 115.861.50-11 10.7
LTT 15087 17 11 34.72 +38 26 34.1 11861 11.21 6.80 4.81 83.311.99 <25
GJ 1214 17 15 18.94 +04 57 49.7 14.6814.12 8.78 5.90 77.835.40 <6.54
GJ 669B 17 1952.98 +26 30 02.6 1289912.81 7.35 5.64 92.341.876 6.14
GJ 669A 17 19 54.22 +26 30 03.0 114211.24 6.42 5.00 92.34 .87 <4.0¢
LHS 3333 17 50 15.13 +23 4551.1 138011.76 8.45 5.05 44.8§01.10 - 4.5
GJ 699 17 57 48.50 +04 41 36.2 95713.25 452 5.05 545.810.29-6:25 <2 5
LHS 3343A 17 57 50.96 +46 35 18.2 11%810.91 7.00 4.68 69.901.44-45 <4.0
GJ 1223 18 02 46.25 +37 31 04.9 14%7914.40 8.89 5.90 83.51.9¢ - 4.5
GJ 1224 18 07 32.93 1557 46.5 13.49 14.10 7.83 5.66 132.68.7¢ <3.0%
LHS 462 18 18 04.28 +38 46 34.2 11%8811.61 7.22 4.66 88.48.60 <25
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Table 2.5 { Continued

Name R.A. Decl. V2 My KsP VK Parallax® vini®
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag) (mas) (kmi $)
GJ 1227 18 22 27.19 +62 03 02.5 13%613.88 7.74 5.72 121.5@.2¢ <23
GJ 725B 18 42 46.89 +59 37 37.4 9.69 11.96 5.00 4.69 283.831.46-° <25
LHS 3406 18 43 22.13 +40 40 21.0 18%2817.53 10.31 7.97 70.30.80 5.0°
GJ 729 18 49 49.36 23 50 10.4 10.49 13.13 5.37 5.12 337.821.97¢ 4.0/
GJ 734B 18 54 53.81 +10 58 43.5 123010.86 6.56 5.74 51.52.54-18 1.416
GJ 1232 19 09 50.98 +17 40 07.5 13.5013.36 7.90 5.60 93.82.80 <6.5
GJ 752B 19 16 57.62 +05 09 02.1 174518.62 8.77 8.69  171.30.50-6:2627 6.5
GJ 1236 19 22 02.07 +07 02 31.0 12.83912.23 7.69 4.70 92.9x.50 <6.5t
LHS 3459 19 22 40.90 +29 26 02.6 15°3513.72 9.97 5.38 47.3%.10 - 4.5
GJ 1243 19 51 09.31 +46 28 59.9 1228312.45 7.77 5.06 84.5r.40 22.0¢
GJ 1245B 19 53 55.09 +44 24 55.0 140115.73 7.39 6.62 220.68).9744 6.8
GJ 1250 20 08 17.86 +33 18 12.3 14%813.20 9.08 5.80 46.856.40 15.7
GJ 1253 20 26 05.29 +58 34 22.5 14%414.20 8.10 5.96 107.5@.60 - 4.5°
GJ 1254 20 33 40.31 +61 45 13.6 12541154 7.40 5.14 63.¢1.7¢0 <4.0¢
LP 816-060 20 52 33.05j 16 58 29.0 11.50 12.72 6.20 5.30 175.83.40 <6.5t
GJ 812A 20 56 48.46; 04 50 49.0 11.94 10.81 7.06 4.88 59.833.1116 <10.0°
GJ 1263A 21 46 40.40 00 10 23.4 12.64 1225 7.49 5.15 83.51.9¢ <4.0
G 188-038 22 01 13.11 +28 18 24.9 12'0512.29 6.78 5.27 111.80.736 35.1#
LP 759-025 22 05 35.74 11 04 29.0 17.81 16.08 10.72 7.09 45.82.68 13.C
GJ 849 22 09 40.3Q 04 38 26.8 10.39 10.63 5.59 4.80 111.4851.75-8 <25
GJ 126% 22 13 42.78j 17 41 08.2 13.57 13.48 8.12 5.46 96.@8.90 <6.5"
LHS 3799 22 23 06.9% 17 36 25.0 13.30 13.94 7.32 5.98 134.501.90 <3.01
GJ 1268 22 24 55,94 +52 00 19.1 148413.93 9.30 5.64 62.838.60¢ - 4.5
LHS 523 22 28 54.4Q 13 2517.9 16.90 16.64 9.84 7.06 88.814.9¢ 7.0
LP 460-044 22 35 49.06 +18 40 29.9 19%1817.37 11.37 7.81 43.848.553 16.0+
GJ 873 22 46 49.81 +44 20 03.1 102211.71 5.30 4.92 198.810.84-6:28 3.5
LP 876-010 22 48 04.5G 24 22 07.8 12.59 13.19 7.21 5.41 130.820.37630 22.08
GJ 875.1 22 51 53.49 +31 45 15.3 11%210.77 6.87 4.75 67.52.045 11.0°
GJ 876 22 53 16.72 14 15 48.9 10.18 11.84 5.01 5.17 214.80.5762° <25
2MA 2306-0502 23 06 29.28 05 02 28.6 18.80 18.38 10.30 8.50 82.59.58" 6.0°
LHS 543 23213752 +17 17 28.5 11%511.46 6.51 5.14 91.84.30-° <25
G 190-027B 23 29 22,58 +41 27 52.2 12*4211.57 7.17 5.25 67.581.59 14.5
DEN 2331-2749 23 31 21.75 27 49 50.0 19.01 18.21 10.65 8.36 69.82.06" 9.0
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Table 2.5 { Continued

Parallaxt
(mas)

Name R.A. Decl. V2 My KsP VK
(J2000.0) (J2000.0) (mag) (mag) (mag) (mag)
GJ 896A 23 3152.09 +19 56 14.2 103311.15 5.33 4.80
GJ 896B 23 3152.45 +1956 13.8 124013.42 6.26 6.14
GJ 1286 23 3510.5Q 0223214 14.73 1543 8.18 6.55
LHS 3978 23 35 41.33 +06 11 20.6 16.10 14.20 10.17 5.93
GJ 905 23 41 54.99 +44 10 40.8 11%714.17 5.93 5.74
GJ 1289 23 43 06.29 +36 32 13.2 12%713.03 7.23 5.34
LHS 4057 23 59 49.41 +47 45 44.8 16°1014.68 9.93 6.17

159.881.53-6:32
159.881.536%2
138.83®.5¢
41.68.20
316.80.55°
123.8®@.9¢
51.90.9¢

aV references, listed as a numerical superscript, are as follows) Qavison et al. (2015); (2) Riedel et al. (2010); (3) Weis

(1996); (4) RECONS; (5) Bessel (1990); (6) Costa et al. (2006);)(Weis et al. (1999); (8) Harrington & Dahn (1980); (9)

Dahn et al. (2002); (10) Winters et al. (2015); (11) Costa et a(2005); (12) Gliese & Jahrei¥ (1991); (13) Monet et al. (1992

(14) Jao et al. (2005); (15) Koen et al. (2010); (16) Weis (12 (17) Weis (1994); (18) Bessell (1991); (19) Jao et al. (2011

(20) Kilkenny et al. (2007); (21) Weis (1993); (22) Weis (198; (23) Dahn et al. (1982); (24) Weis (1984); (25) Harringtoret al.

(1985); (26) Dahn et al. (1988).

K s magnitudes are from the 2MASS All Sky Catalogue of point sourcé®m Skrutskie et al. (2006).

‘When multiple parallax references are listed, the reportedalue here is the weighted means for each system. Parallax Ref-

erences. (1) van Altena et al. (1995); (2) Riedel et al. (2010(3) Smart et al. (2007); (4) Smart et al. (2010); (5) Gatewood

(2008); (6) van Leeuwen (2007); (7) Costa et al. (2005); (8) naa et al. (1996); (9) Khrutskaya et al. (2010); (10) Tinney

w
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(1996); (11) Henry et al. (2006); (12) Teegarden et al. (2003(13) Gatewood & Coban (2009); (14) Dahn et al. (2002); (15)
Shkolnik et al. (2012); (16) Jao et al. (2005); (17) Fahertyteal. (2012); (18) ESA (1997); (19) Anglada-Escud® et al. (2Q4);
(20) Jao et al. (2011); (21) von Braun et al. (2011); (22) SAchjelm (1999); (23) Martin et al. (1998); (24) Martin & Mignard
(1998); (25) Benedict et al. (1999); (26) Tinney et al. (1995(27) Pravdo & Shaklan (2009); (28) Gatewood et al. (1993)29)
Benedict et al. (2002); (30) Mamajek et al. (2013); (31) Costat al. (2006); (32) Weis et al. (1999).

dProjected Rotational Velocity References. (1) Delfosse et §1.998); (2) Houdebine & Mullan (2015); (3) Jenkins et al. (2C8);
(4) Reiners et al. (2012); (5) Mohanty & Basri (2003); (6) Reiars & Basri (2010); (7) Browning et al. (2010); (8) Barnes et al
(2014); (9) Updated value from this work; (10) Stau®er & Hartmam (1986); (11) Davison et al. (2015); (12) Reiners (2007);
(13) Tinney & Reid (1998); (14) Bon'ls et al. (2013a); (15) Reiers & Basri (2007); (16) L®Hpez-Santiago et al. (2010); (17)
Tanner et al. (2012); (18) Mamajek et al. (2013).

€Although Bon'Is et al. (2013a) did not give vsini values of their individual targets, the authors did state the dteria that all
stars in their sample had to havevsini value below 6.5 km s!. Therefore, we use 6.5 kmis an upper limit to the vsini value
of these stars.

" These stars may have an inaccuratesini value, as reported by Jenkins et al. (2009). Inaccuraciesutd be due to either the

spectrum having very low S/N or due to the star being a part of a Ioiary system.

LE



Table 2.6: Adopted Spectral Type versu¥j K Relation

Sp. MeanVj K Vi K Range

Type  (mag) (mag)

M3.0 4.65 452 4.80
M3.5 4.81; 5.12
M4.0 5.28 5.13] 5.50
M4.5 5.51;j 5.94
M5.0 6.17 5.95 6.44
M5.5 6.71 6.44; 7.04
M6.0 7.37 7.05 7.73
M6.5 8.10 7.74 8.32
M7 8.55 8.33j 8.77
M7.5 9.0: 8.78; 9.0:
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Optical Spectroscopic Measurements

3.1 Observations
We obtained optical (600Q 9000A) spectra of all 58 stars in the CAESAR sample between
2003 2006 and 200Q 2011 using the Cerro Tololo Inter-American Observatory (CTIO)L.5-
m Richey-Chretien Spectrograph (RCSpec) with the Loral 1Z0E 800 CCD camera, as part
of the broader RECONS spectral-typing program (e.g. Henry et aR004; Jao et al. 2008).
We also obtained optical spectra for the three stars (G 169-026J 867BD, LHS 1610AB)
that were originally thought to be CAESAR members (sea&2.1) and three additional (AU
Mic, GJ 1245B, LHS 3376) stars for which we obtained RV data (se€.1). The spectra
were obtained with the #32 grating in rst order with a 15.1* tilt, which yields a spectral
resolution of 8.6A; the spectra were acquired through the OG570 order blockingtdr. For
consistency checks and to mitigate the e®ects of cosmic rays, twedpa of each target
were taken consecutively. In addition, the majority of stars &ve spectroscopic observations
on multiple epochs. To assist with spectral classi cation, at least @n°ux standard was
observed each night, and an ensemble collection of spectral stards from Henry et al.
(2002) were observed. Some of the stars in the CAESAR sample are ussdstandards,
namely GJ 283B (M6.5V), GJ 644C (M7.0V), GJ 752B (M8.0V), GJ 106§M3.5V), GJ
1111 (M6.0V), GJ 1154 (M4.5V), GJ 1207 (M3.5V), LHS 292 (M6.5V), LHR090 (M6.0V)
and LHS 3799 (M4.5V).

The data were reduced with standard IRAF techniques; bias subtction and dome
and/or sky °at elding were performed on the data using calibratbon frames taken at the

beginning of each night. Fringing was e®ectively removed fnahe data using a combination
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of dome and sky °ats. One high SNR °ux standard spectrum per night wased for absolute
°ux calibration. Spectra were wavelength calibrated using csecutively recorded HeAr arc

spectra. Further details regarding reduction and extractio are given in Henry et al. (2004).

3.2 Results

3.2.1 Spectral Types

To assign a spectral type, the wavelength calibrated spectra aresampled via interpolation
onto a xed 1A grid. The H® and telluric features, based on the sky transmission map
of Hinkle et al. (2003) are then given a spectral weight of zer@ tessentially remove these
features from our analysis. The spectra are normalized to a valwf 1.0 at 750@\. The
spectra are then compared to the library of observed standardsnéthe adopted spectral
type is that of the standard that yields the lowest standard dewtion of the target spectrum
divided by the standard spectrum over the spectral range (60909000A). An illustration of
optical spectra of 5 CAESAR stars and the best t corresponding speetifrom the standard
library are shown in Figure 3.1. The determined spectral typesange from M2.5 to M8.0,
and are listed in Table 3.1 for the 58 CAESAR stars. The spectral tygeof the additional
stars observed are given in Table 3.2. The uncertainty in all sas is§8 0.5 spectral sub-
classes, based on consistency between multiple epochs. Additionafadls of the spectral

type determinations are provided in Riedel et al. (2014).
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Figure 3.1: CTIO spectra of ve CAESAR stars (black) normalized to7500A. The com-
parison spectra (red) are from the library of standards from Henmret al. (2002). Small
discrepancies are due to minor errors in the °ux calibrationsraslight temperature di®er-
ences. The vertical line represents the position of@(6563A).

3.2.2 H® Emission

As a somewhat blunt diagnostic of the amount of chromospheric agty that these stars
exhibit, we measure equivalent widths of ® 6563A. To do this, we st subtract the lin-
ear continuum from the region between 6558 and 6575A and then assume the strongest
maximum (or minimum) within this region is the H® line. After determining its location,
we integrate both the continuum and spectrum over 2R, with the central wavelength cor-
responding to the HR line to determine the equivalent width. Upon visual inspectiorof the
spectra, we could not reliably determine emission or absorptidWs with a precision better
than 0.5A. We conservatively use this number as the error value on the@measurements,
which are given in Table 3.1; we adopt the standard conventioof denoting emission with a

negative sign. If any star exhibits H® emission with an equivalent width more extreme than
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the typical noise level ofj 0.5A in at least one epoch, we categorize it as an emission-line
star. This is denoted with an "e' next to the star's spectral typen Table 3.1 for the 58
CAESAR stars and in Table 3.2 for the six additional stars. .

We classify 35/58 of the stars from the CAESAR sample as emission-listrs. We also
note that the fraction of emission-line stars increases with lat spectral type. 37% of the
35 stars with spectral types M4 or earlier are emission-line stargthereas 100% of the 9
stars with spectral type M6 or later are emission-line stars. Ourdiction of early M-dwarfs
with emission is comparable to that of Reiners et al. (2012) whad 41% of 115 stars M3.0
to M4.5 to be active emission-line stars. Likewise, Gizis et al. @R0) report an increase in
emission-line stars with lower mass and nds 100% of the M7 stars amission-line stars.
He also notes that this trend breaks down past M7 and that the frdion of later type stars
that show chromospheric activity is signi cantly less.

Five of the additional six stars (AU Mic, G 169-029, GJ 867BD, G1245B, LHS 3376)
are emission-line stars. All "ve of these stars are listed as fast rotago(vsini > 6.5 km g1

in x8.3.2).

3.2.3 Surface Gravity Indices

To assess the surface gravity of these stars, as a possible tracer oirteeolutionary states,
the gravity sensitive Nal doublet (de ned in Lyo et al. 2004) is measured; this feature is
well known to be weak in giants and strong in dwarfs (e.g. Allerst al. 2007; Schlieder et al.
2012). For the Nal doublet index, we use the wavelength region between 8f48nd
8200A. We conservatively estimate our index error to be 0.05; this Wae is the average

di®erence value of our measurddal doublet indices for all of our stars with more than
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one measurement. These values are given in Table 3.1 for the 5B8ESAR stars and in
Table 3.2 for the six additional stars. While these indices demd from the low-resolution
spectra are a good indicator of the evolutionary state of the stahigh-resolution spectra
are needed to ascertain a more quantitative measure of the swdagravity. Also, we do
caution that these lines can be a®ected by metallicity and stetl activity; metal poor stars
and chromospherically active stars will systematically have \eer equivalent widths (EW)
(e.g. Hawley et al. 1999).

All of the stars in the CAESAR sample exhibit averagéNal doublet indices in a typical
range for main sequence stars(L.1; Lyo et al. 2004, Allers et al. 2007); we therefore classify
all 58 CAESAR stars as on the main sequence. This is denoted by auglia V' to the
spectral type listed in Table 3.1. We also classify ve of the six aditinal stars (G 169-029,
GJ 867BD, GJ 1245B, LHS 3376) as on the main sequence. The sixthrs@aU Mic has an
Nal doublet index of 1.09 and is classi ed as a young star. As AU Mic is aéwn young

member in the  Pic association, we take this as extra validation of our techgue.



Table 3.1: Optical Spectroscopic Measurements for the

CAESAR sample

Name SpType Date K Nal
YYYYMMDD EW A Index
GJ 1002 M5.0V 19931031 -0.1 131
20041001 0.2 1.36
GJ54.1 M4.0Ve 19931031 1.3 1.25
20041002 1.1 1.30
LHS 1302 M4.5Ve 20031206 3.6 1.27
20061209 34 1.25
GJ83.1 M4.0Ve 19911113 0.0 1.20

20041001 2.1 1.28

LHS 1326 M5.0Ve 20031206 -1.4  1.33
20061208 -0.8 1.32

LHS 1375 M5.0Ve 20031205 -4.1 1.33
20061208 -29 132
GJ 102 M3.5Ve 20031206 3.1 1.22
GJ 105B M3.5V 19931029 03 112
20041002 0.2 1.18

SO 0253+1652 M7.0V 20031205 0.8 1.37
20061206 -04 1.39

LP 771-095A M2.5V 20031206 0.0 1.16

GJ 1057 M4.5V 20031206 -0.3 1.26
GJ 1065 M3.5V 20020402 0.0 1.09
20061207 00 121
GJ 166C M4.0Ve 20031206 -53 121
LP 655-048 M6.0Ve 20040311 -17.8 1.35
LHS 1723 M4.0Ve 20031206 -1.5 1.25
GJ 203 M3.0V 19980208 0.2 1.13
20061208 01 1.15
GJ 213 M3.5V 19911113 03 1.12
20040312 00 114
G 99-49 M3.5Ve 19930314 -3.4 1.20
20031206 -46 1.22
GJ 232 M4.0V 19900122 05 1.17
20040312 0.0 1.22
GJ 1093 M5.0ve 19930314 -0.9 1.29
GJ 1093 M5.0Ve 20031206 -2.1 133

GJ 273 M3.0V 19900122 04 1.11
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Table 3.1 { Continued

Name SpType Date K Nal
YYYYMMDD EW A Index

20040312 01 1.15

GJ 283B M6.5Ve 19930316 1.7 1.33
20031205 -0.5 140
20061209 -0.1 1.38

GJ 285 M4.0Ve 19930315 -94 1.20
20041003 1.7 1.24
GJ 1103 M4.5V 20040312 0.2 120
GJ 299 M3.5V 19930315 16 1.19
20050131 01 1.24
GJ 300 M3.5V 19930315 08 1.20
20041003 -0.2 1.25
GJ 1111 M6.0Ve 19951202 -4.4  1.40

20031206 -3.8 1.37
20090203 -4.0 1.50
20100301 -7.6 143
20100305 -8.0 147

LHS 2090 M6.0Ve 20020402 -15.8 1.16
20061209 -79 1.33

LHS 2206 M4.0Ve 20020401 4.4 1.14
20061209 -3.3 1.28
LHS 292 M6.5Ve 19901123 -0.8 1.37

20031207 -24  1.43
20060531 -95 1.36

GJ 402 M3.0V 20090203 -0.2  1.26
20100305 0.0 1.28
20110517 03 121

GJ 406 M5.0Ve 19951203 -16.1 1.37
20030717 -11.6 1.33
20090505 -8.0 1.38

GJ 447 M4.0V 19930315 10 121
20040608 0.2 1.23
20090505 -0.1 1.26

GJ 1154 M4.5Ve 20040313 -6.6 1.29
GJ 1156 M4.5Ve 19930314 -5.6 1.25
20040608 -6.5 1.27
GJ 486 M4.0V 20040312 03 1.16
GJ 4931 M4.5Ve 20040312 -49 1.27
GJ 555 M3.5V 19930314 06 1.18
20040608 05 1.20
LHS 3003 M7.0Ve 19930317 -28.5 1.29
LHS 3003 M7.0ve 20040311 -7.5 1.40

20060527 -19.4 1.35
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Name SpType Date K Nal
YYYYMMDD EW A Index
20090505 0.0 1.32
20110727 24 1.00
GJ 609 M4.0V 20090506 -0.2 1.16
20110727 0.1 1.16
GJ 628 M3.0V 19930315 0.9 1.13
20040608 0.0 1.17
GJ 643 M3.0V 20040608 0.0 1.19
GJ 644C M7.0Ve 19950812 -11.6  1.44
20060525 71 142
20060526 -10.4 1.40
GJ 1207 M3.5Ve 20020402 -39 111
20060526 49 117
20090505 7.2 1.27
GJ 699 M3.5V 19950814 0.0 1.22
20041001 0.0 1.21
20060527 0.6 1.17
GJ 1224 M4.0Ve 19931101 46 1.25
20040608 43 1.26
GJ 1230B M4.5Ve 19931101 -0.1 1.26
20040930 1.2 1.29
GJ 729 M3.5Ve 19931101 24 1.20
20040929 25 1.25
GJ 752B M8.0Ve 19950812 26 131
20030715 6.1 1.33
20040930 6.2 1.29
20060525 -6.9 1.27
GJ 1235 M4.0Ve 20031011 -05 1.24
20060526 04 1.21
GJ 1256 M4.0V 20031011 -0.2 1.27
LP 816-060 M3.0V 20020401 0.5 1.05
20031207 0.1 1.19
G 188-038 M3.5Ve 20031012 58 1.20
LHS 3799 M4.5Ve 20031207 3.7 1.30
20060525 -3.8 131
20060531 43  1.27
LP 876-010 M4.0Ve 20041002 6.5 1.24
20060525 40 121
20090726 -3.3 1.23
GJ 896A M3.5Ve 19931031 6.2 1.17
20041002 5.4 117
20110517 6.9 1.17
GJ 896B M4.0Ve 19931031 49 1.20




a7

Table 3.1 { Continued

Name SpType Date K Nal
YYYYMMDD EW A Index

20110517 -6.6 1.17

GJ 1286 M5.0Ve 19931031 -0.7 1.32
20041001 -0.7 1.35
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Table 3.2: Optical Spectroscopic Measurements of mid

M-dwarfs not in CAESAR sample

Name SpTypé Date H® Nal
YYYYMMDD EW A Index

LHS 1610AB M4.0VJ 20031206 03 124

G 169-029 M4.5Ve 20020401 54 1.13
20110727 3.0 1.23
LHS 3376 M4.0Ve 19930316 | 2.3 1.25
GJ 1245B M5.5Ve 19890713 1.1 1.22
AU Mic M1.0Ve 20031011 2.1 1.09
20060525 2.3 1.09
GJ867BD M3.5Ved 20030717 4.7 1.15
20060525 9.3 1.16
20060525 {49 1.20

aJ represents a joint spectral type when two or more stars cannoeldeconvolved into their

individual components.
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Photometry

4.1 Optical Photometry for CAESAR Sample

Prior to our measurements, four of the 58 stars from CAESAR sampleddnot have com-
plete sets ofV, R and | photometry. The remaining stars had photometric measuremest
presented in eight di®erent publications. Therefore, to estash a uniform, homogenous, set
of photometric measurements for the ensemble sample of 58 stars, abtained new optical
photometric observations of all the stars using the 0.9-m telegge at CTIO. Additionally,
we obtained data for GJ 867BD, LHS 1610AB and G 169-029; stars thaere originally
thought to be part of the CAESAR sample (see2.1).

For all of our photometry frames, we use the central 1024x1024pls on the Tektronix
2048x2048 CCD on the CTIO/SMARTS 0.9-m telescope. The CCD chipas a plate scale
of ®%01 pixel !, which gives a "eld of view (FOV) of 6.8 by 6.8 arcminutes (Jao edl.
2003). All frames were collected at an airmass less than 2 and lwihe target star having
a signal-to-noise ratio (SNR)> 100. The custom IRAF reduction packageredpi, is used to
process the raw photometry data. Cosmic rays are removed froimetdata and photometry is
accomplished using apertures with radii of% The instrumental magnitudes are determined
by summing all of the counts for pixels inside of the aperture f background stars are within
the 7°°radius aperture, the photometry will be contaminated. For sdrs with contaminating
sources, we use a smaller aperture radii and then perform apesucorrections. We use
10 or more standard stars from Landolt (1992), Landolt (2007)and Graham (1982) to
create extinction curves each night, and transformation e@tions to convert instrumental

magnitudes toV, R and I magnitudes on the Johnson-Kron-Cousins system for all our
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target stars and reference stars used for astrometric measurentseras described inx5.2.
During the course of observations, we used two di®erevit Tters for photometry. Jao et al.
(2011) demonstrate that bothV lters give e®ectively identicalV band photometry for
standard stars; therefore it is suitable for us to combine photoetry from the two Tters.
For additional details on the photometric reduction and itsassociated errors, see Jao et al.
(2005) and Winters et al. (2011).

The V, R, | photometry and the number of nights on which observations wermade are
reported in Table 4.1 for all 61 targets. Also listed in Table 4.1ra the photometric variabil-
ity, the Tter in which variability was measured, the duration over which the variability was
measured, the number of nights of observations, and 2MASSH, K photometry. Photo-
metric errors are determined based on a formal propagation wfeasurement uncertainties.
The internal errors based on the signal to noise ratio are usualfyom 0.001 to 0.008 mag
(Jao et al. 2005). We determine our external errors by compag our stars to standard
stars. In Figure 4.1, our photometric measurements are compdréo measurements by
Bessell (28 stars) and Weis (34 stars). The Weis photometry has beeonverted to the
Johnson-Kron-Cousins system. Our photometry is consistent to pri®us measurements
within the uncertainties. A few big discrepancies are found b&een our data and Weis for
fainter stars for which the photometric uncertainities may le larger. Weis (1999) notes that
average photometric errors in thev lter for all of the stars in his sample are 0.02 mag;
however, the errors may be twice as large for stars fainter thal4 magnitude. The median
di®erence value between our photometry and that of Bessell i98.mag for all three color

“Tters. The median di®erence value between our photometry an@idt of Weis is 0.05 mag in
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Figure 4.1: Comparison of our measured photometric values toeasurements from the
literature. We compare ourV, R, | photometry to measurements made by Bessell (28
stars; left panel) and to measurements by Weis (34 starsijght panel). Our photometry is
consistent with that of Bessel and Weis to within the uncertaings. The median di®erence
value between our photometry and that of Bessell is 0.03 mag for, R and |. The median
di®erence value between our photometry and that of Weis is 6.tnag for theV Tter and
0.02 mag in theR and | Tters.

the V band and 0.02 mag in theR and | bands. The night-to-night repeatability errors for
the faintest stars in the CTIOPI program are» 0.03 mag (Henry et al. 2004). Combining
these three errors gives us nal errors a&f, R and | typically less than» 0.03 mag.

To assemble the CAESAR sample, three independent measures are usedé ne mid
M-dwarfs (seex2.1). One of the criteria is based on the absoluté magnitude of the star.
Using our photometric measurements (Table 4.1) and the previsly published parallax
data (Table 2.1), we determine the absolutd/ magnitude of each star and list this value
in Table 2.1. The absolute magnitude errors range from 0.03 @08 mag. These errors are

calculated by propagating the parallax and photometric urertainties for each star.
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4.2 Optical Photometry for Selected vsini Targets

To be included in the vsini sample, all stars had to have/ and K magnitudes. While
constructing our sample, not all potential targets hadv measurements. We therefore
obtainedV, R and | for these potential targets. With our new photometric measureants,
11 stars met the criteria of ourvsini sample and are included in Table 2.2 and Table 11.1.
We used the same setup/technique as above to obtain optical ploobetry for these stars.
The V, R, | photometry and the number of nights of observations for thesellstars are

reported in Table 4.2. Errors atV, R and | are typically less than 0.03 mag.

4.3 Optical Variability of Stars in the CAESAR Sample

Because the astrometric observationx$.1) are not photometrically calibrated, these obser-
vations do not provide independent measurements of the abstyphotometry. Nevertheless,
relative photometry can be extracted by comparing the brigimess of the target star to other
stars in the FOV. We can investigate variability atV, R or | by searching for stellar vari-
ability in the same Tter used for astrometry. We quantify the amaunt of variability by
determining the standard deviation of the star's °ux relative b comparison stars to assess
the amount of photometric variability. Photometrically quiet astrometric reference stars
(X5.1) are used as comparison stars, as de ned in Hosey et al. (2015). diothis, we ex-
tracted the instrumental magnitudes @4aq) using SExtractor by tting Gaussians to the
light distribution of each source. Di®erences in seeing, airmaasd exposure times are
corrected using the prescription in Honeycutt (1992). For futter details on our extraction
routine, see Jao et al. (2011) and Hosey et al. (2015). Table 4idt$ variability for 56 tar-

gets, the ter, the time coverage in years and the number of nigs on which each target
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was observed. As these stars were added to the astrometric progratrdi®erent times, we
have photometric coverage that ranges from 3.93 to 15.23 yea Our stars have average
Yag that range from 7.5 to 31.5 mmag.

To nd the average variability over long time scales with ampleoverage and to determine
the fraction of stars that show signi cant variation, we only indude stars that have at least 7
nights of data; this excludes GJ 54.1 from our analysis, whicmly has three nights of data.
All of our stars show photometric variability above the detecthle variability °oor de ned
in Hosey et al. (2015) of 7 milli-mags (mmag) for 0.9-m data. Theedian variability in
V is 14.4 mmag (34 stars)R is 13.5 mmag (14 stars) and is 11.4 mmag (8 stars). Our
values are in line with the estimates of variability by Hosey etla(2015).

To determine what fraction of our sample varies by signi cant ammunt, we compare our
unambiguously variable stars ¥mag > 20 mmag) to relatively quiescent stars, as de ned in
Hosey et al. (2015). We identi ed 7 of the 55 remaining targets S 1610AB, GJ 166C,
GJ 273, GJ 285, GJ 1256, G188-038, GJ 867BD) that change brtigass by more than 20
mmag and are clearly variable. Using this criterion, 18% i (34 stars), 7% inR (14 stars)
and 0% inl (8 stars) are signi cantly varying. Of these seven variable stars, fio (GJ 166C,
GJ 285, G 188-038, GJ 867BD) are identi ed as emission-line starsing the technique in
x3.2.2. There is a higher fraction emission-line stars among owariable stars than of the
whole sample.

Three stars (LHS 1302, GJ 1207 and LHS 3799) exhibit large ampiite, short term
brightenings in our photometric data (see Figure 4.2), whickve refer to as °are events. All

three of these stars are listed as °are stars in Gershberg et al. (999 Of particular note



54

LHS 1302 18.3 mmag GJ 1207 192.4 mmag
o T— ] 2000 T T T ————]
N ] N . ]
. [} ]
n ] n M ]
-100F . B -1000F * B
[ . ] F
n . n
L s ]
o r ° . o r
o r (3 ] o r ]
£ ofhe. ¢ T e T P YA
[eeds . . . e 31 £ E 1
< F e . o < [
100 B 1000 F B
200: 1 1 1 1: 2000: 1 1 1
2000 2005 2010 2015 2000 2005 2010
Year Year
LHS 3799 22.7 mmag
00T
. 1
—100F o E
£ s
. 4
L3 ° :
- ]
<] . [ ]
A SV T TP T E
. ' U
< .
100f- E
200: P S S U E S RS
2004 2006 2008 2010 2012 2014

Year

Figure 4.2: Flare stars. These plots show the brightness of the tpat measured relative to
a set of quiescent background stars. LHS 1302, GJ 1207, and LHS 379@wsBigni cant
°are activity. The nights with °are activity have photometric measurements that are above
the dotted lines, which represent two times the average deviah of the photometric mea-
surements. In the upper right hand corner of each plot is the stalard deviation of all “ux
measurements. The standard deviation of the °ux measurement ending the contributions

by the °are are given in Table 4.1.

is GJ 1207, which had a °are on UT 2002 June 17 that caused it to bhten by 1.7 mag
in the V band (Henry et al. 2006). This °are event causes GJ 1207 to haveethargest
variability of 192.4 mmag in our sample; excluding the °are ewt the variability is 18.1

mmag, as listed in Table 4.1. The other two stars show much smalltare events. We have

excluded these nights with °ares from our analysis to determirtbe variability levels listed

in Table 4.1.
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Figure 4.3: Stars with Photometric Trends. These plots show thberightness of the target
measured relative to a set of quiescent background stars. LHS 1610AB] G 169-029 show
signi cant long-term photometric trends. The dotted lines repesent two times the average
deviation of the photometric measurements. In the upper rightband corner of each plot is
the standard deviation of the “ux measurements.

Two of our stars (LHS 1610AB at V and G 169-029 at R) exhibit longerm photometric
trends (see Figure 4.3). Hosey et al. (2015) discovered G 169-@@%e one of the rst
M-dwarfs to have lasting °ux changes on a time scale of a decadengsthese 0.9-m data. G

169-029 has consistently brightened for 13 years for an overall °ux change of 5% in R.



Table 4.1: Photometry for the CAESAR sample

0PN NONNITOP NP NG TP o

ool

Name V2 R2 |2 PHOT VAR Filter Duration VAR Jb HP  KgP
(mag) (mag) (mag) # nts. (mmag) (yr) # nts. (mag) (mag) (mag)

GJ 1002 13.84 12.21 10.21 3 12.1 R 10.90 16 823 779 7

GJ54.1 12.15 10.73 8.95 2 22.6 Vv 10.80 3 726 6.75 6.

LHS 1302 14.49 13.00 11.16 5 12.5 R 15.23 34 941 884 8

GJ 83.1 12.35 10.95 9.18 3 8.2 Vv 3.93 9 751 6.97 6.

LHS 1326 15.70 13.99 11.91 3 8.6 Vv 8.15 9 9.84 9.25 8.

LHS 1375 15.80 14.14 12.01 3 10.6 V 5.20 10 987 931 8

GJ 102 13.05 11.76 10.10 3 13.3 R 4.06 9 8.47 791 7.

GJ 105B 11.71 10.49 8.88 2 10.6 Vv 3.95 7 7.33 6.79 6.

SO 0253+1652 15.14 13.03 10.65 3 8.8 I 11.12 26 8.39 7.88

LP 771-095A 11.22 10.07 8.66 4 15.6 Vv 15.01 34 7.11 6.56

GJ 1057 13.94 12.45 10.62 3 18.2 R 5.14 11 878 821

GJ 1065 12.82 11.60 10.04 3 14.4 Vv 10.99 19 8.57 8.00

LHS 1610AF 13.85 12.42 10.66 3 29.1 Vv 15.23 30 8.93 8.38

GJ 166C 11.24 999 8.31 3 27.0 \% 6.36 9 6.75 6.28

LP 655-048 17.80 15.73 13.37 5 12.9 I 10.97 23 10.66 9.99

LHS 1723 12.20 10.86 9.18 4 19.5 Vv 15.12 42 7.62 7.07

GJ 203 12.46 11.27 9.78 3 9.8 Vv 5.12 14 831 7.84

GJ 213 11.54 10.32 8.68 2 14.2 Vv 4.75 14 7.12 6.63

G 99-49 11.31 10.04 8.43 6 16.6 Vv 15.02 60 691 6.31

GJ 232 13.16 11.86 10.21 3 7.5 R 4.76 18 8.66 8.16

GJ 1093 1494 1325 11.24 4 15.3 R 5.12 18 9.16 8.55

GJ 273 988 868 7.14 3 29.7 Vv 5.05 14 571 5.22

GJ 283B 16.69 14.69 12.41 4 8.8 I 9.99 24 10.16 9.63

GJ 285 11.19 991 822 4 23.0 Vv 4.89 14 6.58 6.01

GJ 1103 13.26 11.89 10.19 3 15.8 V 10.98 21 850 7.94

GJ 299 12.86 11.57 9.91 3 13.3 Vv 4.90 16 842 7.93

GJ 300 12.15 10.85 9.22 3 16.6 Vv 15.04 46 7.60 6.96

GJ 1111 1496 12.89 10.59 3 12.6 R 4.90 14 8.24 7.62

LHS 2090 16.11 14.12 11.84 3 10.3 I 12.66 29 944 8.84

LHS 2206 14.02 12.63 10.85 3 17.1 R 15.01 20 9.21 8.60

LHS 292 15.78 13.63 11.25 3 13.6 R 14.85 19 8.86 8.26

GJ 402 11.71 10.43 8.84 3 14.4 Vv 4.84 10 7.32 6.71

GJ 406 13.58 11.64 9.44 2 16.3 R 14.06 57 7.09 6.48

GJ 447 11.15 9.79 8.13 3 6.51 595 5
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Table 4.1 { Continued

Name VA R2 [2 PHOT VAR Filter Duration VAR Jb Hb  KgP
(mag) (mag) (mag) # nts. (mmag) (yr) # nts. (mag) (mag) (mag)

GJ 1154 13.64 12.17 10.31 2 14.9 V 4.81 12 846 7.86 7.54
GJ 1156 13.95 12.33 10.38 2 17.7 V 4.82 9 853 7.88 757
GJ 486 11.40 10.21 8.67 2 10.8 \Y 4.83 12 7.20 6.67 6.36
GJ 493.1 13.40 12.02 10.26 2 10.3 R 5.05 13 855 7.97 7.66
GJ 555 11.34 10.06 8.44 3 12.3 \Y 14.14 34 6.84 6.26 5.94
LHS 3003 17.07 14.92 12.54 5 10.3 I 10.77 30 997 9.32 8.93
GJ 609 1258 11.32 9.70 2 10.3 \Y 4.82 10 8.13 7.65 7.37
GJ 628 10.07 8.89 7.37 3 10.9 \Y 10.93 25 595 5.37 5.08
G 169-029 14.08 12.69 10.91 3 15.3 R 13.71 35 9.14 857 8.31
GJ 643 11.77 10.55 9.01 3 8.8 \Y 10.91 21 756 7.06 6.72
GJ 644C 16.85 14.64 12.25 3 12.3 I 12.90 74 9.78 9.20 8.82
GJ 1207 12.25 10.99 9.43 5 18.1 V 14.83 45 797 744 712
GJ 699 949 8.27 6.70 1 524 483 452
GJ 1224 13.48 12.08 10.31 3 11.5 | 11.14 29 864 8.09 7.83
GJ 1230B 12.33 10.97 9.26 4 88 80 7.77
GJ 729 1050 9.26 7.68 3 10.5 V 15.04 21 6.22 5.66 5.37
GJ 752B 17.45 1521 12.78 4 17.6 I 4.90 9 991 9.23 8.77
GJ 1235 13.47 12.12 10.46 2 13.3 R 3.95 11 880 822 7.94
GJ 1256 13.47 12.10 10.37 3 23.6 R 4.31 11 864 8.08 7.75
LP 816-060 11.50 10.25 8.64 3 18.9 V 11.13 21 7.09 652 6.20
G 188-038 12.05 10.77 9.16 2 21.3 V 5.25 13 764 7.04 6.78
LHS 3799 13.30 11.87 10.04 5 12.6 \Y 11.16 24 824 764 7.32
GJ 867BD»F 11.47 10.29 8.77 3 315 \Y 11.30 18 734 6.82 6.49
LP 876-010 1259 11.31 9.61 3 13.1 V 10.35 28 808 753 7.21
GJ 896A 10.30 9.13 7.66 2 6.16 557 5.33
GJ 896B 12.40 11.04 9.28 2 7.10 656 6.26
GJ 1286 14.73 13.10 11.10 3 11.2 | 11.29 26 9.15 851 8.18

aErrors at V, R and | are typically less than 0.03 mag.
bAll J, H, Ks magnitudes are from the 2MASS All Sky Catalogue of point sourcé®m Skrutskie et al. (2006), which typically

provides errors less than 0.02 mag.

LS



“These three targets were originally thought to meet the critga of CAESAR sample, and during our observing program were

found not to meet the requirements.
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Table 4.2: Photometry of Selectsini Targets

Name va R2 2 PHOT
(mag) (mag) (mag) # nts.
RG 0050-2722 21.54 19.19 16.70 1
LHS 1443 17.04 15.18 12.99 1
2MA 0738+24 12.98 11.83 10.35 2
LP 423-31 17.04 15.32 10.32 2
GJ 324B 13.13 11.87 10.21 2
GJ 388 9.29 8.17 6.78 3
GJ 403 12.72 11.54 10.06 2
G 10-52 13.65 12.46 10.91 1
G 169-029 14.08 12.69 10.91 3
LP 759-025 17.81 15.95 13.77 1
LP 460-044 19.18 17.16 14.88 3

aErrors at V, R and | are typically less than 0.03 mag.
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Astrometry

5.1 Observations

Optical astrometric observations were obtained for 53 out of86CAESAR stars. Addition-
ally, data for the three stars (G 169-029, GJ 867BD, LHS 1610ABhat were originally
thought to meet the CAESAR criteria, as discussed in2.1, were collected. All observations
were made using the 0.9-m telescope at CTIO, using an identicaktrumental setup as that
used for the photometry frames (see4.1). The astrometry program began as an NOAO
Surveys Program in 1999 August and continued from 2003 Febryaats part of the SMARTS
(Small and Moderate Aperture Research Telescope System) Conaamt. Stars have been
intermittently added to the observing list since 1999 and starsiscussed here continue to
be observed. The Cerro Tololo Interamerican Observatory Pdfax Investigation (CTIOPI)
program was originally designed to measure accurate paralésxof nearby stars. We are
now using the same data and techniques to look for perturbatisrdue to companions that
remain in our astrometric signal after solving for the parallagc motion and the proper
motion of our targets. We observe each star in one of thé, R, or | Tters. Stars are
observed through the Tter that gives the strongest reference d| while not compromising
the counts of the target star (the Tter and number of referencestars used are given in
Table 6.1). Strong reference elds that give the most precise @dlax measurement include
5 to 12 reference stars that are bright (peak counts greaterdn 1000), close on the chip to
the target star, and in a con guration that surrounds the target We require all stars used
as reference stars to have a minimum of 100 peak counts and tovéd@ maximum of 65,000

peak counts. The maximum number of peak counts is set by the saation level of our
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detector at 65,536. Our reduction routine accounts for platscaling and rotation e®ects, but
ignores higher-order terms (astigmatism, coma, chromatic abration; see Jao et al. 2005).

Exposure times are set such that the target star, or in some cases ayelose bright
reference star, does not saturate. Our maximum exposure time 600 seconds. We aim
to obtain exposure times of at least 30 seconds for every star,haugh this is not always
possible for our brightest stars.

Frames are only collected under seeing conditions better .4’ determined by the
FWHM of the stars in the eld to be used in our reduction. Also, the taget star and its
reference stars must have an ellipticity less than 20%, in ordén determine the centroid
of the stars accurately and to eliminate frames with possible dcking/guiding errors. The

guider is typically used for any exposure times longer than 3G@&conds.

5.2 Astrometric Reductions

We correct all centroids of target stars and reference starg fdi®erential chromatic refraction
(DCR). These corrections are needed to account for the targstar and its reference stars
not being of identical color, which causes their positions asesefrom Earth to shift relative
to one another due to atmospheric refraction. The amount of aection needed for each star
depends on the Tter used and the hour angle of observation, as livas the temperature,
pressure, and humidity; however, these environmental factocsan be ignored assuming we
have stable observing conditions, as discussed in Monet et al. (29@nd Stone (1996). To
see at length how DCR correction is performed for our astrometrtargets, see Jao et al.

(2005).
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As an example, Figure 5.1 displays the di®erence in astrometrgsiduals obtained with
and without correction for G 169-029, which was observed in ¢hR Tter. The refraction
correction to the centroids for G 169-029 led to a change insit nal position as large as
» 20 mas in the R.A. axis compared to the frames uncorrected fordR. Comparatively,
the correction for centroids in the Decl. axis leads to a muckmaller change in the nal
positions; the centroid correction for the Decl. axis is almostero when the star is observed
near zero hour angle (Jao et al. 2005). In Figure 5.1, the reaa@ deviations (in later
chapters referred to as the series deviations) are the standatdviations of the astrometric
measurements and the mean errors (in later chapters referréal as the nightly errors) are
the average statistical uncertainties of all the measurementgor the R.A. axes of G 169-029
with DCR correction the series deviation is 2.4 times less thahe series deviation without
DCR correction.

After correcting for DCR, we measure accurate positions usingetSExtractor Centroid-
ing algorithm from Bertin & Arnouts (1996) and use the Gauss t progam (Je®erys et al.
1987) to simultaneously solve for the parallax relative to theeference stars and proper
motion using all available data (for more details see Jao et &005). The Gauss t program
computes a least-squares t to the astrometric equations and d@mines the best answer
by minimizing A?. If after running our Gausst program, reference stars are fountb have
proper motions greater than 805=yr or parallaxes greater than 10 mas based on photometric
parallaxes, then those stars are rejected as reference stars. Bbain the absolute parallax
of our target star, we must correct for the parallactic motion bthe reference stars as these

stars are not in nitely far away. We use photometric parallaxesand accurateV, R and |
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Figure 5.1: DCR correction for G 169-029. Théeft panelsshow the astrometric residuals
of G 169-029 without DCR correction, whileright panels show the residuals with DCR
correction. The lled circles indicate nights with multiple exposures (typically 5), whereas
the open circles are taken on nights with a single frame of dat&ypically for photome-
try). Examination of the two plots shows a signi cant improvemat in the RA astrometric
residuals.

photometry described inx4 to correct our relative parallax to the absolute parallax viue
(Jao et al. 2005). All of the remaining frames are used to t the pallactic orbit of the star,

including single frames on photometric nights. However, onlyights with 2 or more good
images are used to search for any residual astrometric signal th@mains after correcting
for the parallactic motion and proper motion of our target.

During the » 16 years of astrometric observations, two di®eren; Iters were used.
The rst V; Tter was cracked and was replaced in February 2005 with a ndgaridentical
V; Tlter, which we adopted assuming that it possessed a similar enoughatrsmission pro le
as the original to provide consistent astrometry. After a few yea of obtaining data, we

noticed a few milli-arcsecond (mas) o®set in the astrometric resgls of some stars that
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were known to be single from other techniques (Subasavage et24109); we determined that
the o®set rst appeared when we replaced thé; Tter. The e®ect of using the replacement
V; Tter is more clearly seen in the astrometric residuals in the rigf ascension axis. After
a close inspection of the rstV; lter, it was realized that the small crack does not project
onto the part of the chip that is regularly used (i.e. the cental quarter). Therefore, in July
2009, we replaced the second; Tter with the original V; Tter (Riedel et al. 2010). All
data acquired after July 2009 were with the originaV; Tter. Using data from both Tters
may increase the parallax error, but does not change the palat value (Subasavage et al.
2009; Riedel et al. 2010) and the average residual deviatioor fthe stars is still less than
4 mas for 35 stars observed in th¥; Tter (see x7.3). Therefore, we choose to use data
obtained in both Tters to maximize the time coverage.

Parallax errors are determined by adding in quadrature theelative parallax error given
by the Gauss t program (Je®erys et al. 1987) and the absolute palat correction (for more
details see Jao et al. 2005). The errors for the residual astrotme signal are determined
empirically based on both the nightly dispersions and the ovetalispersions. The parallax
errors and the errors for the residual astrometric signal are stiussed further inx6.1 and

X6.2, respectively.
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Astrometric Results

6.1 Parallaxes and Proper Motions

We successfully obtained astrometric observations for 53 out 8 £EAESAR stars. We also
acquired data for G 169-029, LHS 1610AB and GJ 867BD, which wea## presumed to be
CAESAR stars at the start of our program (seex2.1). We also obtained data on the M4V
planet host GJ 876 (Delfosse et al. 1998; Marcy et al. 1998), whiwould have met all of

the CAESAR criteria, except that it had known planets. In total, we collected 6508 high
quality astrometric frames that are used for analysis on a cotiBon of 57 stars. Between
23 and 397 frames per star were collected over time baselineattistretch from 3.93 to

15.23 years. In Table 6.1, we list the Tter used for astrometric alervations, the number of
seasons the target has been observed, the number of parallaxrfes, the start and end dates
of observations, the time duration of the observations, the nundy of reference stars, the
relative parallax (Yarel), the correction to absolute parallax ¥acorr), the absolute parallax

(Yaabs).

We were unable to obtain astrometric data for ve stars: GJ 447, G699, GJ 1230B,
GJ 896A and GJ 896B. The rst of these, the M4V dwarf GJ 447\( =11.15 mag) is in a
relatively sparse part of the sky; there are not enough referemstars in the 68 x 68 FOV
in order to solve the astrometric equations and obtain paralladata. The M3.5V dwarf GJ
699 Barnard's Star {/ =9.49 mag), is an extremely bright M-star. This star saturatesn
our detector before we are able to gain enough counts for theference stars. GJ 1230B is

separated 82 from the spectroscopic binary GJ 1230AC (Gizis & Reid 1996)nd the star
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light from this close companion would corrupt our astrometrisolution for GJ 1230B. Also,
the astrometric solutions for GJ 896A and GJ896B, separated by% are corrupted.

Parallax errors are determined by adding in quadrature theelative parallax error deter-
mined by the Gauss't program (Je®erys et al. 1987) and the absoluparallax correction
(for more details see Jao et al. 2005). Of the 57 stars with astretnic observations, 52 of
those have parallax errors less than 4 mas. Our parallax errorange from 0.48 to 10.56
mas with a median parallax error of 1.67 mas. Four of ve stars (G34.1, GJ 102, GJ
105B, LHS 1326) with high parallax errors have seven or fewerghis of astrometric data.
The fth star (GJ 876) has 11 nights of data, but has a very scarcena skewed reference
“eld. We note that all stars in the reference eld of GJ 876 are totlte west of the star,
whereas ideally reference stars surround the target star on aildes. The position of GJ
876 relative to its reference stars is mostly likely the reasonrfthe large parallax error. As
more data are acquired and more of the parallactic ellipse isrspled, the parallax errors
for these stars should continue to decrease.

The errors on the parallax measurement represent our internatatistical precision. To
estimate our systematic errors, we determine the di®erences betn the our measured par-
allaxes and those of van Altena et al. (1995) (47 stars) and van Legen (2007) (23 stars).
The mean absolute deviations from our parallax to those of van #ina et al. (1995) are 6.4
mas and to those of van Leeuwen (2007) are 7.8 mas. This error doates our internal
error. Figure 6.1 (utilizing our internal errors only) showsthat most of our measurements
are consistent within their uncertainties. The stars with largst discrepant distance mea-

surements are GJ 300, LHS 1610AB (compared to van Altena) and LP D95 (compared



67

~ B I LI LR T » U LI LI T
a ‘ g ‘ ]
£ 400F ] < 400F ]
~ : c : ]
0 ()] 1
c 3 ]
[ + 4 o) I ]
= C ] 0 L 1
< 300F ] © 300F 7
c : ] c :
: 9
£ : ] : ]
8 200 HBIOIN 1§} ]
| L |
X [ ] [ ]
s 100} ] 2 100} {—LP771-035 ;
S f G430 o f -
o fEFETETE B R A A | IR A | IR | I DO_ fEFETETE EPR A A A | IR A | TR R | I

100 200 300 400 100 200 300 400

Our Parallox Values (mas) Our Parallax Volues (mas)

Figure 6.1: Comparison of our parallax values to those of van Alha (1995) and van Leeuwen
(2007). Most of our parallax values are consistent within theiuncertainties to those of
van Altena et al. (1995) (47 starsleft panel) and van Leeuwen (2007) (23 starsight panel).
The largest deviant points are of LHS 1610AB and GJ 300 on tHeft panel and of LP 771-
095 on theright panel; see text for details for these three stars.

to van Leeuwen). As previously reported in Henry et al. (2006), RCONS parallax mea-
surements of LHS 1610AB do not match that of van Altena et al. (1995 however our
measurement is consistent with the photometric distances by ®be & Jahrei%s (1991) and
Reid et al. (2002). Henry et al. (2006) also suggest for GJ 300 thidte rather large error of
15.0 mas by van Altena et al. (1995) was optimistic. Our measureamt of LP 771-095A is
discrepant with van Leeuwen (2007); perhaps this is caused iarpby the close pair LP 771-
095BC that is 722 (Jao et al. 2003) from the A component, which a®ects thiPPARCOS
measurements used by van Leeuwen (2007).

Figure 6.2 shows a histogram of the RECONS parallax errors compd to the weighted

mean parallax errors (all previous parallaxes from the litature for each target combined)
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Figure 6.2: Histogram of our Parallax Errors Compared to the Wghted Mean Parallax
Errors from Published Literature Sources. Our parallax errar (blue lineg range from 0.48
to 10.56 mas with a median parallax error of 1.67 mas, wheredmetweighted mean parallax
errors (green lines listed individually in Table 2.1) range from 0.23 to 4.90 masvith a

median parallax error of 2.30 mas.

before the start of our observations (see Table 2.1). The weiglt mean parallax errors from
the literature range from 0.23 to 4.90 mas with a median padal error of 2.3 mas. Therefore,
our median parallax error of 1.67 mas is less than that of the wghted mean parallax errors
from the literature. This is re°ected in the histogram, as our gors are centered around a
large peak at 1 2 mas, whereas the weighted mean errors from the literature Jethree

distinct peaks at 0.5 1 mas, 1.5 2.5 mas and the largest peak between 3 mas.

A few objects are worthy of special of note:

2 G 169-029 has an absolute parallax of 96.@11.18 mas. This object has no previously

published trigonometric parallax measurements.
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2 LHS 1302 has an absolute parallax of 96.950.96 mas. This parallax value supersedes
that in Henry et al. (2006), as we now have roughly twice as marfyames over twice
the time span. We are also using an improved centroiding technig. The new distance

measurement places this object beyond 10 pc.

2 GJ 1235 has an absolute parallax of 97.882.92 mas. The new weighted mean

parallax value for this star is 98.6% 2.42 mas; this places GJ 1235 beyond 10 pc.

2 GJ 628 has a correction from the relative parallax to the absolute pallax 11.97
mas, which is much larger than typical. We expect that this is aonsequence of
the reference stars being highly reddened because they arehiit1(® of the Upper
Scorpius OB Association (Preibisch et al. 1998). Rather than ugnthis correction,
which would bias the distance measurements, we use 1.43 mas, whscthe average
of the corrections to absolute from 221 stars previously publisd using the CTIOPI
pipeline (Jao et al. 2005; Henry et al. 2006; Gizis et al. 2008ubasavage et al. 2009;

Riedel et al. 2010; Jao et al. 2011; Riedel et al. 2011; von Braet al. 2011).

2 LHS 292 and LHS 1326 both show sinusoidal-like astrometric residuals and are

further discussed inx9.1.

The proper motion amplitudes ¢ ), the proper motion position angles (P.A.), and the
tangential velocities (Man) for the stars are given in Table 6.2. The errors on the proper
motion amplitudes given in Table 6.2 represent our internal stistical precision. To esti-
mate our systematic errors, we use the standard deviation of the®grences between the

proper motion amplitudes of previous RECONS measurements ge Subasavage et al. 2009;



70

Riedel et al. 2010; Jao et al. 2011) anHIPPARCOS, which is 16.8 mas/yr. Similar to our
parallax errors, the systematic error for the proper motion ampude dominates the error

budget.

6.2 Astrometric Residuals

After solving for the parallactic and proper motions of each ta@et, the residual position
measurements are investigated for motions caused by a compamié rst order assessment
of this is done by computing the standard deviation of the fulkeries of position measure-
ments in R.A. and in Decl. We refer to the standard deviations othe series positions as
series deviations. The average series deviations for all 57 st&#3 CAESAR stars, plus G
169-029, GJ 867BD, GJ 876, and LHS 1610AB) is 3.32 mas in right ession (R.A.) and
3.93 mas in declination (Decl.). The average series deviai®range from 0.71 mas to 7.35
mas in R.A. and from 0.71 mas to 9.74 mas in Decl. (see Table 6.3)e also report the
statistical uncertainties (henceforth referred to as the nigly error) for each star, which are
calculated by averaging all of the nightly errors. The errorm a single night is computed by
taking the standard deviation of the o®sets from zero for the fnaes, typically ve, taken
on each star during a night. The nightly errors for both R.A. andDecl. are also listed
Table 6.3. The nightly errors range from 1.83 mas to 8.48 mas R.A. and from 2.05 mas to
12.54 mas in Decl. For the 53 CAESAR stars, plus G 169-029 and GJ 8%t astrometric
signals that remain after correcting for the parallactic angproper motions are plotted over
time in Figure 6.4 6.13, split into R.A. and Decl. Plots of GJ 867BD and LHS 1610AB

are shown later in the Discoveries Chapter.
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We further divided our results by comparing the average serieeviations and nightly
errors in R.A. and Decl. for the three di®erent Tters (see Figuré.3). The lowest series
deviations and nightly errors are for stars that were observeid the | Tter (8 stars). This
could be partially caused by stars in thd Tter having longer exposure times (as generally
we observe faint late M-dwarfs in thel Tter); we nd evidence for a correlation between
longer exposure times creating better centroiding that leatb lower residuals. The highest
series deviations are for stars observed in the Tter (14 stars) and the largest nightly
errors are for stars observed in th& Tter (35 stars). On average, nightly errors are» 1.4
times larger than series deviations for th& Tter, » 1.2 times larger than series deviations
for the R Tter and » 1.6 times larger than series deviations for thé Tter. We take this
as an indication that we are slightly over-estimating our nigthy errors, especially for stars

observed in thel TTter.
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Figure 6.3: Series Deviations versus Mean Nightly Errors. On esage, our nightly errors
are » 1.4 times larger than series deviations for the Tter, » 1.2 times larger than series
deviations for the R Tter and » 1.6 times larger than series deviations for the Tter. We
take this as an indication that we are slightly over-estimatig our nightly errors, especially
for stars observed in thd Tter.



30

—-30
30

DEC Residual (mas) RA Residual (mas)

—30

30

-30
30

DEC Residual (mas) RA Residual (mas)

-30

30

—-30
30

DEC Residual (mas) RA Residual (mas)

20
10

—10F
720 =

20¢
10F

—10F
—20F

20F
10F

—10F
—20F

20
10

—10F
—20F

20
10F

—10F
—20F

20F
10F

7’10 =
—20F

GJ1002
b Tos P : %7
Tow b b e (X2
l = I » s by 1.3 {7
t t podpeet
2004 2006 2008 2010 2012 2014
LHS1302
§$§§§E§;R§J PR T TR
§ LA } 1 i
FOTR 0.0 O 7% U S I
LI ? =R * E t E
2000 2005 2010 201
LHS1326
T
; -
[} [ § o
. } I’ ¢
2008 2010 2012 2014

30

20
10

—10E
720 =

-30
30

20¢
10F

—10F
—20F

=30

30

20F
10F

—10E
—20F

-30
30

20
10

—10E
—20F

=30

30

20
10F

—10E
—20F

-30
30

20F
10F

7’10 =
—20F

73

GJ0054.1
! Tod
1 -
1 1 {
? ot
2004 2006 2008 2010 2012 2014
GJ0083.1
% T }
I. IH I . 1
f I I t .
2011 2012 2013 2014 2015
LHS1375
$ . $s.]. 3.2 37 I
+ T 3 i
: i3 3 i
L i LI 4 hd
2010 2011 2012 2013 2014 2015

Figure 6.4. Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.5: Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.6: Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.7: Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.8: Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.9: Relative astrometric measurements are plotted ew time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.10: Relative astrometric measurements are plottedser time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.11: Relative astrometric measurements are plottedser time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.



81

GJ1256 LP816—-060
= 30 ‘ ‘ 30 ‘ ‘
° 20p 20¢
~ 10p 108
ER ﬁi EHE i fro b ol % :Etrf k %ﬁﬁ{ |
el =
E -10¢ f -10¢F 1 ! I
-20¢ -20¢
& -30 -30
g 30 30
g 20¢ 20F
- iop 0p ]
S ) I i b ld o 1 Llw : bt o3
% 4 II'T ! r1 t FIE % toE o
g -10F -10¢ -
o
o —20F -20 ¢
W -30 ‘ ‘ ‘ ‘ ‘ -30E. . ‘ ‘ ‘ ‘ ‘
(@)
2010 2011 2012 2013 2014 2015 2004 2006 2008 2010 2012 2014
G188-038 LHS3799
— 30 30
e 20¢ 20F
~ 10F% 10F t
S 0 1 ; : [ | [ h I 0b st 3z { T
3 1 LK ! L S S L t A
g -10F t -10¢ ;
z -20° -20 ¢
¥ -30 -30
T 30 30
g 20¢ 20¢
— 10f { 108
s 0 ok g M ok g b 13 { ST S
s o "Il 4y fodog g
$ -10p -10¢ ]
o -20F -20 ¢
B =30 ‘ ‘ ‘ ‘ ‘ ‘ -30 ‘ ‘ ‘ ‘ ‘ ‘
2010 2011 2012 2013 2014 2015 2004 2006 2008 2010 2012 2014
LP876—-010 GJ0876
& 30 ‘ ‘ 30 ‘ ‘
e 20p 20¢ ;
~ iop 0p .
S 0 § IET Li {zg Foo R %i %E T% '{ 3 0 z% ¥ T I T :& £ & ﬁ
3 i
E)fﬁof MV -10F t I T ff J
-20¢ -20 ¢
& -30 -30
T 30 30
£ 20F 20F
— 10f i ¥ : 10F l
S 5 Tz hE l§..4 t -j I S S 0 ﬂl T | i ( BT l i
2 1o i+ fi F It ﬁi ! 10 P ! { [T s
9 _10F : _10E
o
o —20F -20 ¢
H -30 -30
2004 2006 2008 2010 2012 2014 2004 2006 2008 2010 2012 2014

Figure 6.12: Relative astrometric measurements are plottedser time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tlse stars. Limits on possible
companions are given in more detail ix9.
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Figure 6.13: Relative astrometric measurements are plottedser time for both R.A. and
Decl. (see Table 6.3). After solving for parallactic and propemotion, we see no indica-
tions of companions in the astrometric residuals for any of tilse stars. Limits on possible
companions are given in more detail ix9.



Table 6.1: Parallax Results

Name Filter Ngea® Nirm Coveragé  Year® Nger Ya(rel) Ya(corr) Y,(abs)
(mas) (mas) (mas)

GJ 1002 R 11s 74 2003.77-2014.67 10.90 4 2387 2.0%0.16 207.483.47
GJ54.1 V 3s 23 2003.85-2014.65 10.80 5 268.78.55 1.680.44 263.48 10.56
LHS 1302 R 15s 192 1999.71-2014.94 15.23 5 dBBA6 0.640.06 96.9€ 0.96
GJ 83.1 V 5s 46 2010.74-2014.67 3.93 5 218306 1.580.36 220.0%2.78
LHS 1326 \Y 8s 24 2006.78-2014.93 8.15 6 108685 0.2& 0.03 108.96 5.05
LHS 1375 \/ 6s 38 2009.75-2014.94 5.20 7 10682 1.040.26 107.68 3.93
GJ 102 R 5c 43 2010.74-2014.80 4.06 8 108.433 1.4%0.18 103.684.13
GJ 105B \Y 5s 36 2010.97-2014.92 3.95 5 128.9®3 1.080.33 130.084.94
SO 0253+1652 I 12s 154 2003.53-2014.65 11.12 5 28813060 2.7€ 0.32 261.181.63
LP 771-095A V 13s 187 1999.64-2014.65 15.01 5 148185 0.980.14 143.181.56
GJ 1057 R 6s 44 2009.93-2015.07 5.14 6 118204 1.330.19 117.38§ 2.15
GJ 1065 Vv 12s 107 2003.95-2014.94 10.99 6 9%9B69 1.380.17 101.281.60
LHS 1610AB V 15s 175 1999.71-2014.94 15.23 7 1081165 1.480.23 105.581.67
GJ 166C \Y 5s 54 2008.70-2015.06 6.36 6 208002 1.580.34 202.682.94
LP 655-048 I 12s 107 2003.95-2014.92 10.97 7 1@®®6e9 1.3830.08 102.980.69
LHS 1723 V 16s 279 1999.81-2014.93 15.12 8 1&0r23 1.480.21 186.180.76
GJ 203 VvV 6s 65 2009.94-2015.06 5.12 6 104.351 2.280.50 106.681.78
GJ 213 V 5s 60 2010.16-2014.92 4.75 6 178285 1.330.38 172.782.38
G 99-49 V 16s 397 1999.91-2014.93 15.02 6 1891781 2583157 194.2§1.87
GJ 232 R 6s 85 2010.16-2014.92 4.76 8 118487 1.740.32 116.281.90
GJ 1093 R 6¢c 79 2009.94-2015.06 5.12 11 138028 0.630.13 132.6§1.29
GJ 273 \Y 6¢c 67 2010.01-2015.06 5.05 6 263383 0.830.15 263.58 3.83
GJ 283B I 11s 140 2003.96-2013.95 9.99 11 109386 1.080.09 110.450.67
GJ 285 VvV 6s 77 2010.17-2015.06 4.89 9 178.028 0.9%0.16 171.0682.29
GJ 1103 V 12s 118 2003.95-2014.93 10.98 6 1®m89 0.580.10 106.680.90
GJ 299 V 6s 74 2010.16-2015.06 4.90 7 158.006 1.380.18 151.3%0.98
GJ 300 \J 16s 258 1999.91-2014.95 15.04 8 128 B30 1.280.26 122.780.48
GJ 1111 R 6s 64 2010.16-2015.07 4.90 5 2695347 1.280.12 270.852.17
LHS 2090 I 14s 147 2002.28-2014.94 12.66 7 11764 1.780.22 157.48 1.06
LHS 2206 R 16s 178 2000.06-2015.07 15.01 6 1381980 0.980.05 109.851.80
LHS 292 R 13s 90 2000.23-2015.08 14.85 6 218B713 0.580.04 213.961.13
GJ 402 \Y 6s 51 2010.39-2015.24 4.84 5 1483623 1.680.43 147.183 3.26
GJ 406 R 14s 162 2000.23-2014.29 14.06 5 4121046 1.480.17 414.481.47
GJ 1154 Vv 6s 50 2010.40-2015.21 4.81 6 128.983 0.6%0.08 124.68 1.83
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Table 6.1 { Continued

Name Filter Ngea® Nirm Coveragé  YearS Nger Ya(rel) Ya(corr) Y,(abs)
(mas) (mas) (mas)

GJ 1156 V 6s 44 2010.39-2015.21 4.82 5 158.9P4 0.8%0.09 155.8681.24
GJ 486 \ 6s 54 2010.39-2015.22 4.83 6 128.83615 2.180.57 122.78 3.50
GJ 493.1 R 6¢c 59 2010.16-2015.21 5.05 5 118308 1.180.06 114.662.18
GJ 555 \Y 15s 203 2000.14-2014.28 14.14 6 168234 0.580.22 161.881.36
LHS 3003 I 12s 174 2003.52-2014.29 10.77 6 13®@B21 1.630.25 141.480.94
GJ 609 \/ 5¢c 55 2010.40-2015.22 4.82 8 og@44 2.080.36 100.182.47
GJ 628 \Y 12s 153 2003.51-2014.44 10.93 5 228386 1.430.17 230.3§2.27
G 169-029 R 14s 168 2000.57-2014.28 13.71 9 351997 0.6830.14 96.681.18
GJ 643 V 12s 132 2003.52-2014.43 10.91 6 159230 3.280.46 153.581.19
GJ 644C I 14s 211 2001.53-2014.43 12.90 7 158@27 2.080.14 155.480.49
GJ 1207 V 16s 242 1999.62-2014.45 14.83 7 119(®83 0.780.18 112.280.85
GJ 1224 I 12s 188 2003.52-2014.66 11.14 9 128[®96 2.681.56 127.6681.83
GJ 729 \Y 13s 134 1999.62-2014.66 15.04 7 335228 3.980.99 340.281.62
GJ 752B I 6s 41 2009.56-2014.45 4.90 8 1682424 2.5@ 0.85 168.78 1.50
GJ 1235 R 5s 46 2010.50-2014.45 3.95 7 98.4M05 4.1832.18 97.582.92
GJ 1256 R 5s 55 2010.50-2014.80 4.31 10 1083B39 1.980.16 105.781.40
LP 816-060 V 11s 153 2003.52-2014.65 11.13 8 1811580 1.630.41 176.2%1.08
G 188-038 Vv 4c 55 2009.56-2014.81 5.25 8 108288 1.240.18 109.48 2.39
LHS 3799 \/ 11s 131 2003.52-2014.67 11.16 5 1&F18B60 0.480.14 138.381.61
GJ 867BD V 11s 109 2003.52-2014.82 11.30 5 109549 0.9830.20 110.4%1.80
LP 876-010 \/ 10s 134 2004.44-2014.79 10.35 6 1311264 1.0830.24 132.2% 1.07
GJ 876 V 11s 73 2003.52-2014.81 11.28 5 208440 2.140.57 210.8684.14
GJ 1286 I 12s 149 2003.52-2014.81 11.29 5 1®17O3 2.280.25 142.0%81.06

aNumber of seasons (N,) counts observing semesters where a dataset was taken, and desaf coverage was 'c'ontinuous
(more than one night of data in all seasons) or 's'cattered.

bCoverage and Years run from the st to last epoch.

78



Table 6.2: Proper Motion and Tangential Velocity Results

Name ! P.A. Vtan
(mas yr 1) (deg) (kms 1)

GJ 1002 2032.§0.9 203.B0.05 46.4
GJ54.1 1349.81.7 62.80.13 24.3
LHS 1302 596.80.2 115.€0.04 29.2
GJ 83.1 2069.81.9 148.€0.10 44 .6
LHS 1326 737.81.8 248.80.26 32.1
LHS 1375 643.87.0 131.81.24 28.3
GJ 102 668.6 2.7 176.580.34 30.6
GJ 105B 2317.63.4 51.830.17 84.5
SO 0253+1652 510380.6 138.80.01 92.6
LP 771-095A 479.80.4 234.%0.09 15.9
GJ 1057 1738.81.2 87.830.06 70.2
GJ 1065 1444.80.5 198.%0.03 67.7
LHS 1610AB 767.80.3 146.830.05 34.4
GJ 166C 4081.81.7 214.830.05 95.5
LP 655-048 359.80.2 69.30.05 16.5
LHS 1723 772.80.2 226.30.03 19.7
GJ 203 773.809 194.80.12 34.4
GJ 213 2534.81.5 128.80.07 69.5
G 99-49 308.80.3 97.30.09 7.5

GJ 232 746.821.5 133.80.23 30.4
GJ 1093 1274.80.7 134.30.06 455
GJ 273 3732.82.2 171.30.06 67.1
GJ 283B 1272.30.2 115.80.02 54.6
GJ 285 561.21.5 218.80.31 15.6
GJ 1103 800.60.2 161.4£0.03 35.6
GJ 299 5203.20.6 168.80.01 162.9
GJ 300 698.80.1 178.§0.01 27.0
GJ 1111 1253.81.5 240.80.13 21.9
LHS 2090 774.80.3 221.830.04 23.3
LHS 2206 520.8§0.3 319.@0.07 22.5
LHS 292 1640.8 0.3 158.% 0.02 36.3
GJ 402 1174.8 1.5 226.80.15 37.8
GJ 406 4695.80.4 236.830.01 53.7
GJ 1154 083.80.9 254.20.09 37.4
GJ 1156 1284.80.7 279.80.05 39.1
GJ 486 1100.81.7 245.40.16 425
GJ 493.1 947.91.2 283.80.12 39.2
GJ 555 682.80.4 331.80.06 20.0
LHS 3003 971.860.4 210.830.04 325
GJ 609 1558.81.5 217.§0.11 73.8
GJ 628 1191.6 0.7 185.40.05 23.4
G 169-029 40180.3 6.80.07 19.7
GJ 643 1203.8 0.3 223.30.03 37.2
GJ 644C 1188.8 0.2 224.@ 0.01 36.2
GJ 1207 607.80.2 126.20.04 25.7
GJ 1224 703.80.3 240.20.04 26.1
GJ 729 666.20.3 106.80.05 9.3

GJ 752B 1486.8 0.6 202.80.04 41.8
GJ 1235 1733.81.4 213.80.09 84.2
GJ 1256 1482.820.9 63.4£0.07 66.4

85



Table 6.2 { Continued

Name 1 P.A. Vtan
(masyrl) (deg) (kms?)

LP 816-060 3149803 277.30.08 85

G 188-038 376215 84.80.35 16.3
LHS 3799 768.0.3 157.80.04 26.3
GJ 867BD 429.805 96.80.11 184
LP 876-010 378.20.3 118.80.10 13.6
GJ 876 1156.§1.0 124.30.10 26.0
GJ 1286 1141.80.3 137.30.03 38.1




Table 6.3: Astrometric Series Deviations and Nightly Errors

Name Filter R.A. Series Decl. Series R.A. Nightly Err. Decl. Nigty Err.

(mas) (mas) (mas) (mas)
GJ 1002 R 1.81 2.64 2.67 3.53
GJ54.1 \Y 0.71 0.71 3.90 4.38
LHS 1302 R 3.67 3.66 3.24 3.59
GJ 83.1 \Y 1.64 2.86 4.70 6.44
LHS 1326 \Y 7.01 7.21 4.28 4.51
LHS 1375 Vv 2.35 2.36 3.06 2.05
GJ 102 R 4.83 7.88 7.32 12.54
GJ 105B \Y 6.70 2.33 7.39 6.41
SO 0253+16 | 3.73 2.48 6.67 7.71
LP 771-095A V 6.37 9.74 6.90 8.15
GJ 1057 R 2.30 5.65 4.23 5.21
GJ 1065 Vv 2.34 4.27 3.21 3.87
LHS 1610AB V 2.90 4.40 4.96 5.67
GJ 166C \Y 3.41 2.38 8.48 8.68
LP 655-048 I 1.76 2.25 1.91 2.06
LHS 1723 \Y 3.98 491 4.39 5.61
GJ 203 \Y 4.17 4.47 4.73 5.66
GJ 213 \ 1.96 4.16 6.07 9.57
G 99-49 \Y 3.21 2.61 4.94 5.19
GJ 232 R 2.58 3.92 5.57 6.41
GJ 1093 R 2.11 3.19 3.58 5.02
GJ 273 \% 4.10 5.79 7.81 7.48
GJ 283B I 2.18 2.02 2.26 2.75
GJ 285 \ 5.08 5.98 7.34 12.22
GJ 1103 V 2.60 3.11 1.83 3.25
GJ 299 \Y 1.96 1.89 3.20 4.31
GJ 300 \Y 1.65 2.26 2.54 2.79
GJ 1111 R 2.58 2.77 2.57 3.17
LHS 2090 [ 3.59 4.24 4.95 4.54
LHS 2206 R 3.04 3.09 5.17 5.40
LHS 292 R 7.35 6.98 3.07 3.07
GJ 402 \Y 2.16 4.05 6.48 7.35
GJ 406 R 4.46 5.26 4.91 6.17
GJ 1154 \% 2.70 3.65 3.50 2.56
GJ 1156 Vv 2.42 3.25 3.00 4.20
GJ 486 Vv 2.44 3.26 5.84 6.64
GJ 493.1 R 3.69 4.40 4.14 6.64
GJ 555 \Y; 4.98 4.23 6.06 6.49
LHS 3003 I 3.57 2.36 3.64 3.65
GJ 609 V 2.03 3.68 4.37 7.61
GJ 628 \Y; 4.31 4.02 5.65 6.94
G 169-029 R 5.94 5.56 3.74 5.65
GJ 643 Vv 4.99 9.51 4.45 6.73
GJ 644C | 2.07 3.03 3.08 2.68
GJ 1207 \Y 4.84 5.87 3.05 4.84
GJ 1224 I 2.22 2.83 4.27 5.25
GJ 729 \Y 3.55 4.21 3.69 4.90
GJ 752B [ 1.65 1.86 2.12 2.47
GJ 1235 R 2.42 2.22 2.62 4.95
GJ 1256 R 3.42 2.78 3.78 4.66




Table 6.3 { Continued

Name Filter R.A. Series Decl. Series R.A. Nightly Err. Decl. Nighy Err.

(mas) (mas) (mas) (mas)
LP 816-60 \Y 2.71 2.36 3.78 3.96
G 188-38 V 4.48 5.99 6.71 6.74
LHS 3799 V 3.31 3.41 2.32 3.01
GJ 867BD Vv 2.30 3.70 241 4.07
LP 876-10 V 2.53 3.84 441 5.11
GJ 876 \% 4.66 4.36 6.37 6.10
GJ 1286 I 1.87 1.97 4.39 4.92
Average \% 3.43 4.09 4,73 5.63
Average R 3.59 4.29 4.04 5.43
Average I 2.38 2.59 3.71 4.05
Average V,R,l 3.32 3.93 4.42 5.36
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High Dispersion Infrared Spectroscopy

7.1 Observations

Spectroscopic observations were made for 48 out of the 58 CAESARrst In addition,
we observed 12 other stars (AU Mic, G 169-029, GJ 281, GJ 393, G45B, GJ 873, GJ
867BD, GJ 905, GJ 1245B, LHS 1610AB, LHS 1805, LHS 3376) during theurse of our
observations. The M1.0 Pic association member AU Mic (Barrado y Navascugs et al.
1999; Hawley et al. 1996) and the M2.5 AB Dor member GJ 393 (McQhy & White 2012)
are both young stars. The detection of a hot Jupiter around thestars could be fundamental
in helping formation models constrain the timelines of migtéon of hot Jupiters around stars.
The K7 dwarf GJ 281 (Reid et al. 1995) is an RV standard for our Ryprogram. Five of the
12 additional stars (GJ 873, GJ 905, GJ 1245B, LHS 1805, LHS 33&¢ all mid to late M-
dwarfs within 8 pc. These nearby stars are not in the CAESAR samples they are located
further north than our declination cut-o® of +30° and are not observable from the 0.9-m
telescope in Chile from which we obtain astrometric data; hower, these targets are easily
observable by the IRTF and therefore included in our spectrospi survey. We collected
data for the active M2V dwarf GJ 745B (Reid et al. 1995) per theequest of one of our
collaborators, who plans to compare simultaneously obtainedfrared and optical RV data
in order to discover a method to disentangle stellar jitter fronthe RV measurements. The
remaining 3 out of our 12 stars (G 169-029, GJ 867BD, LHS 1610ABere once thought
to be a part of the CAESAR sample; however, during the course of oobservations it has

been determined that these targets do not meet the CAESAR critix (seex2.1).
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All infrared spectroscopic observations were obtained using CSHE (Tokunaga et al.
1990; Greene et al. 1993) located on the 3-m telescope at NASA'franed Telescope Facil-
ity (IRTF). CSHELL is a long-slit echelle spectrograph that usesa circular variable Iter
(narrow-band Tters mounted in a circular design) to isolate a sigle order onto a 256x256
InSb detector. Spectra are centered at 2.298 microns (vacuyand cover approximately a
50A window. Telluric methane absorption features from the Ealt's atmosphere that are
superimposed on the photospheri#CO R branch lines at 2.3 microns are used as an abso-
lute wavelength reference (e.g. Blake et al. 2010; Bailey &t 2012). The design resolving
power is 100,000 per pixel. We use CSHELL in the high resolutionoae (0.5°slit=2.5
pixels), which yields a predicted spectral resolving power of R 40,000. The measured
resolving power determined from the model ts to telluric absqtion features (described
later) is » 57,000. This number is signi cantly higher than the predictedesolving power for
CSHELL using the 0.8%lit. We note this discrepancy because CSHELL has an adjustable
slit; it may be that the slit is smaller than the designed 0.9 Crockett et al. (2011) and
Prato et al. (2008) also report a higher than predicted specttaesolving power (R> 46,000)
for CSHELL in high resolution mode. We note that a similar e®ect afetermining a higher
spectral resolving power for Keck (25,000 to 30,000) was detened in Bailey et al. (2012),
and may be a feature of the analysis code that we use for RV redigsts for datat from both
the IRTF and Keck.

Each night, two spectra of a given star were obtained in successiah two di®erent

positions along the slit, separated by 18 Hereafter, we refer to these two positions as nod
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A and nod B. Observations were obtained between 2008 Novemberda2014 January. In
total, 914 high quality spectra composed of 457 nodded pairs n@eobtained.

Our exposure times ranged from 180 to 1200 seconds per nod positiand were set to
yield SNRs of 125 per pixel (or optimally, a combined SNR of 179+for most of our targets.
For four stars with K¢ between 8.0 and 8.5 mag (GJ 1093, GJ 1286, LHS 2090, LHS 2206),
a SNR of 125 per pixel was not achieved because the maximum expedime is set to 1200
seconds to limit cosmic ray events and the dark current. We didoh observe eight CAESAR
stars with Ks > 8.5 mag (GJ 283B, GJ 644C, GJ 752B, LHS 1302, LHS 1326, LHS 1375,
LHS 3003, LP 655-048), because these stars are too faint for psem RV measurements.

At the beginning of each night, we obtained a minimum of 30 °atrad 30 dark images,
each with an integration time of ten seconds. Also, on November 12009, we collected an
additional 30 °at and 30 dark images with an integration time 620 seconds, which were used
to create a bad pixel mask described in7.2. On most nights we also observed bright stars
of spectral type early A, as these stars exhibit no intrinsic absotipn or emission lines in
this wavelength region and therefore can be used to identifelturic features. These telluric
standards are used to characterize the instrumental pro le andavelength solution. When
“rst collecting the data, we did not realize how sensitive our naRV measurements were to
the initial solutions for the instrumental pro Ie and wavelengh solution obtained from the
telluric standards. After reducing part of the data, we determrmed that A star observations
obtained nightly yield the best precision. In a few cases, we onbbtained a few A star

observations per run, leaving us with six nights that contain a A star observations. A total
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of 26 stars were observed on nights when no telluric standardsre@ot observed; individual
nights without A star observations are marked in Table 8.1.

We aimed to observe all 50 stars with lowsini (<15 km $ 1) on at least four nights
within a single observing run ¢ 1j 3 weeks) in order to search for companions with orbital
periods of less than a week. On subsequent runs, we re-observedtatrgets at least once
to search for companions with longer orbital periods. Becausé imclement weather we
were not able to achieve this cadence for all targets. For nirgtars (GJ 105B, GJ 281, GJ
609, GJ 1057, GJ 1065, GJ 1103, GJ 1256, LHS 2206, LP 876-01®,only obtained RV
measurements during a single run. For the 50 lowsini stars, we obtained 3 14 RV epochs
for each star, spanning a temporal baseline between 4 days an@4&lays (see Table 8.2).

We changed our monitoring plan for stars with higher rotatioal velocities (sini > 15 km
s 1) during our observing campaign. Originally, we planned on tlecting the same amount
of RV epochs with the cadence described above for all stars. Hoeewvith our measured
RV precision being much worse for stars with highisini, we decided to obtain 4 epochs for
stars with vsini values between 15 and 25 kmi § (GJ 493.1, GJ 896A, GJ 1156, LHS 2090,
LHS 3376) and only 2 epochs for stars withisini values above 25 kmist (G 188-038, GJ

896B, LP 876-010).

7.2 Image Reduction and Spectral Extraction

We subtracted each nodded pair of images from one another tammeve sky emission, dark
current and detector bias assuming that changes in the detector spectrograph properties
were negligible over the timescale when the nodded pair of iges were obtained. After

completing the nod-subtraction, we corrected each image féat elding. Corrections for
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°at elding were performed by generating a nightly master °at eldimage from all °at
“eld images obtained on a particular night. The master °at eld images were created by
“rst subtracting the median dark image of the same exposure timedm each of the °at
“eld images. Then, each °at eld image was normalized to the cerdt 15% of the array,
which was the brightest section of the array and the least a®ectég deviant pixels. After
normalizing the image, all images were median combined.

We then applied a bad pixel mask to our spectra to remove dead ahdt pixels from the
data. To identify dead pixels, we located any pixel ve times Hew the standard deviation
of the median pixel value of the master °at eld array. To locate bt pixels, we subtracted
two times the count value of the 10 second exposure master °at eldhage from the 20
second exposure master °at eld image, and then normalized this mier to the 20 second
exposure master °at eld. Because normal pixels should increasedarly with time and
therefore have the same values, we identi ed any pixel with vads greater than three times
the standard deviation of this median pixel value of the di®enee image to be a hot pixel.
All deviant pixels identi ed from the bad pixel mask are assignechterpolated values using
the neighboring pixels.

We optimally extracted each spectrum following the procedes in Horne (1986) as
implemented for nod-subtracted spectra in Bailey et al. (20)2 The code used to analyze
the data in this work is a modi ed version of that described in Bdgey et al. (2012), tuned to
work for CSHELL data. The advantage of optimally extracting sgctra over the standard

extraction is that the optimal extraction minimizes the noby contribution of the pro le



94

wings and eliminates and/or mitigates noise features withithe spectral pro le caused by
cosmic rays and deviant pixels not excluded with the bad pixehask.

To obtain an optimally extracted spectrum, we summed the pixslfrom the nod sub-
tracted images over the cross-dispersion to give the standard spam. We then tted a
second order polynomial to map the curvature of the °ux centrdi for the order on the
detector. Next, we tted the spectral pro le of the standard spectnm with a Gaussian
to model our spatial pro les at each pixel step (column) along th order parallel to the
dispersion direction of the nod-subtracted spectral image. Hmo this, the variance of the
pro le was determined. Then, we summed the pixels weighted bie variance image of the
spectrum's spatial pro le to create our two dimensional optimdy extracted spectrum. For
low SNR data, we implemented a clipping routine that interpates over a pixel that is more
than 5%above or below the running average of the ve pixels next to thpixel in question
to remove any remaining deviant features.

To obtain an estimate of the SNR for each spectrum, we use a simpli egrsion of the
CCD equation from Mortara & Fowler (1981) modi ed to account ér the noise introduced
by subtracting pairs of images. When performing a nod pair sukdction we remove the
sky background, dark current and bias simultaneously. Therefe, we cannot distinguish
between these values and refer to them collectively as the @mtainty in background. Exe-
cuting a pair subtraction means that we have to deal with this ncertainty in the background
twice and the read noise associated with each of those backgrowstimates. In most cases,
the background of the rst image (Image A) should equal (within tle uncertainty) the back-

ground of the second image (Image B). Therefore, we simply ddalihe noise contribution
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from the background and the read noise. The equation to cal@ike the SNR per pixel is as

follows:

SNR = p Se
Se+2 ¢n(Be + R2)

where S is the total number of counts in electrons per integrated comn of a spectrum
extracted from a nod-subtracted image, n is the number of pilein the spatial direction

that are integrated over during the extraction, B is the integrated background counts of
the corresponding sky image before image subtraction is perfogd, in electrons per pixel,
and Re? is the square of the read noise set to be 30 electrons piXehs determined by
Greene et al. (1993).

Following the above description, we determine the SNR for eadhtegrated pixel of the
spectrum and set the nal SNR for the spectrum to be the mean of thesalues. The SNRs
are then added in quadrature for the nod A and nod B measuremento give a combined
SNR value.

Because of occasional poor weather conditions leading to IoNF§ not all observations
are suitable for precision RV analysis. We require the SNR of thedividual spectrum in
the nod pair to be greater than 50 and the reduced? estimate of our modeling prescription

(x7.3) to be below 3.5.

7.3 Method to Determine Spectral Properties
We t each observation to high resolution spectral models that & convolved to the res-
olution of CSHELL. Each model spectrum is formed by combining aynthetic stellar

spectrum and an empirical telluric spectrum. The synthetic st&r spectra are created
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from NextGen models (Hauschildt et al. 1999). The telluric modespectra are extracted
from observations of the Sun from an ultra high resolution KPNOFTS telluric spectrum

(Livingston & Wallace 1991). We adopt the stellar template clsest in temperature to our
star, using the assigned spectral types and the temperature scakekoaus & Hillenbrand

(2007). We x the surface gravity log(g) to 4.8 dex (cgs) for all foour stars, which is con-
sistent with measurements assembled in Mentuch et al. (2008) andllenbrand & White

(2004) for eld M-dwarfs.

The model spectrum consists of 19 free parameters to t. The linedmb darkening
coezxcient is set to 0.6 for all stars, which is appropriate for cdgtars at infrared wavelengths
(Claret 2000). Three of the parameters make up a quadratic fymomial that characterizes
the wavelength solution. Nine of the parameters are Gaussians dd¢e model the line spread
function (LSF) of the spectrum; we assume that the LSF along therder is constant. The
remaining six parameters are the depth of the telluric featas, the depth of the stellar
features, the projected rotational velocity ¢sini), the RV, a normalization constant, and a
linear normalization term.

We 't the empirical telluric spectrum to our rapidly rotating A star for each night we
procured observations of A stars. From this measurement, we estte the wavelength solu-
tion and the instrumental pro Te. We solve for the instrumental po Ie by interpolating the
input spectrum onto a log-linear wavelength grid and convolug it with a Gaussian kernel
set to the spectral resolution of the instrument determined by ting the telluric spectrum.
We tested both single and multiple Gaussian functions to obtainhie instrumental pro le

of CSHELL. We favor multiple Gaussians to t the instrumental pro le, as we had better
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agreement between the RV estimates from the AB nod pairs and srt&l RV dispersions

overall. The Gaussian kernel is composed of one central Gaussiawl #our satellite Gaus-

sians on each side following closely the technique described mlanti et al. (1995). We set

the positions of the centers of the Gaussians and the widths ofdlsatellite Gaussians so
that their half-widths just overlap. The amplitude of the cenral Gaussian is constrained
by the normalization factor, while the width of the central Gaussian is allowed to vary.
The amplitudes of the satellite Gaussians are allowed to vary. gimization of these values

is accomplished by minimizing the variance weighted reducethi-squared as described in
Bailey et al. (2012) to best reproduce the observed spectrum. the cases when no A stars
were observed on a night, we use the mean values determined oghts close to the night

when A stars were observed.

After "tting the telluric spectrum, the nine parameters used to daracterize the LSF
are kept constant for all remaining ts. We use an iterative procgs where we t the target
spectrum to the combined synthetic stellar model and empiricakelluric model. On the
“rst iteration, we "t the wavelength solution, the depth of the telluric spectrum, the RV,
the normalization constant, and the linear normalization tem. With an improved guess
on our second iteration, we allow thersini, the depth of the telluric model, the depth of
spectral model and the two normalization constants to °uctuate The vsini is determined
following the description provided in Gray (2005). We adopttie averagevsini value from
this iteration for all epochs as thevsini value for the star. Finally, we repeat the rst iterative
process allowing the wavelength solution, the depth of the talic spectrum, the RV, the

normalization constant, and the linear normalization term 6 vary in order to determine
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Figure 7.1: Spectral Modeling of GJ 300. Spectra are modelég combining a telluric
spectrum (top spectrum) with a synthetic stellar spectrum (2 spectrum); the telluric
spectrum provides an absolute wavelength reference. A CSHELLestrum of GJ 300 are
shown (black) in comparison with the the best T (red; 3 spectrum). The residuals of the
't are shown (bottom spectrum).

the absolute RV of the star. Computationally, the optimization of the model spectrum is
completed using AMOEBA, which is a routine used for minimizatiorof multiple variables
using the downhill simplex method of Nelder & Mead (1965). We netthat AMOEBA is
very sensitive to initial guesses and is given user speci ed rangesréstrict the answers to
physically reasonable solutions. An example of an optimally extcted spectrum 't to our
telluric and stellar models is shown in Figure 7.1.

Rather than use the full 256 pixels along the order, the modaly analysis is restricted
to pixels between 10 and 245, which corresponds to a small conim area on the spectra.
These boundaries are set to prevent strong absorption featuregsrh moving in and out of

the analysis region on di®erent epochs, because of di®erent bamytic corrections. Partial
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features that are cut o® by the edge of the chip can cause our Relye to change on the
order of 100 m &. Using the restricted pixel range, Davison et al. (2015) showedahthe

average precision improved by 27% for 12 CAESAR stars.
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Infrared Spectroscopic Results

8.1 Spectroscopic Analysis of Infrared CSHELL/IRTF Spectr a
Of the 48 CAESAR stars for which we obtained CSHELL spectra, we suastully measured
RVs on multiple epochs for 47 of these. We were not able to obtginecise RV measurements
of the rapid rotator (vsini= 37.58 2.0 km $ ) G 188-038, as the spectral lines of this star are
very broad (5.7\) relative to the small wavelength coverage50A). In addition, we also
report results on 10 other stars (AU Mic, G 169-029, GJ 281, GJ 39GJ 745B, GJ 873, GJ
905, GJ 1245B, LHS 1805, LHS 3376) that we measured during the s®iof our observations
(seex7.1). The subsequent RV analysis is for the full set of 57 stars (47A€ESAR and 10
additional stars) observed. The RV measurements for the two spegscopic binaries, LHS
1610AB and GJ 867BD that were initially thought to be a part of ar sample are presented
in Chapter 10. The RV results of the spectroscopic modeling are @hn in Figures 8.1-
8.4 and the values are given in Table 8.1 with objects listed @labetically. Multiple RV
measurements on a single night are averaged to provide a singb®eh value for a total of
387 nightly RV epochs for all the stars. All RV measurements are gected to the Solar
System barycenter using a correction prescription accurate to 1 m s (G. Basri; priv.
communication). SNR is based on the gain corrected mean countsthe spectrum (see
X7.2).

We did not obtain data for eight faint (Ks > 8.5 mag) CAESAR stars (GJ 283B, GJ
644C, GJ 752B, LHS 1302, LHS 1326, LHS 1375, LHS 3003, LP 655-0d48)nany ditculties

occurred while attempting to observing these stars (e.g. pradyhs with guiding and poor
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weather conditions). We also did not obtain data for LP 771-09%5 due to observing time

constraints.

8.2 Projected Rotational Velocities ( vsini)

We report vsini values for 58 stars. Thevsini value is the average of the nightly best t
vsini measurements. The error on thesini value is calculated as the standard deviation of
the best t nightly vsini measurements. We note that now only two of the CAESAR stars
(LHS 1302, GJ 283B) do not haversini values.

We do caution that the spectral resolving power of CSHELL (¢°=5.3 km s' %) is not
high enough to fully resolve the lines of the slowest rotators. mé broadening becomes
measurable forvsini values in excess of 3 km' §; therefore we set this value as ouvsini
detection limit. This detection threshold is in line with those reported by Reiners et al.
(2012) of 3 km $* and Browning et al. (2010) of 2.5 km st for similar resolution spectra
(R=45,000-48,000). Ourvsini values range from less than 3 km $ to 37.5 km ¢ L.

We detect rotational broadening above our detection threslhabfor 20 out of the 58 stars;
nearly two-thirds of the mid M-dwarfs observed havessini values below 3 km ist. Of the
stars with detected rotational broadening, we also identify gubset of 14 highvsini (>6.5
km s 1) stars (AU Mic, G 169-029, G 188-038, GJ 493.1, GJ 896A, GJ 8968, 1111, GJ
1156, GJ 1207, GJ 1245B, LHS 2090, LHS 2206, LHS 3376, LP 876-0Mdjch we expect
to have higher RV dispersions because the achievable RV preaisie diminished for faster
rotating stars. The limit of when to consider a star as a higlvsini target is set empirically
by determing where the RV dispersion starts to increase for our téaas a function ofvsini

(seex8.3.2). When determining our RV precisions and RV errors we lvitreat stars with
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high vsini (> 6.5 km $ 1) as a separate subset of stars (s&8.2). Precedence for treating
targets with vsini below 6.5 km §! as a separate subsample of slowly rotating targets is set
by one of the largest RV surveys of 102 southern M-dwarfs (Bon I¢ al. 2013a).

We report the rst vsini measurement for 4 of the 58 stars (G 169-029, GJ 102, GJ
1103, GJ 1235) observed. The M4.5Ve dwarf G 169-02%ii = 9.9 § 0.6 km $ 1) and the
M3.5Ve dwarf GJ 102 ¢sini = 3.8 § 0.7 km s 1) show rotational broadening. The M4.5V
dwarf GJ 1103 and the M4.0V dwarf GJ 1235 both havesini values below our detection
threshold. Also, we measure for the rst time precis@sini values for GJ 1256 and LHS
3799. These two stars are included in Bon'Is et al. (2013a); theuthhors never presented the
vsini values of individual targets, but only stated that all of the stas in the sample have
vsini values below 6.5 kmist. The M4.0V dwarf GJ 1256 and the M4.5Ve dwarf LHS 3799
both have vsini values below our detection threshold. We also give improvadini values
for GJ 1230B and GJ 1286. These two stars originally were obsedveith a spectrograph
with a spectral resolving power of 31,000 and are listed with thesini values of<7.1 km
s ! for GJ 1230B and<5.7 km § ! for GJ 1286 (Mohanty & Basri 2003). We measured
these stars to havevsini below our detection threshold of 3 kmis'. Further analysis and

comparison of ourvsini values with those of the literature are given irx11.1.

8.3 Radial Velocity Errors, Precisions and Dispersions

8.3.1 Slow Rotating mid M-dwarfs

Under the assumption that these stars do not have companions, thesgved RV dispersion
is presumed to be caused by a combination of theoretical photooise error, intrinsic stellar

jitter and instrumental error (¥ns® = ¥photon> + Yatellar 2 + Yastr 2)- We adopted the same
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instrumental value determined for 12 CAESAR stars in Davison et al(2015). Here, we
brie°y review how this number is calculated. The theoreticaphoton noise error for each
spectrum is calculated based on the prescription by Butler et a(1996). The theoretical
photon noise error for each star is the average of the nightly ¢loretical photon noise errors.
In Davison et al. (2015), the average theoretical photon noiserror for the 12 CAESAR
stars is 57 m &1, with a standard deviation of only 14 m §. The stellar jitter is assumed
to be zero, as we are observing a eld population of slowly rotaty M-dwarfs. This is
supported by results of Bon'Is et al. (2013a) showing that the obseed RV dispersions
based on optical spectral for nine of the stars in this sub-sampleeabelow 10 m . We
solve the equation above to determine the instrumental erroBfsy > = Yaps® i Yphoton>)
for each star, in which the observed dispersion is the standard dation of the nightly RV
measurements. The average instrumental error for this subset d? tars in Davison et al.
(2015) is 73 m &1, with a standard deviation of 42 m §. We adopt this number as the
instrumental error for all targets in our sample with lowvsini (< 6.5 km $1). The nal
measurement error assigned to each RV measurement is calculadsdhe instrumental error
added in quadrature with the theoretical photon noise error.

In Davison et al. (2015), we estimated the limiting precision obur technique using
CSHELL and here we give a recap of that synopsis. The median RV error high SNR
spectra (150) of the 10 slowly rotating stars ysini < 3.0 km ¢ 1) from Davison et al.
(2015) is 88 m 5. This is dominated by the instrumental error (73 m &%), which suggests
a limiting precision of » 90 m ¢ ! for high SNR, slowly rotating mid to late M-dwarfs. We

note that some of the instrumental uncertainty could be a consegnce of our modeling
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prescription; a more sophisticated approach that accounts fadditional instrumental ef-

fects may yield better results, but no evidence of additional®ects have been identi ed
yet. We also note that a comparable precision of 58 nmi % has been reported for mul-
tiple epoch measurements of the slowly rotating, bright MO staGJ 281 using CSHELL
(Crockett et al. 2011). These precisions are nevertheless colesably better than the de-
sign specs for CSHELL (Tokunaga et al. 1990; Greene et al. 19983%pecially considering
the small wavelength coverage, and are credited to the talenof the instrument team.

In Table 8.1, we report the RV measurements and RV errors for ela star. In Fig-
ures 8.% 8.3, nightly averaged relative RV measurements are plottedybepoch for stars
with low vsini (< 6.5 km g1). In these "gures, vertical dotted lines are used to indicate
long time spans between di®erent observing runs, which themsshapan 1 3 weeks. Our
observed dispersions for these 44 stars with lovgini range from 29 m &! to 265 m ¢ 1.
Our average observed dispersion is 115 m'swith a standard deviation of 51 m &1,

Two of these stars, GJ 1103 and GJ 1154 have been reported to be SEBsnplimentary
RV data have not been provided by the authors (Bon'Is et al. 203a). We observed GJ 1103
for three nights that span nine days and nd GJ 1103 to have a coratt velocity within 95
m s 1. Also, we observed GJ 1154 for seven nights that span almost threeaggand nd
it to have a constant velocity within 143 m $1. We nd no indication that these two stars
are SBs as previously reported.

In Table 8.2, we summarize the infrared spectroscopic results,clading the absolute
RV, the number of epochs, the time span of observations, the standiadeviation of the

RV measurements, thevsini value and its uncertainty. The absolute RV is the mean of
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the RV measurements from di®erent nights. We note that systematimcertainties in the

adopted synthetic template (log(g), Tess ), and the wavelength region used in the t can
cause RV shifts ofs 100 m $?! for stars with low vsini (< 6.5 km g 1). Therefore, we set
the uncertainty of the absolute RV measurements to be 100 m sfor stars with low vsini.

The rst 12 stars in our sample published in Davison et al. (2015) allave previous absolute
RV measurements and those measurements are less than 3 sigma frammeasurements
(Gizis et al. 2002; Nidever et al. 2002), and this further valiates that our absolute RV

measurements and errors are calculated appropriately.

8.3.2 Fast Rotating mid M-dwarfs

Here we present our results on fast rotators for our sample to deteine both the short
period multiplicity of these stars and to determine the achieable RV precision that one can
measure for these stars. If we compare our RV measurement and theresponding errors as
determined for lowvsini targets over time for our 13 highvsini targets (> 6.5 km $ 1) under
the assumption that stellar error is zero (see Figure 8.4), we widuexpect that all of these
targets have companions. As this is highly unlikely, we conale that the star itself or the
technique implemented may be the cause of the increase in RV deéspion. For fast rotators,
the stellar error can no longer be assumed to negligible, as thedars are generally more
active (Noyes et al. 1984). As a tentative conformation of thisthere is a higher fraction
of emission-line stars in our subset of fast rotators than in our geral sample. All 13 of
the stars with vsini larger than 6.5 km $! are emission-line stars (seg3.2.2). Also, the
increase in RV dispersion is not a consequence of our inability toeasure spectral lines,

as the spectral features are still distinct (see Figure 1.1). Rimrermore, this increase in RV
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dispersion is not caused by a high increase in the theoretical gbn noise error, as these
error values are only slightly higher for fastest rotators. Figee 8.5 demonstrates how our
measured RV dispersion increases towards highesini values. For our 13 stars with high
vsini (> 6.5 km $1), we t a linear relation to our measuredvsini values and our RV

dispersions, shown irright panel of Figure 8.5.

RV dispersion = 34:2 ¢vsini | 1735

where RV dispersion has the units of mis and vsini value has the units of km &%, The
best T relation suggests that on average the RV dispersion drops logr 100 m $?* for vsini
values less than 7 kmis', which is roughly consistent with our division between slow and
fast rotators. This relation also predicts that the RV dispersionincreases above 700 m/s
for vsini values larger than 25 km s'. Using this best 1 line, we estimate an adopted RV
error for our fast rotating targets (vsini > 6.5 km ¢ 1) that will be used to set companion
detection limits in x9.2. We do caution that this line is heavily weighted by the tw stars
(GJ 896B, LP 876-010) withvsini values of» 25 km s 1.

We note that in Figure 8.4 the RV errors for rapidly rotating stars are calculated as
the instrumental error determined for lowvsini targets and the theoretical photon noise
error added in quadrature. These errors are listed in Table 8.1This is done to illustrate
that the large RV changes are statistically signi cant relativeto the expected measurement
errors. Nevertheless, these large RV variations inhibit compam detection, as discussed in

Chapter 9.
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To be conservative, we increase the uncertainty of the absoluR®/ measurements for
stars with high vsini (> 6.5 km ¢ 1) to be the standard deviation of the RV measurements,

as we do not have many RV epochs for our 13 fast rotators.
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Figure 8.1: RV curves for stars with lowvsini (< 6.5 km $1) values. Nightly averaged
relative radial velocity measurements are plotted by epocltsée Table 8.1 for a list of JD).
Vertical dotted lines are used to indicate long time spans beten di®erent observing runs
(» 1 to 3 weeks).
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Figure 8.2: RV curves for stars with lowvsini (< 6.5 km $ 1) values continued. Nightly
averaged relative radial velocity measurements are plottdany epoch (see Table 8.1 for a list
of JD). Vertical dotted lines are used to indicate long time spas between di®erent observing
runs (» 1 to 3 weeks).
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Figure 8.3: RV curves for stars with lowvsini (< 6.5 km $ 1) values continued. Nightly
averaged relative radial velocity measurements are plottdany epoch (see Table 8.1 for a list
of JD). Vertical dotted lines are used to indicate long time spas between di®erent observing
runs (» 1 to 3 weeks).
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Figure 8.4: RV curves for stars with highvsini (> 6.5 km $ 1) values. Nightly averaged
relative radial velocity measurements are plotted by epocltsée Table 8.1 for a list of JD).
Vertical dotted lines are used to indicate long time spans be&en di®erent observing runs
(» 1 to 3 weeks).
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Figure 8.5: Fast rotating stars gsini > 6.5 km 3 !) have larger radial velocity dispersions.
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200 m $1. The right panel demonstrates how the RV dispersion increases with higher
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y=34.2xj 173.5. With it being unlikely that all of these fast rotating stas have stellar
companions, we can infer that our RV measurements of fast rotaty stars must have higher
stellar and/or instrumental errors than that of slow rotating stars.



Table 8.1: Radial Velocity Measurements

Name HJD 2,400,000 Radial Velocity SNR
(ms?)
GJ 1002 54787.41 i 3977 85 132
54788.35 i 3988& 101 162
54790.3% i 3976& 90 207
55146.44 i 39918 95 177
55150.38 i 39976 86 113
55151.39 i 3991% 84 150
GJ54.1 54788.32 2814591 180
54790.4% 2812% 88 215
54792.29 28248 111 114
55146.46 2853% 93 154
55149.39 2841 102 127
55150.40 28503 117 113
55151.40 282%) 90 182
55154.43 284 94 225
GJ 83.1 54787.46 i 2835& 101 213
54788.29 i 28428 101 207
54790.48 i 28348 98 241
55146.48 i 28614 104 134
55149.44 i 28464 89 205
55151.43 i 28558 94 206
55154.46 i 2843% 87 221
GJ 102 56259.4% j 6656 104 136
56260.43 i 6378 103 142
56261.35 i 6368 113 131
56270.37 i 6388 121 163
56271.37 i 64718 105 145
56571.40 i 6366 124 103
56577.39 i 64638 103 141
GJ 105B 56259.46 26456 85 221
56260.45 2650 88 199
56261.37 26589 109 224
56270.40 263® 96 160
56271.38 262! 93 178
SO 0253+1652 56270.42 636892 147
56271.40 6867 96 137
56576.40 6906Y 93 149
56577.43 68958 109 129
GJ 1057 56259.50 286148 96 134
56260.53 286@1 91 141
56270.49 28418 103 108
56271.47 28218 97 132
56272.47 28542 94 138
GJ 1065 56259.53 i 9118 87 162
56260.55 i 89848 92 135
56270.46 i 91638 95 145
56271.43 i 9128 137 82
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Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?1)
GJ 1065 56272.45 i 911® 93 151
GJ 166C 56525.63 i 43193 85 269
56527.60 i 43118 82 463
56529.60 i 43208 89 359
56574.52 i 43113 84 398
56576.55 i 4294% 87 352
LHS 1723 54787.81 4253% 94 200
54788.40 42539 93 149
54790.47 42498 91 188
55149.47 423% 90 157
55151.50 4237 86 180
55154.49 4228 82 217
GJ 203 56259.57 60858 94 169
56270.57 6104 101 134
56271.55 6063 99 145
56272.52 60983 94 177
56667.48 6070 96 149
56668.47 608& 94 158
56669.47 60918 106 127
GJ 213 54787.5% 10648% 99 164
54788.52 1061899 218
54790.49 106108 95 185
55146.51 106431 112 114
55149.48 10628993 176
55154.51 10618090 282
G 99 049 54787.56 30178 92 200
54788.44 300 96 258
54790.5% 30178 87 254
54791.47 30133 118 202
55146.52 3024 122 119
55149.50 30352 105 140
55151.53 3031 102 215
55154.56 3005 90 208
55638.31 3014t 95 176
55641.23 3013 104 145
55642.27 302%1 86 245
LHS 1805 55146.53 2162 100 136
55151.56 2108 94 163
55154.54 2178 85 234
55638.28 218 125 143
55643.26 227% 87 218
55645.25 2088 105 125
GJ 232 56259.59 i 10863 99 155
56270.59 i 11298 102 137
56271.58 i 1159% 103 137
56272.54 i 11426 108 129
56667.51 i 110948 93 172
56668.52 i 1108% 100 129




Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?t)
GJ 1093 56259.62 i 29548 101 126
56271.61 i 29508 106 109
56272.57 i 29068 121 95
56666.54 i 29388 103 112
56668.55 i 29324 105 102
GJ 273 54787.57 18046 91 219
54788.49 18161 97 207
54790.52 18024 92 223
54791.58 18024 88 266
54792.47 180 94 249
54960.24 18388 93 209
54964.26 18238 93 185
55146.55 1803 83 159
55149.54 18148 94 201
55154.64 181181 90 195
55320.24 183482 90 230
GJ 28F 54787.58 19894 90 203
54788.52 1998990 175
54790.58 2003% 88 222
54791.58 19944 88 269
54792.49 1993% 104 196
GJ 285 54787.60 26573 90 223
54788.55 2663 120 210
54790.54 26608 90 229
54791.58 26788 93 165
54960.26 2677 104 119
54962.24 267 99 162
54963.25 265 104 137
54964.25 2672 92 182
55146.55 265%1 94 129
55320.26 2671 94 236
55642.29 26659 86 268
55645.28 265% 84 374
56261.55 2672 88 215
56671.53 26865 86 249
GJ 1103 55637.40 3886495 199
55645.31 3878 94 167
55646.38 389% 85 220
GJ 299 54787.62 15288 136 120
54790.5Y 15108 135 185
54791.6% 1498@ 137 87
54960.28 14878 111 109
55146.61 149% 154 80
55149.58 14989 134 135
55151.59 14958 124 107
55154.59 147% 116 189
55321.28 149® 103 142
GJ 300 54790.60 9064& 84 199
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Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(msh
GJ 300 54791.65 9198 97 103
54963.27 888 85 178
54964.29 923 109 89
55151.64 892 96 118
55154.63 906 83 184
55317.25 9045 83 190
55321.30 89% 81 181
55644.36 9042 84 176
56671.60 898 85 154
GJ 1111 55638.36 10589113 141
55644.40 1043 95 280
55645.34 1027 98 192
55646.41 105283 91 229
56669.57 10359 105 160
LHS 2090 54790.64 8626 201 115
54962.31 8978 155 145
54963.33 880® 170 125
54964.31 904% 186 80
55335.29 8919 161 96
LHS 2206 56666.58 i 1075% 155 112
56668.58 i 11058 146 116
56670.63 i 1081% 189 132
GJ 393 55637.44 853 84 298
55638.39 853% 89 227
55642.31 8522 83 287
55643.29 864% 84 327
55644.45 8665 88 310
55645.37 8579 88 376
55646.43 86738 85 254
56260.66 8569 89 210
56261.60 838 93 180
56271.66 8373 88 211
56272.62 849 122 158
56667.68 849y 92 177
56671.58 853 83 301
LHS 292 56270.64 1885103 112
56271.63 208 95 141
56666.61 1848 96 145
56668.62 2059 93 152
56670.58 237 99 128
56728.54 218 111 87
57053.58 2128 109 196
GJ 402 54961.30 i 10648 93 165
54962.27 i 12648 93 214
54964.37 i 9778 92 180
55317.32 i 9248 93 178
55319.35 i 1048 127 72
55320.39 i 1053 89 178
55321.39 i 888 87 210
55330.32 i 11168 86 231




Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?1)
GJ 402 55335.32 i 978& 87 208
55643.30 i 10268 85 243
GJ 406 54962.33 1948981 212
54963.38 1941% 83 193
54964.38 193F 89 148
55320.41 19759 81 199
55321.40 19658 80 204
55323.41 19548 84 166
55330.33 19462 94 87
55331.30 19465 80 239
55335.34 19545 80 162
55637.46 1973 80 257
55643.32 196% 79 180
55645.39 19489 80 273
GJ 447 54960.42 i 30953 130 77
54961.28 i 30888 92 176
54962.34 i 30848 102 233
54963.38 i 3088& 97 159
54964.39 i 30848 104 132
55317.36 i 31028 91 273
55321.43 i 3097% 88 196
55638.41 i 3119 89 216
56261.65 i 30808& 91 279
56669.67 i 30878 89 209
GJ 1154 55637.49 i 13458 120 121
55644.49 i 13153 95 274
55645.41 i 13248 92 212
56666.64 i 13174 102 163
56668.64 i 13233 101 161
56669.65 i 1301¢ 121 121
56671.64 i 1306% 97 181
GJ 1156 54962.41 5086166 175
54963.45 5559 144 143
54964.47 5868 198 112
55317.40 565% 163 164
55320.50 5788 146 143
55321.49 563 136 155
55323.49 5518 147 130
55324.47 6198 114 166
55330.39 5848 132 165
55335.41 604y 143 145
55646.46 503 116 205
GJ 486 55637.53 1903992 269
55642.34 1903} 89 197
55643.34 19085 85 228
55644.53 190 85 267
55645.44 190% 85 267
56259.64 19074 88 188
GJ 493.1 55645.46 i 25578 126 202
56666.67 i 2562% 136 173
GJ 493.1 56668.67 i 26008 172 131
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Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?)
56671.67 i 2511% 187 125
GJ 555 54959.43 i 1418 84 214
54960.44 i 1368 98 116
54961.41 i 1368 82 197
54962.44 i 1433 98 238
54963.47 i 14888 99 124
54964.50 i 13768 84 166
55320.52 i 1468 81 199
55355.44 i 1388 78 226
GJ 609 56161.25 6529109 131
56163.25 659 129 145
56173.26 6719 94 169
56174.25 6708 97 148
GJ 628 54959.40 i 2096 89 139
54960.46 i 2113% 96 132
54962.46 i 21058 80 168
54963.47 i 2110 89 181
54964.51 i 2098@ 91 149
55320.53 i 21258 87 178
55331.36 i 2120% 77 258
55335.45 i 2118¢ 83 180
56174.24 i 2109% 79 229
G 169-029 56161.28 i 4183 150 115
56173.28 i 41838 132 133
56576.23 i 42208 130 126
GJ 643 54959.44 1588791 180
54962.48 1594 98 192
54964.52 1603 98 175
55320.54 15869 96 165
55331.38 15971 91 186
55335.46 15989 90 205
GJ 1207 56160.32 i 417% 133 141
56161.30 i 3978 124 169
56163.34 i 39448 126 159
56173.30 i 3658 143 139
56174.28 i 3838 95 151
57053.67 i 373& 121 175
57054.67 i 3643 137 140
GJ 699 54959.54 i 109994 89 238
54960.47 i 110083 106 142
54961.49 i 10999@ 90 234
54962.50 i 109658 114 163
54964.54 i 10985@ 95 210
55638.53 i 11028% 90 224
56163.22 i 110328 83 363
56173.21 i 11029% 83 366
GJ 1224 54961.51 i 3242% 127 84
54962.52 i 3260% 135 122
GJ 1224 54963.52 i 32818 96 163
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Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?)
54964.59 i 32558 164 100
55320.56 i 3256¢ 90 157
55321.52 i 32704 90 160
55335.49 i 3278% 87 175
LHS 3376 54961.58 5168 181 127
54964.62 581% 212 113
55320.60 522 194 110
55321.61 4909 183 116
55335.57 5119 155 155
GJ 1230B 56163.36 i 10533 115 71
56174.34 i 10768 181 54
56576.26 i 10814 112 64
56577.25 i 1063% 110 138
GJ 729 54959.56 i 10108 84 242
54960.55 i 1017& 82 257
54961.54 i 10236& 97 198
54962.63 i 10128 109 275
55335.51 i 1041% 81 274
55392.48 i 10398 81 228
GJ 7458 56527.47 3262989 201
56576.30 3274 118 101
56577.29 32659 87 215
56578.26 327@® 101 212
GJ 1235 56161.32 4634101 144
56163.39 4869 99 143
56173.37 500% 103 138
56571.27 4948 98 136
56572.31 5098 97 140
56577.31 5048 90 164
GJ 12458 55150.30 5808 99 167
55151.30 5624 99 158
55154.31 543% 101 152
55335.62 5299 108 150
GJ 1256 56571.32 i 5938% 92 228
56572.34 i 5942% 94 161
56576.36 i 59458 97 136
56577.35 i 5934@ 90 166
56578.31 i 59393 118 96
AU Mic? 56525.50 i 4098 102 180
56527.44 i 4526 86 308
56529.46 i 4688 86 292
56573.28 i 4288 97 220
56574.31 i 393& 99 216
LHS 3799 54790.28 i 1643 104 158
55146.32 i 1568 92 129
55149.24 i 1618 83 188
55150.27 i 16518 85 173
55151.27 i 15968 90 143
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Table 8.1 { Continued

Name HJD 2,400,000 Radial Velocity SNR
(ms?)
55392.58 i 177 88 193
GJ 873% 55149.22 158 99 171
55150.32 439 92 162
55151.32 1838 108 118
55154.35 329 100 223
55335.63 198 86 232
56525.54 31% 85 395
56527.55 36§ 83 567
56529.52 358 90 329
56572.44 288 100 306
56574.39 338 86 381
56575.38 3948 90 250
56576.42 448 87 476
56577.37 489 83 325
LP 876-010 56161.39 5382209 222
56173.40 4348 280 134
56174.39 58% 250 132
GJ 896A 56573.36 i 2758 107 394
56848.64 368 110 263
GJ 896B 56573.39 3082156 230
56848.63 4169 182 181
GJ 1286 54787.37 i 40688 125 74
55146.37 i 40878 100 126
55149.29 i 40898 126 76
55151.36 i 4085@ 98 109
55154.40 i 40714 100 138
GJ 908 54787.34 i 7788% 90 202
54788.23 i 77858 106 150
55146.39 i 77848 98 131
55150.33 i 77813 87 213
55151.33 i 77838 99 166
55154.36 i 77858 87 190
55392.58 i 7782% 85 212

®No telluric standards were observed on this night.

aThese ten stars are not part of the CAESAR sample.



Table 8.2: Spectroscopic Results

Name Model To; Abs. Rv2 N ¢ time  ¥gy vsini®

(K) (msil) (#nights) (days) (msi?l) (kmsi?)
GJ 1002 3000 i 39871 6 368 84 180.3
GJ54.1 3000 28332 8 366 156 809
GJ 83.1 3000 i 28456 7 367 98 1861.0°
GJ 102 3200 i 6440 7 318 105 380.7
GJ 105B 3200 26411 5 12 157 @8.9
SO 0253+1652 3000 68846 4 307 197 8lBP
GJ 1057 3000 28489 5 13 178 08.0.9
GJ 1065 3200 i 9099 5 13 68 190.8
GJ 166C 3000 i 43115 5 51 102 180.7°
LHS 1723 3000 42430 6 367 115 808
GJ 203 3200 60867 7 410 134 ga.7
GJ 213 3200 106240 5 366 124 808
G 99-49 3200 30190 11 855 98 $83
LHS 1805 3200 2164 6 499 70 18D.8°
GJ 232 3200 i 11227 6 409 265 1§10.8
GJ 1093 3000 i 29365 5 409 193 1§0.?
GJ 273 3200 18140 11 533 131 9808
GJ 28F 3400 19960 5 5 56 18M.9°
GJ 285 3000 26673 14 1884 99 8563
GJ 1103 3000 38875 3 9 95 @8.7
GJ 299 3200 14989 9 534 138 8§08
GJ 300 3200 9043 10 1881 110 907
GJ 1111 3000 10420 5 1031 107 1804
LHS 2090 3000 8876 5 545 165 1823
LHS 2206 3000 i 10878 3 4 158 1081.1
GJ 393 3400 8537 13 1034 93 Ba.2®
LHS 292 3000 2074 7 783 185 81.0°
GJ 402 3000 i 1032 10 682 107 1§0.8
GJ 406 3000 19537 12 638 132 867
GJ 447 3000 i 30928 10 1709 113 B8D.7P
GJ 1154 3000 i 13191 7 1034 143 683.5
GJ 1156 3000 5733 11 684 312 1812
GJ 486 3000 19059 6 622 29 §0.8
GJ 493.1 3000 i 25580 4 1026 362 183.8
GJ 555 3200 i 1413 8 396 47 08%0.7°
GJ 609 3000 6635 4 13 87 @8.9
GJ 628 3200 i 21109 9 1215 98 180.7°
G 169-029 3000 i 41958 3 215 215 980.6
GJ 643 3200 15946 6 376 64 g.0.&
GJ 1207 3200 i 3853 7 894 192 11%10.7
GJ 699 3200 i 110060 8 1214 236 18D.2
GJ 1224 3000 i 32673 7 374 139  1§40.4°
LHS 3376 3200 5243 5 374 341 18&0.7
GJ 1230B 3000 i 10686 4 414 127 0830.5
GJ 729 3200 i 10244 6 433 125 330.6
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Table 8.2 { Continued

Name Model Ty Abs. RV2 N ¢ time gy vsini®
(K) (msit) (#nights) (days) (msi?) (kmsi?)

GJ 745F 3400 32681 4 51 53 183.%
GJ 1235 3000 4933 6 416 159 9§88
GJ 1245B 3200 5543 4 185 223 BD.A4
GJ 1256 3000 i 59404 5 7 42  0%0.6
AU Mic® 3400 i 4305 5 49 305 1081.0
G 188-038 3200 3 411 .. 3B82.0
LHS 3799 3000 i 1641 6 602 74  1%0.9
GJ 873 3000 323 12 1428 105 0.9
LP 876-010 3000 5179 3 13 757 2831
GJ 896A 3200 44 2 275 451 18D.5
GJ 896B 3000 3586 2 275 812 2%.0.1
GJ 1286 3000 i 40803 5 367 96 080.9
GJ 905 3000 i 77845 7 605 22 080.8

@The error on the absolute RV measurements is estimated to be 100 m $1, based on
systematic uncertainties for targets with lowvsini (< 6.5 km $1). Conservatively, we
estimate the absolute RV error for targets with highvsini to be the same value as the RV
dispersion for the star, as we do not have many RV epochs for thesarst

®The vsini values reported are the values used in the best T model. Becausaues below
3 km 3 cannot be con dently measured at our resolution, we adopt @sini upper limit

value of 3 km $1 for these stars.

‘Results for these ten stars are reported in addition to those of ¢hresults for the 48

CAESAR stars observed.
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Companion Detection Limits

9.1 Search for Periodicity

If any stars in this program monitored astrometrically or speabscopically have a stellar,
brown dwarf or giant planet companion, its presence may be ide ed by variations in these
measured projections of the stars' space velocities. For orbitakeriods much longer than
the temporal baseline of these observations, linear or quadmatirends in the data may be
observed. For shorter orbital periods, the data may show periadvariations.

In total, we have successfully obtained astrometric data for 53 the 58 CAESAR stars
and RV data for 45 of the 58 star& We also collected both astrometric data and RV data
for G 169-029, and will place companion detection limits aumd this star as well. Together,
43 of our stars have an adequate amount of data to search for coempns with both RV
and astrometric data. After determining that these 43 are singlstars within our detection
limits, we set limits on the presence of companions via Monte Qarsimulations to determine
the minimum object mass at various orbital periods that we wdd have been able to detect

in our data given our measurement errors and observing cadence

9.1.1 Visual Inspection

In Figures 6.4 6.13, the astrometric residuals are plotted over time in R.A. ahDecl. sepa-
rately. In the absence of a companion, the nightly astrometrimeasurement should scatter
symmetrically about zero. Therefore, to begin our search wespect all astrometric residuals

plots in both RA and DEC for linear trends and sinusoidal-like arves. A large number of

40f those with RV data, we only search for companions around stars that have a mimum of three RV
epochs; GJ 896A and GJ 896B are the only two stars with fewer than 3 RVs.
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stars observed in thev Tter appear to have astrometric measurements that do not scatte
about zero, especially between 2005 and 2009. These o®sets inadteometric residuals
are unfortunately not indicative of a companion; rather, tlese o®sets are a consequence of
using a di®erentV Tter between 2005 February and 2009 July (se¥5.2). Upon removing
the astrometric data obtained with the second/ Tter, we do not see indications of possible
perturbations in our remaining residuals.

Two stars, LHS 292 (see Figure 9.1) and LHS 1326 (see Figure 9.2), e@pto have
potential sinusoidal-like astrometric residuals. LHS 292 has be®bserved in theR Tter
with observations stretching from 2005 to the present. This staappears to have a sinu-
soidal variation with a period of approximately six years in tle Decl. axis; the R.A. axis
data is much more scattered. We note that periodic-like varteons can appear due to the
astrometric reference stars in the eld. To test if one or more refence stars are causing the
apparent sinusoidal shape in the astrometric residuals, we havemreved LHS 292 from our
reduction and re-run our astrometric pipeline described ix5.2 as if the closest reference
star in the eld were our target star. The closest reference star deenot appear to have
sinusoidal-like astrometric residuals, as shown in Figure 9.1. @tefore, we do not think
these variations are caused by the reference stars. To give a mgtentitative assessment
of LHS 292, we compare the astrometric residuals to the astromieterrors. For all the stars
observed in theR band the average errors are 1.2 times greater than the residsidor both
R.A. and Decl. (x6.2). For LHS 292 the astrometric residuals are 2.4 times greatian
errors in R.A. and 2.3 times greater than the errors in Decl, b of which are signi cantly

greater than the average results for stars observed in the band, lending further support
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Figure 9.1: Astrometric Residuals for LHS 292 Compared to a Reésrce Star. The astro-
metric residuals of LHS 292 Ieft panel) appear to have a sinusoidal-like variation in the
Decl. axis; the R.A. axis data is much more scattered. The astromnie residuals of the

closest reference starright panel) to LHS 292 does not have sinusoidal-like variation in
the Decl. axis. As the closest reference star does not have the saneeiquic shape in the
Decl. axis as LHS 292, we do not think the variations in astromet residuals are due to
the reference stars. We classify LHS 292 as a candidate variable.

to this star being a candidate variable. Clearly, LHS 292 shouldontinue to be observed.
The second star that appears to have sinsuoidal-like astrometriesiduals is LHS 1326,
which has been observed in th¥ Tter since 2009. This star appears with low con dence
to form a sinusoidal curve in both R.A. and Decl; the rst and last epch heavily weight

the appearance of this curve. We again test if the reference staare causing the apparent
sinusoidal shape in the astrometric residuals. Comparing LHS 1326 ¢ne of its reference
stars as illustrated in Figure 9.2, we see the sinusoidal-like steafor both stars. Therefore,
we conclude that sinusoidal-like shape is likely caused by thefeggence stars in the FOV for

LHS 1326.
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Figure 9.2: Astrometric Residuals for LHS 1326 Compared to a Redace Star. The astro-
metric residuals of LHS 13261€éft panel) appears to have a sinusoidal-like variation. The
astrometric residuals of the closest reference staight panel) to LHS 1326 have the same
sinusoidal-like variation as LHS 1326. As the closest referencerskeas the same periodic
shape as LHS 1326, the variations in astrometric residuals arealto the reference stars.

With our astrometric data suggesting that LHS 292 is a long-pertbcandidate variable,
we search our RV data for signal possibly caused by a long period gmanion. We collected
seven RV epochs over a baseline of 783 days for LHS 292. We obthiae RV dispersion
of 185 m/s, and with this we do not see a trend that indicates that massive companion
orbits LHS 292. However, our data does not exclude the possihjlithat this star has a
low mass companion in a wide orbit or a highly inclined orbit. & extend our hunt for
possible companions, we performed a literature search for LHS 28asri & Reiners (2006)
obtained three RV epochs for this star over a baseline of 3506ydain their survey to
search for spectroscopic binaries. The authors obtained the R\isdersion of 0.4 km st

for LHS 292, and categorize this star as a constant RV star. Also, Guiber & Wuchterl
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(2003) have obtained three RV measurements for LHS 292 over mé& period of 50 days and
believe this star to be a double-lined spectroscopic binary. €r rst two RV measurements
are within 0.1 km s ! of each other; however their third RV measurement is 9.4 km &
greater than the previous two. This system may be an eccentri¢riary that only shows RV
changes around periastron. With our precise RV measurements fdHS 292 (see Table 8.1),
we see no indication of this star being a short period, doublai#d spectroscopic binary
with large RV amplitudes. LHS 292 has also been included in manyrsays that exclude
brown dwarf and stellar companions at orbital separations gager than 10 AU (Carson et al.
2011; Dieterich et al. 2012; Hinz et al. 2002; Oppenheimer dt 2001; Simons et al. 1996).
However, we do not nd data that exclude the possible existence obaown dwarf or stellar
companion around LHS 292 at small separations (1-2 AU).

In Figures 8.3 8.4, the nightly RV data are plotted by epoch. We see no indicain of

linear, quadratic or sinusoidal-like trends in our data.

9.1.2 Periodogram Search

To conduct a less subjective search for short- and modest-perioohgpanions around these
57 targets (46 with RV and 54 with astrometry) that are not cleay observable by visual
inspection, we search for periodic signals in the data using LorSitargle periodograms
(Scargle 1982). For each star, we search for companions withripds between 0.5 to 100
days for our RV data and between 300 and 3000 days for our astretmnc data (in R.A.
and Decl. separately). Using the IDL progranscargle.prq no frequencies have powers that
exceed the 2ifalse alarm probability. Examples of the periodogram resulter both RV and

astrometry are given in Figures 9.39.4 for GJ 1002 and the candidate variable LHS 292;
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Figure 9.3: RV Periodogram Plot for GJ 1002 and LHS 292. Periogram searches are
performed with the RV data between 2 to 100 days for GJ 1002eft panel) and for our
candidate variable LHS 292 right panel). The RV periodogram for GJ 1002 is representive
of the other stars in our sample. No frequencies have powers tleatceed the 2ifalse alarm
probability, represented by the dotted line. We conclude thiathere are no periodic signals
in our RV data.

the periodogram outputs for GJ 1002 are representative of ath stars in our sample. With
these results, we conclude that there are no periodic signals ither our RV or astrometric

data. From this, we assume our stars are single stars within our det®n limits.
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Figure 9.4: RA Periodogram Plot for GJ 1002 and LHS 292. Periodram searches are
performed for the astrometric data in R.A. and Decl. separatelypetween 300 and 3000
days for GJ 1002 left panelg and for our candidate variable LHS 292r{ght panels). These
periodograms of GJ 1002 are representive of the other stars inresample. No frequencies
have powers that exceed the3%2false alarm probability, represented by the dotted lines. We
conclude that there are no periodic signals in our astrometridata in the R.A. and Decl.
axes.
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9.2 Radial Velocity Detection Limits

As reported in x8.3, the slowly rotating stars ¢sini < 6.5 km si ) have RV dispersions
less than 265 m st and the fast rotators have RVs dispersions less than 512 m's We
search for companions around the 46 stars that have three or negprecise RV epochs. To
determine the minimum mass companion we would expect to detewe simulate 1,000,000
circular orbits for each star with periods between 0.5 and 1Qfays, allowing the inclinations
and companion masses to vary. For each star, we use the stellar massaisulated in
x2.1 and allow the stellar masses to °uctuate by 20% to account fomoertainties in the
mass estimates. We assume circular orbits, which is likely appragte for companions to
old stars with short periods ¢( 10 days; Lin & Gu 2004), but could bias our search for
longer companions. The cosine of inclination ranges from 0 to After creating randomly
oriented circular orbits, we then extracted predicted RV vales at the Julian Dates that
correspond to the epochs of observations for each star from thesmulated orbits. We
compare these extracted RV values to our determined RV erroet their respective Julian
Date (see Table 8.1) to determine @2 value for each star. Then, we use thié? value as an
input for the IDL routine, mpchitest.pro (Markwardt 2009), to determine which orbits we
would have been able to detect with a%icon dence. Figures 9.5 9.49 provide illustrations
of the RV Monte Carlo simulation results for our stars. The plots ee shaded to display
the fractions of objects that would have been detected with 8/4con dence in each period
and mass increment bins. The sizes of the mass and period bins ar#00M;yp and 0.5
days, respectively. The illustrations show that most Jupiter-mss companions with periods

less than 30 days would be detected. Although some Jupiter-massnmpanions could be
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detected at longer periods, the sensitivity becomes strongly glendent on the observing
cadence relative to the orbital ephemeris. Aliasing is appareim our RV data.

To interpret our data collectively, we follow the same methocs above, except that we
determine the companion mass that we would have been able totele at selected orbital
periods of 3 days, 10 days, 30 days, and 100 days. We allow our sel@gieriod to range
over 8 10% to mitigate the bias caused by aliasing and to give a more nadt estimate of the
companion masses we would be able to detect. The minimum companmass we would
have been able to detect is given in increments of 0.5;yp .

On average, for our 38 slowly rotating stars these simulations syest that with 3%
con dence, we would have been able to detect 90% of companievith masses of> 1 M;yp
in 3 day orbits, masses o 1.5 M,yp in 10 day orbits, masses ob 3 M;yp in 30 day orbits
and masses of 8 M;yp in 100 day orbits. The individual detection limits for each staare
provided in Table 9.1. Six slowly rotating stars (GJ 105B, GJ 6®, GJ 1057, GJ 1065, GJ
1103, and GJ 1256) are observed over baselines»df3 days or less, hence the limits on the
masses of companions that we would be able to detect around thesars are signi cantly
larger for an orbital period of 100 days than the rest of the starin this sample.

For our fast rotators, the minimum mass we could detect greatlyeties on the RV dis-
persion, which is directly linked to thevsini of the star. The individual detection limits for
these stars are provided in Table 9.1. We also note that we did noalculate the minimum
mass we would be able to detect for fast rotators that have bagsadis of less than two weeks

(LHS 2206, LP 876-010).
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Exoplanets with longer orbital periods & 10 days) can exhibit large eccentricities
(Howard et al. 2012; Udry & Santos 2007; Winn & Fabrycky 2014).nl our orbital period
range of 0.5 to 100 days, there are 1356 exoplanets known to elat Of those, close to
5% have eccentricities listed above 0.2 and fewer than 1% obplanets have eccentricities
above 0.6. The planet with highest eccentricity in this perid range is Kepler 419b (e=0.85;
Dawson et al. 2014). To be inclusive of planets with non-zeroaamntricities that have orbital
periods between 30 and 100 days, we performed our simulatiomgmia on the subset of 12
CAESAR stars in Davison et al. (2015), allowing the eccentricityo vary from 0.0 to 0.9. In
these cases, we nd that the minimum companion mass we could det&gth our data with
a 90% detection rate increases by a factor of three when the exticity varies uniformly

over this range, compared to when the eccentricities are set tero.

9.3 Astrometric Detection Limits

Assuming there is no light from low mass secondary companions, we siate 1,000,000 pho-
tocentric orbits for each star allowing the inclinations, cormpanion masses and eccentricities
to change. For each star, we use the stellar masses calculated2nl and allow the stellar
masses to °uctuate by 20%. We allow the inclination to vary betwen 0 to 90 degrees and
the eccentricity to vary between 0 and 0.9. We allow the lontgide of periastron,! , and
the longitude of the ascending node, -, to vary from 0 to 180 deges. We use the weighted
distance measurements determined from the literature and froour parallax measurement
in x6.1. We allowed the orbital periods to range from 2 to 8 year® trepresent our observing

cadence and temporal baseline. We then use these simulated ashih extract astrometric

SNumbers are from exoplanet.eu as of October 27, 2014.
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positions at our observed Julian Dates. We compare these extradtastrometric positions
to our determined astrometric errors (see Table 6.3) to deteime a A? value for each tar-
get. Then, we use thisA? value as an input for the IDL routine, mpchitest.pro (Markwardt
2009), to determine which orbits we would have been able totdet with a 3%con dence.
Figures 9.5 9.47 display the astrometric Monte Carlo simulation results fostars that have
been observed with both astrometry and RV. Figures 9.5®.55 display the astrometric
Monte Carlo simulation results for 11 stars that only have astroetric measurements. The
plots are shaded to include the fraction of objects that woultlave been detected with a3
con dence in each period and mass increment bin of 0.1g,) and 0.1 years, respectively.
To obtain a quantitative estimate of our detection limits, we gain perform 1,000,000
Monte Carlo simulations. We keep the same parameters as descdba&bove, except we
search for companions at selected orbital periods of 2 years, éays, 6 years, and 8 years.
We give the minimum companion mass we would have been able tdef# in increments of
0.5 Myyp. On average for our 54 stars, these simulations suggest that witB.8on dence,
we would have been able to detect 90% of companions with masses 83 M;yp in 2 year
orbits, » 14 M,yp in 4 year orbits,» 11 M;yp in 6 year orbits and» 9 M;yp in 8 year orbits.

The individual detection limits for these stars are providedn Table 9.2.

9.4 Additional Detection Limits from the Literature

9.4.1 Radial Velocity Limits

To place the strictest limits on excluding companions for the ats in this sample, we include

the results for 36 of the 59 stars that have been previously obsedvwith high dispersion
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spectroscopy to search for companions. We do not include all RVstdts from all authors;
however, we do include the strictest result obtained for each sta

Three of our stars (GJ 1111, LHS 292, LHS 3003) are included in a sdgafor spectro-
scopic binaries by Basri & Reiners (2006). Two RV measurementermg made for LHS 3003
and three RV measurements were made for GJ 1111 and LHS 292; ttesdline for these
measurements is» 10 years. The RV measurements for GJ 1111, LHS 292, and LHS 3003
are constant to within 1.6 km $1, 0.4 km 8! and 0.2 km $ 1, respectively, and show no
evidence of variations caused by companions.

Two of our stars (GJ 752B, GJ 1156) have previous infrared spegscopic measurements;
all other stars from the literature have been observed in the tipal. GJ 1156 has been
previously observed in the infrared on two di®erent nights se@ded by » 250 days. The
RVs are separated by 141 m' ¢ (Rodler et al. 2012). With only two observations, not many
companions can be ruled out with these data. GJ 752B, once thght to be a planet host
(Pravdo & Shaklan 2009), has an RV root mean square scatter (rmef 10.6 m $?! for 12
observations over» 225 days (Bean et al. 2010). These RV data are consistent withihe
measurement uncertainties and show no indication of a planeyamass companion.

Four of our stars (GJ 1286, SO 0253+1652, LHS 1326, LHS 1375) hdeen observed
in the red optical over timescales of less than a week. Barnesatt (2012) present 8 RV
epochs of GJ 1286 with a rms of 22.1 m sover 1.1 days. With that precision and short
time cadence, Barnes et al. (2012) would only be sensitive toapkts with periods on the

order of a few days. SO 0253+1652, LHS 1326 and LHS 1375 have 4 Rdalys each over
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6 days; these stars all have rms values under 16 m*gBarnes et al. 2014). With these
observations, the authors rule out planets wittmgsini > 10 Mgagrr at 0.03 AU.

The remaining 27 stars with previous RV measurements are inced in the HARPS
M-dwarf survey (Bon'ls et al. 2013a). Of those 27, 25 stars have Rifispersions less than
10 m 8 1. The other two stars, GJ 729 and GJ 285 have RV dispersions of 20:/8dal02 m
s 1, respectively. Our RV dispersion for GJ 285 of 99 mi & is in line with the measurement
by Bon'Is et al. (2013a). The authors present Monte Carlo resutto exclude the presence
of companions around 25 of the stars, as the other two stars (GJ&QLHS 3799) have fewer
than four epochs of data. For GJ 285, the star with the highest RMdispersion, the authors
are able to exclude with a 99% con dence the presence of comens with minimum masses
greater than» 10 M;yp in 10 to 100 day orbital periods and greater tham» 1000 Myyp (» 1
M—) in an eight year orbit (Bon'Is et al. 2013a). On average for th four stars (GJ 166C,
GJ 402, GJ 486, GJ 1224) with only four RV measurements, Bon'Is &ll. (2013a) are able
to exclude with a 99% con dence the presence of companions witinimum masses greater
than 2.3 M;yp in 10 to 100 day orbital periods and greater than 16.8 Mp in an eight year
orbit. For objects with a larger number of RV observations, theauthors are able to exclude
much smaller mass objects. The remaining 20 stars observed by Bandt al. (2013a) have
between 5 and 49 RV epochs. With these data, the authors are oneaage able to exclude
with a 99% con dence the presence of companions with minimum sses greater than 0.3
Mjup in 10 to 100 day orbital periods and greater than 1.6 M,p in an eight year orbit.

We nd no previous multi-epoch RV data for 23 stars (see Table 9.3We have obtained

measurements for 18 of these stars; thus our data place the stretteompanion limits for
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these stars. Five of the stars (G 188-038, GJ 283B, GJ 644C, LHS 130P 655-048) in
the CAESAR sample do not have multi-epoch precision RV measurentsn

In summary, all the additional RV measurements, some of which spdonger baselines
and some of which are more precise, do not identify additionabmpanions or candidate

companions.

9.4.2 High Resolution Imaging Limits

To include companions beyond several AU, we include high restdun results for com-
panions. AO imaging or HST imaging to search for stellar and browonompanions has
been completed for 51 out of the 59 stars (e.g. Dieterich et &012; Nakajima et al. 1994,
Tanner et al. 2010). We note that the companion detection madisnits determined for these
51 stars are all model and age dependent.

Oppenheimer et al. (2001) performed a coronagraphic survay Iboth the optical and
the infrared to search for companions of 28 of the 59 stars (seebl@ 9.3). Stellar com-
panions and brown dwarfs more massive than 40 ;b with separations between 50 and
100 AU would have been detected around 80% of the stars. Oppemher et al. (2001) did
not discover any companions around of the 28 stars. Dieterich at (2012) have further
constrained the spatial and mass regime of companions around df3the 59 stars (21 of
these stars have been observed by Oppenheimer et al. 2001) irstbample. Dieterich et al.
(2012) adopt 0.04 Myn (» 42 Myyp) at 3 Gyr as the minimum mass detectable with their
HST/NICMOS snapshot high resolution imaging survey, and nd no L dwg companions
in the separation range of 5 to 70 AU and no T dwarf companions 60-80 Myyp ) to these

M-dwarfs in the separation range of 10 to 70 AU.
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More targeted surveys have pushed the detection limits of compions down to the plan-
etary range with the use of near infrared AO, but only for a veryimited number of objects
(Lafrenigre et al. 2007; Luhman et al. 2005; Masciadri et a2005; Schroeder et al. 2000).
Masciadri et al. (2005) found that GJ 628 has no companions n@massive than 5 Myp
at 4 AU and no companions more massive than 10 at 1 AU. Lafrenigre et al. (2007)
further constrained the mass and spatial regime around GJ 628 Ibyling out with a 35%
con dence the presence of a 5 Mp in the separation range of 25 to 50 AU. Lafrenigre et al.
(2007) also rule out with over 90% con dence the presence of canpns more massive than
2 Mjyp in the separation range of 25 to 50 AU around GJ 285 and GJ 402. &ée two
studies imply that we can also nd massive planets between 1 and 5QJAaround nearby
M-dwarfs via imaging techniques, assuming the luminosities fromodels are correct.

In summary, no companion or candidate companions have beesabvered around these

stars with high resolution imaging.

9.4.3 Common Proper Motion Limits

To extend our search to include wide companions> (100 AU), we include common proper
motion searches for companions. Hinz et al. (2002) have searcladund 27 out of our 59
targets (see Table 9.3) and nd no stellar or brown dwarf companins at wide separations
(» 210G 1400 AU) around these stars. With a limiting J band magnitude of> 16.5 mag,
Hinz et al. (2002) would have been able to nd 40 M;yp for an assumed age of 5 Gyr at
a distance of 5.8 pc. Simons et al. (1996) exclude brown dwaridastellar companion at
wide separations $ 104G 1400 AU) around these 24 of our 59 targets (22 of these stars are

also included in Hinz et al. 2002).
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McCarthy & Zuckerman (2004) have searched for companions arad 13 out of our 59
targets (four stars have also been observed by Hinz et al. 2002; 3able 9.3) and exclude
companions with masses greater than 30 jM» between 140 and 1200 AU. Furthermore,
McCarthy & Zuckerman (2004) also have searched for less massivenpanions around a
subset of 6 of these 12 stars. With this second search, typically thethors would have
been able to detect companions more massive than 1gJd between 75 and 300 AU.

Carson et al. (2011) have searched for companions around 16 ofibur 59 targets (three
of these stars have not been mentioned above; see Table 9.3) wittages from the Spitzer
Infrared Array Camera. On average for their targets, the auths would have had a 70%
chance of detecting companions with temperatures betwee@@ 1100 K that are separated
from their primary star by 100 ; 1000 AU. An additional two of our targets (GJ 609, GJ
1235) have been observed by Schneider et al. (2011) in a studys&arch for Y-dwarfs. The
average temperature sensitivity limit for the survey is» 600K, which would correspond to
» 19 M;yp for an estimated age ob 2 Gyr (Schneider et al. 2011).

We also note that many of our stars have been included in dedieat surveys to lo-
cate high proper motion nearby stars and to determine the prapv motions of those stars
(e.g. Giclas et al. 1961; Eggen 1979; Weis 1996; Bakos et AD2 McCaughrean et al. 2002;
L€pine & Shara 2005; Subasavage et al. 2005; Deacon & Hamblp20Caballero 2007 to
mention a few). Although the goal of these surveys is to identifgew high proper motion
stars, these searches should easily be able to identify nearby coamproper motion pairs by

identifying stars in close proximity with similar high proper notions and similar parallaxes.
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Many stars have been determined in the past to be co-moving ankdus assumed to be wide
companions (e.g. GJ 896A and GJ 896B).

In summary, since the start of our program, no new low mass compans have been
discovered around any of the CAESAR stars. However, one of our stars? 876-010, has
been discovered to be a distant (nearly*6from Fomalhaut A) bound stellar companion to
the Fomalhaut multiple system; LP 876-010 is the third star in tle system and is designated
Fomalhaut C (Mamajek et al. 2013). We also note that many of owstars have been included
in high proper motion surveys, however not all of these stars hateen included in dedicated
common proper motion surveys targeting the discovery of massiypdanets and/or brown
dwarfs. 16 of our stars have not been in surveys that place detext limits on wide, low-mass

companions ¢ 100 AU).
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Figure 9.5: Companion Mass versus Orbital Period Plot for GJ D2. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric
data (right panel).
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Figure 9.6: Companion Mass versus Orbital Period Plot for GJ 58. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric

data (right panel).
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Figure 9.7. Companion Mass versus Orbital Period Plot for GJ 8B. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric

data (right panel).
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Figure 9.8: Companion Mass versus Orbital Period Plot for GJ 20 The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric

data (right panel).
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Figure 9.9: Companion Mass versus Orbital Period Plot for GJ BB. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric

data (right panel).
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Figure 9.10: Companion Mass versus Orbital Period Plot for SO263+1652. The color
shading indicates the fraction of 32detected companions as a function of companion mass
and orbital period, based on Monte Carlo simulations using the\Rdata (left panel) and
astrometric data (right panel).
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Figure 9.11: Companion Mass versus Orbital Period Plot for GJOb7. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric
data (right panel).
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Figure 9.12: Companion Mass versus Orbital Period Plot for GJO65. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric
data (right panel).
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Figure 9.13: Companion Mass versus Orbital Period Plot for GJ6BC. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric
data (right panel).
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Figure 9.14: Companion Mass versus Orbital Period Plot for LHS723. The color shading
indicates the fraction of 34detected companions as a function of companion mass and oabit
period, based on Monte Carlo simulations using the RV datddft panel) and astrometric
data (right panel).
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