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ABSTRACT

TESS has proven to be a powerful resource for finding planets, including those that orbit the most

prevalent stars in our galaxy: the M dwarfs. Identification of stellar companions (both bound and

unbound) has become a standard component of the transiting planet confirmation process in order to

assess the level of light curve dilution and the possibility of the target being a false positive. Studies of

stellar companions have also enabled investigations into stellar multiplicity in planet-hosting systems,

which has wide-ranging implications for both exoplanet detection and characterization, as well as for

the formation and evolution of planetary systems. Speckle and AO imaging are some of the most

efficient and effective tools for revealing close-in stellar companions; we therefore present observations

of 58 M-dwarf TOIs obtained using a suite of speckle imagers at the 3.5-m WIYN telescope, the 4.3-m

Lowell Discovery Telescope, and the 8.1-m Gemini North and South telescopes. These observations,

as well as near-infrared adaptive optics images obtained for a subset (14) of these TOIs, revealed only

two close-in stellar companions. Upon surveying the literature, and cross-matching our sample with

Gaia, SUPERWIDE, and the catalog from El-Badry et al. (2021), we reveal an additional 15 widely-

separated common proper motion companions. We also evaluate the potential for undetected close-in

companions. Taking into consideration the sensitivity of the observations, our findings suggest that

the orbital period distribution of stellar companions to planet-hosting M dwarfs is shifted to longer

periods compared to the expected distribution for field M dwarfs.
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1. INTRODUCTION

Ever since the first exoplanets were discovered 30 years

ago (Wolszczan & Frail 1992), astronomers have been on

the hunt for worlds like our own. One way we are search-

ing for exoplanets is with the Transiting Exoplanet Sur-

vey Satellite (TESS; Ricker et al. 2015). TESS monitors

the brightness of tens of thousands of stars in the sky at

once, obtaining highly precise photometric time series,

in the form of light curves, for each star. Exoplanets

appear in these light curves as dips in the brightness,

indicating that the planet is passing in front of, or tran-

siting, its host star. However, one factor that can inhibit

or change the detection of a planetary transit is the pres-

ence of an unseen stellar companion.

It has been shown that there is an observational bias

against detecting Earth-sized, transiting planets due to

“third light” contamination of the light curves, which is

caused by stellar companions (Lester et al. 2021). This

third light contamination can lead to additional obsta-

cles in planet characterization including underestimated

planet radii (Ciardi et al. 2015), skewed planet radius

distributions and occurrence rates (Hirsch et al. 2017;

Teske et al. 2018; Bouma et al. 2018), incorrect char-

acterization of both stars’ properties (Furlan & How-

ell 2020), and improper mean density and atmospheric

values (Howell 2020). Additionally, close-in stellar com-

panions (typically < 50− 100 au) have dynamical influ-

ences on planetary formation processes and the planets

in their systems, including the perturbation and trunca-

tion of protoplanetary disks (Jang-Condell 2015), the

gravitational excitement of planetesimals causing col-

lisional destruction (Rafikov & Silsbee 2015a,b), and

the scattering or ejection of planets that have formed

(Haghighipour & Raymond 2007). Though wider bina-

ries have been thought to bear little impact on plan-

etary architectures, recent studies have suggested that

stellar companions within a few hundred au might affect

the formation or orbital properties of giant planets (e.g.

Fontanive et al. 2019; Fontanive & Bardalez Gagliuffi

2021; Hirsch et al. 2021; Mustill et al. 2021; Su et al.

2021). Stellar companions can thus hinder planet for-

mation and/or long-term stability of any inner planets

that they host.

And stellar companions to solar-type exoplanet hosts

(those of spectral types F, G, or K) are not rare: 40-50%

of solar-type Kepler (Borucki et al. 2011), K2 (Howell

et al. 2014), and TESS exoplanet host stars host stel-

lar companions as well (e.g., Horch et al. 2014; Deacon

et al. 2016; Hirsch et al. 2017; Matson et al. 2018; Ziegler

et al. 2018; Howell et al. 2021), which is consistent with

the multiplicity rate for solar-type field stars (Raghavan

et al. 2010).

High-resolution imaging has become a standard pro-

cess to eliminate the various “astrophysical false posi-

tives” that plague transit surveys (Howell et al. 2011),

including the effects of close-in stellar companions, and

has been used frequently for the validation and confirma-

tion of transiting planets as well. In particular, speckle

interferometry, or speckle imaging, has proven to be a

powerful method for exploring the region around exo-

planet hosts (within ∼ 1′′) to search for close-in stel-

lar companions that may be contaminating light curves

from transit surveys.

Because of its ability to resolve close-in stellar com-

panions, high-resolution imaging also offers the opportu-

nity to study the orbital period distribution for planet-

hosting binary systems. Work on Kepler, K2, and now

TESS suggests that the stellar companions to solar-type

exoplanet hosts have longer orbital periods than the

companions to solar-type field stars (e.g., Kraus et al.

2012; Bergfors et al. 2013; Wang et al. 2014; Kraus et al.

2016; Ziegler et al. 2020; Howell et al. 2021; Lester et al.

2021; Moe & Kratter 2021). Independent of these stud-

ies, an unbiased survey that combined radial velocity

and imaging data of nearby solar-type stars found that

the occurrence rate of planets in wide binaries is the

same as (or perhaps higher than) that of single stars,

but that close binaries (with separations < 100 au) have

a much lower rate of planet occurrence (Hirsch et al.

2021). It has therefore been shown that the orbital pe-

riod distribution may be shifted between planet-hosting

and non-planet-hosting stars, at least for solar-type ex-

oplanet hosts.

However, a systematic study with the specific goal of

understanding the frequency and orbital period distri-

bution of stellar companions to planet-hosting M dwarfs

has not been carried out, although there have been spe-

cific searches for companions around low-mass stars in

general (e.g., Winters et al. 2019a; Salama et al. 2021).

The M dwarfs have proven to be favorable targets for de-

tecting Earth-sized planets in the habitable zone; how-

ever, if stellar companions are present, they could be

hiding the Earth-sized planets. If the stellar multiplicity

rate of planet-hosting M dwarfs is similar to that of the

field M dwarfs (∼ 27%; Winters et al. 2019a), then many

Earth-sized planets could be missed by transit surveys

such as Kepler, K2, and TESS.

In order to understand the stellar multiplicity rate of

planet-hosting M dwarfs, we used speckle imaging to

search for stellar companions to 58 M-dwarf TESS Ob-

jects of Interest (TOIs). We employed four speckle im-

agers in both the northern and southern hemispheres to

carry out this task. Optical speckle imaging is a pow-

erful resource for the detection of stellar companions;
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however, the M dwarfs emit most strongly in the near-

infrared. We have therefore supplemented our survey

with near-infrared adaptive optics (AO) data. While

these data were not collected specifically for our survey,

they were obtained as part of the Exoplanet Follow-Up

Observing Program (ExoFOP)1, and enable us to detect

later-type and substellar companions that our speckle

observations may have missed. In order to survey the

orbital period distribution for planet-hosting M-dwarf

binaries beyond the fields of view of the speckle and in-

frared cameras, we also cross-matched our sample with

Gaia EDR3 (Gaia Collaboration et al. 2021), SUPER-

WIDE (Hartman & Lépine 2020), and El-Badry et al.

(2021) to search for common proper motion (CPM) com-

panions (those that are moving in the same direction and

at the same velocity as their M-dwarf TOI primaries).

The specific objective of this work is therefore not only

to provide high-resolution imaging data to the exoplanet

scientists searching for planets in the TESS data, but

also to investigate the multiplicity rate and orbital pe-

riod distribution for M-dwarf exoplanet hosts.

In Section 2, we describe our target selection, obser-

vations, and data reduction process. In Section 3, we

provide observed properties for the stellar companions

revealed by our high-resolution imaging, the stellar com-

panions known to the literature, and the potential CPM

companions found with Gaia EDR3, SUPERWIDE, and

El-Badry et al. (2021). We also discuss potential close-

in companions. We estimate astrophysical parameters,

including projected separation, mass ratio, and orbital

period, for the stellar companions that have observa-

tional data. In Section 4, we evaluate the complete-

ness of the high-resolution imaging, and discuss possible

properties of the potential close-in companions. In Sec-

tion 5, we discuss the implications of our findings for the

orbital period distribution for planet-hosting M dwarfs.

We summarize our conclusions and discuss future work

in Section 6.

2. OBSERVATIONS

We used four speckle imagers located around the world

to observe 58 M-dwarf TOIs. We also supplemented our

observations with AO data obtained from the ExoFOP.

2.1. Target Selection

We used the TESS mission’s list of TOIs that is made

public on the ExoFOP to create our sample. As of UT

February 16 2022, there were 5243 TOIs in this list. Us-

ing the ExoFOP TOI table, we chose TOIs with stellar

Teff < 4000 K in order to select M-dwarf host stars (Cia-

1 https://exofop.ipac.caltech.edu/tess

rdi et al. 2011). We chose TOIs below this temperature

threshold without regard for previously known multi-

plicity. The size of the TOI sample was primarily set by

the accessibility to targets from various sites, the avail-

ability of telescope time, and the limitations of weather;

while not all TOIs in the temperature range of interest

were observed, the set of M-dwarf TOIs presented here

provide a reasonably-sized sample to test the frequency

of stellar companions to planet-hosting M dwarfs.

An H-R diagram comparing these 58 TOIs to the the

full sample of TOIs is shown in Figure 1. The temper-

ature and distance distributions for the M-dwarf TOIs

in our sample are shown in Figure 2. In Table 1, we list

relevant stellar parameters for the targets in our sample,

including the stellar effective temperature, TESS mag-

nitude, and distance as obtained from the ExoFOP. The

ExoFOP uses distances primarily from Gaia DR2 (Gaia

Collaboration et al. 2018) through the TESS Input Cat-

alog Version 8 (Stassun et al. 2019).

https://exofop.ipac.caltech.edu/tess
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Figure 1. H-R diagram comparing the 58 M-dwarf TOIs in our sample (the larger, outlined circles) to the full sample of TOIs
listed in the ExoFOP TOI table. This plot uses stellar temperature and distance values obtained from the ExoFOP TOI table,
and we calculated absolute magnitude values using the stellar temperature and radius values listed in this table. The color
of each point corresponds to the distance. The black line represents the temperature cutoff for our sample (Teff < 4000 K).
Discussion of the three M-dwarf TOIs that are elevated above the Main Sequence occurs in Section 3.5.

Figure 2. The temperature (left) and distance (right) distributions for the 58 M-dwarf TOIs in our sample. For a magnitude-
limited sample, hotter stars are intrinsically brighter and therefore more physically distant. Since the stars in our sample are
cool and faint, our spatial resolution into, and achieved inner working angle for, these systems is significantly better than it
would be for solar-type stars.
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Table 1. M-dwarf TESS Objects of Interest in our sample

Target TESS Mag Teff Distance

(K) (pc)

TOI 198 9.9 3763 23.7

TOI 244 10.3 3342 22.0

TOI 256 11.3 3131 15.0

TOI 277 11.7 3748 64.7

TOI 278 13.2 2955 44.4

TOI 436 13.1 3550 77.5

TOI 442 10.7 3779 52.6

TOI 455 8.8 3562 6.9

TOI 468 13.3 3724 169.3

TOI 482 13.1 3692 173.8

TOI 488 11.2 3332 27.4

TOI 497 13.2 3333 56.3

TOI 507 13.2 3338 110.9

TOI 513 14.7 3266 190.2

TOI 516 14.1 3109 150.5

TOI 519 14.4 3225 115.6

TOI 521 12.4 3439 60.9

TOI 526 12.3 3617 70.9

TOI 528 13.4 3965 192.4

TOI 529 14.1 3021 63.1

TOI 530 13.5 3688 148.8

TOI 531 13.8 3462 167.3

TOI 532 12.7 3946 135.0

TOI 538 14.1 3411 133.2

TOI 549 14.2 3009 80.7

TOI 552 13.8 3654 195.0

TOI 557 11.6 3883 76.0

TOI 562 8.7 3505 9.4

TOI 573 12.5 3404 88.4

TOI 620 10.2 3633 33.0

TOI 633 13.9 3267 116.5

TOI 643 13.7 3359 87.8

TOI 654 12.2 3433 57.8

TOI 674 11.9 3467 46.1

TOI 716 12.4 3776 88.8

TOI 717 11.4 3788 34.7

TOI 727 11.0 3653 43.0

TOI 734* 15.2 3010 62.7

TOI 736 13.6 2940 26.5

TOI 737 14.8 3394 299.4

TOI 749 13.9 3602 232.1

TOI 756 12.6 3614 86.2

TOI 782 12.3 3331 52.5

TOI 797 11.7 3704 56.2

TOI 821 11.2 3669 39.6

Continued on next column

Table 1 – Continued from previous column

Target TESS Mag Teff Distance

(K) (pc)

TOI 876 11.5 3955 78.2

TOI 900 11.9 3861 121.0

TOI 912 10.5 3566 26.1

TOI 1201 10.9 3948 37.9

TOI 1235 9.9 3912 39.6

TOI 1238 11.3 3853 70.7

TOI 1266 11.0 3618 36.0

TOI 1467 10.6 3834 37.4

TOI 1468 10.9 3382 24.7

TOI 1634 11.0 3455 35.3

TOI 1635 13.4 3496 89.7

TOI 1638 12.1 3810 126.3

TOI 1639 13.0 3896 154.0

* A distance for TOI 734 was not listed in the
ExoFOP, so one was calculated using its par-
allax from Gaia EDR3.

2.2. Observational Routine

In total, we observed 58 TOIs between UT October 11

2019 and UT December 6 2020, and obtained AO data

from the ExoFOP observed between UT November 22

2018 and UT August 8 2021.

We employed the NN-EXPLORE Exoplanet and Stel-

lar Speckle Imager (NESSI; Scott et al. 2018) at the

3.5-m WIYN telescope, the Differential Speckle Survey

Instrument (DSSI; Horch et al. 2009) at the 4.3-m Low-

ell Discovery Telescope (LDT), and the ‘Alopeke (Scott

& Howell 2018; Scott et al. 2021) and Zorro (Scott 2019;

Scott et al. 2021) speckle imagers at the 8.1-m Gemini

North and Gemini South telescopes to carry out our

speckle observations of M-dwarf TOIs.

NESSI, DSSI, ‘Alopeke, and Zorro are similar dual-

channel imagers that use a dichroic filter to split the

collimated beam at ∼700 nm into two channels, which

are then imaged on separate high-speed readout EM-

CCDs. On a standard observing night, the telescope

was kept close to the meridian to minimize residual at-

mospheric dispersion. Objects in the target list were

ordered in right ascension and split into small groups,

and an unresolved, bright, single star from the Bright

Star Catalog (Hoffleit & Jaschek 1982) at a similar sky

position was chosen as a point source calibration object

for each group. Depending on target brightness, one to

nine data cubes were obtained for each star at two wave-

lengths simultaneously. These data cubes consist of 1000

exposures. Each exposure is 40 ms in duration at the

LDT and at WIYN, and 60 ms in duration at the Gem-

ini telescopes. These short exposures are necessary in
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order to “freeze” out the atmosphere from our observa-

tions. With these short exposure lengths, the observing

cadence was roughly 2-10 minutes per target. The data

cubes were then stored as multi-extension FITS files.

Additionally, 14 of our M-dwarf targets were observed

with near-infrared (NIR) adaptive optics (AO) imag-

ing at Palomar Observatory and/or Keck Observatory.

While the optical speckle data provide higher resolution,

the NIR AO imaging provides complementary observa-

tions with greater sensitivity to redder objects. The

AO data were acquired using the Palomar 200-inch Hale

Telescope with the Palomar High Angular Resolution

Observer (PHARO; Hayward et al. 2001) behind the

natural guide star AO system P3K (Dekany et al. 2013),

and/or the the 10-m Keck II Telescope with the NIRC2

instrument behind the natural guide star AO system

(Wizinowich et al. 2000).

The PHARO observations were taken in a standard

5-point quincunx dither pattern with steps of 4′′ in

the narrow-band Br − γ filter (λo = 2.1686; ∆λ =

0.0326 µm). Each dither position was observed three

times, offset in position from each other by 0.5′′, for a

total of 15 frames. The integration times varied with

the brightness of the target but were typically 1−10 sec

per frame for a total on-source time of 1-150 seconds.

PHARO has a pixel scale of 0.025′′ per pixel for a total

field of view of ∼ 25′′.

The NIRC2 data were acquired in a standard 3-point

dither pattern that is used with NIRC2 to avoid the

left lower quadrant of the detector, which is typically

noisier than the other three quadrants. The dither pat-

tern step size was 3′′ and was repeated twice, with

each dither offset from the previous dither by 0.5′′.

NIRC2 was used in the narrow-angle mode that has a

pixel scale of approximately 0.0099442′′ per pixel for

a total field of view of ∼ 10′′. The Keck observa-

tions were made in both the narrow-band Br − γ filter

(λo = 2.1686; ∆λ = 0.0326 µm) and the narrow-band

J − cont filter (λo = 1.2132; ∆λ = 0.0198 µm) with

typical integration times in each filter of 1-2 second per

frame for a total of 9-18 seconds on target.

The date, telescope, image type, bandpass, and 5σ

∆m contrast limits obtained in the observation at 0.2′′

and 1.0′′ are listed in Table 2. The median contrast

curve for each filter and instrument used in this survey

is shown in Figure 3.

Table 2. Summary of observations

Target UT Date Telescope Image Bandpass ∆m ∆m

YYYY-MM-DD Type 0.2′′ 1.0′′

TOI 198 2018-11-22 Keck AO J − cont 4.46 8.32

2018-11-22 Keck AO Br-γ 5.49 8.33

2020-08-04 Gemini North Speckle 562 nm 4.06 4.40

2020-08-04 Gemini North Speckle 832 nm 5.31 7.60

TOI 244 2020-08-04 Gemini North Speckle 562 nm 3.90 4.14

2020-08-04 Gemini North Speckle 832 nm 5.35 6.61

TOI 256 2018-12-22 Hale AO Br-γ 2.64 7.54

2020-08-10 Gemini North Speckle 562 nm 4.16 4.56

2020-08-10 Gemini North Speckle 832 nm 5.08 8.10

TOI 277 2020-08-10 Gemini North Speckle 562 nm 4.11 4.54

2020-08-10 Gemini North Speckle 832 nm 5.47 7.48

TOI 278 2018-12-24 Hale AO Br-γ 3.00 6.59

2019-10-13 WIYN Speckle 562 nm 3.46 4.23

2019-10-13 WIYN Speckle 832 nm 3.47 4.77

TOI 436 2020-01-14 Gemini South Speckle 562 nm 4.61 5.16

2020-01-14 Gemini South Speckle 832 nm 5.12 6.45

TOI 442 2020-01-14 Gemini South Speckle 562 nm 4.44 4.89

2020-01-14 Gemini South Speckle 832 nm 4.82 7.23

TOI 455 2020-12-06 Gemini North Speckle 562 nm 4.38 4.66

2020-12-06 Gemini North Speckle 832 nm 5.57 7.94

TOI 468 2020-02-10 LDT Speckle 692 nm 3.86 4.12

2020-02-10 LDT Speckle 880 nm 4.16 4.74

TOI 482 2019-10-11 WIYN Speckle 562 nm 3.34 4.11

Continued on next page
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Table 2 – Continued from previous page

Target UT Date Telescope Image Bandpass ∆m ∆m

YYYY-MM-DD Type 0.2′′ 1.0′′

2019-10-11 WIYN Speckle 832 nm 3.59 4.61

TOI 488 2019-04-18 Hale AO Br-γ 3.08 6.21

2020-02-09 LDT Speckle 692 nm 4.29 4.73

2020-02-09 LDT Speckle 880 nm 3.48 4.73

TOI 497 2020-02-09 LDT Speckle 692 nm 3.05 3.96

2020-02-09 LDT Speckle 880 nm 3.77 3.75

TOI 507 2020-02-09 LDT Speckle 692 nm 4.00 4.07

2020-02-09 LDT Speckle 880 nm 4.36 4.69

TOI 513 2020-02-09 LDT Speckle 692 nm 3.06 3.62

2020-02-09 LDT Speckle 880 nm 2.90 3.90

TOI 516 2020-02-09 LDT Speckle 692 nm 3.50 4.40

2020-02-09 LDT Speckle 880 nm 3.63 4.67

TOI 519 2020-02-10 LDT Speckle 692 nm 2.23 3.41

2020-02-10 LDT Speckle 880 nm 1.42 3.63

TOI 521 2020-02-10 LDT Speckle 692 nm 3.74 4.65

2020-02-10 LDT Speckle 880 nm 3.83 4.68

2020-12-05 Hale AO Br-γ 3.46 7.78

TOI 526 2019-10-10 WIYN Speckle 562 nm 4.16 4.79

2019-10-10 WIYN Speckle 832 nm 3.85 5.37

2021-12-05 Hale AO Br-γ 2.70 7.66

TOI 528 2020-02-09 LDT Speckle 692 nm 4.40 4.73

2020-02-09 LDT Speckle 880 nm 4.40 4.72

TOI 529 2020-02-10 LDT Speckle 692 nm 4.44 4.76

2020-02-10 LDT Speckle 880 nm 4.34 4.72

TOI 530 2019-10-13 WIYN Speckle 562 nm 3.71 5.20

2019-10-13 WIYN Speckle 832 nm 3.38 4.54

TOI 531 2020-02-10 LDT Speckle 692 nm 4.56 4.69

2020-02-10 LDT Speckle 880 nm 4.79 4.79

TOI 532 2019-10-10 WIYN Speckle R 4.07 4.86

2019-10-10 WIYN Speckle z’ 4.23 5.93

2020-12-05 Hale AO Br-γ 2.64 7.41

TOI 538 2019-10-11 WIYN Speckle 562 nm 3.58 3.91

2019-10-11 WIYN Speckle 832 nm 2.72 3.53

TOI 549 2020-02-10 LDT Speckle 692 nm 2.68 3.18

2020-02-10 LDT Speckle 880 nm 2.98 3.59

TOI 552 2020-02-10 LDT Speckle 692 nm 1.82 3.08

2020-02-10 LDT Speckle 880 nm 2.64 4.02

TOI 557 2019-10-12 WIYN Speckle 562 nm 3.51 4.48

2019-10-12 WIYN Speckle 832 nm 3.69 5.49

2019-10-14 WIYN Speckle 562 nm 3.42 3.64

2019-10-14 WIYN Speckle 832 nm 3.92 4.92

TOI 562 2020-03-15 Gemini South Speckle 562 nm 5.70 6.97

2020-03-15 Gemini South Speckle 832 nm 5.05 7.65

TOI 573 2020-03-15 Gemini South Speckle 562 nm 4.65 5.18

2020-03-15 Gemini South Speckle 832 nm 4.82 6.34

TOI 620 2020-03-16 Gemini South Speckle 562 nm 4.83 5.79

Continued on next page
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Table 2 – Continued from previous page

Target UT Date Telescope Image Bandpass ∆m ∆m

YYYY-MM-DD Type 0.2′′ 1.0′′

2020-03-16 Gemini South Speckle 832 nm 4.68 8.01

TOI 633 2020-03-16 Gemini South Speckle 562 nm 4.81 4.99

2020-03-16 Gemini South Speckle 832 nm 4.62 5.63

2021-02-24 Hale AO Br-γ 2.66 6.73

TOI 643 2020-02-09 LDT Speckle 692 nm 3.06 4.08

2020-02-09 LDT Speckle 880 nm 2.90 3.56

TOI 654 2019-06-10 Keck AO J − cont 5.06 5.89

2019-06-10 Keck AO Br-γ 6.09 8.06

2019-06-13 Hale AO H − cont 2.36 7.98

2019-06-13 Hale AO Br-γ 2.21 8.14

2020-02-09 LDT Speckle 692 nm 3.99 4.50

2020-02-09 LDT Speckle 880 nm 3.33 4.50

TOI 674 2020-01-14 Gemini South Speckle 562 nm 4.65 5.62

2020-01-14 Gemini South Speckle 832 nm 5.14 6.99

TOI 716 2020-03-13 Gemini South Speckle 562 nm 4.83 5.40

2020-03-13 Gemini South Speckle 832 nm 5.15 6.27

TOI 717 2020-03-16 Gemini South Speckle 562 nm 4.04 4.42

2020-03-16 Gemini South Speckle 832 nm 5.54 7.14

TOI 727 2019-11-10 Hale AO H − cont 3.58 8.44

2019-11-10 Hale AO Br-γ 3.49 8.47

2019-11-18 WIYN Speckle 562 nm 3.68 4.07

2019-11-18 WIYN Speckle 832 nm 4.14 5.80

TOI 734 2020-03-12 Gemini South Speckle 562 nm 4.91 5.02

2020-03-12 Gemini South Speckle 832 nm 4.45 4.76

TOI 736 2020-02-09 LDT Speckle 692 nm 3.12 3.52

2020-02-09 LDT Speckle 880 nm 3.77 4.57

TOI 737 2019-06-10 Keck AO J − cont 4.27 5.40

2019-06-10 Keck AO Br-γ 5.45 6.98

2020-02-09 LDT Speckle 692 nm 4.29 4.67

2020-02-09 LDT Speckle 880 nm 2.50 5.25

TOI 749 2020-02-09 LDT Speckle 692 nm 3.88 4.26

2020-02-09 LDT Speckle 880 nm 4.50 4.64

TOI 756 2020-03-12 Gemini South Speckle 562 nm 4.86 5.19

2020-03-12 Gemini South Speckle 832 nm 5.13 6.01

TOI 782 2020-02-09 LDT Speckle 692 nm 3.64 4.56

2020-02-09 LDT Speckle 880 nm 4.15 4.65

TOI 797 2020-03-12 Gemini South Speckle 562 nm 4.49 4.93

2020-03-12 Gemini South Speckle 832 nm 5.21 7.21

TOI 821 2020-02-09 LDT Speckle 692 nm 2.86 3.15

2020-02-09 LDT Speckle 880 nm 3.19 3.77

TOI 876 2020-02-10 LDT Speckle 692 nm 2.97 3.17

2020-02-10 LDT Speckle 880 nm 2.37 3.05

TOI 900 2020-03-13 Gemini South Speckle 562 nm 4.88 5.82

2020-03-13 Gemini South Speckle 832 nm 4.92 6.37

TOI 912 2020-03-14 Gemini South Speckle 562 nm 4.04 4.36

2020-03-14 Gemini South Speckle 832 nm 5.47 6.91

Continued on next page
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Table 2 – Continued from previous page

Target UT Date Telescope Image Bandpass ∆m ∆m

YYYY-MM-DD Type 0.2′′ 1.0′′

TOI 1201 2019-11-09 Hale AO H − cont 3.95 7.87

2019-11-09 Hale AO Br-γ 3.58 7.90

2019-11-10 WIYN Speckle 562 nm 3.81 4.40

2019-11-10 WIYN Speckle 832 nm 3.86 5.91

TOI 1235 2020-02-09 LDT Speckle 692 nm 3.64 4.84

2020-02-09 LDT Speckle 880 nm 2.40 5.25

TOI 1238 2020-02-09 LDT Speckle 692 nm 3.96 4.62

2020-02-09 LDT Speckle 880 nm NaN NaN

TOI 1266 2020-02-09 LDT Speckle 692 nm 3.31 4.53

2020-02-09 LDT Speckle 880 nm 3.80 4.29

TOI 1467 2020-08-09 Gemini North Speckle 562 nm 4.66 5.13

2020-08-09 Gemini North Speckle 832 nm 5.33 7.16

2020-12-04 Gemini North Speckle 562 nm 4.66 5.24

2020-12-04 Gemini North Speckle 832 nm 5.25 7.76

TOI 1468 2020-08-04 Gemini North Speckle 562 nm 4.92 5.38

2020-08-04 Gemini North Speckle 832 nm 5.07 7.02

2021-08-08 Hale AO Br-γ 3.63 8.76

TOI 1634 2020-12-02 Gemini North Speckle 562 nm 4.75 5.66

2020-12-02 Gemini North Speckle 832 nm 5.38 7.91

TOI 1635 2020-02-09 LDT Speckle 692 nm 4.32 4.71

2020-02-09 LDT Speckle 880 nm 4.49 4.79

TOI 1638 2020-12-03 Gemini North Speckle 562 nm 4.61 4.77

2020-12-03 Gemini North Speckle 832 nm 4.75 6.41

TOI 1639 2020-11-04 Hale AO Br-γ 3.78 7.46

2020-12-02 Gemini North Speckle 562 nm 4.21 4.49

2020-12-02 Gemini North Speckle 832 nm 5.04 6.67

2.3. Data Reduction

Through the comparison of speckle patterns observed

simultaneously at two wavelengths, speckle cameras that

use EMCCDs can even resolve stellar companions below

the diffraction limit (Horch et al. 2011). We leveraged

this concept to reduce our speckle observations, and to

produce reconstructed images in which the resolved stel-

lar companions are revealed. The reconstructed images

were then used to produce contrast curves.

The raw FITS files from our observations were passed

through our standard speckle analysis pipeline (Horch

et al. 2009, 2011; Howell et al. 2011), which makes use

of bispectral analysis (Lohmann et al. 1983) to com-

pute a reconstructed image. Resolved binary systems

produce a fringe pattern in the Fourier plane. The

fringe pattern is a product of the data reduction. A 2-

D autocorrelation function is calculated for each speckle

frame, and then these are summed over all frames. Next,

the Fourier transform of the autocorrelation function is

found and squared, yielding the power spectrum. The

power spectrum of the science target is normalized using

a similarly-processed data cube from the point source

calibration object. The residual 2-D power spectrum

appears as a set of fringes for each pair of stars in the

field. This is fit using a cosine-squared function (fringe

model) in order to determine the relative astrometry

and photometry of any pairs of stars in the field, and to

generate a reconstructed image for each target.

We examined annuli in the reconstructed images cen-

tered on the primary star, and found all local maxima

and minima in each annulus, in order to derive their

mean values and standard deviations. We then esti-

mated the detection limit as the mean value of the max-

ima, plus five times the average of the standard devia-

tions of the maxima and the minima. In doing so, we

calculated the detection limit as a function of angular

separation for each observation, and generated a con-

trast curve for each target.

The AO data were processed and analyzed using a

custom set of IDL tools. The science frames were flat-
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Figure 3. The median contrast curve for each filter for each of the six speckle and AO instruments used in this survey. It
should be noted that the NIRC2 contrast curves extend to roughly 4′′, and that the PHARO contrast curves extend to roughly
10′′. The larger apertures of Gemini North, Gemini South, PHARO, and NIRC2 allow us to probe larger delta magnitudes as
compared to NESSI and DSSI, as shown by their median contrast curves.

fielded and sky-subtracted. The flat fields were gen-

erated from a median average of dark subtracted flats

taken on-sky, and were normalized such that the me-

dian value of the flats was unity. The sky frames were

generated from the median average of the dithered sci-

ence frames. The reduced science frames were com-

bined into a single combined image using an intra-pixel

interpolation that conserves flux, shifts the individual

dithered frames by the appropriate fractional pixels, and

median-coadds the frames. The final resolution of the

combined dithers was determined from the full-width

half-maximum (FWHM) of the point spread function;

typically 0.1′′ and 0.050′′ for Palomar and Keck obser-

vations, respectively.

The sensitivities of the final combined AO images were

determined by injecting simulated sources azimuthally

around the primary target every 20◦ at separations of

integer multiples of the central source’s FWHM (Furlan

et al. 2017; Lund & Ciardi 2020). The brightness of each

injected source was scaled until standard aperture pho-

tometry detected it with 5σ significance. The resulting

brightness of the injected sources relative to the primary

target set the contrast limits at that injection location.
The final 5σ limit at each separation was determined

from the average of all of the determined limits at that

separation, and the uncertainty on the limit was set by

the rms dispersion of the azimuthal slices at a given

radial distance. For the one detected AO companion,

aperture photometry was used to determine the relative

brightness of the detected companion.

All of our final data products are now available

through the ExoFOP.

3. STELLAR COMPANIONS

Though we observed 58 M-dwarf TOIs with speckle

imaging, we detected only one likely bound stellar com-

panion. We find an additional stellar companion in the

AO data. We find three stellar companions that are

known to the literature. We also find 12 CPM compan-
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ions: nine with Gaia EDR3, two with SUPERWIDE,

and one with El-Badry et al. (2021).

3.1. Speckle Companion

We observed TOI 482 on UT 2019 October 11 with

NESSI at the 3.5-m WIYN telescope. TOI 482 is located

at a distance of 173.8 pc, with a TESS magnitude of

13.1, and a Teff of 3692 K.

The reconstructed image and the contrast curve for

this object are shown in Figure 4. The stellar companion

was detected at an angular separation of 0.398′′±0.004,

a position angle of 267 ± 1◦, and a delta magnitude of

2.43 ± 0.20 at 832 nm.

We used this observational data to estimate additional

astrophysical parameters for the stellar companion to

TOI 482. We calculated a projected separation of 57±2

au using the Gaia EDR3 parallax and parallax error for

this object. As we only detected one stellar companion

with our speckle observations, we assigned an angular

separation uncertainty based on a similar analysis of a

large data set; we assumed comparable astrometric pre-

cision to Figure 2 of Colton et al. (2021).

To calculate the mass ratio for this system, we used

the mass-luminosity relationship that was calibrated for

late-type stars by Mann et al. (2019). We estimate the

mass of the primary to be 0.16± 0.01 M� and the mass

of the secondary to be 0.09 ± 0.01 M� using their code

that is publicly available on github2. These values give

a mass ratio of 0.56 ± 0.04.

We calculated an orbital period of roughly 859 years

by assuming that the instantaneous spatial separation

detected in our imaging is approximately the orbital

semi-major axis.

3.2. AO Companion

TOI 737 was observed on UT 2019 June 10 with

NIRC2 at the 10 m Keck II telescope. TOI 737 is lo-

cated at a distance of 299.4 pc, with a TESS magnitude

of 14.8, and a Teff of 3394 K.

The final combined images and contrast curves for this

object are shown in Figure 5. The stellar companion was

detected at an angular separation of 0.842′′ ± 0.001 and

a position angle of 46 ± 1◦. The deblended magnitudes

correspond to relative brightnesses of ∆J = 2.64 ± 0.03

mag and ∆K = 2.62 ± 0.01 mag.

We used the same methods from Section 3.1 to esti-

mate the projected separation, mass ratio, orbital pe-

riod for TOI 737 and its stellar companion. We find

a projected separation of 246 ± 3 au. We estimate the

component masses to be 0.58±0.02 M� for the primary

2 https://github.com/awmann/M -M K-

and 0.23±0.01 M� for the secondary. These values cor-

respond to a mass ratio of 0.40±0.02, yielding an orbital

period of roughly 4.28×103 years.

It should be noted that two TOIs (256 and 654) are

listed on the ExoFOP as having stellar companions that

were detected in their AO observations; however, these

companions were determined to be background stars

based on their Gaia EDR3 parallaxes.

3.3. Companions Known to the Literature

Upon searching the literature for stellar companions to

these 58 M-dwarf TOIs, we find three previously known

companions to these objects.

TOI 455 is known to be in a hierarchical triple star

system based on visual micrometry by Rossiter (1955),

Hubble Space Telescope images from Dieterich et al.

(2012), and, most recently, data obtained in 2017 that

is available in the Washington Double Star (WDS) cat-

alog3 (Mason et al. 2001). Furthermore, a planet orbit-

ing TOI 455 was discovered by Winters et al. (2019b).

We use the angular separation and position angle val-

ues listed in Dieterich et al. (2012), and the parallax and

magnitude values listed in Winters et al. (2019b), to cal-

culate the A-BC estimated astrophysical parameters for

Table 4.

TOI 529 was listed as a candidate eclipsing binary by

Armstrong et al. (2015). As they did not list observa-

tional data for this system, we do not include this stellar

companion in Table 4 or Figure 9.

TOI 1635, or LSPM J1626+6608E, was listed as a

CPM companion to LSPM J1626+6608W in the Luyten

proper motion catalog (Luyten 1997). Additionally,

Lamman et al. (2020) reported a companion to LSPM

J1626+6608W at 0.195′′, making the system trinary.

We use the angular separation and position angle values

listed in Luyten (1997), and the parallax and magni-

tude values listed in Gaia EDR3, to calculate the A-B

estimated astrophysical parameters for Table 4. Errors

on separation were not provided in Luyten (1997), so

we assume a 0.5′′error to be a generous estimate for the

catalog and for 66 years of proper motion. Furthermore,

LSPM J1626+6608W does not have a parallax listed in

Gaia EDR3, likely due to its sub-arcsecond companion.

We have reason to believe that the A-B components have

similar parallax values because of their similar proper

motions, and no other parallax values were forthcom-

ing from the literature. We therefore used the LSPM

J1626+6608E parallax value for LSPM J1626+6608W

as well.

3 https://www.usno.navy.mil/USNO/astrometry/
optical-IR-prod/wds/WDS

https://github.com/awmann/M_-M_K-
https://www.usno.navy.mil/USNO/astrometry/optical-IR-prod/wds/WDS
https://www.usno.navy.mil/USNO/astrometry/optical-IR-prod/wds/WDS
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Figure 4. The only stellar companion revealed by our speckle observations, shown in the reconstructed image on the left, and
marked with a cross beneath the contrast curve on the right. The stellar companion to TOI 482 was detected at 0.398′′ (57 au),
at 267◦, and with a delta magnitude of 2.43 at 832 nm.

Figure 5. The stellar companion revealed by Keck AO data, shown in the the J − cont filter on the left, and in the Br-γ filter
on the right. The stellar companion to TOI 737 was detected at 0.845′′ (247 au), at 46◦, and with deblended relative magnitudes
of ∆J = 2.64 mag and ∆K = 2.61 mag.
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3.4. Common Proper Motion Companions

We also searched for widely-separated CPM compan-

ions using three catalogs. We found nine CPM compan-

ions with Gaia EDR3 (Gaia Collaboration et al. 2021)

using a search radius of 60′′. We considered stars to be

in a CPM pair if their parallaxes and proper motions

agreed with one another to within 3σ. In order to probe

the most widely-separated binaries, we cross-matched

our sample with the SUPERWIDE catalog (Hartman

& Lépine 2020), which consists of nearly 100,000 high

probability wide binaries, and is the result of a two-

part Bayesian analysis of the high proper motion stars

in Gaia DR2. We identified two additional CPM com-

panions with this catalog. Finally, to probe widely-

separated binaries with proper motions smaller than 40

milli-arcseconds per year, we cross-matched our sample

with El-Badry et al. (2021), and identified one addi-

tional CPM companion. The SUPERWIDE catalog and

El-Badry et al. (2021) allowed us to search more pre-

cisely for companions outside of 60′′. In all cases, both

the primaries and associated CPM secondaries appear

in Gaia EDR3.

It should be noted that the completeness of Gaia

EDR3 to wide binaries is beyond the scope of this paper

and, in general, does not affect the primary results of

this work, which is the characterization of close-in bi-

naries. If there are more wide binaries that have gone

undetected in this work, they do not affect the results of

the high-resolution imaging, nor the conclusions drawn

regarding the presence of close-in companions. The sen-

sitivity and completeness of the SUPERWIDE and El-

Badry et al. (2021) surveys are discussed in their respec-

tive papers.

The CPM companions are summarized in Table 3. As

a note, the speckle companion was not detected by either

Gaia EDR3 or the CPM catalogs. The AO companion

is listed in Gaia EDR3; however, it has no parallax nor

proper motions listed.

Table 3. Common proper motion companions

Target Component Gaia EDR3 Parallax Parallax Error Proper Motion Proper Motion Error RUWE

Source ID (mas) (mas) (mas/yr) (mas/yr)

TOI 277 B 2353440974955205632 15.4 0.019 -115, -249 0.026, 0.025 1.28

A 2353440974955205504 15.4 0.018 -113, -248 0.025, 0.023 1.25

TOI 468 B 2966680597368750720 5.89 0.019 -2.57, 7.37 0.015, 0.018 1.08

A 2966587448117647872 5.91 0.014 -2.49, 7.47 0.014, 0.016 0.98

TOI 488 A 3094290054327367168 36.6 0.024 -403, -381 0.025, 0.017 1.30

B 3094290019967631360 36.5 0.065 -399, -381 0.067, 0.047 1.14

TOI 507 A 5724250571514167424 9.10 0.020 47.7, -15.3 0.019, 0.015 1.10

B 5724250880751513728 9.12 0.024 47.7, -15.0 0.022, 0.018 1.05

TOI 513 A 5713325132487143424 5.20 0.166 68.7, -54.5 0.144, 0.138 5.30

B 5713325136782172544 4.58 0.176 68.1, -53.7 0.226, 0.235 1.00

TOI 573 A 5689391929738059648 11.3 0.018 -51.7, -92.2 0.019, 0.014 1.09

B 5689391929738875776 11.2 0.049 -47.0, -95.2 0.057, 0.042 1.09

TOI 633 B 5735743903992405632 8.58 0.037 30.6, 3.15 0.030, 0.020 1.25

A 5735744144510573696 8.51 0.024 30.8, 2.84 0.020, 0.020 1.12

TOI 717 A 3846754645112261760 29.1 0.024 -25.9, 61.6 0.029, 0.032 1.18

B 3846848417133797504 29.1 0.025 -23.7, 61.7 0.030, 0.033 1.15

TOI 749 A 3501271053530782080 4.46 0.094 -36.4, -34.2 0.117, 0.094 3.01

B 3501271053530027904 5.08 0.182 -40.4, -38.1 0.239, 0.224 1.02

TOI 756 A 6129327525817451648 11.6 0.017 -217, 29.2 0.016, 0.013 1.24

B 6129327319659021056 11.6 0.028 -216, 29.5 0.028, 0.023 1.15

TOI 1201 A 5157183324996790272 26.6 0.022 164, 46.6 0.025, 0.027 1.55

B 5157183324996789760 26.5 0.023 174, 45.5 0.026, 0.029 1.53

TOI 1634 A 223158499179138432 28.5 0.018 81.4, 13.6 0.020, 0.015 1.23

B 223158499176634112 28.6 0.113 80.6, 14.5 0.126, 0.091 1.71

It should be noted that TOIs 277, 468, and 633 are

the B components of their respective binary systems.

In the case of TOI 633, the A component is TOI 1883,
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and the same transit event is listed for both stars in

the ExoFOP. The TESS Follow-up Observing Program

Working Group 1 showed that the transit from TOI 1883

is real, and that the transit from TOI 633 is a false

positive. So in the case of TOI 633, the planet does

orbit the primary star, which is TOI 1883. However,

in the cases of TOIs 277 and 468, the planet orbits the

secondary star in the binary system.

3.5. Potential Close-In Companions

To search for very close companions that may have

escaped detection with our high-resolution imaging, we

examined the Gaia EDR3 re-normalized unit weight er-

ror (RUWE) values associated with the M-dwarf TOIs

in our sample. The Gaia RUWE metric acts like a re-

duced chi-squared, where large values can indicate a

poor model fit to the astrometry, assuming that the star

is single. Single sources typically have RUWE values of

∼ 1, while sources with RUWE values > 1.4 are likely

non-single or otherwise extended (Ziegler et al. 2020;

Gaia Collaboration et al. 2021). It should be noted that

large RUWE values only indicate a poor astrometric fit,

and do not definitively indicate the presence of a stellar

companion. However, in this work, as in previous works,

we use the RUWE value as an indication that some-

thing is amiss with the single star fit, and that the cause

could be a hidden stellar companion. Following Vrijmoet

et al. (2020), which surveyed M-dwarfs specifically, we

use RUWE > 2 to distinguish single and (potentially)

non-single sources. TOI 531 (RUWE = 21.2) is the only

target to have a large RUWE value but no close-in stel-

lar companion detected by the high-resolution imaging

or by Gaia EDR3.

Another tool that can be used to indicate the pres-

ence of an unseen stellar companion is the apparent

brightness of the stars in comparison to the Main Se-

quence in an H-R diagram. Figure 1 reveals three stars

in our sample that sit approximately 1 magnitude above

the Main Sequence (TOIs 436, 633, 717). While two of

these stars have CPM companions (TOIs 633 and 727)

with ρ > 15′′, none of these targets have a large RUWE

value or a known, close-in stellar companion. The excess

brightness may indicate a nearly-equal-brightness – and

therefore, nearly-equal-mass – stellar companion. It is

unclear as to why these targets would not exhibit a large

RUWE value, but for the purposes of this work, we as-

sume that the excess brightness (like the excess RUWE)

indicates an undetected close-in stellar companion.

As we do not have observational data for these poten-

tial close-in stellar companions, nor confirmation that

these companions exist, we do not include them in Table

4 or Figure 9, but we do discuss their potential proper-

ties (mass and period) in Section 4.

3.6. Summary of Companions with Observational Data

A summary of all 16 stellar companions with observa-

tional data are included in Table 4. We estimate the as-

trophysical parameters of the systems by assuming that

the eccentricity is zero, the inclination is 90◦, and the

instantaneous spatial separation is approximately the

semi-major axis. It should be noted that the mass for

the stellar companion to TOI 468 was obtained from

Kervella et al. (2019).

Table 4. Summary of observational data and estimated astrophysical parameters for detected companions

Target ρ θ ∆m Bandpass Projected Separation Mass Orbital Period Source

(′′) (◦) (au) Ratio (yr)

TOI 277* 17.2 352 −0.304± 0.001 G 1.12×103 1.06 3.58×104 Gaia EDR3

TOI 455 7.71 315 −0.08± 0.04 IKC 53.0 1.15 643 Winters et al. (2019b)

TOI 468* 330 257 −7.699± 0.001 G 5.60×104 4.14 7.61×106 El-Badry et al. (2021)

TOI 482 0.398 267 2.43± 0.20 832 nm 57.0 0.56 859 Speckle

TOI 488 49.3 223 3.482± 0.001 G 1.35×103 0.32 7.38×104 Gaia EDR3

TOI 507 73.5 339 0.469± 0.001 G 8.08×103 0.78 7.66×105 SUPERWIDE

TOI 513 0.718 42.7 1.695± 0.004 G 138 0.56 2.04×103 Gaia EDR3

TOI 573 1.71 122 0.879± 0.001 G 152 0.76 2.10×103 Gaia EDR3

TOI 633* 15.8 15.3 −0.696± 0.001 G 1.84×103 1.17 8.18×104 Gaia EDR3

TOI 717 65.5 88.6 0.098± 0.001 G 2.25×103 0.97 1.24×105 SUPERWIDE

TOI 737 0.842 46 2.615± 0.010 Br-γ 246 0.40 4.28×103 AO

TOI 749 1.32 252 2.326± 0.004 G 296 0.62 5.01×103 Gaia EDR3

TOI 756 11.1 157 1.353± 0.001 G 956 0.66 3.21×104 Gaia EDR3

TOI 1201 8.35 98.7 0.288± 0.001 G 314 0.92 5.79×103 Gaia EDR3

Continued on next page
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Table 4 – Continued from previous page

Target ρ θ ∆m Bandpass Projected Mass Orbital Source

(′′) (◦) Separation (au) Ratio Period (yr)

TOI 1634 2.69 89.5 3.387± 0.003 G 94.3 0.32 1.19×103 Gaia EDR3

TOI 1635* 78.0 107 −2.504± 0.001 G 6.70×103 1.77 5.69×105 Luyten (1997)

* The M-dwarf TOI is the secondary in the system.

4. ASSESSMENT OF POTENTIALLY MISSED

COMPANIONS

Here we analyze the completeness of our speckle ob-

servations and the AO data using our derived contrast

curves and the code adapted from Lund & Ciardi (2020).

We also explore properties of the potential close-in stel-

lar companions indicated by a RUWE > 2 or excess

brightness.

4.1. Completeness of the High-Resolution Imaging

While high-resolution imaging is a powerful resource

for finding stellar companions to exoplanet hosts, there

are companions that could be missing from our obser-

vations: companions with a large magnitude difference

from their primaries, very red companions that are faint

in the optical bandpass, companions at separations out-

side the fields of view of the instruments, and close-in

companions that are inside the resolution limits of the

instruments. We have addressed each of these popula-

tions in the following ways:

1. To find faint companions with large magnitude dif-

ferences from their primaries, we enlisted speckle

cameras at larger telescopes (Gemini North and

Gemini South) to gather more photons (Figure 3).

2. To capture very red companions that are faint in

the optical bandpass, we included AO data in our

analysis. The AO data were obtained with the

PHARO and NIRC2 instruments, which observe

at NIR wavelengths; our data were observed with

the J − cont, H − cont, and Br-γ filters.

3. To reveal companions at separations outside the

fields of view of the instruments we used, we cross-

matched our sample with Gaia EDR3, SUPER-

WIDE, and the catalog from El-Badry et al. (2021)

to search for CPM companions.

4. To account for close-in companions, we examined

the Gaia EDR3 RUWE values associated with the

M-dwarf TOIs in our sample.

Even after combining our speckle observations, the

AO data, and the CPM catalogs, there are still likely

stellar companions to the M-dwarf TOIs in our sample

that we missed. In order to identify the population of

stellar companions that were not detected by our high-

resolution imaging, we used existing code that was orig-

inally developed for Palomar and Keck AO observations

(Lund & Ciardi 2020), and adapted it to the specific

needs of our speckle survey. The purpose of these simu-

lations is to estimate the fraction of stellar companions

that would be detectable within our high-resolution im-

ages, assuming that the star has a companion. The code

makes the assumption that if the companion is outside

the field of view of the instrument, then it would be

revealed by other methods.

The code works by first identifying the population of

stellar companions that could orbit each star, and then

uses the derived contrast curves to evaluate the sensi-

tivity of each observation to these stellar companions.

The code identifies the populations of stellar compan-

ions by matching the star to a best-fit stellar isochrone

from the Dartmouth isochrones (Dotter 2008). These

isochrones were chosen to enable a more complete com-

parison to the results of Ciardi et al. (2015), which used

these models. The code then independently draws from

the mass ratio and orbital period distributions for M

dwarfs from the Duchêne & Kraus (2013) review paper

on stellar multiplicity (Figure 6). The mass ratios from

Duchêne & Kraus (2013) follow a relatively flat distri-

bution, with an upper limit at 1, and a lower limit for

the primary star at 0.1M�, near the hydrogen burning

limit at 0.08M� (Baraffe & Chabrier 1996). The orbital

period distribution follows a log-normal distribution.

The simulated companions to and derived contrast

curves for each M-dwarf TOI in our sample are shown in

the Appendix. The separations for the simulated com-

panions are calculated assuming a circular orbit, and

using the period and stellar masses to compute a semi-

major axis. The companion is then given a random posi-

tion on that orbit. This simulation is performed 10,000

times for each star. It should be noted that the TOI

532 z’ band observational data are not included in this

analysis because the code from Lund & Ciardi (2020) is

unable to account for the z’ bandpass. Additionally, the

TOI 1238 880 nm observational data are not included

because the innermost annulus of the reconstructed im-



16

Figure 6. The mass ratio (left) and orbital period (right) distributions used to simulate stellar companions to the M-dwarf
TOIs in our sample, from Duchêne & Kraus (2013). Values for these figures were drawn assuming a primary mass of 0.44 M�,
which is the median primary mass for the M-dwarf TOIs in our sample.

age did not have enough maxima or minima to do the

calculations required to generate a contrast curve.

In general, the simulated companions that were not

detected by our technique are either very close-in, or

are much fainter than their primary stars. It should be

noted that Duchêne & Kraus (2013) considered compan-

ions significantly above the substellar limit when gener-

ating their mass ratio and orbital period distributions

for low-mass stars. Although faint companions have less

of an impact on measured planet properties, these biases

influence the stellar companions that are simulated for

each M-dwarf TOI, and therefore influence the fraction

of simulated companions detectable by our technique as

well. Table 5 lists the fraction of simulated companions

detectable in our observations for each M-dwarf TOI,

based not only on the mass ratio and orbital period dis-

tributions from Duchêne & Kraus (2013), but also from

Raghavan et al. (2010) and Winters et al. (2019a). Al-

though the distributions from Duchêne & Kraus (2013)

are biased to earlier M dwarfs and more massive stel-

lar companions, the distributions from Raghavan et al.

(2010) were formulated based on solar-type stars, and

the mass ratio distribution from Winters et al. (2019a)

is incomplete, as the sample had not been surveyed for

stellar companions at small separations (< 2′′), so com-

panions are likely missing that would fill the large un-

equal mass ratio portion of the distribution. For these

reasons, we determined that Duchêne & Kraus (2013)

produced the most appropriate distributions from which

to draw populations of stellar companions to assess the

completeness of our observations. However, these bi-

ases do point to the necessity of a comprehensive M-

dwarf multiplicity survey that examines the distribution

of stellar companions to M dwarfs at all mass ratios and

orbital periods.

Table 5. Fraction of simulated stellar companions detectable

Fraction Detectable

Target Duchêne & Kraus (2013) Raghavan et al. (2010) Winters et al. (2019)

TOI 198 80.3 87.1 88.1

TOI 244 77.7 85.3 86.0

TOI 256 90.6 93.4 93.6

TOI 277 56.6 74.8 72.2

TOI 278 63.0 77.5 73.8

TOI 436 55.6 73.2 70.1

TOI 442 57.1 76.6 74.3

TOI 455 91.6 92.6 94.4

TOI 468 29.7 58.1 51.2

TOI 482 27.5 58.3 48.2

TOI 488 74.2 84.0 83.2

Continued on next page
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Table 5 – Continued from previous page

Fraction Detectable

Target Duchêne & Kraus (2013) Raghavan et al. (2010) Winters et al. (2019)

TOI 497 52.0 71.5 66.8

TOI 507 40.3 64.9 60.1

TOI 513 25.5 55.4 46.0

TOI 516 33.8 61.7 55.1

TOI 519 36.6 60.5 55.3

TOI 521 70.8 81.1 81.4

TOI 526 50.5 71.8 67.5

TOI 528 56.9 57.4 49.5

TOI 529 53.7 70.4 67.2

TOI 530 29.6 58.6 49.4

TOI 531 30.3 59.4 52.0

TOI 532 61.1 62.6 54.4

TOI 538 31.9 61.1 53.0

TOI 549 43.0 65.7 60.8

TOI 552 24.2 53.1 43.8

TOI 557 38.7 65.2 59.5

TOI 562 89.0 91.6 92.8

TOI 573 58.2 75.4 71.7

TOI 620 68.3 80.2 80.5

TOI 633 54.0 73.6 68.8

TOI 643 48.0 69.4 64.0

TOI 654 69.3 80.7 79.7

TOI 674 65.1 78.5 77.3

TOI 716 48.5 70.5 67.3

TOI 717 67.0 78.9 79.1

TOI 727 63.6 78.3 77.3

TOI 734 86.9 90.5 90.9

TOI 736 74.0 82.4 80.6

TOI 737 61.7 62.4 53.2

TOI 749 26.5 57.0 48.3

TOI 756 50.2 71.9 68.8

TOI 782 56.7 73.6 71.1

TOI 797 59.0 76.5 74.9

TOI 821 59.0 75.5 73.6

TOI 876 38.0 55.4 53.5

TOI 900 65.7 65.5 60.8

TOI 912 74.0 83.8 84.4

TOI 1201 61.5 76.9 75.1

TOI 1235 76.8 75.9 76.2

TOI 1238 66.0 65.8 63.2

TOI 1266 67.1 80.5 78.7

TOI 1467 65.6 78.9 78.2

TOI 1468 88.8 92.0 92.6

TOI 1634 67.4 79.5 80.2

TOI 1635 46.8 68.8 62.9

TOI 1638 65.7 65.2 60.1

Continued on next page
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Table 5 – Continued from previous page

Fraction Detectable

Target Duchêne & Kraus (2013) Raghavan et al. (2010) Winters et al. (2019)

TOI 1639 43.0 68.2 62.9

We also assess the completeness of our observations

within 100 au specifically in order to draw more robust

conclusions on the dearth of close-in stellar companions,

and to survey the parameter space where the number of

stellar companions begins to fall off for solar-type stars

(e.g., Hirsch et al. 2021). We use the distributions from

Duchêne & Kraus (2013) to plot the fraction of simu-

lated companions detectable within 100 au as a function

of projected separation for all targets in the sample in

Figure 7.

4.2. Properties of the Potential Close-In Companions

Using this code, we also calculate a mass and orbital

period for the potential close-in stellar companions indi-

cated by a RUWE > 2 or excess brightness on the Main

Sequence (Table 6). These calculations are based on the

median and 1σ dispersion of the simulated stellar com-

panions that remain undetected by our high-resolution

imaging of these objects. As noted above, we cannot

confirm the existence of these potential companions, as

the higher RUWE and brightness values may be caused

by effects unrelated to binarity (e.g., Gaia instrument

artifacts). Additionally, as not all simulated stellar com-

panions are equally likely to contribute to a high RUWE

value or excess brightness, these distributions represent

the prior probability without taking into account the

RUWE value or excess brightness. Furthermore, as the

high RUWE value or excess brightness suggests that

the likelihood of the star being single is lower than in

the canonical probability distribution we implement, the

true fraction of simulated companions detectable by our

technique may also change in these cases. Finally, we

note that this analysis does not contribute to the frac-

tion of simulated stellar companions detectable from Ta-

ble 5.

Table 6. Potential median masses and orbital periods for undetected companions

Target 〈Mass〉 σmass 〈logP〉 σlogP Source

(M�) (M�) (yr) (yr)

TOI 436 0.236 0.08 0.390 0.8 Excess Brightness

TOI 531 0.245 0.08 0.778 0.9 RUWE > 2

TOI 633 0.251 0.08 0.475 0.9 Excess Brightness

TOI 717 0.236 0.07 0.055 0.8 Excess Brightness

5. IMPLICATIONS FOR THE ORBITAL PERIOD

DISTRIBUTION FOR PLANET-HOSTING M

DWARFS

Following our analysis in Section 4.1, if we assume that

the stellar companions have the mass ratio and orbital

period distributions for low-mass stars from Duchêne

& Kraus (2013), then our speckle observations and the

AO data revealed 59% of the simulated companions.

The high-resolution imaging revealed 73% of the stel-

lar companions using the distributions from Raghavan

et al. (2010), or 69% of the stellar companions if the

distributions follow Winters et al. (2019a). Overall,

our high-resolution imaging is 59-73% complete. Our

speckle and AO images revealed two companions, so it

is possible that one or two additional inner companions

were missed, potentially those with a high RUWE value

or excess brightness (Sections 3.5 and 4.2).

Based on the stellar multiplicity rate for field M dwarfs

(∼ 27%; Winters et al. 2019a), we expected to detect

approximately 16 stellar companions to the 58 M-dwarf

TOIs in our sample across all techniques. In total, we

found 17 stellar companions to the M-dwarf TOIs in our

sample: two were revealed by the high-resolution imag-

ing, three were known to the literature, and 12 were

shown to be in wide CPM pairs. However, the Winters

et al. (2019a) stellar multiplicity rate is relevant specifi-

cally for M dwarfs with M-dwarf companions. TOI 633

is actually the lower mass companion to a more mas-

sive star; thus we cannot include it in our comparison to

the Winters et al. (2019a) stellar multiplicity rate. Our

detected companion rate for our M-dwarf TOI sample
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Figure 7. The fraction of simulated companions detectable by the high resolution imaging observations within 100 au for all
targets in the sample. As a function of projected separation, the black line shows the median value, the orange shaded area
shows the interquartile region, and the yellow shaded area shows the region between the maxima and minima. This plot shows
that we are able to reliably survey the region around exoplanet hosts, even at close separations where we have found a dearth
of stellar companions.

is therefore in complete agreement with the companion

rate for M dwarfs in general from Winters et al. (2019a).

These results indicate that if the stellar companions

to planet-hosting M dwarfs do have an orbital period

distribution that is similar to that of the general field

sample, then the fraction of M-dwarf TOIs with stellar

companions would be larger than the fraction of field

M dwarfs with stellar companions, and that those com-

panions would be closer to their primary stars than our

observations could detect. These outcomes would be

inconsistent with the results found for both solar-type

Kepler stars (e.g., Kraus et al. 2016) and for solar-type

TESS stars (e.g., Lester et al. 2021).

These outcomes would also be inconsistent with our

findings. The majority of the M-dwarf TOIs in our sam-

ple have RUWE values and brightnesses that suggest

these stars are single, indicating that the fraction of M-

dwarf TOIs with stellar companions is consistent with

the fraction of field M dwarfs with stellar companions.

Furthermore, the angular separations of the stellar com-

panions detected throughout the upcoming POKEMON

speckle survey of 1070 nearby field M dwarfs (Clark et al.

in prep) demonstrate that we typically detect compan-

ions at the resolution limits of our instruments (Figure

8); this was not the case for this survey of planet-hosting

M dwarfs, indicating that the M-dwarf TOIs in our sam-

ple likely do not have unseen stellar companions at the

resolution limits of these instruments.

Therefore, a more likely explanation is that the stel-

lar companions to planet-hosting M dwarfs have a dif-

ferent orbital period distribution than the general field

sample; they are further separated from their primary

stars than the stellar companions to non-planet-hosting

M dwarfs. This conclusion is in agreement with both the

observed lack of planets in close-in binary systems, and

the lack of close-in stellar companions to exoplanet hosts

(e.g., Kraus et al. 2012; Bergfors et al. 2013; Wang et al.

2014; Kraus et al. 2016; Fontanive et al. 2019; Fontanive
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Figure 8. Stellar companions detected throughout the POKEMON survey of nearby field M dwarfs (black stars) compared
with the stellar companions detected throughout this survey of planet-hosting M dwarfs (white stars), overlaid on the median
contrast curves from NESSI (yellow lines) and DSSI (orange lines), which were used for the POKEMON survey. The range
of angular separations for these companions demonstrates that we typically detect companions at the resolution limits of our
instruments. However, this was not the case for our survey of M-dwarf TOIs; the closest stellar companion revealed by our
high-resolution images was at an angular separation of 0.398′′.

& Bardalez Gagliuffi 2021; Hirsch et al. 2021; Mustill

et al. 2021; Su et al. 2021). This conclusion is also in

agreement with what has been shown for nearby solar-

type stars with combined radial velocity and imaging

data (Hirsch et al. 2021), and with what has been seen

with speckle imaging of planet-hosting solar-type stars

(e.g., Ziegler et al. 2018; Howell et al. 2021; Lester et al.

2021; Moe & Kratter 2021). Additionally, Winters et al.

(2019a) found a multiplicity rate of 20.2% for M dwarfs

with stellar companions within 50 au, and therefore only

a 6.4% multiplicity rate for companions at separations

beyond 50 au — the region where we find all of the com-

panions to the M-dwarf TOIs in our sample, and where

we find a companion fraction of ∼ 27%. These find-

ings further substantiate the claim that planet-hosting

M dwarfs have a different orbital period distribution

than the general field sample.

In general, we find that the fraction of M-dwarf TOIs

with stellar companions is in complete agreement with
the fraction for field M-dwarfs in general (∼ 27%; Win-

ters et al. 2019a); the orbital period distribution, how-

ever, is skewed to longer periods (Figure 9). There are

too few companions to determine a meaningful orbital

period distribution for our sample, but it appears to

have a peak at logP = 4.32, as compared to logP = 1.1

for the field M dwarfs (Duchêne & Kraus 2013), where

P is measured in years.

6. SUMMARY AND FUTURE WORK

In an effort to characterize the rate at which planet-

hosting M dwarfs (TOIs in this case) host stellar com-

panions as well, we used high-resolution imaging, a liter-

ature search, Gaia EDR3, and two wide binary catalogs

to search for stellar companions to 58 M-dwarf TOIs.

These methods revealed 17 stellar companions to these
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Figure 9. The orbital periods of the stellar companions to the M-dwarf TOIs in our sample, compared with the orbital period
distributions for field M dwarfs and solar-type field stars. The orbital period of the speckle companion is marked with a solid
black line. The orbital period of the AO companion is marked with a dashed black line. The orbital periods of the CPM
companions are marked with dotted black lines. The median orbital period of the potential close-in companions is marked
with a black dashdot line. These orbital periods were calculated assuming that the eccentricity is zero, the inclination is
90◦, and the instantaneous spatial separation is approximately the orbital semi-major axis. The yellow box demonstrates our
range of resolution limits for the speckle and AO observations, assuming primary and secondary masses of our median value of
0.44 M�. These limits demonstrate that we could detect stellar companions at shorter orbital periods than the speckle, AO,
and CPM companions, if they existed. The dashed orange line shows a Gaussian fit to the Raghavan et al. (2010) orbital period
distribution, with a peak at logP = 2.44 and a standard deviation of σlog P = 2.3. The solid orange line shows a Gaussian fit to
the Duchêne & Kraus (2013) orbital period distribution, with a peak at logP = 1.27 and a standard deviation of σlog P = 1.3.
The peak of the orbital period distribution for the multiples in our sample is at logP = 4.32 with a standard deviation of
σlog P = 1.1. Therefore, the orbital period distribution of the stellar companions to the M-dwarf TOIs in our sample is shifted
to longer periods compared to the distributions for solar-type field stars and field M dwarfs.

TOIs; two were uncovered by the high-resolution imag-

ing, three were known to the literature, and 12 were

detected as CPM companions by Gaia EDR3, SUPER-

WIDE, and El-Badry et al. (2021). Additionally, we

evaluated the RUWE value and excess brightness of the

M-dwarf TOIs in our sample to account for close-in stel-

lar companions.

With these techniques, we find a companion rate that

is in complete agreement with the expected ∼ 27% stel-

lar multiplicity rate for field M dwarfs. However, we also

find that the orbital period distribution of stellar com-

panions to planet-hosting M dwarfs is shifted to longer

periods compared to the expected distribution for field

M dwarfs.

A control sample of non-planet-hosting M dwarfs is

needed to further vet observational biases. The up-

coming volume-limited, diffraction-limited POKEMON

speckle survey (Clark et al. in prep), which consists of

multiplicity measurements for 1070 nearby M dwarfs for

all subtypes M0 to M9, will provide this critical sam-

ple of M dwarfs not seen to show a transit event. We

used DSSI, NESSI, and the newly commissioned Quad-

camera Wavefront-sensing Six-channel Speckle Interfer-

ometer (QWSSI; Clark et al. 2020) to carry out this
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survey. This control sample will provide the crucial mul-

tiplicity measurements needed to detect Earth’s cousins

among the low-mass stars.
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Software: IPython(Pérez&Granger2007),Matplotlib

(Hunter2007),NumPy(Harrisetal.2020),SciPy(Virtanen

et al. 2020)

https://www.cosmos.esa.int/gaia
https://www.cosmos.esa.int/gaia
https://archives.esac.esa.int/gaia


23

REFERENCES

Armstrong, D. J., Kirk, J., Lam, K. W. F., et al. 2015,

A&A, 579, A19

Baraffe, I., & Chabrier, G. 1996, ApJL, 461, L51

Bergfors, C., Brandner, W., Daemgen, S., et al. 2013,

MNRAS, 428, 182

Borucki, W. J., Koch, D. G., Basri, G., et al. 2011, ApJ,

728, 117

Bouma, L. G., Masuda, K., & Winn, J. N. 2018, AJ, 155,

244

Ciardi, D. R., Beichman, C. A., Horch, E. P., & Howell,

S. B. 2015, ApJ, 805, 16

Ciardi, D. R., von Braun, K., Bryden, G., et al. 2011, AJ,

141, 108

Clark, C. A., van Belle, G. T., Horch, E. P., et al. 2020, in

Society of Photo-Optical Instrumentation Engineers

(SPIE) Conference Series, Vol. 11446, Society of

Photo-Optical Instrumentation Engineers (SPIE)

Conference Series, 114462A

Colton, N. M., Horch, E. P., Everett, M. E., et al. 2021, AJ,

161, 21

Deacon, N. R., Kraus, A. L., Mann, A. W., et al. 2016,

MNRAS, 455, 4212

Dekany, R., Roberts, J., Burruss, R., et al. 2013, ApJ, 776,

130

Dieterich, S. B., Henry, T. J., Golimowski, D. A., Krist,

J. E., & Tanner, A. M. 2012, AJ, 144, 64

Dotter, A. 2008, ApJL, 687, L21
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AJ, 137, 5057

Howell, S. B. 2020, Frontiers in Astronomy and Space

Sciences, 7, 10

Howell, S. B., Everett, M. E., Sherry, W., Horch, E., &

Ciardi, D. R. 2011, AJ, 142, 19

Howell, S. B., Matson, R. A., Ciardi, D. R., et al. 2021, AJ,

161, 164

Howell, S. B., Sobeck, C., Haas, M., et al. 2014, PASP, 126,

398

Hunter, J. D. 2007, Computing in science & engineering, 9,

90

Jang-Condell, H. 2015, ApJ, 799, 147

Kervella, P., Arenou, F., Mignard, F., & Thévenin, F. 2019,
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APPENDIX

Figure 10. Simulated Companions: TOI198 to TOI516
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Figure 11. Simulated Companions: TOI519 to TOI620
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Figure 12. Simulated Companions: TOI633 to TOI821
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Figure 13. Simulated Companions: TOI876 to TOI1639


