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ABSTRACT

We have combined optical and NIR photometry from Pan-STARRS 1 and UKIDSS to search the young (5-10 Myr)
star-forming region of Upper Scorpius for wide (/400-4000 AU) substellar companions down to ~5 Myp.
Our search is ~4 mag deeper than previous work based on the Two Micron All Sky Survey. We identified
several candidates around known stellar members using a combination of color selection and spectral energy
distribution fitting. Our follow-up spectroscopy has identified two new companions as well as confirmed two
companions previously identified from photometry, with spectral types of M7.5-M9 and masses of ~15-60 My,
indicating a frequency for such wide substellar companions of ~0.6% =+ 0.3%. Both USco 1610—1913B and
USco 1612—1800B are more luminous than expected for their spectral type compared with known members of
Upper Sco. HIP 77900B has an extreme mass ratio (M»/M; =~ 0.005) and an extreme separation of 3200 AU.
USco 1602—2401B also has a very large separation of 1000 AU. We have also confirmed a low-mass stellar
companion, USco 1610—-2502B (730 AU, M5.5). Our substellar companions appear both non-coeval with their
primary stars according to evolutionary models and, as a group, are systematically more luminous than the Upper
Sco cluster sequence. One possible reason for these luminosity discrepancies could be different formation processes
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or accretion histories for these objects.
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1. INTRODUCTION

Recent advances in direct imaging techniques have led to
the discovery of planets in moderately wide (~10-100 AU)
orbits around other stars, such as Fomalhaut (Kalas et al. 2008),
HR 8799 (Marois et al. 2008, 2010), and g8 Pic (Lagrange et al.
2009). Direct imaging surveys have also discovered planetary-
mass (13 My,,) companions with very large (~200-500 AU)
orbital radii including 1RXS J1609—2105B (8 Mjyp, 330 AU;
Lafreniére et al. 2008), CHXR 73B (12 Mjyyp, 210 AU; Luhman
etal. 2006), and GSC 06214—00210B (14 M}y, 330 AU; Ireland
et al. 2011). The most extreme of such wide companions
is WD 0608-661B with a mass of 7 My, and a projected
separation of 2500 AU (Luhman et al. 2011). It is difficult to
determine whether a planetary-mass companion at such a large
distance formed from a protoplanetary disk (and thus should be
considered a planet) or as a binary system (and should be called a
brown dwarf). Regardless of their origins, detailed spectroscopic
and photometric analysis of these directly imaged systems (e.g.,
Lafreniere et al. 2008; Bowler et al. 2010) can yield insight
into the properties (e.g., luminosity, temperature and mass) of
gas-giant planets, and thereby shed light on the over 500 radial
velocity and transiting exoplanets that lie within a few AU of
their host stars and therefore cannot be directly studied.

Determining the mass function, separation distribution, and
frequency of these wide planetary-mass companions will pro-
vide insight into their formation. The precise boundary between
planets and brown dwarfs is still under debate. The most widely
used definition adopts the deuterium-burning limit of ~13 My,
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(e.g., Spiegel et al. 2011) to set the boundary. Alternatively,
the mass distribution of substellar companions might provide
a means to distinguish planets from brown dwarfs, by shed-
ding light on their formation process(es). The mass function of
companions to solar-type stars has two distinct populations sep-
arated by a deficit of objects around ~30 My, (e.g., Grether &
Lineweaver 2006; a.k.a. the “brown dwarf desert”), suggesting
that the population of objects with masses below this gap might
have a common origin and thus all be considered planets.

Similarly, the distribution of separations might provide valu-
able clues. If wide substellar companions form like binary
stars, we expect that they may reside at separations as large
as ~1000 AU from their primary star, as stellar binaries are
observed at such large separations. Such companions would
represent the extreme low-mass end of binary star formation
(Kratter et al. 2010). Therefore we would expect that their sep-
aration distribution would be similar to that for stars and brown
dwarfs (Kraus et al. 2011) such that their distribution would be
logarithmically flat (i.e., companion masses are equally likely
in log(separation)). If instead wide substellar companions form
like planets, we do not expect to find them beyond a few hun-
dred AU, because protoplanetary disks should not form planets
so far out. Dodson-Robinson et al. (2009) find that even planet
formation in moderately wide orbits (35-100 AU), such as in
the case of HR 8799, could not have occurred via core accre-
tion. Whether or not the competing disk-instability model (Boss
2001) can form planets at such large separations has not been
well explored. Disks have only been modeled to moderate radii
(300 AU; e.g., Kratter et al. 2010; Meru & Bate 2010). In addi-
tion, the typical sizes of circumstellar disks range from ~100 to
400 AU (Vicente & Alves 2005), making in situ formation by
disk-instability at very wide separations, where there is no disk
at all, unlikely.
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Substellar and planetary-mass companions are expected to
cool and fade quickly after their formation and therefore are
most readily detected in young (<10 Myr) star-formation
regions. We have used the United Kingdom Infrared Deep Sky
Survey (UKIDSS) Galactic Cluster Survey (GCS) and the Pan-
STARRS 1 (PS1) 37 Survey to search for wide planetary-
mass companions in the Upper Sco association. A similar
search has previously been conducted with the Two Micron
All Sky Survey (2MASS; Kraus & Hillenbrand 2007a), but the
2MASS detection limit (K = 14.3; ~20 M}, in Upper Sco) is
~4 mag brighter than for UKIDSS (K = 18.2; ~5 My, in Upper
Sco). Combining both optical (PS1) and near-infrared (NIR,
UKIDSS) data increases the wavelength coverage, significantly
improving the ability to reject reddened background stars as
potential planetary-mass companions. In Section 2 we discuss
the UKIDSS GCS and the PS1 photometric data. In Section 3
we describe our search method and how we photometrically
determine the spectral type of our candidates. In Section 4 we
describe the spectroscopic follow-up and our new substellar and
a low-mass stellar companions. Our discussion is in Section 5
and our conclusions are in Section 6.

2. SURVEY DATA
2.1. UKIDSS

The UKIDSS began in 2005 and uses the 3.8 m United
Kingdom Infrared Telescope (UKIRT) located on Mauna Kea
(Skrutskie et al. 2006). The UKIDSS project is defined in
Lawrence et al. (2007). UKIDSS uses the UKIRT Wide Field
Camera (Casali et al. 2007) and a photometric system described
in Hewett et al. (2006). The pipeline processing and science
archive are described in Irwin et al. (2004) and Hambly et al.
(2008). UKIDSS consists of five surveys: the GCS, the Large
Area Survey (LAS), the Galactic Plane Survey, the Ultra-Deep
Survey (UDS) and the Deep Extragalactic Survey (DXS). The
GCS covers ~1400 deg® of galactic star-formation regions
and open clusters visible from the Northern Hemisphere (§ >
—30°), including the Upper Sco star-forming region, in five
NIR bands, ZYJHK (~0.8-2.4 um; Lawrence et al. 2007). This
survey is only ~40% complete (by area) and the 5o limiting
magnitudes (Vega) in the observed area are Z = 20.4, Y = 20.1,
J =196, H=18.8, and K = 18.2 mag.5 In addition, we use
data from the other UKIDSS surveys (LAS, UDS, and DXS)
to construct stellar spectral energy distribution (SED) templates
of known dwarfs in order to estimate the spectral type of our
candidates. See Sections 3.2 and 3.3, and the Appendix for more
details.

For both our wide companion search and ultracool dwarf tem-
plate construction, we use the catalog data from the UKIDSS
DRO release. Also, all UKIDSS magnitudes are on the Vega
system. We chose good data as having the following proper-
ties: magnitude errors <0.2 mag, not deblended and without
saturated, almost-saturated or bad pixels. These requirements
remove most of the spurious detections we may encounter near
bright stars. Furthermore, we ignore all detections <1” from
the location of our primary star because they likely correspond
either to the actual primary star or small artifacts within the
star’s point spread function (PSF). We note that our complete-
ness within 3” from the primary star is still very low because any
companion would be likely to be contaminated by the relatively
brighter primary star’s PSF.

3 http://surveys.roe.ac.uk/wsa/dr9plus_release.html
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2.2. Pan-STARRS 1

PS1 is a 1.8 m, wide-field telescope located on Haleakala
on the island of Maui, conducting a multi-wavelength, multi-
epoch, optical imaging survey (Kaiser et al. 2002). Its large sky
coverage (~30,000 degz) coupled with its zp; (Aegr = 866 A)
and yp; (e = 962 A) filters provide both coverage of the
same star-forming regions as UKIDSS and greater sensitivity
at longer wavelengths, where brown dwarf and young gas giant
planet spectra are brighter compared to the shorter wavelengths.
Our work is the first to use PS1 data to search for young brown
dwarfs and planetary-mass companions.

We use data from the PS1 37 survey, which began in 2010,
both to search for candidate companions and to construct SED
templates of ultracool dwarfs (see Sections 3.2 and 3.3, and
the Appendix). The 3w Survey covers &75% of the sky in five
optical filters, gpi, rp1, ip1, Zp1, and yp; (Tonry et al. 2012). At
each epoch a single field is exposed for 43 s in gp;, 40 s in rpy,
45 sinipy, 30 sin zp;, and 30 s in yp;. The photometry from the
reduced multi-epoch data have been averaged to calculate mean
magnitudes. The predicted final limiting magnitudes, on the AB
system, for each filter are 23.4, 22.8, 22.2, 21.6, and 20.1 mag
in gpy, 7p1, ip1, Zp1, and ypy, respectively (Dupuy & Liu 2009;
Tonry et al. 2012).

We chose good quality data according to the photometric
quality flags set in the PS1 Desktop Virtual Observatory (DVO)
database (Magnier 2006). We queried the DVO catalogs for 3w
survey and selected objects with the following attributes: fits a
PSF model (is not extended); is not saturated; has a good sky
measurement; is not likely a cosmic ray, a diffraction spike, a
ghost or a glint; does not lie between the image chips; and has
the quality flag psf_qf > 0.9 to ensure that at least 90% of
the object is unmasked. Furthermore, we require objects to be
detected at least twice in a single night in at least one of the
five filters to remove potential spurious sources that would only
appear as single detections. Finally, we require that a single
bandpass measurement error be <0.2 mag in order to use that
bandpass. We note that we obtained photometry from the PS1
database prior to the updated photometric calibrations (Schlafly
et al. 2012). Because the previous database had misreported
some photometric errors as below 0.01 mag, we have capped
the reported photometric error at 0.01 mag. All PS1 photometry
tabulated is from the previous database, for consistency with our
actual search and analysis.

3. CANDIDATE SELECTION

We combined the UKIDSS GCS and PS1 37w catalogs to
search for objects located within 1”-30" of known Upper Sco
members using TOPCAT® (Taylor 2005). Bona fide members
are taken from de Geus et al. (1989), Kunkel (1999), Walter et al.
(1994), de Zeeuw et al. (1999), Ardila et al. (2000), Preibisch
et al. (2002), Martin et al. (2004), Lodieu et al. (2006), Slesnick
et al. (2008), and Rizzuto et al. (2011). Kraus & Hillenbrand
(2007a) compiles these lists for all members determined prior
to the paper. Our final input list includes 673 spectroscopically
confirmed Upper Sco members.

The decreased detection efficiency within 3” limits our
search to companions with projected separations greater than
~400 AU. Furthermore, the UKIDSS K-band sensitivity can
detect companions down to ~5 My, assuming an age of
5-10 Myr for Upper Sco (Chabrier et al. 2000).

6 http://www.starlink.ac.uk/topcat
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Figure 1. A color-magnitude diagram using the UKIDSS H and K magnitudes
for all point sources within 30" of a known Upper Sco member. Known Upper
Sco members are shown with orange squares and stand out from the background
stars. The mass scale is shown using the Lyons/DUSTY evolutionary models
(Chabrier et al. 2000) for a 5 Myr sequence (right y-axis) where the H — K
colors are given in the models. Our initial candidates (prior to the SED fit) are
the teal diamonds which roughly follow the model sequence. The dashed blue
lines outline the DUSTY 5 Myr sequence for Upper Sco where the two lines
roughly encompass the observed spread in the sequence from the primary stars.
The four new substellar companions (M7.5-M9, ~15-60 Mj,,) and one new
low-mass stellar companion (MS5.5, ~0.1 M) are the red stars.

(A color version of this figure is available in the online journal.)

3.1. Color Selection

Our initial candidate selection used NIR colors to isolate
candidates that lie along the Upper Sco color—magnitude se-
quence. This significantly reduces the obvious background ob-
jects with neutral colors. We then selected substellar candidates
using UKIDSS H and K photometry, which are nearly complete
for Upper Sco. Our candidates were selected to lie above a di-
agonal line which roughly traces the cluster sequence and to
be fainter than H = 12 (~90 Mjy,p; Chabrier et al. 2000). All
companions brighter than this limit should have been detected
by Kraus & Hillenbrand (2009b). We empirically defined this
line by horizontally shifting the evolutionary model tracks until
they bracketed the edge of the observed primary star sequence
(Figure 1).

3.2. Spectral Types from SED Fitting

These initial color-selected candidates were then fit using
our SED template library to estimate their spectral type. See
the Appendix for a description of our SED templates. We
performed a x? minimization to determine the spectral type
using the available PS1 and UKIDSS photometry for each of our
candidates. Our x> minimization took into account uncertainties
in both the candidate data and the templates using the following
weight, w;, for each filter, i:

2 2 -1
w; = (Uobs,i +‘75ED,i) , 6]

where o, ; is the magnitude error in the candidate data and
osep,; 1s the magnitude error in the SED template. We set the
magnitude error in the SED templates to a constant value of
0.1 mag in order to prevent the SED template with the largest
uncertainties (i.e., those constructed by averaging open cluster
or Upper Sco members) from returning the minimum x2. This
was an issue because the individual photometric uncertainties

ALLER ET AL.

are ~0.01 mag, whereas the photometric scatter within each
spectral type in either the open clusters or Upper Sco is around
0.5 mag. Then we calculated the distance modulus of each
candidate relative to each SED template, DM;, by minimizing
the x?2 for the distance:

Z;o w; (Mobs,i — MSED,ij)
DM; = == ; )

n
2y
i=0

where j is the SED template, i is the filter, mps ; is the observed
magnitude in a filter, mgsgp; is the magnitude of the SED
template, n is the total number of filters, and w; is the weight,
from the previous equation.

Since the SED templates can have a different number of
filters, we determined the reduced x? between the candidate
data and templates in order to compare the goodness of fit
between different templates. We also required that each template
have UKIDSS photometry because our initial color selection of
candidates is done in the NIR. Therefore, our final x? fitting
matched the candidate data with all of the SED templates with
any NIR photometry and measurements in at least three filters in
common. We then determined the relative distance modulus to
each of these SED templates (Equation (2)) and the associated
reduced x2.

Finally, the best fit SED was chosen based on the minimum
reduced x 2. The absolute magnitude to spectral type relations
(see the Appendix) convert the relative distance modulus deter-
mined in our y? fitting to an absolute scale.

3.3. Spectral Type Uncertainties

There is an uncertainty in the spectral type estimates from
the SED fitting due to both the intrinsic scatter in the SEDs
of field objects of a given spectral type and the measurement
uncertainties in both the candidate data and the SED templates.
To incorporate this uncertainty in our final distance estimate,
we carried out a Monte Carlo simulation to find the distribu-
tion of best-fit templates. For each candidate, we perturbed the
photometry in each filter by drawing from a Gaussian distribu-
tion corresponding to the magnitude errors. We varied the SED
template photometry in the same manner. For each realization
(out of a total of 5000), we recomputed the best-fit distance and
spectral type, resulting in a distribution of best-fit spectral type
and distance. We generated 5000 iterations, because the median
distance and spectral type from the ensemble of fits converged
for a tested set of objects with a variety of measurement errors
in yp1.

The final best fit spectral type is the median from the
Monte Carlo simulation and the best fit template is the most
probable template (according to the Monte Carlo distribution)
with that spectral type. Note that the SED fitting routine may
select different SEDs with the same spectral type. Therefore,
a spectral type uncertainty of zero only means that the object
had best fitting SED templates with the same spectral type, not
necessarily a single SED template. In these cases we adopted a
spectral type uncertainty according to the available templates,
usually approximately one spectral subclass. Furthermore, the
spectral type estimates are quantized and thus we only have a
total of 34 possible spectral types. For our purposes, the spectral
type uncertainty simply serves to further distinguish the quality
of the template fit and an object’s candidacy.
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Table 1
IRTF Observations
Name R.A. Decl. Date Texp Spectral Type Separation ~ P.A. K A0V Standard
(J2000) (J2000) {um) (s) (arcsec) (deg) (mag)
New candidates

USco 1602—-2401B 16:02:51.17 —24:01:50.45 2011Jun19 960 M7.5+£0.5 7.0 35221 11.60 £0.05*  HD 145127

..b 2013 Apr 16 360 HD 145127
USco 1610—1913B 16:10:32.33  —19:13:08.67 2011Jun19 720 M9.0 £0.5 5.8 11524 12.74 £ 0.01 HD 145127
2013 Apr 16 360 HD 144925
USco 1610—2502B 16:10:18.87 —25:02:32.78 2011 Jun19 960 M5.5+£0.5 5.1 23923 11.25+£0.01 HD 145127
HIP 77900B 15:54:30.47 —27:19:57.51 2011Jun22 720 M9.0 £0.5 21.8 1227 14.04 £0.01 HD 146606
USco 1612—1800B 16:12:48.97 —18:00:49.56 2012 Jul 7 300 M8.5£0.5 3.0 1120 13.20 £ 0.01 HD 144925

Background objects

HIP 78099-2B 15:56:48.53  —23:11:10.69 2011Jun20 960 Reddened early-type star 12.4 13220 15.72 £0.02 HD 145127
2MASS J16141484—24270844-6B  16:14:14.71 —24:27:06.23 2011 Jun20 960 Reddened M star 2.8 32006 15.24 £0.02 HD 145127
USco 160936.5—184800-7B 16:09:36.51 —18:47:55.52 2011Jun21 600 Reddened early-type star 55 35627  14.67 £0.01 HD 138813
GSC06794—00537-18B 15:50:58.13  —25:45:28.05 2012 Jul 5 480  Reddened early-type star 52.5 2621 17.95+£0.19 HD 145188
USco 16213591-23550341-2B 16:21:35.37 —23:54:38.43 2012 Jul 5 480  Reddened early-type star 26.3 343°5  14.66 £ 0.01 HD 144254
USco 161437.5—185824-0B 16:14:37.15 —18:58:43.13 2012 Jul 7 480  Reddened early-type star 19.7 19523 16.14 £ 0.03 HD 144925
USco 161437.5—185824-4B 16:14:35.87 —18:58:19.09 2012 Jul 7 480  Reddened early-type star 24.0 282°1  15.94 £0.03 HD 144925
DENIS P J162041.5—242549-5B 16:20:42.34  —24:25:35.59 2012 Jul 8 480  Reddened early-type star 18.3 4129 1551 £0.02 HD 142705
USco 160606.29—233513.3-1B 16:06:07.48 —23:34:57.16 2012 Jul 8 480 galaxy 229 453 15.77+£0.03 HD 142705

Notes.
4 2MASS magnitudes used because UKIDSS photometry was unavailable.
® The ellipses ( - - - ) signify that the value is the same as in the row above.

3.4. Final Candidate Selection

We selected the final candidates combining the reduced y?
( sz < 5) and spectral type cut (>M7) from the SED fitting, a
visual check on the UKIDSS and/or PS1 images, and their
observability with Infrared Telescope Facility (IRTF) SpeX
according to their magnitude (J < 18). Although the SED
template fitting routine efficiently removes many of the reddened
background stars that pass the initial NIR color selection,
some still may pass. Our criteria will miss objects without at
least three-band photometry, but they give us a relatively pure
candidate sample for follow-up spectroscopy in comparison
to a solely color-selected one. We started with a total of 285
color-selected candidates. There were a total of 30 candidates
remaining after the SED fitting for spectral type and our x cut.

4. RESULTS
4.1. Spectroscopic Follow-up

In principle proper motions could confirm candidates as co-
moving. However the predicted uncertainty in the UKIDSS
proper motions is only ~13 mas yr~!. This precision is in-
sufficient for Upper Sco because of its very low proper motion
(Mo, s = —10, =25 mas yr~'; de Zeeuw et al. 1999). There-
fore, we require spectroscopy to confirm our candidates as true
companions.

We obtained spectroscopic follow-up using SpeX (Rayner
et al. 2003), a medium-resolution, NIR spectrograph
(0.8-2.5 um) on the 3 m NASA IRTF on Mauna Kea. The
low resolution (LowRes15) prism mode with a 0”8 slit (R =
A/AL =~ 100) is well suited to spectroscopic confirmation of
our substellar companions which are expected to have spectral
types of late-M to mid-L. Even at this low resolution, the spectra
of substellar companions will have broad water band and molec-
ular features that distinguish them from background stars. We
can also easily distinguish a triangular H-band continuum, a fea-
ture which is characteristic of young low-mass objects (Lucas
et al. 2001; Allers et al. 2007).

We observed a total of six candidates on 2011 June 19-22
(UT) in cloudy conditions with average seeing (~0”8). On 2012
July 5 we observed one candidate in poor seeing (~175). On July
7-8 we observed another seven candidates in excellent seeing
(~075). On 2013 April 16 we reobserved two companions to
obtain higher signal-to-noise spectra. Each observation used the
standard ABBA nod pattern for sky subtraction. We observed
an AOV standard star following each candidate (with the
exception of a few shared standards for nearby targets) then took
wavelength and flatfield calibrations immediately afterward. We
reduced the data using version 3.4 of the SpeXtool package
(Vacca et al. 2003; Cushing et al. 2004). Table 1 tabulates the
observation details.

4.2. Spectral Type

The spectral resolution (R =~ 100) is too low to determine the
spectral type using gravity/age independent flux indices (Allers
etal. 2007). Instead we first fit each spectrum to the collection of
ultracool dwarf spectra in the IRTF/SpeX SpeX Prism Library.’
The adopted spectral type for our candidates is that of the best
fitting object. We adopt a spectral type uncertainty of half a
spectral subclass (e.g., M9 £ 0.5) which encompasses both
the uncertainty in the spectral type of the SpeX Prism Library
objects and cases where the candidate may fit to more than one
object.

In addition, we compared our candidates to optical M and
L dwarf standards observed with IRTF/SpeX also in prism
mode, a common method to determine spectral type in the
NIR (e.g., Luhman et al. 2003; Muench et al. 2007). These
M dwarf standards are from the spectral classification scheme
of Kirkpatrick et al. (1991) and the L dwarf standards of
Kirkpatrick et al. (1999). The M—L dwarf NIR spectral sequence
in low resolution (R ~ 100) is characterized by water absorption
at 1.4 um and 1.8 um. Thus the H-band and K-band slopes
change with spectral type. Comparisons with the M—L dwarf
optical standards yield the same spectral type as comparisons

7 http://pono.ucsd.edu/~adam/browndwarfs/spexprism
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Table 2
Upper Sco New Companions
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Property HIP 77900B USco 1610—1913B* USco 1612—1800B USco 1602—2401B° USco 1610—2502B°
Directly measured properties
R.A. (J2000) 15:54:30.47 16:10:32.33 16:12:48.97 16:02:51.17 16:10:18.87
Decl. (J2000) —27:19:57.51 —19:13:08.67 —18:00:49.56 —24:01:50.45 —25:02:32.78
Separation (AU) 3200 = 300 840 == 90 430 & 40 1000 = 140 730 & 80
Primary name HIP 77900 USco 161031.9—191305  USco 161248.9—180052  USco 1602.8—2401  USco 161019.18—250230.1
Primary SpT® B6+ 1 K7 M3 K4 Ml
SpT M9 £ 0.5 M9 + 0.5 M8.5 £ 0.5 M7.5 £ 0.5 M5.5+0.5
ip1® 18.31 £ 0.10 18.48 % 0.06 15.77 £ 0.01 1512 £0.19
zp1° e . 16.83 £+ 0.01 14.8 £ 0.2 14305
yp1€ 15.81 £ 0.02 16.10 % 0.04 14.1 £ 1.7 13.6 + 1.1
zr 16.86 % 0.01
¥ 15.86 % 0.01
J 15.07 £ 0.01 13.90 = 0.094 e 12.50 = 0.064 12.18 £ 0.064
HE 14.52 £ 0.01 13.30 & 0.01 13.73 £ 0.01 11.97 £0.01 11.65 £+ 0.01
K 14.04 £ 0.01 12.74 £ 0.01 13.20 £+ 0.01 11.60 % 0.05¢ 11.25 £ 0.01
J—H 0.54 % 0.02 e e 0.53 % 0.06¢ 0.60 £ 0.01
H-K 0.49 £ 0.02 0.56 £ 0.02 0.53 £ 0.04 0.37 £ 0.05¢ 0.40 £ 0.01
Ks— W4 <3.064 49402
Primary K5 — W4 —0.26 £ 0.09 1.1£0.2 22£03(<1.8)° <0.98¢ <12
Derived properties
Primary Mol —0.7249.20f 21749071 2.407913¢ 2574505 0.93%012¢
Primary Tog 1370011,52%%f 414071301 3410*130: ¢ 455011,22%f 3700*130¢
Primary mass (5 Myr) 3.8707f 0.88*0 14T 0.36*014¢e 1.3449121 0.70*%20 e
Primary mass (10 Myr) 3.87081 0.87+0 LT 0.36*014e 1.184006 0.70*%18 ¢
Myl 11.38 +£0.13 10.09 + 0.13 10.52 +£0.13 8.87 £0.13 8.474£0.13
Tegs" 2400719 (239013 2400*120 (2400714 255019 (2450+%%)  2790%1% (2550*130) 3050*'5%)
Mass (5 My) 1977, (18+3) 197, (197%) 231 (201%) 41735 (24%) 100+,
Mass (10 Myry 20 (20%%) 20%, (20%%) 26*15 (20*9) 4720, (2510 10079

Notes.

 Proper motion confirmed companion from Kraus & Hillenbrand (2009b).

b Spectral type for HIP 77900 from Garrison (1967), for USco 1610—1913 and USco 1612—1800 from Preibisch et al. (2002), USco 1602.8—2401 from Kunkel
(1999), and USco 1610—2502 from Preibisch et al. (1998).

¢ For all magnitudes we assume a minimum magnitude error of 0.01 mag (see Section 2). The ellipses ( - - - ) are used if no detection in that filter was available.

4 2MASS magnitudes used because UKIDSS photometry was unavailable.

¢ Ks and WISE photometry is of the primary due to unresolved separation, ~3”. In this case, the K is likely accurate since it agrees well with the UKIDSS photometry
(which resolves the primary and companion). In parenthesis is the lower limit to the Ks — W4 color assuming the typical Kg — W4 color range for an M7.5 (Luhman
& Mamajek 2012) to extract its expected W4 magnitude.

f The uncertainties for HIP 77900 result from an assumed spectral type uncertainty of = 1 subclass. Mass uncertainties in USco 161031.9—191305, USco 1602.8—2401,
and USco 161248.9—180052 include 124 K temperature uncertainty from the spectral type conversion and an assumed spectral type uncertainty of half a subclass. We
derive My, using the bolometric correction’s relationship to spectral type from Schmidt-Kaler (1982), Tefr, and mass derived using the Siess et al. (2000) evolutionary
models. See Section 4 for details.

& Mass derived with the T, and the Baraffe et al. (1998) evolutionary models. The mass derived using the Luhman et al. (2003) temperature scale. The errors in the
mass come from the uncertainty in temperature, which includes uncertainties due to spectral type and the conversion between spectral type and Te.

b Mol (uncertainty of 0.13 mag) is derived from empirical equations for the K bolometric correction from Golimowski et al. (2004). The Tes is derived using the
temperature scale for young stars (Luhman et al. 2003) where we assume an uncertainty of 124 K in this scale (same as in Golimowski et al. 2004). We also show
Ter from Golimowski et al. (2004), which was derived for older field ultracool dwarfs (uncertainty of 124 K), in parenthesis. The final uncertainty in Tef includes
uncertainties due to spectral type and the conversion between spectral type and Te.

 Mass derived with the Ty and models from Chabrier et al. (2000). The mass derived using the Golimowski et al. (2004) temperature scale is in parenthesis. The
errors in the mass come from the uncertainty in temperature and spectral type. For USco 1612—1800B and USco 1610—1913B the lower limit on the mass may be
underestimated because it is extrapolated from the spectral type upper limit (M9.5) which is outside the Luhman et al. (2003) temperature scale (only MO—M9). Note
for USco 1610—2502B we use the Baraffe et al. (1998) evolutionary models for the mass. See Section 4 for details.

with both the SpeX Prism Library and young M dwarfs, although
there are discrepancies due to the youth of our companions.
Figure 2 compares each of our companions with the M and
L dwarf standards.

Finally, we compared our candidates to young M dwarfs from
Muench et al. (2007) with spectral types straddling our candi-
dates’ best fit spectral type from the Prism Library comparison.

For each candidate, the best fitting young M dwarf is clearly
the best match compared to the other young M dwarfs with a
spectral type difference of just half a subclass. Therefore our
adopted spectral type uncertainty of half a subclass is consis-
tent. The final spectral type is that of the best matching young
M dwarf. Our new companions have spectral types of M9, M9,
MS.5, M7.5, and M5.5. We tabulate their properties in Table 2.
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Figure 2. Comparison of our new companions to optical spectral standards for M dwarfs (Kirkpatrick et al. 1991) and L dwarfs (Kirkpatrick et al. 1999): LP 580-14
(M4; Burgasser et al. 2004), Gliese 866AB (M5; Burgasser et al. 2008), Wolf 359 (M6; Burgasser et al. 2008), VB 8 (M7; Burgasser et al. 2008), VB 10 (MS;
Burgasser et al. 2004), LHS 2924 (M9; Burgasser & McElwain 2006), and 2MASS J0345432+254023 (LO; Burgasser & McElwain 2006). In the standards, the slope
of both the H and K band continuum steadily changes from negative to positive with increasing spectral type. We determined the spectral type by visually comparing
our companions with these standards according to the A and K continuum shape. We note that the spectra of the spectral standards and our young companions are not
necessarily the same because of their age difference. The H-band continuum is notably triangular in young low-mass objects whose lower gravity leads to decreased
H; collision-induced absorption making the H,O absorption more prominent (Lucas et al. 2001; Allers et al. 2007; Kirkpatrick et al. 2006). Our companions are
plotted in the following order: HIP 77900B, USco 1610—1913B, USco 1612—1800B, USco 1602—2401B, USco 1610—2502B.

(A color version of this figure is available in the online journal.)
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4.3. Companion Physical Properties

We calculated both the effective temperatures (7¢) and the
bolometric magnitudes (Mpo) of our companion discoveries and
their primaries using empirical relationships from the literature.
We adopted a spectral type uncertainty of half a subclass for
all primary stars, except in the case of HIP 77900 where we
assumed an uncertainty of one subclass. For all objects we
performed a Monte Carlo simulation to derive the physical
properties and their 68th percentile confidence limits. For each
object, we perturbed its spectral type and the resulting Tes
by drawing from a Gaussian distribution corresponding to the
uncertainty in each parameter. The T has uncertainties due
to both the spectral type uncertainties and the conversion from
spectral type to Teg. Our methods to calculate Tegr, My, and
mass are slightly different depending on the spectral type of the
object.

For objects with spectral type >MS5, we determined T from
the observed spectral type using the young M dwarf scale of
Luhman et al. (2003). We note that the Luhman et al. (2003)
scale is tailored for young stars and brown dwarfs, like our
companions. For comparison, we also converted spectral type
to T using the Golimowski et al. (2004) relationship for
old field dwarfs with spectral types later than M6 (with an
uncertainty of 124 K). We quote the T. values from both
methods in Table 2 and adopt an intrinsic T uncertainty of
124 K for both conversions. The T.g uncertainties in the table
also take into account the uncertainty in spectral types. We
used both T, values to determine the mass using the Chabrier
et al. (2000) Lyon/DUSTY evolutionary models for both 5 Myr
and 10 Myr, corresponding to the age range of Upper Sco. To
compute bolometric luminosity, we used bolometric corrections
as a function of spectral type from Golimowski et al. (2004) to
convert from K-band magnitude to My,.

For stars with earlier spectral types (MO-M5), we used the
empirical relationship between temperature and spectral type
from Luhman et al. (2003) and then derived the mass using
T.i from the Baraffe et al. (1998) Lyon/NextGen evolutionary
models. Then we used the spectral type to select the V-band
bolometric corrections from Schmidt-Kaler (1982) and the pho-
tospheric V — K color from Bessell & Brett (1988). We converted
from the V — K color to 2MASS Ky using the color transforma-
tion in Carpenter (2001). We then used these quantities with the
observed Kg magnitude to calculate My.

For the earliest type stars we used the calibrations between
spectral type and T from Schmidt-Kaler (1982) for spectral
types of B8—K7 and from Kenyon & Hartmann (1995) for
spectral types <B8. We then derived the mass using T.g from
the Siess et al. (2000) evolutionary models for both 5 and
10 Myr. We assumed a T, uncertainty of 100 K from the
spectral type to Ti conversion. We used the observed spectral
type to select V-band bolometric corrections using relationships
from Schmidt-Kaler (1982) for spectral types of B§—K7 and
Kenyon & Hartmann (1995) for spectral types <B8. To select
V —K color we used the relationships between spectral type
from Bessell & Brett (1988). We then converted from V—K
to 2MASS Kj using the color transformation from Carpenter
(2001). The bolometric luminosity was then calculated using
the observed K magnitude.

We also calculated the projected separation for our compan-
ions assuming the mean distance to Upper Sco, 145 + 2 pc
(de Zeeuw et al. 1999), and its depth on the sky, resulting in a
final distance of 145 &£ 15 pc. Furthermore, we ignored extinc-
tion in Upper Sco because the extinction is small for all of our
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objects (Ay < 1), and thus should not significantly affect the
companion properties derived from the NIR spectra.

Finally, we searched for signatures of disks using Wide-field
Infrared Survey Explorer (WISE) photometry (Wright et al.
2010) of the primary stars. Luhman & Mamajek (2012) suggests
that 2MASS (Ks) and WISE (W3 and/or W4) photometry can
differentiate stars with disks from those without disks. Stars
of spectral type earlier than M4 with Kg — W3 > 1 and
Ks — W4 2 1 should have a disk. They may also show a wider
range of luminosities, due to thermal emission from the disk
contaminating the Ky magnitudes used to compute Mp,. We
found evidence for a debris/evolved transitional disk around
the USco 1612—1800 system and marginal evidence for a
debris/evolved transitional disk around USco 1610—1913. The
other three systems showed no evidence for a disk.

Table 2 tabulates the photometry, the spectral type and the
final derived physical properties for the five new companions
and their primaries. Figure 8 shows the H-R diagram for
all previously known members of Upper Sco and our new
companions. See Section 5 for discussion.

4.4. New Companions

Our spectroscopic observations of 13 candidates yielded five
new companions. Four are new substellar companions with
spectral types M9 (HIP 77900B), M9 (USco 1610—1913B),
M8.5 (USco 1612—1800B), and M7.5 (USco 1602—2401B).
One is a low-mass stellar companion with spectral type M5.5
(USco 1610—2502B). Figures 3—7 show the UKIDSS K image
and the reduced spectrum with the closest matching published
spectrum for each of the companions. We describe them in more
detail in the following sections.

4.4.1. HIP 77900B

HIP 77900 is a B6V star (Garrison 1967) with a model-
dependent mass of 3.8 ¥4 M, at 5 Myr (3.8 *4% M at 10 Myr).
Its membership in Upper Sco was first determined using both
Hipparcos proper motions and parallax by de Zeeuw et al.
(1999) and later by Rizzuto et al. (2011) with the addition of
radial velocities.

Our new companion, HIP 77900B, has a projected separation
of 3200+300 AU and a spectral type of M9+0.5. The
mass ratio between the primary for an age of 5 Myr is
g = 0.005 £ 0.002 (¢ = 0.005 £ 0.003 at 10 Myr). Mass
ratios this small are rare but have been observed, such as for
the HR 7329 system (¢ ~ 0.01; Lowrance et al. 2000) and
HD 1160 (¢ ~ 0.014 for the B component; Nielsen et al. 2012).
Although we have not determined if HIP 77900B is co-moving
and bound to HIP 77900, its triangular H-band continuum
confirms its youth and therefore membership in Upper Sco.
Furthermore, Kraus & Hillenbrand (2008) found that binaries
can be distinguished from chance alignments in Upper Sco at
separations <75”, down to primaries with M 2 0.3 M. The 22"
separation of HIP 77900B suggests that it is truly associated with
HIP 77900.

4.4.2. USco 1610—1913B

Preibisch et al. (2002) identified USco J161031.9—191305
(hereafter USco 1610—1913) as a member of Upper Sco based
on lithium absorption (EW[Li] = 0.55 A) and weak Ho emission
(EW[Ha] = —2.3 A). Furthermore they determined a spectral
type of K7 and Ay = 1.1 mag. At 5 Myr, USco J1610—1913
has a model-dependent mass of 0.88*%'% My (0.87*9% M at

10 Myr).
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Figure 3. HIP 77900B has a projected separation of 223100 AU and a spectral type of M9 (19 Myyp). Left: the finder chart (UKIDSS K and width of 30”) with the
letter B identifying the companion. North is up and east is left. Right: IRTF SpeX spectrum of HIP 77900B compared to the young (8—12 Myr) M9 in TW Hydrae

(Looper et al. 2007; 2MASS J11395113—3159214).
(A color version of this figure is available in the online journal.)
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Figure 4. USco 1610—1913B has a projected separation of 800 AU and a spectral type of M9 (2219 Myyp). Left: the finder chart (UKIDSS K and width of 30”) with
the letter B identifying the companion. North is up and east is left. Right: IRTF SpeX spectrum of USco 1612—1913B compared to the young (8—12 Myr) M9 in TW

Hydrae (Looper et al. 2007; 2MASS J11395113—-3159214).

(A color version of this figure is available in the online journal.)
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Figure 5. USco 1612—1800B has a projected separation of ~400 AU and a spectral type of M8.5 (~23 Myyp). Left: the finder chart (UKIDSS K and width of 30”)
with the letter B identifying the companion. North is up and east is left. Right: IRTF SpeX spectrum of USco 1612—1800B compared to the young (1-2 Myr) M8.5

in Taurus (2MASS J04355143+2249119; Muench et al. 2007).
(A color version of this figure is available in the online journal.)
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Figure 6. USco 1602—2401B has a projected separation of 1000 £ 14 AU and a spectral type of M7.5 (41 Mjyyp). Left: the finder chart (UKIDSS K and width of
30”) with the letter B identifying the companion. North is up and east is left. Right: IRTF SpeX spectrum of USco 1602—2401B compared to the young (1-2 Myr)

M?7.5 in Taurus (2MASS J04185115+2814332; Muench et al. 2007).
(A color version of this figure is available in the online journal.)
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Figure 7. USco 1610—2502B has a projected separation of 732 4+ 76 AU and a spectral type of M5.5 (*0.13 Mg). Left: the finder chart (UKIDSS K and width
of 30”) with the letter B identifying the companion. North is up and east is left. Right: IRTF SpeX spectrum of USco 1610—2502B compared to the field M5.5

(2MASS J04185115+0453302; Kirkpatrick et al. 2010).
(A color version of this figure is available in the online journal.)

Kraus & Hillenbrand (2009b) determined that 2MASS
16103232—1913085 (hereafter USco 1610—1913B) and
USco J1610—1913 are co-moving with a projected separation
of 840 £ 90 AU. Using the flux ratio with the primary, Kraus
& Hillenbrand (2009b) estimate a mass of 34 My,,. The K mag-
nitude (K = 12.74 + 0.002 mag) also suggests that the mass,
assuming an age of 5 Myr, is ~34 My, and the spectral type
is M7.8, using the methods described in Section 4.3. How-
ever we spectroscopically confirmed a later spectral type of
M9 =+ 0.5. Assuming an age of 5 Myr, the model-dependent
mass is 19%7, My, (20*%; My, at 10 Myr), significantly lower
than predicted from its absolute magnitude.

USco 1610—1913 hasasmall Kg — W4 excess (1.1 0.2 mag),
which is marginally consistent with the presence of a disk. How-
ever, there is no excess at 4.5 um, 8.0 um or 24 um (Luhman &
Mamajek 2012), and thus there is likely no disk.

4.4.3. USco 1612—1800B

Preibisch et al. (2002) confirmed USco 161248.9—180052
(hereafter USco 1612—1800) as a member of Upper Sco based
on lithium absorption (EW[Li] = 0.52 A) and Ho emission
(EW[Ha] = —3.8 A). They also determined the spectral type to
be M3 with Ay = 1.4 mag. Assuming an age of 5 Myr, the model-
dependent mass is 0.36*% 1% M, (0.36*%1% M, at 10 Myr).

USco 1612—1800B has the smallest projected separation of
our new companions (430 + 40 AU). With a spectral type of
M8.5, USco 1612—1800B has a mass of 23*}2 My,,, assuming
an age of 5 Myr (26’:176 My, at 10 Myr). Although it has not been
confirmed as a comoving companion to USco 1612—1800, the
spectrum shows signatures of youth consistent with its member-
ship in Upper Sco, and the small separation (~3") further implies
that it is likely a bound system (Kraus & Hillenbrand 2008).
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Although Luhman & Mamajek (2012) concluded that
USco 1612—1800 has W4 excess and therefore hosts
a debris/evolved transitional disk, USco 1612—1800 and
USco 1612—1800B are separated by about 3”, and thus unre-
solved by WISE (whose PSF FWHM range from 6” to 12”). The
2MASS —WISE color is high, Kg — W4 = 2.24 £0.26 mag,
but this represents the integrated light of the binary. We must
deblend the W4 magnitude in order to conclude whether the pri-
mary or secondary has a disk. If we assume a typical Ky — W4
color for Upper Sco late-M stars with disks, (Kg — W4 ~
4-6 mag; Luhman & Mamajek 2012) we can estimate the W4
flux of the secondary to be W4 =7.2-9.2 mag. We also know that
the secondary cannot be brighter than the integrated-light W4
magnitude of 8.1 mag. If there is a disk around the secondary,
the resulting Ks — W4 for the primary is Ks — W4 < 1.75 mag.
This color still suggests that USco 1612—1800 may host a
debris/evolved transitional disk but is also consistent with no
disk. We conclude that there is likely a debris/evolved transi-
tional disk in this system but cannot conclude if it resides around
the primary or secondary.

4.4.4. USco 1602—2401B

2MASS J16025123—2401574 is a K4 member of Upper Sco
(hereafter USco 1602—2401), identified as an X-ray source
and spectroscopically confirmed by Kunkel (1999). At 5 Myr,
the model-dependent mass is 1.34%%!2 Mo (1.18*9% M., at
10 Myr).

Kraus & Hillenbrand (2009b) confirmed that 2MASS
J160251.16—240150.2 (hereafter USco 1602—2401B) is a co-
moving companion to USco 1602—2401 with a projected sep-
aration of 1000 £ 140 AU. USco 1602—2401B has a mass at
5 Myr is 41724 My, (4742 My, at 10 Myr). This mass is sig-
nificantly lower than the previous estimate, ~0.11 M, based
on the flux ratio relative to the primary (Kraus & Hillenbrand
2009b).

The Ky — W4 color (Kg — W4 < 0.98 mag) indicates that
at most there is weak excess from any possible disk. However,
Luhman & Mamajek (2012) find a 24 um excess and conclude
that USco 1602—2401 does have a debris/evolved transitional
disk.

4.4.5. USco 1610—2502B

Preibisch et al. (1998) identified USco 161019.18—250230.1
(hereafter USco 1610—2502) as an X-ray source and determined
its membership in Upper Sco based on lithium absorption
(EW[Li] = 0.52 A), Ha emission (EW[Ha] = —0.75 A). They
also determined the spectral type to be M1. We find a model-

dependent mass of 0.70*%% M, assuming an age of 5 Myr

(0.70*%'8 M, at 10 Myr).

Our new companion, USco 1610—2502B, is a confirmed
proper motion companion to USco 1610—2502 (Kraus &
Hillenbrand 2009b). It has a projected separation of 730 =+
80 AU and a model-dependent mass at 5 Myr of 0.10*% M,
(0.09t%%74 Mg at 10 Myr). Although its spectrum does not have
the obvious triangular H-band continuum that distinguishes
young ultracool dwarfs from older field objects, this feature
is less pronounced for mid-M spectral types.

We find no evidence for a disk around USco 1610—2502
according to its 2MASS —WISE color, Kg — W4 < 1.2 mag.
Luhman & Mamajek (2012) also conclude that USco 1610—
2502 has no disk because they detect no excesses at 4.5 um,
8.0 um, or 24 um. However, there is evidence for a disk around
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USco 1610—2502B according to its 2MASS —WISE colors,
Ks— W4 =494+0.2magand Kg — W3 = 3.09 + 0.06 mag.

4.5. Background Objects

We identified a total of nine background objects (Table 1) and
compared the NIR spectra with the IRTF/SpeX Prism Library to
visually classify them. We also fit these objects with a reddened
blackbody to determine if they were reddened early-type stars,
i.e., background stars. Two of our background objects had flat
spectra that could not be reproduced with a reddened blackbody
and thus may be galaxies.

5. DISCUSSION

In Figure 8 we show an H-R diagram with our newly iden-
tified companions, the free-floating Upper Sco members, and
the Baraffe et al. (1998) and Chabrier et al. (2000) models. The
Upper Sco free-floating members in this diagram are taken from
Kraus & Hillenbrand (2007a), Slesnick et al. (2008), and Lodieu
etal. (2008). Our substellar companions as a group have system-
atically higher bolometric magnitudes than the observed cluster
sequence (Figures 1 and 8). Within the uncertainties in effective
temperature, USco 1610—1913 and USco 1602—2401B clearly
have a higher bolometric luminosities than both the known mem-
bers and the models. We note that there is one other previously
known M8 member, 2MASS J162243.85—195105.7, that is also
overluminous compared to the observed cluster sequence and
the models though it may be a spectroscopic binary (Dahm et al.
2012).

Furthermore, the primaries of our substellar companions as a
group are not overluminous compared to the models (Figure 8),
suggesting that the primary and companion may not be coeval
in all cases. Although higher mass (~0.1-1.5 M) young binary
systems appear coeval (Kraus & Hillenbrand 2009a), our results
suggest that this may not be true for lower mass companions.

Finally, USco 1610—1913B is also more luminous
(~1.5 mag) than HIP 77900B despite having the same spectral
type (M9). The primary, USco 1610—1913, is not overluminous
compared to the models although it has marginal evidence for
a disk (Section 4) which could contaminate the K-band magni-
tude, and hence the calculated bolometric luminosity.

One possible reason for the overluminosity of young com-
panions compared to the models could be different accretion
histories (Baraffe et al. 2012). Young stars may have strong
episodic accretion which will increase the star’s radius and thus
the luminosity. For example, Bowler et al. (2011) found that the
planetary-mass companion GSC 06214—00210b in Upper Sco
likely has strong accretion from a circumplanetary disk. Strong
accretion could also explain the discrepancy of 1.5 mag between
the luminosities of our two new M9 companions, HIP 77900B
and USco 1610—1913B.

The wide projected separations of our new companions
are difficult to explain as either the massive-end of gas-giant
planet formation or the low-mass tail of binary-star formation.
Binary star systems can have very wide separations up to
several thousand AU (e.g., Duquennoy & Mayor 1991) but it
is still unclear whether wide binaries can form with such an
extreme separation (~3100 AU) and mass ratio (~0.005) as the
HIP 77900AB system. However, even if they formed from a
protoplanetary disk, planet formation has only been modeled to
afew hundred AU (e.g., Kratter et al. 2010; Meru & Bate 2010).
Thus, whether protoplanetary disks can also create such wide
planetary-mass companions remains uncertain.
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Figure 8. The bolometric luminosity and temperature of our new companions and their primaries compared to the model grids are the solid and open circles for the
companions and the primaries, respectively (Chabrier et al. 2000; Baraffe et al. 1998). We omitted HIP 77900 because it has a very high mass and T,¢r compared to
the rest of the sample. Each system is represented by a different color. The gray circles are the Upper Sco free-floating members from Kraus & Hillenbrand (2007a).
The three dashed colored lines are isochrones for 1 Myr (light blue), 5 Myr (blue), and 10 Myr (dark blue). The solid black lines trace out the evolution for an object
with a given mass. The error bars for the uncertainty in bolometric magnitude, 0.13 mag, are smaller than the data points.

(A color version of this figure is available in the online journal.)

6. CONCLUSIONS

We have used PS1 and UKIDSS photometry to search for
wide (~400-4000 AU) planetary-mass companions in Upper
Sco down to ~5 My,,. We use a selection method that combines
traditional color-selection with SED fitting. Our method signif-
icantly decreases the number of reddened background stars that
contaminate our sample compared with a solely color-selected
sample.

We obtained follow-up low-resolution NIR spectroscopy
of several candidates and discovered two new companions
and confirmed three other companions. Four are very low
mass substellar companions (spectral type M7.5-M9, mass ~
15-60 Mjyy,p) and one is a low-mass star (spectral type M5, mass
~ 0.1 My). The most extreme object is HIP 77900B because of
its very wide projected separation (3200 £ 300 AU) and very
small mass ratio (g & 0.005).

Altogether, we have spectroscopically confirmed four wide
substellar companions out of our search of around 673 Upper
Sco members. Our results indicate a frequency for wide
(400-4000 AU) substellar companions down to 5 My, of
~0.6% + 0.3%. The wide projected separations for all of
our companions are difficult to explain as either the massive-
end of planetary formation or the low-mass tail of binary-star
formation.

In addition, two of our companions (USco 1610—1913B and
HIP 77900B) present another puzzle, because they have the
same spectral type but luminosities that differ by 1.5 mag. Al-
together, our companions suggest that young substellar com-
panions, but not necessarily their respective primary stars, are
overluminous compared to the models and the observed cluster
sequence. As a result, our new companions do not all appear
coeval with their primary stars on an H-R diagram, in contrast
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to results for young higher mass binary systems (Kraus &
Hillenbrand 2009a).

Regardless of the formation scenario of these companions,
we can use them as young spectral benchmarks to constrain
evolutionary models. These new companions provide us with
a unique glimpse into the early life of brown dwarfs. Further
discoveries will improve our constraints on models and our
understanding of planet/brown dwarf formation, the typical
properties of these young systems, and their likely evolution.
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Table 3

Average SEDs for Cluster Dwarf Stars
Spectral ip] Zp1 YpI VA Y J H K
Type (AB) (AB) (AB) (Vega) (Vega) (Vega) (Vega) (Vega)
MO . 7.70+0.16 (10) 74+03(12) 6.8+0.3(12) 6.5+03(12) 6.12+0.19(11) 5.60+0.08(3) 530=£0.19(11)
MO.5 836+0.06(3) 7.75+0.18(13) 7.54+0.2(16) 6.99+0.19(15) 6.72+0.17(13) 63+0.18(15) 5.81+0.12(3) 543+0.17(17)
Ml 8.58 £ 0.15(19) 8.1 £0.2 (26) 7.8 £03@31) 7.2+0.3(32) 7.0£0.3(29) 6.5 +£0.2(25) 5.99 £ 0.11 (13) 5.6 £0.3(32)
Ml1.5 89+0.2(27) 8.4 +0.3(36) 80+0436) 75+04(38) 7.2+0.3(32) 6.8 £ 0.3 (33) 6.2 +0.2 (23) 5.9+0.439)
M2 9.2+£0.4(19) 8.6 £0.3(23) 82+0.5(23) 7.940.5(20) 7.5+£0.4(19) 6.9 £ 0.4 (20) 6.4 £0.3(16) 6.1 £0.4(24)
M2.5 9.54+0.534) 8.9 +£ 0.5 (40) 8.5+ 0.5(36) 82+0.4(34) 7.8 + 0.4 (30) 7.3+0.4(29) 6.7+ 0.4 (31) 6.4+ 0.4 (40)
M3 9.9 £ 0.4 (45) 9.3+ 0.4(59) 8.9 + 0.4 (55) 8.5+ 0.4 (64) 8.0 £ 0.4 (59) 7.5 £0.3(58) 6.9 + 0.4 (62) 6.6 = 0.4 (66)
M3.5 10.4 + 0.5 (64) 9.8 £ 0.4 (76) 9.34+04(75 9.0£0.4@81) 8.5+ 0.4 (76) 7.9 +£0.4 (70) 7.4 +0.4(81) 7.1 £0.4 (87)
M4 11.1 £ 0.6 (56) 10.4 £ 0.5 (78) 99+£0.5(75) 9.6 +0.4(88) 9.2 £0.3(85) 8.6 + 0.3 (80) 8.0 £ 0.3 (89) 7.7+£0.4(93)
M4.5 11.7 £ 0.4 (45) 10.9 + 0.4 (57) 104 +0.3(57) 10.1 £0.3(62) 9.6 + 0.3 (60) 9.0 £ 0.3 (58) 8.4 £+ 0.3 (60) 8.1 £0.3(63)
M5 1226 £ 0.01 (2) 11.45+£0.07(2) 10.89 £0.01 (1) e cee . 8.90 £ 0.01 (1) 8.53 £0.01 (1)

Notes. The number of objects used to calculate the average magnitude in each filter given in parenthesis after the average magnitude. SEDs constructed from only
one object often have very small photometric errors (we assume a minimum of 0.01 mag, see Section 2) whereas the other SEDs will have large photometric errors

because of the observed large spread in absolute magnitude in young stars.

Division of the NASA Science Mission Directorate. We also
use data products from the Two Micron All Sky Survey, which
is a joint project of the University of Massachusetts and the
Infrared Processing and Analysis Center/California Institute of
Technology, funded by the National Aeronautics and Space Ad-
ministration and the National Science Foundation. In addition,
we use of data products from the Wide-field Infrared Survey Ex-
plorer, which is a joint project of the University of California,
Los Angeles, and the Jet Propulsion Laboratory/California In-
stitute of Technology, funded by the National Aeronautics and
Space Administration. This research has also benefited from the
M, L, and T dwarf compendium housed at DwarfArchives.org
and maintained by Chris Gelino, Davy Kirkpatrick, and Adam
Burgasser. We also use the IRTF Prism Spectral Library
housed at http://pono.ucsd.edu/~adam/browndwarfs/spexprism
and maintained by Adam Burgasser. We have also made use of
TOPCAT, an interactive tool for manipulating and merging tab-
ular data. Finally, mahalo nui loa to the kama’aina of Hawaii’i
for allowing us to operate telescopes on Mauna Kea. We wish
to acknowledge the very significant cultural role Mauna Kea
has within the indigenous Hawaiian community and that we are
very fortunate to be able to conduct observations.

Facilities: IRTF (SpeX), UKIRT (UKIDSS), PS1 (3w
Survey)

APPENDIX
SED TEMPLATES

We characterized the PS1 and UKIDSS color-magnitude re-
lations for cool and ultracool dwarf stars (spectral type MO-L0)
using open cluster dwarfs from Praesepe and Coma Berenices,
young open cluster dwarfs from Upper Sco, and field dwarfs
with parallaxes. In order to increase the flexibility of our pro-
gram to fit to a variety of SEDs, we also use field dwarfs with
optical+NIR SEDs but without parallaxes and separate our fit-
ting procedure into two parts: spectral type and photometric
distance. We then use the resulting templates to determine the
spectral types and the photometric distances of our candidates.

A.l. Average Templates from Clusters
A.1.1. Open Cluster Dwarfs

Our template Praesepe and Coma Berenices members are se-
lected from Kraus & Hillenbrand (2007b). Praesepe (~600 Myr)
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is located at a distance of 170 pc (Hambly et al. 1995) and Coma
Berenices (~400 Myr) is at 90 pc (Casewell et al. 2006). We
use the Praesepe and Coma Berenices members with >95%
membership probability, spectral type >MO0, and good quality
photometry (in ipy, zp;, or yp;) in the PS1 37 survey DVO cat-
alog. After applying our data quality cuts (see Section 2), in
total we had 506 cluster dwarfs (spectral type MO—MS5) with
a mixture of PS1 magnitudes, ip;, zp;, or yp;, and UKIDSS
magnitudes, ZYJHK.

In order to create the SED templates for the Praesepe and
Coma Berenices members as a function of spectral type, we
computed the weighted average for the absolute magnitude for
each half spectral subclass (i.e., MO, M0.5, etc.). We remove the
binary sequence by selecting the stars which are brighter than a
simple quadratic line which runs above most of the data. After
accounting for the binary sequence in this fashion, we compute a
0.48 mag scatter in the absolute magnitudes for a given spectral
type. This dispersion is consistent with previous studies of the
absolute magnitudes of M dwarfs (e.g., Bochanski et al. 2010;
Dupuy & Liu 2012). The final SEDs are tabulated in Table 3.

A.1.2. Upper Sco Members

We also created SED templates from known Upper Sco
members spanning spectral type MO to L2. Earlier type objects
were saturated in PS1 and/or UKIDSS. Just as for the open
cluster dwarfs, we selected UKIDSS and PS1 photometry with
our same data quality restrictions. The final SED templates are
the weighted average of the absolute magnitudes for each half
spectral subclass (i.e., MO, M0.5, etc.). Note that the large errors
reflect the known large spread in absolute magnitude seen in the
known members of Upper Sco (e.g., Lodieu et al. 2008). In total,
we used 404 Upper Sco member stars to create the final SEDs
although a different numbers of primaries are used for each
SED average magnitude because of the variable coverage by
both UKIDSS and PS1. The final SEDs are tabulated in Table 4.

A.2. Templates of Individual Field M and L Dwarfs

The M, L, and T dwarfs are from taken from the Faherty
et al. (2009) and Leggett et al. (2010) ultracool dwarf catalogs
and DwarfArchives.org. By separating our fitting routine into
two parts (spectral typing and distance determination), we can
use significantly more templates (a selection from 21000 known
field dwarfs instead of from only about 100 that have parallaxes).


http://pono.ucsd.edu/~adam/browndwarfs/spexprism
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Table 4

Average SEDs for Upper Sco Primaries
Spectral ip1 Zp1 YpP1 Z Y J H K
Type (AB) (AB) (AB) (Vega) (Vega) (Vega) (Vega) (Vega)
MO 8.8+0.2(2) 7.88 £ 0.04 (1) 8.00 £ 0.3 (2) 5.81 £ 0.01 (1)
Ml 8.7+0.1(1) 85+0.7(2) 83+£0.8(2)
M2 9.6 +£0.5(4) 8.98 +0.19 (3) 7.7+0.8(8) 6.5+044) 6.70 + 0.01 (1)
M3 9.31+0.6(11) 84+0.7(7) 7.6 £0.7 (19) e e .- 6.4+ 0.6 (5) 6.3+0.7(3)
M3.5 9.7+ 0.7 (2) 8.7+0.6(2) 7.8 +0.6 (5) 7.33 £ 0.01 (1) 6.57 £0.01 (1) 598+£0.01(1) 6.06=+0.01(2) 5.6+0.2(3)
M4 9.6 + 0.7 (32) 8.6 £0.7(32) 7.9 +£0.8 (48) 7.5+ 0.3 (6) 7.0+ 0.3 (5 6.3+0.3(5) 6.5+ 0.7 (21) 6.1 0.9 (17)
M4.5 9.7 £0.8(14) 8.7+ 0.8 (14) 8.0 £ 0.8 (24) e 7.9+ 1.003) 72+£09(3) 6.7£0.6 (9) 6.2 £0.7(8)
M5 9.8 + 0.8 (66) 8.8 £0.8(67) 83+£0.7(71) 8.6+ 1.0(4) 7.81+0.9 4) 7.0+ 0.8 (4) 6.4 + 0.5 (53) 6.3 + 0.6 (26)
M5.5 10.3 £ 0.7 (46) 9.2 £0.7 (44) 8.7 £ 0.6 (43) e 7.26 £0.01 (1) 6.41 £0.01 (1) 6.6 + 0.5 (38) 6.4 +0.5(24)
M6 11.1 £ 0.7 (43) 9.9+ 0.6 (42) 9.34+0.6 (43) 9.1 £04 (5 8.1+£04(09) 72+05() 7.0 £ 0.6 (41) 6.7 £ 0.5 (34)
M6.5 11.7 £ 0.6 (13) 10.2 £ 0.6 (13) 9.7 £ 0.6 (13) 7.4 +£0.6(14) 7.1£0.5(12)
M7 11.7 £ 1.2 (16) 10.1 £ 0.8 (14) 9.7+ 0.9 (16) 7.6 £ 0.8 (13) 7.31+0.7(11)
M7.5 12.1 £ 0.7 (7) 10.6 + 0.6 (6) 10.0 £ 0.6 (7) S e cee 7.8 +0.4 (6) 7.1+034)
M8 125+ 09 (7) 10.7 £ 1.0 (8) 9.9+ 1.0(8) 11.05+0.01 (1) 10.04 £0.01 (1) 9.17 £0.01 (1) 7.9 + 0.6 (6) 7.4+ 0.6 (6)
M38.5 13.7+ 0.3 (3) 11.80 £ 0.01 (2) 11.2+ 0.2 (3) S e cee 8.6+0.2(3) 8.02 +£0.18 (3)
M9 13.6 £ 0.3 (2) 122+ 05@3) 114+ 04 (3) e e e 8.8+0.4(3) 83+04(3)
LO 153+ 0.6 (4) 13.9 + 0.7 (6) 13.0 0.6 (6) 12.17 £ 0.01 (1) 10.84 £0.01 (1) 9.84+0.01 (1) 10.0+ 0.6 (6) 9.3+ 0.6 (6)
L1 148 +0.5(2) 13.1+04(2) 12.6 £ 0.8 (3) e e .- 9.9+0.7(4) 9.21+0.6(4)
L2 .- 132+ 0.11 (1) 12.21 £0.01 (1) 9.31 £0.01 (1) 8.63+0.01 (1)

Notes. The number of objects used to calculate the average magnitude in each filter given in parenthesis after the average magnitude. SEDs constructed from only
one object often have very small photometric errors (we assume a minimum of 0.01 mag, see Section 2) whereas the other SEDs will have large photometric errors
because of the observed large spread in absolute magnitude in young stars.

Table 5
SEDs for Field Dwarf Stars
Name Spectral Type ip1 Zp1 YP1 Z Y J H K
(AB) (AB) (AB) (Vega) (Vega) (Vega) (Vega) (Vega)
2MASS J08533619—0329321 M9 15.61 £0.01 14.13 £0.01 11.18 £ 0.05 10.48 £0.05 9.91 £0.05
2MASS J14284323+3310391 M9 cee 14.89 + 0.03 13.92 + 0.01 11.91 £0.03 11.27 £0.03 10.72 +0.03
2MASS J15010818+2250020 M9 16.12 £ 0.01 14.67 £0.02 13.74 £0.01 11.76 £ 0.05 11.18 £0.05 10.69 £+ 0.05
2MASS J00242463—0158201 M9.5 16.32 £ 0.01 14.83 £0.01 13.92+0.03 11.73 £ 0.03 11.10 £ 0.03 10.53 +0.03
2MASP J0345432+254023 LO 18.50 + 0.02 15.99 £ 0.01 15.32+0.10 13.84 £0.05 13.20 £0.05 12.66 + 0.05
SDSSp J225529.09—-003433.4 LO 20.01 + 0.07 17.00 + 0.05 15.50 £ 0.05 14.80 £ 0.05 14.28 +0.05

Note. We assume a minimum of ¢ = 0.01 mag for all photometry (see Section 2).

This method also better encompasses the SED variation within
a given spectral type. The average properties do not fully convey
their diversity (e.g., Leggett et al. 2001). Furthermore, we use
the SEDs of individual field dwarfs, rather than constructing
average SEDs for each spectral type, as for cluster dwarfs, as
the final SED templates. Thus, the uncertainty in the templates
is just the actual measurement errors in the PS1 and UKIDSS
magnitudes. In our analysis, we also exclude dwarfs which
are known binaries or close binaries (81) and without at least
three good quality measurements from UKIDSS or PS1 (see
Section 2). Therefore, the final set of dwarfs used to determine
the spectral type has 115 dwarfs. For this work, only objects with
spectral type M9-L0 are tabulated in Table 5. Although our fit
includes the entire library of field dwarfs we do not expect to
find any late L or T dwarfs in this work. The colors and details
of PS1 colors for L/T dwarfs reserved for a later paper where
those details will be discussed. L/T dwarf colors for UKIDSS
are already reported in other papers (e.g., Leggett et al. 2001;
Hewett et al. 2006).

Finally, in order to determine the absolute magnitude as a
function of spectral type, we use the 30 ultracool dwarfs (spectral
type M7 to LO) with parallaxes and good quality measurements
(see Section 2) in PS1 and/or UKIDSS. Therefore, we only use

these 30 dwarfs with parallaxes to determine absolute magnitude
from spectral type but use the full library of field dwarfs (115)
to determine the spectral type from the SED.

A.3. Final Library of SED Templates

The final SEDs used to perform the x? fit for spectral type
have at least three of the following: ipi, zp1, Yp1, Z, Y, J, H,
or K. There are a total of 133 templates covering the spectral type
range MO-L2, where 10 are averages from the cluster dwarfs
(Table 3), 8 are from Upper Sco primary stars (Table 4) and
115 are field dwarfs (Table 5). Upper Sco free-floating cluster
members fill the gap at M6-M8 (between the open cluster
members in Praesepe and Coma Berenices and field dwarfs)
where the majority of our candidates may be; brown dwarfs in
Upper Sco are expected have spectral types greater than M7. We
show the optical-NIR colors as a function of spectral type for
final SED templates in Figure 9. The observed scatter in color
as a function of spectral type highlights the importance of using
several SED templates for each spectral type. Finally, we use the
weighted average cluster dwarf SEDs and only 30 field dwarf
SEDs (with parallaxes) for the absolute magnitude—spectral type
relation which covers the spectral type range MO-L8 with a
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Figure 9. The optical and near-IR colors with ipy, zp1, ypi1, and the UKIRT ZYJHK as a function of the spectral type for all the SED templates used in our spectral type
routine. These templates all are constructed from individual objects with magnitude errors <0.2 mag and have detections in at least three filters (including one in the
UKIDSS filters). The M dwarf templates constructed from averages from Praesepe and Coma Berenices members are the purple open circles. The individual SEDs
from known Upper Sco M-L0 dwarf members are the gold squares and show the large spread in color in Upper Sco. The field dwarf SEDs are the teal diamonds.

(A color version of this figure is available in the online journal.)

few gaps. In our analysis, this relationship is only used to convert
from the fitted spectral type to absolute magnitude as a check on
whether the photometric distance is consistent with Upper Sco
membership. For example, objects which fit early-M dwarfs will
generally be farther (taking into account the higher luminosities
observed for young stars) than expected and, thus, can be flagged
as background stars.
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