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Abstract: Our uncertainties about binary star systems (and triples and so on) limit our capabilities
in literally every single one of the Thematic Areas identified for Astro2020. We need to
understand the population statistics of stellar multiplicity and their variations with stellar type,
chemistry, and dynamical environment: Correct interpretation of any exoplanet experiment
depends on proper treatment of resolved and unresolved binaries; stellar multiplicity is a direct
outcome of star and companion formation; the most precise constraints on stellar structure come
from well-characterized binary systems; stellar populations heavily rely on stellar and binary
evolution modeling; high-redshift galaxy radiation and reionization is controlled by
binary-dependent stellar physics; compact objects are the outcomes of binary evolution; the
interpretation of multi-messenger astronomy from gravitational waves, light, and neutrinos relies
on understanding the products of binary star evolution; near-Universe constraints on the Hubble
constant with Type Ia supernovae and gravitational-wave mergers are subject to systematics
related to their binary star progenitors; local measures of dark-matter substructure masses are
distorted by binary populations. In order to realize the scientific goals in each of these themes
over the next decade, we therefore need to understand how binary stars and stellar multiplets are
formed and distributed in the space of masses, composition, age, and orbital properties, and how
the distribution evolves with time. This white paper emphasizes the interdisciplinary importance
of binary-star science and advocates that coordinated investment from all astrophysical
communities will benefit almost all branches of astrophysics.



Recommendation Binary stars, and their evolution across the H-R Diagram, are critical to
nearly all aspects of Astronomy. There are no technological or observational barriers to a near-
complete observational determination of the full distribution of stellar mutiplicity as a function of
stellar type, composition, environment, and orbital architecture. Given the interdisciplinary value
of such results, the astrophysical community could and should join together to solve this problem.

In practice, this will require comprehensive observational and theoretical analysis with pho-
tometric, spectroscopic, and astrometric surveys in concert. Many existing or planned projects
(e.g., LSST, SDSS-V, Gaia, ALMA, LIGO, LISA) have the capacity to deliver a subset of the
required data (modulo survey execution decisions), with the largest missing component being
time-resolved, multiplexed, infrared spectroscopy on a large aperture telescope. To emphasize
the concreteness of what we are recommending, we estimate that a coordinated, cooperative ef-
fort on stellar multiplicity (given existing or planned surveys) would require a total investment
comparable to a 5-year, ground-based spectroscopic survey on an existing 4m-class telescope—
i.e. far less than a major mission or facility and a shared cost across all astrophysical commu-
nities. Such observations, combined with theoretical developments, would provide the informa-
tion necessary to bring down scientific barriers in every one of the Astro2020 Thematic Areas.

Planetary Systems The last decade of exoplanetary science has demonstrated that most plan-
etary systems are unlike our own, both in terms of their orbital architecture and in the masses and
radii of their typical constituents. A continuing goal for this field is then to characterize the de-
mographics of planetary systems: The occurrence rates of planets as a function of their mass, or-
bit, and host star parameters. However, measurements of individual planetary properties and
planetary population constraints from exoplanet surveys are and will continue to be biased
by presently unknown multiple star contamination.

Of the thousands of exoplanetary systems now known, the vast majority have been discovered
from planetary transits. Planetary transits provide key information about planet radii, which are
used to study the composition and structure of exoplanets. Unresolved stellar multiplicity can af-
fect planetary transit surveys in two key ways. First, if the measured light during a transit comes
from more than one star (e.g., a blended binary star system), the depth of this transit will be di-
luted, leading to an underestimate of the planet’s size [the magnitude of which varies from a few
percent to a large factor; e.g., 1]. Second, the apparent fractional dimming attributed to a transit-
ing exoplanet could instead be caused by a background or grazing eclipsing binary system [e.g.,
2]. For individual systems, the presence of a stellar companion can be tested with detailed follow-
up observations or precisely-measured light curves [e.g., 3]. However, for large transit surveys
such as the Kepler, TESS, or planned PLATO missions, the vast majority of exoplanet candidates
are not followed up. Inferring the exoplanet demographics from large surveys therefore requires
an accurate model of the population of binary stars.

Population synthesis models of these and more subtle effects for large transit surveys have
shown that existing occurrence rates of large planets (& 2 R⊕) may only be incorrect by a few
percent, but the occurrence rate of small planets could be overestimated by as much as ∼50%,
depending on their intrinsic size distribution [4]. However, the magnitude of this bias depends
critically on the details of the binary and multiple star population characteristics, which are still
poorly characterized beyond the solar neighborhood.

Future exoplanet population studies will continue to be inescapably affected by unresolved bi-
nary stars. To infer the true distribution of planetary characteristics and connect these infer-
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ences with theories of planet formation and evolution we must simultaneously model plan-
ets and stellar multiplicity.

Star and Planet Formation Most stars are initially born in multiple star systems; the sub-
sequent rapid evolution of which delivers the stellar multiplicity we observe in the field. Measur-
ing the properties of binary stars as a function of age (and especially at very young ages),
environment, and orbital separation will therefore provide the critical data required to de-
velop an empirically-solid understanding of star formation.

For young stars, near-infrared imaging [5, 6] and radio interferometry [7] of select, highly
embedded protostars reveal a significant wide binary fraction (a > 500 au) that is substan-
tially larger than that observed in the field. These observations demonstrate that turbulent frag-
mentation of molecular cores is a highly efficient process and that subsequent dynamical pro-
cessing quickly disrupts wide binaries on cluster-crossing timescales. Adaptive-optics imag-
ing of a handful of T Tauri stars reveals a similar binary excess across intermediate separations
a ∼ 10 − 100 au [8, 9], which poses a significant challenge to models of binary formation and
dynamical evolution [10]. Meanwhile, spectroscopic monitoring of T Tauri stars shows the close
binary fraction (a < 10 au) of late-type stars is consistent with the field population [11, 12],
suggesting fragmentation and migration within the primordial disk occurs during the highly em-
bedded phase [13]. ALMA, improved adaptive optics imaging, and wide-field spectroscopic
surveys are needed to shed further light on how stellar companions fragment within cores
and disks and subsequently accrete and migrate during their first few Myr.

Once stars have reached their zero-age main sequence, it is observed that the binary frac-
tion increases with stellar mass [14, 15, 16, 17]. However, other parameters such as metallicity
and environmental density also play an important role. For example, the close binary fraction of
solar-type stars varies by a factor of ∼ 4 across −1.0 < [Fe/H] < 0.5 while the wide binary
fraction appears to be metallicity invariant [18, 19, 20]. Time-domain surveys such as LSST and
Gaia will help fill in the parameter space by discovering millions of eclipsing, spectroscopic, as-
trometric, and common-proper-motion binaries across a broad range of environments [21, 22].
Follow-up spectroscopy will be required to fully characterize their properties.

Binary dynamics (a < 50 au) may suppress the formation of planets [e.g., 23, 24]. Binaries
therefore bias or affect planet formation rates and the inferred trends with respect to host mass
and metallicity [25]. The complex inter-relationships between binarity, stellar composition,
and the formation of hierarchical multiplicity architectures, all motivate careful causal sta-
tistical work, and subtle observational and theoretical interpretation.

Single Stars and Stellar Evolution Despite nearly a century of study, understanding sin-
gle star evolution across the H-R Diagram is still a challenge. Observations of both low and high
mass stars show deviations from predicted masses and ages when comparing to theoretical mod-
els [e.g., 26, 27]. Even with exquisite precision from astroseismology [e.g., 28] or cluster fitting
[e.g., 29], the predicted temperatures of stars on the giant branch show large deviations from the-
ory. These tensions are further compounded when considering mass loss or mixing that occurs
during post-main sequence evolution. Binary star systems (especially non-interacting systems)
provide empirical benchmarks for cross-calibrating stellar models across stellar type and
evolutionary phase.

Single star evolution has long been explored with observations of coeval stellar populations

2



in open clusters. However, it has become clear that the limited dynamic range in the ages and
chemical abundances of open clusters leaves significant gaps in our tests of stellar evolution
models. Stellar multiples, which necessarily have the same age and composition, serve as the
smallest open clusters, and as an ensemble, are able to constrain stars of all types. Wide binary
stars (and higher order multiples) with precise and accurate measurements of the masses, abun-
dances, temperatures, gravities, and radii can indicate that their stellar components indeed have
the same age and composition [e.g., 30, 31]. This connection can be used as a tool where devi-
ations between theoretically predicted stellar properties and observed properties of stars in bi-
naries indicate the presence of physics lacking in stellar models, and patterns of deviations as a
function of stellar parameters can inform the type of missing physics. Applying this technique
to detached binaries across the H-R Diagaram provides an interlaced structure on which a thor-
ough understanding of single star evolution can be built. A comprehensive description of sin-
gle star evolution therefore requires high-resolution spectroscopic observations of binary
stars across large swaths of separations, masses, compositions and evolutionary phases.

Resolved and Unresolved Stellar Populations Whether interpreting the color-magnitude
diagrams of star clusters or deriving star formation history constraints for nearby galaxies, the
field of resolved stellar populations relies heavily on stellar evolution models to interpret obser-
vations. The use of single-star stellar evolution models and isochrone sets, excluding binary
stars and their effects, is one of the most significant sources of unmodeled uncertainty and
systematic error in the study of stellar populations.

Omitting binary star effects in stellar population analysis is especially problematic when
studying massive stars, since the majority of these stars are found in binary systems. More than
70% of O-type stars (M > 15M�) exchange mass with a companion during their lifetime [15].
Excluding the effects of accretion and mergers causes populations of rejuvenated young massive
stars within star clusters to appear to be up to 2× more massive and 10× younger than the mass
and age limits assumed from single star models. This leads to biases in mass function slope mea-
surements, initial mass function constraints, and age determinations for these clusters [32, 33].

The effects of binary stellar evolution similarly appear in composite, unresolved stellar pop-
ulations, affecting constraints on galaxy formation and evolution. Binary-enabled pathways give
rise to harder UV spectra as massive stripped and rejuvenated stars contribute additional Lyman
and UV continuum emission [e.g., 34, 35]. Also, the range of stellar ages over which UV emis-
sion is emitted significantly increases due to binary evolution, affecting age estimates and star
formation rate calibrations based on UV continuum or nebular line emission [e.g., 36]. Beyond
massive stars, binary mass transfer interactions are responsible for blue straggler and extreme
horizontal branch stars, which contribute UV and blue emission that would otherwise be unex-
plained in an old stellar population [e.g., UV-upturn in elliptical galaxies; 37].

Continued development and calibration of stellar evolution and population synthesis
models with stellar multiplicity [e.g., 38] are required for interpreting observations of re-
solved and unresolved stellar populations across cosmic time.

Formation and Evolution of Compact Objects Stellar-mass compact objects are no-
toriously difficult to discover and characterize. Given the relatively small number of known sys-
tems (as compared to stellar populations), models for the formation and evolution of compact
object populations remain largely unconstrained. Binary star surveys help this effort in two ways:
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Finding stars with unseen companions provides a way to identify new compact objects, and un-
derstanding binary star interactions will help connect compact objects to their progenitor stars.
Understanding the relationship between compact object progenitors and their binary com-
panions is key to uncovering both the physical processes that shape binary star evolution as
well as the rates and properties of compact object populations.

Constraining models of the formation and evolution of compact objects will require finding
large samples of binary systems with compact object members over a range of masses and sepa-
rations. Such samples would enable addressing major open questions like the nature of the under-
lying supernova engine [e.g., 39, 40, 41], the source and strength of natal kicks [e.g., 42, 43, 44],
and the mass distribution of black holes and neutron stars (which has uncertainties both at the
low, 2 − 5M�, and high, 40 − 60M�, masses). Given the significant uncertainty in our current
understanding of these processes, the identification of compact object members in binary
star systems and the development of improved theoretical models for their evolution must
be made a priority for the next decade.

Multi-Messenger Astronomy and Astrophysics The largest uncertainties in multi-
messenger observations of compact binary populations lie in their astrophysical interpreta-
tion and are a direct product of deficiencies in our understanding of the evolution of their
binary star progenitors. The impact of common envelope evolution, the strength of compact
object natal kicks, and the effects of dynamical encounters, among other processes, are not fully
understood and are each responsible for orders of magnitudes in uncertainty in the rates and char-
acteristics of compact object populations. These uncertainties are further compounded through
complicated interdependencies of different processes as well as uncertainties in the initial distri-
butions of binary star masses, separations, eccentricities, compositions, and birth times.

The recently discovered binary neutron star (NS) merger [45], a flagship multi-messenger
source of gravitational waves, neutrinos, and light across the electromagnetic (EM) spectrum,
is a useful illustration in this context. This discovery delivered several incredible results, from
confirming NS mergers as an origin of r-process elements [46] to constraining the NS equation
of state [47]. However, explicit tuning to models for cosmological star formation history, initial
binary distributions, and binary evolution models is required to reproduce a population with bi-
nary NS and binary black hole (BH) merger rates consistent with LIGO’s observed rates [e.g.,
48, 49]. Similar problems are present for the population of Galactic white dwarf (WD) binaries,
expected to be observed by LISA and electromagnetic observatories [e.g., 50, 51]: Standard bi-
nary evolution models over-predict their abundance by an order of magnitude when compared to
the observed space density of interacting white dwarfs [52].

As multi-messenger observations are made over the next decades, the rates and properties of
binary populations containing WDs, NSs, and BHs will come into focus. To fully realize the po-
tential of multi-messenger astrophysics, the interpretation of these observations will require
connecting the formation and evolution of binary stars to the compact object populations
they produce.

Cosmology Observations of the Hubble constant (H0) show a tension between measurements
from local (z . 2) and cosmological distances, suggesting the need for new redshift and distance
calibrations. In the nearby Universe, type Ia Supernovae (SNe Ia) are the most widely used cali-
brators. There are several proposed progenitor classes to SNe Ia, but most involve thermonuclear
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detonations of WDs in binaries that can be divided into two classes: single and double degenerate
[53]. As catalogs of SNe grow thanks to ongoing and planned time-domain photometric surveys,
systematics at the ∼ 2% level from undetermined SNe Ia progenitors, and their evolution
with metallicity and age, will influence precision cosmological measurements [e.g., 54].

At redshifts z < 0.5, gravitational-wave and multi-messenger observations of binary BH and
binary NS mergers can independently constrain H0 to ∼ 1 − 5%-level precision [55, 56, 57].
Cases where both light and gravitational waves are observed allow independent distance and red-
shift observations that can be used to calibrate population measurements with gravitational waves
alone [58]. Binary BH mergers at high masses near the proposed pair instability SN gap may
also be used to calibrate H0 measurements with independent distance and redshift measurements
at higher redshifts than binary NS mergers. In this case, masses that fall in the gap are a direct
measure of the redshift effects on the BHs [59]. Precise H0 measurements with gravitational
waves alone rely on confirmation of the pair instability gap and the systematic uncertain-
ties that arise from the evolution and redshift dependent formation rates of very high mass
(& 100M�) binary stars.

Dark matter Dwarf galaxies around the Milky Way and M31 provide critical information
about the small-scale (mass . 1010 M�) properties of dark matter physics [e.g., 60]. Low-mass
galaxies provide unique laboratories to study mass-to-light ratios and mass profiles in dark mat-
ter environments that are expected to have been less affected by baryonic physics and feedback
relative to Milky Way-mass galaxies. Given the typical distances (∼ 10–1000 kpc) to these
dwarf galaxies, most of what is known about their dark matter distributions has therefore been in-
ferred from line-of-sight velocity dispersions and dispersion profiles of stars in these dwarf galax-
ies [e.g., 61]. Given the difficulty in obtaining these data, the inferred (kinematic) mass mea-
surements of the lowest-mass galaxies known typically hinge on single-epoch or sparsely time-
domain velocity data for small samples of stars; The interpretation of these velocity measure-
ments can be significantly affected by the presence of unknown close binary star systems. Infer-
ring robust dynamical (dark matter) masses for local group satellites requires marginaliz-
ing over the presently unknown stellar multiplicity statistics of dwarf galaxy environments.

The presence of unknown close binary star systems in a sample of stars with single-epoch or
sparse line-of-sight velocity data will generically increase the observed velocity dispersion of the
system [e.g., 62]. This is particularly relevant for dwarf galaxies where the velocity dispersions
are expected to be . 5 km/s. However, it is currently not understood how binary star popula-
tion characteristics depend on (chemical or dynamical) environment. For Milky Way stars, it has
recently been shown that the binary fraction increases with decreasing metallicity [19], but it is
not clear how generic this is for stellar populations with different star formation dynamics and
histories [i.e. dwarf galaxies; 63]. In fact, recent work has shown that even in similar chemical
environments (i.e. amongst dwarf satellites of the Milky Way), the binary star population statis-
tics may vary significantly [e.g., 64, 65].

The unknown binary star population statistics in dwarf galaxies throughout the local
group are therefore a source of significant uncertainty for constraining the small-scale or
low-mass properties of dark matter.

If you made it this far, and want closure: See the Recommendation at the start.
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[31] J. J. Andrews, J. Chanamé, and M. A. Agüeros. Wide binaries in Tycho-Gaia II: metallici-
ties, abundances and prospects for chemical tagging. MNRAS , 473:5393–5406, February
2018.

[32] F. R. N. Schneider, R. G. Izzard, S. E. de Mink, N. Langer, A. Stolte, A. de Koter, V. V.
Gvaramadze, B. Hußmann, A. Liermann, and H. Sana. Ages of Young Star Clusters, Mas-
sive Blue Stragglers, and the Upper Mass Limit of Stars: Analyzing Age-dependent Stellar
Mass Functions. ApJ , 780:117, Jan 2014.

[33] F. R. N. Schneider, R. G. Izzard, N. Langer, and S. E. de Mink. Evolution of Mass Func-
tions of Coeval Stars through Wind Mass Loss and Binary Interactions. ApJ , 805:20, May
2015.

[34] Stephen M. Wilkins, Yu Feng, Tiziana Di-Matteo, Rupert Croft, Elizabeth R. Stanway, An-
drew Bunker, Dacen Waters, and Christopher Lovell. The photometric properties of galax-
ies in the early Universe. MNRAS , 460:3170–3178, Aug 2016.

[35] Erik Zackrisson, Christian Binggeli, Kristian Finlator, Nickolay Y. Gnedin, Jan-Pieter
Paardekooper, Ikkoh Shimizu, Akio K. Inoue, Hannes Jensen, Genoveva Micheva, Sadegh
Khochfar, and Claudio Dalla Vecchia. The Spectral Evolution of the First Galaxies. III.
Simulated James Webb Space Telescope Spectra of Reionization-epoch Galaxies with
Lyman-continuum Leakage. ApJ , 836:78, Feb 2017.

[36] E. R. Stanway, J. J. Eldridge, and G. D. Becker. Stellar population effects on the inferred
photon density at reionization. MNRAS , 456:485–499, February 2016.

[37] Z. Han, Ph. Podsiadlowski, and A. E. Lynas-Gray. A binary model for the UV-upturn of
elliptical galaxies. MNRAS , 380:1098–1118, Sep 2007.

[38] J. J. Eldridge, E. R. Stanway, L. Xiao, L. A. S. McClelland , G. Taylor, M. Ng, S. M. L.
Greis, and J. C. Bray. Binary Population and Spectral Synthesis Version 2.1: Construction,
Observational Verification, and New Results. Publications of the Astronomical Society of
Australia, 34:e058, Nov 2017.

[39] C. L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik, V. Kalogera, and D. E. Holz.
Compact Remnant Mass Function: Dependence on the Explosion Mechanism and Metal-
licity. ApJ , 749:91, April 2012.

[40] O. Pejcha and T. A. Thompson. The Landscape of the Neutrino Mechanism of Core-
collapse Supernovae: Neutron Star and Black Hole Mass Functions, Explosion Energies,
and Nickel Yields. ApJ , 801:90, March 2015.

[41] T. Sukhbold, T. Ertl, S. E. Woosley, J. M. Brown, and H.-T. Janka. Core-collapse Super-
novae from 9 to 120 Solar Masses Based on Neutrino-powered Explosions. ApJ , 821:38,
April 2016.

[42] Vassiliki Kalogera. Orbital Characteristics of Binary Systems after Asymmetric Supernova
Explosions. ApJ , 471:352, Nov 1996.

[43] G. Hobbs, D. R. Lorimer, A. G. Lyne, and M. Kramer. A statistical study of 233 pulsar

8



proper motions. MNRAS , 360:974–992, July 2005.
[44] J. C. Bray and J. J. Eldridge. Neutron star kicks and their relationship to supernovae ejecta

mass. MNRAS , 461:3747–3759, Oct 2016.
[45] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams, P. Ad-

desso, R. X. Adhikari, V. B. Adya, and et al. Multi-messenger Observations of a Binary
Neutron Star Merger. ApJ , 848:L12, October 2017.

[46] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams, P. Ad-
desso, R. X. Adhikari, V. B. Adya, and et al. Estimating the Contribution of Dynamical
Ejecta in the Kilonova Associated with GW170817. ApJ , 850:L39, December 2017.

[47] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams, P. Ad-
desso, R. X. Adhikari, V. B. Adya, , and et al.

[48] Martyna Chruslinska, Krzysztof Belczynski, Jakub Klencki, and Matthew Benacquista.
Double neutron stars: merger rates revisited. MNRAS , 474:2937–2958, Mar 2018.

[49] J. J. Eldridge, E. R. Stanway, and P. N. Tang. A consistent estimate for gravitational wave
and electromagnetic transient rates. MNRAS , 482:870–880, January 2019.

[50] V. Korol, E. M. Rossi, P. J. Groot, G. Nelemans, S. Toonen, and A. G. A. Brown. Prospects
for detection of detached double white dwarf binaries with Gaia, LSST and LISA. MNRAS
, 470:1894–1910, September 2017.

[51] K. Breivik, K. Kremer, M. Bueno, S. L. Larson, S. Coughlin, and V. Kalogera. Character-
izing Accreting Double White Dwarf Binaries with the Laser Interferometer Space Antenna
and Gaia. ApJ , 854:L1, February 2018.

[52] G. H. A. Roelofs, G. Nelemans, and P. J. Groot. The population of AM CVn stars from the
Sloan Digital Sky Survey. MNRAS , 382:685–692, December 2007.

[53] Dan Maoz, Filippo Mannucci, and Gijs Nelemans. Observational Clues to the Progenitors
of Type Ia Supernovae. Annual Review of Astronomy and Astrophysics, 52:107–170, Aug
2014.

[54] D Andrew Howell. Type Ia supernovae as stellar endpoints and cosmological tools. Nature
Communications, 2:350, jun 2011.

[55] B. F. Schutz. Determining the Hubble constant from gravitational wave observations. Na-
ture, 323:310, September 1986.

[56] B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams, P. Ad-
desso, R. X. Adhikari, V. B. Adya, and et al.

[57] M. Fishbach, R. Gray, I. Magaña Hernandez, H. Qi, A. Sur, F. Acernese, L. Aiello, A. Al-
locca, M. A. Aloy, A. Amato, and et al. A Standard Siren Measurement of the Hubble Con-
stant from GW170817 without the Electromagnetic Counterpart. ApJ , 871:L13, January
2019.

[58] Hsin-Yu Chen, Maya Fishbach, and Daniel E. Holz. A two per cent Hubble constant mea-
surement from standard sirens within five years. Nature, 562:545–547, Oct 2018.

[59] W. M. Farr, M. Fischbach, and D. E. Holz. in prep. 2019.
[60] James S. Bullock and Michael Boylan-Kolchin. Small-Scale Challenges to the ΛCDM

Paradigm. Annual Review of Astronomy and Astrophysics, 55:343–387, Aug 2017.
[61] Matthew G. Walker, Mario Mateo, Edward W. Olszewski, Jorge Peñarrubia, N. Wyn Evans,
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