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Editorial on the Research Topic 
The Effect of Stellar Multiplicity on Exoplanetary Systems

Exoplanet discovery is a recent endeavor, being only about a generation old. Characterization of exoplanetary systems is well underway and one of the most exciting findings is that planets can form and survive in binary star systems. Binary systems provide unique environments and planetary architectures, as well as presenting special observational challenges and research opportunities. Current work on observation, formation, dynamics and evolution of exoplanets residing in binary star systems forms a large research arena. Planning for future exoplanet studies, both from large aperture ground-based telescopes and focused “search for life” 6-m space telescopes, requires both insight into the nature of such complex systems as well as a full understanding of the best exoplanet candidates. Additionally, proper telescope and instrument design need to build on such information in order to deliver successful future observations.
Given that about half of all exoplanet systems exist in multiple star systems, it seems timely and appropriate to put together this Research Topic. Observational as well as theoretical work on the formation and evolution of exoplanetary systems and their stars, current and future searches for habitable worlds, and near-future work on direct imaging and terrestrial planet atmospheric spectra, will need to take multiple stellar hosts into account. Furthermore, to infer the true distribution of planetary properties and exoplanetary occurrence rates, a proper treatment of multiple stellar hosts is required.
Many bright and nearby stars, some visible to the naked eye, are now known to host exoplanets, leading to a stronger connection of the night sky to the age-old question “Are we alone?”. In this Research Topic, the above ideas and current investigations from theory modeling, and observation are collected together to provide insights into this field of study. Transit searches, especially those being conducted from space (e.g., Kepler, TESS, CHEOPS), are finding thousands of candidate exoplanets all in need to detailed follow-up, characterization, theoretical modelling and study.
Observational Studies and High-Resolution Imaging: High-resolution imaging in both the IR and the optical band-passes has matured into one of the mainstays of exoplanet validation and characterization. Large ground-based programs, such as those undertaken by NASA, observe and provide to the exoplanet community many hundreds of observations each year. These surveys contribute to the Exoplanet Follow-up Observing Program (ExoFOP) archive which includes a broad range of follow-up studies of targets observed by TESS, K2, and Kepler plus a number of other exoplanet search programs. High-resolution imaging allows the elimination of possible contamination from blends, such as bound and background sources, in the near vicinity ([image: image] a few arcsec) of the exoplanet host star. This is an important step to assess host star multiplicity and increase the statistics of exoplanet occurrence rates in multiple systems. High-resolution imaging also yields a more precise determination of the planet radius yielding confirmation of small planets beyond the reach of PRV (Precise Radial Velocity) measurements (such as those terrestrial planets in the habitable zone) as well as planets that orbit fainter stars. The precise knowledge of the physical parameters of exoplanets, and their hosts stars, are an important step to give robust information about the planet formation process and possible differences between formation and evolution of planetary systems in binary and single stars.
In their paper, Schlieder et al. discuss some results of their multi-year campaign to observe candidate exoplanet host stars using Keck NIRC2 AO imaging. In the optical, Howell et al. and Ziegler et al. use ROBO-AO and speckle interferometric techniques to perform surveys of exoplanet host stars in order to assess their multiplicity fraction and provide needed “third-light” corrections to both the stellar and planetary parameters. Observations of many hundreds of exoplanet host stars have allowed studies of the statistical properties of binary exoplanet host stars, revealing a number of intriguing properties. Binary hosts have, in general, wider spatial separations, possible planer alignment between the binary plane and the known planetary orbits, and serious observational biases in the detection of small, Earth-size planets. Theoretical work is needed to refine the current models of binary and exoplanet formation and to reconcile them with the recently available observational results.
Gaia Contributions: While observational evidence has shown close stellar companions, such as those detected with high-resolution imaging, affect planet formation, the role of companions at intermediate separations ([image: image] AU) is still uncertain. At angular separations greater than about one arcsecond stellar companions can be resolved as individual point sources, however, as the separation between the stars increases it becomes increasingly difficult to distinguishing between physically bound stars and optical alignments. The position, proper motion, and parallax data of more than a billion stars provided by Gaia has enabled the detection of stellar companions consistent with being gravitationally bound over a wide range of separations.
The papers by Michel and Mugrauer and Fontanive and Bardalez Gagliuffi use Gaia DR2 to search for co-moving stellar companions to exoplanet host stars. As part of an ongoing multiplicity survey, Michel & Mugrauer detected 61 companions (47 stars, 1 white dwarf, and 13 brown dwarfs) to 289 exoplanet host stars within 500pc of the Sun for a multiplicity rate of 16%. The detected companions have masses of 0.06 − 1.66M⊙ with projected separations of 52 − 10, 000 AU.
Fontanive and Bardalez Gagliuffi use Gaia DR2 and existing literature to find 218 companions to 938 exoplanet (and brown dwarf) host stars within 200pc, yielding a multiplicity rate of 23%. The detected companions have masses between [image: image] and projected separations of 0.5 − 20, 000 AU. However, they find that small planets ([image: image]) have a lower binary rate than more massive Jovian planets. Fontanive and Bardalez Gagliuffi also explore trends between multiplicity and the properties of the planetary companions in their sample, finding that high-mass ([image: image]), small-separation planets have a different distribution of planet properties than planets in single star systems.
Such studies of wide companions to exoplanet host stars confirm the wider binary separations seen in high-resolution studies, as compared to field stars, with the Fontanive and Bardalez Gagliuffi paper finding a peak around 600 AU. While stellar companions at separations of thousands of AU appear to have no impact on planetary populations, the different trends for high-mass, small-separation planets as a function of multiplicity found by Fontanive and Bardalez Gagliuffi suggest that stellar binary companions likely affect the formation and/or migration of such objects. Further studies of exoplanet host stars with stellar companions within tens to hundreds of AU will be key to unraveling the impact stellar binaries have on planet formation.
Circumbinary Planets and Habitability: A challanging problem in binaries is assessing the habitability of terrestrial planets either on circumstellar (S–type) or circumbinary orbits (P–type). The scenario may be further complicated by the presence of a giant planet on an outer orbit. The combination of the binary and exterior planet perturbations may destabilize the habitable zone or produce large variations in the orbital elements which may jeopardize the habitability of an Earth–size planet. Giant planets on outer orbits have indeed been found in a significant fractions of exoplanets in S–type orbits (like 94 Cet or HD 169 885) and in P–type orbits (Kepler–35 or Kepler–39). When dealing with P–type configurations it is necessary to account also for the two close sources of radiation, possibly of different spectral type which may also affect the habitability of a planet.
In their paper, Georgakarakos et al. compute the location of the habitable zones for circumbinary terrestrial planets perturbed by an external giant planet. In this study, they adopt the concept of “dynamically informed habitable zones” (DIHZ) which accounts not only for the orbital evolution of the planet, which affects its distance from the binary, but also for the climate inertia defined as the time it takes climate parameters, such as the mean surface temperature, to react to radiative forcing.
In order to calculate DIHZ borders for circumbinary systems it is necessary to determine whether or not the dynamical configuration is stable, how the orbital evolution of the system affects the amount of radiation the planet receives, and how the star light influences the climate of a potentially habitable world.
Georgakarakos et al. apply their analytical formulations for the computation of the limits of the DIHZ to a sample of circumbinary systems where a known giant planet is on a circumbinary orbit. By applying their methodology, they prove that the presence of the additional known planet in the majority of cases does not prevent the existence of habitable words such as in the case of Kepler-35, Kepler-38, and Kepler-64.
For planets in S–type orbits, the combined perturbations of the binary companion and an external giant planet are more complex due to the presence of secular resonances. Pilat-Lohinger and Bazsó in their paper explore this peculiar dynamical environment and they describe the main features of the algorithm SHaDoS (Secular perturbations in Habitable zones of Double Stars), accessible at https://www.univie.ac.at/adg/shados/index.html, which determines the location of secular resonances in the habitable zone around the primary star. This algorithm allows, for given initial conditions concerning the binary and exterior planet orbital elements and masses, to compute the stable areas within the habitable zone of the system for putative terrestrial planets. Applications of SHaDoS to the wide binary star HD106515 AB and the tight system HD41004 AB reveal a quiet HZ for both systems.
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Starting in 2008, NASA has provided the exoplanet community an observational program aimed at obtaining the highest resolution imaging available as part of its mission to validate and characterize exoplanets, as well as their stellar environments, in search of life in the Universe. Our current program uses speckle interferometry in the optical (320–1,000 nm) with new instruments on the 3.5-m WIYN and both 8-m Gemini telescopes. Starting with Kepler and K2 follow-up, we now support TESS and other space- and ground-based exoplanet related discovery and characterization projects. The importance of high-resolution imaging for exoplanet research comes via identification of nearby stellar companions that can dilute the transit signal and confound derived exoplanet and stellar parameters. Our observations therefore provide crucial information allowing accurate planet and stellar properties to be determined. Our community program obtains high-resolution imagery, reduces the data, and provides all final data products, without any exclusive use period, to the community via the Exoplanet Follow-Up Observation Program (ExoFOP) website maintained by the NASA Exoplanet Science Institute. This paper describes the need for high-resolution imaging and gives details of the speckle imaging program, highlighting some of the major scientific discoveries made along the way.
Keywords: exoplanets, high-resolution imaging, speckle interferometry, binary stars, exoplanet demographics
1 INTRODUCTION
The study of exoplanets is one of the most important topics in astrophysics today. Starting over a decade ago, in support of the NASA Kepler mission, a program providing follow-up observations began. It became clear as Kepler was nearing launch, that the 4 arcsec pixels (Borucki et al., 2010) as well as the many possible confounding events which could imitate exoplanet transit events (e.g., Brown et al., 2011; Santerne et al., 2013) would require follow-up observations from ground-based telescopes in order to validate and characterize any discovered transit candidates. In addition, for transit observations it is crucial to know the stellar properties well, since the planet radius depends directly on the stellar radius. Also, given the relatively large pixels and multi-pixel photometric apertures, it is possible that more than one star is measured, and thus the transit measurement becomes even more uncertain or unreliable.
To support exoplanet discovery, spectroscopic follow-up observations consisted of medium- and high-resolution work using reconnaissance spectra at the start and then large telescope efforts once specific validation steps were passed (Furlan et al., 2018). Likewise, imaging observations were performed ranging from standard native seeing CCD imaging and lucky imaging to high-resolution observations (Furlan et al., 2017). These latter consisted of both Infrared Adaptive Optics (IR/AO) observations using Lick, Palomar, and Keck and optical speckle interferometric imaging using WIYN and Gemini telescopes.
As new exoplanet transit missions such as K2 (Howell et al., 2014), and the currently operating missions TESS (Ricker et al., 2015) and CHEOPS (Benz et al., 2020) come along, follow-up high-resolution (sub-arcsecond) imaging continues to be needed and in larger amounts than before. While Gaia can resolve companions down to near 1.0 arcsec and a bit closer using additional observations over time, e.g., EDR3; (Fabricius et al., 2016), it does not reach the spatial resolution of speckle imaging. Additionally, other exoplanet search techniques such as radial velocity (Kane et al., 2019) and ground-based small telescope transit surveys (Bakos et al., 2007) also benefit from speckle imaging of any candidate systems. Finally, the next wave of exoplanet space telescope missions will soon be upon us (Figure 1); missions covering larger and deeper sky areas such as PLATO (transits), and those hoping to obtain detailed exoplanet science such as the James Webb Space Telescope (JWST; transit spectroscopy, emission spectroscopy, direct imaging of exoplanets) and the Nancy Grace Roman Space Telescope (formally the Wide Field Infrared Survey Telescope [WFIRST]; direct imaging and microlensing planets), as well as complete spectroscopic characterization of exoplanet atmospheres with Ariel (Figure 2). Anywhere high-resolution imaging is needed, including for future missions such as LUVOIR, HabEX, or OST, our speckle program will be valuable. By that time, it is hoped that speckle imaging will be an integral part of the 30-m ground-based telescope system, providing angular resolutions near 5 mas.
[image: Figure 1]FIGURE 1 | A schematic timeline of NASA and ESA exoplanet related space missions and the ground-based follow-up telescopes NASA directly participates in. Image Credit: NASA/JPL-Caltech.
[image: Figure 2]FIGURE 2 | Artist concept of the Ariel space telescope. Image Credit: ESA/STFC RAL Space/UCL/Europlanet-Science Office.
For JWST, our program will provide high resolution imaging in support of targeted exoplanets and their host stars. Roman will make use of speckle imaging to support exoplanet research in two main ways: First, to vet and fully characterize direct exoplanet imaging targets in order to assess their multiplicity, and secondly, imaging of microlens sources to aid in the characterization of the source and lens stars.
This paper provides an overview of the NASA high resolution speckle imaging program. Exoplanet transit and radial velocity studies mainly focus on (A) F to M stars, however, our speckle imaging techniques have been used for research programs related to stars of all spectral and luminosity classes, extended objects, and Solar System bodies. These applications are not discussed further in this report. Section 2 discusses the need for high-resolution imaging, §3 presents the NASA mechanism to engage the exoplanet community, §4 and §5 give an overview of the instrumentation used, the community program, and data produced in this program, §6 lists some of the major scientific discoveries the speckle program has made in relation to exoplanet host star multiplicity, and finally we summarize in §7.
2 The Need for High-Resolution Imaging
Survey telescopes, such as Kepler and TESS, cover a wide field of view, but have large pixels on the sky. Kepler (and K2) had 4 arcsec/pixel values in their focal plane and TESS has 20 arcsec/pixel. These large pixels gather all the light from any stars present within the extracted photometric apertures. If a transit-like event is detected, it is not immediately obvious which star in the pixel (or actually in the pixels) used for light curve construction is the cause of the event. Thus, the status as a real exoplanet transit candidate remains in question until some form of validation is carried out.
Telescopes such as Hubble have great spatial resolution, but they come at the cost of a small field of view and large over-subscription rates for observational proposals. While space has the advantage of stable observing conditions and no atmospheric effects, high-resolution imaging from the ground must make use of clever means to attempt to “remove” the blurring effects of the atmosphere. IR/AO uses (laser) guide stars and deformable mirrors while speckle interferometry freezes the atmospheric distortions using many short exposures and reconstructs these into diffraction limited images using specialized software techniques.
Figure 3 illustrates these points for the case of KOI-1002 imaged from a typical ground-based telescope, Kepler, and TESS. The two bright stars in the top row of the figure are approximately 25 arcsec apart. The two stars are still separate in the Kepler image but near enough to place scattered light or even be both captured in any aperture used to measure the photometry. In the TESS image, it is difficult to even understand the scene. A good ground-based image, such as the top left image, can be used to help understand the star field imaged by TESS, but does not answer the question of which star had the transit-like event. The bottom row of Figure 3 shows optical speckle results obtained at Gemini and an IR adaptive optics image obtained at Keck for the star at the center of the top panel. Note the factor of [image: image]50 scale change in spatial dimension. We see that the speckle and the IR/AO images reveal that the central star is actually a binary system, thus while the transit-like event could be real, the properties of the planet and its host star would need revision due to the third-light of the close, likely bound companion.
[image: Figure 3]FIGURE 3 | (Top row) Ground-based seeing-limited image of KOI-1002 (star at center) obtained from the Palomar Observatory Sky Survey (POSS). The image shows the local star field which contains two bright stars. The Kepler image is from the standard 30-minute postage stamp images downloaded from the spacecraft and the TESS “image” was produced (before TESS had observed the Kepler FOV) by convolving the Kepler image with the TESS 20 arcsec pixel size kernel. (Bottom row) Here the much smaller spatial dimension boxes are centered on the bright central star in the top row and it is revealed in the high-resolution images that the star is a binary system with a separation of about 0.5 arcsec. The Keck AO image shows the central 3 arcsec box. The speckle images took a total time of 5 min (3 min on source) and reached a contrast of 6.5 magnitudes while the IR/AO image required 15 min total time ([image: image]1.5 min on source) and reached a contrast limit of 9.2 magnitudes. The inner working angle for the speckle and IR/AO observations was [image: image]20 and [image: image]80 mas respectively.
These types of follow-up high-resolution images are key to understanding the light within the scene of an exoplanet host star candidate. This is an important step in exoplanet validation and characterization. If the star is indeed multiple, and we know that about 40–50% of exoplanet host stars have one or more stellar companions (Horch et al., 2014; Matson et al., 2018), then knowledge of the brightness and type of any companion stars are crucial in order to properly assess the exoplanet and host star properties.
Ciardi et al. (2015); Wang et al. (2015); Furlan and Howell (2017); Deacon et al. (2016) and Ziegler et al. (2018), for example, have shown that the presence of third-light will mean that the planet radius determined from the transit depth alone is incorrect, the planet will always be larger than estimated from the transit depth, at times so large as to lose planet status. Furlan and Howell (2017) noted that such third-light properties will also decrease the mean density of the planet, possibly turning a terrestrial exoplanet into an ice giant as well as causing atmospheric scale height calculations to be flawed. These same two authors (Furlan and Howell, 2020) also showed how the lack of knowledge of a companion star could cause measured stellar properties, such as metal content and log g, to be incorrectly derived from an analysis of the star’s spectrum. Use of the knowledge of a companion (or not) allows a proper characterization of both the exoplanet and stellar properties. High resolution knowledge of the scene around host stars will remain an important diagnostic for future transit, direct imaging, microlens, and atmospheric spectroscopy exoplanet missions.
As an aside, Robo-AO is another high-resolution imaging technique used in the optical wavelength range. Ziegler et al. (2017) discuss their results using this method for exoplanet host stars. Unlike speckle imaging, Robo-AO uses the mechanical deformable mirror techniques of IR/AO and applies them to optical light. To date, this application has suffered from the use of small aperture telescopes ([image: image]2-m) at sites providing modest native seeing ([image: image]1 arcsec) and only low-order AO corrections due to the very short wavefront coherence times available in the optical. As such, Robo-AO observations resolve roughly equal mass binaries at separations [image: image]0.8 arcsec with an increasing delta magnitude contrast from [image: image]1 at 0.9 arcsec to [image: image]3 at 1.4 arcsec.
3 THE SPECKLE IMAGING PROGRAM
Our speckle imaging program is set up under the auspices of NASA through the Exoplanet Exploration Office (ExEP) NN-EXPLORE program located at the Jet Propulsion Laboratory (JPL). The ExEP provides advocacy for the exoplanet community to NASA in terms of future mission science directions, needed technology, and exoplanet science critical to enable a full understanding of exoplanets, their environments, and the search for life. As an aid to establishing an open forum with the community, the ExEP maintains two “gap lists,” one for technology1 and one for science2. Each of these documents represent community vetted gaps, that is, areas which need additional understanding in the pursuit of exoplanet science. The ExEP science gap list contains twelve specific areas that the exoplanet community has agreed are in need of further, detailed understanding. Our speckle interferometry program directly addresses five of these science gaps and enables four additional ones.
Directly Addresses

• Science Gap 12 - Measurements of Accurate Transiting Planet Radii. Speckle imaging provides knowledge of companions, especially true bound companions and, if detected, the ability to correct the exoplanet radius and other properties for “third light”.
• Science Gap 07 - Properties of Known Exoplanet Host Stars. Speckle imaging provides knowledge of the multiplicity of exoplanet host stars providing accurate stellar parameters and directly assessing the topics of exoplanet formation, migration, dynamics, and evolution.
• Science Gap 10 - Precursor Observations of Direct Imaging Targets. Speckle imaging provides exploratory observations of potential targets for future direct imaging and atmospheric observation missions, assessing their multiplicity and thus their potential as high-value targets.
• Science Gap 04 - Planetary System Architectures: Occurrence Rates for Exoplanets of all sizes. Speckle imaging allows the correct exoplanet and stellar properties to be determined. This in turn is used to derive robust occurrence rates for exoplanets orbiting stars in multiple star systems.
• Science Gap 05 - Occurrence Rates and Uncertainties for Temperate Rocky Planets (eta-Earth). Speckle imaging addresses exoplanet occurrence rates as described above and allows habitable zone locations in binary host star systems to be determined yielding eta-Earth rates for temperate planets.
Enables

• Science Gap 01—Spectral characterization of atmospheres of small exoplanets
• Science Gap 02—Modeling exoplanet atmospheres
• Science Gap 03—Spectral signature retrieval
• Science Gap 06—Yield estimation for exoplanet direct imaging missions.
4 THE SPECKLE INSTRUMENTS
Just before the Kepler mission was launched, we began our speckle imaging work to support the NASA community. At that time, we used the Differential Speckle Survey Instrument (DSSI; Horch et al., 2009) on the 3.5-m WIYN telescope located on Kitt Peak in southern Arizona, United States. This instrument was a workhorse during the Kepler mission, providing high-resolution images of [image: image]1,000 Kepler Objects of Interest (KOIs). Since that time, three new instruments of similar overall design but with increased functionality, larger and faster EMCCD imagers, and modernization in terms of automation, user interface, filter wheels, and remote operation have been built and deployed. The three new instruments are the NN-EXPLORE Exoplanet Star and Survey Imager (NESSI3; Scott et al., 2018) at the 3.5-m WIYN telescope, and ’Alopeke and Zorro4, (Scott et al., 2021, in prep5.) duplicate instruments at the twin Gemini 8-m telescopes in Hawaii and Chile.
Each of the new instruments provide simultaneous observations in two optical bands, determined by filters placed in each of two beams, split at 700 nm. Figure 4 presents a schematic of the Gemini instruments with the major parts labeled and Figure 5 shows one of the instruments being constructed in our optics lab at NASA Ames (left) and the completed instrument mounted on the Gemini telescope (middle and right). Table 1 presents the general parameters of these new instruments with ’Alopeke and Zorro being identical therefore having identical parameters. The instruments have two field of view options user selectable in real-time; a narrow speckle imaging field and a wider more traditional imaging field of view. The angular resolution of these instruments provide inner working angle spatial resolutions for nearby exoplanet host stars (e.g., TESS) of [image: image]10 au (Matson et al., 2019).
[image: Figure 4]FIGURE 4 | Schematic CAD drawing of ’Alopeke or Zorro (they are identical), the speckle instruments residing at the twin Gemini 8-m telescopes. The compact design is illustrated along with the primary parts labeled. ’Alopeke and Zorro both mean fox in the language of the local people.
[image: Figure 5]FIGURE 5 | (Left) One of the two identical speckle imagers under construction at the NASA Ames Research Center. The two grey boxes extending out of the black box are the two Andor EMCCD cameras. (Middle) A close-up view of the instrument mounted on Gemini at the GCAL port and (Right) a view of the instrument (black box) with the associated power supply, electronics, and computer unit (white box). See yellow arrows.
TABLE 1 | Speckle interferometers.
[image: Table 1]These instruments are fully integrated into the telescope control systems where they reside and the Gemini instruments are permanently mounted for use at any time during the year. ‘Alopeke and Zorro are able to be operated remotely from the Gemini control room or anywhere internet is available via a secure connection to the observatory.
5 THE COMMUNITY OBSERVING PROGRAM
The NASA speckle imaging program is openly available to the world-wide exoplanet community. While we have built and deployed the speckle instruments, our observing protocol is a community-based program with targets and observing priorities set by the missions and the community.
Below, we discuss the observational program, the target selection methodology, the data reduction processes, and the archives which house the raw and reduced data products.
5.1 Observations
Proposals to use the speckle instruments, including proposals submitted by our team, are peer reviewed for each telescope by the relevant telescope allocation committee (TAC). Once the approved programs are known for a semester, we work with each observatory to set up block scheduled observation runs, once or twice each semester on each telescope. Each run consists of 6–10 nights depending on time demand.
All speckle targets are placed in a queue to be observed by our team during the observing block. Most targets are observed in the usual manner (Howell et al., 2011) that is, thousands of 40 to 60 msec images are simultaneously collected in two narrow band filters, one each in the blue and red regions of the optical bandpass. Here blue and red are defined by the dichroic in our instruments, splitting the optical light at 700 nm (See Table 1). Some observations may come with special requirements such as the use of specific filters, extended integration times, or specific time constraints.
5.2 Target Selection
Targets to observe are selected in three main ways. First, each space mission or ground-based exoplanet program has a team of scientists and staff designated to produce a priority list of targets to be observed. These targets, usually called “objects of interest” (e.g., Kepler objects of interest, KOIs or TESS objects of interest, TOIs) are listed in priority order and provided to our observing team ahead of each observation run. For example, the TESS Follow-up Observing Program Working Group as well as the TESS sub-group for high-resolution imaging (SG3) play roles in target ranking and selection. The priority order reflects target brightness, number, location or type of exoplanet candidates, or stellar properties. The list contains 100–200 targets at a time and gets updated throughout each observing season.
The second main way is direct communication with our group. If an exoplanet host star is in need of high-resolution imaging, regardless of what space mission or ground-based telescope discovered it or who is currently studying the target, we will add it into our priority list and observe the target for the PI. This method usually involves 1 to a few targets of immediate interest to someone in the exoplanet community.
Finally, PIs can propose for telescope time themselves as each of our instruments at their associated telescopes have “open sky” policies, that is, proposals are accepted from anyone.
5.3 Data Reduction
Speckle interferometry produces diffraction-limited images over a small field of view ([image: image]1 arcsec) by using very short exposure times to “freeze” the atmosphere. Fourier or other techniques are then used to reconstruct these images and search for interference fringes that exist if two or more stars are within the narrow field of view (See Figure 6).
[image: Figure 6]FIGURE 6 | Power spectrum of TOI-1356, an exoplanet hosting star, produced by our reduction pipeline using 2000 speckle images and obtained at the WIYN telescope. Note the interference fringes whose spacing, intensity, and orientation allow a reconstructed image (right) to be produced. From this image and the Fourier analysis, we can determine the separation, position angle, and magnitude difference of the two stars. In this case, the host star is a member of a close binary having a separation near 0.16 arcsec. The reconstructed image is 2 arcsec on a side.
Speckle imaging has been used since the early 1970’s but has been greatly upgraded since then, now using digital detectors, large telescopes, and advanced software techniques. For example, EMCCDs provide for electron multiplication in the output gain register, increasing the input signal by up to 1,000 times. Stars as faint as 19th magnitude can now be observed using our instruments at Gemini coupled with their EMCCD detectors.
Our standard data reduction pipeline and the data products available are described in Howell et al. (2011) with some additional reduced data products now provided (e.g., Figure 7). The following reduced data products are delivered to each PI: sensitivity curves, reconstructed images, and any binary fit parameters if a companion is detected.
[image: Figure 7]FIGURE 7 | One of our standard pipeline reduced data products. The plot shows our 5σ contrast curves in both filters as a function of the angular separation out to 1.2 arcsec, the end of speckle coherence. In addition, the inset shows the reconstructed 832 nm image with a 1 arcsec scale bar. This star, TOI 141, was found to have two close companions, one at 0.5 arcsec (PA = 240 degrees, Delta magnitude = 4.6) and one at 1.3 arcsec (PA = 307 degrees, Delta magnitude = 6.2). The yellow arrows mark the companions in the reconstructed image and the black stars mark the locations of the stars on the main plot, the 1.3 arcsec companion placed at 1.2″ to fit within the plot.
5.4 Data Archives
Our raw data and reduced data products are archived at both the Gemini data archive6 and the NASA Exoplanet Archive, Exoplanet Follow-up Program (ExoFOP) archive7. They are accessible to the public once the proprietary period has ended. All of our community observations, that is those observed within the NASA proposed program time, are available to the public with no proprietary period. Other PIs observing exoplanet targets can specify a proprietary period of up to 12 months, however, most PIs choose no proprietary period as well.
All observed targets are listed on the Exoplanet Follow-Up Observation Program website8 within days of an observing run; in this way the community is informed about which exoplanet host stars have been imaged with our speckle instruments. Final data products from the reductions are also posted on ExoFOP; tags link them to the corresponding entries in the imaging observations tables. For targets observed as part of our community program, the reduced data products are posted on ExoFOP soon after an observing run ends and the reduction has been completed, typically within a few weeks. To date, we have observed over 1,000 exoplanet host stars from Kepler and K2 and more than 500 TESS mission TOIs, so far, for the community. These observations have been used to validate and characterize exoplanets in over 65 published papers in the past 1.5 years.
6 DISCOVERIES IN STELLAR MULTIPLICITY
In addition to validating and characterizing numerous exoplanet discoveries as contributions to the exoplanet community research, we have used the large samples of exoplanet host stars observed at high resolution to enable a number of overarching findings.
(1) Percentage of binary exoplanet host stars: For both the Kepler and K2 exoplanet host stars, and it seems true also for TESS, we have shown that for those stars hosting at least one exoplanet, 40–50% of them reside in binary or multiple star systems; See Horch et al. (2014); Matson et al. (2018) and the upcoming papers by Howell et al. (2021) and Lester et al. (2021)9.
(2) Binary host star properties: Recent work (Howell et al., 2021) has shown that the mass ratio of exoplanet host star binaries follows that of field binaries, that is an excess of nearly equal mass systems. The orbital period distribution however does not. These authors find that exoplanet hosting binary stars show generally larger mean separations having a peak in their orbital separation near 100 au, not 40 au as for the field sample (Raghavan et al., 2010). Furlan and Howell (2017) and Furlan and Howell (2020) have shown that it is critical to fully understand the “scene” of light near an exoplanet host star. If a close companion is present, both the exoplanet and the stellar properties determined may be in error.
(3) Bound vs. line of sight companions: Using statistical modeling, Horch et al. (2014) and Matson et al. (2018) have shown that most stellar companions that reside within 0.4 arcsec (at Gemini) and 0.8 arcsec (at WIYN) of the primary star are true bound companions (at [image: image]90% probability). These limits are important to note as stellar companions found to lie farther from the host star are most likely, but not exclusively, line of sigh companions, therefore not part of the formation, dynamical, and evolutionary processes of the exoplanetary system. However, they nonetheless cause transit dilution, and so their flux has to be taken into account when the transit depth and exoplanet properties are derived. Observational techniques such as lucky imaging or Robo-AO tend to only detect companion stars which are 0.75 arcsec or farther away. Even Gaia cuts off at direct companion detection near 1.0 arcsec. At such sub-arcsecond angular resolutions, speckle imaging provides inner working angles for many of the target stars of 1 to a few au. Everett et al. (2015) and Hirsch et al. (2017) also used model isochrones to provide evidence that companion stars around KOIs are bound or not. Finally, Colton et al. (2020) has begun to measure space and orbital motions for exoplanet host stars with stellar companions, a process that takes decades for the far away Kepler stars, but will only take a few years for some very close K2 and TESS binary host stars with separations of [image: image]10 au. These astrometric measurements have already begun to provide information on the formation, dynamics, and evolution of exoplanet systems.
(4) Which star in a binary hosts the exoplanet: Transit discoveries in binary host stars often leave open the question of which of the stars the exoplanet(s) actually orbit. If the planet orbits the primary, the transit depth may require only a modest correction due to a fainter secondary star. However, if the transit is due to something orbiting the secondary star or the two stars are nearly equal in brightness, it can be very unclear what the measured transit depth is really telling us. One way to solve this dilemma was employed by Howell et al. (2019) for the binary A star exoplanet host Kepler-13. Using simultaneous time-series speckle observations of both stars in the pair, it was shown that the transit occurs on Kepler-13A.
7 SUMMARY
We have summarized our continuing decade long NASA high resolution imaging work for exoplanet research. Using speckle interferometry, we carry out a community led observational program that supports space- and ground-based exoplanet efforts. Observations are obtained at the WIYN 3.5-m telescope in Arizona, and at both the Gemini-North and Gemini-South 8-m telescopes located in Chile and Hawaii. We have designed and built new instruments for these telescopes that are available to the community through peer review proposals under the NN-EXPLORE/NOIRLabs open-sky policies. All our observations and their fully reduced data products are made available via public data archives.
Sub-arcsec imaging, especially inside of 0.4 arcsec, is critical for our detailed understanding of exoplanets, their host stars, and the search for other life in the Universe. Exoplanet radii and mean densities, plus the stellar properties of their hosts, can be incorrectly determined without proper knowledge of the close-in light scene.
Our imaging program has supported many exoplanet validation and characterization studies for space missions and ground-based surveys, and radial velocity studies as well as made scientific findings itself along the way.
We plan to continue our community service program throughout the TESS extended mission and into the JWST and Roman missions and beyond.
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TEXT CORRECTION
In the original article, there were incorrect parameters listed in the last paragraph of Section 2.
A correction has been made to that paragraph as follows:
“As an aside, Robo-AO is another high-resolution imaging technique used in the optical wavelength range. Ziegler et al. (2017) discuss their results using this method for exoplanet host stars. Unlike speckle imaging, Robo-AO uses the mechanical deformable mirror techniques of IR/AO and applies them to optical light. See Ziegler et al. (2018) for details.
Ref is: @ARTICLE2018AJ....156...83Z, author = Ziegler, Carl and Law, Nicholas M. and Baranec, Christoph and Howard, Ward and Morton, Tim and Riddle, Reed and Duev, Dmitry A. and Salama, Ma¨ıssa and Jensen-Clem, Rebecca and Kulkarni, S. R., title = ”Robo-AO Kepler Survey. V. The Effect of Physically Associated Stellar Companions on Planetary Systems”, journal =, keywords = binaries: close, instrumentation: adaptive optics, methods: data analysis, methods: observational, planets and satellites: fundamental parameters, techniques: high angular resolution, Astrophysics - Earth and Planetary Astrophysics, year = 2018, month = aug, volume = 156, number = 2, eid = 83, pages = 83, doi = 10.3847/1538-3881/aace59, archivePrefix = arXiv, eprint = 1804.10208, primaryClass = astro-ph.EP, adsurl = https://ui.adsabs.harvard.edu/abs/2018AJ....156...83Z, adsnote = Provided by the SAO/NASA Astrophysics Data System.”
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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We present results from an extensive search in the literature and Gaia DR2 for visual co-moving binary companions to stars hosting exoplanets and brown dwarfs within 200 pc. We found 218 planet hosts out of the 938 in our sample to be part of multiple-star systems, with 10 newly discovered binaries and 2 new tertiary stellar components. This represents an overall raw multiplicity rate of 23.2 ± 1.6 % for hosts to exoplanets across all spectral types, with multi-planet systems found to have a lower stellar duplicity frequency at the 2.2-σ level. We found that more massive hosts are more often in binary configurations, and that planet-bearing stars in multiple systems are predominantly observed to be the most massive component of stellar binaries. Investigations of the multiplicity of planetary systems as a function of planet mass and separation revealed that giant planets with masses above 0.1 MJup are more frequently seen in stellar binaries than small sub-Jovian planets with a 3.6-σ difference, a trend enhanced for the most massive (>7 MJup) short-period (<0.5 AU) planets and brown dwarf companions. Binarity was however found to have no significant effect on the demographics of low- mass planets (<0.1 MJup) or warm and cool gas giants (>0.5 AU). While stellar companion mass appears to have no impact on planet properties, binary separation seems to be an important factor in the resulting structure of planetary systems. Stellar companions on separations <1000 AU can play a role in the formation or evolution of massive, close-in planets, while planets in wider binaries show similar properties to planets orbiting single stars. Finally, our analyses indicate that numerous stellar companions on separations smaller than 1–3 arcsec likely remain undiscovered to this date. Continuous efforts to complete our knowledge of stellar multiplicity on separations of tens to hundreds of AU are essential to confirm the reported trends and further our understanding of the roles played by multiplicity on exoplanets.
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1 INTRODUCTION
The architectures of stellar, sub-stellar, and planetary systems are relics of their formation and evolutionary processes. By studying the orbital parameters and configurations of hierarchical systems as an ensemble we can in principle trace back to the formation mechanisms that originated them. Planet formation is a direct consequence of star formation, yet it can be severely influenced by the presence of a stellar companion. The existence of planets in orbit around one or both components of binary systems are stringent probes of planet formation process. Radial velocity measurements estimate that [image: image] of FGK stars will have a giant planet within 20 AU (Cumming et al., 2008). About [image: image] of FGK stars are found in multiple systems, with [image: image] in binary systems, and [image: image] in higher-order architectures (Raghavan et al., 2010). Hence roughly half of potential planet hosts are in multiple-star systems, arguing that the fraction of giant planets orbiting a stellar component of a binary system is likely not negligible.
A number of campaigns have thus searched for planets in and around stellar binaries, including radial velocity programs (e.g., Konacki et al., 2009), transit discoveries (e.g., Doyle et al., 2011) and direct imaging surveys (e.g., Asensio-Torres et al., 2018; Hagelberg et al., 2020), leading to the detection of a number of circumstellar (orbiting one star) and circumbinary (orbiting two stars) planets. Despite these efforts, most exoplanet searches routinely exclude stars in binary or multiple systems to avoid systematic errors in planet detection, and the first systems of this type were identified serendipitously (see e.g., Patience et al., 2002; Mugrauer et al., 2006). The distinct demographics of the first planets discovered in binary star systems hinted at the possibility that binary companions could dramatically reorient the orbital configuration of planetary systems (Zucker and Mazeh, 2002). Approaching the question from the opposite end, numerous high-resolution imaging studies have also searched for stellar companions to known planetary systems, either to validate or refine the nature of identified planets (Everett et al., 2015; Furlan et al., 2017; Hirsch et al., 2017), or to purposely investigate the effect of stellar duplicity on planetary populations (Horch et al., 2014; Wang et al., 2014; Matson et al., 2018; Colton et al., 2021).
Dedicated studies of circumstellar planets in binary systems rapidly revealed a lack of stellar companions within 20–50 AU (e.g., Bergfors et al., 2013; Kraus et al., 2016). Close stellar companions on this separation range are generally accepted to prevent planet formation, although early examples of giant planets in [image: image]20 AU binaries (Queloz et al., 2000; Hatzes et al., 2003) demonstrated that such systems do exist. Consistent with the observed shortfall of planets of tight binaries, theoretical models predict that the presence of a very close binary companion can truncate a protoplanetary disk (Pichardo et al., 2005; Kraus et al., 2012), hence obstructing the formation of a planet by core accretion, or ejecting the planet in unstable systems (Kaib et al., 2013). Binary companions at large separations (beyond several hundreds to thousands of AU) from planet hosts, on the other hand, have been argued to have no impact on the formation and evolution of planets (White and Ghez, 2001; Desidera and Barbieri, 2007).
Meanwhile, the effects of binary companions at intermediate (around ∼100–300 AU) separations are more debated. Such companions could truncate circumprimary disks by opening large gaps, hence redirecting the material to the primary stars’ circumstellar disks and leaving the secondaries with no or depleted disks (Artymowicz and Lubow, 1994; Bate and Bonnell, 1997), consistent with observations of binary systems among T Tauri stars (Jensen and Akeson, 2003). Theoretical simulations also showed that perturbations from secondary stars may assist the formation and evolution of giant planets by enhancing mass accretion and orbital migration rates in circumstellar disks (Kley, 2001). The Kozai-Lidov mechanism (Kozai, 1962; Lidov, 1962) could also play a role in the inward migration and final orbital properties of planets through secular interactions induced by an outer stellar companion on such separations. This process has indeed been invoked to explain the formation of hot Jupiters (Fabrycky and Tremaine, 2007; Winn et al., 2010).
In this study, we present an overview of the current census of circumstellar exoplanets in visual binaries, with separations from tens of AU out to 20,000 AU, within a volume limited to 200 pc. The goal of this compilation is to gather information of stellar multiplicity for a large sample of exoplanets, which will hopefully serve in future investigations, rather than to perform a detailed statistical analysis of these populations. In particular, this work extends previous such studies of exoplanets orbiting one component of a binary system to all stellar spectral types and all types of extra-solar planets and brown dwarf companions. In Section 2, we describe the construction of our exoplanet sample (Section 2.1), followed by a search for co-moving companions to exoplanet hosts (Section 2.2) in the literature and in Gaia. Section 3 presents our results, in which we explore differences between the demographics of planets in binaries and around single stars (Section 3.2), as well as potential trends in planet properties based on binary separation and mass, for the population of planets in multiple-star systems (Section 3.3). Section 4 discusses the completeness of our sample and the observed effects of stellar duplicity on various exoplanetary populations. Our conclusions are presented in Section 5.
2 MATERIALS AND METHODS
We describe in this Section the construction of our studied exoplanet sample (Section 2.1) and the searches performed for wide binary companions to all selected planet hosts (Section 2.2). In the context of this work, we consider brown dwarfs and extra-solar planets orbiting stars as a unique population of sub-stellar companions. We thus make no distinction between companions below and above the deuterium burning limit (13 MJup), and will use the term sub-stellar companion to denote planetary and brown dwarf companions in general, unless otherwise specified. Similarly, double and multiple stellar systems will often be referred to as binaries throughout most of this work for conciseness. Finally, given the exoplanet-oriented approach of this study, the term host will always refer to the planet-bearing star in a system, independently of whether or not it is the higher-mass component of a multiple-star system.
2.1 Exoplanet Compilation
We gathered a sample of extra-solar planets and brown dwarfs from the NASA Exoplanet Archive1, the Extrasolar Planets Encyclopaedia2 (Schneider et al., 2011), the Exoplanet Orbit Database3 (Han et al., 2014) and the Open Exoplanet Catalogue4. The data from these libraries were collected on June 23, 2020, and cross-matched to identify all systems with at least one planet or brown dwarf companion reported as confirmed in at least one of these databases. We gathered from these catalogs all available information about the sub-stellar companions and stellar hosts, and only kept systems with robust companion mass (or minimum mass) and semi-major axis measurements. We imposed a cut of [image: image] on the minimum mass of the host, based on primary masses supplied in the considered databases, in order to focus our study on stellar hosts only. We also removed all circumbinary (P-type) systems, orbiting both stars from a binary system, as our study concentrates on circumstellar (S-type) planets and brown dwarfs, found around a single component of a binary system.
We cross-matched the resulting sample with the Gaia Data Release 2 (DR2; Gaia Collaboration et al., 2016; Gaia Collaboration et al., 2018) catalog, obtaining positions, parallaxes, proper motions, Gaia magnitudes and effective temperatures for all hosts found in Gaia DR2. Astrometric information was taken from the SIMBAD Astronomical Database (Wenger et al., 2000) for the few targets that are not part of Gaia DR2 or do not have full astrometric solutions from the Gaia mission. Based on the obtained stellar parallaxes, we restricted our sample to systems with parallax measurements larger than 5 mas, corresponding to a maximum distance of 200 pc for our volume-limited investigation. This cut allows us to focus on relatively nearby stars, thus limiting the range of probed inner working angles around different targets when searching for stellar companions, while keeping a sufficiently large sample for a statistically significant study.
The final sample consists of 938 host stars, harboring a total of 1,316 exoplanets and brown dwarfs, and contains 693 single-planet systems and 245 multi-planetary systems. Stellar hosts have masses ranging from 0.1 to 3.09 [image: image], with a median of 0.95 [image: image]. Most primaries are along the main sequence, covering spectral types from B to M, with 171 giants or sub-giants and 8 white dwarfs. We show in Figure 1 the Gaia Hertzsprung-Russell diagrams for all primaries in our sample with Gaia DR2 parallaxes and G, BP, and RP magnitudes (926 stars), with the color scale indicating the host mass. Tables for the final samples are provided as supplementary material and are available online, with separate tables for the stellar hosts and sub-stellar companions.
[image: Figure 1]FIGURE 1 | Gaia color-magnitude diagrams of planet hosts stars, showing absolute G magnitudes against BP-RP colors (left) and G-RP(right). Symbols plotted with black rings represent planet hosts found to be part of multiple-star systems. The colorbar indicates the mass of each planet host, using a logarithmic scale. The gray background population shows the 200-pc volume-limited cleaned sample from Gaia DR2.
2.2 Binary Search
In this work, we focus on co-moving visual binaries or higher-order hierarchical stellar systems, that is, systems with two or more stars confirmed to be moving together in the sky. The co-moving nature of two gravitationally-bound objects can be determined in two ways. The first approach is via proper motion (and parallax) measurements, where the components of a multiple system will show astrometric parameters consistent with one another. The second method consists in comparing images taken over a sufficiently-long time baseline to demonstrate that two sources show the same displacement over time compared to fixed background objects. Both approaches require the two (or more) stars to be spatially resolved in imaging observations, and such visual binaries are thus typically widely-separated systems. We place an outer limit of 20,000 AU on the projected separation in our search for multiple systems.
In the following sections, we describe the searches we performed for wide, co-moving visual companions to all stellar hosts from our gathered sample of exoplanetary systems. The full compilation of binary systems is provided as online supplementary material.
2.2.1 Binaries in Surveys and the Literature
The catalogs used to compile our studied sample contain some information about stellar binarity. We complemented the multiplicity data from these databases with the Catalogue of Exoplanets in Binary Star Systems5 (Schwarz et al., 2016). We added to this all systems from published surveys searching for visual stellar companions to circumprimary planetary systems (Luhman and Jayawardhana, 2002; Patience et al., 2002; Udry et al., 2004; Mugrauer et al., 2006; Mugrauer et al., 2007a; Mugrauer et al., 2007b; Raghavan et al., 2006; Eggenberger et al., 2007, Eggenberger et al., 2011; Daemgen et al., 2009; Mugrauer and Neuhäuser, 2009; Adams et al., 2012; Adams et al., 2013; Ginski et al., 2012, Ginski et al., 2016; Ginski et al., 2020; Lillo-Box et al., 2012; Bergfors et al., 2013; Faedi et al., 2013; Lodieu et al., 2014; Wang et al., 2014; Mugrauer and Ginski, 2015; Wöllert et al., 2015; Deacon et al., 2016; Kraus et al., 2016; Ngo et al., 2016; Ngo et al., 2017; Furlan et al., 2017; Moutou et al., 2017; Coker et al., 2018; Dietrich and Ginski, 2018; Ziegler et al., 2018; Fontanive et al., 2019; Mugrauer, 2019; Bohn et al., 2020; Southworth et al., 2020) or reviews of planets in binaries (Bonavita and Desidera, 2007; Bonavita and Desidera, 2020; Desidera and Barbieri, 2007; Eggenberger and Udry, 2007; Eggenberger, 2010; Roell et al., 2012; Thebault and Haghighipour, 2015) that we could find, and finally any other serendipitous discovery we were aware of that may have been missing from the above compilations.
In parallel, we cross-matched our host star sample with large-scale catalogs of stellar multiplicity like the Washington Double Star Catalog (WDS; Mason et al., 2001), the Catalog of Components of Double and Multiple stars (CCDM; Dommanget and Nys, 2002), the Tycho Double Star Catalogue (TDSC; Fabricius et al., 2002) and the Updated Multiple Star Catalog (MSC; Tokovinin, 2018), as well as surveys for wide stellar binaries conducted with direct imaging (Deacon et al., 2014; Janson et al., 2012; Janson et al., 2014; Janson et al., 2017; Raghavan et al., 2010; Tokovinin and Lépine, 2012; Tokovinin, 2014a; Tokovinin, 2014b; Ward-Duong et al., 2015; Winters et al., 2019).
Each reported multiple system was then checked individually in the literature to ensure the S-type nature of the planets and brown dwarfs, and confirm that the binary or multiple system was indeed visual (with resolved components), and astrometrically confirmed to be co-moving, either via consistent relative astrometry in multi-epoch observations or through similar kinematics (as opposed to optical binaries with a probabilistic bound nature from the chance of alignment). A total of 184 stars in our sample were mentioned in the considered surveys to have at least one companion satisfying these criteria (excluding the recent Gaia search performed by Mugrauer, 2019; see Section 2.2.2). For all identified systems, we gathered, when available, binary separations, companion masses, and companion spectral types.
2.2.2 Companions in Gaia DR2
To complement the literature search performed above, we searched for bright companions in the Gaia DR2 catalog to all stars in our compilation. Using the collected positions, proper motions and parallaxes for the stellar hosts, we searched for Gaia sources within angular distances corresponding to separations of 20,000 AU from our primaries, and displaying consistent kinematics. Following the approach from Fontanive et al. (2019), we used thresholds of [image: image] disparity in parallax, and offsets of [image: image] of the total proper motion in one direction and [image: image] in the other coordinate. These cuts allow to account for the fact the short-term astrometric measurements from Gaia DR2 may capture the reflex motion of binary systems, or may have spurious solutions for unresolved binaries (see Fontanive et al., 2019 for details).
For systems part of young moving groups, other members of the same association may appear nearby in the sky and display similar proper motions and parallaxes, consistent with the average moving group kinematics. To avoid the inclusion of unassociated close-by group members in our binary list, we checked that no more than one other astrometric match was found on angular separations up to 20 times the identified binary radius. We consider that a co-moving source within 20,000 AU projected separation is statistically unlikely to be an unrelated member of the same group if no other members are found within a 400-fold sky area. We thus regard such sources as bonafide bound companions for the purpose of this study. When one other match was found, we applied the same procedure centered on this outer source, with the same search radius, to establish whether other group members were found nearby, in which case all sources were taken to be unrelated moving group members. If no additional sources with consistent kinematics were found, we considered the outer source to be the tertiary component of a triple system. Finally, we checked that identified binary companions were different from the sub-stellar companions in our exoplanet list, as some young and bright brown dwarfs discovered with direct imaging on wide separations may be detected at the low-mass end of the Gaia DR2 completeness (Reylé, 2018).
This analysis yielded 175 companions around 172 hosts stars. For all identified systems, we measured the binary separation from the respective Gaia DR2 positions of co-moving components, and collected Gaia photometry for the companions. The majority (139) of identified Gaia companions were already known from the literature (excluding findings from Mugrauer, 2019) and were included in our compilation from Section 2.2.1. Based on our literature findings, 19 of the detected Gaia companions were in fact tight binaries themselves, unresolved in Gaia. Mugrauer (2019) recently performed a very similar search for wide companions to exoplanet host stars in Gaia DR2, which presents a useful comparison survey to validate our approach. We found that all binaries reported in that work and present in our sample list (121 systems) were also retrieved in our Gaia analysis. From these, 23 systems and a tertiary companion to the WASP-11 system (unresolved in Gaia) were never reported prior to that study. We however retrieved 51 additional Gaia systems missing from the Mugrauer (2019) compilation, which is likely due to different target samples between that study and ours. Finally, 10 of our identified Gaia co-moving systems were not found to have been previously reported in the literature (up to early September 2020): CoRoT-7, HD 13167, HD 23472, HIP 73990, K2-228, L2 Pup, TOI-132, WASP-189, WASP-29, WASP-59. In addition, new tertiary components were discovered around HIP 65A and V 1298 Tau. These companions are presented in Table 1, with additional information about the systems provided within the full catalogs available online.
TABLE 1 | New stellar companions to planet host stars identified in this work using the Gaia DR2 catalog. The new system components are marked in bold in the System column, which is only indicative of the overall system architecture, and do not represent proposed naming conventions. Following the approach in the main tables, component A systematically denotes the planet host irrespectively of the relative component masses, unless already named differently in the literature. Indices 1 in the stellar mass and spectral type columns refer to the planet hosts, and indices 2 refer to the considered stellar companions. This is a highlight of full tables available as Supplementary Material, which provide additional information about these systems, together with the rest of our compilation.
[image: Table 1]For all new Gaia systems, we checked whether the wide stellar companions were known (seemingly single) objects in SIMBAD, and gathered additional mass and spectral type information from the literature for these components when available. In addition, for all components known from the literature but missing from our Gaia binary list, we searched for these wide companions in Gaia DR2 in case these stars were in the catalog but with no astrometric solutions, and thus not detectable as co-moving sources in our Gaia search. From these, 14 companions were recovered without Gaia DR2 astrometry, and available Gaia magnitudes and relative positions of components were added to our catalog for these additional companions.
2.2.3 Properties of Stellar Companions
As a number of literature systems (mostly from WDS) and Gaia binaries had no existing stellar classification or measured mass, we estimated these characteristics for all identified Gaia components based on their positions in the Gaia color-magnitude diagrams. Hertzsprung-Russell diagrams were made for all binary companions with measured magnitudes in the G, BP and RP bands, using the sources’ parallaxes if available, and the astrometry from the associated planet hosts otherwise.
From these, six sources populated the white dwarf part of the parameter space, and were all found in the Gaia DR2 white dwarf study by Gentile Fusillo et al. (2019). The white dwarf classifications and masses were thus taken from this work for these companions.
All other companions appeared to fall along the main sequence. For these systems, we used the TESS Input Catalog (TIC; Stassun et al., 2018) to map the parameter space of the Gaia color-magnitude diagrams to stellar masses and spectral types, based on TIC stellar masses and queried SIMBAD spectral types for all sources from the catalog out to 200 pc. As clear and continuous trends in mass and spectral type were seen along the Gaia main sequences of the TIC sample (similar to our host sample in Figure 1), the masses and spectral types of wide companions could be inferred directly based on their location along these Gaia main sequences. Quantities were interpolated using the mean mass and spectral type from the TIC sample in a box of size 0.2 mag centered on the companion’s absolute magnitude and color, provided that at least 10 sources were found in that box. For each detected Gaia companion, masses (rounded to 0.01 [image: image]) and spectral types (to 1 sub-type) were obtained from the TIC BP–RP and G–RP parameter spaces, and averaged for more robust final values. For sources characterized in this way from their colors and magnitudes, the average offset and scatter between literature values and our Gaia-derived estimates was [image: image] sub-type in spectral type, and [image: image] in mass (removing known unresolved sources). We also validated this method by applying it to our main sequence host star sample, and observed comparably negligible offsets to values collected in the planet-host catalog.
For companions that fell outside the TIC main sequence due to unusual Gaia colors (14 objects), or for sources with no BP and RP magnitudes (16 objects), we used the median intersection of the absolute G magnitude with the TIC main sequences instead, assuming that these objects were single, main sequence stars, similar to the approach followed in the recent Gaia study by Mugrauer (2019). For companions classified from their absolute magnitudes alone, the average scatter was [image: image] sub-types in spectral type and [image: image] in mass for sources truly on the main sequence, with very similar results in mass to Mugrauer (2019) for overlapping systems. Larger offsets were seen for known white dwarf companions with no Gaia colors, which were hence assimilated to M dwarfs on the main sequence based on their absolute G-band magnitudes.
Based on these results, we consider that our Gaia-inferred quantities are robust measurements for main sequence components. We adopt these as final values when no previous mass and spectral type estimates were available for the retrieved companions, and use existing literature estimates otherwise. The literature, Gaia, and final adopted values are all reported in our tables.
3 RESULTS
Many surveys looking for extra-solar planets, in particular with the radial velocity method, are affected by or biased against binaries with separation [image: image]–6 arcsec, excluding known multiple systems in target selection processes (see e.g., Eggenberger, 2010; Ngo et al., 2017). As a result, measurements of multiplicity rates for exoplanetary systems are particularly challenging, as these selection biases are not trivial to quantify and correct for (see e.g., Moe and Kratter, 2019). This typically means that studies like ours, investigating the binarity of planetary systems discovered partly by such surveys, cannot be used to derive the true frequency of planets in binaries, nor to probe the existence of planets in very tight binaries. With this in mind, the goal of this work is thus to provide an overview the current census of sub-stellar companions in wide visual binaries, rather than to achieve robust statistical results, and we will therefore not attempt to account for these biases here.
Our studied sample of planetary systems was nonetheless compiled independently from the binary nature (known or unknown) of the systems. The gathered compilation should thus not be biased toward or against the existence of binary star systems beyond the intrinsic biases from exoplanet detection campaigns. Our Gaia search for wide companions is also homogeneous across the host star sample, limited only in inner working angle by the distance to each star, and by the inherent completeness of Gaia DR2. Our ability to recover stellar companions in Gaia is therefore, in principle, independent of the architecture of the planetary systems themselves. Similarly, the existing literature surveys considered spanned a large range of planet host stars and probed various distinct planetary populations. We thus consider that while strong biases remain in our binary list, which should be taken into account for detailed statistics and the derivation of absolute occurrence rates, our compilation does not strongly discriminate between different types of sub-stellar companions (i.e., planet or brown dwarf masses, separations or detection methods) in the potential to detect wide visual companions. Our compilation can hence be used to search for raw trends within the obtained sample of binaries and highlight potential correlations between multiplicity and the properties of planetary and sub-stellar companions.
3.1 Overall Compilation
From the compilation gathered in Section 2.2.1, combining an extensive literature search and a Gaia DR2 investigation, 218 planet hosts were found to have at least one visual co-moving stellar companion: 186 host stars were found to be in binary systems, and 32 host stars in higher-order hierarchical systems. From these, 4 binaries and 1 triple system are composed of 2 planet-hosting stars, organizing the 218 planet hosts into 213 unique multiple systems. The architecture of each planet-bearing multiple-star system is presented in Figure 2, which illustrates the relative separations and masses of sub-stellar and stellar companions within each system. Figure 3 presents the distribution of spectral types among the planet hosts stars, showing relative numbers of single stars and planet hosts in multiple systems for each spectral type, and compared to the sample of detected stellar companions. Companion masses range from 2.37 [image: image] down to the hydrogen-burning limit (∼0.07 [image: image]). Binary projected separations extend from 0.85 AU (GJ 682) out to our 20,000 AU search limit, with a median value of 678 AU. A total of 19 binaries were found in the range 10–50 AU, and 27 systems were identified on separations shorter than 100 AU.
[image: Figure 2]FIGURE 2 | Architectures of all exoplanetary systems identified to be in multiple-star configurations. The blue circles represent the inner brown dwarfs and planets, with symbol sizes proportional to their masses cubed. Magenta symbols show the positions of all confirmed wide stellar companions, with radii proportional to the mass of these outer companions. Stellar companions marked with black circles are themselves tight binaries, with the symbol sizes based on the combined mass of the two components. The five host stars in multiple systems containing two planet-bearing stars are color-coded accordingly. We note that separations for inner sub-stellar companions correspond are semi-major axes, while observed projected separations are displayed for the wide stellar companions.
[image: Figure 3]FIGURE 3 | Distribution of spectral types from B through M, plus white dwarfs, for single-star planet hosts (blue), multiple-star planet hosts (magenta) and stellar companions (yellow). Hatched sections of the plotted bars represents giants and sub-giants, with the remaining systems being on the main sequence. Each color-coded histogram is independently normalized so that the sum of the bars within each individual group adds up to 1.
Table 2 summarizes the numbers and raw fractions of sub-stellar companions in single and multiple-star systems, where binaries and triples are counted similarly as hierarchical multiple systems. We emphasize once again that no completeness or selection bias corrections have been performed, and the quoted numbers simply provide an overview of the collected catalogs. From the 1,316 exoplanets and brown dwarfs in our compilation, 286 were found to be around one component of a multiple-star system ([image: image]). In terms of individual planetary systems, 218 out of 938 planet host stars ([image: image]) are part of multiple-star systems. Interestingly, a marginally higher fraction (2.2-σ) of single-planet systems are in hierarchical stellar systems ([image: image]) compared to multi-planet systems ([image: image]).
TABLE 2 | Summary of results, providing the number of single and multiple (binary or higher-order) systems hosting various planetary sub-populations. Raw occurrence rates are given in parentheses with uncertainties computed as Poisson noise.
[image: Table 2]3.2 Multiplicity as a Function of Planet Properties
In this section, we explore the multiplicity of our planet host star sample as a function of planetary mass and separation. Unfortunately, other orbital elements (eccentricity, inclination) are not available for the full exoplanet sample. Investigations involving these parameters would thus be limited to planetary systems detected with specific methods and are not explored here. In Figure 4, we show the masses and semi-major axes of all planet and brown dwarfs in our compilation, with systems found to be in visual stellar binaries marked in magenta, and apparently single stars in blue.
[image: Figure 4]FIGURE 4 | Planet mass against semi-major axis for all sub-stellar companions in our exoplanet compilation. Planets identified to be part of multiple-star systems are shown in magenta, while planets orbiting single stars are plotted in blue. The dashed lines divide the parameter space into several bins detailed in the text.
Some previously-known trends associated with specific sub-populations of planets are visually apparent in Figure 4. One such feature is the lack of blue scatter points (single-star systems) for sub-stellar companions with semi-major axis in the range ∼0.01–0.10 AU (orbital periods of ∼0.5–10 days around a Sun-like star) and masses larger than [image: image]3 MJup. This part of the parameter space, representing massive hot Jupiters and brown dwarfs, is entirely filled with multiple-stars systems (magenta scatter points), consistent with early observations that these planets and brown dwarfs are almost exclusively observed in binary stars (Zucker and Mazeh, 2002). A second notable attribute from Figure 4 is the small group of brown dwarfs with even shorter orbital separations (<0.01 AU) identified around single stars (top left corner). These sub-stellar companions are all found to orbit white dwarfs, and correspond to most white dwarf hosts from our compilation. Such extreme systems are thought to result from the considerable mass loss stars undergo as they become white dwarfs. This post-main sequence process drastically changes the star-planet mass ratios, thus altering the dynamics and stability of brown dwarfs and planets, in particular in multi-planet systems (e.g., Maldonado et al., 2020).
In order to investigate the effect of stellar multiplicity as a function of sub-stellar companion mass and separation, we divide the planetary parameter space into three bins in semi-major axis ([image: image]) and three bins in mass ([image: image]), delimited by the dashed lines in Figure 4. We chose arbitrary limits of 0.5 and 10 AU in semi-major axis, and 0.1 and 7 MJup in mass. The boundary at 0.5 AU corresponds to the observed dearth between two distinct peaks in the distribution of exoplanet orbital periods, representing the pile-up of hot planets, and the bulk population near the snow line (∼1–3 AU), respectively (Udry et al., 2003). The 10-AU threshold corresponds roughly to the outer detection limit for the radial velocity method, and only massive, directly imaged companions are typically identified beyond 10 AU. The 0.1-MJup mass bound was adopted as the lower limit for the mass of Jovian planets (Mordasini, 2018), while 7 MJup was taken as the median transition between core accretion and gravitational instability giant planets (4–10 MJup; Schlaufman, 2018), a limit also advocated by Moe and Kratter (2019) (see also Santos et al. 2017).
Table 2 reports the relative numbers of sub-stellar companions in single and binary systems in each planetary semi-major axis and mass bin. Stars harboring low-mass, sub-Jovian planets ([image: image]) appear to have a substantially lower stellar binary rate, with [image: image] of such planets being found in multiple-star systems. This compares to [image: image] for higher-mass planets and brown dwarfs, with a 3.6-σ difference in raw multiplicity frequency between planetary and sub-stellar companions below and above 0.1 MJup. A similar trend is seen with planet orbital distance, where sub-stellar companions with [image: image]-AU are less frequently found in stellar binaries, although the smaller number of such planetary companions reduces the significance of this tendency. This effect is most likely the result of an enhanced bias against the existence of wide binaries within 20,000 AU for systems with sub-stellar companions large orbital distances. Indeed, the presence of a planet or brown dwarf prevents the possibility of finding a binary companion on comparable or marginally larger separations than the sub-stellar companion semi-major axis, and binaries with separations of hundreds to thousands of AU are thus dynamically impossible for a sizable fraction of these planetary systems. Given these results, we also report values at the end of Table 2 focusing exclusively on the close-in ([image: image] and [image: image]0.5 AU) giant planet and brown dwarf populations. While the lower number of systems associated with these subsets decreases again the significance of observed trends, raw multiplicity rates seem to increase up to around [image: image] for the very shortest-separation and most massive sub-stellar companions. We also note that the vast majority of sub-Jovian planets, with masses below 0.1 MJup, are found in orbits with semi-major axes shorter than 0.5 AU.
To better understand these tendencies and the effect of multiplicity with planet and brown dwarf properties, we explore the distributions of sub-stellar companions around single and binary stars in the various mass and separation bins considered. In Figure 5, we show kernel density estimates (KDE) of the distributions of planet semi-major axis (left panels) and mass (right panel), for the different regions of the parameter space described above. Planets and brown dwarfs in single-star systems are shown in blue, and those in hierarchical stellar systems in magenta. We use KDE bandwidths of 0.3 in all cases, and consider that such estimates of the probability density functions should provide good insights into potential underlying trends.
[image: Figure 5]FIGURE 5 | KDEs of planet properties comparing planets in binaries (magenta) and planets around single stars (magenta), with the full planetary population shown in the dotted black lines. Panel (A) shows the distribution of planetary semi-major axis, divided between massive giant planets and brown dwarfs (top), lower-mass giants (middle) and sub-Jovian planets (bottom), following the cuts in parameter space shown in Figure 4. Panel (B) shows the distribution of planetary mass for close-in planets (top), intermediate-separation planets (middle) and wide-orbit giant planets (bottom).
In terms of planet semi-major axis (Figure 5A), multiplicity appears to have no effect on the orbital separation of sub-Jovian planets ([image: image]), illustrated by the perfectly consistent distributions for single and binary hosts in the bottom panel, both showing the same narrow peak in the semi-major axis distribution around 0.1 AU. As we enter the giant planet regime ([image: image]–7 MJup; middle panel), the bulk of the planetary population shifts to separations of 1–3 AU, with a secondary peak at tighter separations ([image: image]). The relative density of planets in this secondary sub-population seems to be marginally higher for binary-star systems. Looking at the most massive giant planets and brown dwarf companions ([image: image]; top panel), a number of new features emerge in the plotted KDEs. While the core of this exoplanet population still lies at separations of a few AU, comparable to the lower-mass Jovian planets, a strong over-density of closer-in planets and brown dwarfs ([image: image]–0.1 AU) is seen among the sample of multiple-star systems (magenta), corresponding to the population of massive, small-separation sub-stellar companions in binaries highlighted previously from Figure 4. The minor peak at even tighter separations around single hosts corresponds to the sample of extremely short-period brown dwarfs found around white dwarfs discussed previously. At larger orbital distances, the directly imaged population is subdued in the binary-star sample relative to closer-in planets and brown dwarfs, due to the effect explained above for systems with wide sub-stellar companions.
Regarding the distribution of planet masses (Figure 5B), stellar binarity again seems to have no significant effect on the resulting masses for giant planets and brown dwarfs with separations larger than 0.5 AU (middle and bottom panels). At small semi-major axes (top panel), two sub-populations are observed, composed of the sub-Jovian planets with masses below 0.1 MJup forming the primary peak in the mass distribution, and a broader secondary population of giant planets and brown dwarfs. Again, we observe a relative over-abundance of binaries among the more massive planetary population on small semi-major axes, consistent with the findings deduced from our analysis as a function of planet orbital separation, and with the values reported in Table 2.
3.3 Planet Properties as a Function of Binary Properties
Based on our results from Section 3.2, suggesting that stellar multiplicity impacts the existence or properties of Jovian giant planets and brown dwarfs ([image: image]) on semi-major axes within 0.5 AU, we further investigate the properties of these sub-stellar companions as a function of binary properties and the statistical significance of these results. We will not look in more details at other planetary systems as the previous analyses revealed no significant effect of binarity on these planetary populations.
We assess the effect of binary separation by comparing the distribution of properties for close-in giant planets and brown dwarfs in binaries as a function of the orbital distance to outer stellar companions. Based on the size of this subset (66 sub-stellar companions), we arbitrarily define ranges of <250 AU, 250–1,000 AU and >1,000 AU in binary separation [image: image], dividing this sample into roughly evenly populated bins with 22, 24 and 20 systems, respectively. For hierarchical triple systems in which the planetary host star is in an inner tight binary, we only consider the close binary companion, as the outer tertiary component is unlikely to have a significant effect on the planetary system compared to the nearby stellar component. For triple systems with a planet host star widely separated from a closer binary, we count this outer binary as a single companion, using the mean separation between the planet host and the distant sub-system. Individual binary systems may be counted more than once, however, if several sub-stellar companions with masses larger than 0.1 MJup around found within 0.5 AU around the same star.
Figure 6 shows KDEs of the planet semi-major axes (Figure 6A) and mass (Figure 6B), comparing planets and brown dwarfs in the short (yellow), intermediate (magenta) and wide (blue) binary separation ranges to those around single stars (dashed black line). Despite the small sample size available for this restricted planetary population, clear trends are visible in these figures. In particular, the subset of sub-stellar companions in extremely widely-separated binaries ([image: image]) shows very similar distributions in planetary semi-major axis and mass to planets and brown dwarfs found in single-star systems. In contrast, sub-stellar companions found in tighter stellar binary systems appear to have smaller semi-major axes and higher masses. The previously-noted overabundance massive, close-in giant planets and brown dwarfs in binaries is hence primarily found in <100 AU binary systems. We highlight, in particular, that from the nine massive ([image: image]), close-in ([image: image]) giant planets and brown dwarfs found in binaries, eight are in binaries with separations <1,000 AU, from which 6 have binary separations <250 AU. While these rare sub-stellar companions only represent ∼2% of the full exoplanet sample, these systems make up about [image: image] of the 64 binaries with separations under 250 AU identified for the full catalog of planet hosts. We further assess the significance of these results by performing two-sided Kolmogorov-Smirnov tests comparing each sub-population of planets in binaries to the sample of planets around single stars (dashed black lines). We are thus testing the null hypothesis that the samples are drawn from the same distribution, and use a threshold of 0.05 on the resulting p-values. We found that the null hypothesis could be rejected for the distributions of planet masses and semi-major axes in short and intermediate-separation binaries ([image: image]; yellow and magenta curves), but not for sub-stellar companions in very wide binaries (blue), confirming that the above findings are statistically significant (p-values of 0.027 and 0.0003 for the planet semi-major axes in short and intermediate-separation binaries, respectively, compared to 0.842 for wider binaries; p-values of 0.005 and 0.013 for the planet masses in short and intermediate-separation binaries, and 0.470 for wide binaries). This result further suggests that close and intermediate-separation ([image: image]) binary companions have strong effects on the final semi-major axes of massive planets and brown dwarfs, whereas planetary systems in very wide ([image: image]) binaries are more likely to evolve as independent stars.
[image: Figure 6]FIGURE 6 | Planet properties as a function of binary separation ([image: image]) for all planets with masses above 0.1 MJup and semi-major axes within 0.5 AU, corresponding to the binary systems plotted in the magenta distribution in Figure 10. KDEs of planetary semi-major axis are shown in panel (A), and distributions of planet masses are shown in panel (B). The dashed black lines show the distributions for planets in the mass and semi-major axis ranges found to be orbiting single stars.
We also investigate potential trends of planet and brown dwarf properties as a function of binary companion mass, Mc. As for the binary separation, we divide the available sample into bins of [image: image]0.3 [image: image], 0.3–0.6 [image: image] and [image: image]0.6 [image: image]. Triple systems are treated similarly as in the previous analysis, using the total mass of the outer components in the case of tight binaries on wider separations from the planet hosts. Figure 7 shows the resulting distributions of planet semi-major axis (Figure 7A) and mass (Figure 7B) for the various stellar companion mass bins, together with the overall distributions of single-star planetary systems (dashed black line). Unlike Figure 6, no clear trend is observed with binary companion mass. The only marginal tendency is a rather comparable distribution between the planet orbital distances of single-star systems and the binaries with the most massive companions (yellow). Kolmogorov-Smirnov tests performed on these sub-samples confirmed that the planet separation distribution was statistically different from the single-star planetary population for binary systems with companion masses below 0.6 [image: image] (p-values of 0.001 and 0.021 for binary companions in the intermediate and low mass bins, respectively; p-value of 0.859 for high-mass binary companions). However, this effect is mostly due to the fact that most stellar companions in this bin are in fact very distant, two-component companions from triple systems, thus increasing the adopted companion mass, and correspond for the major part to the systems with separations >1,000 AU that were found to match the single-planet population. Kolmogorov-Smirnov tests could not reject the null hypothesis when comparing the masses of planets and brown dwarfs in various types of binaries to single-star systems, nor was any evidence found that sub-stellar companions in binaries with various stellar companion masses come from different populations (p-values > 0.15 in all cases). Overall, the excess of smaller-separation and higher-mass giant planets and brown dwarfs in binaries appears to be distributed across the different binary mass bins defined, with no robust trend with stellar companion mass.
[image: Figure 7]FIGURE 7 | Same as Figure 6 dividing the sample of binary stars by companion mass (Mc). KDEs of planetary semi-major axis are shown in panel (A), and distributions of planet masses are shown in panel (B). For triple systems with a tight binary on a wide separation from the planet host, the total mass of the outer sub-system is considered. The dashed black lines show the distributions for planets in the mass and semi-major axis ranges found to be orbiting single stars.
4 DISCUSSION
In this work, we performed analyses of planetary populations as a function of multiplicity over all spectral types for hosts to exoplanets and brown dwarf companions. This section similarly presents discussions of our results across all types of stars, without distinguishing between massive stars, Sun-like stars and M dwarfs, or main sequence and evolved stars (sub-giants, giants or white dwarfs), unless explicitly stated otherwise. We note however that only 28 of our stellar hosts (out of 938, i.e. < 3 %) are massive BA stars or white dwarfs, from which only 5 A stars were found to be in multiple systems (i.e. ∼2 % of the binary sample). Excluding these systems would thus make little difference in the observed results and trends. While giants and sub-giants represent a more consequent fraction of the sample of host stars (∼25 % of the FGK hosts), a sizable number of our host stars have no luminosity class (giant/sub-giant vs. main sequence) in the spectral types gathered from the considered exoplanet catalogs or Simbad (e.g. numerous Kepler/TESS/WASP targets). We are therefore not able to strictly discuss main sequence stars separately, and our conclusions include a range of stellar masses and a mixture of stellar evolutionary stages.
4.1 Stellar Mass Function and Multiplicity
Figure 3 shows the distribution of spectral types from our planet host sample, divided between those identified in visual binaries or multiples (magenta) and seemingly single stars (blue), and compared to the identified stellar companions (yellow). Absolute numbers are provided at the top of each bar. In addition, each color-coded histogram is normalized so that the sum of the bars in a given color add up to 1, i.e. the height of each bar on the y-axis gives the relative contribution from that spectral type toward to full considered sub-sample.
Comparing the single and binary stars from our planet hosts, the subset of binary hosts contains a larger relative fraction of massive A, F and G stars, with a smaller contribution from lower-mass K and M dwarfs, as demonstrated by the turnover in the relative heights of the magenta and blue bars from G to K spectral types. This is consistent with the well-known trend of decreasing binary rate with decreasing stellar mass, dropping from ∼70% for B and A stars (Kouwenhoven et al., 2007) to around [image: image] for Sun-like stars (Raghavan et al., 2010), and about 30% for M dwarfs (Janson et al., 2012; Ward-Duong et al., 2015; Winters et al., 2019). While our survey results were not corrected for incompleteness and additional binaries may be missing from our compilation (see Section 4.2), our ability to retrieve wide stellar companions for our sample can be assumed to be rather independent of the host spectral types. With raw binary fractions of [image: image], [image: image], [image: image] and [image: image] for F, G, K and M stars, respectively, these results thus suggest that the population of planet-bearing stars is representative of the relative multiplicity output of stellar formation across the stellar spectral sequence. However, without robust completeness corrections, we are not able to determine whether the differences between our observed raw fractions and overall stellar multiplicity rates are due to missing binaries in our samples or to the fact that stars hosting planets and brown dwarfs are truly less commonly found in binary-star systems.
The distribution of spectral types from companions, on the other hand, peaks strongly toward low-mass M dwarfs (yellow), which represented over 65% of our sample of stellar companions. In fact, this resembles closely the stellar initial mass function, with M dwarfs being the most abundant types of stars (Chabrier, 2003; Bochanski et al., 2010). This indicates that planet hosts in multiple systems are more often the most massive component of stellar binaries. The feature is partly due to a selection effect, as lower-mass stars are often too faint to be included in target samples for exoplanet campaigns (Eggenberger, 2010). Nonetheless, although Earth to Neptune-sized planets are more abundant around M dwarfs (Mulders et al., 2015), giant planet formation is thought to be more efficient around more massive stars (Mordasini, 2018), and giant planets are indeed observed to be more frequent around higher-mass stars (Bonfils et al., 2013; Vigan et al., 2020). Given that binary systems seem to preferentially host giant planets based on our results, it is not surprising that most planet hosts in multiple systems would be the most massive stellar component in these hierarchical systems.
4.2 Completeness and Survey Limitations
As mentioned previously, the (in)completeness of our multiplicity search was not accounted for in the results presented in Section 3, as corrections of observational biases are beyond the scope of this work. We may nonetheless look at the properties of our detected systems to understand what biases might lie in our gathered sample.
Figure 8 shows the angular separation and Gaia G-band magnitude difference for every visual companion, relative to the planet host star it is bound to. Blue circles represent companions successfully retrieved in Gaia DR2. Binary components which are themselves known to be unresolved binaries are marked with black rings. Magenta triangles correspond to companions known from the literature but undetected in Gaia. As a [image: image] magnitude difference is unavailable for these systems, the plotted magnitudes correspond to contrasts in various visual or infrared filters, and thus correspond to lower limits compared to the expected magnitude difference values in the G-band. Our observed recoverability for binaries is consistent with the estimated Gaia completeness to close binaries (Ziegler et al., 2018): near equal-brightness binaries ([image: image] mag) are consistently retrieved from separations of one arcsec (dashed line), binaries down to around [image: image] mag are typically recovered at separations of [image: image]three arcsec (dotted line), and wider systems are subject to Gaia DR2 completeness down to the limiting magnitude of [image: image] mag of the Gaia DR2 survey.
[image: Figure 8]FIGURE 8 | Completeness of the Gaia DR2 binary search showing G-band magnitude differences against angular separations for all companions retrieved in Gaia (blue circles). Detected companions known to be themselves close binaries unresolved inGaia are marked with black circles. Known companions not recovered in the Gaia DR2 catalog are shown in the magenta triangles, with plotted magnitude differences corresponding the lower limits in the Gaia G-band. The dashed and dotted gray lines show inner working angles of 1 arcsec and 3 arcsec, respectively.
A significant number of known tight binaries with angular separation < 1 arcsec (magenta triangles) were not recovered in Gaia, only known thanks to high angular-resolution imaging campaigns. As only a small fraction of our hosts stars have been targeted by such dedicated imaging programs, these results indicate that additional unresolved sub-arcsecond systems may still be hidden among our exoplanet host sample. In particular, the 27 binaries for our sample with projected separations <100 AU have a median angular separation of 0.7 arcsec, and such systems are therefore for the most part not recoverable in Gaia. Studies like Kraus et al. (2016) or Furlan et al. (2017) have identified numerous optical candidate companions to Kepler hosts stars on small angular separations, but additional observational epochs are required to confirm or refute the bound nature of most of these candidates.
A shortfall of close binaries (<50–100 AU) among planet hosts has been vastly reported in observational surveys (Roell et al., 2012; Bergfors et al., 2013; Wang et al., 2014; Kraus et al., 2016; Moe and Kratter, 2019; Bonavita and Desidera, 2020). This feature is generally attributed to a hindrance of planet formation in very tight binaries, and is also predicted in theoretical models (Thebault and Haghighipour, 2015). However, our survey is highly incomplete out to separations of hundreds of AU and thus cannot be used to probe this feature. Indeed, the resolving limit of ∼1–3 arcsec in our Gaia search corresponds to projected separations of 200–600 AU for the most distant stars in our study (200 pc). This effect is illustrated in of Figure 9, which plots the physical projected separation of all identified binaries as a function of distance from the Sun. Detection limits corresponding to inner working angles of one arcsec and three arcsec are marked with dashed and dotted lines, respectively. The figure clearly demonstrates that the range of probed binary separation is strongly affected by the distance to each star. Our compilation is only sensitive in Gaia to binary separations below 100 AU for targets out to 30 pc ([image: image] of the sample), and only data from heterogeneous high-angular resolution programs have allowed the detection of such systems beyond 100 pc.
[image: Figure 9]FIGURE 9 | Physical projected separations against distance all identified stellar companions, with the same symbols and color-codes as in Figure 8, highlighting the completeness of our Gaia binary search as a function of distance to the Sun. The dashed and dotted gray lines show inner working angles of 1 arcsec and 3 arcsec, respectively.
4.3 Impacts of Multiplicity on Exoplanets
4.3.1No Influence on Low-Mass Planets
We found that small planets with masses below 0.1 MJup have a significantly lower raw binary rate ([image: image]) than more massive Jovian planets ([image: image] for planets above 0.1 MJup throughout the brown dwarf mass range), an offset with a 3.6-σ significance. While these numbers certainly suffer from inherent and observational biases as discussed in Section 4.2, it is reasonable to assume that these biases do not affect hosts to different types of planets differently. Indeed, the transit and radial velocity surveys that yield the detection of these planets are partially subject to the same inherent selection biases as campaigns discovering more massive planets with the same methods. As a result, we consider that the observed trend of lower multiplicity fraction for sub-Jovian planets is a real feature. Furthermore, terrestrial and Neptunian planets are often found in tightly-packed multiple-planet systems (Mayor et al., 2011). The fact that such planets are less frequently seen in hierarchical star systems is thus also consistent with the observation that multi-planet systems are less commonly found in stellar binaries.
These results, however, may be a direct consequence of the lower binary frequency of M dwarfs compared to more massive stars. Since low-mass M stars host ∼2–3 times more close, small planets than Sun-like stars (Howard et al., 2012; Mulders et al., 2015), and rarely harbor giant planets (Bonfils et al., 2013), the majority of small sub-Jovian planets and high-order multi-planet systems are therefore found around M dwarfs. The intrinsic lower stellar multiplicity rate of M dwarf could hence be responsible, at least partly, for the observed trends. Nonetheless, Moe and Kratter (2019) found that the biases from stellar companions against the detection of planets are higher for F and G stars than M dwarfs. This trend is rooted on the suppression of planet formation in close binaries and bright stellar companions preventing transit detections. This suggests that the observed differences in raw binary fractions between sub-Jovian and giant systems planet systems would likely be increased after accounting for these biases, and we conclude that low-mass planets and tightly-packed systems with multiple small planets are truly less commonly found in hierarchical stellar systems.
4.3.2 The Excess of Massive Close-In Planets and Brown Dwarfs in Binaries
The substantial prevalence of short-orbit massive planets and brown dwarfs around members of binary stars was first noted by Zucker and Mazeh (2002), and later confirmed by numerous observational studies (Eggenberger et al., 2004; Mugrauer et al., 2007b; Desidera and Barbieri, 2007). More recently, the Friends of Hot Jupiters survey reported an enhancement of binary frequency for stars hosting hot Jupiters, with a binary rate 3 times higher that for field stars over the separation range 50–2,000 AU (Ngo et al., 2016). Fontanive et al. (2019) established the continuity of this trend to the most massive giant planets and brown dwarfs (>7 MJup) found within ∼1 AU, constraining the binary frequency of such systems to be around [image: image] between 20 and 10,000 AU, a result further validated statistically in Moe and Kratter (2019). Results from these studies demonstrate that stellar companions play an important role in the formation and/or evolution of these rare planetary systems. These findings also suggest that the influence of binary companions is strengthened for higher-mass close-in exoplanets and sub-stellar companions, and that this effect may be magnified for sub-stellar companions on even tighter orbits.
While the work presented here did not allow us to place any such frequency constraints, the intrinsic tendencies with planet mass and separation observed in previous studies are confirmed in our compilation. Indeed, we observed a larger relative fraction of Jovian planets in binaries within 0.5 AU than for the bulk of the Jovian planet population around the snow line (∼1–5 AU). This relative frequency was found to further increase when focusing exclusively on the most massive planets and brown dwarfs. These trends suggest that stellar multiplicity affects the orbital separation of massive giant planets. The presence of an outer wide companion would hence allow for the inner sub-stellar companion to reach closer-in semi-major axes than planets of similar masses orbiting single stars, onto an orbital separation regime where essentially no planets around single stars are observed (Fontanive et al., 2019).
The influence from outer stellar companions shows a possible dependence on binary separations. Stellar companions on separations of the order of thousands of AU seem to have no significant effect on the demographics of planetary systems, with similar distributions observed between the masses and semi-major axes of planets and brown dwarfs in such binaries and around single stars. In contrast, the most massive, close-in giant planets and brown dwarfs in binaries, in the most extreme planetary configurations, are all in rather tight binaries, with separations of tens to a few hundreds of AU compared to a mean ∼600 AU for the full binary sample (likely a direct consequence of uncorrected incompleteness biases as discussed in Sections 4.2 and 4.3.4). This is consistent with the observed peak in binary separation from Fontanive et al. (2019) for such systems (∼250 AU), and further supports the idea that additional binaries may remain undiscovered in our probed sample on this separation range.
On the other hand, no robust dependence of binary influence on stellar companion mass was seen in our results. This is not surprising since the gravitational pull from a companion scales with [image: image] (where [image: image] is the companion mass and [image: image] the binary separation). As the companion masses span a range of about one order of magnitude, compared to over three orders of magnitude for the separation (which is then squared), binary separation is thus expected from physical arguments to have larger impact on the circumstellar planetary system.
4.3.3 Very Close Binaries in Triple Systems
The vast majority of main sequence stars in spectroscopic binaries are known to be the inner binaries of hierarchical triple systems. Tokovinin et al. (2006) demonstrated that 96% of binaries with orbital periods below ∼3 days have tertiary stellar companions. The occurrence of outer components for these systems is found to steadily decrease with inner binary period, falling to a rate of 34% triple systems for spectroscopic binaries with periods of 12–30 days. The excess of tertiary companions has been argued (Fabrycky and Tremaine, 2007; Naoz and Fabrycky, 2014) to allow for the migration of the inner companions via Kozai-Lidov oscillations in misaligned triples (Kozai, 1962; Lidov, 1962). Alternatively, these close binary companions have been suggested to form via disk fragmentation and migration within the circumstellar disk of the primary star (Moe and Kratter, 2018). The substantial mass required to form and drive inward such massive inner companions can simultaneously form additional tertiary companions, leading to such systems being often in triple-star configurations. These outer components could then allow for more extreme migrations of the inner companions, leading to the observed negative correlation between inner binary period and triple architecture frequency (Moe and Kratter, 2019).
Fontanive et al. (2019) studied hosts to close giant planets and brown dwarf companions with masses of 7–60 MJup, inferring a tertiary companion fraction comparatively high to the spectroscopic binaries from Tokovinin et al. (2006). This population of sub-stellar companions corresponds to the most massive, short-separation systems found to be predominantly in hierarchical stellar structures in this work. Moe and Kratter (2019) further confirmed this excess of triple occurrence rate to be a statistical, real feature, as well as to be measurably higher than for genuine hot Jupiters (<4 MJup) surveyed by Ngo et al. (2016). The similar demographics between these brown dwarf desert systems and stellar spectroscopic binaries argues for a common origin for the inner companions from Tokovinin et al. (2006) and Fontanive et al. (2019), indicating that these inner giant planet and brown dwarf companions extent the population of triple stellar systems to sub-stellar masses for the secondary components of the inner binaries.
4.3.4 The Effect of Binary Separation
In Figure 10, we compare the distributions in projected separation of the planet-hosting wide binaries (solid yellow line) gathered in this work, and the Solar-type field binaries (dashed black line) from Raghavan et al. (2010). For multi-planet systems with planets or brown dwarfs falling into the two planetary categories considered (55 Cancri, HD 38529 A, Upsilon Andromedae A, WASP-8), we count the binaries only once, toward the close-in giant planet subset. Triple systems are accounted for in the same way as in Section 3.3.
[image: Figure 10]FIGURE 10 | Binary separation distribution comparing the full sample of planet-hosting binaries (thick blue line) to stellar binaries in the Solar-neighborhood (dashed black line) from Raghavan et al. (2010). The sample of planet-bearing multiples is further divided between systems hosting a giant planet of mass [image: image]0.1 MJup within 0.5 AU (magenta) and all other systems (yellow). Multi-planet systems with planets falling into the two planetary categories are counted toward the close-in giant planet subset. Planet host stars in close binaries with an outer tertiary companion are plotted as the inner binary only. Triple systems composed of a planet host and a wide tighter binary are counted as a binary system using the mean separation to the distant sub-system. The dashed vertical gray lines show the projected separations probed for the closest 20, 50 and 100% of our sample for angular separations of 3 arcsec.
The binary separations of the planet-bearing systems appears to peak at significantly larger values, with a peak around 600 AU compared to ∼50 AU for field binaries. Field binaries also show a much broader distribution, with a log-width of 1.70 compared to 0.75 for planet-hosting multiples. A Kolmogorov-Smirnov test confirms that the raw observed distributions are indeed statistically different, with a p-value for the null hypothesis that they are drawn from the same distribution [image: image]. These differences are primarily due to the incompleteness of our compilation on short binary separations as discussed in Section 4.2. Furthermore, the field binaries from Raghavan et al. (2010) include unresolved companions detected by spectroscopic techniques or proper motion accelerations. Such systems are not detectable with visual detection methods and a number of such tighter binaries could remain undetected in our studied sample.
The dashed lines in Figure 10 show the projected separations probed for the closest 20%, 50% and 100% of our sample with angular separations of 3 arcsec, our adopted completeness limit for Gaia. Our observed peak in the separation distribution (600 pc) roughly coincides with our inner completeness limit for the full sample (see Section 4.2). This strongly suggests that a number of undiscovered binaries with separations of tens to hundreds of AU may still lie in our sample. For example, the planet host stars DMPP-3 A and HD 59686 from our exoplanet compilation were both found through significant radial velocity trends to have close stellar companions at 1.22 AU (Barnes et al., 2020) and 13.56 AU (Ortiz et al., 2016), respectively. These companions have never been resolved to this date, and these systems were thus counted as single in the context of this work, which only considered visual, astrometrically-confirmed systems. Current high-angular resolution efforts and complementary detection methods, probing smaller binary separation ranges, must thus be pursued to obtain a more complete picture of the multiplicity of exoplanet host stars, and understand the true effect of tight binary companions on the formation and evolution of extra-solar planets and brown dwarf companions.
Figure 10 also shows the distribution of binary separation, dividing the sample between binaries hosting a giant planet or brown dwarf within 0.5 AU (magenta) and the all other systems (blue). The sample of binaries hosting a short-period gas giant appears to be on somewhat smaller binary separations than the remaining planet-hosting multiples, with logarithmic means shifting from [image: image]500 AU to ∼700 AU between the two samples, and a slightly tighter distribution for the former subset. This is representative of our results from Section 3.3, which showed an enhanced relative fraction of shorter-separation binaries for systems with close-in planets, an effect that is further magnified for the most massive planets and brown dwarfs on very tight orbits. These results are in agreement with previous observations (Desidera and Barbieri, 2007) that found massive planets in short period orbits to be in most cases around the components of rather tight binaries. Finally, the larger relative number of very wide binaries (>1000 AU) for hosts to lower-mass and larger-separation planets is also consistent with the rest of our results. We indeed found that such widely-separated binaries generally do not impact the planet properties (see Figure 6), and observed small and wide-orbit planets to not be significantly affected by the presence of stellar companions, compatible with the idea that most such planets are only found in very wide binaries or around single stars. Desidera and Barbieri (2007) similarly concluded that the properties of exoplanets orbiting components of very wide binaries are compatible with those of planets orbiting single stars.
4.4 Implications for Formation Mechanisms
The final architectures of planetary systems around members of binary stars strongly depend on how the presence of a close massive body impacts standard formation and migration processes, through its efficiency to alter the local disk environment, accretion rates, or tidal interactions between planets and the host star. The population trends highlighted throughout this study might provide new clues and insights into the effects of stellar companions on planet and brown dwarf formation and evolution.
Our findings show that binarity has little effect on the distributions of planet mass and semi-major axis for the population of sub-Jovian planets found inside ∼1 AU. The impact of stellar duplicity on short binary separations (<50 AU) remains to be fully understood theoretically and better constrained observationally, as such very tight binaries would be more amenable to influence disks inner regions crucial for small planet formation and stable orbital behaviors. Nonetheless, our results demonstrate that sub-Jovian planets that form in binaries with separations of hundreds of AU are consistent with the population of single-star planets. This suggests that stellar multiplicity does not need to be extensively accounted for in order to reproduce the core of this population of small planets, either completely inhibiting the formation or survival of such planets, or having no visible effect on the demographics of successfully formed planets.
In contrast, we found that the populations of intermediate-mass giant planets ([image: image]–7 MJup) and high-mass sub-stellar companions ([image: image]) show different statistical properties between single-star systems and hosts with stellar companions. Small-separation planets and brown dwarf companions within the snow line (<1–3 AU) were found to have somewhat larger masses and/or tighter separations when in binary stars. This trend is enhanced for the most massive and closest-separation sub-stellar companions, that also have inflated raw stellar multiplicity rates compared to lower-mass and wider planets, consistent with previous studies (Fontanive et al., 2019; Moe and Kratter, 2019). This strongly indicates that the identified stellar binary companions likely affect the formation and/or migration of these massive sub-stellar objects, either allowing for more massive planets to exist at similar separations than planets around single stars, or enabling similar-mass planets to form or migrate to shorter semi-major axes in stellar binaries.
Understanding the true nature and extend of these effects is a challenging task. Unfortunately, available data provide little insight at this stage into the details of the possible underlying processes, with few prospects to disentangle between planetary formation and evolution, and missing information about most orbital elements for binary orbits. Likewise, modeling the formation and evolution of planets in binaries requires to explore a very wide parameter space, including binary separations, mass ratios, inclinations and eccentricities. The large variety of possible binary configurations likely impacts the existence and properties of planetary systems differently for each combination of these key binary parameters, from detrimental to perturbing or even favorable effects.
For circumstellar planets, which represent the focus of this study, a nearby stellar companion is expected to primarily affect the outer parts of typical planet formation locations, where the gravitational influence from the stellar companions will be enhanced. The outskirts of protoplanetary disks are believed to predominantly harbor more massive planets, with mostly rare, cold Jovian planets predicted beyond a few tens of AU in the core accretion paradigm (Emsenhuber et al., 2020), and the formation of massive planets and brown dwarfs by gravitational disk fragmentation occurring preferentially in the cool outer regions of disks, from separations of several tens to hundreds of AU (Rafikov, 2005; Hall et al., 2017). Following this reasoning, giant planets and brown dwarfs forming at large orbital separations are thus more likely to be affected by the presence of an outer star in the system than small planets forming and accreting within a few AU from the host star. The observed population of wide-orbit (>10 AU) planets and brown dwarfs was found to have a lower raw binary rate than similar-mass sub-stellar companions on shorter orbits, and no significant differences were observed in planetary properties between single and multiple-star systems. The effect from outer companion stars would thus likely be in facilitating inward migration processes, bringing massive giant planets and brown dwarfs onto extremely tight orbits typically unreachable in single-star environments, via e.g. the Kozai-Lidov mechanism (Winn et al., 2010; Naoz and Fabrycky, 2014) or other triggered dynamical perturbations.
Alternately, binarity could impact separate planet formation channels differently, i.e., influencing the conditions for gravitational disk instability, but with little effect on the results of core accretion mechanisms if they proceed, thus affecting the very most massive planets and brown dwarfs only. For example, the presence of a nearby companion star within ∼100–300 AU could tidally truncate protoplanetary disks (Kraus et al., 2012) and lead to faster disk dissipation rates (Müller and Kley, 2012). This effect would be particularly problematic for giant planet formation by core accretion, which requires significantly longer timescales to operate than disk fragmentation. Formation by core accretion would therefore only take place if the outer companion has little effect on the disk and forming planetary system, thus not significantly impacting the final planet properties compared to single star conditions. Similarly, binary companions have been suggested to be able to trigger instabilities in otherwise stable disks (Boss, 2006), hence favorably modifying formation environments for in-situ disk fragmentation, but inconsequential for core accretion. This idea is reconcilable with the high masses of the outlying population of sub-stellar companions observed to be predominantly in binaries, which seemingly formed differently from the population of lower-mass planets on similar orbits, most likely through gravitational disk fragmentation (Moe and Kratter, 2019).
Finally, our results regarding the separation distribution of binaries might help to narrow down the effect of at least one binary parameter. As mentioned previously, there is reliable observational evidence that close binarity (<50 AU) hinders planet formation around a host star (Wang et al., 2014; Kraus et al., 2016; Fontanive et al., 2019), although this feature could not be robustly investigated in the present work. We also found stellar multiplicity of very large separations (thousands of AU) to have no significant impact on observed planetary populations, suggesting that planet formation and evolutionary patterns in such systems behave similarly as around single stars. Intermediate separations, from several tens to a few hundreds of AU, therefore appear to be a key region of the parameter space to explore in order to further our perspective of exoplanets in stellar binaries. Examinations of physical quantities in these systems such as binding energy may be especially interesting to study for a better physical understanding of the processes in play, and we particularly advocate for investigations to be conducted in the theoretical context of gravitational disk instability based on our results.
5 SUMMARY
In this work, we have compiled a sample of 938 stars hosting a total of 1,316 extra-solar planets and brown dwarf companions, out to 200 pc. We searched for visual co-moving companions to these systems via an extensive search in the literature and using the Gaia DR2 catalog to identify common proper motion sources. This analysis yielded a total of 218 planet hosts in multiple-star systems, including 186 binaries and 32 hierarchical triple systems, with 10 newly-discovered binary companions and 2 new tertiary components. From these, 4 binaries and 1 triple system contain 2 planet-bearing stars. Stellar companions have masses ranging from the brown dwarf/star boundary at 0.07 [image: image] up to 2.27 [image: image], with separations ranging from <1 AU to 20,000 AU with a median of ∼600 AU.
Investigating our gathered sample of binaries, we found that:
More massive planet hosts are more often part of multiple-star systems, consistent with the population of planet-bearing stars following the overall relative multiplicity outcome of stellar formation.
Planet hosts in multiple systems were also predominantly observed to be the most massive component of stellar binaries.
A total of 27 binary systems have separations <100 AU, from which 20 have binary separations smaller than 50 AU, with 1 system in an extreme <1 AU configuration. Most of these close binaries, however, were only identified thanks to dedicated high-angular resolution campaigns, and could not, for the most part, be retrieved with the resolving limit of Gaia (1–3 arcsec), in particular for the most distant targets in our sample.
As only a small fraction of planet hosts have been targeted by such imaging programs, a significant number of sub-arcsecond binaries and companions on separations of a few arcseconds could still be missing from our catalog, further supported by the concurrence of our measured peak in binary separation and our estimated Gaia completeness limit.
Assuming that the selection and observational biases lying in and limiting our gathered compilation of stellar binaries affect various subsets of planetary populations and planet hosts in a reasonably homogeneous way, we investigated possible correlations between planet properties and the existence and properties of outer stellar companions. Our main results are:
From our identified sample of binary companions, we measured a raw multiplicity rate of [image: image] for planet hosts.
Multi-planet systems were found to have a somewhat lower stellar duplicity frequency ([image: image]) compared to single-planet systems ([image: image]) with a 2.2-σ significance.
Dividing the planet parameter space into various sub-populations, we found that giant planets and brown dwarfs with masses above 0.1 MJup have a substantially larger (3.6-σ) raw stellar multiplicity fraction ([image: image]) than lower-mass planets ([image: image]), consistent with the fact that these small sub-Jovian planets are typically organized in tightly-packed multi-planet systems.
This trend appears to further increase up to about ∼30% for massive planet and brown dwarfs ([image: image]) on very short orbital separations ([image: image]), with the most massive and shortest-period sub-stellar companions almost exclusively observed in multiple-star systems. These results are consistent with previous studies of these populations (Fontanive et al., 2019; Moe and Kratter, 2019), which appear to follow the architectures of stellar spectroscopic binaries, systematically observed as part of hierarchical triple systems (Tokovinin et al., 2006).
In terms of planet properties, our results suggest that:
Stellar duplicity has no significant effect on the demographics of low-mass planets ([image: image]) or the core population of warm giant exoplanets on separations neighboring the snow line ([image: image]).
Only high-mass, small-separation planets were observed to have different distributions of planet properties between the subset of planets in binaries and single-star systems, with an over-density of planets and brown dwarfs of several Jupiter masses found on semi-major axes of ∼0.01–0.1 AU identified in multiple-star systems.
These extreme planetary systems with few or no single-star analogues were predominantly found to be in rather tight binary configurations <1000 AU, and mostly on separations <250 AU for sub-stellar companions with masses >7 MJup. These systems represent a sizable fraction of such tight binaries in our compilation (∼10%), despite the rarity of these planets and brown dwarfs in our overall exoplanet catalog (∼2%).
In contrast, the subset of these planets in binaries with separations >1000 AU showed similar distributions in mass and semi-major axis to planets and brown dwarfs orbiting single stars. This indicates that short (<250 AU) or intermediate-separation (<1000 AU) binaries play a role the formation or evolution of these massive planets and brown dwarfs, but that very wide binaries do not influence the architectures of planetary systems.
Binary companion mass, on the other hand, was found to have no significant effect on planetary properties.
Between the upcoming generation of telescopes and future Gaia data releases, the next decade promises to lead to unprecedented discoveries and new characterization possibilities. These findings will arguably yield unparalleled information and new robust constraints on system architectures and population demographics, which will in turn provide key probes into formation histories and dynamical evolution processes. We hope that the gathered compilation of exoplanets in visual binaries will be useful to future studies in this constantly-growing research area, and will motivate the need to pursue existing campaigns searching for small-separation binary companions to known planetary systems. With a more comprehensive picture of stellar multiplicity on the separation ranges demonstrated here to remain highly incomplete, we will be able to confirm and better understand the tentative trends highlighted in this paper, and improve our fundamental understanding of stellar, sub-stellar and planetary formation and evolution.
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We present the latest results of an ongoing multiplicity survey of exoplanet hosts, which was initiated at the Astrophysical Institute and University Observatory Jena, using data from the second data release of the ESA-Gaia mission. In this study the multiplicity of 289 targets was investigated, all located within a distance of about 500 pc from the Sun. In total, 41 binary, and five hierarchical triple star systems with exoplanets were detected in the course of this project, yielding a multiplicity rate of the exoplanet hosts of about 16%. A total of 61 companions (47 stars, a white dwarf, and 13 brown dwarfs) were detected around the targets, whose equidistance and common proper motion with the exoplanet hosts were proven with their precise Gaia DR2 astrometry, which also agrees with the gravitational stability of most of these systems. The detected companions exhibit masses from about 0.016 up to 1.66 M⊙ and projected separations in the range between about 52 and 9,555 au.
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1 INTRODUCTION
Since the detection of the first planet orbiting a star other than the Sun, several thousands of these exoplanets have been discovered by various detection techniques. While the majority of stars are members of multiple star systems (Duchêne and Kraus, 2013), most of the exoplanet host stars are single stars. Nevertheless several multiple star systems hosting exoplanets, could already be revealed by previous multiplicity studies using seeing limited or high contrast AO imaging observations (see e.g. Mugrauer et al., 2014; Mugrauer and Ginski, 2015). In order to explore the effects of the presence of stellar companions on the formation process and orbital evolution of exoplanets, a survey was initiated at the Astrophysical Institute and University Observatory Jena (described in detail by Mugrauer, 2019) to identify and characterize companions of exoplanet host stars, detected in the second data release of the European Space Agency (ESA) Gaia mission (Gaia DR2 from hereon, Gaia Collaboration et al., 2018). Furthermore, in Mugrauer and Michel (2020) a comparable investigation was carried out among potential exoplanet host stars, identified by the TESS mission (Ricker et al., 2015). The study, whose results are presented here, is the third work in the context with Mugrauer (2019). The following section gives a detailed description of this study, and the detected companions and their derived properties are presented in the third section of this paper.
2 GAIA DR2 SEARCH FOR (SUB)STELLAR COMPANIONS OF EXOPLANET HOSTS
The Gaia DR2 is based on data taken by the Gaia spacecraft in the first 22 months of its mission and contains 1.7 billion detected sources up to a limiting magnitude of G = 21 mag. For 1.3 billion sources a five parameter astrometric solution could be derived, i.e. beside their equatorial coordinates (α, δ), also the parallax π and proper motion ([image: image], [image: image]) of these sources were determined. Furthermore, for about 88 million detected objects estimates of their G-band extinction and effective temperature are listed in the Gaia DR2, determined by the Priam algorithm, which is part of the astrophysical parameters inference system (Apsis, see Bailer-Jones et al., 2013) in the Gaia data processing.
Using Gaia DR2 data Mugrauer (2019) already explored the multiplicity of all exoplanet host stars, whose exoplanets were detected either by photometric transit observations, radial-velocity (RV), or astrometric measurements, and were listed in the Extrasolar Planets Encyclopedia1 (EPE from hereon, Schneider et al., 2011) by mid of October 2018. The study, presented in this paper, complements this survey by investigating the multiplicity of the exoplanet hosts (stars but also brown dwarfs), whose planets were indirectly detected either via RV measurements or transit observations in the range of time between mid of October 2018 until end of September 2020, as well as all exoplanet hosts, known so far, with planets, which were directly detected by imaging observations. At the end of September 2020 the EPE lists about 4,350 exoplanets, and about 400 of them were detected around the hosts studied in this work.
(Sub)stellar Companions are expected to be located at the same distance to the Sun as the exoplanet hosts and form common proper motion pairs with them, in particular wide companions with projected separations of hundreds and thousands of au, i.e. the typical targets of this study. Hence, in order to clearly detect such companions and to prove the equidistance of these objects and the exoplanet hosts, in this study we have taken into account only Gaia DR2 sources with an accurate five parameter astrometric solution, i.e. which exhibit precise measurements of their parallax ([image: image]) and proper motion ([image: image]). Thereby, sources with negative parallaxes are neglected. As in the Gaia DR2 a parallax uncertainty of 0.7 mas is reached for faint sources down to [image: image] mag, the survey is furthermore constrained to exoplanet hosts, which are located within a distance of 500 pc around the Sun (i.e. [image: image] mas), to assure [image: image] even for the faintest companions, detectable in this survey. This distance constraint is slightly relaxed to [image: image] mas, i.e. taking into account also the parallax uncertainty of the hosts. By the end of September 2020, in total 289 exoplanet hosts are listed in the EPE, which fulfill this distance constraint, and hence are selected as targets for this study. The properties of all targets are summarized in Table 1 and their histograms are illustrated in Figure 1. On average, the targets are solar like stars most frequently found within 150 pc around the Sun, which exhibit proper motions in the range between about 2 and 10,400 mas/yr, and G-band magnitudes from about 3.7 to 20.8 mag. In particular, the sub-sample of direct imaging exoplanet hosts emerges as a peak in the age distribution at young ages, as all these targets are typically younger than 0.1 Gyr, in contrast to hosts of RV and transiting exoplanets, which are older than 1 Gyr in general.
TABLE 1 | The properties of all targets of this study. The corresponding histograms are shown in Figure 1.
[image: Table 1][image: Figure 1]FIGURE 1 | The histograms of the individual properties of all targets of this study.
The companion search radius, applied in this project around the selected targets, is limited to a maximal projected separation of 10,000 au, which guarantees that the majority of wide companions of the exoplanet hosts are detectable in this study, as described by Mugrauer (2019). This upper separation limit results in an angular search radius around the targets of [image: image]. Within this radius around the targets the companionship of all sources, listed in the Gaia DR2 with an accurate five parameter astrometric solution was investigated. For the verification of the equidistance of all detected sources with the associated exoplanet hosts, the difference [image: image] between their parallaxes was calculated, taking into account also the excess noise of their astrometric solutions. Common proper motion of the detected sources and the targets was checked with the precise Gaia DR2 proper motions of the exoplanet hosts [image: image] and the sources [image: image]. In addition, we have also derived for all sources the differential proper motion: [image: image], which yields the common proper motion index ([image: image]), which characterizes the degree of common proper motion of the detected sources and the exoplanet hosts.
Following the companion identification procedure ([image: image]-[image: image] and [image: image]), as defined by Mugrauer (2019) the majority of all sources ([image: image]99.88%), detected within the applied search radius around the targets, can clearly be excluded as companions, as they are either not located at the same distances as the exoplanet hosts and/or do not share a common proper motion with them. In contrast, for 61 detected objects their companionship with the targets could clearly be proven with their precise Gaia DR2 astrometry. For all these companions we have determined their relative astrometry to the exoplanet hosts (angular separation ρ, and position angle [image: image]), as well as their projected separation [image: image], derived with their angular separation and the parallax of the targets.
The absolute G-band magnitude of all companions was derived from their apparent G-band photometry, the parallax of the associated exoplanet hosts, as well as their Apsis-Priam G-band extinction estimate, all listed in the Gaia DR2. If there was no extinction estimate given for a companion, the extinction estimate of the exoplanet host was used instead or if not available, its extinction estimate, listed in the StarHorse catalog (Anders et al., 2019). In the case that no G-band extinction is available at all it was derived from V-band extinction measurements of the exoplanet hosts, listed either in the VizieR data base2 (Ochsenbein et al., 2000) or in the literature, adopting [image: image], as described by Mugrauer (2019).
The masses and effective temperatures of all detected companions were determined from their derived absolute G-band magnitudes using the evolutionary models of (sub)stellar objects from Baraffe et al. (2015), as well as the ages of the exoplanet hosts, as listed in the EPE. Thereby, we adopt the same age for the planet hosts and their companions. We determined the masses and effective temperatures of the companions via interpolation of the model grid with the age closest to that of the exoplanet hosts. For verification of the obtained results the properties of the companions derived from their G-band magnitudes were compared with those, determined from the near-infrared photometry, taken from the 2MASS Point Source catalog (Skrutskie et al., 2006), if available. For the near-infrared extinction we have used the relations: [image: image], [image: image], and [image: image], as described in Mugrauer (2019). A graphical comparison of the masses obtained from the G-band and the 2MASS photometry are shown in Figure 2. The identity is illustrated as gray dashed line in this figure. For all companions the derived masses agree well with each other, with deviations that remain below the [image: image] level (the same holds also for the temperature estimates not shown here). Objects, whose masses were determined by extrapolation from the used model grids as such as those with bad quality (quality flags all but A) or contaminated 2MASS photometry were excluded in this comparison.
[image: Figure 2]FIGURE 2 | Comparison of the mass of the detected companions, derived from their G-band and infrared 2MASS photometry.
Eventually for all companions, which were detected in this study, we have estimated their escape velocity [image: image] with their angular separation ρ and the parallax of the associated exoplanet hosts both in the unit of milli-arcsec (mas), as well as the total mass M of the system (in the unit [image: image]), i.e. the sum of the mass of the companions, derived as described above, and the mass of the associated exoplanet hosts, taken from the EPE. This estimation can be considered as an upper limit of the escape velocity as the projected separation is smaller than the physical separation of the objects.
3 DETECTED COMPANIONS OF EXOPLANET HOSTS
The Gaia astro- and photometry of all exoplanet hosts and their companions, detected in this study, are listed in Table 2. The derived properties of the companions are summarized in Table 3–5. In all tables the exoplanet host systems or the companions are sorted by their right ascension. The used identifier of the targets corresponds either to the one used in the EPE or is a slightly abbreviated version of it. In contrast to the planet definition used by the EPE, in which substellar objects below 60 [image: image] are defined as exoplanets, we follow here the planet definition based on the deuterium burning limit (as described e.g. by Basri, 2000), i.e. all substellar objects below 13 [image: image] are classified as exoplanets, while more massive objects below the substellar/stellar mass limit (at about 0.072 M⊙ for solar metallicity) as brown dwarfs, respectively. Thereby the given masses of the exoplanets, detected by radial velocity measurements, correspond to minimum-masses ([image: image]) due to the unknown orbital inclination, while masses of direct imaging planets are usually derived from their spectrophotometry with evolutionary models.
TABLE 2 | Gaia astro- and photometry of all exoplanet hosts and their companions, detected in this study.
[image: Table 2]TABLE 3 | The relative astrometry and WDS status of all detected companions.
[image: Table 3]TABLE 4 | The equatorial coordinates and derived physical properties of all detected companions.
[image: Table 4]TABLE 5 | List of all detected companions, whose differential proper motion [image: image] exceeds their estimated escape velocity [image: image].
[image: Table 5]In Table 2 for each exoplanet host and its detected co-moving companion(s) their Gaia DR2 parallax π, proper motion in right ascension and declination ([image: image] and [image: image]), astrometric excess noise (epsi) with its significance (sig-epsi), apparent G-band magnitude, as well as the used Apsis-Priam G-band extinction estimate [image: image] are listed. In the case that the G-band extinction was taken from the StarHorse catalog this is indicated with the SHC flag, or with the [image: image] flag if the G-band extinction was derived from V-band extinction measurements, either listed in the VizieR database or from the literature. In this table the exoplanet hosts are indicated with *, and known spectroscopic binary stars among them with (SB).
Table 3 lists for each detected companion its angular separation (ρ) and position angle ([image: image]) to the associated exoplanet host, which were determined with the Gaia DR2 astrometry of the objects for the (Gaia reference) epoch 2015.5. The relative astrometry of the companions exhibits an uncertainty on average of 0.3 mas in angular separation, and 0.002° in position angle, respectively. In the following columns of Table 3 we list the parallax difference ([image: image]) with its significance (in brackets calculated by taking into account also the Gaia astrometric excess noise3) between the exoplanet hosts and their detected companions, their differential proper motion [image: image] with its significance, and the cpm-index of all systems. The precise Gaia DR2 astrometry proves the equidistance (sig-[image: image], average value of [image: image]) and common proper motion ([image: image], [image: image]) of the exoplanet hosts and their companions. If these companions are not listed yet as companion (-candidates) in the Washington Double Star Catalog (WDS from hereon, Mason et al., 2001) this is indicated with the ★ flag in last column of Table 3. In the case that the companion is not listed in the WDS but was reported in literature before, additional information is given in the notes of this table.
In Table 4 beside the equatorial coordinates (α, δ both for epoch 2015.5) of all detected companions, their derived absolute G-band magnitude [image: image], projected separation [image: image] to the associated exoplanet host (relative uncertainty about 1%, on average), mass, and effective temperature [image: image] are summarized. The flags listed in the last column of this table are defined as follows:
PRI: An Apsis-Priam temperature estimate is available for the detected companion, which could be compared with the effective temperature of the companion, derived from its absolute G-band photometry using the Baraffe et al. (2015) models.
2MA: The companion is listed in the 2MASS Point Source catalog.
BPRP: The [image: image] color of the exoplanet host and of the detected companion is listed in the Gaia DR2, hence a color comparison was feasible.
EXT: Because of its brightness the companion exceeds the magnitude range of the Baraffe et al. (2015) evolutionary models. Therefore, the properties of the companion were estimated via extrapolation from the two brightest sources of the used model isochrone.
WD: The detected companion is a white dwarf.
BD: The detected companion is a brown dwarf.
Finally, in Table 5 we summarize all those detected companions, whose differential proper motion [image: image] significantly exceeds their expected escape velocity [image: image]. Companions, which are already known to be members of hierarchical triple star systems, are indicated with the flag *** in the last column of this table.
Among all 289 targets, whose multiplicity was investigated in the study, whose results are presented in this paper, 41 binary and five hierarchical triple star systems with exoplanets were identified. This yields a multiplicity rate of the targets of 16 ± 2%, very well consistent with the multiplicity rate of exoplanet host stars of 15 ± 1%, reported before by Mugrauer (2019). This is as expected, as the sensitivities of the two surveys should agree well with each other, as the brightness and mass of their targets match, and the distance of the targets from this survey is on average about 40% smaller than that of the targets from Mugrauer (2019), resulting in a reduction in the distance modulus of only about 1 mag. In total, 61 companions (48 stars and 13 brown dwarfs) could be detected in the Gaia DR2 around the targets. The detected substellar companions are all listed as exoplanets in the EPE. The cumulative distribution functions of the derived properties (projected separation, mass and effective temperature) of theses companions, are illustrated in Figures 3–5. The separation-mass diagram of the companions is shown in Figure 6. As described above, the accurate Gaia DR2 astrometry proves the equidistance and common proper motion of all detected companions with the associated exoplanet hosts, and for the majority of these companions their differential proper motion to the exoplanet hosts is slower than their estimated escape velocity, facts that are expected for gravitationally bound systems. In contrast, the differential proper motion of the companions, which are listed in Table 5, exceeds their estimated escape velocity, possibly indicating a higher degree of multiplicity4. Indeed, one of these companions (51 Eri BC) is already known to be a close binary itself. The remaining two companions and their primaries are promising targets for follow-up observations to check their multiplicity status e.g. with high contrast AO imaging observations.
[image: Figure 3]FIGURE 3 | The cumulative distribution function of the projected separation (sep) of all detected companions to the associated exoplanet hosts.
[image: Figure 4]FIGURE 4 | The cumulative distribution function of the mass of all companions, detected in this study.
[image: Figure 5]FIGURE 5 | The cumulative distribution function of the effective temperature of all detected companions.
[image: Figure 6]FIGURE 6 | The mass of all companions, detected in this study, plotted over their projected separation (sep) to the associated exoplanet hosts. The white dwarf companion HIP 38594 B, is illustrated as open circle.
All detected companions exhibit projected separations to the associated exoplanet hosts in the range between 52 and 9,555 au (average separation of about 2,310 au). The highest companion frequency is found at projected separations between about 240 and 400 au and half of all companions are located at projected separations below about 1,240 au. The closest detected companion is K2-288 A, which is separated from the exoplanet host star K2-288 B by 52 au, and it is the only companion identified in this study within a projected separation of 100 au. The masses of the companions range between 0.016 and 1.66 [image: image] (average mass of 0.36 [image: image]) and companions are found most frequently in the substellar mass regime between 0.016 up to 0.033 [image: image], while more massive companions are detected at a lower but constant frequency up to about 0.7 [image: image], and only about 10% of all the detected companions exhibit masses larger than 0.7 [image: image]. The companions exhibit effective temperatures in the range between about 1850 and 6350 K (average temperature of about 3400 K), which corresponds to spectral types of L3 to F6 (M3, on average), according to the [image: image] relation5 from (Pecaut and Mamajek, 2013).
In general the effective temperature of the detected companions, determined with their derived absolute G-band magnitude, using the evolutionary Baraffe et al. (2015) models, agree well with their Gaia DR2 Apsis-Priam temperature estimate (if available) with a characteristic deviation of about ±350 K, consistent with the typical uncertainty of the different temperature estimates, which is in the order of about 330 K. Only in the case of HIP 38594 B the temperature estimate, based on the absolute G-band photometry of the companion significantly deviates by more than 2300 K from its Apsis-Priam temperature estimate, which is also about 900 K higher than the one of the associated exoplanet host star HIP 38594 A. Furthermore, the companion appears bluer ([image: image] mag) than its primary although it is about 7 mag fainter in the G-band than the exoplanet host star. The intrinsic faintness and high temperature of HIP 38594 B clearly indicates that this companion is a white dwarf. This conclusion is consistent with the results of Subasavage et al. (2008), who have already classified the companion spectroscopically as a white dwarf, and have denote it as WD 0751-252. For this degenerated companion we adopt here a mass of about 0.6 [image: image].
In Figure 7 the G-band magnitude difference of all detected companions to the associated exoplanet hosts is plotted vs. their angular separation. For comparison we show as dashed line in this figure the estimate of the Gaia detection limit, reported by Mugrauer (2019) which was further constrained by Mugrauer and Michel (2020). Companions of exoplanet hosts brighter than 12.8 mag are plotted as open circles those of hosts, which are fainter than that magnitude limit, as filled black circles, respectively. A magnitude difference of about 5 mag is reached at an angular separation of about two arcsec, consistent with the estimate of the Gaia detection limit, determined by Mugrauer (2019). Only two companions significantly exceed the limit estimate, namely K2-288 A at an angular separation of about 0.8 arcsec with [image: image] mag and HIP 77900 B, at 22.3 arcsec with [image: image] mag. While K2-288 A is a companion of a target fainter than [image: image] mag for which Gaia reaches a higher sensitivity at angular separations slightly below one arcsec (up to 3 mag, as described by Mugrauer and Michel, 2020) the detection of HIP 77900 B indicates that the given limit estimate might be too conservative at angular separations beyond about 20 arcsec.
[image: Figure 7]FIGURE 7 | The G-band magnitude difference of all detected companions, plotted over their angular separation to the associated exoplanet hosts.
4 SUMMARY AND OUTLOOK
The study, presented here, is a continuation of a survey, which was initiated at the Astrophysical Institute and University Observatory Jena, to investigate the multiplicity status of exoplanet hosts and to characterize the properties of their detected (sub)stellar companions, using accurate Gaia astro- and photometry. In this paper the multiplicity of 289 exoplanet hosts was explored and (sub)stellar companions were detected around 60 targets. The companionship of these objects with the exoplanet hosts could be proven with their accurate Gaia DR2 astrometry (equidistance, common proper motion, and differential proper motion smaller than the expected escape velocity). The mass and effective temperature of all companions were determined with their derived absolute G-band photometry and the Baraffe et al. (2015) evolutionary models of (sub)stellar objects. In total, 61 companions (beside 48 stellar companions, among them the white dwarf HIP 38594 B, also 13 brown dwarfs) were detected in this project, and 14 of these objects are neither listed in the WDS as companion (-candidate)s of the targets nor were described in the literature before. A total of 41 binary and five triple star systems with exoplanets, were identified in this study, yielding a multiplicity rate of the targets of about 16%, which is very well consistent with the multiplicity rate of exoplanet host stars, reported by Mugrauer (2019). Following the standard procedure of our survey, all detected companions and their derived properties will be made available online in the VizieR database. The survey, whose latest results are presented here, is an ongoing project as more and more exoplanet hosts are detected by different planet detection methods, whose multiplicity status needs to be investigated. Furthermore, there are sources, listed in the Gaia DR2, within the applied search radius around the targets, which still lack a five parameter astrometric solution. Hence, further companions of the exoplanet hosts, investigated here, should exist, whose companionship can be proven with accurate astrometric measurements, provided by future data releases of the ESA-Gaia mission, e.g. the Gaia EDR3, planed to be published end of 2020.
The results of this survey, which is mainly sensitive for wide companions of exoplanet hosts, combined with those of our currently ongoing large high contrast imaging surveys (sensitive for close companions), carried out with SPHERE/VLT and AstraLux/CAHA (first results are already published e.g. by Ginski et al., 2020) will yield a complete characterization of the multiplicity status of the observed targets. This will eventually allow to draw conclutions on the impact of the stellar multiplicity on the formation process of planets and the evolution of their orbits.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://vizier.u-strasbg.fr/viz-bin/VizieR-3?-source=I/345/gaia2&-out.max=50&-out.form=HTML%20Table&-out.add=_r&-out.add=_RAJ,_DEJ&-sort=_r&-oc.form=sexa.
AUTHOR CONTRIBUTIONS
K-UM and MM have worked together on the data analysis and its publication.
ACKNOWLEDGMENTS
We thank the two anonymous referees for their helpful and constructive comments on the manuscript. We made use of data from: (1) the Simbad and VizieR databases, both operated at CDS in Strasbourg, France. (2) the European Space Agency (ESA) mission Gaia (https://www.cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding for the DPAC has been provided by national institutions, in particular the institutions participating in the Gaia Multilateral Agreement. (3) the Two Micron All Sky Survey, which is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science Foundation.
FOOTNOTES
1Online available at: http://exoplanet.eu/
2Online available at: https://vizier.u-strasbg.fr/
3The astrometric excess noise is conservatively considered here as additional parallax uncertainty of the source.
4Additional close companions either of the exoplanet hosts or of the companions force these objects on close orbits with high orbital velocities around a common barycenter that could induce the observed high differential velocities.
5Online available at: http://www.pas.rochester.edu/∼emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt
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In the past decade, space-based transit surveys have delivered thousands of potential planet-hosting systems. Each of these needs to be vetted and characterized using follow-up high-resolution imaging. We perform comprehensive imaging surveys of the candidate exoplanets detected by the Kepler and TESS missions using the fully autonomous Robo-AO system and the largely autonomous SOAR speckle imaging system. The surveys yielded hundreds of previously unknown close binary systems hosting exoplanets and resulted in verification of hundreds of exoplanet systems. Evidence of the interaction between binary stars and planetary systems was also detected, including a deep deficit of planets in close binary systems.
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1 INTRODUCTION
Over the past decade, the Kepler telescope (Borucki et al., 2010) and its follow-up mission, the Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2014), have detected the majority of known exoplanets. Each satellite consists of high-precision photometers, able to measure the brightness of thousands of stars simultaneously. A planet passing in front of one of these stars as seen from Earth, a transit, will result in a slight dip in brightness (the size of the dip being related to relative sizes of the planet and star). Periodic dimming of a star is therefore potential evidence of an orbiting exoplanet.
The addition of a second star in the system, so that the light from both is blended together, results in a shallower brightness dip during transit. The size of the planet, which is estimated based on the depth of the brightness dip, is biased small when the light from a second object is included. The nearby star may actually be an eclipsing binary system. When blended with the brighter target star, the large dips from the eclipsing stars may result in a planet-like signal. Both the Kepler and TESS missions were blind to wide binary stars, which were not removed from either Kepler (Brown et al., 2011) or TESS (Stassun et al., 2019) input catalogs. The majority of close binary stars (those within an arcsecond of separation) are not known in advance due to the typically low-resolution of seeing-limited observations and the resolution limit of Gaia DR2 (Ziegler et al., 2018b).
Resolving close binary systems requires high-resolution imaging from the ground. Conventional systems, such as laser GuideStar adaptive optics (LGS-AO) instruments, require long overheads before observations can begin, typically on the order of 15–20 min [e.g., Keck-AO (Wizinowich et al., 2006)], and are generally only available on large telescopes (apertures greater than 8 m). With thousands of targets requiring such observations, approximately a hundred dedicated nights would be required to complete a comprehensive survey. Practically, this is outside the allocated time that will be provided for this purpose. In the first few years of the Kepler mission, the follow-up campaign proceeded with a patchwork of smaller surveys performed on different telescopes observing in both visible and infrared bands (Howell et al., 2011; Adams et al., 2012; Adams et al., 2013; Horch et al., 2012; Lillo-Box et al., 2012; Dressing et al., 2014; Horch et al., 2014; Lillo-Box et al., 2014; Marcy et al., 2014). These disparate sources of data limited the broad statistical studies that could be performed to understand how planets form and evolve in tight binary systems.
A high-resolution instrument which also has high observing efficiency is therefore required to perform such a large survey. Through full automation, Robo-AO achieves observing time efficiencies that are an order-of-magnitude greater than those of conventional high-resolution instruments. Between 2012 and 2016, Robo-AO was used by our team to observe every Kepler Object of Interest (KOI) system (Law et al., 2014; Baranec et al., 2016; Ziegler et al., 2017; Ziegler et al., 2018a; Ziegler et al., 2018c). These observations were typically sensitive to nearby stars as close as the diffraction limit of the telescope (approximately 0.15ʺ) and to stars up to six magnitudes fainter than the target star. Within this survey, nearly 95% of Kepler planetary candidates host stars (3,857 KOIs in total) were observed, and 620 stars with separations less than a few arcseconds were detected.
Beginning in late 2018 and continuing to present, the Southern Astrophysical Research telescope (SOAR) has performed speckle observations of TESS planet candidates. Speckle imaging on SOAR typically reaches the diffraction limit on bright targets [image: image], including most TESS targets (TESS Objects of Interest, or TOIs), and the observation sequence is optimized to be capable of up to 300 observations a night (Tokovinin, 2018). The first results from this survey, covering 542 TESS targets with 117 detected companions, was recently published in Ziegler et al., (2020). Additional 357 TESS targets observed by SOAR will be presented in an upcoming work.
This article provides a summary of the surveys and their results. We describe in detail the observations from each instrument in Section 2 and summarize the results of the surveys in Section 3. We conclude in Section 4.
2 OBSERVATIONS
2.1 Robo-AO
The objective of the Robo-AO Kepler survey was to take image in high-resolution of every candidate planet host star detected by the Kepler telescope. We therefore targeted every KOI from the available data releases (culminating with the Kepler DR25 catalog based on Q1-Q17 data) (Borucki et al., 2010; Borucki et al., 2011a; Borucki et al., 2011b; Batalha et al., 2013; Burke et al., 2014; Rowe et al., 2014; Coughlin et al., 2016; Mathur et al., 2017). We removed KOIs that were flagged as false positives using Kepler data at the time of the observation runs.
The properties of targeted KOIs in the Robo-AO survey are presented in Figure 1. The distributions in magnitude, planetary radius, planetary orbital period, and stellar temperature of the observed stars are similar to the full set of KOIs from Q1 to Q17 that have CANDIDATE dispositions based on only Kepler data. This is a result of the comprehensive nature of this survey. An example of the Robo-AO images within this survey is presented in Figure 2.
[image: Figure 1]FIGURE 1 | The properties of KOIs observed in the Robo-AO survey are compared to the full set of KOIs from Q1–Q17 (Borucki et al., 2010; Borucki et al., 2011a; Borucki et al., 2011b; Batalha et al., 2013; Burke et al., 2014; Rowe et al., 2014; Coughlin et al., 2016; Mathur et al., 2017).
[image: Figure 2]FIGURE 2 | Robo-AO centered cutout images of Kepler planetary candidate host stars. Systems with discovered nearby stars are highlighted. Shown are ∼10% of the targets from the Robo-AO survey of KOIs, the largest adaptive optics survey of exoplanet hosts yet performed. Results from this survey have been used to validate over a thousand planets.
The Robo-AO instrument was mounted on telescopes at Palomar and Kitt Peak during the course of this survey (Baranec et al., 2014b; Baranec et al., 2017; Jensen-Clem et al., 2018). To correct high-order wavefront aberrations introduced by atmospheric turbulence, the adaptive optics system of Robo-AO runs at a loop rate of 1.2 kHz. The delivered performance of the system (median Strehl ratios of 9% and 4% in the [image: image]-band at Palomar and Kitt Peak) allowed identification of companion stars down to the diffraction limit of the telescope. A long-pass filter that cuts on at 600 nm (LP600) was used for observations of the KOI targets. This filter is a good approximation of the Kepler bandpass at redder wavelengths, while also reducing the blue wavelengths that reduce the performance of the adaptive optics correction. A comparison of the LP600 passband to the Kepler passband is presented in Figure 1 of Law et al., (2014). The majority of the survey (3,313 KOIs) was performed with Robo-AO mounted on the Palomar 1.5 m telescope between 2012, July 16 and 2015, June 12 (UT). An additional 532 KOIs were observed with Robo-AO mounted on the Kitt Peak 2.1 m telescope between 2016, June 8 and 2016, July 15 (UT).
The Robo-AO system achieves a typical FWHM resolution of 0.15ʺ (at the diffraction limit). An electron-multiplying CCD (EMCCD) is used to record the images. This camera allows short frame rates, useful for software corrections for tip and tilt using a faint [image: image] natural guide star in the field of view. In Table 1 we summarize the specifications for the Robo-AO KOI survey.
TABLE 1 | The specifications of the Robo-AO KOI survey.
[image: Table 1]A currently in-development Robo-AO 2 system (Baranec et al., 2014a) mounted on the UH-88 in telescope on Maunakea will be used in the future to take image in high-resolution of Northern TESS planet candidate hosts.
2.2 SOAR Speckle Imaging
We are observing TESS planet candidate hosts with the high-resolution camera (HRCam) imager on the 4.1 m SOAR telescope. TESS targets have been observed during 13 separate runs in 2018–2020. Over the course of these observations, 95% (707) of the 742 bright [image: image] candidate planet host stars from the two-year primary TESS mission that are observable from the South [image: image] have been observed in high-resolution in the SOAR TESS survey. Observations of planet candidates from the extended TESS mission are ongoing. The properties of the targeted stars are plotted in Figure 3 and the survey specifications are listed in Table 2.
[image: Figure 3]FIGURE 3 | The properties of the 653 TESS planet candidate hosts observed in the SOAR TESS survey from Ziegler et al., (2020) and in preparation (this work). A cumulative density function for each property is overplotted in black. Targets identified as known or likely false positives, 196 in total, have been removed.
TABLE 2 | The specifications of the SOAR speckle TESS survey.
[image: Table 2]The observation procedure and data reduction are described in detail in Tokovinin (2018) and in Ziegler et al. (2020). In summary, an 11 s burst of 400 images is taken with an Andor iXon-888 camera. Each image consists of 200 × 200 binned pixels that are centered on the target star. The images subtend an angular region on the sky that is 6.3″ on a side, giving a plate scale of 0.01575″/pixel. A custom IDL script reduces the resulting datacube. A power spectrum is computed, and, if the target star is a binary, characteristic fringes are apparent. Modeling the power spectrum provides the separation, magnitude difference, and position angle of the companion. The Fourier transform of the power spectrum is the speckle autocorrelation function (ACF). Secondary stars will appear as mirrored peaks in the ACF, appearing at the separation and position angle of the companion. The frames in the datacube are shift-and-added, centering each on the brightest pixel, to determine the true position of the companion and remove the 180-degree ambiguity. Examples of typical speckle data are available in Figure 4 in Tokovinin (2018). The observations in the SOAR TESS survey were taken in I-band. This bandpass (λcen = 824 nm, Δλ = 170 nm) is similar to the bandpass used by TESS.
[image: Figure 4]FIGURE 4 | The binary fraction for two planetary populations (giant and small) is shown as a function of orbital period, with [image: image] uncertainty regions shaded. The top panel is the original sample, with each subsequent panel removing systems, as described in the text, to clean the sample. In each panel, the number of systems used is shown in parentheses.
3 IMPACT OF BINARY STARS ON PLANETARY SYSTEMS
3.1 Binary Fractions
Within the Robo-AO Kepler survey, we found 610 stars within 4″ of 559 planetary candidate hosts (out of an observed total of 3,857 KOIs). This implies a nearby star fraction rate with the detection sensitivity of Robo-AO (separations between ∼0.15″ and 4.0″ and typically [image: image]) of 14.5 ± 0.6%. A triple star fraction (two additional stars within 4.0” of the target) of 1.2 ± 0.2% and a quadruple star fraction of [image: image] were also detected.
Simulations using simulated galactic star fields and observational evidence suggest that most nearby stars at separations [image: image] are likely bound (Horch et al., 2014; Ziegler et al., 2018c). We find that 5.3 ± 0.3% of KOIs have another star within 1.5″ and 10.7 ± 0.5% within 3″.
The SOAR TESS survey finds companion rates to transiting exoplanet candidate hosts within 1.5″ and 3″ of 16.2 ± 1.7% and 23.2 ± 2.0% within 1.5″ and 3″, respectively.
The TESS nearby star rates are significantly higher than the Kepler rates. If we assume a physical separation distribution for binaries around exoplanet hosts as we find for field stars (Raghavan et al., 2010) which peaks at 50 AU, many more real binaries would be resolvable around TESS planet hosts (average distance of ∼200 pc) compared to Kepler planet hosts (average distance of ∼500 pc). The TESS system is also generally brighter (by ∼3 mags on average), making fainter companions more readily detectable.
3.2 Radius Corrections
The additional flux from a stellar companion will reduce the transit depth in a photometric light curves. This dilution will result in an underestimated planetary radius. In general, it is not known which of the two stars hosts the planet in an S-type configuration (i.e., a planet in a binary system that orbits only one of the stars) (Horch et al., 2014). Gaidos et al., (2016) provide some evidence, however, that typically the primary (brightest) star is more likely to be the planet host. We therefore estimated correction factors for radius estimates for either host scenario. The detailed description of how the radii of planet candidates are corrected for the presence of a previously unknown stellar companion is provided in Ziegler et al., (2018c).
We find, for the Kepler planets, that, if we assume that all the planets orbit around the primary stars, the planetary radii increase by a factor of 1.08 on average. This factor is relatively small, as generally the companions are much fainter than the primary stars and thus the dilution of the transit is small. We found a similar correction factor for TESS planets of 1.11. Instead, if we assume all planets orbit around the secondary stars (and assuming these are not line-of-sight asterisms, but gravitationally bound to the primary), the radii of the TESS planets will increase, on average, by a factor of 2.55, slightly less than 3.29 found for Kepler planets. If we instead assume that the planet candidates are equally likely to be hosted by the primary or secondary star, we find average radius correction factors for Kepler planets of 2.18 and for TESS planets of 1.82.
Unassociated background or foreground stars are typically found at larger separations from the primary star. If we limit our sample to just TESS systems with separations less than 1ʺ (to increase the fraction of gravitationally bound companions), we find, using the assumptions of all primary star hosts, all secondary star hosts, and equal mix of primary and secondary star hosts, correction factors of 1.14, 1.90, and 1.55, respectively. The final figure agrees with the correction factor from the Robo-AO survey of Kepler planets of 1.54, as well as from two independent studies of 1.6 (Ciardi et al., 2015) and 1.64 (Hirsch et al., 2017).
In summary, it is clear that the presence of a previously unknown stellar companion has a significant effect on our understanding of any possible planets within the system (increasing their radii by ∼60% on average). The composition of smaller planets, in particular, is highly dependent on their estimated radius, particularly if they fall below or above the radius gap at approximately 1.6–1.9 Earth radii (Rogers, 2015; Fulton et al., 2017; Van Eylen et al., 2018) between rocky planets (super-Earths) and those with large gaseous envelopes (sub-Neptunes).
3.3 Giant Planet Migration
It is expected from theoretical planet formation models that the gravitational influence of a stellar companion may drive planets that form at large separations inward, into short-period orbits (Fabrycky and Tremaine, 2007; Katz et al., 2011; Naoz et al., 2012). Smaller planets may be ejected by migrating larger planets in this scenario, resulting in a high fraction of short period giant planets in systems with stellar companions (Xie et al., 2014).
We searched for evidence of these effects using a cleaned sample of binary targets from the Robo-AO Kepler survey, removing known or suspected false positives (Morton and Johnson, 2011; Fressin et al., 2013) and only using likely bound systems as determined by photometric distance estimates Ziegler et al. (2018a).
We find that, after successive cuts to improve the sample (see Figure 4), short-period (1–3 days) giant and small planets have a binarity rate of [image: image] and [image: image], respectively. This is a [image: image] discrepancy between giant and small planets.1 A significant difference in the binarity rate of the two populations is not found at any other orbital period range.
Ngo et al., (2015) found a similar result in an NIR survey of hot Jupiter hosts, which were twice as likely to have stellar companions as compared to field stars at a [image: image] significance. The binary fraction found in their survey was significantly higher (51%), likely a result of differences in observational methods and sensitivity (e.g., increased sensitivity in the infrared to M-dwarf companions). The binary fraction for hot Jupiter hosts in the Robo-AO survey is in agreement with the 12% rate found by Roell et al., (2012), who used seeing-limited observations to detect close companions.
3.4 Close Binary Suppression of Planets
A close stellar companion can significantly reduce the probability that planets can form and survive around a star. Yet, we still find planets in close binary systems. We use the data from the SOAR TESS survey to understand how binary stars interact with planetary systems.
Kraus et al., (2016) found that few Kepler host stars are in solar system scale binary systems (separations within 50 AU), implying that planets are significantly less likely to form in these systems. The TESS planets take generally larger and shorter periods than the Kepler planets, due to the reduced photometric precision of TESS and survey strategy. Unlike Kepler, however, the TESS planets are spread across the sky, not in a limited region, and allow us to sample a more diverse set of the Galactic stellar population.
Similar to Kraus et al., (2016), we use the field binary statistics of Raghavan et al., (2010) to compare the planet candidate hosting planets. Any differences between the two samples may be a result of planet formation suppression. For this analysis, we first cull the sample of 875 observed TOIs using several parameters (non-Solar type stars, false positives, and high contrast systems) to a final sample consisting of 484 stars. We supplement the SOAR observations with common proper motion pairs found in Gaia DR2 (Gaia Collaboration et al., 2018).
A histogram of the observed distribution of binaries based on projected separation compared to the simulated survey of field stars is shown in Figure 5. A deep deficit of observed exoplanet candidate systems with close binaries is apparent, indicating that these systems are treacherous for planet formation and evolution. A simple two-parameter suppression model, a step function reduction in binaries by [image: image] at [image: image] AU physical separation, fits the observed distribution.
[image: Figure 5]FIGURE 5 | In red and green, the number of observed companions from SOAR and in Gaia DR2 for solar-type TESS planet candidate hosts in logarithmic bins of projected separation of 0.25 dex width. Companions found by both SOAR and Gaia are included in the SOAR sample. In black is the expected distribution from a multiplicity study of field stars (Raghavan et al., 2010), combining both field binaries that would be detected by SOAR and Gaia. The expected binaries from SOAR and Gaia, individually, are also plotted. These distributions take into account the detection sensitivity of both SOAR and Gaia. The observed distribution shows a clear paucity of TESS planet candidate host binaries at projected separations less than ∼40 AU compared to the field stars and are consistent with field expectations at wider separations.
The exact mechanism that suppresses the survival of planets in these systems is unclear, but several theories have been put forth. Quintana et al., (2007) suggest that stellar companions may stir planetesimals, increasing their velocity and reducing their density in the protoplanetary disc. Naoz et al., (2012) suggest that binary stars perturb planetary orbits, resulting in tidal migration that can lead to planetary ejection. Jang-Condell et al., (2008) and Kraus et al., (2012) find evidence that stellar companions reduce the material in, and lifetime of, protoplanetary discs. Lastly, Alexander (2012) suggests that the additional radiation from the companion increases photoevaporation in the disc, stripping gaseous planets of their atmospheres. Why can some systems survive while others are destroyed? More observations of these systems (to determine association between the two stars, identify the planet host, and map out physical rather than the snapshot projected separation) and the detection of more systems, particularly close binary systems that do host planets, will likely bring more insight. These systems are relatively rare and serve as the most stringent tests for theoretical formation models.
4 CONCLUSION
The Kepler and TESS missions provided the community the significant challenge of needing thousands of high-resolution images to confirm and characterize exoplanet systems. Robo-AO and SOAR speckle imaging are uniquely suited to perform those observations in a comprehensive and uniform manner. Over four years, Robo-AO imaged nearly all of the Kepler planet candidates. This corrected the planetary radius estimates for over 600 systems and led to the verification of over a thousand planets (Morton et al., 2016). The TESS survey is observing every TESS planet candidate visible from the South. Currently over 800 targets have been observed, with over 200 having nearby companions, and the speckle observations have contributed to the confirmation of over 40 planets [e.g.,Espinoza et al., (2019); Jones et al. (2019); Quinn et al., (2019); Rodriguez et al., (2019); Vanderburg et al., (2019)]. This has resulted in the best evidence yet that close, Solar System scale binary systems suppress planet formation. The TESS survey is ongoing with targets from the extended mission being observed.
Data from the Robo-AO survey of Kepler planet candidate host stars are available at the survey website2. Data from the SOAR telescope observations of TESS planet candidate host stars are available on the Exoplanet Follow-up Observation Program website3.
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Determining habitable zones in binary star systems can be a challenging task due to the combination of perturbed planetary orbits and varying stellar irradiation conditions. The concept of “dynamically informed habitable zones” allows us, nevertheless, to make predictions on where to look for habitable worlds in such complex environments. Dynamically informed habitable zones have been used in the past to investigate the habitability of circumstellar planets in binary systems and Earth-like analogs in systems with giant planets. Here, we extend the concept to potentially habitable worlds on circumbinary orbits. We show that habitable zone borders can be found analytically even when another giant planet is present in the system. By applying this methodology to Kepler-16, Kepler-34, Kepler-35, Kepler-38, Kepler-64, Kepler-413, Kepler-453, Kepler-1647, and Kepler-1661 we demonstrate that the presence of the known giant planets in the majority of those systems does not preclude the existence of potentially habitable worlds. Among the investigated systems Kepler-35, Kepler-38, and Kepler-64 currently seem to offer the most benign environment. In contrast, Kepler-16 and Kepler-1647 are unlikely to host habitable worlds.

Keywords: planet-star interactions, celestial mechanics, astrobiology, circumbinary planets, habitable planets, methods: analytical


1. INTRODUCTION

Over the past three decades exoplanet researchers have discovered more than four thousands planets outside our Solar System1. Improvements in detection techniques have now reached a point where finding planets of similar size to our Earth has become a reality. Four of the planets in the Trappist-1 system (Gillon et al., 2016) or TOI-700d (Gilbert et al., 2020; Rodriguez et al., 2020) are prime examples. Several planets in those systems orbit their host star inside the habitable zone. The habitable zone is the region where a terrestrial planet on a circular orbit about its host star can support liquid water on its surface (Kasting et al., 1993). A number of planets have been found to reside in binary stars systems, some of which even orbit both stars (e.g., Doyle et al., 2011; Welsh et al., 2012; Kostov et al., 2014). We refer to the latter as circumbinary planets. Unresolved questions regarding the formation and dynamical evolution of such systems (Marzari and Thebault, 2019) have motivated a number of studies in recent years, particularly on whether or not such systems could host potentially habitable worlds (Haghighipour and Kaltenegger, 2013; Kane and Hinkel, 2013; Cuntz, 2014, 2015; Forgan, 2014; Jaime et al., 2014; Cukier et al., 2019; Shevchenko et al., 2019; Yadavalli et al., 2020). Some of the challenges in assessing habitability in binary star systems arises from the fact that one has to account for two sources of radiation, possibly of different spectral type. Moreover, the distance of the planet to each star keep changing over time in a non-trivial manner due to gravitational interactions between the planet and the two stars.

The introduction of “dynamically informed habitable zones" allowed Eggl et al. (2012) to study the prospects for habitability of planets orbiting a single star in a binary star system. Dynamically informed habitable zones for systems with a potentially habitable world on a circumbinary orbit were developed in Eggl (2018) and Eggl et al. (2020). In this work, we improve on previous analytic estimates for circumbinary dynamically informed habitable zones and extend the concept to systems that are known to host an additional giant planet. Here we refer to giant planets as bodies with masses ranging from Neptune mass up to a few Jupiter masses.

The structure of this paper is as follows: in the next section we explain the general principles behind dynamically informed habitable zones and construct the required tools to extend the concept to include a giant planet in the system. In section 3 we investigate the potential of binary star systems with known circumbinary planets observed during the Kepler mission (e.g., Doyle et al., 2011; Welsh et al., 2012; Kostov et al., 2014) to host additional potentially habitable worlds. Finally, in section 4 we summarize and discuss the work presented here.



2. DYNAMICALLY INFORMED HABITABLE ZONES

The nearly circular orbit of the Earth around the Sun ensures that the planet receives an almost constant amount of radiation on a permanent basis. That assumption falters for a circumbinary planet, however. The second star provides an additional source of radiation, and more importantly, it is also a source of gravitational perturbations for the planetary orbit. Even if a planet is on an initially circular orbit around the binary, the orbit will become elliptic over time (see e.g., Georgakarakos, 2009; Georgakarakos and Eggl, 2015). As a consequence, the planet experiences time dependent irradiation. Depending on how effectively the climate on the planet can buffer changes in incoming radiation its response to radiative forcing can differ widely (see e.g., Popp and Eggl, 2017; Way and Georgakarakos, 2017; Haqq-Misra et al., 2019; Wolf et al., 2020). In order to capture the various responses defined by a planet's climate inertia, we make use of so-called “dynamically informed habitable zones” (DIHZs) (see e.g., Georgakarakos et al., 2018). DIHZs not only take the orbital evolution of the planet around the binary into account, but they can even trace habitable zone limits for different climate inertia values a planet may have. Climate inertia is defined as the time it takes climate parameters, such as the mean surface temperature, to react to radiative forcing. The faster the mean surface temperature changes, the lower the climate inertia of a planet is.

In order to account for the effect of climate inertia, we follow the general methodology as outlined in (Eggl et al., 2012) and (Georgakarakos et al., 2018) and introduce three different DIHZs: the permanently habitable zone (PHZ), the averaged habitable zone (AHZ), and the extended habitable zone (EHZ). The PHZ is the most conservative region. For a planet to reside in the PHZ means that it stays continuously within habitable insolation limits in spite of orbit-induced variability. In other words, the PHZ is the region where a planet with essentially zero climate inertia could remain habitable on stellar evolution timescales. On the other end of the spectrum is the averaged habitable zone, where a planet is assumed to buffer all variations in irradiation and remains habitable as long as the insolation average stays within habitable limits. This scenario corresponds to a planet with a very high climate inertia.

The extended habitable zone lies between the above extremes by assuming that the planetary climate has limited buffering capabilities. The EHZ is defined as the region where the planet stays on average plus minus one standard deviation within habitable insolation limits. In order to calculate DIHZ borders for circumbinary systems, we need to understand (a) whether or not a configuration is dynamical stable, (b) how the orbital evolution of the system affects the amount of radiation the planet receives, and (c) how the combined quantity and spectral distribution of the star light influences the climate of a potentially habitable world.


2.1. Dynamical Stability

Dynamical stability is a necessary condition for habitability of a circumbinary planet. If a planet is ejected from a system, water that may be present on its surface will ultimately freeze. There are a number of ways to predict whether or not a potentially habitable world is on a stable orbit (e.g., see Georgakarakos, 2008). In this work, we make use of the empirical condition developed in Holman and Wiegert (1999) which provides critical semi-major axis values below which planetary orbits around binary stars become unstable. The critical semi-major axis in a circumbinary system depends on the eccentricity, semi-major axis, and mass ratio of the binary as can be seen from the following equation:

[image: image]

where ab is the semi-major axis of the binary, eb is the eccentricity of the binary and μ = m2/(m1 + m2); m1 and m2 are the masses of the two stars (m1 > m2 without loss of generality). A value of planetary semi-major axis below ac indicates that the planet will escape from the system or collide with one of the stars.

Once we confirm that a potentially habitable planet is on a stable orbit, we can proceed to investigate how much radiation it receives from the two stars. The latter depends on the orbit of the planet which evolves over time. By modeling the evolution of the stellar and planetary orbits we can estimate the actual amount and spectral composition of the radiation the planet receives. To this end we make use of an analytic orbit propagation technique for circumbinary planets developed in Georgakarakos and Eggl (2015).



2.2. The Classical Habitable Zone

For systems consisting of a star and a terrestrial planet on a fixed circular orbit, the limits of the classical habitable zone (CHZ) read

[image: image]

where r is the distance of the planet to its host star in astronomical units, L is the host star's luminosity in solar luminosities, and SI and SO are effective insolation values or “spectral weights" (Kasting et al., 1993). The latter correspond to the number of solar constants that trigger a runaway greenhouse process (subscript I) evaporating surface oceans, or a snowball state (subscript O) freezing oceans on a global scale. Spectral weights are functions of the effective temperature of the host star and, therefore, they take the specific wavelength distribution of a star's light into account. They can be calculated by the expressions below which can be found in Kopparapu et al. (2014):
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Tc = Teff/1K − 5780, with Teff being the effective temperature of the star, while the value of 5780 used in the above fit formulae corresponds to the effective temperature T⊙ of the Sun. The coefficients in Equations (3) and (4) refer to a planet of one Earth mass but similar functions are available for different terrestrial planet masses. In case stellar luminosities have not been observed directly, one can use stellar radii R* and effective temperatures Teff instead:

[image: image]

where R⊙ is the radius of the Sun.



2.3. The Permanently Habitable Zone

We will now use the above concepts to determine the permanently habitable zone. In order to find the borders of the region wherein the planet stays always within habitable insolation limits, i.e., the PHZ, we need to find the effective insolation extrema a circumbinary planet is likely to encounter. In hierarchical systems of two stars and a circumbinary planet, the planetary semi-major axis remains practically constant over time. In addition, if a system is coplanar, the time evolution of the eccentricity vectors determines the geometric configuration at any given moment. Assuming furthermore that the gravitational effect of the planet on the stellar binary is negligible, maximum and minimum insolation configurations are determined through the maximum planetary eccentricity [image: image]. We use the expressions derived in Georgakarakos and Eggl (2015) that allow us to calculate [image: image] as a function of initial conditions and system parameters. The apocenter and pericenter distance between the planet and the barycenter of the binary star can in turn be expressed through the maximum eccentricity as well as the semi-major axis of the planetary orbit ap, i.e., [image: image] and [image: image]. Figure 1 is a schematic representation of our system, meant to help the reader visualize configurations that lead to insolation extrema. The planet receives maximum insolation when it is at pericenter with respect to the binary barycenter and closer to the brighter star, i.e., when the angle ϕ between the line that connects the stars and the line that connects the planet to the binary barycenter is ϕ = 0°. Thus, the three bodies are aligned and the mathematical expression that determines the inner edge of the PHZ is

[image: image]

where Qb= ab(1+eb). Note that we have normalized the stellar luminosities with their respective spectral weights in order to account for the effect of each star's individual spectral energy distribution on the planetary climate. The minimum insolation configuration is not as straight forward to determine. If one star is substantially more massive and luminous than the other a minimum can be reached when the brighter star is farthest from the planet and the planet is at apocenter with respect to the barycenter of the binary star. This is the case when ϕ = 180° which corresponds to the following condition for the outer edge of the PHZ

[image: image]

If we have two stars of equal mass, then the minimum radiation configuration is reached when ϕ = 90°. Hence, the minimum insolation condition in this case is

[image: image]

When the mass ratio of the binary is close to–but not exactly–equal to one (with m1 > m2) and the planet is located at a suitable distance, the minimum insolation geometry occurs between ϕ = 90° and ϕ = 180°. Figure 2 illustrates this behavior for a variety of binary mass ratios. We note, however that the difference in insolation received by the planet between said configurations is small (~10%). We limit our approach to comparing the perpendicular and straight line configurations and use the one that provides the smallest value. Consequently the minimum insolation condition for the outer border of the PHZ reads

[image: image]

One can find the numeric values for the borders of the PHZ by solving Equations (5) through (8) for ap.


[image: Figure 1]
FIGURE 1. A schematic representation of possible binary star - planet geometries representing irradiation minima: (A–C) and maxima (D) for various mass ratios of the binary star (m2/m1). A standard mass-luminosity relation for main sequence stars is assumed. The more massive star is m1, the less massive star is m2, and the planet is represented by mp.



[image: Figure 2]
FIGURE 2. Angle ϕmin for the minimum planetary insolation configuration against the mass of the secondary star m2 for various masses of the primary star m1. We assume a planet on a circular orbit at a distance of 2.37au from the binary barycenter, while the binary stars are evolved on a circular orbit with a semi-major axis of 1au.


We would like to point out here that for all the above insolation extrema configurations we have assumed that the stars are point masses. In reality, however, the stars have finite sizes. Depending on the distance between the two stars and on the distance between the planet and the binary, it is possible that when the three bodies are aligned the planet may receive reduced insolation due to the eclipsed star. In such a scenario, the minimum insolation configuration (Figure 1C) will still be valid. On the other hand, the maximum insolation configuration (Figure 1D) would provide a smaller insolation value. Wolf et al. (2020) have shown, however, that eclipses have little effect on the overall stability of the climate. But even if the insolation change is considerable, as soon as the three bodies get out of alignment, the planet will then receive near maximum insolation. Hence, Equation (5) constitutes a reasonable approximation for our purposes.



2.4. The Averaged Habitable Zone

The averaged habitable zone is the region around a binary star where a planet remains habitable inspite of variations in irradiation. That is, as long as the insolation average is compatible with habitable limits a planet with a high climate inertia can remain potentially habitable. The averaged over time radiation that a planet receives when orbiting a single star is

[image: image]

where L is the stellar luminosity, P the period of the planetary motion, np is the mean motion of the planet, fp is its true anomaly, and rp the distance between the source of radiation and the planet; we made use of the well-known relation [image: image]. We can now extend this simple relation to circumbinary orbits. Assuming that the distance between the two stars is small compared to the distance between the planet and the binary star barycenter, i.e., the orbital period of the binary pair is much smaller than that of the planet, we can approximate the average over time insolation around the binary by placing the two stars at their barycenter and make use of Equation (9). In other words we approximate the three body system as a two-body problem with a central “hybrid star” that has the combined mass, luminosity, and spectral energy distribution of the stellar binary. This leads to
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where [image: image] is the averaged square planetary eccentricity over time and initial angles as given in Georgakarakos and Eggl (2015). Under those assumptions the borders of the AHZ are defined through the following inequalities

[image: image]

and

[image: image]

Note that [image: image] generally depends on ap in a non-trivial way. The full expression for [image: image] along with the expression for [image: image] is provided in the Appendix. Once more, solving Equations (11) and (12) for ap yields the numeric values for the borders of the AHZ.



2.5. The Extended Habitable Zone

The definition of the extended habitable zone in section 2 translates into the following equations:

[image: image]

The standard deviation σ can be found via the insolation variance

[image: image]

We already have an expression for 〈S〉 from Equation (10), but we are yet to find 〈S2〉. For a planet around a single star, 〈S2〉 is

[image: image]

Using the same approach that lead to Equation (10), namely combining the stellar binary into a “hybrid star” we can construct a closed analytic expression for 〈S2〉 of a circumbinary planet, namely

[image: image]

Combining Equations (10) and (16) and normalizing the individual stellar contributions with the respective spectral weights Xi ∈ {Si,I, Si,O}, where i is the index of the respective star, yields:

[image: image]

The inner border of the EHZ is then defined through

[image: image]

while the outer border is defined via

[image: image]

Numerical values for the inner and outer EHZ borders can be found via solving the above equations for ap.




3. APPLICATION TO KEPLER SYSTEMS WITH KNOWN CIRCUMBINARY PLANETS

In order to demonstrate the merit of dynamically informed habitable zones, we apply our method to the Kepler circumbinary planets. For that purpose we select Kepler-16 (Doyle et al., 2011), Kepler-34 and Kepler-35 (Welsh et al., 2012), Kepler-38 (Orosz et al., 2012), Kepler-64 (Schwamb et al., 2013), Kepler-413 (Kostov et al., 2014), Kepler-453 (Welsh et al., 2015), Kepler-1647 (Kostov et al., 2016), and Kepler-1661 (Socia et al., 2020). Kepler-47 (Orosz et al., 2019) has three planets and is, therefore, beyond the limits of our model. The masses of Kepler-38b, Kepler-64b, Kepler-453b are not well-defined. For those cases, we have decided to use the upper limit provided in the relevant publications. The necessary for our calculations parameters of the selected systems can be found in Table 1 (binary star) and Table 2 (planet).


Table 1. Mean physical parameters and orbital elements for the Kepler-16(AB), Kepler-34(AB), Kepler-35(AB), Kepler-38(AB), Kepler-64(AB), Kepler-413(AB), Kepler-453(AB), Kepler-1647(AB), and Kepler-1661(AB) stellar binaries.

[image: Table 1]


Table 2. Mean mass, semi-major axis, and eccentricity for Kepler-16b, Kepler-34b, Kepler-35b, Kepler-38b, Kepler-64b, Kepler-413b, Kepler-453b, Kepler-1647b, and Kepler-1661b. The uncertainties can be found in the corresponding references in section 3.

[image: Table 2]

First, we calculate all dynamically informed habitable zones assuming no giant planets are present in the systems. That provides us with a first idea of the location of the habitable zones and how the presence of the second star affects the location and extent of the various habitable zones. Then we include the existing giant planet in our model and examine its effect on the habitability of an additional hypothetical terrestrial planet. In both stages, we allowed the eccentricities of the binary and the existing planet to vary. That way we get a better picture of the effect of orbital eccentricity, an important quantity that regulates distances between bodies, on the extent of habitable zones in the system. In order to simplify the complex dynamics in the presence of the giant planet, we acknowledge the double hierarchical structure of the problem that allows us to consider the binary as one massive body located at the barycenter. The two stars at their barycenter are considered as one body of mass mb = m1 + m2, therefore reducing the four-body problem to a three-body one. To describe the dynamical evolution of such a system we made use of the relevant equations in Georgakarakos and Eggl (2015) when agp < ap and Eggl et al. (2012) and Georgakarakos (2003, 2005) when agp > ap, where agp is the semi-major axis of the orbit of the giant planet. The stability of that particular kind of triple system was assessed using the criterion developed in Petrovich (2015). The corresponding empirical formula is based on numerical simulations of a star and two planets. The planet-star mass ratios investigated in Petrovich (2015) ranged from 10−4 to 10−2, the ratio of the planetary semi-major axes was in the interval [3, 10], while the planetary eccentricities took values in the interval [0, 0.9].

A terrestrial planet on an initially circular orbit in a star-planet-planet system is stable against either ejections or collisions with the central object when

[image: image]

Here, mgp is the mass of the giant planet and egp its orbital eccentricity. The above expression is valid when the giant planet is closer to the binary than the terrestrial planet. If the giant planet orbits externally to the terrestrial planet, then the criterion becomes

[image: image]

Strictly speaking, the planetary systems investigated here do not fall in the planet-star mass ratios investigated in Petrovich (2015). The planet to planet mass ratio, however, remains within those limits which is ultimately more important for the validity of the stability criterion at hand. This hypothesis can be supported by the reasonable agreement between the stability estimates given by Equations (20) and (21) and those in Georgakarakos (2013), where hierarchical triple systems with a wide range of masses and on initially circular orbits where integrated numerically and their stability limit was determined.

We now proceed to calculating habitable zones for the aforementioned Kepler systems. In a first step, we ignore the presence of residing giant planets in the respective systems. Considering a potential terrestrial planet orbiting the stellar binary, we can determine the borders of the classical and dynamically informed habitable zones for all the Kepler systems under investigation. As we can see from the left column plots of Figures 3–5, all systems but one have well-defined habitable zones and would be capable of hosting a broad range of potentially habitable worlds. The only exception to that is Kepler-16, where more than half of the habitable zone is truncated due to dynamical instability arising from the gravitational perturbations of the stellar binary. A terrestrial planet could only survive near the outer border of the habitable zone with the additional requirement that it does not have a low climate inertia since the PHZ has been completely eliminated.


[image: Figure 3]
FIGURE 3. Dynamically informed habitable zones for the Kepler-16, Kepler-34, and Kepler-35 systems. Plots in the left column show the different types of habitable zones without the presence of the known giant planets. The right column includes the influence of the known giant planets. Red colored regions correspond to uninhabitable areas, blue, green, yellow, and purple colors denote the PHZ, the EHZ, the AHZ, and unstable areas according to Holman and Wiegert (1999) stability criterion, respectively. Violet colored areas mark regions of dynamical instability caused by the giant planet in the system (Petrovich, 2015 dynamical stability criterion). The vertical black lines denote the classical habitable zone limits, while the horizontal white line in the left column plots marks the current eccentricity of the binary star orbit. In the right column graphs, the white line marks the current eccentricity of the giant planet orbit. Finally, the black dot in the right column plots shows the position of the giant planet in the presented parameter space.



[image: Figure 4]
FIGURE 4. Same as Figure 3 for Kepler-38, Kepler-64, and Kepler-413.



[image: Figure 5]
FIGURE 5. Same as Figure 3 for Kepler-453, Kepler-1647, and Kepler-1661.


When we add the giant planet in our model (right column plots of Figures 3–5), we notice that in Kepler-16 and Kepler-1647 the added gravitational effect of the giant planet renders the entire habitable zone dynamically unstable. Regarding Kepler-16, this is in agreement with other studies such as Quarles et al. (2012); Liu et al. (2013). Note that these results do not exclude the presence of potentially habitable moons around Kepler-16b. In the Kepler-1647 system, the giant planet is located near the middle of the habitable zone. Although Kepler-453b and Kepler-1661b are located inside the classical habitable zones like the other two giant planets mentioned above, they allow a terrestrial planet to exist near the outer border of the habitable zone and they may even allow that planet to have a partial PHZ. This is because of the relatively small masses (Neptune mass) and eccentricities of those planets. In contrast, Kepler-1647b is 1.5MJ and resides near the center of the habitable zone.

Regarding the remaining systems, the entire classical habitable zone is essentially dynamically stable. The difference between dynamically informed habitable zones with and without the giant planet perturbers shows, however, that the influence of giant planets goes beyond dynamical instability. In Kepler-34, potentially habitable worlds with low climate inertia could only remain habitable in a tiny region centered around 2.17 au. This can be seen from a comparison between the extent of the PHZ and the black vertical lines in the middle row right panel of Figure 3. Relatively dry planets with a low concentration of greenhouse gases would fall into this category. On the other hand, Kepler-35, Kepler-38, and Kepler-64 could host potentially habitable worlds with low climate inertia over a significant fraction (more than 75%) of their classical habitable zone (Figures 4, 5). Finally, the extent of the PHZ of Kepler-413 is around 40% of its classical habitable zone. While not prohibitive, the presence of giant planets in Kepler-34, Kepler-413, Kepler-453, and Kepler-1661 requires additional terrestrial worlds to buffer significant variations in irradiation in order to remain habitable.

For comparison, some results from Haghighipour and Kaltenegger (2013), Cuntz (2014), Cuntz (2015), and Wang and Cuntz (2019) are also provided. Our results seem to be in good agreement with those of Cuntz (2014, 2015) and Wang and Cuntz (2019), with our classical habitable zone being a bit wider. In order to compare with Haghighipour and Kaltenegger (2013), we use Kopparapu et al. (2013) to calculate our classical habitable zone as that specific climate model was used by Haghighipour and Kaltenegger (2013) for their habitable zone calculations. In this case, however, it is more difficult to make a direct comparison as Haghighipour and Kaltenegger (2013) used time variable habitable zones centered at the primary star. Habitable zones borders for the Kepler systems under investigation are presented in Table 3.


Table 3. Habitable zone limits for Kepler-16, Kepler-34, Kepler-35, Kepler-38, Kepler-64, Kepler-413, Kepler-453, Kepler-1647, and Kepler-1661.

[image: Table 3]



4. DISCUSSION AND SUMMARY

We present an analytical approach to determine dynamically informed habitable zones in binary star systems with a circumbinary giant planet. The method takes into consideration the orbital evolution of the giant and terrestrial planet as well as different responses of planetary climates to variations in the quantity and spectral energy distribution of incoming radiation. It does not apply, however, during the planet formation stage, when we can have planets migrating due to interactions with the protoplanetary disk or planet-planet scattering events during late stage formation. In addition, we do not consider systems where there is significant tidal interaction between the two stars which may lead to changes in the orbit and rotation rates of the stars, as well as to changes in the emission of XUV radiation that can affect the atmosphere of a planet within the habitable zone (e.g., Sanz-Forcada et al., 2014; Johnstone et al., 2019).

As the method mainly relies on analytical equations, it can provide a quick assessment of the capability of terrestrial circumbinary planets in complex dynamical environments to retain liquid water on their surface. The construction and comparison of dynamically informed habitable zones, i.e., the PHZ, the EHZ and the AHZ allows us to better understand where potentially habitable worlds with different climate characteristics can exist in binary star systems. The method presented here is very versatile as it has been constructed in such a way that it does not depend on the dynamical model and the insolation limits.

In this work, we investigated the effects of stellar binarity and circumbinary giant planets on the habitable zones of nine systems observed by the Kepler mission. We confirm earlier studies that suggest Kepler-16 is not suitable for hosting a terrestrial planet within its classical habitable zone. The situation is similar for Kepler-1647. In contrast, Kepler-34, Kepler-35, Kepler-38, Kepler-64, and Kepler-413 seemed more promising with Kepler-38 being the best candidate in this respect. Kepler-453 and Kepler-1661 stand between the previous two categories of systems. We find that nearly equal binary mass ratios and small eccentricities of the perturbing bodies provide favorable, from the orbital evolution point of view, conditions for an Earth-like planet to exist in the habitable zone. We show, furthermore, that the presence of a giant planet can have a significant effect on the potential habitability of terrestrial worlds in the same system. We, thus, recommend gravitational perturbations of known giant planets to be taken into account in future studies regarding habitability in binary star systems.
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APPENDIX


Planetary Eccentricity Equations

We follow Georgakarakos and Eggl (2015) to calculate the maximum orbital eccentricity [image: image] and average squared eccentricity [image: image] for a circumbinary planet:
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and
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where
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and [image: image] is the gravitational constant.

Equations (22) and (23) were also used when we added the giant planet to our model and the orbit of the giant planet was interior to that of the terrestrial planet. In order to use the above equations in that respect, we replace m1 with mb = m1 + m2, m2 with mgp, ab with agp, eb with egp and M = mb + mgp + mp.

When the orbit of the giant planet was exterior to that of the terrestrial planet, we used the below equations from Eggl et al. (2012) and Georgakarakos (2003, 2005) (with the notation of this work):
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and
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where
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The above equations can be used for nearly coplanar systems and systems that are not close to mean motion resonances. Also, the equations become less reliable as the maximum planetary eccentricity gets larger than 0.2–0.25.
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In order to assess the habitability of planets in binary star systems, not only astrophysical considerations regarding stellar and atmospheric conditions are needed, but orbital dynamics and the architecture of the system also play an important role. Due to the strong gravitational perturbations caused by the presence of the second star, the study of planetary orbits in double star systems requires special attention. In this context, we show the important role of the main gravitational perturbations (resonances) and review our recently developed methods which allow a quick determination of locations of secular resonances (SRs) in binary stars for circumstellar planetary motion where a giant planet has to move exterior to the habitable zone (HZ). These methods provide the basis for our online-tool ShaDoS which allows a quick check of circumstellar HZs regarding secular perturbations. It is important to know the locations of SRs since they can push a dynamically quiet HZ into a high-eccentricity state which will change the conditions for habitability significantly. Applications of SHaDoS to the wide binary star HD106515 AB and the tight system HD41004 AB reveal a quiet HZ for both systems. However, the study of these systems indicates only for the tight binary star a possible change of the HZ's dynamical state if the orbital parameters change due to new observational data.

Keywords: circumstellar motion, perturbations, resonances, semi-analytical method, online-tool, habitability, combined analytical method


1. INTRODUCTION

Since the discovery of 51 Peg b (Mayor and Queloz, 1995) thousands of exoplanets have been detected so far [see the Extrasolar Planet Encyclopedia1 Schneider et al. (2011) or the NASA Exoplanet archive2]. However, of the nearly 3,500 planetary systems none harbors a habitable world similar to planet Earth. This fact raises the question if Earth-like habitability requires a certain planetary system architecture where e.g., giant planets are orbiting the host-star exterior to the habitable zone (HZ). It can be expected that such a configuration has a less violent terrestrial planet formation process than a planetary system where the giant planet is closer to the host-star than the HZ. The giant planet formed probably at a larger distance to the star and migrated inwards by crossing the HZ which could cause problems for the terrestrial planet formation in the HZ.

Thus, in this study we considered only systems where the giant planet is exterior to the HZ and investigate the occurrence of strong perturbations in the HZ. Studies of planetary motion in binary stars are of special interest as a high fraction of stars in the solar neighborhood are members of binary and multiple star systems. Observational surveys by Duquennoy et al. (1991) and Raghavan et al. (2010) established that in the solar neighborhood (up to 25 parsec) about 40–45 % of all Sun-like stars (spectral types F6-K3) are members of binary and multiple star systems. Tokovinin (2014) derived a fraction of 33 % of binary stars from a sample of about 4800 F-/G-type main-sequence stars within 67 parsec of the Sun. For more details see Duchêne and Kraus (2013).

The Catalog of Exoplanets in Binary Star Systems3 lists about 100 planetary systems which indicates that exoplanets are not restricted to single-stars. But it is doubtful whether these environments are more hostile for the existence of planets or not (see e.g., Boss, 2006; Bromley and Kenyon, 2015; Jang-Condell, 2015). In a study based on Kepler data (Armstrong et al., 2014) the occurrence rate of co-planar circumbinary planets has been found to be similar to that for single stars. Circumbinary motion is also known as P-type motion (Dvorak, 1984, 1986) where a planet orbits both stars. However, the Catalog of Exoplanets in Binary Star Systems indicate that most of the exoplanets in binary star systems orbit only one star which is known as circumstellar or S-type motion (Dvorak, 1984, 1986).

Theoretical stability studies of S- and P-type motion have been carried out decades before the detection of exoplanets (see e.g., Harrington, 1977). Studies by Rabl and Dvorak (1988) and Dvorak et al. (1989) published the stability boundaries of S- and P-type motion in equal-mass binary stars as a function of the binary's eccentricity. This study has been repeated and extended to a wider range of binary star configurations by Holman and Wiegert (1999). In their study they provide expressions for the stability boundaries which depend on the mass-ratio and the binary's eccentricity for both, circumstellar and circumbinary configurations. In connection to this study, Pilat-Lohinger and Dvorak (2002) analyzed the stability of S-type motion using the Fast Lyapunov indicator (FLI)4. In addition, Pilat-Lohinger et al. (2003) investigated the stability of inclined P-type planetary orbits.

The detections of exoplanets in tight binary stars like γ Cephei b (Hatzes et al., 2003), Gliese 86 b (Santos et al., 2000), and HD 41004 Ab (Zucker et al., 2004) have led to a growing interest in understanding planetary formation in such stellar systems. There are binary specific problems for planet formation due to the gravitational interaction of the secondary star resulting in e.g., a truncated protoplanetary disk (see e.g., Artymowicz and Lubow, 1994; Savonije et al., 1994) which influences the formation and evolution of planets throughout several stages of the planet-forming process. For more details about the problems of planet formation in binary stars we refer the reader to Marzari and Thebault (2019) and references therein.

In case of circumstellar motion mainly the outer edge of the disk is influenced (Kley and Nelson, 2010; Müller and Kley, 2012) while for circumbinary disks mainly the inner edge is affected (Rafikov, 2013).

During the planet-formation stage where planetesimals (km-sized bodies) collide and merge to Moon-sized embryos dynamical perturbations play an important role, as planetesimal accretion requires low encounter velocities. Thébault et al. (2006) showed that planetesimal accretion cannot occur at distances beyond 1 au from the host-star in tight binaries with separation of 20 au. This result raises questions about the formation of detected planets in tight binary stars (Thébault et al., 2004, 2008, 2009; Thebault, 2011). Moreover, Fragner et al. (2011) have found an increase of impact velocities when studying the dynamical behavior of planetesimals taking into the self gravity of the gas disk. Some years later, Gyergyovits et al. (2014) studied the full interaction of more than 2,000 embryos with a gas disk in a γ Cephei-like configuration. They concluded that the growth from embryos to planets within a dynamically evolving gas disk is strongly altered by the dynamical evolution of the disk, which leads to a decreased probability for planet formation at least in the inner parts of the gas disk.

Apart from these problems of planetary embryo formation, the late planet-formation stage where embryo-sized bodies grow to planets can be easily simulated by N-body calculations (Haghighipour and Raymond, 2007; Quintana et al., 2007; Pilat-Lohinger et al., 2018). A detailed discussion on planet formation in binary star systems can be found in Thebault and Haghighipour (2015).

A weak point in all these numerical studies is certainly the treatment of collisions where usually the so-called perfect merging of two bodies is assumed without taking into account any fragmentation or mass-loss of the bodies due to the collision. However, Bancelin et al. (2017) studied the collision parameters (impact angle and velocity) in tight binary stars and showed that the perfect merging approach can significantly overestimate the water content and mass of the formed planets. Thus, this simplified approach has to be replaced by a more realistic one that includes results of detailed collision simulations.

The habitability of planets in binary stars is certainly an interesting issue, especially due to the fact that most of the stars in the solar neighborhood build such stellar systems. Considering the different spectral types, especially F to M type stars are of interest for habitability studies, since the life-times of these stars on the main sequence are sufficiently long (see Kasting et al., 1993) to permit the evolution of life on a terrestrial-like planet in the HZ. For a summary of astrophysical conditions for planetary habitability we refer the reader to Güdel et al. (2014).

In a binary star system, an important requirement for habitability is certainly the dynamical stability of the HZ. Moreover, the influence of the secondary star will increase the planet's eccentricity which also affect the insolation on a planet in the HZ where the perturbations depend on the distance and the eccentricity of the secondary star. Eggl et al. (2012) has found a correlation of both, eccentricity and insolation and introduced various classes of HZs in binary star systems: (i) permanent, (ii) extended, and (iii) averaged HZ. An application of this HZ classification to binary star systems in the solar neighborhood is shown in Eggl et al. (2013).

In recent years, different approaches for the determination of HZs in binary stars have been published e.g.,(Haghighipour and Kaltenegger, 2013; Kaltenegger and Haghighipour, 2013; Cuntz, 2014). For a detailed review on this topic we refer the reader to Eggl et al. (2020).

In this study, we focus on the gravitational influence of the secondary star on planetary motion in the HZ. We consider binary star systems with a gas giant in an orbit exterior to the HZ and a terrestrial planet in the HZ. The interplay of these bodies causes perturbations like mean motion resonances (MMRs) and secular resonances (SRs) whose locations strongly depend on the architecture of the system. Such resonances can also influence the habitability of planets in the HZ. Thus, it is important to determine the locations of resonances, which is easy for MMRs but not for SRs. However, for the SRs new methods have been developed that allow a quick determination of the SR location (Pilat-Lohinger et al., 2016; Bazsó et al., 2017; Bazsó and Pilat-Lohinger, 2020).

In this paper, we will briefly discuss these methods and show some applications to real binary systems that host a giant planet. The structure of this paper is the following: First we define the dynamical model and describe the gravitational perturbation. Then we introduce the semi analytical method (SAM) to determine the location of an SR. Subsequently, we describe the basics of the recently published combined analytical method (CAM) and its application for the online tool named SHaDoS. Finally, we apply SHaDoS to some real binary-star–planet systems and discuss the results.



2. BASIC INFORMATION


2.1. Dynamical Model

In our study, we focus on circumstellar planetary motion where (i) a terrestrial planet is located in the primary stars' HZ, (ii) a gas giant is moving in an orbit exterior to the HZ, and (iii) the secondary star is a far away perturber. First of all, the planets have to move on stable circumstellar orbits around the primary star. The stability of the planetary motion depends strongly on the distance of the two stars, their eccentricity and their masses. To ensure that the outer planet i.e., the giant planet moves inside the stable region of the primary star, it is advisable to apply the investigations by Pilat-Lohinger and Dvorak (2002) and Holman and Wiegert (1999). However, the situation for two planets is more complex due to arising resonances among the planets which may overlap with those of the secondary star. Therefore, Marzari and Gallina (2016) investigated such systems using a Frequency Map Analysis method to study the influence of the secondary star on the two planets orbiting the primary star. In their study, they obtained a semi-empirical equation that defines the minimum semi-major axis of the secondary star for which the two-planet system is stable.

Nevertheless, the presence of a distant secondary star will perturb the giant planet, which might pass the perturbations to the terrestrial planet in the HZ. In our study, we are primarily interested in the orbital behavior of the terrestrial planet in the HZ and how perturbations of the giant planet and the secondary star may affect its motion. In case these perturbations cause high eccentricity motion in the HZ then the planet's habitability would be affected, especially when it leaves the HZ periodically.



2.2. Gravitational Perturbations

It is well-known that in N-body systems consisting of more than two massive bodies variations of the orbital parameters occur due to gravitational interactions between these bodies. Thus, in binary star systems that host a planet such variations occur. These mutual gravitational interaction between celestial bodies can lead to resonances which appear when the ratio of two frequencies f1 and f2 can be expressed as a rational number: |f1/f2| = p/q, p, q ∈ ℕ. Depending on the frequencies that are involved, a typical time-scale can be associated to any resonance. As resonances may lead to significant changes in the orbital motion with large variations in eccentricity, the planet's habitability could be affected. Usually, the HZ is a quite narrow region thus, the planet might leave the HZ periodically due to its eccentricity motion. Therefore, it is important to determine the locations of resonances, where mean motion and secular resonances are considered in our study.

Mean Motion Resonances (MMRs) occur when [image: image] where n and n′ are the mean motions5 of e.g., the two planets and j1, j2 are integers. The location of an MMR can be easily derived from the third Kepler law:

[image: image]

where ares is the resonant semi-major axis and M, m and m′ are the masses of the host-star and the two planets, respectively. MMRs can be the source of both stability and chaos, which depends sensitively upon the orbital parameters.

Secular Resonances (SRs) arise when one of the precession frequencies of a test-planet (either of the argument of perihelion ω or of the node Ω) is equal (or a linear combination) of the proper modes of the giant planet. The strongest secular perturbations occur at locations when

[image: image]

where q, p are integers, gTP and gGP are the proper frequencies of the test-planet and the giant planet, respectively. For p = q = 1, the proper frequencies of the test-planet and the giant planet are equal which causes the strongest effects. The location of an SR with the giant planet can thus be determined by applying Equation (2) to test-planets of a certain area. Therefore, the proper frequencies of the orbits of all test-planets and the giant planet have to be determined which usually requires long-term computations of the dynamical system where the integration time depends on the distance of the two stars. For a tight binary star like γ Cephei or HD41004 AB with a stellar separation of 20 au, calculations over some 106 years are needed. However, the computation time increases with the stellar distance aB (as discussed in Bazsó et al., 2017). Thus, for wide binaries such a study can be quite time-consuming. In addition, the time series of the orbital computations must be analyzed using e.g., a Fast Fourier Transformation to determine the main frequency in the Fourier spectrum of an orbit which represents the proper frequency. Fourier spectra of strongly perturbed orbits are littered with frequencies which makes it is impossible to determine their proper frequencies and is also an indication for a perturbation due to a resonance.

To overcome the time-consuming procedure of identifying the proper frequency via Fourier analysis of each orbit, a new semi-analytical approach has been introduced by Pilat-Lohinger et al. (2016) and Bazsó et al. (2017).




3. QUICK METHODS TO DETERMINE LOCATIONS OF AN SR

For the development of our semi-analytical method, the tight binary star HD41004 AB has been used. In this binary star system a giant planet (of 2.5MJup) has been discovered (Zucker et al., 2004) orbiting the primary star HD41004 A (a K2V star of 0.7 MSun) at about 1.64 au. The secondary star (a M dwarf of 0.42 MSun) is at a distance of about 23 au. The eccentricities of the binary and of the giant planet are not well-known. Thus, we used an eccentricity of 0.2 for both. This binary-star–planet configuration shows strong perturbations around 0.4 au that indicate an SR which has been studied in detail by Pilat-Lohinger et al. (2016).


3.1. Semi-Analytical Approach

In the study by Pilat-Lohinger et al. (2016) the numerical effort for the determination of the proper frequencies could be reduced by applying the Laplace-Lagrange secular perturbation theory (see e.g., Murray and Dermott, 1999) to obtain an analytical solution for test-planets (with negligible mass) in the area between 0.2 and 0.6 au in the HD41004 AB system. The secular frequency of test-planets (gTP) was deduced using the following secular linear approximation (see e.g., Murray and Dermott, 1999):

[image: image]

where αi = a/ai for i = 1, 2 and a1, a2, a are the semi-major axes of the giant planet, the secondary and the test-planet, respectively. m1 and m2 are the masses of the giant planet and the secondary and m0 is the mass of the primary star. [image: image] is a Laplace coefficient. Considering a planar system, the secular frequency s which is related to the node Ω, has not been taken into account. Moreover, this theory is restricted to low inclination and low eccentricity motion.

Pilat-Lohinger et al. (2016) showed that the analytical values of proper frequencies for the test-planets were in good agreement with the numerical solution and save computation time for the determination of the location of SR.

Thus, to satisfy Equation (2) only the numerical integration of the giant planet's orbit in the binary star has to be carried out for a computation time which covers the secular period of the binary star. From this numerical simulation, the proper frequency of the giant planet has to be determined via Fourier analysis. Therefore, this semi-analytical method (SAM) represents a quick approach to define the position of SRs for circumstellar planetary motion in binary stars.



3.2. The Location of the SR

The location of the SR is defined by the semi-major axis of the test-planet which proper frequency equals the one of the giant planet. Figure 1 illustrates the application of SAM to different binary-star–planet configurations to figure out the influence of the secondary star on the location of the SR. For these plots the HD41004 AB configuration has been used, where the distance between the two stars was varied between 20, 30, and 40 au (in the left panel) and the mass of the secondary star was changed from an M-star (of 0.42 solar mass) to either a K-(of 0.7 solar mass) or G-type star (of 1 solar mass). The eccentricities of the binary and of the giant planet were set to 0.2.


[image: Figure 1]
FIGURE 1. Shows on the y-axis the proper periods either for test-planets orbiting the host-star between 0.1 and 1.5 au (x-axis) or for the giant planet (horizontal lines). These plots are the result from a study of the HD41004 AB system, where the giant planet orbits the primary star at 1.64 au and the eccentricities of the binary and the giant planet were set to 0.2 in a planar configuration. Curves represent the proper periods of the test-planets in the considered area (x-axis), where the different colors belong to the binary separations of 20 au (red), 30 au (green), and 40 au (blue) in the left panel or various stellar types of the secondary star: M-type (red, 0.4 solar mass), K-type (green, 0.7 solar mass), and G-type (blue 1 solar mass) in the right panel. In both panels, the proper periods of the giant planet are given by the horizontal lines. Intersections of a curve with a horizontal line of the same color define the location of an SRs for a certain configuration. The left panel indicates the dependency of the SR location on the distance of the two stars where the SR location moves toward the host-star when the distance between the two stars increases. The right panel shows the changes due to the secondary star's mass where the SR location moves toward the host-star if the mass of the secondary decreases. These panels are reproduced from Pilat-Lohinger et al. (2019).


The left panel of Figure 1 shows the influence of the distance of the two stars on the location of the SR. The diagonal curve represents the analytically derived proper periods of test-planets orbiting the host-star in the region between 0.1 and 1.5 au. Whereas, this curve does not vary significantly for the different stellar separations, strong changes are visible for the proper period of the giant plant which is represented by the horizontal line in the corresponding color of the stellar distance. The intersection of an horizontal line with the same colored curve defines the location of the SR in the system. Different intersection points show clearly that the SR is shifted to smaller semi-major axes—thus toward the host-star—with increasing the distance of the two stars.

In the same way, the right panel of Figure 1 indicates the influence of the mass of the secondary on the location of the SR. For low-mass M-type stars (0.4 MSun, red line/curve) it can be seen that the SR is closer to the host-star than for a more massive secondary, like a K-type (0.7 MSun, green line/curve) or a G-type star (1 MSun, blue line/curve).

Furthermore, the study by Pilat-Lohinger et al. (2016) showed that a change in the binary's eccentricity has stronger effects on the location of the SR than a change in the giant planet's eccentricity. Note that eccentricity motion widens the area which is affected by the SR. To determine the width of the SR, Pilat-Lohinger et al. (2016) calculated the SR location by using the peri- and apo-center positions instead of aGP and found good results for the binary star HD41004 AB.

An application of SAM to binary star systems with stellar separations up to 100 au and a discovered exoplanet in a circumstellar orbit has been published by Bazsó et al. (2017). The aim of this study was to check the HZ of the host-stars regarding secular perturbations that could alter the conditions for habitability. In this context, SAM has been used also for systems where the giant planet orbits the host-star interior to the HZ (= interior case) and not only for systems where the giant planet is exterior to the HZ (= exterior case) like in the test-system HD41004 AB. In a first approach SAM did not work for the numerous interior cases because no crossing of the giant planet's proper frequency with one of the test-planet's proper frequency was found. Only by adding the effect of general relativity for the interior cases, the method worked well for these systems Bazsó et al. (see 2017).

Even if the application of SAM saves a lot of computation time when studying numerous binary-star–planet configurations regarding dynamical conditions for habitability. However, the method cannot be used for an internet-tool.

Therefore, further improvements are needed to speed up the procedure which is only feasible with an analytical approach for the giant planet's proper frequency.



3.3. Analytical Model for Giant Planet's Proper Frequency

Assuming that the dynamical evolution of the giant planet's orbit is dominated by the secular interaction with the perturber (the secondary star), a simple approach to obtain analytical values for the giant planet's proper frequency has been provided by Heppenheimer (1978):

[image: image]

where gH is a first order approximation (in masses) for the proper frequency of the giant planet, nGP is its mean motion, mA and mB are the masses of the primary and the secondary star, aGP and aB are the semi-major axes of the giant planet and the secondary star and eB is the eccentricity of the binary.

The Heppenheimer model has been developed for the restricted three body problem, where the planet's mass is negligible compared to the stellar masses. A suitable improvement6 of the Heppenheimer model is provided in the study by Andrade-Ines and Eggl (2017) who established a simple and more accurate secular model where the giant planet acts like a mass-less body relative to the two stars. This model can be used also for tight binary stars with stellar separations of only two to three times the distance of the giant planet to the host-star.

The new approach by Andrade-Ines and Eggl (2017) is defined as:

[image: image]

where δg is an empirical correction term. The model expresses the secular precession frequency gGP as a polynomial function of (i) the mass-ratio of the binary star, (ii) the semi-major axis ratio aGP/aB, and (iii) the perturber's eccentricity eB. The expression of δg has usually less than 20 terms. For the exact values we refer to Equation (24) in Andrade-Ines and Eggl (2017).

Equation (5) is applicable to a wide range of binary stars. Regarding the semi-major axes ratio, it covers the range of currently observed exoplanets in binary systems. Only the range of binary's eccentricities does not cover all systems where an exoplanet has been discovered.

Applying Equation (5) for the solution of gGP in Equation (2) we obtain a fully analytical approach which is called Combined Analytical Method (CAM) in Bazsó and Pilat-Lohinger (2020). The CAM is a promising method that allows a very quick determination of the location of secular perturbations for circumstellar planetary motion in binary star systems.

Our main interest is to define the dynamical state of circumstellar HZs and to classify perturbed (pHZ) and quiet HZs (qHz). In this regard, CAM might help to exclude binary-star–planet systems (with pHZs) from the observational search of habitable planets. Moreover, CAM is fast enough to be applied for an internet-tool.




4. ONLINE-TOOL: SHADOS

SHaDoS is an acronym for Secular perturbations in Habitable zones of Double Stars and is accessible at https://www.univie.ac.at/adg/shados/index.html. It implements the CAM model and solves Equation (2) for any given set of orbital parameters. Figure 2 presents the flow chart of this online-tool which shows an object-oriented approach where a four-step input process yields the desired results in 2D diagrams. In each step the tool needs input from the user about the parameters of (i) the host-star, (ii) the giant planet, (iii) the secondary star, and (iv) the parameter space of the resulting plot.

Step 1: The required input parameters of the host star are the luminosity, effective temperature, and mass. According to these parameters, the tool will determine the borders of the host-star's HZ7 using the approach by Kopparapu et al. (2014) where the effective temperatures are limited to the range 2600 ≤ Teff ≤ 7200 K. For some stellar types, namely F, G, K, and M-type main-sequence stars the standard input data is provided by the tool which can be modified via the user defined input. Based on this input the HZ will be calculated.

Step 2: The required parameters of the giant planet are the mass (in Jupiter-masses), distance to the host star (semi-major axis in au) which must be exterior to the HZ, and orbital eccentricity which is restricted to elliptic orbits.

Step 3: The required parameters of the secondary star are the mass (in solar mass), distance to the host-star (in au), and the eccentricity which is restricted to values 0 ≤ eB ≤ 0.6 due to limitations in the analytical model.

Step 4: Following parameters for the 2D-plots can be chosen by the user: there are five options for the x-axis, which are planet mass, secondary star mass, planet distance, secondary star distance, and secondary star eccentricity for which the user has to specify the minimum and maximum values and the steps in-between (for the grid). And for the y-axis there are three options which are planet distance, secondary star distance, and secondary star eccentricity.


[image: Figure 2]
FIGURE 2. Flow chart of the online tool SHaDoS.


With the input of all parameters the online-tool performs the calculations and provides a 2D plot depending on the selection in Step 4 which can be saved if desired. This plot usually shows a gray-shaded area which defines the parameters that might perturb the host-star's HZ.

Due to the constraints of the methods used in SHaDoS and the requirement that the giant planet has to be exterior to the HZ, the application to real systems is still very limited. In addition, for most binary star systems the eccentricity is not known which also has strong influence on dynamical studies. Even if nowadays the number of suitable circumstellar systems is rare, we expect an increase of such systems in the near future, especially when the PLATO 2.0 mission starts the observations.



5. APPLICATION OF SHADOS

To demonstrate the functionality of SHaDoS, we have selected two binary system from the Binary Catalog of Exoplanets which fulfill the requirements for an application of the online-tool. These are the wide binary star HD106515 AB and the tight binary HD41004 AB. The latter has also been used for the development of SAM. For the first system, we show all possible combinations provided in Step 4 while for the other for HD41004 AB we present only the most interesting plots.


5.1. The Wide Binary Star HD106515 AB

HD106515 AB consists of two G-type stars, with masses of 0.91 and 0.88 solar-masses for the primary and the secondary star, respectively. The distance of the two stars is 345 au and the binary's eccentricity is 0.42. Desidera et al. (2012) detected a quite massive planet (9.61 Jupiter-masses) orbiting the primary star at a distance of 4.59 au in an eccentric orbit (e = 0.572). Since the HZ of a G-type star is between 0.95 and 1.7 au, the giant planet is exterior to the HZ as required for the application of SHaDoS.

The first 2D-plot of SHaDoS (Figure 3) shows the secondary's semi-major axis vs. the giant planet's semi-major axis, where the gray-shaded area indicates all combinations of semi-major axes in the chosen range of the x- and y-axes which would cause a secular perturbation in the HZ of the primary star. Considering the observational data of the HD106515 AbB system, Figure 3 shows clearly, that one of the two celestial bodies must be moved quite a lot, either closer to the primary (i.e., the secondary to 50 au) or farther away (i.e., the planet to 18−22 au) to find an SR in the primary's HZ. Since the orbital parameters of exoplanets show large uncertainties and some of them might change when new observational data is available, the plots from the application of SHaDoS indicate also to what extend such changes of the orbital parameters might influence the dynamical state of the HZ (e.g., if a qHZ turns into a pHZ or vice versa). For the HD106515 AbB system such changes must be significantly large which seems unlikely to happen thus HD106515 A has a quiet HZ.


[image: Figure 3]
FIGURE 3. Result of the online-tool SHaDoS for the binary system HD106515 AB. The gray stripe shows which combinations may lead to an SR in the primary star's HZ for the defined semi-major axis range of the secondary star (x-axis) and the giant planet (y-axis).


More possible parameter combinations—according to the input in Step 4—are shown in Figures 4–6. Each panel of these figures shows a gray-shaded area from which we get the information whether the host-star's HZ is perturbed or not. For the observed configuration of HD106515 AbB the resulting 2D-plots of SHaDoS clearly indicate a qHZ of HD106515 A. Secular perturbations in the HZ would occur only if at least one of the parameters shown in the various panels is changed to values in gray area.


[image: Figure 4]
FIGURE 4. Same as Figure 3 but for the variation of the stellar mass (x-axis) vs. the variation of the semi-major axis either of the giant planet (Upper) or of the secondary star (Lower) in the y-axes.



[image: Figure 5]
FIGURE 5. Same as Figure 3 but for the variation of the giant planet's mass (x-axis) vs. the variation of the semi-major axis either of the giant planet (Upper) or of the secondary star (Lower) in the y-axes.



[image: Figure 6]
FIGURE 6. Same as Figure 3 but for the variation of the giant planet's mass (x-axis) vs. a variation of the binary's eccentricity on the y-axis (Upper). The (Lower) shows a variation of the secondary star's semi-major axis (x-axis) vs. the binary's eccentricity (y-axis).




5.2. The Tight Binary Star HD41004 AB

HD41004 AB consists of a K- and an M-type main-sequence star as primary and secondary, respectively. The masses are 0.7 solar mass for the K star and 0.4 solar mass for the M star. Actually, both stars have a sub-stellar companion, but in our study, the close-in brown dwarf orbiting the M-type star has been ignored.

In the vicinity of the primary (between 1.3 and 1.64 au) a gas giant (of about 2.5 Jupiter-mass) has been detected (Zucker et al., 2004). It orbits the K star exterior to the HZ. Thus, the system allows an application of SHaDoS. Different values for the eccentricities of the binary and the giant planet have been published but these are quite uncertain. Thus, in the application of SHaDoS, the eccentricities were set to 0.2 for both bodies.

Figure 7 shows three 2D-plots of the online-tool SHaDoS, where the top panel displays the semi-major axis of the secondary star on the x-axis and that of the giant planet on the y-axis. This plot indicates that for the published values of the semi-major axes (aGP = 1.64 au and aB = 23 au) there are secular perturbations in the vicinity of the HZ of HD41004 A but the HZ itself is not perturbed. The middle panel displays the secondary star's semi-major axis vs. binary eccentricity which indicates that in case of high eccentricity motion of the binary (0.4 < eB < 0.9) there would be a high probability that the HZ of the K-type star would be perturbed by an SR. The bottom panel indicates the same but for different masses of the giant planet on the x-axis.


[image: Figure 7]
FIGURE 7. Results for HD41004 AbB. The gray stripe in each panel indicates conditions that cause perturbations in the primary's HZ due to an SR. The top panel shows the result for the semi-major axis of the secondary star (x-axis) and the giant planet (y-axis). In the middle panel the y-axis shows the binary's eccentricity. In the bottom panel, the x-axis shows the giant planet's mass.


Since the eccentricities of the HD41004 AbB system are not well-determined, it is quite probable that the HZ of the K-type star might change into a pHZ if the orbital parameters vary due to new observational data.




6. DISCUSSION AND CONCLUSION

In this study, we presented recently developed methods to determine the location of secular perturbations for circumstellar (or S-type) planetary motion in binary stars with a special emphasis to planets in the cirumstellar HZ in such systems. We did not take into account circumbinary (or P-type) planetary motion as we assume stronger stellar perturbations for a planet in the HZ due to interactions of the stars (e.g., colliding stellar winds; Johnstone et al., 2015) especially in the early phase of a system which could severely affect the conditions for planetary habitability.

The appearance of secular resonances (SR) in circumstellar HZs was investigated for certain binary-star–planet configurations where the giant planet orbits the host-star exterior to the HZ. Considering planar systems, SRs are caused by the precession of the giant planet's perihelion which results from gravitational interaction with the secondary star. Moreover, limitations of the adopted methods have restricted our study to eccentricities ≤ 0.6 for the planet and the binary star.

In a first step we replaced the fully numerical approach by a semi-analytical method (SAM), which uses the Laplace-Lagrange theory (Murray and Dermott, 1999) to define the proper frequencies/periods of all test-planets moving in a certain area of the host-star. Pilat-Lohinger et al. (2016) showed that these analytically determined values of proper frequencies are in good agreement with the numerical results. Thus, the application of SAM removed a huge amount of time-consuming numerical computations. Only one computation for the determination of the giant planet's proper frequency remains.

However, a general parameter study to distinguish between systems with either qHZ or pHZ needs a parameter space of at least five variables (i.e., mass-ratio of the binary star, mass of the giant planet, semi-major axes of the secondary star and the giant planet, and the eccentricity of the binary) where a change of each parameter will modify the location of a resonance makes therefore, the application of SAM is still too costly in terms of time. Only a fully analytical approach could realize such a study in a reasonable time.

We strove to replace the numerical part for the determination of the giant planet's proper frequency by an analytical method. In this context, the approach by Andrade-Ines and Eggl (2017) has been found to be appropriate for our studies. By joining the Laplace-Lagrange method and the Andrade-Ines–Eggl approach we obtained a combined analytical method (CAM) which can easily perform all computations of the 5-dimension parameter space very quickly.

Instead of doing a huge amount of calculations in order to compile a catalog which states the dynamical behavior of the circumstellar HZ in various binary-star–planet configurations, we decided to develop an online-tool which applies CAM. The online-tool is named SHaDoS (=Secular perturbations in Habitable zones of Double Stars)8 and is easy to use. After a 4-Step input procedure the user gets a 2D-plot which indicates the parameters which would cause a secular resonance in the circumstellar HZ of the host-star by a gray-shaded area. To demonstrate SHaDoS we showed applications to a wide binary star (HD106515 AB) and a tight binary star (HD41004 AB) and analyzed the primaries' HZ regarding secular perturbations. Using the observational data, we have found a qHZ for both systems.

Moreover, the plots of the wide binary star indicate that the probability of a change in the dynamical behavior of the HZ is extremely low—only if new observations should yield significantly different orbital parameters. While in case of the tight binary star changes of the orbital parameters could lead to a pHZ.

Thus, the presented methods can be considered as an important contribution to the habitability research of exoplanets as an SR could affect the motion of a planet in the HZ by increasing the eccentricity. Such variations of eccentricity due to SRs usually happen on a long time-scale and could lead to a misestimation of planetary habitability in such systems. Detected planets in the HZ on nearly circular orbits could move onto highly eccentric orbits after some thousands to millions of years. This would certainly influence the conditions of habitability of these planets.

Even if the number of real systems for which SHaDoS can be applied is still very low, we expect that the number of such systems will increase significantly in the near future when large telescopes like ELT or the Rubin Observatory start observing and especially, when the space mission PLATO 2.0 is launched and starts to explore the sky.
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FOOTNOTES

1http://exoplanet.eu

2http://exoplanetarchive.ipac.caltech.edu

3http://www.univie.ac.at/adg/schwarz/multiple.html

4The FLI is a well-known chaos indicator introduced by Froeschlé et al. (1997) that determines the orbital behavior via the growth of the largest tangent vector of a trajectory. A linear growth of this vector denotes regular planetary motion while an exponential growth indicates chaos for the orbit.

5mean motion=Orbital Period/2π.

6Such a correction to the secular precession frequency can be found in previous attempts, e.g., Giuppone et al. (2011).

7Note that the single star HZ corresponds to the averaged HZ in binary stars.

8https://www.univie.ac.at/adg/shados/index.html
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High resolution imaging (HRI) is a critical part of the transiting exoplanet follow-up and validation process. HRI allows previously unresolved stellar companions and background blends to be resolved, vetting false positive signals and improving the radii measurements of true planets. Through a multi-semester Keck NIRC2 adaptive optics imaging program, we have pursued HRI of K2 and TESS candidate planet host systems to provide the transiting exoplanet community with necessary data for system validation and characterization. Here we present a summary of our ongoing program that includes an up to date list of targets observed, a description of the observations and data reduction, and a discussion of planetary systems validated by the community using these data. This observing program has been key in NASA's K2 and TESS missions reaching their goals of identifying new exoplanets ideal for continued follow-up observations to measure their masses and investigate their atmospheres. Once processed, all observations presented here are available as calibrated images and resulting contrast curves through the Exoplanet Follow-up Observing Program (ExoFOP) website. We encourage members of the exoplanet community to use these data products in their ongoing planetary system validation and characterization efforts.
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1. INTRODUCTION

The era of high-precision, space-based photometry to discover transiting exoplanets has led to a revolution in our understanding of planets beyond our solar system. NASA's Kepler mission (Borucki et al., 2010), which launched in 2009 and observed targets in a ~115 sq. deg. part of the sky for nearly 4 years, identified ~4,000 candidate transiting planets (Thompson et al., 2018). This sample allowed for ground breaking constraints on the statistical distribution and frequency of exoplanets (e.g., Dressing and Charbonneau, 2015; Fulton et al., 2017) and the discovery of many interesting individual systems (Lissauer et al., 2011; Quintana et al., 2014).

After hardware failures, the Kepler mission ended and the observatory was re-purposed as the K2 mission (Howell et al., 2014), a community driven, time domain photometry survey of 19 fields around the ecliptic plane. Compared to Kepler, K2 surveyed an order of magnitude more sky, accessed more diverse stellar populations, and observed a larger numberof bright targets amenable to follow-up observations. The exoplanet community has so far identified more than 1,300 candidate planets in K2 data (e.g., Kruse et al., 2019, and references therein). In this haul, K2 revealed small candidates transiting bright host stars suitable for detailed characterization (Crossfield et al., 2015; Montet et al., 2015) and allowed for additional statistical studies of the exoplanet population (Hardegree-Ullman et al., 2020). After the space craft expended its fuel in the Fall of 2018, it was no longer able to point precisely enough to perform science observations and the observatory was decommissioned.

The Transiting Exoplanet Survey Satellite (TESS, Ricker et al., 2015) launched in April 2018 and continues the Kepler/K2 transiting planet discovery legacy with a nearly all-sky survey. TESS observes in ~27 day Sectors and has so far obtained high precision photometric time-series over ≈80% of the sky to search for transiting planets. The mission aims to discover small planets around the closest brightest stars, leading to systems that are ideal for mass measurements and atmospheric characterization. So far, TESS has identified more than 3,000 candidate planets when those identified by the project (Guerrero and TESS Science Office, 2021) and the community1 are taken into account. The mission is providing some of the most promising small planets for atmosphere characterization with the upcoming James Webb Space Telescope (JWST, e.g., Kostov et al., 2019).

An essential part of the process to confirm and characterize the ever increasing number of transiting exoplanet candidates is large scale, coordinated follow-up observations. Traditional confirmation of planet-like signals relies on precision radial velocity (PRV) spectroscopy to directly measure stellar reflex motion due to planets and derive planet masses. However, RV confirmation requires resource intensive long-term monitoring programs and may not be possible for faint targets and small planets due to signal-to-noise and expected RV amplitudes. In the majority of cases, a more tractable path to convert a candidate to a reliable planet requires follow-up to rule out sources of false positive signals (e.g., bound and background eclipsing binaries) with high statistical significance. Typical follow-up includes spectroscopy to determine the host star properties, lower precision RV screening for massive, short period companions, and imaging to identify bound companions and background sources. Statistical validation and dedicated follow-up has been used to rule out false-positives at high confidence for a large number of the Kepler, K2, and TESS candidates described previously. So far, approximately 2,400 Kepler candidates, more than 400 K2 candidates, and more than 100 TESS candidates have been validated or confirmed.

High spatial resolution imaging (HRI) has been critical to candidate exoplanet validation efforts. HRI has become the standard technique for detecting companion stars and background eclipsing binaries closer than 1′′ and is a vital input for the statistical validation of small planets beyond the reach of RV observations. In addition to validation, HRI is crucial for measuring the true planetary radii and planet sizes by measuring the photometric blending of their hosts with bound and background stars (Ciardi et al., 2015). Here we describe a key program in a large HRI follow-up campaign to characterize K2 and TESS planetary systems. The program uses Keck NIRC2 adaptive optics (AO) imaging to discover and characterize close-in bound and background sources and provide the necessary data to validate high priority K2 and TESS targets, study exoplanet host star multiplicity, correct planetary radii for dilution from newly discovered companions, and place constraints on exoplanet demographics and occurrence rates. In subsequent sections we provide details on the construction of the program, our observations and analyses, and the results. We also discuss future plans with these data and, once processed, make available reduced data products for each observed target through the NASA Exoplanet Archive Exoplanet Follow-up Observing Program (ExoFOP) services for K2 and TESS. We encourage the exoplanet community to use these data in their ongoing analyses.



2. MATERIALS AND METHODS


2.1. Overview of the Observing Program

Following the need for HRI observations demonstrated with Kepler candidates and the transition to the community driven K2 mission, our team and collaborators undertook a large-scale effort to identify, follow-up, and validate K2 planet candidates (Crossfield et al., 2016, 2018; Dressing et al., 2017a,b, 2019; Livingston et al., 2018; Mayo et al., 2018; Petigura et al., 2018; Yu et al., 2018). As a key part of the follow-up campaign, we organized a multi-facility HRI program to observe and characterize K2 candidate exoplanet systems. As the K2 mission ended in 2018, the TESS mission began routine science operations and began delivering new exoplanet candidates. With this transition, we expanded our HRI follow-up program to pursue TESS targets through the TESS Follow-up Observers Program (TFOP).

Here we describe a portion of the K2 and TESS HRI program that was competitively pursued through the public NASA Keck time allocation2. We provide details on the NASA Keck observing programs allocated for these observations in Table 1. In the following sub-sections we describe our approaches to target selection, observations, data reduction, and analysis.


Table 1. NASA Keck observing programs and nights.
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2.2. Target Selection

For the K2 aspect of the HRI program, we selected targets from the list of candidate exoplanet systems identified by this team and collaborators. The majority of these systems were identified in publicly available K2 data by our team using a multi-step process. K2 time-series were corrected for systematic errors introduced by the degraded pointing performance of the observatory using the k2phot software package3. Planet candidates were then identified using the TERRA algorithm, adapted for use on K2 light curves from Kepler (Petigura et al., 2013). Diagnostic plots describing threshold crossing events (TCEs) were then visually vetted by a team of human volunteers to remove the most obvious false positives in the form of eclipsing binaries, stellar variability, and instrumental noise and produce lists of exoplanet candidates for each K2 campaign. Additional, community candidates identified using other systematics correction algorithms and planet search approaches were also considered. These included candidates resulting from the light curve detrending approaches described in Vanderburg and Johnson (2014), Aigrain et al. (2016), and Luger et al. (2016) and the planet searches described in Pope et al. (2016), Vanderburg et al. (2016), and Kruse et al. (2019). The combined potential targets were prioritized for Keck AO imaging follow-up on the basis of planet radius (planets ≤4 R⊕ were preferred), host star properties (R* < 1.5 R⊙, V ≲ 14 mag), and the planet's prospects as a future target for PRV mass measurements and transmission spectroscopy. This led to a total of 174 candidate K2 exoplanet systems being targeted in this program. The observed K2 targets and their observing parameters are provided in Table 2. This table is a portion of the full K2 target table and is provided as an example of the format and content. The full table is available in electronic formation as Supplementary Data Table 1.


Table 2. K2 targets and observation detailsa.
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The TESS aspect of the HRI program was organized through the TESS Follow-up Observing Program (TFOP)4 and drew targets from the lists of exoplanet candidates publicly released by the TESS project. Building on the community driven, ad-hoc approach to follow-up from K2, TFOP was designed to prioritize and perform observations to go from a large sample of planet candidates (thousands) to a small sample of targets for PRV mass measurements (~100). Once transit-like events are identified in TESS 2-min cadence data by the Science Processing Operations Center (SPOC) mission pipeline (Jenkins et al., 2016) and in 30-min cadence data by the MIT Science Operations Center (SOC) Quick Look Pipeline (QLP), manual vetting of both SPOC and QLP transit events is performed by a dedicated SOC team to provide a list of the most likely planet candidates. These candidates are then disseminated to the TFOP community for follow-up. The TESS observations presented here are part of TFOP Sub-Group 3 (SG3), which targets candidates with HRI to detect nearby sources unresolved by seeing limited observations (≲1′′). The TESS mission began public releases of exoplanet candidates, called TESS Objects of Interest (TOIs), that fed into TFOP in September of 20185. To select TESS targets for Keck AO imaging, we primarily considered TOI systems with small planets that would be most suitable for PRV follow-up to measure planet masses. This included selection on both the host star properties (R* < 1.5 R⊙, V ≲ 14 mag) and the candidate planets (Rp ≤ 4 R⊕). We also requested additional interesting TESS targets from the broader exoplanet community. This led to a total of 72 candidate TESS systems being targeted so far in this program. The observed TESS targets are detailed in Table 3. This table is a portion of the full TESS target table and is provided as an example of the format and content. The full table is available in electronic formation as Supplementary Data Table 2.


Table 3. TESS targets and observation detailsa.
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2.3. Observations

The observations described here cover nights in Keck semesters 2017B, 2018A, 2018B, 2019A, and 2020A; spanning the dates UT September 09 2017 to UT May 28 2020. The details of each observing run are provided in Table 1. In each of the observing runs, we used the NIRC2 instrument behind the Natural Guide Star (NGS) AO system (Wizinowich et al., 2000) on the 10 m Keck-II telescope. The observations were obtained in a number of narrow and broad-band filters with central wavelengths near ~2.2 μm to maximize the sensitivity to faint, low-mass companions. The exact choice of filter was dictated by the target NIR magnitude and the observing conditions (broader filters were used for fainter targets and in degraded conditions). If a potential companion was detected in quick look analyses, the target was also observed with shorter wavelength NIR filters, typically J-band, to facilitate companion color analyses. A full list of the NIRC2 filters used in this program is provided in Table 4. We used the narrow-angle mode of the camera to provide a pixel scale of 9.942 mas pixel−1 and a full field-of-view of 10′′.


Table 4. NIRC2 filters used.
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All of the observations in this program followed the standard dither set-up for NIRC2 observations that avoids the noisier lower-left quadrant of the detector. The observing sequences used a dither pattern with a step-size of 3′′ that was repeated three times, with each dither offset 0.5′′ from the previous, resulting in 9 frames. Integration times varied from <1 to 60 s per dither, depending on target NIR magnitudes, and typically used 1 coadd. Detailed information on the observations of each target are included in Tables 2, 3.



2.4. Data Reduction and Analysis

All of the data in this program was reduced and analyzed using standard imaging approaches. The dithered science frames were dark corrected using calibration observations obtained each night. Sky frames were produced from the median average of the dithered science frames. Flats were produced from the median average of dark subtracted flat-field observations obtained each night. The science frames were then sky-subtracted and flat-fielded. The reduced frames where then combined into a single image via an intrapixel interpolation scheme that co-aligns and median-coadds the frames while conserving flux. The final images are oriented with North up and East to left. Typical NIRC2 AO images obtained in good conditions have a resolution of ~0.05′′ (FWHM).

We estimated the sensitivity to these companions in each final, combined image by injecting simulated sources in 45° azimuthal increments at discrete separations that were integer multiples of the central source's FWHM (following Furlan et al., 2017). To estimate the contrast sensitivity, the flux of each simulated source was increased until aperture photometry yielded a 5σ detection. The final contrast sensitivity as a function of separation was calculated by averaging all of the limits at that separation. Beginning approximately with the first TESS target observations in this program, we introduced contrast sensitivity uncertainties into our standard analyses. Uncertainties were estimated by measuring the RMS dispersion of the 5σ limits in each azimuthal annulus at each discrete separation. This process leads to contrast curves (in Δmag) for each target observation that represent the 5σ sensitivity limits of the imaging data as a function of separation from the central source. The NIRC2 observations typically yields NIR contrasts ≳7 mag at 0.5′′ separations, and ≳4 mag at 0.1′′ separations, providing access to faint, close-in companions (see e.g., Crossfield et al., 2016, their Figure 5).




3. RESULTS

After processing, the results of this observing program are made publicly available for community use on the NASA Exoplanet Archive's ExoFOP-K26 and ExoFOP-TESS7 websites. For each observation we include: the reduced, combined images as FITS files, contrast curves as ASCII tables, and publication ready figures showing the contrast curve and final image as an inset. Figure 1 includes example reduced images and contrast curves from a selection of K2 and TESS targets in this program.


[image: Figure 1]
FIGURE 1. High-resolution images and 5σ contrast curves of stars hosting validated transiting exoplanets obtained in this Keck AO imaging program. (A) Br-γ observations of K2-266 (EPIC 248435473, Rodriguez et al., 2018). (B) Br-γ observations of K2-288 (EPIC 210693462, Feinstein et al., 2019). The observations revealed a faint companion to the southeast, K2-288B, that likely hosts the exoplanet. (C) K-band observations of TOI-421 (Carleo et al., 2020). (D) Br-γ observations of GJ 3473 (TOI-488). In (C,D), the shaded regions represent the uncertainties in the contrast sensitivity estimates described in the text. Once processed, these contrast curves with reduced image insets are available for all targets observed in this program via the ExoFOP website. (A–C) are reproduced with permission of the AAS.



3.1. HRI in Planet Validation

The HRI data resulting from this observing program are key inputs to efforts to statistically validate transiting exoplanet candidates. HRI places deep constraints on the presence of bound and background sources in the vicinity of the presumed host stars that are blended in the much lower resolution images from Kepler/K2 and TESS used to produced light curves. These blended sources along the line of sight can host eclipsing binaries (EBs), that when diluted by the brighter primary source, mimic planet transits in the light curve. HRI is an observationally inexpensive and effective approach to mitigate contamination from blends.

The process of exoplanet validation systematically explores the large parameter space that could contain planet mimicking configurations and statistically constrain the probability. In practice, validation software combines light curve data, stellar properties, and observing constraints (i.e., contrast curves from HRI) with statistical priors on the likelihood of false positives. The aforementioned priors include simulations of the stellar population near the target and common false positive configurations (e.g., bound, background, and hierarchical EBs). The result of the validation analysis is the probability that a given transit signal is caused by one of the false positive scenarios explored or a true planet, the false positive probability (FPP). Validation is a powerful technique to confirm small planets beyond the reach of PRV measurements (like those in the habitable zone) and planets that orbit fainter stars. Several validation software packages have been developed and used by the Kepler, K2, and TESS communities. These include BLENDER (Torres et al., 2011), PASTIS (Díaz et al., 2014), vespa (Morton, 2012, 2015), and TRICERATOPS (Giacalone and Dressing, 2020).

The HRI observations presented here, along with other complementary HRI observations from other Keck programs and other imaging facilities, have contributed to the validation of many hundreds of transiting exoplanet systems. For example, these data were key in the validation of many systems from the K2 mission. Some systems of note include K2-233, a young early-K dwarf hosting three small planets (David et al., 2018); K2-266, a K dwarf in a wide binary hosting at least four planets with one significantly misaligned (Rodriguez et al., 2018); and K2-288B, an M dwarf in a binary system hosting a small habitable-zone planet discovered by citizen scientists (Feinstein et al., 2019). The HRI observations of TESS targets are also beginning to validate and characterize systems around brighter, closer stars. This includes the TOI-421 system, three planets orbiting a bright G dwarf (Carleo et al., 2020); GJ 3473 (TOI-488), a nearby M dwarf hosting a hot, transiting, Earth-size planet (Kemmer et al., 2020), and TOI-503, a short period brown dwarf transiting an A type star (Šubjak et al., 2020).




4. DISCUSSION

The Keck HRI program described here and complementary observations with other facilities are ongoing and continue to secure time through the NASA Keck and other TACs. Future observations of high-priority TESS candidate planet hosts through TFOP SG3 will provide further characterizing data and progress the TESS mission toward its scientific goals via continued system validation. The data in hand will be included in forthcoming publications to present the full list of newly discovered companions and their properties, the multiplicity statistics of K2 and TESS planet host stars (e.g., Matson et al., 2018) and the effects of multiplicity on planetary systems (e.g., Kraus et al., 2016; Ziegler et al., 2018, 2020).

The observations will also be critical in future analyses of K2 and TESS exoplanet demographics and occurrence rates (e.g., Hardegree-Ullman et al., 2020; Zink et al., 2020). The HRI observations allow true planet radii to be included in these analysis. In the absence of HRI observations, planet radii could be underestimated due to dilution from unresolved, nearby sources that cause photometric blending of the transit (Ciardi et al., 2015; Furlan et al., 2017). Planet demographic and occurrence rates studies that do not account for these blends may overestimate the frequency of small planets. The inclusion of HRI data will improve our understanding of the true distributions and frequencies of planets across the Galaxy.

In addition to studies enabled directly by the HRI data, planetary systems validated and characterized in the context of HRI feed into further characterization efforts. This includes Doppler mass measurements and transmission and emission spectroscopy to detect planet atmospheres. These observations place direct constraints on the bulk compositions and chemical constituents of exoplanets. This is particularly true for the bright targets discovered by K2 and TESS that are most amenable to these measurements as we enter the era of extreme PRV observations and the JWST.



5. CONCLUSIONS

Here we summarized our multi-year campaign to observe K2 and TESS candidate exoplanet host stars using Keck NIRC2 AO imaging through the NASA Keck time allocation. The hundreds of targets we have observed continue to contribute to the validation of key new exoplanet systems and will be the focus of future studies delving into host star multiplicity and exoplanet occurrence rates. The TESS aspect of our program is ongoing through the TFOP consortium and will continue to provide HRI observations of high-priority candidate TESS systems. This includes ideal targets for further characterization to measure planet masses and study exoplanet atmospheres with current and future facilities. We encourage the exoplanet community to explore the calibrated and reduced data products we make available through ExoFOP and use these results in their validation and characterization efforts.
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System CHZ (au) PHZ (au) EHZ (au) AHZ (au) RHZ (au) HUK (au) CHZ-K13 (au)

Kepler-16 0.40-0.74 - - - 0.46-0.70 0.40-0.76 0.41-0.74
Kepler-34 1.56-2.76 2.10-2.25 1.79-2.47 1.60-2.76 1.60-2.74 151-2.85 1.62-2.77
Kepler-36 1.12-1.99 1.23-1.90 1.16-1.96 1.12-1.99 1.16-1.97 1.09-2.10 1.16-2.01
Kepler-38 1.61-2.84 1.68-2.77 1.62-2.82 1.61-2.84 1.64-2.81 1.63-2.82 1.66-2.86
Kepler-64 1.96-3.41 2.08-3.28 2.00-3.36 1.98-3.41 2.00-3.37 2.00-3.40 2.02-3.44
Kepler-413 0.565-1.01 0.69-0.87 0.60-0.95 0.65-1.01 0.68-0.98 - -
Kepler-453 0.74-1.31 1.00-1.20 121-1.27 1.27-1.31 0.77-1.28 - -
Kepler-1647 2.12-3.71 - - - 2.16-3.67 - -
Kepler-1661 0.60-1.08 0.82-0.64 0.94-1.08 1.03-1.08 0.64-1.04 - -

RHZ s the radiative habitable zone described in Cuntz (2014, 2015) and Wang and Cuntz (2019), while the H&K column presents the results of Haghighipour and Kaltenegger (2013).
Finally, the column CHZ-K13 provides values for our classical zone using Kopparapu et al. (2013) as that specific version of the climate model is also used by Haghighipour and
Kaltenegger (2013).
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System mp(My) ap (au) o
Kepler-16 0333 0.7048 0.00685
Kepler-34 022 1.0896 0.182
Kepler-35 0.127 0.60345 0,042
Kepler-38 < 0.384(95% conf.) 0.4644 <0.032(95% cont.)
Kepler-64 < 0.531(99.7% conf.) 0634 0.0539
Kepler-413 021 0.3553 0.1181
Kepler-453 <0.050 0.7908 0.0359
Kepler-1647 152 27205 0.0581
Kepler-1661 0053 0633 0057
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System

Kepler-16
Kepler-34
Kepler-35
Kepler-38
Kepler-64
Kepler-413
Kepler-453
Kepler-1647
Keplor-1661

Mi(Mo)

0.6897
1.0479

0.8876
0.949
1528
0.820
0.944
1210
0.841

Mz(Mo)

0.20265
1.0208
0.8094

0.249
0378
0.5423
0.1951
0975
0.262

Ri(Ro)

0.6489
1.1618
1.0284
1.757
1734
0.7761
0.833
1.7803
0.762

The uncertainties can be found in the corresponding references in section 3.

Rz(Ro)

0.22623
1.0927
0.7861
02724

0.408
0.484
0.2150
0.9663
0276

Torr (K)

4450.0
5913.0
5606.0
5640.0
6407.0
4700.0
6527.0
6210.0
5100.0

Terr2(K)

3311.0
5867.0
5202.0
3325.0
3561.0
3463.0
3226.0
5770.0
3585.0

ap(au)

0.22431
0.22882
0.17617
0.1469
0.1744
0.10148
0.18539
0.1276
0.187

e

0.15944
0.52087
0.1421
0.1032
02117
0.0365
0.0524
0.1593
0.112
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Instrument Telescope Detectors®  FOV(")* "/pixel® Filters® Resolution (mas)

NESSI WIYN EMCCD 19/83 0.02/0.08 SDSS ugriz + 4 narrow band 39 @550 nm/64 @880 nm
"Alopeke Gemini-North EMCCD 6.7/60 0.01/0.1 SDSS ugriz + 4 narrow band 17 @562 nm/28 @832 nm
Zorro Gemini-South EMCCD 6.7/60 0.01/0.1 SDSS ugriz + 4 narrow band 17 @562 nm/28 @832 nm

“Each instrument uses two Andor iXon Ultra 888 back-iluminated Electron Multiplying (1024 x 1024, 13 micron) pixel CCDs (EMCCDS).
“Values given are for the “speckle’/wide-field" of view modes.
Narrow band filters are centered at 466, 562, 716, and 832 nm.

Limiting Mag (R)

~13.2
~18
~18
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Companion a() 80 Mg (mag) sep (au) mass (M) Tert (K) Flags

HD 1160 C 3.98858470355 4.25245524714 972:313 648 0.378'3%1 35033 BPRP PRI

Gliese 49 B 15.83942593995 62.36588062663 1135351 2902 016932 3211°% 2MA BPRP PRI
HD 8326 B 20.54104760211 -26.90734439784 11.48°9%¢ 1747 0198992 325773 2MA BPRP PRI
HD 13167 B 32.06020575541 -24.69051459458 11.33:9% 3,001 021175 3279', 2MA BPRP

HR 858 B 4298571355919 -30.81182706733 13.39:9% 267 0.112:3%% 2926'% BPRP PRI

HD 18015 B 43.36225373946 - 8.84661863284 6.62:9% 881 0.747:3%% 4650°%0 2MA BPRP PRI
K2-288 A 5544420842474 18.26869720107 8.65'359 52 0.534°291% 3777TR 2MA

HD 23472 B 55.46315889099 -62.76539647729 12.79:9% 374 0.129%.%5 3088'3 2MA BPRP PRI
HD 24085 A 56.19506729271 ~70.02706843481 2.90°333 4,174 1.254'3%% 6339'213 2MA BPRP PRI EXT
HIl 1348 C 56.81444339267 24.39176993016 10.07°93 5,155 0.322:0%:8 3436°% 2MA BPRP PRI ***
Hil 1348 D 56.82474725542 24.37529892928 14357932 7.872 0.055:9%% 2602°% BD 2MA BPRP ***
HATS-57 B 6094413061754 ~19.05596683949 10.25"3% 4,068 0.331:0%2 3448°%° 2MA BPRP

FU TauB 65.8989496054 1 2504979704793 12.62'958 749 0.018'2%% 2553'% BD 2MA BPRP
DH Tau C 67.42700661202 2654688636442 3647017 2071 1.655°922 48371%* 2MA BPRP PRI EXT
51 Eri B (SB) 69.40630139702 - 2.49157819607 7.18:031 1994 073395 3962°13° 2MA BPRP PRI **
2M 0441+23 AB* 70.44024465438 23.03268965375 737982 1,483 0.241:3487 330833 2MA BPRP
NGTS-6 B 75.79692465277 -30.40013000839 923:518 1,667 0457:35% 3618'2 2MA BPRP PRI
AB Dor BD 82.18603484814 -65.44557858318 9.08%0%% 136 0.466'3%7 3645°15% 2MA BPRP PRI ***
HD 39855 B 8862713212305 -19.70163948841 8.02:913 250 05989654 39787 2MA BPRP PRI
NGTS-10 B 91.87213254706 -25.59461438962 727981 364 0.665'92) 4327°5%

L2 Pup B 108.39678197580 4463427669967 1139317 2,101 0.203'9%2 3270748

HIP 38594 B 118.48449010900 -25.39952189079 14.43:3% 7,116 ~06 WD 2MA BPRP PRI
WASP-180 B 123.39313443835 - 1.98380547425 4649% 1244 1.067:00%9 5778 2MA BPRP PRI
HD 79211 A 138.58391575741 5268415915741 7.59:321 108 0.644°0%% 41805;° 2MA BPRP PRI
HD 85628 B 147.57796550484 -66.11477795490 7.38:0%2 744 067515038 4282'%, BPRP PRI

TOI 717 B 147.98872815946 2.11708155887 9.72:5% 2,275 0.398'000 3519'%° 2MA BPRP PRI

G 196-3B 151.08506490419 50.38228242112 174198 350 0.082:9%% 1987°% BD 2MA BPRP
LTT 3780 B 154.64934761666 ~11.71834621199 1227:9% 347 0.149:39% 31273 2MA BPR PPRI
MASCARA-3 B 161.90924448675 7165515762432 7.83:012 200 0625259 4074712

2M J1101-7732 B 165.33045751133 ~77.54374799758 1248311 264 0019:3%! 2574’3 8D

WASP-175 B 166.31900970217 -34.12073886500 5.46'910 3,971 09193518 5290'% 2MA BPR PPRI
CHXR 73 C 166.56385863699 ~77.63060598303 8.04'1%8 8,808 0235318 3280138 2MA BPRP
GJ414B 167.76359381364 30.44392150823 80635 406 0587:2%¢ 3071738 2MABPRP PRI
HD 97334 BC” 168.10555672848 35.80289455668 18.16'3% 2036 0028:5%1 1845 BD 2MA BPRP
HD 233832 B 171.51750545565 50.37622350226 864133 290 0531292 3775'% 2MA BPRP PRI
2M J1155-7919 B 178.76276748600 -79.32082818366 14.48'9% 582 0.016:5501 2366 BD 2MA BPRP
NGTS-5 B 221.06499706987 5.60206193982 967:51% 8,323 0.405'00%¢ 35303 2MA BPRP

2M J1450-7841 B 222.67064914833 7869407266366 1535133 387 0031052 2328'135 BD 2MA BPRP
WASP-189 B 225,68920534342 -3.03062676806 9.12:9%2 942 0.479:3%1 3646'% 2MA BPRP PRI
HIP 73990 D 226.82470360183 -20.49738818566 833108 5204 04703431 3576151 2MA BPRP PRI
TOI 905 B 227.66059753260 ~71.36174373792 1093°917 358 0251901 3340'3)

2M 1510 B 227.69777941730 -28.30671294175 15.13'9% 249 0033600 237673 BD 2MA BPRP
pCrB 229,33020903332 -58.85886078926 16917318 6,187 0063352 21594 BD 2VA BPRP
KELT-23 B 232.14912993468 66.35793842725 9.94°0" 575 0.368°0.05¢ 3487°1° 2MA BPRP PRI
K2-290 C 234.85788601749 -20.20202286624 1051 3,004 029238 3404°% 2MA BPRP™*
GQLup C 237.30537201266 -35.65336961027 .70 2,446 0.075°918 2897°% 2MA BPRP

HIP 77900 B 238,62602763313 -27.33270712891 1348:3% 3374 0020:3%! 2519'% BD BPRP

USco 1602-2401 B® 240.71312906858 -24.03074240242 869'312 1,038 0.238°0¢ 3280'%2 2MA BPRP PRI
HIP 79098 C 242.20150369275 -23.68925441843 08255 9565 0159353 31765 2MA BPRP PRI ***
USco 1610-1913 B 242,63466253957 -19.21910506083 127188 777 0.025:3%% 2615147 BD 2MA BPRP
USco 1612-1800 B 243.20402838620 -18.01380384763 12,5085 504 0026:3%% 2642'% BD BPRP

ROXs 12 C 246,61560598363 -25.45695531769 7.28:%0 5,005 0474322 3657'33 2MA BPR PPRI
HATS-48 B 288.66902407326 -59.57941400923 17205 1,444 01819932 321973 2MA BPRP
GJ752 B 289237457 10752 5.14456304678 14,0451 446 0.098:35% 2785'%) 2MA BPRP PRI
HD 181234 B 290.00108472870 -9.32417966740 104639 247 0.207'3% 3412:% 2MA BPRP PRI
Wendelstein-1 B 299.04791069915 17.56797448132 114338 3,632 0202887 3264'7% 2MA BPRP

oM J2126-81 B 321.71158783493 -81.67526360458 17.84:3% 7427 0.0202% 185141 BD 2MA BPRP
TOI 132 B 338.40325545731 -43.44166603901 12212318 3,231 0152382 31373 2MA BPRP
NGTS-7 B 352.52202473338 3897006605140 93295 156 0384:0%%0 3495'3%

DS Tuc B 354.91457052896 -69.19458723114 5.86°310 237 0.834°0%%0 504018 2MA BPRP PRI
1RXS 235143127 C 357.93142859121 31.45083817280 961762 5427 0394357 3522'F 2MA BPRP PRI

“2M 0441+23 B is a close brown cwarf companion of 2M 0441+23 A.

°HD 97334 BC is a binary brown dwar system.

“The brown dwarf USco 1602-2401 B was detected by Aller et al. (2013) and its possible companionship to USco 1602-2401 A, was revealed with photometry and follow-up
spectroscopy, which was finally proven in this study with the Gaia DR2 astrometry of the companion, i.e. confirmation of equidistance, and common proper motion, as wellas test for
gravitational stabilty. USco 1602-2401 B is one of 14 reported substellar companions, detected by Gaia, which were also characterized in this study using thei Gaia DR2 astro- and
photometry. In general, the derived mass of these substeliar companions agrees well with the mass given in the literature, with a deviation of only a few My, on average. In contrast, for
USco 1602-2401 B Aller et al. (2013) derived a mass of 41'33Mo at an age of § Myr (4733, at 10 Myr) adopting a distance of about 145 pc and no extinction. With the Gaia DR2
parallax and the Starhorse extinction estimate of the primary star and the G-band photometry of the companion we obtained a significantly higher mass of 0.238'315M at 5 Myr
(0.309'3%23M. at 10 Myr). Adopting A = 0 mag yiekds a mass of the companion of 0.071'$% M for 5 Myr, and 0.104'3331 M for 10 Myr, respectively. Therefore, we classify this
companion here as low-mass Star.
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Companion » PA An freat sig- cpm-  Notin
(arcsec) 0 (mas) an (mas/yr) . index wDs

HD 1160 C 5.14549 £ 0.00018 349.53223+000250  095:028  33(1.2) 172033 52 30

Gliese 49 B 294.45989 + 0.00011 7552728000002 0.17+009 20 (08) 436023 19 338

HD 8326 B 56.88131 + 0.00005 147.16909.£ 000006  0.12:008  1.6(03) 1.18+0.17 74 394

HD 13167 B 2006421 £ 0.00010 2477589000028 0413013  08(02) 1.28+023 57 ot *

HR 858 B 835742  0.00013 1579337 £000060  1.04+018  58(12) 13904022 62 24 *

HD 18015 B 7.08916 + 0.00006 316.16832+000045  0.11£007 1.6 (1.6) 1.61 0.1 14 79

K2-288 A 078692 + 0.00018 340.38240+ 001437  093:022  43(1.0) 475064 7.4 8 *°

HD 23472 B 9.56924 + 0.00008 45.28294 + 0.00046 0.08 +0.08 1.1(0.2) 1.23+0.18 7.0 181 *

HD 24085 A 75.91260  0.00003 263.05666+000002 004003  1.3(1.3) 1.01£006 16 194 *

HIl 1348 C 3602849 + 0.00016 27687735+000017  034:048  1.9(0.7) 122035 35 82 *

HI 1348 D 56.01726  0.00090 182.06892£0.00182 091178  05(03) 400305 13 25 *

HATS 57 B 14.44086 + 0.00010 282.25351+000032  0.06+043 0.4 (0.4) 088:0.16 5.4 43 *

FU Tau B 568052 £ 0.00112 12357637+ 000858 011:1.30 0.1 (00) 560405 1.4 8

DH Tau C 15.20981 + 0.00007 126.08805£ 000023  001:009  02(02) 053011 47 83

51 Eri B (SB) 66.96749 + 0.00027 162.62918 + 0.00028 4.39+0.39 1.2 (21) 19.04 + 0.71 27 8

2M 0441+23 AB 12.31449 + 0.00036 57.55273 + 0.00133 0.29+0.39 0.7 (0.2) 0.67 +0.94 07 70

NGTS-6 B 536108 + 0.00005 116.68846£ 000060 001007 01 (00) 014012 1.2 342 *

AB Dor BD 887930  0.00018 347.19358+000007 171017 101 (1.7)  5356+038 164 6

HD 30855 B 10.72622 £ 0.00004 19.55064 £000017  000+005  00(00)  1300+009 145 15

NGTS-10 B 1.12234 + 000023 33473644 £ 001107 278+027 102 (13) 1.48 041 36 14 *°

2Pup B 32.80132 + 0.00052 6366528 £ 000009 0.80 099 08 (1) 232108 22 296 *

HIP 38504 B 399.81589 + 0.00012 20891546+ 000001 006009 07 (0.7) 6442024 27 13

WASP-180 B 486185 + 0.00006 138.92126£0.00081  0.05:009  05(05) 1.42£0.19 76 19

HD 79211 A 17.08255 + 0.00004 277.72812 + 0.00014 0.01 +0.06 0.1 (0.1) 94.92 + 0.08 1,136 35

HD 85628 B 433622 + 0.00004 20493946+ 000056 012005  2.5(0.4) 215008 27 14 *

TOI 717 B 65.46692 + 0.00016 8863021 + 0.00020 0.01+0.11 0.1 (0.1) 210+0.25 8.4 64

G 19638 16.06941 + 0.00055 20015563+ 000166 1.51 081 19 (086) 699.+1.53 46 71

LTT 3780 B 15.78849 £ 0.00011 97.14133+000038  0.18:014  13(04) 055047 32 1,535

MASCARA-3 B 2.06449 £ 0.00010 173.15273£000345 069013  53(09) 620031 20 21 *°

2M J1101-7732 B 1.42656 + 0.00041 3000553 +001621  003+039 0.1 (00) 1.02+086 1.2 45

WASP-175 B 7.25020 + 0.00003 495541 £000027  003:005  06(06) 029007 39 175 *!

CHXR 73 C 46.10344 + 0.00027 248.30821 + 0.00031 0.02+0.28 0.1 (0.00 1.65 +0.42 39 27 *

GJ 414 B 34.15873 + 0.00007 262.44625 + 0.00011 0.12+0.07 1.6 (1.6) 16.09 + 0.12 139 78

HD 97334 BC 89.88421 + 0.00098 2450458300000  127+110  12(0.2) 13.05+2.13 6.1 44

HD 233832 B 493691 + 0.00004 266.38672+ 000079 007009  08(08) 688+0.11 63 143

2M J1155-7919 B 575435 + 0.00047 20786140+ 000458 007053 0.1 (0.0) 1.48 +1.20 12 55 *

NGTS-5 B 2689147 £ 0.00011 11631507 £000021  029:013  22(07) 046.£0.20 23 63 *

2M J1450-7841 B 423901 £ 0.00099 31826065+ 001318 220:108  22(07) 301217 1.4 29 *

WASP-189 B 941610 £ 0.00010 7078901000095 ~ 072:0.18  40(1.4) 025021 12 446 *

HIP 73990 D 47.27427 + 0.00009 5665125000010 0.08+0.11 07 (02) 037018 20 219 *

TOI 905 B 2.24803 + 0.00050 100.34253+ 001658 1582055  29(1.0) 7.67+0.76 10 12

2M 15108 677139 + 0.00046 200.28499+ 000431 0474056  0.8(0.2) 174095 18 146 *

porB 217.62247 + 0.00055 199.25875£ 000013 039081 05 (0.1) 429108 40 78

KELT-23 B 454135 + 0.00006 127.68919+ 000069  000:006  0.1(00) 1.18£0.10 12 21 *

K2-290 C 11.25119 £ 0.00017 170.97609£ 000151 042028  1.5(07) 047 :044 1.4 135 *

Galup C 1611286 + 0.00039 114.61327 000009 1.09:046 2.4 (04) 1.74.£0.70 25 31

HIP 77900 B 22.27990 + 0.00044 1274996 £ 000267  1.38098 1.4 (086) 208114 18 27 *!

USco 1602-2401 B 7.21512 + 000008 3532071000157 0.61+021 29(07) 086034 25 62

HIP 79098 C 65.20721 + 0.00018 101.86730£0.00008 035019  1.9(05) 230028 83 2 *7

USco 1610-1913 B 582725 + 0.00040 113.57990£ 000238 054038  1.4(04) 260+1.01 27 19

USco 1612-1800 B 318438 + 0.00019 10.65437 £ 000861 0271033  08(02) 147 £054 27 29 *"

ROXs 12 C 37.14026 + 0.00004 185.99483£ 000012 006008 07 (01) 066+0.17 39 79 *°

HATS-48 B 543813 £ 0.00025 267.50024+000322  0.13:044  03(02) 096045 22 13 *

GJ752 B 75.48951 £ 0.00011 15249075£ 000000  020:0.14  1.4(02)  87.74:025 153 78

HD 181234 B 517023  0.00011 5661253000118 005+0.16  03(01) 7.224£022 32 9%

Wendelstein-1 B 1179208 + 0.00024 23262838+ 000116 0.34 +0.41 08(03) 045053 09 20 *

oM J2126-81 B 217.49441 + 0.00082 123.98014£ 000024  004:082  00(00) 8342234 36 30

TOI 132 B 19.64887 + 0.00018 151.44437£000044 0112028  05(01) 058+0.36 16 218 *

NGTS-7 B 1.13095 + 0.00014 117.67142£001072  078:0.14 51 (L1) 216030 73 30 *7

DS Tuc B 536461 = 0.00003 347.65815+000047  0.02:005 03 (0.3) 222008 29 93

1RXS J235143127 C 126.01641 +0.00005 9850760000002  004:008  05(01) 083009 87 333

Comments on individual companions:

“This companion was first reported by Vanderburg et l. (201), who have already verified its equidistance and common proper motion with the exoplanet host star HR 858 A using Gaia
DR2 data, consistent with the resuts, obtained in this stud.

®This companion was detected by Feinstein et l. (2019) and its companionshio with the exoplanet host star K2-288 B was proven with Gaia DR2 astrometry, confirmed by the astrometric
analysis, carried out in the study, presented here.

“This star was already noticed in the Gaia DR2 by McCormac et al. (2020) as common proper motion companion of the exoplanet host star NGTS-10A, consistent with the results, derived
in this stucy.

“This companion of the exoplanet host star HD 85628 A was discovered by Dorval et al. (2020) in the Gaia DR2, who found its parallax and proper motion consistent with that of the.
exoplanet host star, confimed by the astrometric analysis, presented here.

®This companion was detected with AQ imaging by Rodriguez et al. (2019) using Keck/NIRC 2, but is aiso listed in the Gaia DR2, whose astrometry was used by this team to veriy the
equidistance and common proper motion of this companion with the exoplanet host star MASCARA-3 A, as done in this study.

This companion was already reported by Nielsen et al. (2019), who provediits companionship with the exoplanet host star WASP-175 A with Gaia DR2 astrometry, consistent with the.
results derived here.

“The equidistance and common proper motion of this substellar object with the exoplanet host star 2M J1155-7919 A was verified by Dickson-Vandervelde et al. (2020) using Gaia DR2
date, as done in this work

"This companion was detected by Burgasser et al. (2017) and its common proper motion with the brown dwarf 2M J1450-7841 A, listed in the EPE, was verified with ground based
astrometry, confirmed in this study with Gaia DR2 data, which furthermore proves the equidistance of both objecls.

‘This comparnion was noticed by Triaud et l. (2020) in the Gaia DR2 as equidistant and co-moving companion of the brown dwarf 2M 1510 A, whichis listed in the EPE, consistent with our
resuls.

KELT-23 B was first discovered by (Johns et al., 2019) with Keck/NIRC2 AQ imaging, who used Gaia DR2 astrometry to prove the equidistance and common proper motion of the
companion with the exoplanet host star KELT-23 A, as done in this study.

“This companion was already described by Hiorth et al. (2019), who have verified it to be equidistant and co-moving with the exoplanet host star K2-290 A, using Gaia DR2 data, a
conclusion, whichis confirmed by the analysis, presented here. Furthermore, this team identified an aditional but closer stelar companion-candidate of the exoplanet host star (K2-290 B)
with Subrau/IRCS AQ imaging, which however still needs astrometric confirmation of its companionshio. Due to its close angular separation to K2-290 A we adopt here this object as
companion of the exoplanet host star.

'This companion was revealed spectro-photometrically by Aller et al. (2013). With Gaia DR2 astrometry we prove here its companionship with the exoplanet host star HIP 77900 A

"HIP 79098 C was reported by (Janson et al,, 2019) as equidistant and co-moving companion of the exoplanet host star HIP 79098 A, based on its Gaia DR astrometry, confirmed by the.
analysis of the companion, which is presented here.

"This companion was revealed spectro-photometrically by Aller et al. (2013). The equidistance and common proper motion of this companion with the exoplanet host star USco 1612-
1800 A was proven in this study, with Gaia DR2 astrometry.

°This star was identified by (Bowler et al, 2017) as companion of ROXs 12 A, based on its radial velocity and proper motion. We prove the equidistance of both stars with their Gaia DR2
astromery, which aiso confims their common proper motion.

°This companion was reported by (Hartman et al., 2020), who used the Gaia DR2 astrometry to confirm its companionship with the exoplanet host star HATS-48 A, as done in this work.
INGTS-7 B was revealed by (Jackman et al., 2019) as companion of the exoplanet host star NGTS-7 A using Gaia DR2 astrometry, as done in this study.
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Name n £,€08(3) 4 epsi  sig- G As

(mas) (mas/yr) (mas/yr) (mas)  epsi (mag) (mag)
HD 1160 A* 7.9417 £ 00764 20.089 +0.138 -14575 +0.099 0121 60 74074£0.0003 0134779132
HD 1160 C 69946 + 0.2739 20.605 + 0.333 -16215+0311 0739 37  153505+0.0207
Gliese 49 A* 101.4650 + 0.0335 731.135 + 0.041 90.690 +0.048 — - 86628 +0.0007  0.6030'9%22
Giiese 49 B 101.6371 + 0.0806 730.740 + 0.163 86.352 +0.225 0190 13 11.9238+0.0033
HD 8326 A* 32.5501 + 0.0466 -58.470 £ 0.120 -224.887 + 0.064 - - 84749 +0.0004
HD 8326 B 32.4362 + 0.0589 -57.577 +0.156 -224122+0088 0347 27  14.2066+00006  0.2040'3%%8
HD 13167 A* 66859 + 0.0485 43.770 £ 0077 38,126 +0.079 - - 81600 + 0.0003
HD 13167 B 67931+ 0.1254 44.134 £ 0215 -30358 +0.212 0444 33 17451300022 024319%%  SHC
HR 858 A" 31.2565 + 0.0700 123229 + 0070 105.788 + 0.151 0086 39 62480 £0.0003  0.1320:3:5!
HR 858 B 32.3014 + 01670 137.125 0213 1058650302 0836 63 16,0464 +0.0031
HD 18015 A* 80490 + 0.0517 63.053 + 0.089 -4.350 0,082 - - 7.7219 £ 0.0005
HD 18015 B 7.9413+ 00415 64.638 + 0.071 - 4.668 + 0.066 - - 12.2361+0.0008  0.1440°3%5!
K2-288 B* 15.2166 + 0.2007 185.476 + 0.708 ~74070+0618 0766 70 14545100017
K2-288 A 14,2879 + 0.0807 187.057 +0.151 -69.591 +0.116 0418 41 133090400009  05668:3%%  SHC
HD 23472 A" 265807 + 0,0261 -102.671 + 0.050 -43917 +0059 - - 93848£00002  00783°34é3
HD 23472 B 255060+ 00732 -103.019+0.154 -42.771 0,169 049 161  158312+0.0014
HD 24085 B* 18.1859 + 0.0245 -9.249 £ 0,048 -97.358 + 0.050 - - 7.4250 +0.0002
HD 24085 A 18,1430 + 0.0226 -10.234 £ 0,043 -97.151 £ 0,049 - - 7.2719£00002 06682933}
HIl 1348 A" (SB) 6.9890 + 0.0490 21.401 +0.120 ~45.705 + 0.060 - - 12,2439+ 0.0012
HIl 1348 C 66456 + 0.1763 20.250 + 0.337 -45292 +0.235 0429 41 17.0303+0.0017  1.1810:33%!
HIl 1348 D 7.8946 + 1.7831 23.361 + 4.630 -42.219 +2.330 2.369 09 20.7790+0.0161  0.6550:33}%
HATS-57 A* 3.5495 + 0,0392 -12.664 + 0.046 ~14.115 + 0,040 - - 12.1816+0.0007 00548001
HATS-57 B 3.4904 + 0.1265 ~12.064 £ 0.174 -14764 £0.142 - - 17,5568 + 0.0012
FU Tau A* 75981+ 0.1497 6.895 + 0.376 -21026 +0.202 0732 83  152412:00024  2.2620°9%%
FU Tau B 7.4909 + 1.2887 12,450 + 4.056 -21.761 +1.903 3516 46  20.4799+0.0074
DH Tau A* 7.3880 + 0.0693 7.065 + 0,117 ~20699 +0.079 - - 12.4961 + 0.0090
DH Tau C 7.4011 + 0.0520 6.899 +0.113 -21.207 +0.074 — — 11.9692+0.0013  2.6683:33%%
51 Eri A" 33,5770+ 01354 44352 + 0227 -63833+0.178 0562 190 5122400017 017409938
51 Eri B (SB) 37.9633 + 0.3662 59.687 + 0.717 -52419+0618 1958 2030 97247 +00011
2M 0441423 C* 83040+ 0.3778 8955 + 0.931 -21.431 +0456 1350 57  18.9668+0.0068
2M 0441+23 AB 80161 + 0.0832 8.300 +0.189 -21.653+0.103 0.529 79 13.8267 +0.0011  1.05779%%
NGTS-6 A* 3215100148 -9.339 £ 0,025 -21.9950 + 0.026 - - 13.8175 + 0.0006
NGTS-6 B 32231 +0.0653 -9.301 £ 0,107 -221300+0.114 0208 13  17.0603+00009  0.3627°31%
AB Dor AC* 65.3199 + 01440 29150 + 0251 164.4210£0209 0850 317  66738+0.0018
AB Dor BD 67.0283 + 0.0901 66.366 + 0.155 126.8990 +0.189 0.522 111 11.3560+0.0012  1.852893i%
HD 39855 A" 42.9636 + 0.0346 92.854 + 0.046 ~24.4660 + 0.063 - - 7.3211 £0.0002
HD 39855 B 42.9612 + 0.0369 96.166 + 0.055 ~11.8960 + 0.065 - - 10.0503+0.0006  0.1920°5%2%
NGTS-10 A* 30798 + 0.2610 -2.323+0.343 1052700395 2152 1,100  14.2604 +0.0034
NGTS-10 B 02965 + 0.0802 -1.120+ 0219 96710+ 0.161 0064 03  155926+00014 07679735  SHC
L2 Pup A* 1561+ 099 106.31 £ 096 324.99+1.08 - - 9.8208 +0.2812 HIP
L2 Pup B 16.4131+ 0.0574 105.895 + 0.097 327.272+0099 0368 12 157009+00009  0.2040'33%
HIP 38594 A" 56,1868+ 00297 -300.905 + 0.044 200,923 + 0,045 - - 90853 + 0.0003
HIP 38594 B 56,1234+ 00799  -297.867 +0.126 206,598 +0.257 - - 16.0444£0.0005  0.3670°0%73%
WASP-180 A" 39093 + 0.0517 ~14.052 + 0,091 -3.169+ 0,055 - - 10.9134 + 0.0007
WASP-180 B 38618 +0.0734 -12.705 £ 0.172 -2710+0.103 - - 117712400008 0.0930°333%
HD 79211 B* 157.8851 £ 00414 -1573.120 + 0.061 -660.121 + 0.058 - - 7.0477 +0.0004
HD 79211 A 157.8796 £ 00366  -1546.100 £ 0.059  -569.127 + 0.060 - - 6.9689£0.0005  03757:93%
HD 85628 A" 58297 +0.0318 6051 +0.055 -15.398 + 0,051 - - 81740£00004 0501279158
HD 85628 B 5.9508 + 0.0366 5.856 + 0.066 -13.252 +0.060 0296 18 14.0490+0.0047
TOI 717 A 28,7709 + 0.0783 26,092 £ 0.176 62.064 +0.260 0045 05  126410+00005  03110:3:37%
TOI 717 B 28,7588 + 0.0824 -23.995 + 0177 62.081+0273 0060 1.0  12.7386+0.0008
G 196-3 A" 45.8611 + 0.0388 -141.177 £ 0,055 -202.394 + 0,063 0.000 05  10.6123+00005  1.0645%0753
G 196-3B 443549+ 08128 -137.820+ 0928 -208.523 + 1.671 2210 33 201697 +0.0085
LTT 3780 A" 454644+ 00827  -341.409+0114 -247870+0.105 0137 66  11.8465+00005 050153332
LTT 3780 B 45.2879 + 0.1081 -341.379 + 0.149 -248419+0.135 0414 23 14.4855+0.0008
MASCARA-3 A" 10.3320 + 0.0333 56,184 + 0,053 -34.808 + 0,064 - - 8237500004  0.2400:9%78
MASCARA-3 B 11.0260 + 0.1268 -60.757 + 0,325 -37.811 +0.200 0799 160  13.0002:+0.0109
2M J1101-7732 A* 5.4081 +0.1877 22,653 + 0.435 2.062 +0.397 1.271 12 18.3209+0.0023
2M J1101-7732 B 5.4333 + 0.3368 23,668 + 0.748 1.931+0.723 1836 61 19404000047 05900838
WASP-175 A" 1.8260 + 0.0399 -24.306 + 0,057 6.033 +0.057 - - 12.7065 + 0.0002
WASP-175 B 1.7947 + 0.0308 -24.064 + 0.045 6.185+0.045 - - 14246200003 0.0965°3%%
CHXR 73 A* 52343+ 0.1759 22,193 +0.233 0215 +0.206 0815 12 17.2934:00014 346501158
CHXR 73 G 52502 + 0.2218 -22.937 + 0433 ~1.261+0.347 1.241 14 17.9098 +0.0021
GJ 414 A* 84.0803 + 0.0471 591,622 + 0,081 -197.247 + 0,091 - - 7.7281 +0.0007
GJ414 B 84.1971 + 0.0579 604.831 + 0,081 -206.442 + 0.075 - - 9047100011 06100:9%%°
HD 97334 A* 441428+ 00383 -249.387 + 0.090 -151.5690 + 0.071 - - 62410 £0.0006  0.0555°30%12
HD 97334 BG 42.8724£11025 ~ -236.349+ 2133 -152068+2.109 5342 15 19.9859+0.0135
HD 233832 A* 169952400752 -473.960 + 0.075 124.167 + 0.087 - - 9.9456 + 0.0005
HD 233832 B 17.0867 £ 00532 -478.645 + 0.048 119.122+ 0088 - - 12.7187£0.0004  0.2288'32%
2M J1155-7919 A* 9.8862 + 0.0585 -41.179£0.127 -4.336 + 0.086 0.490 35 14.8180+0.0017  0.4158°5%1% £
2M J1155-7919 B 98211 + 05264 -39.738 £ 1.216 - 4,656 + 0,687 1387 14 19.9246+00079
NGTS-5 A* 32310+ 0.0272 13,650 + 0,041 - 4.688 + 0,042 - - 13.5260+0.0004  0.1970°319%
NGTS-5 B 29428 +0.1254 13.938 + 0.209 -4331£0180 0422 30  17.3160+00016
2M J1450-7841 A* 10.9480 + 0.5046 -37.597 + 0.881 -23.654 +0.895 2345 50  196858+0.0060 050009%%B
2M J1450-7841 B 86592 + 0.9023 -34.984 + 2.047 -22162+1.764 2067 11 206501 +0.0097
WASP-189 A* 9.9990 + 0.0747 -50.564 + 0.109 -23788+0.115 0082 22 65537 00004 026529128  SHC
WASP-189 B 10.7202 + 0.1648 -50.594 + 0.165 -24.087 +0.178 0475 25 14.38740.0024
HIP 73990 A" 90326 + 0.0648 -27.432 £ 0,106 -20,028 + 0,089 - - 80678 + 0.0009
HIP 73990 D 89507 + 0.0899 -27.728 £ 0.159 -20245+0135 0457 28 146580+00007  1.1073:9%%
TOI 905 A* 6.2745 + 0.0285 -25.839 + 0.033 -41.150 + 0.051 - - 11.0813+0.0004 027039132  SHC
TOI 905 B 7.8642 + 0.5489 ~18.290 + 0.763 -39.819+0.788 1423 25 17.2149: 00875
2M 1510 A* 27.2203+ 02665  -118.747 + 0492 -46.865 +0.420 1112 18 17.4870+00018 0926633  SHC
2M 1510 B 27.6869+ 04939  -117.448 £ 0.893 -45713+0.746 1710 78  18.8855+0.0035
p Cir A* 35,1736 + 04253 -96.742 + 0.491 -136.541 + 0621 1852 1770 39732+00026  0.2560'3%2%
pCir B 34.7836 + 0,6840 -92.763 + 0.829 -138.156 41469 2701 15 19.4335+0.0051
KELT-23 A" 7.8912+0.0219 0.434 +0.039 -12217 + 0041 - - 10.182040.0004  0.0680°3%3
KELT-23 B 7.8949 + 0.0529 1.567 + 0,093 ~11.903 0,107 0284 68  155209+00014
K2-290 A'B 3.6365 + 0.0503 27.225 + 0.099 -16.893 + 0.066 - - 10.8204 +0.0004  0.8900°3337%
K2-290 G 40831 + 02711 27.465 + 0593 -16.484 +0.370 055 12  185920+0.0027
GQ Lup A* 6.5868 + 0.0473 -14.257 + 0.097 -23.596 + 0.066 0.110 57 11.2608 +0.0089  2.7645'9%i%5
GQ Lup C 5.4905 + 0.4597 ~14.807 £ 0,972 21947 £ 0,653 2960 59  18.3740+0.0037
HIP 77900 A* 66037 +0.1196 -13.357 + 0.187 -25272+0.110 0212 21 61120400006  0.1852:3/5%
HIP 77900 B 52279 + 0.9696 ~13.908 + 1.517 ~23.265 +1.097 2007 43 195660+ 0.0057
USco 1602-2401 A* 6.9484 + 0.0661 ~11.850 £ 0.119 -24.032 +0.051 - - 118656400026 1888573112  SHC
USco 1602-2401 B 63381 + 0.2030 ~12.699 + 0.325 -23872+0.187 0829 40  16.3640+0.0010
HIP 79098 A (SB)* 68337 +0.1176 -9823+0210 -28.119+0.163 0289 35 5826400006 04640731
HIP 79098 G 7.1870 + 01476 ~10.979 + 0.271 -26.128+0.189 0666 27 16.1091+0.0012
USco 1610-1913 A* 7.4960 + 0.0718 -9.342 £ 0.206 -23591 +0.111 0168 12 126962+00049 03850938
USco 1610-1913 B 6.9600 + 0.3719 -7.043+1.112 -24982 +0576 1301 70 18.7225+00029
USco 1612-1800 A* 63156 + 0.0747 ~7.418.+0.161 -21148+0.112 0427 31 145532400007  03850'0%%  x
USco 1612-1800 B 60413 +0.3224 -7.002 + 0,698 -19.738 £ 0512 1112 40 18.8810+0.0032
ROXs 12 A* 7.2894 + 0.0417 ~7.185 + 0,090 -24851 +0,059 0158 69  132655+00013  1.8000:1%%
ROXs 12 C 7.2328 + 0.0738 -6.577 £ 0.151 -25106-0099 0354 20  14.7659+0.0113
HATS-48 A* 37648 + 0.0237 3.125 +0.031 6.146 +0.029 - - 13.8951+0.0002  0.5090°33%7¢
HATS-48 B 36354 + 0.4432 2951 +0.469 5.201 +0.446 0576 06  19.3368.+0.0037
GJ 752 A* 169.1500 + 00520 -579.043+0088  -1332.740 + 0.081 - - 80076 +0.0011
GJ 752 B 168.9620 + 0.1299 ~598.177 + 0.245 -1365.270 + 0.227 0.855 98 14.3212+0.0007  1.4208°337%5
HD 181234 A* 209155+ 00564 -122.751+ 0098 -318.277 + 0.098 - - 8369300004 036707545,
HD 181234 B 20,8683+ 01458  -117.558 + 0192 -323.202 + 0211 0520 27 142207 +0.0012
Wendelstein-1 A* 32470+ 0.0317 4131 +0041 -1.832 + 0,039 - - 15.0324 £0.0005  0.5240'341%
Wendelstein-1 B 35833 + 0.4053 3862 + 0.508 -2194+0536 10388 19 193979+ 00031
oM J2126-81 A* 29,2836 + 0.0690 50843 + 0,111 -107.723+0.114 0303 48  10.8133:00021 02157948  SHC
2M J2126-81 B 29.2463 + 0.9205 56,511 + 1.656 -115.369+2441 4209 44 20.7247+0.0094
TOI 132 A 6.0809 + 0.0366 35,553 + 0.043 53065 + 0,054 0090 36  11.3208+00007  0.1535:31%%
TOI 132 B 59683 + 0.2251 35.417 +0.280 -52.488 + 0.361 0955 7.4 18.4470:0.0015
NGTS-7 A* 7.2497 +0.1203 -27.003 £ 0.114 -16225+0.178 0610 72 149154:00020 05000938
NGTS-7 B 65232 +0.0787 -28,601 0,112 -14.776 +0.364 0203 44 15513400012
DS Tuc A* 22,6663 + 0.0354 79.464 + 0074 ~67.440 + 0,045 - - 83193 +0.0010
DS Tuc B 22,6504 + 0.0297 78.022 + 0.064 -65.746 + 0,037 - - 9399300014  03210°9%2
1RXS J235143127 A* 23,2183+ 0.0524 106.584 + 0.064 -87.761 + 0,038 0083 39  125145+0.0005
1RXS J2351+3127 C 23.1794 + 0.0592 105.757 + 0.070 -87.787 +0.041 0.285 32 13.2004 +0.0006  0.4190°935%

Comments on individual objects:

HD 1160 A hosts a brown dwarf companion (HD 1160 B, detected by Nielsen et al, 2012), which s listed as exoplanet in the EPE.

The exoplanet host star HD 24085 B is the secondary component of a binary system, whose primary star HD 24085 A is also known as HD 24062.

HIl 1348 A is a spectroscopic binary with a brown dwarf companion (Hll 1348 B, discovered by GeiBler et al., 2012), which is listed as exoplanet in the EPE.

DH Tau A hosts a brown dwarf companion (DH Tau B), which was detected by ltoh etal. (2005) andiis listed as exoplanet n the EPE. DH Tau C (alias DI Tau) s the wide primary component
of this system.

2M 0441+23 C is an exoplanet host brown dwarf (Bowler and Hillenbrand, 2015), which is listed in the EPE.

The bright AGB star L2 Pup A s isted in the Gaia DR2 but with a parallax ( = 7.3644 + 0.6149 mas) that significantly differs from its HIPPARCOS-value (x = 15.61 + 0.99 mas, van
Lesuwen, 2007). Furthermore, it should be noted that the G-band brightness of this star, as listed in the Gaia DR2, is several magnitudes fainter than expected (e.g. G = 3.97 + 0.54 mag,
as estimated by Smartand Nicastro, 2014). Therefore, we only use here the Gaia DR2 equatorial coordinates of this star, while we adopt the HIPPARCOS-values of ts parallax and proper
motion, which is indicated with the flag HIP in this table.

HIP 73990 A s the host star of two brown dwarfs (HIP 73990 B and C, revealed by Hinkley et al., 2015), which are both listed as exoplanets in the EPE.

GQ Lup A s listed as exoplanet host star in the EPE, whose substellar companion was detected by Neuhéuser et al. (2005). The star exhibits a wide stellar companion, whose WDS
designation (GQ Lup C) is used here.

HIP 79098 A s a spectroscopic binary and hosts the brown dwarf HIP 79098 B (Janson et al, 2019), which is listed as exoplanet in the EPE.

ROXs 12 A s the host star of the brown dwarf ROXs 12 B, detected by Kraus et al. (2014), which is listed as exoplanet n the EPE.

1RXS J2851+3127 A hosts a brown dwarf companion (1RXS J2351+3127 B, discovered by Bowler et al, 2012), which is listed as exoplanet in the EPE.

HIl 1348 A, FU TauA, G 196-3 A, 2M J1155-7919 A, HD97334 A, B Cir A, HIP 77900 A, USco 1602-2401 A, USco 1610-1913 A, USco 1612-1800 A, and 2M J2126-81 A, are allisted as
exoplanet host stars in the EPE, whose substellar companions were detected and characterized in this study, using data from the Gaia DR2.

2MJ1101-7732 A, 2M J1450-7841 A, 2M 1510 A are all brown dwarfs, which are listed as exoplanet hosts in the EPE, whase substellar companions were detected and characterized in
this study with Gaia DR2 data.
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