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Binary systems can be identified “astrometrically” by measuring perturbations to the positions of the
stars by their companions. This technique has been used previously to identify exoplanets, but can also
be extended to discover stellar binaries. In particular, this technique can be useful in identifying non-
interacting compact binaries. The Gaia satellite launched in 2014 with a mission timespan of 5 years
has been providing astrometric measurements with unprecedented precision . In this short report, I will
describe how compact-object binary systems can be identified using Gaia.

1 Using Gaia astrometric solutions to identify BH binaries

The Gaia collaboration reports a five-parameter astrometric model fit to their observations. The param-
eters used in this model are the right ascension, declination (α, δ), parallax ($) and the proper motions
(µα, µδ)

1. For Gaia DR2 and EDR3, the model assumes that each observed source has uniform motion on
sky and the perturbations arising due to binarity are ignored. Binary systems thus tend to have a bad fit
and are expected to be characterised by large residuals. Evans [2018] show that the Astrometric Goodness
of Fit in the Along-Scan direction (GOF AL) and Astrometric Excess Noise (D) reported in Gaia DR2 can
be good indicators of binarity. The distribution of GOF AL is a gaussian with zero mean and a standard
deviation of 1. Half of Gaia sources are expected to have D=0 and the other half to have D distributed
in the positive part of a gaussian with mean zero and standard deviation 1. They find that setting D>5
and GOF AL>20 allows them to identify several known binary systems (their Table 1). This approximate
technique is useful to identify binary systems that can be followed up using other instruments.

Gaia DR3 (early 2022) will make use of models with binary perturbations and thus will be able to
identify and characterise binaries with greater accuracy. Figure 1 shows a simulation of the observed Gaia
astrometric motion of a 1 M� luminous star orbiting a 1.4 M� dark companion when the system has a
proper motion of 10 mas/yr and orbital period of 10 days. It is possible to model these observations to
extract parameters of the binary system. This model has eight additional parameters to characterise the
binary. It is naturally very expensive to fit this 13 parameter model to billions of Gaia sources. It can be
shown that
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where the terms on the right hand side can be measured from the astrometric model fits and M2 is

the mass of the compact secondary. The measurable quantity is thus M2M
−2/3
tot and not the individual

masses. We need some way to estimate the mass of the luminous star in order to constrain the mass of the
dark companion. This is typically done by comparing observed properties of the luminous star to stellar
evolutionary models. Andrews et al. [2019] show that for black hole binaries within 1 kpc that have periods

smaller than 5 years, Gaia observations will be able to measure M2M
−2/3
tot to 10% precision (Fig. 1). It

will then be possible to constrain the dark companion mass (M2) to within 10% provided the mass of the
luminous companion is known to 10% precision.

2 The expected population of Gaia black holes

There have been some recent studies that estimate the number of black hole binaries that Gaia will
detect. Mashian and Loeb [2017] estimate that there are 2×105 (5800) black hole binaries with luminous
companions brighter than G≈20 (13) mag and periods smaller than 5 years, which Gaia should detect.
They also posit that the distribution of these bright binaries (G<13) will be uniform in the range 4 days to
5 years, and that a significant fraction of these black holes will have masses between 6−10 M�. Yamaguchi
et al. [2018] include interstellar extinction in their calculation and estimate a much lower range of 200-1000
black hole binaries detectable by Gaia. They note that the BH mass function derived from their simulations

1Gaia EDR3 includes an additional parameter - the photometric color, for a subset of their sources



Figure 1: Left: A simulation of the observed astrometric deviations for a binary with a luminous star
of mass M1 = 1 M� and a compact secondary with M2 = 1.4 M�. The black dots show 75 simulated
observation epochs with Gaia. The red arrow shows the direction of deviations due to the proper motion
of the source. Right : Relative uncertainty in the measured quantity M3

2M
−2
tot for a binary as a function

of orbital period, when the binary is at 10 pc, 100 pc and 1 kpc from the sun. This plot shows that is is
possible to constrain M3

2M
−2
tot for black hole binaries to 10 % precision up to a distance of 1 kpc with Gaia,

as long as the periods are smaller than the mission lifetime. Figures taken from Andrews et al. [2019]

Figure 2: The predicted distribution of distances to black hole binaries (left) and black hole masses (right)
detectable by Gaia from Yamaguchi et al. [2018]. The red line shows a power law function with index -2.3

depends strongly on the assumed relation between the ZAMS mass of the black hole progenitor and the
final mass of the black hole. Figure 2 shows the predicted distributions of the distances to these binaries
and their black hole masses.
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