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Abstract

In order to assess the multiplicity statistics of stars across spectral types and populations in a volume-limited
sample, we censused nearby stars for companions with Robo-AO. We report on observations of 1157 stars of all
spectral types within 25 pc with decl. >−13° searching for tight companions. We detected 154 companion
candidates with separations ranging from ∼0 15 to 4 0 and magnitude differences up to Δm ¢  7i using the
robotic adaptive optics instrument Robo-AO. We confirmed physical association from Gaia EDR3 astrometry for
53 of the companion candidates, 99 remain to be confirmed, and two were ruled out as background objects. We
complemented the high-resolution imaging companion search with a search for comoving objects with separations
out to 10,000 au in Gaia EDR3, which resulted in an additional 147 companions registered. Of the 301 total
companions reported in this study, 49 of them are new discoveries. Out of the 191 stars with significant
acceleration measurements in the Hipparcos–Gaia catalog of accelerations, we detect companions around 115 of
them, with the significance of the acceleration increasing as the companion separation decreases. From this survey,
we report the following multiplicity fractions (compared to literature values): 40.9%± 3.0% (44%) for FGK stars
and 28.2%± 2.3% (27%) for M stars, as well as higher-order fractions of 5.5%± 1.1% (11%) and 3.9%± 0.9%
(5%) for FGK stars and M-type stars, respectively.

Unified Astronomy Thesaurus concepts: Binary stars (154); Multiple stars (1081); Close binary stars (254); High
angular resolution (2167); Direct imaging (387); Astronomical methods (1043); Observational astronomy (1145);
Astronomy data analysis (1858); Solar neighborhood (1509)

Supporting material: machine-readable tables

1. Introduction

Stellar multiples provide important constraints for stellar
formation and evolution models through detailed statistics of
their multiplicity rates as well as detailed studies of individual
systems. Studying the orbits of multiple star systems may yield
information on the intrinsic properties of the constituent stars
(e.g., mass ratios, separation distributions), improving our
knowledge of fundamental astrophysical links such as the
mass–luminosity relationship, dynamical interactions, and
molecular cloud formation environments (see Bate 2015 review
paper). Studying companions around the nearest stars is also
vital to the current and next generation of transiting-planet
hunting missions, allowing quick identification of false-positive
transit signals and calibrating estimates of planetary character-
istics (e.g., Ziegler et al. 2018).

The stars in our solar neighborhood are among the most
studied in astronomy. Their proximity allows even very faint
stars to be counted, providing the best census of our galaxy’s
stellar population. Various studies have been conducted,
focusing on different populations of nearby stars. For low-
mass stars, Ward-Duong et al. (2015) surveyed 245 late-K to
mid-M stars within 15 pc combining adaptive optics imaging
and digitized wide-field archival plates and reported 65
companions. Winters et al. (2019) performed a volume-limited
stellar multiplicity study of 1120 M dwarfs within 25 pc,
combining observations with a comprehensive literature search
and report on the multiplicity rates and companion separation
distribution trends. Lamman et al. (2020) observed 5566
nearby M-type stars with adaptive optics imaging and detect
553 tight stellar companion candidates. Vrijmoet et al. (2020)
report on 542 M-type stars within 25 pc, comparing 20 yr of
astrometric data with Gaia DR2 and define criteria for finding
unresolved companions in Gaia DR2 data. On the very-low-
mass end of stars, Bardalez Gagliuffi et al. (2019) conducted a
volume-limited spectroscopic study of ultracool dwarfs (M7–
L5) within 25 pc and report on spectral binary statistics.
Focusing on higher-mass FGK stars, Raghavan et al. (2010)

presents the results from a sample of 454 stars within 25 pc.
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They report detailed statistics on stellar multiplicity fractions
and trends with stellar properties (such as mass, age,
metallicity). Tokovinin (2014) and Riddle et al. (2015) focused
on the higher-order multiplicity of F and G stars within 67 pc.
Others such as Kervella et al. (2019) have used Gaia to search
for companions within 50 pc using changes in proper motion
between the Hipparcos and Gaia catalogs, and Rebassa-
Mansergas et al. (2021) searched for systems consisting of
white-dwarf and main-sequence pairs within 100 pc.

For the Robo-AO Solar Neighborhood Survey, we observed
a volume-limited sample of >1200 stars across all spectral
types within 25 pc, made possible by the observing efficiency
provided by the fully autonomous laser adaptive optics (AO)
Robo-AO instrument. Our goal was to detect otherwise
unresolved companions in order to estimate the multiplicity
fraction of stars across spectral types and provide a census of
companions inaccessible to non-AO observations.

In Section 2 we describe the survey target selection and
observations, followed by the data reduction in Section 3. In
Section 4 we report the companion detections and character-
izations, and a complementary search for wide companions
with Gaia. This is followed by a discussion of Gaia companion
recovery, accelerating stars, higher-order multiple systems, and
multiplicity fractions by spectral types in Section 5, and we
conclude in Section 6.

2. Survey Targets and Observations

2.1. Target Selection

A volume-limited survey requires a well-vetted target list.
Our list is based on targets initially identified by the REsearch
Consortium On Nearby Stars (RECONS)11 collaboration,
whose goal is to discover and characterize all stars and their
environments within 25 pc. To consider stars as nearby stars
within 25 pc, prior to the Gaia data releases, RECONS
calculated the weighted mean trigonometric parallaxes from the
literature or published astrometry catalogs, i.e., Hipparcos
catalog (van Leeuwen 2007) or Yale Parallax Catalog (van
Altena et al. 1995). For stars without trigonometric parallaxes,
their distances were estimated using photographic plate
photometry, and optical and/or near-IR photometry (see Boyd
et al. 2011; Winters et al. 2015 and references therein). Our
targets have declinations >−13° and 0< V< 16 magnitude
range.

2.2. Observations

We obtained high-angular-resolution images of 1221 stars
during 58 nights of observations between 2012 June 17 and
2013 October 23. The observations were performed using
the automated Robo-AO laser adaptive optics system

(Baranec et al. 2013, 2014; Riddle et al. 2012) mounted on a
1.5-m telescope at the Palomar observatory. The adaptive
optics system operates at a control loop rate of 1.2 kHz to
correct high-order wave-front aberrations. Image displacement
is corrected postfacto using the target star in the science images
that are captured at a rate of 8.6 frames per second.
Observations were taken in the i′-band filter.
Typical seeing at the Palomar Observatory is between 0 8

and 1 8, with a median around 1 1 (Cenko et al. 2006). The
typical FWHM (diffraction limited) resolution of the Robo-AO
system is 0 15. Specifications of the Robo-AO solar
neighborhood survey are summarized in Table 1.

2.3. Target Verification

To verify that the star viewed in the image is the desired
target, we created Digital Sky Survey and PanSTARRS cutouts
of similar angular size around the target coordinates. Each
image was manually inspected to confirm the target observed
with Robo-AO was the correct star, based on surrounding stars
and/or brightness, as well as to assess image quality. Images of
stars were rejected if the wrong star was observed or if there
had been a clear issue during the observation, i.e., telescope
moved or AO correction turned off during integration.
Approximately 98% of our images passed inspection, and for
all but five of the rejected images, additional images of the
same target were available.
All verified targets were cross matched with Gaia EDR3 to

obtain their parallaxes. Three stars were found to have
distances between 50 and 500 pc and we are unable to confirm
the distances for another four stars. These observations are thus
omitted from this paper. Fifty two stars (4.3% of our sample)
were initially thought to be within 25 pc, but are now also
known to be more distant according to the Gaia parallax
measurements. Of those 52, 87% (45 stars) are within 30 pc and
7 stars extend out to distances of 30–40 pc. These stars and
their 19 companions (eight detected within 4″ with Robo-AO
and 11 found in the Gaia wide comoving search; see
Section 4.3.2) were removed from the analysis throughout this
paper as they are beyond our distance cutoff of 25 pc but the
ones with companions are listed in the Appendix Table 7.
After removing stars with distances greater than 25 pc, we

are left with 1157 stars confirmed to be within 25 pc. Of these,
74 are wide binaries where we observed each component of the
binary separately with Robo-AO. So we observed 1157 stars,
which make up 1083 unique systems.
Therefore, the sample of stars reported throughout this paper

consists of 1083 primary stars (summarized in Table 2), of which
1005 have Gaia EDR3 information. The distances for the
remaining 78 stars were obtained from SIMBAD, all but one
(RAO 0739+0513) with parallax measurements. All observations

Table 1
The Specifications of the Robo-AO Solar Neighborhood Survey

Field size 44″ × 44″

Detector format 10242 pixels
Pixel scale 43.1 mas pix−1

Exposure time per target 120 seconds
Targets observed / hour 20
Observation dates 2012 Jun 17–2013 Oct 23

Table 2
Summary of Observed Stars

Total observed: 1221 stars

rejected during target verification 5
unable to confirm distance 4
>50 pc 3
30–40 pc 7
25–30 pc 45
Final sample <25 pc: 1157 individual stars

1083 systems

11 www.recons.org
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and distance references are listed in Table 4. The spectral type
estimates are from SIMBAD when available (1038 of the stars),
and the remaining 45 not found in SIMBAD are derived from
Gaia EDR3 colors (Bp–Rp and G–Rp) and absolute G
magnitudes. Using the Pecaut & Mamajek (2013) color-Teff
grids12 we estimated the spectral types for each color and
magnitude and averaged them to get our final spectral type
estimate. For systems with subarcsecond companions, the
spectral type is a composite type that includes both components
of the binary. The spectral type distribution of stars observed
and reported in this paper are shown in Figure 1, denoting the
sample with Gaia EDR3 information. Many of the early-type
stars are not in the Gaia sample because they are too bright
(with V magnitudes spanning 0 to 3.5), and therefore do not
have Gaia parallax measurements. Furthermore, thirteen stars
are identified as young (300 Myr) low-mass (K- or M-type)
stars by the LASSO survey (Salama et al. 2021).

2.4. Volume-limited Sample Completeness

We evaluated the completeness of our volume-limited
sample by examining its á ñV Vmax statistic (Schmidt 1968).
á ñV Vmax is the mean of the distribution of V Vmax values,
which are the ratios of the volume out to the distance of each
star to the maximum volume of the sample (i.e., spherical
volume of radius= 25 pc). If a sample is 100% complete, the
mean of the V Vmax values (which ranges from 0 to 1) should
be á ñ =V V 0.5max , meaning that the sample is uniformly
distributed in space. A sample with an overabundance of
targets at greater distances within the volume will result
in a á ñ >V V 0.5max and thus a completeness of >100%.
Figure 2(a) shows the cumulative distribution of stellar
distances in our sample and the á ñV Vmax value of our sample
as a function of corresponding limiting distance. At 25 pc,
á ñ = V V 0.39 0.01max , which corresponds to 78% complete-
ness. Our sample has 90% completeness out to 15 pc.
Figure 2(b) shows the same á ñV Vmax statistic for each spectral
type subsample. F, G, and K stars are the most complete

samples, with�94% completeness at 25 pc, while M stars are
less uniformly distributed as we go to larger distances. This is
likely due to the difficulty in detecting M stars, which are less
luminous and thus harder to detect, especially as the RECONS
list was constructed before Gaia was available. Furthermore,
we have a majority of early M-type stars (M0–4) compared to

Figure 1. Spectral type distribution of observed stars making up the Robo-AO
Solar Neighborhood Survey sample. The dashed lines and corresponding
numbers are the stars in our sample with Gaia EDR3 parallaxes. Almost half of
our sample are M-type stars.

Figure 2. (a): á ñV Vmax statistic to assess completeness of our volume-limited
sample (top). Percentages are the completeness of the sample out to the
corresponding distance. Our sample is 90% complete to 15 pc, and 78%
complete to 25 pc. The green line traces the cumulative distance distribution of
all observed stars in our sample (bottom). (b): á ñV Vmax statistic to assess
completeness of our volume-limited sample, shown for each spectral type
subsample.

12 http://www.pas.rochester.edu/~emamajek/EEM_dwarf_UBVIJHK_
colors_Teff.txt (version 2021.03.02).
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late M-type stars (M5 and later) due to the large decrease in
luminosity across M-type stars, making later M-type stars
fainter and harder to detect than early M-type stars. There are
too few A stars and white dwarfs to expect those samples to be
complete.

3. Data Reduction

The data reduction process was automated as much as
possible for efficiency and consistency. We followed the
proven methods detailed in Law et al. (2014) and Ziegler et al.
(2015). An initial pipeline calibrates the images and performs
the postfacto image displacement correction. The reduced
images are then subject to a point-spread function (PSF)
subtraction before searching for companions.

3.1. Imaging Pipeline

The Robo-AO imaging pipeline (Law et al. 2009, 2014)
reduced the images: the raw EMCCD output frames are dark
subtracted and flat fielded, and then aligned and stacked using
the Drizzle algorithm (Fruchter & Hook 2002), which also
increases the sampling in the images by a factor of two. To
avoid tip/tilt anisoplanatism effects, the image displacement
was corrected during the reduction by using the target star itself
as the guide star in each observation.

3.2. PSF Subtraction

A custom PSF subtraction routine (Law et al. 2014) based on
the Locally Optimized Combination of Images algorithm
(Lafrenière et al. 2007) was applied to centered cutouts of all
stars. Detailed in Law et al. (2014), the code uses a set of
twenty observations from the same observing night as reference
PSFs, as it is improbable that a companion would appear at the
same position in two different images. A locally optimized PSF
is generated and subtracted from the original image, leaving
residuals consistent with photon noise.

This procedure was performed on all target star images out to
2″, and the results manually checked for companions. Figure 3
shows an example of the PSF subtraction. The PSF-subtracted
images were subsequently processed through the automated
companion-finding routine, as described in Section 4.1.

3.3. Imaging Performance Metrics

An automated routine was used to classify the image
performance for each target. Described in detail in Law et al.
(2014), the code uses PSF core size as a proxy for image

performance, modeled by two Moffat functions to measure
separately the widths of the core and halo of the PSF.
Observations were binned into three performance groups by
PSF core size, with 0.65% falling in the low performance
group (PSF core < 0 10), 9.83% in the medium performance
group (0 1–0 15), and 89.52% in the high performance
group (>0 15).
We determine the sensitivity to a 5σ detection by injecting

artificial companions, created as a clone of the primary PSF at
different angular separations and contrast ratios. For concentric
annuli of 0 1 width, the detection limit is calculated by steadily
dimming the artificial companion until it falls below the 5σ
detection threshold for the auto-companion detection algorithm
(Section 4.1). This process is subsequently performed at
multiple random azimuths within each annulus and the limiting
5σ magnitudes are averaged. For clarity, these average
magnitudes for all radii measurements are fitted with functions
of the form ( )´ ´ + +a h b r c dsin (where r is the radius
from the target star and a, b, c, and d are fitting variables).
Achievable sensitivities are listed in Table 6 and the sensitivity
curves are shown in Figure 4.

4. Results

4.1. Robo-AO Companion Detection

To facilitate the automation of the data reduction, we created
8 5 square cutouts centered on the observed target stars. Since
we are primarily interested in those companions that can only
be detected with high-angular resolution images (as opposed to
seeing limited images), we selected a 4″ separation cutoff for
our companion search. We ran all images through a custom
automated search algorithm, based on the code described in
Law et al. (2014). The algorithm slides a 5 pixel diameter
aperture within concentric annuli centered on the target star.
Any aperture with >5σ outlier to the local noise is considered a
potential astrophysical source. In addition, a visual companion
search was performed redundantly by three of the authors. This
search filtered out bad images, and eliminated spurious
detections with dissimilar PSFs to the target star and those
having characteristics of a cosmic ray hit, such as a single
bright pixel or bright streak. We detected 154 tight companion
candidates in Robo-AO images. The detection measurements

Figure 3. Example of a companion detection in the original reduced image
shown in linear-stretch (left) and the PSF-subtracted image (right). The
companion is circled in orange.

Figure 4. Sensitivity curves for all observed targets.
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Figure 5. Grid of Robo-AO images of binary candidates. The images are displayed either in linear or log stretch (when Δm > 2.5), for ease of visually seeing the
companion. The images outlined in blue are the PSF-subtracted images in order to see close-in companions. The color of the circle indicating the companion is based
on whether the companion is physically associated (solid green) or yet to be confirmed (dashed orange). The northeast orientation of the images are shown in the
bottom right and the image scale in arcseconds is shown for each image cutout.

5

The Astronomical Journal, 163:200 (17pp), 2022 May Salama et al.



Figure 6. (continued). Grid of Robo-AO images of binary candidates. The images are displayed either in linear or log stretch (when Δm > 2.5), for ease of visually
seeing the companion. The images outlined in blue are the PSF-subtracted images in order to see close-in companions. The color of the circle indicating the companion
is based on whether the companion is physically associated (solid green) or yet to be confirmed (dashed orange). The northeast orientation of the images are shown in
the bottom right and the image scale in arcseconds is shown for each image cutout.
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and significance values are listed in Table 5 and the image
cutouts are shown in Figures 5–8.

4.2. Companion Characterization

4.2.1. Contrast Ratios

In order to measure the contrast ratio between the primary
star and companion candidate, we removed most of the primary
starlight by subtracting a radially averaged image. We then
performed aperture photometry by measuring the flux in
circular apertures around the primary star in the original image
and the companion candidate in the radially subtracted image.
We measured the noise in an annulus around the star at the
same separation as the companion candidate. The aperture
radius was chosen to maximize the signal-to-noise ratio (S/N)
of the companion detection. Photometric uncertainties were
estimated from the standard deviation of the contrast ratios
measured for the various aperture sizes. This method is
explained in more detail in Salama et al. (2021).

4.2.2. False Triples

Occasionally, the frame stacking centers on the bright
companion instead of the target used as the natural guide star,
which creates a “false triple” image with the companion
appearing on either side of the primary at the same separation
and 180° rotated. We measured the contrast at both locations
and combined the measurements following Law (2006) to
calculate the final contrast. This affected 11 of our companion
candidates. This effect can be seen in Figures 5–7 (e.g.,
RAO 0201+7332, RAO 0828+3500, RAO 1233+0901, ...)

4.2.3. Separation and Position Angles

Raw pixel positions were calibrated to on-sky positions
using a distortion solution produced using Robo-AO measure-
ments for the globular cluster M15.13 Separation, and position

angles were determined from the calibrated positions. Uncer-
tainties were found using estimated systematic errors due to
blending between the primary and close companions in the
system. Typical uncertainty in the position for each star was
1–2 pixels (Baranec et al. 2016), which corresponds to an
average uncertainty of 0 06. For very tight companions
(0 5), a small uncertainty in companion position still results
in a large position angle uncertainty (7°).

4.3. Gaia Companion Detections

4.3.1. Physical Association of Robo-AO Detections

To determine if a candidate companion was physically
associated with its host star, we searched for it in Gaia EDR3 to
determine whether it had matching parallax and proper motion
measurements. To determine physical association status, we
applied a threshold of 0.35 to both the ratio of the difference in
parallax measurements between the primary and companion to
the primary’s parallax ( p pD < 0.35prim ), and to the ratio of
the difference in proper motion measurements between the
primary and companion to the primary’s proper motion
( m mD < 0.35prim ), as explained in Salama et al. (2021). We
determined 53 companions detected with Robo-AO to be
physically associated and ruled out two as background objects.
Another 99 were not found in Gaia EDR3 or were lacking
parallax and proper-motion measurements and thus remain to
be confirmed with future follow-up studies. However, we
expect the vast majority of these companion candidates to be
physically associated, as they are mostly within 1″, where the
likelihood of a background star alignment is much lower
(Horch et al. 2014; Ziegler et al. 2020; Salama et al. 2021). The
i′-band contrasts of the 154 companion candidates detected
with Robo-AO are shown in Figure 9 as a function of
separation from the host star with their physical association
status denoted. Figure 10 also shows the companion detections,
as a function of projected separations in astronomical unit and
the primary star’s SpT is shown.

Figure 7. (continued). Grid of Robo-AO images of binary candidates. The images are displayed either in linear or log stretch (when Δm > 2.5), for ease of visually
seeing the companion. The images outlined in blue are the PSF-subtracted images in order to see close-in companions. The color of the circle indicating the companion
is based on whether the companion is physically associated (solid green) or yet to be confirmed (dashed orange). The northeast orientation of the images are shown in
the bottom right and the image scale in arcseconds is shown for each image cutout.

13 S. Hildebrandt (2013, private communication).
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4.3.2. Wide Comoving Companions

In order to evaluate the multiplicity fractions of our sample,
in addition to the close companions detected with Robo-AO
within 4″, where AO is most beneficial, we searched for wide
comoving companions out to separations of 10,000 au using
Gaia EDR3. We found an additional 147 wide companions.
This wide comoving companion search was carried out for the
1005 stars found in Gaia EDR3. We used the same
p pD < 0.35prim and m mD < 0.35prim thresholds described in

Section 4.3.1 to determine comoving companions. As can be
seen in Figures 11 and 12, all but one companion have
p pD < 0.1prim , and 97% have m mD < 0.1prim .

To further validate our companion search and physical
association analysis, we cross matched with El-Badry et al.
(2021)ʼs catalog of one million binaries in Gaia EDR3. The
colored symbols in Figure 11 are the companions that are found
in the El-Badry et al. (2021) catalog and thus have  values,
which can be used as a proxy for the probability that a
companion candidate is instead a chance alignment.  is
computed from the ratio of the estimated density of chance
alignments at a given point in parameter space to the estimated
density of candidates (which includes both true companions
and chance alignments):   ( ) ( ) ( )=x x xchance align candidates .
A value of very close to 0 means a very high probability that
the companion candidate is a true physically associated object,
while a value of  close to 1 indicates a high probability that
the object is a chance alignment. The highest  value in our

Figure 8. Grid of Robo-AO images of tight triple system candidates. The images are displayed either in linear or log stretch (when Δm > 2.5), for ease of visually
seeing the fainter companion. The second row of images outlined in blue are the PSF-subtracted images in order to see the close-in companion(s) of the image above.
The color of the circle indicating the companion is based on whether the companion is physically associated (solid green) or yet to be confirmed (dashed orange). The
northeast orientation of the images is shown in the bottom right and the image scale in arcseconds is shown for each image cutout.

Figure 9. Detected companion candidates within 4″ with Robo-AO.
Companions with Gaia EDR3 parallax and proper motion measurements
consistent with their host star are determined to be physically associated (green
circles). Companion candidates with Gaia parallax and proper motion
measurements inconsistent with the host star are determined to be background
objects (gray triangles). The remaining companion candidates were not found
in Gaia EDR3 or the star; otherwise, companions were lacking parallax and
proper-motion information to confirm comoving physical association (orange
squares).

Figure 10. Detected companions within 4″ as a function of projected separation
in astronomical units and color coded by primary star spectral type. Filled
circles are physically associated companions and empty squares are yet to be
confirmed companion candidates, where the distance was assumed to be the
same as the host star. The detections determined to be background objects were
removed.
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sample of companions found in El-Badry et al. (2021)ʼs catalog
is 0.0068, therefore we determine them all to be physically
associated. Furthermore, for those not found in the catalog and
that overlap in p pD prim and m mD prim space with those from
the catalog, we determine them to also be physically associated.

Therefore, in total, 200 companions are determined to be
physically associated: 53 detected with Robo-AO and 147 from
the Gaia wide comoving search (73 as new companions and 74
are wide companions that were observed separately from the
primary star with Robo-AO allowing a search for tight tertiary
companions around the secondary star). Using El-Badry et al.
(2021)ʼs catalog, we further validate 158 of the 200
companions as physically associated.

4.3.3. Companion Properties

The detected comoving companion absolute Gaia magni-
tudes as a function of projected separation are shown in

Figure 13. The farthest detected companion is at a projected
separation of 6285 au. There are three companions found in the
Gaia comoving search that are within 4″ but missed by Robo-
AO: G 239-25 was near the edge of the detector in the
observation and thus the companion was out of the field of
view, 16 Cyg A has a companion with too large contrast
(ΔmG≈ 8 ), and VV Lyn A has too poor image quality for
Robo-AO to detect the companion.
Figure 14 shows companion properties from Gaia magnitude

and colors and color coded by SpT estimate as explained in
Section 2.3, this time for the companions found in Gaia EDR3.
The Pecaut & Mamajek 2013 grid is only for main-sequence
stars, so companions that clearly fall in the white dwarf portion
of the color–magnitude diagram were determined to be white
dwarfs from their placement on the plot rather than directly
from the Pecaut & Mamajek (2013) grid. This was also further
validated for companions found in the El-Badry et al. (2021)
catalog, which labeled all binaries with a white dwarf
component.

Figure 11. Physical association thresholds (the two dashed lines at 0.35),
identified by comparing the primary and companion proper motion and
parallax Gaia EDR3 measurements. The wide Gaia comoving companions as
well as those detected in Robo-AO images with Gaia EDR3 information are
shown. For those found in the El-Badry et al. (2021) catalog, their  value is
given and we show the subsample of stars within 50pc in El-Badry et al. (2021)
ʼs binary catalog in green.

Figure 12. The distribution of p pD prim and m mD prim for the wide comoving
companions identified in Gaia EDR3 as well as the Robo-AO-detected
companions found in Gaia EDR3.

Figure 13. Absolute Gaia magnitudes of 147 wide comoving companions
identified in Gaia EDR3 as a function of projected separation and color coded
by spectral type of the primary star.

Figure 14. Gaia color–magnitude diagram for companions detected in Gaia,
including the wide comoving search and the Robo-AO tight detections found in
Gaia. Color coded by companion SpT estimate from Gaia photometry.
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4.4. Cross Matching with other Catalogs

Of the 301 total companions (including both the 154
detected by Robo-AO and the 147 wide comoving companions
found with Gaia) reported in this survey, we find 252 of them
in the literature and the remaining 49 are new discoveries. We
found 51 of our companions around FGK stars reported in
Raghavan et al. (2010) and 74 of those around M-type stars
reported in Winters et al. (2019). We checked for the remaining
companions in the Washington Double Star catalog (WDS;
Mason et al. 2001) and found another 110 and an additional 17
in the Fourth Catalog of Interferometric Measurements of
Binary Stars (Hartkopf et al. 2001). They are all marked in
Table 5. We also searched for our companions in Vrijmoet
et al. (2020)ʼs study where they calculated orbits for resolved
multiple systems and flagged systems as potential multiples in a
RECONS sample of 210 (mostly southern)M dwarfs. 77 of our
observed stars are in their sample, including 15 of them where
we detect companions with Robo-AO. Of these detected
companions, five are either flagged as potentially having
unresolved companions or marked as single stars. Another nine
were marked as potentially having companions but we do not
detect any in our Robo-AO images.

5. Analysis and Discussion

5.1. Gaia Companion Recovery

Gaia Renormalized Unit Weight Errors (RUWE) values are
often used as an indicator of the presence of a companion, as a
large (>1.4) RUWE value indicates an issue with the single-
star astrometric model (as seen in Ziegler et al. 2020).
Figure 15 shows the cumulative distribution of primary star
RUWE values for our sample in three categories: systems with
tight companions within 1″ detected by Robo-AO, systems
with only companions beyond 1″, and single stars. For systems
with companion detections, Figure 16 shows the correlation
between primary star RUWE value and companion separation
and whether a companion is detected by Gaia is also denoted.
Gaia EDR3 does not resolve most companions detected in

Robo-AO images within 1″; however, the presence of a
companion can be inferred from the high RUWE values.

5.2. Accelerating Stars

Dynamical masses and orbital information on companions
can be determined from changes in stellar proper motion.
The Hipparcos–Gaia Catalog of Accelerations (HGCA;
Brandt 2018, 2021) comprises stellar accelerations determined
from Hipparcos and Gaia EDR3 proper-motion and positional
measurements. Stars with acceleration measurements of
χ2> 11.8 (corresponding to 3σ) are considered to have
significant accelerations, likely caused by the presence of a
companion. Of the 727 stars from our sample that are found in
the HGCA, 191 have significant accelerations. We report
companions within 4″ detected with Robo-AO around 68 of
those stars, with another 47 stars having wide comoving
companions found in Gaia EDR3. We also detected compa-
nions around 72 of the 536 stars with no significant
acceleration measurements (seven within 4″ detected by
Robo-AO and 65 wide comoving companions found in Gaia
EDR3). Figure 17 shows the cumulative distribution of
acceleration χ2 for stars with no companions detected, with
only wide companions beyond 4″, and with any companions
within 4″. Figure 18 shows the correlation between significance
of acceleration and companion separation. As can be seen in
Figure 17, the distribution that consists of wide companions
has a majority of stars with nonsignificant accelerations
(58.0%± 7.2%), even though they have companions. How-
ever, the distribution only including the tight companions, has a
much larger fraction ( -

+91 4
2%) with significant accelerations.

This is expected, as companions at larger separations will have
less effect on the primary star’s acceleration. In the sample with
no detected companions, whether tight or wide, there are still
some stars with significant accelerations (14.1%± 1.6%). It is
likely that these stars have unresolved companions.

Figure 15. Cumulative distribution of RUWE values for stars with companions
detected by Robo-AO within 1″, stars with companion beyond >1″) only, and
stars with no companions detected. The vertical dashed line marks
RUWE = 1.4. Large RUWE values (>1.4) indicate an issue with the
astrometry fitting to a single-star model, likely caused by the presence of a
close companion.

Figure 16. Primary star RUWE values as a function of companion separations
detected by Robo-AO, color coded by magnitude difference. Companions that
are detected by Gaia, and have parallax and proper-motion measurements, are
shown as circles. Those that are found in Gaia but with no parallax and proper-
motion measurements are shown as diamonds, while those not found in Gaia
are shown as Xs. Companions that orbit the same primary star and detected by
Robo-AO within 4″ are connected by a dotted line. The horizontal dashed line
marks RUWE = 1.4. It is clear that companions within 1″ are not well detected
by Gaia and are causing large RUWE values, while the systems where the
companions are well detected generally have smaller RUWE values.
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5.3. Higher-order Systems

Triple systems and higher-order systems give us important
insights on the dynamics and formation histories of stellar
systems. The only stable orbital configuration for these systems
is a hierarchical structure, with a tight binary and wider tertiary
(Reipurth & Mikkola 2012).

We detected four triple systems with both companions
within 4″. They are shown in Figure 8. The hierarchical
structure can clearly be seen for three of the four systems. With
our wide comoving companion search in Gaia EDR3, we found
an additional 17 higher-order systems. 13 are combinations of a
tight binary (detected with Robo-AO) and a wider comoving

tertiary companion identified in Gaia, and the other four have
both companions as wide comoving companions identified
with Gaia. In total, we detected 19 triple systems and 2 higher-
order systems, detailed below.
We resolved four of the five known components of the Cu

CnC quintuple system (with the fifth being an eclipsing binary
to primary star Cu CnC A). The imaged system consists of two
sets of tight (<1″) binaries separated by ≈10″ (Figure 19).
Wilson et al. (2017) recently studied this system and Beuzit
et al. (2004) imaged it with adaptive optics in 2000, reporting
separations and position angles of 0 68 and 158° for Cu CnC
AD, and 0 55 and 219° for BC. 12 years later, we measure
0 49 and 186° for AD, and 0 95 and 188° for BC.
HD 152751 is also a high-order multiple system where we

resolved four of its components. The primary star, HD 152751,
is a spectroscopic binary, as well as it’s binary companion,
Wolf 629, at a separation of 72″. Furthermore, we resolved a
companion to HD 152751 at 0 24 and a wide comoving
companion to Wolf 629 at almost 300″ separation.

5.4. Multiplicity Fractions

Combining the tight companion detections from Robo-AO
with the wide companion detections from Gaia EDR3
astrometry, we evaluated the multiplicity fraction of our
observed sample of stars for separations ranging from a few
astronomical unit (for a typical FWHM resolution of 0 15 this
corresponds to 1 au at <7 pc and 3.75 au at 25 pc) out to
10,000 au. The multiplicity frequency was calculated only
including the 1005 stars that were found in Gaia EDR3, where
we could perform the wide companion search to complement
the tight companion search with Robo-AO. Removing the stars
not found in Gaia EDR3 removes a larger proportion of
brighter stars. Removing the stars not in Gaia also likely
removes some bright subarcsecond binaries, which could cause
us to underestimate the multiplicity fractions. See Figure 20 for

Figure 17. Cumulative distribution of HGCA acceleration χ2 values for stars
with and without companions detected. The vertical dashed line marks the
threshold for significant acceleration (χ2 > 11.8). Of the 540 stars with no
companions detected, 85.9% ± 4.0% (464/540) do not have significant
accelerations, while 14.1% ± 1.6% (76/540) of them do. Of the 112 stars
with wide (>4″) companion detections, 58.0% ± 7.2% (65/112) do not have
significant accelerations, and 42.0% ± 6.1% (47/112) of them do. Of the 75
stars with companions detected within 4″, only -

+9 2
5% (7/75) do not have

significant accelerations while -
+91 4

2% (68/75) of them do.

Figure 18. Primary star HGCA acceleration χ2 as a function of companion
projected separation. Orange squares are detections within 4″ with Robo-AO
that have yet to be confirmed as physically associated, green circles are
physically associated companions detected within 4″ with Robo-AO, and
purple stars are wide comoving companions detected in Gaia EDR3.
Companions linked by a dotted line have the same primary star. The horizontal
dashed line marks the threshold for significant acceleration (χ2 > 11.8).

Figure 19. CU CnC system consisting of four imaged M dwarfs with the PSF-
subtracted image of star A in order to see its companion. The Robo-AO image
is displayed with a log stretch.
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a comparison of property distributions between the Gaia and
non-Gaia samples.

Our calculated multiplicity fractions for each SpT sample are
summarized in Table 3 and Figure 21. We excluded systems
with companions ruled out as background objects but include
systems that have yet to be confirmed, as we expect the vast
majority to be physically associated due to their tight
separations (Salama et al. 2021). The fraction of observed
stars with companion(s) is 25.5%± 1.5%. We used the Poisson
distribution to calculate the error bars for the samples with at

least 100 stars, and numerically calculated the 1σ uncertainties
using the binomial distribution for those with less than 100
stars (Burgasser et al. 2003).
The multiplicity fraction of FGK stars is estimated at

44%± 2% (Raghavan et al. 2010) and 26.7%± 1.4% (Winters
et al. 2019) for M-type stars. Our results of 29.5%± 2.5% for
FGK stars and 20.8%± 2.0% for M stars are lower; however,
we have not incorporated spectroscopic binaries in our
estimates (see Section 5.4.1). In addition, Winters et al.
(2021) found that M-dwarf separations are closer, 20 au on
average, than the 50 au average for companions to FGK stars.
This makes it more challenging to resolve companions around
low-mass stars. The known trend of higher multiplicity
fractions for higher-mass stars (Duchêne & Kraus 2013) is
consistent with our results, within the error bars.
Overall, we compute a 1.9%± 0.4% higher-order multi-

plicity fraction. The higher-order multiplicity fractions by SpT
of primary stars are also shown in Table 3 for the full sample
with only tight (<4″) companions, and for the Gaia EDR3
sample with all its companions. Duchêne & Kraus (2013)
estimate high-order multiplicity fractions of ≈11% for solar-
type stars (FGK types), whereas we calculate 1.1%± 0.5%.
However, they also include spectroscopic binaries. Winters
et al. (2019) estimate a high-order multiplicity rate of ≈5% for
M dwarfs, which is slightly higher than our estimate of
2.5%± 0.7%. The Winters et al. (2019) study was also
conducted on a volume-limited sample out to 25 pc and

Figure 20. Stacked distribution comparison between the stars found in Gaia
EDR3 and those not found in Gaia where distances were found in SIMBAD.
There is no clear bias in the sample distance distributions. However, there are
more bright stars not found in Gaia EDR3 and possibly more bright
subarcsecond binaries.

Table 3
Companion Detection Frequencies

SpT Full Sample Gaia Sample

Primary # Stars # Stars with Comp(s) <4″ # Stars # Stars with Comp(s) # Stars with >1 Comp

A 14 3 (21-
+

7
14%) 4 1 (25-

+
10
27%) 1 (25-

+
10
27%)

F 81 13 (16-
+

3
5%) 70 28 (40-

+
5
6%) 0 L

G 127 14 (11.0% ± 3.0%) 119 32 (26.9% ± 4.8%) 3 (2.5% ± 1.5%)
K 278 35 (12.6% ± 2.1%) 266 74 (27.8% ± 3.2%) 2 (0.8% ± 0.5%)
M 550 80 (14.6% ± 1.6%) 515 107 (20.8% ± 2.0%) 13 (2.5% ± 0.7%)
WD 31 2 (7-

+
2
7%) 30 2 (7-

+
2
8%) 0 L

Figure 21. Stellar multiplicity fractions as a function of spectral type for the
sample of 1005 primary stars found in Gaia with both tight Robo-AO detected
companions and wide comoving companions found in Gaia (colored bars) and
for the full sample of 1083 primary stars with only tight companions detected
by Robo-AO (dashed bars).
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Table 4
All Observed Targets

Target ID Target ID Source ID R. A. Decl. V G Distance SpT Obs. Date Gaia HIP-Gaia Comp.
Robo-AO SIMBAD Gaia EDR3 J2000 J2000 (mag) (mag) (pc) (UTC) RUWE prim. cacc

2 Candidate(s)?

0005+4548 A HD 38A 386653851004022144 00:05:41.02 +45:48:43.55 8.23 8.25 11.52 ± 0.00 [G] K6V [S] 2012 Jul 17 1.2 6209.3 yes
0006+5826 A HD 123A 423075173680043904 00:06:15.81 +58:26:12.11 6.11 6.22 20.79 ± 0.02 [G] G3V [S] 2012 Jul 17 1.8 45358.3 yes
0006+2901 A HD 166 2860924621205256704 00:06:36.78 +29:01:17.41 6.21 5.88 13.77 ± 0.01 [G] G8 [S] 2012 Jul 17 0.9 3.1 L
0006-0732 A G 158-27 2441630500517079808 00:06:43.20 −07:32:17.02 13.77 11.77 4.85 ± 0.00 [G] M5.5V [S] 2013 Jul 27 1.3 L L
0007+2914 A G 130-43 2860957125517813248 00:07:26.71 +29:14:32.77 14.15 12.95 21.11 ± 0.01 [G] M3.5V [S] 2012 Jul 17 1.1 L L
0008+1725 A GJ 3008 2772804845911842944 00:08:27.28 +17:25:27.46 10.8 10.03 21.74 ± 0.01 [G] K7V [S] 2012 Oct 09 1.0 2.7 L
0009+5908 A bet Cas L 00:09:10.6851 +59:08:59.212 2.36 L 16.78 [S] F2III [S] 2012 Jul 17 L L L
0011+5908 A LSPM

J0011+5908
423027104407576576 00:11:31.82 +59:08:39.88 15.68 13.47 9.31 ± 0.00 [G] M6.0V [S] 2012

Aug 05
1.1 L L

0012+5025 A EGGR 381 395234439752169344 00:12:14.74 +50:25:20.74 14.36 14.24 10.87 ± 0.00 [G] DA7.6 [S] 2012 Jul 17 1.1 L L
0013+6919 A L 530438704553073280 00:13:15.78 +69:19:36.85 12.44 12.05 20.52 ± 0.05 [G] M3V [G] 2.3 562.4 yes

Note. [G] from Gaia EDR3 and [S] from SIMBAD. Table 4 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

13

T
h
e
A
stro

n
o
m
ica

l
Jo
u
rn

a
l,

163:200
(17pp),

2022
M
ay

S
alam

a
et

al.



Table 5
Companion Candidate Measurements

Target ID Source ID Detection Epoch Separation Separation P. A. Filter Contrast Detection Phys.
Robo-AO Gaia EDR3 Source (Julian date) (″) (au) (° ) (mag) S/N Δπ/π Δμ/μ assoc. 

0005+4548 AB WDS 386653747925624576 Gaia EDR3 L 6.03 69.50 ± 0.02 188.4 G 0.05 L 10−4 10−2 yes 10−8

0005+4548 AC Int4 386655019234959872 Gaia EDR3 L 328.48 3778.66 ± 0.74 253.8 G 0.83 L 10−3 10−2 yes L
0006+5826 AB R10 423075173674854528 Robo-AO 2012.5420580 1.51 ± 0.06 32.11 ± 1.28 352.0 ± 2.3 i’ 0.77 ± 0.11 217 10−2 0.2 yes 10−6

0013+6919 AB W19 L Robo-AO 2012.5447009 0.83 ± 0.06 17.04 ± 1.23 89.4 ± 4.1 i’ 0.33 ± 0.13 110 L L L L
0013+8039 AB W19 565169459376414592 Gaia EDR3 L 12.76 245.40 ± 0.28 126.2 G 4.20 L 10−5 10−2 yes 10−6

0016+1951 AB W19 2797745549200773120 Gaia EDR3 L 25.14 386.15 ± 0.23 58.5 G 0.98 L 10−4 10−2 yes 10−11

0018+4401 AB W19 385334196532776576 Gaia EDR3 L 34.35 122.36 ± 0.01 65.5 G 2.47 L 10−5 10−2 yes 10−6

0023+2418 AB WDS 2801216123294143488 Robo-AO 2012.5419523 2.26 ± 0.06 4636.00 ± 797.87 254.3 ± 1.5 i’ 3.24 ± 0.09 160 1.0 1.0 no L
0023+7711 AB W19 540136568911394432 Gaia EDR3 L 11.25 215.28 ± 0.08 61.7 G 2.41 L 10−4 10−4 yes 10−9

0032+6714 AB W19 L Robo-AO 2012.5420855 0.49 ± 0.06 4.87 ± 0.62 181.0 ± 9.5 i’ 2.47 ± 0.11 36 L L L L

Note. W19 Found in Winters et al. (2019). R10 Found in Raghavan et al. (2010). WDS Found in the Washington Double Star catalog. Int4 Found in the Fourth Catalog of Interferometric Measurements of Binary Stars.
Table 5 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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searched for companions from 2″–300″; however, they also
included known subarcsecond companions from the literature
and because all of their targets within 10 pc had been observed
with high-resolution techniques, they applied the same<2″
multiplicity rate to stars with distances 10–25 pc.

5.4.1. Correcting for Unresolved Companions

We cross matched our Gaia sample of stars with the ninth
catalog of spectroscopic binary orbits (Pourbaix et al. 2004 14)
and a catalog of eclipsing variables from Malkov et al. (2006)
in order to correct our multiplicity fractions for unresolved
binaries. We found that 70 of our stars are spectroscopic
binaries and an additional four are eclipsing binaries, which
adds 42 new binaries and 28 higher-order multiple systems to
our sample. After applying this correction, our FGK and M
multiplicity fractions increase to 37.1%± 2.9% and 21.7%±
2.1%, respectively, and to 6.2%± 1.2% and 3.5%± 0.8% for
their corresponding higher-order multiplicity fractions.

Stars with high RUWE values (>2.0) but with no detected
companion within 2″, and/or with significant accelerations
(χ2> 11.8) but with no detected companion within 300 au,
likely have unresolved tight companions. These separation
cutoffs were chosen based on Figures 16 and 18, and with the
assumption that a companion’s separation on sky in arcseconds
is what impacts Gaia’s ability to resolve the pair, as well as a
companion’s true separation in astronomical units is what
affects the acceleration of its primary star. We thus created a
sample of “potentially unresolved” multiple systems. In
addition, following Vrijmoet et al. (2020), who determined
that 75% of stars with RUWEs> 2.0 have unresolved
companions, we removed 25% of the counts of our “potentially
unresolved” sample to not overcorrect our multiplicity fraction
calculations. With these assumptions, we would expect an
additional 94 stars to have unresolved tight companions, and an
additional 27 higher-order systems where we have detected the
wider companion only. If this were the case, our multiplicity
fractions become 40.9%± 3.0% for FGK stars, 28.2%± 2.3%
for M-type stars, and 5.5%± 1.1% and 3.9%± 0.9% for their
corresponding higher-order fractions. This method likely over-
corrects for low-mass stars, which are fainter and thus are more
likely to have issues with the astrometry fits based on their
faintness without necessarily being caused by the presence of a

companion. Another source of error is that the estimate from
Vrijmoet et al. (2020) of 75% of stars with RUWEs> 2.0
having unresolved companions is based on Gaia DR2 and
would likely increase with improved astrometry from
Gaia EDR3.
Both of these correction methods yield multiplicity fractions

that are closer than our raw multiplicity fractions to the current
estimates from the literature. Another source of error,
particularly affecting the fainter stars in our sample, is a bias
toward detecting binaries due to an increase in brightness of the
system. Faint stars that have been more challenging to detect
and to measure their parallaxes, especially prior to Gaia, will
appear brighter if there are two stars and thus have been more
likely to be counted in nearby stellar censuses.

6. Conclusion

Our objective with the Robo-AO Solar Neighborhood
Survey is to provide a uniform sample of the nearby stellar
population, allowing more accurate multiplicity statistics across
spectral types and stellar populations. We observed 1083 stellar
systems within 25 pc across all spectral types. Our main
findings are:

1. We detected 301 companions, 154 are <4″ companions
detected with high-resolution imaging using the Robo-
AO adaptive optics instrument, and 147 were detected
using Gaia EDR3 astrometry, spanning out to 10,000 au.
49 are new companion detections.

2. We detected 255 binary systems, 19 triple systems, and
two higher-order systems.

3. We evaluated the Gaia EDR3 companion recovery and
correlation with RUWE values and found that most
companions within 1″ were not detected by Gaia but the
host stars have a large (>1.4) RUWE value.

4. We found that -
+91 4

2% of the stars with companions within
4″ had significant acceleration measurements in the
HGCA catalog, compared to 42.0%± 6.1% for stars
with wide (>4″) companions, and 14.1%± 1.6% for stars
with no detected companions.

5. From these results, we have calculated the raw multi-
plicity fractions of stars within 25 pc to be 29.5%± 2.5%
for FGK stars, and 20.8%± 2.0% for M stars, which we
estimate to increase to 40.9%± 3.0% and 28.2%± 2.3%

Table 6
5σ Detection Limits

Target ID Obs Limit (mag) at Separation

Robo-AO Quality 0 5 1 0 1 5 2 0 2 5 3 0 3 5

0005+4548 A high 1.52 3.19 4.51 5.36 6.0 6.36 6.63
0006+2901 A high 0.93 2.45 3.67 4.66 5.41 6.01 6.37
0006-0732 A high 2.47 4.22 5.31 5.86 6.11 6.23 6.3
0008+1725 A high 1.23 3.06 4.29 5.14 5.77 6.26 6.48
0009+5908 A high 0.73 2.2 3.26 4.08 4.78 5.49 6.06
0012+5025 A low 1.41 2.52 2.91 3.09 3.2 3.21 3.24
0013+8039 A high 1.11 2.97 4.34 5.32 5.91 6.33 6.64
0016+1951 A high 0.46 1.87 3.07 3.94 4.55 4.95 5.19
0016+1951 B high 2.21 4.12 5.25 5.8 5.95 6.05 6.07
0016+0507 A high 1.01 2.84 3.91 4.49 4.75 4.8 4.8

Note. Table 6 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)

14 version:2021-03-02 10:50:23.278733383 +0100.
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Table 7
Companion Candidate Measurements for Stars >25 pc

Prim. Source ID Comp. Source ID Distance Detection Epoch Separation Separation P. A. Filter Contrast Detection Phys.
Gaia EDR3 Gaia EDR3 (pc) Source (Julian date) (″) (au) (° ) (mag) S/N Δπ/π Δμ/μ assoc. 

435570539206096640 L 25.05 ± 0.05 [G] Robo-AO 2012.5831972 0.73 ± 0.06 18.32 ± 1.50 193.9 ± 4.7 i’ 2.43 ± 0.14 72 L L L L
9178383766474496 L 25.14 ± 0.02 [G] Robo-AO 2012.6679375 0.23 ± 0.08 5.84 ± 2.07 81.5 ± 17.4 i’ 2.28 ± 0.16 14 L L L L
9178383766474496 9178383766474624 25.14 ± 0.02 [G] Robo-AO 2012.6679375 2.09 ± 0.12 52.58 ± 2.92 213.4 ± 2.9 i’ 0.16 ± 0.11 246 L L L L
3199115603133450880 3199115603133451136 36.09 ± 0.03 [G] Robo-AO 2012.7009272 2.95 ± 0.06 106.32 ± 2.17 282.1 ± 1.2 i’ 0.82 ± 0.21 269 10−3 10−3 yes 10−37

3413754360367271168 3413754360367270272 31.78 ± 0.08 [G] Gaia EDR3 L 9.45 300.27 ± 0.76 19.4 G 7.36 L 10−3 10−2 yes 10−6

3379666746830064384 3379666751124980352 1383.13 ± 255.77 [G] Robo-AO 2012.7720618 2.49 ± 0.06 3442.82 ± 642.05 155.9 ± 1.4 i’ 5.40 ± 0.58 90 1.0 1.0 no L
950395658954590080 950395654664758272 25.05 ± 0.01 [G] Gaia EDR3 L 37.90 949.16 ± 0.49 6.2 G 1.61 L 10−3 10−2 yes 10−6

870758684590736896 870758684589320448 27.17 ± 0.21 [G] Robo-AO 2013.0561190 2.40 ± 0.06 65.32 ± 1.71 138.2 ± 1.4 i’ 4.22 ± 0.26 304 10−2 10−2 yes 10−8

3969885761146749824 3969885761146749952 25.65 ± 0.01 [G] Gaia EDR3 L 18.69 479.20 ± 0.28 281.4 G 0.10 L 10−5 10−2 yes 10−8

3789271459953459328 3789271459953459072 26.31 [G] Gaia EDR3 L 11.72 308.39 222.1 G 2.29 L 10−E+ 10−3 yes L
3789271459953459328 L 26.31 [G] Robo-AO 2013.0485648 0.21 ± 0.06 5.47 ± 1.58 87.4 ± 17.0 i’ 0.46 ± 0.10 43 L L L L
1522552819668322688 1522552819667933952 27.72 ± 0.11 [G] Robo-AO 2013.2944552 0.44 ± 0.06 12.10 ± 1.66 156.4 ± 7.9 i’ 2.18 ± 0.27 38 10−2 0.1 yes 10−9

1437124683199761920 1437124683199762304 25.01 ± 0.01 [G] Gaia EDR3 L 12.19 305.03 ± 0.09 42.9 G 1.38 L 10−4 10−2 yes 10−7

4595398441587270272 4595398544666486912 27.79 ± 0.20 [G] Gaia EDR3 L 56.44 1568.60 ± 11.42 21.0 G 1.24 L 10−4 10−3 yes 10−5

4595398441587270272 L 27.79 ± 0.20 [G] Robo-AO 2012.4622772 0.22 ± 0.06 6.00 ± 1.67 305.5 ± 16.4 i’ 1.76 ± 0.29 25 L L L L
2132788541955849984 2132788541955849216 25.27 ± 0.01 [G] Gaia EDR3 L 7.19 181.60 ± 0.07 204.3 G 0.16 L 10−5 10−3 yes 10−12

2815542965962559488 2815543034682035840 25.13 ± 0.01 [G] Gaia EDR3 L 31.36 788.24 ± 0.33 269.6 G 3.23 L 10−4 10−2 yes 10−6
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for FGK and M-type stars, respectively, if we account for
unresolved companions.

Surveys such as ours with Robo-AO allow us to probe for
tight companions not resolvable with non-AO observations.
This provides a more complete census of the number of stellar
multiple systems among our nearest neighbors and will allow
for more detailed statistics on the characteristic distribution of
these stellar multiple systems. Follow-up studies constraining
the orbits of these companions will provide important
information on the dynamics of these systems and mass
calculations of each stellar component in the systems. These
orbital dynamics, mass measurements, and more detailed
statistics of multiplicity fractions will help constrain stellar
evolution and formation models, further informing us on our
understanding of the stellar populations in our galaxy.
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