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ABSTRACT

Locating ultra-cool companions to M dwarfs is important for constraining low-mass formation
models, the measurement of sub-stellar dynamical masses and radii, and for testing ultra-cool
evolutionary models. We present an optimised method for identifying M dwarfs which may
have unresolved ultra-cool companions. We construct a catalogue of 440,694 M dwarf candi-
dates, from WISE, 2MASS and SDSS, based on optical and near-infrared colours and reduced
proper motion. With strict reddening, photometric and quality constraints we isolate a sub-
sample of 36,898 M dwarfs and search for possible mid-infrared M dwarf + ultra-cool dwarf
candidates by comparing M dwarfs which have similar optical/near-infrared colours (chosen
for their sensitivity to effective temperature and metallicity). We present 1,082 M dwarf + ultra-
cool dwarf candidates for follow-up. Using simulated ultra-cool dwarf companions to M dwarfs,
we estimate that the occurrence of unresolved ultra-cool companions amongst our M dwarf +
ultra-cool dwarf candidates should be at least four times the average for our full M dwarf cat-
alogue. We discuss possible contamination and bias and predict yields of candidates based on
our simulations.

Key words: stars: low-mass - stars: binaries - stars: brown dwarfs - infrared: stars - planets and
satellites: detection
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1 INTRODUCTION ing from old low-mass stars through younger brown dwarfs (e.g. in
Nakajima et al. 1995, Delfosse et al. 1997, Burgasser et al. 1999,
Kirkpatrick et al. 1999, Pinfield et al. 2003, Burgasser et al. 2004,
Leggett et al. 2010, and Kirkpatrick et al. 2011) and down into the
planetary regime (e.g. in Lucas et al. 2006, Caballero et al. 2007,
Luhman & Muench 2008, Marsh et al. 2010, Lodieu et al. 2011,
Delorme et al. 2012, and Scholz et al. 2012).

The ultra-cool (Te¢;;<2500 K, >M7) field population has been
greatly expanded over the last 15 years using large-scale red and
infrared surveys; The Two Micron All-Sky Survey (2MASS, Skrut-
skie et al. 2006), The Sloan Digital Sky Survey (SDSS, York et al.
2000), The UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence
et al. 2007), The Visible and Infrared Survey Telescope for Astron-
omy (VISTA, Emerson & Sutherland 2002) and The Wide-Field In-
frared Survey Explorer (WISE, Wright et al. 2010). Evolutionary
cooling means the masses of these sources are age-sensitive, rang-

arxXiv

Ultra-cool dwarfs (UCDs) can be extremely informative. Sta-
tistical studies of UCD companions aid the theoretical study
of low-mass star formation and provide constraints on the ini-
tial mass function (Parker & Reggiani 2013; Chabrier et al. 2014).
Specifically, companion statistics can be used to decide between
* E-mail: neil.james.cook @gmail.com different formation processes. For wide binaries, e.g., it is difficult
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to explain formation via dynamical processes or disc fragmentation
with such systems possibly forming via early stage core fragmenta-
tion (Chabrier et al. 2014). There is also a lack of 10 to 100 Jupiter
mass companions (the brown dwarf desert) in separation ranges cov-
ered by radial velocity surveys. Observationally, the frequency of
companions increases for planetary-mass objects but decreases for
objects with larger mass (Howard et al. 2010). Giant planets are also
less frequent around lower-mass stars than higher mass stars (John-
son et al. 2010) whereas, in the same separation range, brown dwarf
companions become more frequent around low-mass stars and other
brown dwarfs (Joergens 2008).

Ultra-cool companions are also useful as benchmark sources to
test structure and atmospheric evolutionary models (Pinfield et al.
2006). Companions where physical parameters can be directly mea-
sured can be used for testing atmospheres and structure models of
both the primaries and companions (Baraffe et al. 2003; Burrows
et al. 2011; Luhman et al. 2012; Allard et al. 2012; Saumon et al.
2012). Companion properties such as age and composition can gen-
erally be inferred from the primary star (Leggett et al. 2010), and
mass and radius constraints can come from radial velocity and light
curve studies over multiple orbital periods (e.g. Agol et al. 2005;
Cumming et al. 2008; Jones et al. 2015), via astrometry (e.g. with
Gaia, de Bruijne 2012), or via adaptive optics (e.g. Dupuy et al.
2010).

Unresolved companions have been identified using a variety
of observational techniques. High contrast systems are generally re-
vealed through radial velocity variability, with much lower contrast
systems (e.g. late M dwarf+UCD or UCD+UCD systems Burgasser
et al. 2006, 2010; and Bardalez Gagliuffi et al. 2013, 2015) more
amenable to spectroscopic and photometric study (e.g. in Reid &
Mahoney 2000, Reid et al. 2001, Oppenheimer et al. 2001, Nidever
et al. 2002, Pinfield et al. 2003, Burgasser et al. 2003, Close et al.
2003, Reiners 2004, Burgasser & McElwain 2006, Joergens 2008,
Luhman et al. 2012, and Todorov et al. 2014).

Low number statistics and observational bias make it difficult
to robustly constrain the M dwarf companion fraction with varying
mass-ratio and separation. It is clear however, that for separations of
<100 AU the M dwarf+UCD companion fraction is at the level of
approximately one per cent (i.e. 2-4 per cent, via Adaptive optics;
Neuhduser & Guenther 2004; 0-2 per cent, 0.001<0<0.01 AU, Reid
& Mahoney 2000; 1-3 per cent, 10<8<100 AU Oppenheimer et al.
2001; 1 per cent, 0.1<f<1 AU, Nidever et al. 2002; and 1 per cent,
1.0<6<10.0 AU Nidever et al. 2002, where € is separation).

In this paper we present a new photometric method which aims
to provide significant benefits to targeted searches for unresolved
UCD companions to M dwarfs. We take advantage of the extensive
multi-band photometry (optical to mid-infrared) available by com-
bining the WISE, 2MASS and SDSS surveys, and the large M dwarf
sample size this reveals (Section 2). By constructing a large cata-
logue of well measured M dwarfs in un-reddened regions of the
sky, we isolate a sample which can be searched for mid-infrared
outliers within a multi-colour parameter-space. We then optimise a
method to search for such outliers, which could be due to unresolved
UCD companions, by carefully minimising the colour variation ex-
pected from effective temperature and metallicity differences. We
interpret our results via simulations, by artificially injecting an un-
resolved companion population into our sample, and assessing the
increased likelihood of such systems appearing in different regions
of the multi-colour parameter-space. This allows us to select a sam-
ple of M dwarfs with significantly increased potential for unresolved
UCD companionship (Section 3). We present our candidates, discuss
possible contamination and bias, and predict yields and the expected

companion spectral type distribution based on our simulations. We
summarise our results and discuss planned follow-up in Section 4.

2 CATALOGUE SELECTION

As a foundation for our analysis procedures, we construct a cata-
logue of M dwarf candidates with high quality WISE/2MASS/SDSS
photometry. We chose not to use SDSS u band (0.3551 pum) due to
its increased uncertainties (Padmanabhan et al. 2008), and chose not
to use the WISE W3 and W4 bands due to the greatly reduced sen-
sitivity (Magnitude limit at 5o of 11.40 for the 12 pm, W3 band,
and 7.97 and for the 22 um, W4 band; Wright et al. 2010) as we
would not have detections for many of our M dwarf candidates.

2.1 Initial colour and photometric cuts

We began by downloading® all 563,921,603 sources in the WISE
All-Sky catalogue, of which 280,909,458 had 2MASS counterparts
within three arcsec. Table 1 summarises the multi-band photomet-
ric sensitivity limits that we used when selecting sources from these
surveys. We applied near-infrared colour cuts to help remove con-
taminating giants and earlier spectral type stars from our sample. We
made use of the J — H and H — Kg colour constraints from Lépine
& Gaidos (2011, hereafter LG11). After these initial cuts 57,510,435
sources remained.

We then cross-matched the catalogue with The Tenth Data Re-
lease of SDSS?(Ahn et al. 2012, SDSS DR10). Of the 57 million
sources, 9,944,123 sources had SDSS photometry and were flagged
as stars (type = 6 in DR10 PhotoObjAll). Usingthe g —rto V — g
transformation® of Jordi et al. (2006), we were able to calculate an
estimate of the V band magnitudes. This enabled a spectral type
estimation via V' — J (see equation 12; Lépine et al. 2013). We
removed all sources which have an estimated spectral type early
than ~M3.5 (equivalent to a V' — J >4.0, see Section 3.3). This is
a slightly redder cut than (LG11, which aimed to remove stars ear-
lier than K7 dwarfs with V' — J>2.7). This left 1,352,931 sources
with estimated spectral type M3.5 or later.

To reduce the number of sources which had poor photometry
we used basic accuracy cuts of 0.1 in the uncertainties of V, J, H,
K, W1 and W2. This left a total of 704,723 sources. We impose
more strict photometric requirements for the excess analysis in Sec-
tion 3.1.

2.2 Reduced proper motion

Reliable, accurate proper motions (u) allows the separation of dwarf
stars from background stars and galaxies through reduced proper
motion. We therefore cross-matched our sample with the Position
and Proper Motion Extended-L' catalogue (Roeser et al. 2010, PP-
MXL). A total of 691,421 of the 704,723 sources had proper mo-
tion measurements thus we decided not to use any additional proper
motion catalogues. Any sources without proper motions in PPMXL
were rejected as possible contaminants. We selected only sources
whose proper motion uncertainties were <25 per cent (40,,) of the
measured value. Of those sources with proper motion, 464,655 met

1 Access to data releases via http://irsa.ipac.caltech.edu

2 Access viahttp://skyserver.sdss3.org/CasJobs/

3 SDSS photometric transformations available via https://www.
sdss3.org/dr8/algorithms/sdssUBVRITransform.php
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Survey Band Wavelength PSF-FWHM  Magnitude-limit (S50)  Notes
pm arcsec mag
SDSS g 0.4686 1.3 22.2 a
SDSS r 0.6165 1.3 222 a
SDSS i 0.7481 1.3 213 a
SDSS z 0.8931 1.3 20.5 a
2MASS J 1.25 2.9 16.55 b
2MASS H 1.65 2.8 15.85 b
2MASS Kg 2.16 2.9 15.05 b
WISE wi 34 6.1 16.5 c
WISE w2 4.6 6.4 15.5 c

@ Ahn et al. (2012) and http://www.sdss3.org/dr9/scope.php
b Skrutskie et al. (2006), http://www.ipac.caltech.edu/2mass/releases/allsky/ and

http://spider.ipac.caltech.edu/staff/roc/2mass/seeing/seesum.html

limits quoted as 100, 50 = ‘mag at 100’ + 0.75)

(Magnitude

¢ Wright et al. (2010) and http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/

Table 1. Summary of SDSS (Ahn et al. 2012), 2MASS protect(Skrutskie et al. 2006) and WISE (Wright et al. 2010) photometric bands used in our selection

process.

the 40, cut. Reduced proper motion, Hy = V + 5log(p) + 5, was
then calculated and possible contamination rejected following the
same approach as LG11 (Hy > 2.2(V — J) + 2.0). This offers a
good balance between contamination rejection and M dwarf reten-
tion. LG11 estimated associated M dwarf rejection rates of no more
than 1.1 per cent. After the reduced proper motion cut we were left
with 450,440 M dwarf candidates. We used the 2MASS proximity
flag (prox), to make sure none of our M dwarfs had another 2MASS
counterpart within six arcsec. This avoids source blending which can
affect photometric accuracy. This left a total of 440,694 sources in
our full catalogue of M dwarf candidates.

2.3 Catalogue properties

The comparison in J magnitude and the spectral type comparison
can be seen in Figure 1. Our M dwarf candidates compliment other
catalogues of M dwarfs, including M dwarf catalogues from Gliese
& Jahreill (1991); West et al. (2011), LG11, Frith et al. (2013) and
Theissen et al. (2015). Our catalogue is not a continuation of the
Frith et al. (2013) nor LG11 catalogue due to our use of the SDSS
catalogue (thus restricted to the northern hemisphere).

Our catalogue is brighter than the recent Motion Verified Red
Stars (MoVeRS) catalogue (Theissen et al. 2015) due to their cuts
in SDSS of » > 16. The MoVeRS catalogue also goes two orders
of magnitude deeper than our catalogue due to our quality cuts and
our requirement of a W2 detection. It should be noted our M dwarfs
consist only of M dwarfs later than M3, and this is not true for the
other catalogues compared in Figure 1. Our catalogue of M dwarf
candidates represents the largest available, given our requirements,
filling in the gap in M dwarf candidates between the bright Frith
etal. (2013) and LG11 catalogues and the fainter West et al. (2011)
and Theissen et al. (2015) catalogues.

The dashed black line on the spectral type histogram shows
the M dwarf estimates from the Large sky Area Multi-Object Fibre
Spectroscopic Telescope, LAMOST (Cui et al. 2012; Luo et al. 2012;
Zhao et al. 2012, see section 2.4), the LAMOST estimates shows the
V' — Jcut does an imperfect job at selecting later than M3 dwarfs,
and that the spectral type distribution goes out to at least M7 (al-
though V' — Jscatter may suggest a contingent of later types that
we have yet to confirm). We select against earlier M dwarfs, and the
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West et al. (2011) catalogue continues to dominate numerically for
the latest spectral type M dwarfs.

At the bright extreme the M dwarf frequency of our catalogue
falls below those of the Gliese & Jahrei3 (1991), LG11 and Frith
et al. (2013) catalogues, due mainly to our restriction to SDSS sky.
Our catalogue dominates numerically in the magnitude range J=10-
15.5, but does not go as deep as the West et al. (2011) spectroscopic
catalogue.

We estimated distances using the Bochanski et al. (2010) Mg
fits to » — zand r — . Note these were only used for comparison
purposes in Figure 2. The bulk of our M dwarf candidates lie be-
tween 100 and 200 pc consistent with M dwarfs of spectral type M3
to M5.

2.4 Sources of contamination and bias

We expect our M dwarf candidate catalogue to contain non-M dwarf
contamination for two main reasons. Scatter in the V' — J colours
will lead to the inclusion of some earlier types (<M3). These will
be mostly early M dwarfs but could include some F, G and K stars.
Reduced proper motion uncertainty is also expected to lead to a low
level of giant contamination as previously discussed.

To assess the contamination levels we cross-matched our full
M dwarf candidate catalogue with the Set of Identifications, Mea-
surements and Bibliography for Astronomical Data (SIMBAD)* cat-
alogue (cross-matched to three arcsec). In total there were 20,286
matches with our full M dwarf candidate catalogue. Of these 7,360
had spectral types from SIMBAD. From this we gauge our contam-
ination from early (FGK) stars, M giants, and white dwarfs. The
full catalogue has ~1.3 per cent contamination from these sources
(see Appendix A). It should however be noted some of the spec-
tral types carry little information, e.g. only as an M-type star (~1.4
per cent), and thus we may slightly underestimate our contamination
from sources such as M giants. SIMBAD also shows a bias toward
the brighter stars in our sample, thus our fainter catalogue may con-
tain more contamination from fainter sources. In our full M dwarf
candidate catalogue we find thirteen (~0.2 per cent) white dwarfs

4 SIMBAD database accessible at http://simbad.u-strasbg.fr/
simbad (Wenger et al. 2000)
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Figure 1. Histograms comparing the J band magnitudes (left) and spectral type (right) of our M dwarf candidates and the catalogues of Gliese & Jahreif3 (1991);
West et al. (2011), LG11, Frith et al. (2013) and Theissen et al. (2015). The dashed black line on the spectral type histogram shows the M dwarf estimates from
LAMOST (see section 2.4). Spectral type for our candidates is calculated photometrically (V' — J ) by the equations presented in LG11. Frith et al. (2013) does
not give a spectral type estimate nor V band magnitudes in order for us to doa V' — J estimation thus we do now have spectral type data for the Frith et al. (2013)
catalogue. West et al. (2011) give integer spectral types thus we assume a flat distribution and split these equally between whole and half integer bins (i.e. N M
dwarfs in the MO - M1 bin becomes N/2 M dwarfs in the MO - M0.5 bin and N/2 M dwarfs in the M0.5 - M1 bin).

are cool enough to be selected by our initial selection process. We
also find twenty-two (~0.3 per cent) of our M dwarf candidates have
white dwarf companions, twenty (~0.3 per cent) are known M+M
binaries, and one is a known M+L binary.

We also used our SIMBAD cross-match to count the source
classifications given and grouped them by type (see Appendix A).
From this we gauge our contamination from sources classified as
galaxies, variable stars and white dwarfs as ~2.7 per cent for our
full M dwarf candidate catalogue. It is also interesting to note we
find 1.7 per cent of our excess sample are classified as known mul-
tiple or binary systems. As with spectral type some of the source
classifications carry little information (i.e. classified only as being
stars or as being in an association or a cluster) therefore we also take
this contamination as a rough estimate.

We obtain additional optical spectral types by exploring data
from LAMOST and we repeated this exercise with the LAMOST
DR1 and DR2 catalogue spectral types (again cross-matched to three
arcsec). In total there were 9,262 sources with spectral types in our
full M dwarf candidate catalogue. From this we gauge our contami-
nation from early-than-M stars and white dwarfs. The full catalogue
has ~9.6 per cent contamination from these sources, (see Appendix
A), however it should be noted LAMOST does not distinguish be-
tween giants and dwarfs nor between spectral types of the double
stars thus our contaminations are a rough estimate. In our full M

dwarf candidate catalogue we find 8 (~0.1 per cent) white dwarfs
are cool enough to be selected by our initial selection process.

3 SELECTING M DWARFS WITH MID-INFRARED
EXCESS

3.1 Catalogue sub-sample for excess studies

To facilitate our search for M dwarfs with mid-infrared excess we
identified a sub-sample from within our M dwarf catalogue, using
more stringent and additional constraints (hereinafter the ‘excess
sample’). Our colour excess signal could be confused with inter-
stellar reddening and/or photometric uncertainty, thus we aim to
minimise their contribution. With an estimated three per cent ex-
cess from an unresolved companion (see Section 3.3) we require all
uncertainties to be less than this level. Reddening and photometric
uncertainty cuts were designed to achieve or better this requirement,
while maintaining a sufficiently high number of candidate M dwarfs.

To enable reddening cuts we obtained extinction information
from dust maps (Schlegel et al. 1998), and updated the extinctions
using Schlafly & Finkbeiner (2011). We required little to no red-
dening, comparable to the uncertainties in the photometric data and
reddening in J — W1, J-W2, H—-W1,and H- W2, (ie.
E(J-W1), E(J—W2), E(H—-W1), and E(H —W2) re-

MNRAS 000, 1-15 (2016)
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Figure 2. Distribution in estimated spectral type - distance space.
Spectral types from Lépine et al. (2013)’s fit to V — J. Distance
was estimated using Bochanski et al. (2010)’s Mg fits to 7 — zand
r — i (averaged).

spectively) and required reddening to be less than two per cent (see
Appendix B). After the reddening cuts 138,572 of the 440,694 M
dwarfs were retained.

To ensure high quality photometry we required that photomet-
ric magnitudes:

- had uncertainties better than 0.04 in g, 7, ¢ and z (413,933
sources in the full M dwarf candidate catalogue)

- had uncertainties better than 0.04in V', J, H, K, W1 and W2
(150,307 sources in the full M dwarf candidate catalogue)

- had unsaturated g and r photometry (¢g>14, r>14, York et al.
2000, 439,202 sources in the full M dwarf candidate cata-
logue)

- had WISE photometry unblended (flags na = 0 and nb = 1;
416,330 sources in the full M dwarf candidate catalogue)

- had non-variable WISE photometry (see Pinfield et al. 2014,
1,011 sources were variable in the full M dwarf candidate cat-
alogue)

- had SDSS photometry not registering as an extended source
(flag ext_flg= 0; 435,087 sources in the full M dwarf candi-
date catalogue)

- had an SDSS score® greater than 0.5 (407,962 sources in the
full M dwarf candidate catalogue)

- were not flagged® as too close to the edge of their frames (us-
ing the EDGE flag; 413,944 sources in the full M dwarf can-
didate catalogue)

5 The ‘score’ is a number between zero and one rating the qual-
ity of an SDSS image field, see http://www.sdss3.org/drl0/
algorithms/resolve.php

6 We chose which SDSS flags to use by assessing the quality flags for
photometric outliers in our sample. Detailed information on these flags can
be found at https://www.sdss3.org/dr9/algorithms/photo_
flags.php.
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- were not flagged® as using photometry from bad im-
ages (using the PEAKCENTER, NOTCHECKED and DE-
BLEND_NOPFEAK; 439,641, 429,979 and 419,436 sources
respectively in the full M dwarf candidate catalogue)

- were not flagged® as having photometry from images contain-
ing saturated pixels (SATURATED; 416,889 sources in the full
M dwarf candidate catalogue)

- were not flagged® as having more than 20 per cent
of the point spread function flux interpolated (using the
PSF_FLUX_INTERP flag; 380, 868 sources in the full M
dwarf candidate catalogue)

Combining all of these cuts left 36,898 M dwarf candidates in our
excess sample. These cuts effectively remove the galactic plane from
our excess sample (one is within galactic latitude of +15° and 255,
0.7 per cent, are within galactic latitude of +20°).

3.2 Simulating photometry

Although M dwarf colours are intrinsically scattered at some level”,
the effects of adding an unresolved binary companion may be well
determined. As a tool in our analysis we thus simulated M dwarf
and UCD photometry which we used to interpret the observational
parameter-space of the excess sample.

For M dwarfs we constructed a probabilistic fitting routine
(see Appendix C) which we applied to an M dwarf sample con-
structed using the following catalogues: The Spectroscopic Catalog

7 M dwarf colours may be intrinsically scattered by many factors including
differences in temperature, surface gravity and composition, e.g. in Burrows
et al. (1997); rotation, e.g. in McQuillan et al. (2014); and activity, e.g. in
Robertson et al. (2013).
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that our analysis will identify. Regions that are insensitive to companions and to spectral type variations are shaded blue and red respectively. Our chosen CS and

PS colours, see text, are indicated in yellow and green respectively) .

of The 1,564 Brightest (J<9) M-dwarf Candidates in the North-
ern Sky®(selected from the SUPERBLINK proper-motion catalogue;
Lépine et al. 2013), The Database of Ultra-cool Parallaxes® (from
Dupuy & Liu 2012), and The Preliminary Version of the Third Cat-
alog of Nearby Stars (Gliese & Jahreifl 1991). We thus determined
relationships between M ; and infrared colours that led to synthetic
absolute magnitudes in the J, H, K, W1, and W2 bands. In ad-
dition we used the synthesised colour-colour relations from Covey
et al. (2007) to generate SDSS magnitudes, making use of cubic
spline fits for spectral types M0.5, M1.5, M3.5, M4.5, M5.5 (See
Table 3 from Covey et al. 2007).

For the UCDs we combined absolute magnitudes and colours
from Hawley et al. (2002); Chiu et al. (2006) and Dupuy & Liu
(2012), and used our probabilistic fitting routine to determine the

8 Accessed on-line at http://heasarc.gsfc.nasa.gov/
W3Browse/all/bnmdspecat.html

9 Accessed on-line at https://www.cfa.harvard.edu/
~tdupuy/plx/Database_of_Ultracool_Parallaxes.html

full range of UCD optical-infrared magnitudes (see Table C2 for re-
lationships not taken directly from Dupuy & Liu 2012).

3.3 Choosing the optimal photometric colours

To optimise the photometric analysis of our excess sample we used
our simulated M dwarf and UCD photometry to synthesis the ex-
pected changes in colour due to the presence of unresolved UCD
companions, as well as the expected changes in colour due to spec-
tral type variation. Our full results are shown in Appendix C (Figures
C.3 and C.4) with a representative plot shown in Figure 4. This plot
shows the colour excess due to a companion (companion sensitivity),
against the change in primary colour for delta-spectral-type=1.0 (pri-
mary sensitivity). The results were averaged for LO-L4 companions
and for M3-M6 primaries. Using this plot as a guide we selected two
categories of colour. We defined ‘companion sensitive’ (CS) colours
as those that are sensitive to the presence of unresolved compan-
ions but are insensitive to variations in primary spectral type. We
also defined ‘primary sensitive’ (PS) colours as those that are sen-
sitive to changes in the primary spectral type, but are insensitive to
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the presence of unresolved UCD companions. In addition we also
considered sensitivity to metallicity when selecting PS colours (see
West et al. 2011 and Newton et al. 2014), even when there was little
sensitivity to spectral type.

Our final selection of CS colours are shown in yellow in Figure
4. They all have primary sensitivity below 0.1 mag, and compan-
ion sensitivity above 0.03 mag. Our selected PS colours are shown
in green, and all have secondary sensitivity below 0.01 mag. The
(r — i) and (g — %) colours have good sensitivity to spectral type,
while (g — r) is sensitive to metallicity (West et al. 2011).

3.4 Identifying excess using multi-colour parameter space

In order to estimate the mid-infrared excess of the candidate M
dwarfs in our excess sample we defined a three-dimensional colour
parameter-space using the chosen PS colours (g —7), (r —¢) and
(g — ©). For each candidate M dwarf (target M dwarf) in our excess
sample we then defined a sub-volume within this PS colour-space,
centred on the target M dwarf colours and with a size of £0.01
in each colour (see Figure 5). We then established ‘no companion’
comparison colours for each candidate by selecting all excess sam-
ple members within a target M dwarf’s PS colour sub-volume, and
measured the mean CS colours in this volume. This approach as-
sumes that the vast majority of the excess sample are M dwarfs
without UCD companions, and thus the ‘no companion’ compari-
son colours should provide a good zero excess reference from which
the mid-infrared excess of target M dwarfs can be estimated.

We required at least 20 comparison objects in a target M
dwarf’s PS colour sub-volume (this was the case for 22,579 mem-
bers of the excess sample), and measured the mid-infrared excess
using the most sensitive of our CS colours (J — W2). The resulting
excess distribution is shown in Figures 6 and 7, against V' — J (a
proxy for spectral type).

The excess distribution will be discussed further in Section 3.5,
and Figure 7 also shows the selection contours that will be discussed
in Section 3.6. The excess distribution of the sample lies generally in
the range -0.15 to +0.15, and as we will see (Section 3.6) the excess
values of M dwarfs with L dwarf companions lie at the upper end of
this range (see also the L dwarf excess vectors shown in Figure 7 as
a guide). We note that these are significantly lower excess levels than
have been previously analysed in the context of M dwarf disc excess.
Several studies (Esplin et al. 2014; Theissen & West 2014; Luhman
& Mamajek 2012) have identified M dwarfs that may have discs,
by selecting those with mid-infrared excess values of ~1 or greater.
These studies probe excess levels that are ~5 times greater than we
focus on here, since M dwarf discs are generally much brighter in
the mid-infrared than UCDs.

3.5 Colour excess distribution

Figure 8 (top plot) shows the histogram of our excess measure-
ments. Overall it is similar to a Gaussian distribution, but as we will
see it has some asymmetries. Firstly it is apparent that the peak of
this histogram is found at a slightly negative excess value which
seems unexpected. However, we believe this bias is introduced by
our analysis method, and results from the finite size of the PS colour
sub-volumes. The number density of objects varies across the sub-
volumes in our multi-colour parameter-space, leading to average val-
ues that can be slightly different to the central value. We suggest that
on average this effect leads to the small negative offset that is seen.
For our symmetry analysis we offset the histogram by +0.003 mag-
nitudes to remove this offset.

MNRAS 000, 1-15 (2016)

To assess the symmetry of the histogram we reflected the neg-
ative side of the distribution in the Y-axis and subtracted this from
the positive distribution (see Figure 8). Although the histogram is
fairly symmetrical, it contains an important feature. The positive
wing has relatively lower frequencies (compared to the negative
wing) for excesses of 0-0.05, and has relatively higher frequencies
for excesses of 0.05-0.15 (an excess bump). To assess the nature of
this excess bump we carried out a comparison analysis using the
H — K colour as our CS colour (instead of J — W2). This com-
parison analysis should not be sensitive to companion excesses, or
indeed to spectral type variations (see Figure 4), but should produce
the kind of distribution we expect in the absence of any significant
excess (albeit with some scatter due to a metallicity spread). Fig-
ure 8 also contains the histogram for the H — K g excess distribu-
tion (green line), and it can be see that it has a similar form to the
J — W2 excess histogram. However, when one studies the symme-
try of this histogram (bottom plot) it is clear that the H — K g excess
distribution is much more symmetrical by comparison. The mirror-
subtracted trace for the H — Ks excesses is close to zero with just
a few short-range deviations. This contrasts with the bump feature
seen when excess values are calculated using J — W2, and thus
supports the idea that the bump is caused by a population of M
dwarfs with mid-infrared excess, rather than by some unidentified
bias in our analysis method.

The mid-IR bump represents ~2.01 to 22 per cent of our ex-
cess sample, and we thus expect unresolved M+UCD systems to
only form a fraction of this population (see further treatment in Sec-
tion 3.6). We also expect the bump population to include a variety
of contaminating objects such as M+M binaries (where the cooler
companion causes an excess), M dwarfs in regions of local redden-
ing (not picked up by our reddening assessments), and M dwarfs
with some low level of disc emission. These objects will be mixed
with M dwarfs whose colours have scattered to the red due to pho-
tometric uncertainty.

3.6 Excess selection contours

In order to identify M dwarfs likely to have mid-infrared excess con-
sistent with unresolved UCD companions, we used our simulated
M dwarf and UCD photometry (from Section 3.2). As a starting
point we took the photometry of our excess sample to represent a
population without any unresolved UCD companions. This assumes
that UCD companions are reasonably rare, which is consistent with
previous constraints (Section 1)) and our interpretation of the ex-
cess bump feature. We then simulated unresolved UCD companions
around a randomly selected fraction (3) of our sample by modifying
the M dwarf colours to account for L2 companions (since we expect
the most significant UCD reddening from companions in the range
~L0-L3; see Appendix C). We used these simulated M dwarfs to
map out a so-called ‘improvement’ parameter-space. We define ‘im-
provement’ to be the factor by which the probability improves that
an M dwarf has an unresolved UCD companion, compared to a com-
pletely random selection.

Mo 2 1)

Improvement =
4 Nr B

where Nsp is the total number of simulated M dwarf+UCD unre-
solved binary systems present in the region, N is the total number
of M dwarfs present in a region (N = Np — Nss + Nsg), and
B is the simulated binary fraction. Here Np is the number of origi-
nal M dwarfs in the region and Nggs is the number of simulated M
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Figure 5. Colour-colour contour diagrams for g — r against » — ¢and, g — r against g — ¢, for the populations of M dwarfs used in the multi-colour-space
analysis. Red boxes represent 10 targets and their respective PS colour volumes (in two dimensions). These volumes are used to define similar M dwarfs, the
colour volume means and standard deviations are used to calculate colour excesses compared to those in each target colour volume. This process was undertaken
for each M dwarf, except those which had less than 20 M dwarfs in their colour volume.

Spectral Type
Spectral Type M3.5 M4.0
M3.5 M4.0

—— M dwarf distribution
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Excess in J-W2
Excess in J-W2

v ’ ' 2.0 ) ) 26 2.8 5.0

V-J

Local improvement using small boxes (Red) — M dwarf distribution Simulated Improvement > 6.0

—— Simulated Improvement > 3.0 Simulated Improvement > 7.0

3.0 4.5 6.0 75 9.0 — Simulated Improvement > 4.0 —— Simulated Improvement > 8.0

’ ' ' ' ’ ’ Simulated Improvement > 5.0 ~ —» Simulated Excess Gain

Figure 6. Excess distribution of our sample of M dwarfs after the colour- ~ Figure 7. The local improvement grid was used to define contours of
space analysis (for the CS colour J — W2). The colour distribution repre- improvement (coloured contours). For comparison the excess gained (in
sents the local improvement grid created simulating M dwarf+UCD unre- J — W2) by a sample of M dwarfs is shown. The red arrows start at an
solved binary systems through the multi-colour-space analysis. The red box M dwarfs location in excess/V — J space without a simulated compan-
shows the size of the improvement grid used. ion and end at the location where the M dwarf + UCD companion is in

excess/V — J space. The shaded region is the final selected contour equvia-
lent to an improvement of >4 over randomly selecting an M dwarf from our
full catalogue of M dwarf candidates
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Figure 8. Assuming the deficit section of the excess J — W2 distribution is from Gaussian, random or likewise symmetric contamination process (and not from
a UCD companion), we show the histogram of our excess distribution, compared to a mirrored deficit (negative) distribution around zero (non-shifted, magenta)
and around an overall deficit value of -0.0030 (shifted, red). This is then compared to the excess H — K g distribution (an independent colour that also shows a
very low sensitivity to companions and spectral type, see Figure 4, shown in cyan and blue for non-shifted and shifted respectively). The residuals of J — W2 are
also shown in red (bottom plot). The positive bump at an excess of >0.05 magnitudes is evidence of processes contributing to making the targets redder than
their mean PS colour volume colour, including M dwarfs with unresolved UCD companions and is not seen in our companion insensitive (H — K g ) residuals

in blue.

dwarf+UCD unresolved binary systems present in the region before
the UCDs were added. Hence an improvement of one is equivalent
to no improvement (i.e. randomly selecting M dwarfs from the dis-
tribution).

We calculated improvement values across the excess
V' — J parameter-space of our excess sample using a box-
smoothed approach and running our simulation 1000 times to
smooth out the random noise. Figure 6 shows the ‘improvement’
levels (colour-scaled) across the excess V — J parameter-space.
The box size we used for smoothing is indicated in the upper left of
the diagram.

A set of improvement contours were defined to aid selection of
potential M+UCD binaries. These are shown in Figure 7, where the
contours range from 3-8. We required improvement >4 for our final
selection, and this region is shaded in grey in the Figure. We used
these contours as selection regions for our candidates and the results
can be seen in Table 2, for a simulated binary fraction of 0.01 (1
per cent). For J — W2and 5=0.01 this led to 1,082 objects which
constitutes our ‘candidate M+UCD sample’.

MNRAS 000, 1-15 (2016)

3.7 Measuring improvement in detection

By varying the fraction of simulated binaries added (3, Section 3.6)
we were able to estimate the expected yield of candidate M+UCDs
at certain improvement levels. The binary fraction for mid-type M
dwarfs with a UCD companion is rather uncertain, so we present a
range of estimates for 5=0.2-8 per cent. We run the same selection
method as above to create additional candidate M+UCD samples,
with the only difference being 5. We count the number of candidates
found for each binary fraction and show this in Figure 9. The higher
the binary fraction the lower our yield, this is expected because more
of our reference PS colour M dwarfs have companions thus diluting
the colour excess detectable. For a binary fraction of 0.01 we expect
over 1000 candidate M+UCDs for J — W2.

3.8 Predicting candidate companion subtype

To estimate the subtypes of the expected companions we ran our
simulation (Section 3.6) for LO-T4 companions (in steps of two sub-
types). We run the same selection method as above (except varying
the companion we added) to create additional candidate M+UCD
samples. Figure 10 shows the result for the number of candidate
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Colour Imp>3 Imp>4 Imp>5 Imp>6 Imp>7 Imp>8
J—-W1 1,800 654 330 169 110 83
J—-W2 2,934 1,082 511 269 128 82
H-WwW1 705 176 85 34 26 15
H-WwW2 1,095 301 118 57 23 17

Kg — W2 616 221 98 34 14 8

Table 2. Using a locally defined Improvement, Imp, based on our simulated M dwarf+UCD unresolved binary systems, contours of improvement were defined
(i.e. Imp > 3) and the number of M dwarfs in excess/V — J space which fell inside a contour were recorded. The simulated binary fraction, 5 in this case was

£ = 0.01 (1 per cent).

1200

1000
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400

Number of sources in Improvement Contour >4.0

200

0.03 0.04

Binary fraction 3

0.05

Figure 9. After varying the initial binary fraction of our simulated com-
panion systems, the final detected fraction was calculated and thus the
yield of candidate M+UCDs was calculated and the improvement over
randomly selecting M dwarf was defined for each CS colour. Plot shows

candidate M+UCDs for an improvement > 4. J — W 2yields the most

candidate M+L dwarf systems.

M+UCD systems with a binary fraction of 0.01. For comparison we
show the predictions when a range of other CS colours are used in-
stead of J — W2. It can be seen that J — W2 yields the most can-
didate M+L dwarf systems because it is the most sensitive to M+L
unresolved binaries. If the companion distribution is flat, similar to
the field population (See Figures 11 and 12 from Cruz et al. 2003)
we can use Figure 10 to predict roughly our expectation of compan-
ion subtypes. We expect up to 60 per cent of our candidates to have
companions of spectral subtype earlier than L3 and ~35 per cent to
be later L dwarfs. The remaining ~5 per cent may be late L dwarfs
or early T dwarfs.

3.9 Contamination in the excess sample and candidate
M+UCDs

In total there were 3,928 matches out of the 36,898 excess sample
and 66 matches out of the 1,082 candidate M+UCDs to the SIMBAD
catalogue (three arcsec cross-match). Of these 1,475 and 32 respec-
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15001
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Percentage of sources compared to
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n
S
S

L6.0 L8.0 T0.0
Simulated companion spectral type

L4.0

Figure 10. After varying the simulated companion between LO and T4
we are able to gain insight into the possible companion spectral type
distribution. As with Figure 9, J — WW2yields the most candidate M+L
dwarf systems.

tively had spectral types from SIMBAD. From this we gauge our
contamination from early (FGK) stars, M giants, and white dwarfs.
Our excess sample has a contamination of ~0.14 per cent from these
sources and there is no contamination from these sources found in
our candidate M+UCDs (see Table A1). It should however be noted,
as with the full catalogue, some of the spectral types are defined only
as M type star (~1.35 per cent) and thus we may slightly underesti-
mate our contamination from M giants.

We repeated this exercise with the LAMOST DR1 and DR2
catalogue spectral types (again with a three arcsec cross-match). In
total there were 1,851 with spectral types out of our 36,898 ex-
cess sample and 41 with spectral types out of our 1,082 candidate
M+UCDs. From this we gauge our contamination from early stars,
multiple stars (which we assume are all from contamination) and
white dwarfs. Our excess sample has a contamination of ~2.38 per
cent from these sources and there is a ~2.44 per cent contamination
from these sources found in our candidate M+UCDs (see Table A2).
However, as with the full catalogue, it should be noted LAMOST
does not distinguish between giants and dwarfs nor between spec-
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tral types of the double stars thus our contaminations are a rough
estimate.

We counted the source classifications given in SIMBAD and
grouped them (see Table A3). From this we gauge our contamination
from galaxies, variable stars and white dwarfs as ~0.97 per cent for
our excess sample and ~1.52 per cent for our candidate M+UCDs.
As with the spectral types some of the source classifications are not
specific enough to gauge possible contamination (i.e. classified as
stars or as being in an association or a cluster) therefore we take
these contaminations as rough estimates.

4 SUMMARY AND FUTURE WORK

We present a new photometric method to target unresolved UCD
companions to M dwarfs. Using WISE, 2MASS and SDSS we
create a large catalogue of 440,694 M dwarfs candidates. By re-
quiring high accuracy photometry in un-reddened regions of sky,
we isolate a sample of 36,898 catalogue members and search for
J — W2 outliers in tightly constrained multi-colour (g —r, g — ¢,
and r — ¢ ) sub-volumes centred on each object. These colours were
chosen to optimise our methodology, which isolates a comparison
sample of M dwarfs (similar 7. and metallicity) for each target
M dwarf, and then measures mid-infrared excess with respect to this
comparison.

We select a region in excess V' — J parameter-space where the
likelihood of systems is greater than a factor of four over the chance
of randomly selecting a companion, assuming a companion fraction
of ~0.01. In total we obtain 1,082 candidate M+UCDs for J — W2.
We discuss the excess distribution and conclude there is good ev-
idence for an overall excess in J — W 2in our distribution due to
unresolved UCD companions. Based on simulation we expect up to
60 per cent of our candidates to have companions of spectral sub-
type earlier than L3 and ~35 per cent to be later L dwarfs. The
remaining ~5 per cent may be late L dwarfs or early T dwarfs. For
our full catalogue, excess sample and candidate M+UCDs we es-
timate the contamination using SIMBAD and LAMOST (~3 per
cent), thus confirming that we have very high quality, clean samples
of M dwarfs.

Further analysis of our candidate M+UCD binary sample is
needed to confirm the UCD companions. Optical spectroscopy will
confirm M dwarfs and identify any whose colours are scattered away
from their typical location (thus leading to contamination in the se-
lection). High resolution imaging (e.g. adaptive optics, lucky imag-
ing, HST) may reveal the UCD companions directly if their angu-
lar separation is 0.1 arcsec. Closer systems may be constrained
through radial velocity measurements, with very close systems po-
tentially being amenable to transit light curve studies. Gaia may also
be capable of constraining some systems if there is a detectable as-
trometric wobble.
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APPENDIX A: ESTIMATES ON CONTAMINATION

We cross-matched our full M dwarf candidate catalogue (440,694
M dwarf candidates), our excess sample (36,898 M dwarf candi-
dates) and our M+UCD sample (1,082 M dwarf candidates) with
SIMBAD. In total there were 20,286 matches with our full M dwarf
candidate catalogue; 3,928 matches out of the 36,898 excess sam-
ple and 66 matches out of the 1,082 candidate M+UCDs. Of these
7,360; 1,475 and 32 respectively had spectral types from SIMBAD
(See Table Al). We repeated this exercise with the LAMOST DR1
and DR2 catalogue spectral types. In total there were 9,262 with
spectral types in our full M dwarf candidate catalogue; 1,851 with
spectral types out of our 36,898 excess sample and 41 with spectral
types out of our 1,082 candidate M+UCDs (see Table A2. We also
counted the source classifications given in SIMBAD and grouped
them (see Table A3).

APPENDIX B: MODIFIED REDDENING EQUATION

We used equation B1 from Massa & Savage (1989) and thus derived
equation B2, where ‘2—") was calculated by taking the weighted av-

erage of cubic splines fits to ‘2—3 (A™1) from Cardelli et al. (1989),
Fitzpatrick (1999) and Schlegel et al. (1998) for an Ry of 3.1. Note
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Selecting M dwarfs with Unresolved UCD Companions 13

Group SIMBAD spectral type selected for group Number Number Number in
in full in excess  candidate
candidate sample M+UCDs
catalogue
Total - 440,694 36,898 1,082
Total (with - 7,360 1,475 32
SIMBAD)
White dwarf DA, DA.7, DAI.1, DA1.7, DA2.9, DA3, DA3.3, DA3.5, DB, DC..., DC-DQ 13 (0.18%) 1 (0.07%) 0
White dwarf  D+M, DAM, DA+M, DA+dM, DA+dM:, DA+dMe, DA+M3V, DA+M4, DB+..., 22(0.30%) 0 0
binaries DB+M, DB+M3 DO+M, DC+M, DC+dM
F F9.5 1 (0.01%) 0 0
G G:, G21ll 2 (0.03%) 0 0
K K K: K..., KM 15 (0.20%) 1 (0.07%) 0
early K K3, K4, K4.5, K4/5 9 (0.12%) 0 0
late K K4V:, K5, K5V, K5Ve K5.3, K5/MO0, K6, K6V, K6Ve, K6.5, K7, K7V, K8, K9V 56 (0.76%) 0 0
M M, M:, MV:, MV, MV:e 145 (1.97%) 36 (2.44%) 0
MO - <M1 MOV:, MOVk, MO, MOV, MOe, M0.4, M0.5, MO.5V, M0.6, M0.8 38 (0.52%) 2 (0.14%) 0
Ml - <M2 M1V, M1, M1.0, M1.0V, Mle, M1.5, M1.5V 48 (0.65%) 1 (0.07%) 0
M2 - <M3 M2, M2.0, M2V, M2.0V, M2e, M2V:, M2.3, M2.4, M2.4V, M2.5, M2.5V, M2.6, M2.7, 169 (2.30%) 24 (1.63%) 0
M2.8, M2.9, M2/3

M3 - <M4 M3.0, M3, M3e, M3V, M3V:, M3.0V, M3.1, M3.2, M3.3, M3.3V, M3.4, M3.5, M3.5V, 1099 159 7 (21.86%)
M3.5¢, M3.6, M3.7, M3.8, M3.9, M3..., M3:, M3-4 (14.93%) (10.78%)

M4 - <M5 M4V, M4.0V, M4, M4.0, M4.1, M4.2, M4.25V, M4.3, M4.3V, M4.4, M4.4V, M4.5, 2663 642 13 (40.63%)
MA4.5V, M4.6, M4.6V, M4.7, M4.7v..., M4.75, M4.75V, M4.8, M4.9, M4-5, M4..., M4:V  (36.18%) (43.53%)

MS - <M6 M5, M5e, M5V, M5.0, M5.0V, M5V:, M5Ve, M5.1, M5.2, M5.2, M5.3, M5.4, M5.4V, 1189 330 12 (37.5%)
M5.5, M5.5V, M5.7, M5.9, M5.9V, M5..., M5V:e... (16.15%) (22.37%)

M6 - <M7 M6, M6.0, M6.0V, M6e, M6V, sdM6, M6-M6.25, M6.1, M6.2v..., M6.3, M6.4, M6.5, 1053 173 0
M6.5V, Mée... (14.31%) (11.73%)

M7 - <M8 M7.0, M7, M7V, M7.0V, M7.5 735 (9.99%) 100 (6.78%) 0

M8 - <M9 M8, M8V 74 (1.01%) 1 (0.07%) 0

>M9 M9V 4 (0.05%) 0 0

early L Lo, L15 2 (0.03%) 0 0

M giants M3 1(0.01%) 0 0

M + M bina- MO+M1, M2+M3, M2+M5, M2.5+M3.5, M2.5+M4.0, M3+M3, M3+M4, 20(0.27%) 5 (0.07%) 0

ries M3.5+M4.0, M3+WD, M4+M4, M4+WD, M4.2+M4.3, M4.5+M5.5, M5.0+M6.0,

M6+WD

M + L bina- M80v+L3.0V 1 (0.01%) 0 0

ries

Non con- M, MO - <M1 to M9> early L, D+M, M+M binaries, M+L binaries 7,263 1,473 32

taminated (98.68%) (99.86%) (100.00%)

sources

Contaminated D, F, G, K, early K, late K, M3 Giants 97 (1.32%) 2 (0.14%) 0

sources

Table Al. Statistics on SIMBAD spectral types for the cross-match between the full catalogue of M dwarf candidates, the excess sample and the candidate
M+UCDs with SIMBAD. Spectral types are only shown for those SIMBAD spectral types with non-zero cross-matches. Note some spectral types have no
subtype, e.g. ‘M’, and thus for these sources we cannot identify whether they are dwarfs or giants (and thus whether these sources contribute to the contamination)

we tested Ry values of 2.1, 3.1 and 4.1 (See Table B1). At these
tiny values of extinction an Ry value of 3.1 is satisfactory.

Av < E(M — A2) {— - ==

APPENDIX C: PHOTOMETRIC SIMULATION

A polynomial was fit to the data points using a Bayesian approach

(using EMCEE'? and the fitting routine used by Foreman-Mackey
et al. 2013 and Hogg et al. 2010).

The probabilistic fitting routine allowed the polynomial param-
Axi—Axa = E(M — A2) B eters (a; = a1, a2, ...,a,) to vary as well as allowing the variance

Axt sz} -t B2)

Av Ay
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10 pure-PYTHON implementation of Goodman & Weare (2010) affine in-
variant Markov Chain Monte Carlo ensemble sampler
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Group LAMOST spectral types selected for group Number in full candidate = Number in excess ~ Number in candi-
catalogue sample date M+UCDs

Total - 440,694 36,898 1,082

Total with LAMOST spectral types - 9,262 1,851 41

A A0, A1V, A1V, A2V, A41ll, A6V, A7IV 8 (0.09%) 0 0

D WD, WDMagnetic 8 (0.09%) 1(0.05%) 0

F FOF2 F3 F4 F5 F6 F7 F9 42 (0.45%) 6 (0.32%) 0

G GO0 GI G2 G3 G4 G5 G6 G7 G8 G9 286 (3.09%) 33 (1.78%) 1 (2.44%)

early K KO K1 K2 K3 K4 44 (0.48%) 1 (0.05%) 0

late K K5 K7 503 (5.43%) 3(0.16%) 0

MO - <M1 MO MOV 540 (5.83%) 2 (0.11%) 0

MI - <M2 M1 442 (4.77%) 2 (0.11%) 0

M2 - <M3 M2 M2V 827 (8.93%) 110 (5.94%) 2 (4.88%)

M3 - <M4 M3 5,874 (63.42%) 1,505 (81.31%) 33 (80.49%)

M4 - <M5 M4 607 (6.55%) 154 (8.32%) 5(12.20%)

MS - <M6 M5 11 (0.12%) 2 (0.11%) 0

M6 - <M7 Mo 28 (0.30%) 8(0.43%) 0

M7 - <M8 M7 0 0 0

MS - <M9 M8 0 0 0

>M9 M9 2 (0.02%) 0 0

double star DoubleStar 40 (0.43%) 7 (0.38%) 0

Non contaminated sources double star, MO - <M1 to M9>, early L 8,371 (90.38%) 1807 (97.62%) 40 (97.56%)

Contaminated sources D, A, F, G, early K, late K 891 (9.62%) 44 (2.38%) 1(2.44%)

Table A2. Statistics on LAMOST source classifications for the cross-match between the full catalogue of M dwarf candidates, the excess sample and the candidate
M+UCDs with LAMOST. Object classifications are only shown for those LAMOST spectral types with non-zero cross-matches. Note spectral types are only
given to integer spectral types and giants and dwarfs are not distinguished.

Group SIMBAD Object Types selected for group Number in  Number in excess  Number in candi-
full candidate  sample date M+UCDs
catalogue

Total - 440,694 36,898 1,082

Total with SIMBAD cross-matches - 20,286 3,928 66

Potential M dwarfs PM*, low-mass*, star, *inCl, Candidate_low-mass* 17,670 (87.10%) 3624 (92.26%) 55 (83.33%)

White dwarfs WD*, Candidate_WD* 29 (0.14%) 2 (0.05%) 0 0 (0.00%)

Brown dwarfs brownD*, Candidate_brownD* 45 (0.22%) 8 (0.20%) 0 (0.00%)

X-ray sources X 303 (1.49%) 96 (2.44%) 1(1.52%)

Infrared sources IR, IR<10p m 1035 (5.10%) 92 (2.34%) 8 (12.12%)

Known multiple systems #p#E k% EB*Algol, EB*, multiple_source, SB 584 (2.88%) 68 (1.73%) 1(1.52%)

Extragalactic Galaxy, EmG, GinGroup, GinCl, QSO_Candidate 196 (0.97%) 29 (0.74%) 1(1.52%)

Variable stars V* RotV*, Flare*, RRLyr 321 (1.58%) 7 (0.18%) 0 (0.00%)

Other sources Unknown Transient DkNeb SNR? HII Blue Symbi- 22 (0.11%) 2 (0.05%) 0 (0.00%)

otic* Inexistant RGB*

Non contaminated sources Blue source, Radio source, Brown dwarfs, Young stel- 19733 (97.27%) 3890 (99.03%) 65 (98.48%)

lar Objects, Infrared sources, Known multiple sys-
tems, Unknown, Potential M dwarfs, X-ray sources
Contaminated sources Not an source, Symbiotic Star, ISM, White dwarfs, 553 (2.73%) 38 (0.97%) 1(1.52%)

Extragalactic, Variable stars, Red Giant Branch Star

Table A3. Statistics on SIMBAD source classifications for the cross-match between the full catalogue of M dwarf candidates, the excess sample and the candidate
M+UCDs with SIMBAD. Object classifications are only shown for those SIMBAD spectral types with non-zero cross-matches. Note some source classifications,
e.g. ‘star’, carry little information and hence contamination levels may be underestimated.

to vary'!, represented below by f. The probability distribution is (C1)
assumed Gaussian and is shown in equation C1.

1 & (yn—modeln)2

Inp(y|z, o, model, f) = — 3 o + ln(QWSi) where s2 = o2 + f2 (modeln)2 and model, =37 a; .

i=1 The best polynomial fit found to simulate absolute J band mag-

11 See http://dan.iel.fm/emcee/current /user/line/ fora MNRAS 000, 1-15 (2016)

full example
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Colour E(M —2X2) Ay(CCM) Ay (F99) Ay (SFD) Ay (z) No. of M dwarfs af-

ter cut

H-W1 0.01 0.081 £0.004  0.093 £0.017 0.080 £ 0.001  0.081 £ 0.001

H—-W2 0.01 0.069 £0.003  0.077 £0.005 0.069 + 0.001  0.069 4 0.001

J-W1 0.01 0.044 £0.003  0.047 £0.005 0.044 £0.001  0.044 £ 0.001 ...

J—-W2 0.01 0.040 £0.003 0.042£0.002 0.041 £0.001 0.041 £ 0.001 13,036

H-W1 0.02 0.161 £0.007  0.187 £0.034  0.161 £0.003  0.162 £ 0.002

H—-W2 0.02 0.137 £0.005 0.154 £0.011  0.138 £ 0.002  0.138 4 0.002

J-W1 0.02 0.089 £ 0.005  0.094 £ 0.009 0.089 £0.002 0.089 £ 0.002 ...

J—-W2 0.02 0.081 £0.004 0.085 £0.004 0.081 £0.002 0.081 & 0.001 45,543

H-W1 0.03 0.242 £0.011  0.280 £ 0.050  0.242 £ 0.004  0.243 £ 0.004

H—-W2 0.03 0.206 £0.008 0.232 £0.016  0.207 & 0.003  0.207 4 0.003

J-W1 0.03 0.133 £0.008 0.141 £0.014 0.133 £0.003 0.133 £0.003 ..

J—-W2 0.03 0.121 £0.007  0.127 £0.007 0.122 £ 0.002  0.122 + 0.002 69,722

Table B1. Using Equation B2 and A /Ay estimated from CCM: Cardelli et al. (1989), F99: Fitzpatrick (1999) and SFD: Schlegel et al. (1998). Here Ry = 3.1

and Z is the weighted average of the three estimations. Note errors from CCM are described as a lower limit only.

nitude, M, from spectral subtype, spt, for spectral subtype in the
range M1 > spt > M8 was a cubic fit (equation C2).

—(0.014F5:093)spt® + (0.1710:0%) spt>+
My = (€2)
(0.1375-9%)spt + (5.8175:93) +0.375

where the +0.375 is added to simulate the maximum deviation due
to binaries in our sample'? (see Figure C.1). This enabled the pri-
mary and companion sensitivity to be modelled for all combinations
of colour (Figures C.3 and C.4).

Using spectra from the SpeX Prism Spectral Libraries'® we
combined M dwarf and UCD near-infrared spectra to simulate M
dwarf + UCD unresolved binary systems. From the spectra of the
M dwarfs and of the M dwarf + UCD unresolved binary systems
the contribution due to the addition of a UCD was calculated. This
figure compliments the simulated photometric excesses in Figure 4,
note the excesses in Figure 4 are the mean colour excess across M3
to M6 and LO to L4, and thus appear diluted when compared to the
peak excess (around L2). The peak excess around L2 is also seen
in Figure C.3b thus validating our photometric simulations spectro-
scopically.

This paper has been typeset from a TgX/IATgX file prepared by the author.

12 The maximum brightness of an unresolved binary for two stars of
equal brightness giving a factor of two in flux (in magnitudes equivalent to
—2.5logo(2) = —0.75 — £0.375 uncertainty).

13" SpeX Prism Spectral Libraries, maintained by Adam Burgasser at ht tp:
//pono.ucsd.edu/~adam/browndwarfs/spexprism.
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c3

y X co c1 Cc2

My spt (+5.81705%) £ 0.375  (+1.287523)x10™1  (+1.767520)x 10~
J-H V-—J (+920703%)x10"" (1. 38+2 5§)x10*1 (+1.3370-23)x 10~
J-Ks V—J (49 18*8 36)x1071  (—o0. 59*‘{ 32)x1071  (+0. 96*3 25)%x10~
J-W1 V-—J (+8057051)x1071  (+4.05732%)x1072  (+0.301075)x10~
J-W2 V-—J (FL74T75)x107t (43 58+° 20Yx107T (427675 T5)x 10

T (-1.3770 18 %1072
2
2
2
2

Table C1. M dwarf Synthetic Photometry Generation: Colour-colour fits (y = Zf\]: 0 c;z?), where x=0 corresponds to MO and x = 6 corresponds to M6, were
produced for M dwarfs MO - M6 using our probabilistic fitting routine (equation C1) using the data from Lépine et al. (2013); Gliese & Jahreifl (1991) and Dupuy

& Liu (2012).

y co C1 Cc2 c3
u—g (+6.297023)x10T0  (=1.027139)x10T0  (+5.24753T)x1072  (—0.097]33)x 1072
g—r (49 87*5 26)x10 L (42617580 1071 (—o0. 98*}1 7é)><10*2
r—i  (+2. 74*0 3§)x10+0 (+8.107553)x1072  (=0.2370:30)x 1072
i—z  (+1 70*0 B0)x1010  (—0.907028)x107T  (+1.317589)x1072  (—0.0370:93)x 102
z—J  (+2. 08*9 30) X107 (+4.05t} OEYX10T0 (=2 15+3 24) x1072  (+0.047555)x 1072

Table C2. UCD Synthetic Photometry Generation: u, g, 7, ¢ and z were generated using the probabilistic fitting routine on data from Hawley et al. (2002); Chiu
et al. (2006) and Dupuy & Liu (2012) cross-matched with 2MASS and SDSS and J from Dupuy & Liu (2012), where y = > f-V:O c;x*, and z is spectral type.
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Figure C.1. Absolute magnitude against spectral type for Lépine et al. (2013); Gliese & Jahreifl (1991) and Dupuy & Liu (2012) M dwarfs. Shown in purple
is the fit Lépine et al. (2013) proposed, in yellow is an interpolated fit of data from Covey et al. (2007) and in red is our spectral type fit (see equation C2),
shaded regions show outer most bounds of the uncertainties and the added uncertainty due to the contribution of an unresolved equal binary (30.375 orders of

magnitude’?).
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Figure C.2. Absolute magnitude against wavelength, simulated M dwarf and UCD photometry as calculated by the fits in Table C1 and Table C2. From our fit
we include shaded regions bounded by dashed red line to show the uncertainties of our fit.
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Figure C.3. Expected colour excess for simulated MO + UCD to M6 + UCD for (a) g — r: an identified PS colour and (b) J — W2: an identified CS colour.
Note the difference in scales of the colour excess (y) axis. The dashed line shows the average colour uncertainties for these colours in our catalogue.
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Figure C.4. Expected primary colour variation in (a) g — ¢and (b) J — W2as a function of primary spectral type for simulated M dwarf+UCD unresolved
binary systems. A large change in colour with primary spectral type without a large change across companion spectral type identifies a good colour for identifying
M dwarfs. Note the difference in scales of the colour (y) axis.
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Figure C.5. Using spectra from SpeX'3 we combined M dwarf and UCD near-infrared spectra to simulate M dwarf+UCD unresolved binary systems. We
calculated the J — H, H — Kgand J — K g colours for each and compared them to the colours of the isolated M dwarfs. The excess seen is complimentary to
the photometric simulations (Figure 4 where we average over M3 to M6 and LO to L4).
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