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ABSTRACT

Context. Gaia can not individually resolve very close binary systems, however, the collected data can still be used to identify them. A
powerful indicator of stellar multiplicity is the sources reported Renormalized Unit Weight Error (ruwe), which effectively captures
the astrometric deviations from single-source solutions.

Aims. We aim to characterise the imprints left on ruwe caused by binarity. By flagging potential binary systems based on ruwe, we
aim to characterise which of their properties will contribute the most to their detectability.

Methods. We develop a model to estimate ruwe values for observations of Gaia sources, based on the biases to the single-source
astrometric track arising from the presence of an unseen companion. Then, using the recipes from previous GaiaUnlimited selection
functions, we estimate the selection probability of sources with high ruwe, and discuss what binary properties contribute to increasing
the sources’ ruwe.

Results. We compute the maximum ruwe value which is compatible with single-source solutions as a function of their location on-
sky. We see that binary systems selected as sources with a ruwe higher than this sky-varying threshold have a strong detectability
window in their orbital period distribution, which peaks at periods equal to the Gaia observation time baseline.

Conclusions. We demonstrate how our sky-varying ruwe threshold provides a more complete sample of binary systems when com-
pared to single sky-averaged values by studying the unresolved binary population in the Gaia Catalogue of Nearby Stars. We provide
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the code and tools used in this study, as well as the sky-varying ruwe threshold through the GaiaUnlimited Python package.

Key words. Galaxy: general — astrometry — methods: data analysis — methods: statistical — catalogs

1. Introduction

A large number of the stars in our Galaxy are formed in binary or
multiple systems. The fraction of stars hosting at least one com-
panion depends on the star’s properties, e.g., for main sequence
(MS) stars this fraction increases with stellar mass (Duchéne &
Kraus||2013), with < 50% of solar-type stars being in multiple
systems (Raghavan et al|2010). It also depends on the envi-
ronment where these stars are formed, finding a higher multi-
plicity fraction in stellar clusters or star-forming regions com-
pared to field stars (Duchéne et al.[2018)). Thus, understanding
the observed properties of binary (or multiple) systems provides
a better insight into star-formation processes and the evolution
of stars and stellar systems (see [EI-Badry| 2024, and references
therein for a recent review).

There are several methods to unveil binarity among the cur-
rent stellar surveys. Using spectroscopic data from APOGEE
(Majewski et al.|2017), Price-Whelan et al.| (2020) characterised
the shift in the absorption lines due to the motion generated by
the star’s orbit in a binary system. El-Badry et al| (2021) used
Gaia EDR3 (Gaia Collaboration et al.|2021a) astrometry to gen-
erate a catalogue of wide binary systems, using the common

proper motions and parallaxes of individually resolved compo-
nents. [Wallace| (2024) used a combination of photometric data
from Gaia (Gaia Collaboration et al.|2016), 2MASS (Skrutskie
et al.|[2006) and WISE (Wright et al.[|2010) to detect the excess
of light in a H-R diagram produced by the presence of a com-
panion. However, most binary systems will remain unresolved
and undetected given their intrinsic properties, distance and the
limitations of our observations.

The third Gaia data release (Gaia DR3, |Gaia Collaboration
et al.[2023) contains around 1.5 - 10° sources with a full, single-
star astrometric solution, but potentially contains a large number
of binary systems. |[Penoyre et al.| (2020) showed how the pres-
ence of an unresolved companion may affect the single-star so-
lution provided by a survey such as Gaia. Using this effect, Be-
lokurov et al.|(2020)) demonstrated how the binary properties will
impact the Gaia DR2 (Gaia Collaboration et al.[2018) astromet-
ric solution and how this may be indicated by an elevated value
of the Renormalized Unit Weight Error (ruwe). With ruwe being
an effective indicator to pinpoint stellar binarity, different ruwe
thresholds to indicate good single-star solutions, thus flagging
"bad" astrometric solutions potentially caused by unresolved bi-
naries, have been proposed for Gaia DR2 (1.4, |Lindegren|2018)
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and Gaia EDR3 (1.25,|Penoyre et al.[2022b). In this paper, we go
a step further, and we i) estimate the maximum ruwe value com-
patible with single stars as a function of the position on-sky, and
ii) characterise what population of binary systems is accessible
through this cut on ruwe.

This paper falls within the scope of the GaiaUnlimited
projecﬂ which aims to provide selection functions and tools
for their practical usage, for the Gaia catalogue and its differ-
ent data products. This paper thus complements the work done
in the estimation of selection functions for the Gaia DR3 cat-
alogue (Cantat-Gaudin et al.|[2023), for any subsample drawn
from the main catalogue (Castro-Ginard et al.[2023)) and for the
combination of Gaia and APOGEE (Cantat-Gaudin et al.|[2024).
Similarly to the previous works, the code and tools developed for
this paper will be provided through the GaiaUnlimited Python
packageﬂ

This paper is organised as follows. Section [2] describes how
Gaia observes unresolved binary systems and the details of the
calculation of the key metric (ruwe) to identify binarity. In
Sect. [3] we explore what properties of binary systems will en-
hance their detectability in Gaia. Section [] explores the prop-
erties of the unresolved binary systems that may be present in
the Gaia Catalogue of Nearby Stars (GCNS, |Gaia Collaboration
et al.[2021b). Finally, the summary of the paper and our conclu-
sions are presented in Sect.[5] We show some examples of how
to use the GaiaUnlimited python package in the Appendix [A]

2. Observation of unresolved binary systems

Gaia has continuously scanned the sky since 2014, registering
the times when each source crosses the focal plane (Gaia Col-
laboration et al.|[2016). Subsequently, all these observations un-
dergo processing via the Astrometric Global Iterative Solution
(AGIS, Lindegren et al.|2021alb) which generates the measure-
ments published in the catalogue. AGIS constructs an astromet-
ric track representing a single source when a source has accu-
mulated five valid detections. This process yields fitted astro-
metric parameters alongside metrics for assessing the quality of
the fit, especially ruwe which we rely on in this present work
(Lindegren|2018)), among other criteria. In essence, ruwe serves
as a metric to distinguish between good and bad AGIS solu-
tions using a singular value. Typically, it approximates unity for
well-behaved individual sources, while higher values indicate a
poorer fit by AGIS.

There are several causes for a bad AGIS fit (see Sect. 2.2.1)),
evident in a ruwe value significantly exceeding one, which of-
ten arise from the wobbling of a source’s photocentre during the
Gaia observations. This is the case for binary systems (or multi-
ple stellar systems, in general), where the centre of mass (CoM)
and the photocentre of the system follow distinct trajectories de-
pending on the system’s characteristics. This effect is shown in
Fig.[I] where the photocentre of a binary system (orange dotted
line) oscillates around its CoM (indicated by the blue line), while
the CoM itself traces the trajectory fitted by AGIS for a single
source. The mismatch between the CoM and the photocentre re-
sults in an estimated ruwe of 2.07 for this system. Therefore,
given that the ruwe effectively captures the presence of an un-
resolved companion, it serves as a valuable indicator of binarity
in Gaia sources (Belokurov et al.|2020; Stassun & Torres| 2021}
Kervella et al.|[2022).

! https://gaia-unlimited.org/
2 https://github.com/gaia-unlimited/gaiaunlimited
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Fig. 1. Astrometric track of a binary system seen by Gaia. The solid
blue line tracks the motion of the CoM of the system, while the dotted
orange line tracks its photocentre. Gaia individual scans of the sources
are marked with orange solid lines aligned with the observation scan-
ning angle. The goodness-of-fit of the CoM to the Gaia observations for
this simulated system result in a ruwe of 2.07.

2.1. ruwe for binary systems

Estimating the ruwe for unresolved binary systems involves
computing the separation between the photocentre and the CoM
in the along-scan direction (AL), which will depend on both the
Gaia observations and the configuration of the binary system,
while considering the astrometric error (0,5) which depends
on the Gaia telescope configuration. As described in [Lindegren
(2022) (see also Sect. 4.1 in|Penoyre et al.|2022a)), the equations
governing a five-parameter solution for noisy observations are
described by

Aa” sing + AS cosy +
Aw Pyp +

Aptos T sing + Aps t cosyy = on+ N(0, 0ag), Q)
where i represents the scanning angle, T = ¢ — f.f Where ¢ is
the observation time in years and t,.f = 2016.0, P4, stands for
the parallax factor, 67 is the AL bias (derived from the projected
AL separation between the CoM and the photocentre) and o, S
the AL astrometric error. This system comprises n,ps €quations,
where ngps is the number of CCD observations (source transits on
Gaia’s focal plane typically generate 9 CCD observations |Gaia
Collaboration et al.|[2016), and is solved for Aa*, Ad, Aw, Auy
and Ays, which denote the expected biases arising from bina-
rity (and will be zero for single-sources). From the residuals of
these solutions, which quantify how much of the binary motion
differs from the fitted single source astrometric solution, we can
compute the y? statistic, related to ruwe as

2
X
9
Tobs — 3

ruwe =

@

note that the ruwe value reported in Gaia DR3 is a rescaled ver-
sion of the original y? from AGIS (see [Lindegren!2018| for fur-
ther details).

The details from the Gaia scanning law necessary to esti-
mate a ruwe of a particular system, that is solving Eq. |1} are ac-
cessible through the Gaia Observation Schedule Tool (GOS

3 https://gaia.esac.esa.int/gost/
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Fernandez-Hernandez et al.|2022). GOST provides observation
times, parallax factors, and scanning angles linked to a given set
of sky coordinates. In our case, these coordinates correspond to
the pixel centres at the HEALPix level 5 resolution observed be-
tween July 25, 2014, and May 28, 2017, covering the 34-month
duration of Gaia DR3 observations. We choose the resolution at
HEALPix level 5 to limit the computational cost of the calcula-
tions, however, the procedure described here and the examples
shown in Appendix [A]are general for any spatial resolution. On
the other hand, concerning the observed system, we need to com-
pute the projected AL separation between the system’s CoM and
its photocentre at each observation time. This value is either zero
(applicable for single sources, as discussed in Sect. or com-
puted based on the binary system configuration (as detailed in
Sect. E]) Lastly, the AL astrometric error o, is determined as a
function of the G magnitude, following the relationship provided
in|Lindegren et al.| (2021bl see their Fig. A.1). To obtain its spe-
cific numerical value, we use the function sigma_ast available
within the astromet python packageﬂ

2.2. ruwe threshold for single stars

Section [2.T] describes the recipe to forward model a ruwe value
for a binary system based on its properties and location on-sky.
However, to flag these binary systems we need to understand
what ruwe values would describe a well-behaved single-source
solution. For this, we characterise the maximum allowed ruwe,
or ruwe threshold, which will be compatible with single sources
as a function of the sky coordinates. Following our approach, we
estimate ruwe values for a population of 10° simulated single
sources located at the centres of each HEALPix at level 5 and
observed under Gaia DR3. In this case, where the source’s CoM
and photocentre follow identical tracks (6 = 0), the expected
ruwe value will be a y distribution scaled by 1/ v(n — 5), which
for large n will approach a Gaussian with a dispersion that is
proportional to the AL astrometric error. We assign a magnitude
to each simulated single source based on a uniform distribution
within G € (5,20.7) mag, to cover the entire magnitude range.
The corresponding o, value is computed based on this magni-
tude. Similar to the approach by [Penoyre et al.| (2022a see their
Fig. 4), we fit a Student’s t-distribution to the resulting distri-
bution of ruwe. From this distribution, we define the maximum
ruwe value compatible with the star being a single source, allow-
ing for a one-in-a-million confusion rate, i.e., solving for ruwe
where 1— P(ruwe < Tpye) = 107°, where Tyye is the computed
ruwe threshold. This process is repeated 30 times to account
for the random errors and to estimate an associated uncertainty
(< 2-1073) for this ruwe value. The final simulation-based ruwe
threshold is the mean value of these 30 realisations.

2.2.1. Calibration with Gaia data

So far, we focused on the methodology to calculate the ruwe
value for a Gaia observation of an isolated source, considering
the presence or absence of an unseen companion. This method-
ology is particularly useful for modelling ruwe values for unre-
solved binary systems and deriving general conclusions for this
population (see Sect. [3). However, other sources’ properties such
as stellar crowding, variability or the presence of disc material
around single stars (among others, Belokurov et al.[2020; [Fit-
ton et al.[2022), or attitude and geometric calibration errors and
other instrumental properties, also contribute to the increase in

4 https://github.com/zpenoyre/astromet.py
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Fig. 2. Histogram of ruwe for the sources in the Gaia archive (blue
line) HEALPix centred at [ = 73.58°, b = 3.17°. The solid orange line
indicates our fit of the single source population in that HEALPix. The
dotted lines indicate the values of the ruwe threshold for single sources
with (green) and without (red) crowding effects.

the sources’ ruwe (Lindegren|2018)). In regions with particularly
high stellar density, the observed single source might be influ-
enced by neighbouring stars causing Gaia’s measured image to
deviate from the single source PSF model. This deviation leads
to difficulties in accurately determining the PSF’s centroid, re-
sulting in an elevated ruwe.

A detailed modelling of the previous effects on the source’s
ruwe is out of the scope of this paper. Instead, we gauge these ef-
fects, specifically focusing on crowding, directly from the Gaia
data employing the following approach. For HEALPix at level
5, we use scipy’s curve_£fit function in Pythorﬂ to fit a Gaus-
sian to the left half of the ruwe distribution of all the sources
in the HEALPix retrieved from Gaia archive (left half with re-
spect to the mode of the distribution, usually centred at one but
automatically estimated from the data). Using the full Gaussian,
representing a single-source population, we obtain the maximum
ruwe allowed for single sources by applying the procedure de-
scribed in Sect.[2.2] Figure [2]shows the ruwe distribution for the
~ 10° sources in Gaia corresponding to the HEALPix centred at
| = 73.58° and b = 3.17°. Additionally, we show the Gaussian
distribution fitted to the sources centred around ruwe ~ 1. In this
case, the ruwe threshold for single sources estimated from both
the simulated single-source population (see Sect.[2.2) and actual
data are 1.14 and 1.22, respectively.

The data-driven approach adopted here faces limitations in
its application across the whole sky due to the necessity of a min-
imum source count, and the ruwe distribution around its mode
to be well represented by a Gaussian for an accurate fit. For
HEALPix regions where we obtain a data-driven ruwe thresh-
old, we fit a second-order polynomial to the difference of the
ruwe thresholds, i.e., Truwe,, — Truwegmume» @5 @ function of the
logarithm of the source count within that HEALPix. With this,
we derive an adjustment factor, or offset, to refine the simulation-
based ruwe threshold accounting primarily for the influence of
crowding based on the number of sources present within each
HEALPix.

Figure [3| shows the estimated upper value of ruwe compat-
ible with single star solutions across the sky. It shows a strong
dependence on the Gaia scanning law, indicating that regions
with a higher number of observations tend to exhibit lower ruwe

5 https://scipy.org/
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thresholds since the fitted AGIS solution for each source is bet-
ter constrained. We also see the impact of crowding within the
Galactic plane, especially toward the Galactic centre and the
Magellanic clouds. These regions show elevated ruwe thresh-
olds due to challenges in reliably fitting the single source track
using AGIS caused by the misidentification of sources due to
their high stellar density. This misidentification for a large frac-
tion of sources in those regions will cause the single source ruwe
distribution to be skewed towards ruwe larger than one, resulting
in a higher threshold value after our calibration.

The ruwe threshold variation across different sky coordinates
presented in our work represents an improvement compared to
prior studies that employed a singular ruwe value across the
whole sky. For instance, in Gaia DR2, [Lindegren| (2018) sug-
gested a ruwe threshold of 1.4 to characterise good Gaia solu-
tions, with higher values potentially indicating binarity or other
influencing factors. For Gaia EDR3, [Penoyre et al.| (2022a)) in-
vestigated the imprints left in the ruwe distribution attributed
to nearby binary systems (within 100 pc) and recommended
a threshold of 1.25 for identifying potential binarity (the au-
thors’ discussion focuses around luwe, which stands for local-
renormalised uwe). These different ruwe thresholds suggested in
different studies highlight the sensitivity of ruwe to different ob-
servational factors, their relation to specific Gaia data releases,
e.g., DR2 or DR3, and the characteristics of the observed re-
gions.

2.2.2. Selection probability of sources with high ruwe

We compute the selection probability for sources in Gaia DR3
with a value for ruwe higher than the estimated ruwe thresh-
old, using the approach described in (Castro-Ginard et al.| (2023)
to estimate selection functions for Gaia subsamples. We note
here that for a universe consisting only of single stars with-
out any photocentre motion, and for perfectly behaved and cal-
ibrated Gaia instruments, by construction the probability to se-
lect sources above the ruwe threshold would be 1076, indepen-
dent of sky position or source brightness. In reality (as shown
below) the selection probability is much higher and this can in-
dicate, among others, the presence of unseen companions to the
selected sources.

Within each HEALPix at level 5, we determine the expected
selection probability as

k+1

E(p) = —,
() n+2

3)

where k represents the count of sources exceeding the estimated
sky-varying ruwe threshold (shown Fig. 3) and n is the total
number of sources within that HEALPix. Figure @ shows the es-
timated selection probability across the sky, revealing that the
selection of these sources, which in some regions may translate
to the detectability of binary systems defined as sources with
large ruwe, correlates with the Gaia scanning law. We see a
higher selection probability in crowded areas, e.g., the Galac-
tic plane, particularly towards the Galactic centre, and the Mag-
ellanic Clouds or the hot pixels corresponding to the cores of
globular clusters. We can’t interpret these high-selection proba-
bility regions as being highly populated by binary systems. As
previously discussed, several reasons in both the sources or in-
strument properties can contribute to an increased ruwe value.
Therefore, these high-selection probability regions may be seen
as regions with an important contribution of factors other than
binarity to increase the sources’ ruwe, tracing regions of high
contamination when binary systems are selected solely based on
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the latter. In this paper, our modelling primarily focuses on the
increase in ruwe caused by a bad single-source fit by AGIS due
to the presence of an unresolved companion, which is typically
the predominant contribution across most of the sky, i.e. Galactic
latitudes above the plane and avoiding crowded regions. Conse-
quently, selecting binary systems based on ruwe within highly
crowded areas will include a higher level of contamination or
interference from other contributing factors, even with our sky-
varying ruwe threshold taking crowding into account.

3. Properties of detected binary systems

The approach presented in Sect. [2] allows us to estimate ruwe
values for any source observed by Gaia, including unresolved
binary systems, based on their properties and location on-sky.
With this approach, and considering a specific population of bi-
nary systems, we can characterise what properties will enhance
the probability of detection for unresolved binary systems in
Gaia DR3, when detected as systems whose estimated ruwe is
higher than the threshold shown in Fig.[3]

3.1. Simulated binary population

We simulate a population of binary systems to predict their de-
tectability as a function of the system’s parameters. This sim-
ulated population is not intended to mirror a realistic represen-
tation of binary systems distributed throughout the Galaxy. In-
stead, the simulation aims to cover a broad range of stellar bi-
nary characteristics, e.g. mass and light ratios or orbital proper-
ties, general enough to allow for an exploration of the effect of
the binary parameters on the probability of being selected based
on a ruwe threshold which varies across the sky.

We generate around one million MS binaries to study the
detectability variations of different simulated parameters. First,
we retrieve the stellar parameters from the PARSE(?isochrones
(Bressan et al.|[2012) for a uniform grid of different ages. We
isolate the isochrones’ MS and take the corresponding masses as
the mass of the binary primary component. We assign a mass ra-
tio (g) following a uniform distribution from O to 1 to each of the
primary masses to build a binary system. These systems are uni-
formly placed at varying distances ranging from 10pc to Skpc.
We calculate Gaia’s G magnitude from the mass and distance
distributions, considering no extinction, and restrict our analy-
sis to systems within Gaia’s observational limits, i.e., G < 20.7
mag. The remaining parameters for the simulated binaries fol-
low the distributions described in Table[Tland are similar to those
used in[Penoyre et al.|(2022a, their Table 1). The semi-major axis
of the binary orbit is computed using the masses of both compo-
nents and the orbital period. Finally, since we consider MS-MS
binarsif;js, the luminosity ratio is computed from the mass ratio as
l=gqg.

3.2. Selection probability and binary system properties

We distribute the generated population of binary systems across
various sky locations, to evaluate the fraction of these systems
that would be detected using ruwe (estimated as in Sect. [2.1)).
Figure [5] shows this detection fraction for the different binary
configurations considered at the pixel centred at / = 15.3° and
b = —14.4°, with yellow pixels representing a nearly complete
detection while bluer pixels indicating a detection fraction closer
to zero within that specific configuration.

% http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. 3. Sky map of the sky-varying ruwe threshold at the resolution of HEALPix level 5. Sources above these ruwe threshold indicate potential
binary systems. These ruwe values show a strong influence of the Gaia scanning law, while also highlighting regions with high source density.
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Fig. 4. Selection probability for sources with a ruwe higher than the
threshold represented in Fig.[3] The regions with higher selection prob-
ability, e.g., cores of globular clusters, the Galactic plane and the Mag-
ellanic Clouds, contain sources with a ruwe increased due to a com-
bination of binarity, source crowding and other effects. These regions
may indicate a higher contamination rate when selecting binaries solely
based on ruwe. The dark halos around the Magellanic Clouds are due
to an excess of faint sources with low ruwe in that region.

As expected, the binary detectability peaks at a mass ratio of
g = 0.5. No systems are detected when g = 0 (equivalent to sin-
gle sources), or when g = 1 where the CoM and the photocentre
trace the same trajectory, which means the value of ruwe is not
changed.

The detection probability shows a peak at an orbital period
aligning with the observational baseline of the survey, which is

Parameter Distribution
Distance [pc] U(10,5000)
log (Period [yr]) U(-2.56,2)
Mass ratio Uuo,1)
Eccentricity uo,1
Initial phase [rad] U(0,2nr)
Azimuthal view angle (¢) [rad] U(0,2nr)
cos (Polar view angle (6) [rad] ) Uc-1,1)
Planar projection angle (w) [rad] U(0,2nr)

Table 1. Distributions for the simulated binary system population.

34 months for Gaia DR3. This probability gradually declines
for longer periods, given that no observable orbital motion is
evident within this observation time (Penoyre et al.|[2020). Fur-
thermore, we observe notable declines in the fraction of detected
systems when the orbital period coincides harmonically with a
year, prominently visible in Fig. [3 at periods of 1 year and 1/2
year. This decrease in detectability arises due to a confusion of
the orbital motion with a parallax shift, leading to a situation
where a seemingly good astrometric fit (resulting in low ruwe)
corresponds to an erroneous parallax. These features in the pe-
riod distribution are also visible in the astrometric binaries in
Gaia DR3 (Halbwachs et al[2023], also selected based on ruwe).
We observed that the strength of this effect, however, depends on
the direction of the observed binary systems (details of the Gaia
scanning law).

From the first column in Fig.[5] we see that our ability to de-
tect binary systems is monotonically decreasing with distance,
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Fig. 5. Heatmap of binary systems’ properties, i.e., distance, period
and mass rations, that will enhance their detection. The detectability
of these systems monotonically decreases with distance, reaching a de-
tection fraction of 50% at around 100 pc. There is a strong detectability
window around periods of three years, corresponding to the Gaia ob-
servation time baseline. Systems with mass ratios of zero, i.e., single
sources, or one show no sign of binarity on ruwe since there is no wob-
bling of their CoM around the photocentre.

reaching 50% of systems detected at around 100pc. To capture
the variation of this behaviour across different regions of the
sky, we estimate the ruwe of the simulated binary population
described in Sect. [3.1] in different pixels from the north to the
south ecliptic poles at ecliptic longitude 4 = 0°, and from A = 0°
to A = 360° at ecliptic latitude 8 = 0°, as shown in Fig. [] We use
ecliptic coordinates since the Gaia scanning law is symmetric in
this coordinate system, and the strongest contribution to the vari-
ation of the ruwe threshold across the sky (see Sect. @) Also,
we focus on periods from one to four years which is the window
for optimal detectability, since most of the selected binary sys-
tems will be in this period range (see discussion in Sect.[d). Fig-
ure [6] shows how the variation of the distance where 50% of the
simulated systems are detected (where the median ruwe is equal
to the ruwe threshold shown in Fig. [3). We see that in the eclip-
tic poles, and up to |5| = 45°, where Gaia has uniformly scanned
the sky with a large number of observations, we can detect binary
systems at larger distances (up to around 1 kpc) due to a more
constrained astrometric solution, thus resulting in a lower ruwe.
For the |8| < 45°, on the other hand, the distance where we detect
at least 50% of the simulated binary systems can decrease down
to 800pc. Along the A direction, the distance reached shows a
more irregular behaviour since this region captures larger vari-
ations in the Gaia scanning law. However, the distances where
we can detect systems can vary ~ 200pc depending on the scan-
ning configurations. If we include in the analysis the whole range
of simulated periods, the distances where we detect 50% of the
simulated systems range from around 60 up to 150pc, approxi-
mately, depending on the (4, 3) direction.
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Fig. 6. Central panel: Same as in Fig. (3| in ecliptic coordinates. The pix-
els highlighted in the vertical and horizontal directions show the regions
where we estimate the maximum distance where we detect half of the
simulated systems, which is shown in the right and top panels, respec-
tively. Top panel: Distance where 50% of the systems are detected, for
the highlighted pixels along the ecliptic 4 = 0°. Right panel: Same as
the top panel, for ecliptic 8 = 0°.

4. The GCNS binary population through GUMS

Gaia Collaboration et al| (2021b) produced a catalogue of
331312 objects within 100 pc which was released together with
Gaia EDR3. The catalogue includes a list of probable mem-
bers to the two closest open clusters, i.e., the Hyades and Coma
Berenices, white dwarfs (WDs) and resolved binary systems. It
also includes numerous sources with ruwe significantly higher
than one, which may be potential unresolved binary systems that
may have gone unnoticed. We find 74 785 potential unresolved
binary systems with a catalogued ruwe higher than the threshold
for single sources we computed in Sect. 2.2] (see Fig. 3). Based
on our approach, we can select more binary system candidates
compared to the selection based on ruwe higher than 1.4 and
1.25, which provide 55754 and 70 848, respectively. In Fig.
we show how our selection of unresolved binary systems is dis-
tributed in a colour-magnitude diagram (probability estimated
as in Eq. [3] with respect to the colour and magnitude bins). We
observe a high selection probability in the brighter MS, which
monotonically decreases towards faint magnitudes. A similar
trend is observed in the WD sequence (10 < Mg < 15 and
0 < Gpp — Ggp < 1), where the selection probability is higher
in the brighter sequence. The region between the MS and the
WD sequence, which shows a selection probability unexpectedly
high, corresponds to sources with "poor astrometric solutions"
in the GCNS catalogue (see Section 2.1 in |Gaia Collaboration
et al.|2021b, for further details). Although this region also con-
tains MS-WD binaries, the ruwe for the sources in this region
is probably also increased for reasons other than binarity. There-
fore, this region may represent a highly contaminated region in
our analysis.

To understand the completeness and contamination of this
sample, and the types of systems that our method selects among
the unresolved binary system candidates we use the Gaia Uni-
verse Model Snapshot (GUMS, |Robin et al.[2012). GUMS pro-
vides, through the Gaia Object Generator (GOG, Luri, X. et al.
2014), astrometry, photometry and astrophysical parameters of
sources as if they were observed by Gaia. GUMS only provides
around 100 000 sources within 100 pc, therefore, to increase the
statistical significance of the analysis we increase the volume to
analyse to 200 pc, resulting in 882 107 sources of which 243 377
are true binary systems.
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Fig. 7. Selection probability of the GCNS sources with ruwe larger than
our threshold shown in Fig.[3|across the colour-magnitude diagram. For
the MS and WD sequence, we see a gradient on the selection probability
for bins at the same Gpp — Ggp colour. The region between the MS
and the WD sequence, which contains the MS-WD binaries, has a high
concentration of sources labelled with poor astrometric solutions in the
GCNS

We forward model a ruwe value for these GUMS sources fol-
lowing the recipe in Sect.[2.1](see also Appendixy [A] for instruc-
tions on how to use our GaiaUnlimited python package). Then,
we detect these binary systems based on ruwe as we have done
for the GCNS. We can recover 51 524 true binary systems with
our variable ruwe approach, which still results in a more com-
plete sample when compared to ruwe selections higher than 1.4
and 1.25, resulting in 43 398 and 50431, respectively. The con-
tamination of our sample is one single source selected as a binary
system, as expected by the design of our approach (see Sect.[2.2)).
This contamination is zero in the case of ruwe > 1.4, due to
the more restrictive criteria, and 20 in the case of ruwe > 1.25.
Therefore, our approach provides a sample of unresolved binary
systems with the best compromise between completeness and
contamination when compared to other criteria to select this type
of object.

Working with simulated data has the advantage that we can
access all the true simulated parameters. In this case, we can
study the population of binary systems depending on the evo-
lutionary stages of their two components. We have identified
five main evolutionary stages present in GUMS, i.e., Giant stars,
WD, and high-, low- and mid-MS stars defined as stars with
Mg < 4, Mg > 10 and in-between these cuts, respectively. Fig-
ure [§] shows the distribution of mass and light ratios for GUMS
binaries within 200 pc - and the subset which are unresolved and
have detectable excess ruwe. This shows the range of important
(though often not observable) physical properties we might ex-
pect from a range of binary systems. MS stars, especially those
that are cooler and of lower mass, follow a relatively tight distri-
bution (akin to our previous heuristic of / o g**), above this (and
thus closer in light ratio for a given mass ratio) we see binaries
containing stars the mass and temperature of our Sun and higher,
which are significantly less tightly clustered but follow a similar
trend. Systems containing Giants generally fall below these pop-
ulations (as the Giant primary is effectively over-luminous for its
mass). Systems containing WDs are quite distinct in this space -
having generally much more mass compared to their luminosity

(except for WD-WD binaries which cluster very close to g = 1
and [ ~ 1).

The strong dependence of light ratio on mass ratio leads to
many unresolved binary systems being indistinguishable from
single objects from their luminosity (and also in general from
their spectra) as even moderate mass ratios, e.g. ¢ = 0.5, lead to
much smaller light ratios (/ < 0.1). Thus the light ratio, though
crucial for fully characterising binary systems, is rarely measur-
able.

Comparing the full population to the detectable we can get a
feeling for which kinds of systems are easier or more difficult to
pick out from astrometry alone. We can see a low detection frac-
tion for systems with A close to zero (as the astrometric motion
is negligible) - which includes both ’twin’ systems (g ~ [ ~ 1) as
well as faint MS-MS and MS-Giant binaries (with ¢ < 0.1). The
detection fraction is also low for systems containing WDs where
the second component is similarly or less luminous (top left of
each panel, because these are dim enough that the astrometric
error is high enough to dominate over astrometric motion).

Detectability functions with period and distance

Figure [9] shows the fraction of binaries that are detected as a
function of period, expanding on Figure 15 of [Penoyre et al.
(20224). This is a very strong *window function’ limiting us to
only binaries for which we see a significant fraction of the or-
bit (P < 10 years, with the fraction dropping as P~2) and those
whose orbits are wide enough that the astrometric motion is sig-
nificant compared to the astrometric error (P > 1 month, with

the fraction increasing proportional to a o« P3, see Penoyre et al.
2020\, 12022al |Andrew et al.|2022| for more detail).

Even for a sample out to 200 pc (which will be dominated
by the number of systems close to that distance limit), we detect
more than 80% of systems at the optimal period of 34 months
(Gaia DR3’s time-baseline). For a closer limiting distance that
fraction increases mostly due to the larger apparent magnitude
and parallax, both leading to the astrometric signal being more
dominant over astrometric noise.

Separating systems by the type of the primary we see essen-
tially the same curve, with brighter primaries more easily de-
tectable (again because of the reduced astrometric noise). Low
mass primaries are significantly harder to detect (as the orbit is
smaller for the same period) and so are WD primary systems
(as these are necessarily low luminosity). The most massive pri-
maries, especially the Giants, are even more strongly peaked in
period, particularly at the low period end. This is mostly a gen-
eral astronomical bias rather than an astrometric one, since these
are both rarer (thus they don’t appear in significant numbers at
small distances and smaller period orbits can be unresolvable at
larger distances) and more limited in their minimum period by
their large stellar radii and the requirement that the stars do not
merge. Comparing instead the detectability based on the type
of the secondary we now see that WD companions give signif-
icantly larger signals (because of their large ¢ and low [, giving
large A). In general, it is not a bad assumption that each of the
curves shown here is a simple rescaling of the distribution across
all stars, with the small caveat that it must saturate at a detection
fraction of 1. Figure [I0] shows a similar detectability function
but now as a function of distance. All populations generally have
lower detection fractions at increasing distances, where they are
both smaller orbits on-sky and dimmer, thus the astrometric error
can increase.

Article number, page 7 of 11



light ratio -/

A&A proofs

: manuscript no.

main

%

"o
e agummygeep

- ey
L -
]

o es ufy 8

=]
b
T

=]
in
T

30000
o’ random binaries within 200 p

C

6287
detectable binaries

[y] #21 eouanbag uiepy

Giants
White Dwarfs

Lol 10%

10° 10!

10-!

10°

10!

mass ratio - g

mass ratio - q

Fig. 8. Mass and light ratios of a random subset of 30,000 (of 242,485) binaries from GUMS within 200 pc. The central colour of each point
shows the type of the primary, and the outline shows the type of the secondary. MS stars are given a colour that maps approximately to their visual
colour based on their effective temperature. Giants (Mg < 4 and Ggp — Ggp > 0.9) are shown in dark red and WDs (Mg — 3(Ggp — Ggp) < 9.5) in
blue. The left panel shows all random binaries and the right panel only those which are unresolved and whose ruwe is greater than the threshold
for their region of the sky. Because we choose the primary to be the brighter component (I < 1 always) the populations are effectively reflected
through/=1and g — é - thus the population of systems containing WDs appears at both low and high ¢ depending on the relative brightness of

. _ [-q
the other component. Lines of constant A = Ta

are shown - describing the relative offset of the centre of light from the CoM (with positive

values corresponding to systems where the photocentre is closer to the secondary).

Evidently, both the period and distance functions apply to
the data at once, so we start by showing the detectable distance
fraction split by period. For ideal periods (close to the peak at
34 months), the detectable fraction is close to 1 at small dis-
tances and still near 80% at the edge of our sample - as shown
in Fig. [6] this will only drop below 50% for sources ~ 1 kpc and
further. Longer-period systems are harder to detect but follow
the same kind of behaviour, whilst short-period systems drop off
non-linearly as the population approaches the astrometric noise
floor of Gaia. Separating by primary type we see that dim pri-
maries (WDs and low-MS stars) also drop off quickly with dis-
tance for the same reason, and more massive brighter systems
follow the general trend. Finally, separating by secondary type,
we again see that WD companions are the easiest to detect, but
the slope of the detection fraction with distance does not depend
on the secondary type.

For all of these systems, the limiting factor with distance is
the ratio of the magnitude of the astrometric motion to the astro-
metric error, which will necessarily decrease with distance. For
populations for which no sources remain in the (approximately)
constant regime of astrometric error (G 2 13), this ratio drops
more rapidly and thus the curve steepens. We would expect this
steepening to apply to all types of sources eventually, modulated
by their inherent luminosity, and thus the brightest Giants may
still be detectable as binaries at large (> kpc) distances. This esti-
mation does not account for extinction and crowding increasing
with distance, both of which will cause extra astrometric noise
and may lower the distance at which binary detection is achiev-
able, especially in crowded and obscured regions such as the
Galactic disc, Galactic centre and the Magellanic clouds.
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5. Summary and conclusions

In this study, we have focused on the capability to detect unre-
solved binary systems in Gaia DR3, using ruwe as a key met-
ric. We developed a forward model for predicting ruwe values,
which depend on the sky coordinates and a set of astrophysi-
cal properties of the observed stellar system (single or binary).
This model allowed us to determine the upper limit of ruwe that
will describe good Gaia measurements for single sources. Con-
sequently, we established a ruwe threshold that varies across dif-
ferent regions of the sky (Fig. [3), where ruwe values exceeding
this threshold will potentially indicate the presence of an un-
seen companion. Then, using the approach described in
Ginard et al| (2023)) to estimate the selection function of subsam-
ples of Gaia data, we estimate the selection probability of a Gaia
source with a ruwe above our sky-dependent threshold. We note
that this selection probability will trace areas where binary sys-
tems can be more, or less, easily detected across most of the sky,
except in the very crowded regions. In these regions, Fig [] will
trace contamination when selecting binary systems solely based
on ruwe, since this will be increased due to contributions other
than binarity.

We simulate a broad range of binary systems to describe
what types of systems, e.g., mass and luminosity ratios, period or
distances, will lead to a ruwe above the threshold and therefore
make these systems detectable using this approach. The proba-
bility of detecting these systems decreases with increasing dis-
tance. Specifically, about 50% of the simulated binary systems
were detectable at a distance of approximately 100 pc. However,
for binary systems with orbital periods as long as the temporal
baseline of the survey, this detectability range extends signifi-
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cantly, allowing for the detection of half of these systems at dis-
tances up to about 1 kpc. We also see that the imprints of binarity
on ruwe are weaker for systems with orbital periods around 1 or
1/2 years (due to a confusion with a parallax shift,|Penoyre et al.
2020) and mass ratios going to zero (single source) or one (no
apparent wobbling of the photocentre around the CoM). There-
fore, systems with these characteristics are less likely to be iden-
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Fig. 10. Similar to Fig. |§| but separated by the distance of the binary.
We show the function for all systems in the sample and for subsamples
separated by binary period (top), type of primary (middle) and type of
secondary (bottom).

tified as binaries in Gaia when relying exclusively on ruwe cri-
teria.

Finally, we use the GUMS simulation within 200 pc and ap-
ply our forward model for ruwe, to provide insight into the un-
resolved binary population in the GCNS. Our sky-varying ruwe
criteria for identifying potential binary systems outperforms the
widely used threshold value of 1.4, both in terms of the com-
pleteness and the purity of the resulting sample. In the GUMS
sample, we find that the most numerous binary systems, when
both components are MS stars, are not the easiest to detect in
Gaia. The stronger imprints in ruwe, thus higher detectability,
are generated by binary systems with a luminous primary com-
ponent (high-MS, mid-MS or Giant star). On the other hand, bi-
nary systems with a dim primary component (WD or low-MS
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stars) will have a low detection probability. For instance, only
about 1% of WD-WD binary systems simulated in GUMS were
detected.

This study provides a new definition of what imprints on
ruwe we can expect from binarity, and it is adapted to the sys-
tems’ location on-sky. However, most of the existing binary sys-
tems in our Galaxy will still go unnoticed due to the CoM wob-
bling around the photocentre being dominated by the astromet-
ric noise of Gaia, therefore resulting in a ruwe value below the
threshold. The tools we have developed provide a valuable re-
source to detect binary system candidates in Gaia data and char-
acterise the properties of the population from which the selected
systems are drawn. Following the example of previous GaiaUn-
limited selection functions, we make the code and tools gener-
ated in this work publicly available through the GaiaUnlimited
Python package.

Acknowledgements. We thank David W. Hogg for his contributions to the Ga-
iaUnlimited project. We thank Douglas Boubert, Andrew Everall and Tereza
Jerabkova for their help in preparing the GUMS binary catalogue. This work
is a result of the GaiaUnlimited project, which has received funding from the
European Union’s Horizon 2020 research and innovation program under grant
agreement No 101004110. The GaiaUnlimited project was started at the 2019
Santa Barbara Gaia Sprint, hosted by the Kavli Institute for Theoretical Physics
at the University of California, Santa Barbara. ZP acknowledges that this project
has received funding from the European Research Council (ERC) under the Eu-
ropean Union’s Horizon 2020 research and innovation programme (Grant agree-
ment No. 101002511 - VEGA P). This work has made use of results from the
European Space Agency (ESA) space mission Gaia, the data from which were
processed by the Gaia Data Processing and Analysis Consortium (DPAC). Fund-
ing for the DPAC has been provided by national institutions, in particular, the
institutions participating in the Gaia Multilateral Agreement. The Gaia mis-
sion website is http://www.cosmos.esa.int/gaial The authors are current
or past members of the ESA Gaia mission team and of the Gaia DPAC. This
work made use of Astropya community-developed core Python package and
an ecosystem of tools and resources for astronomy (Astropy Collaboration et al.
2022).

References

Andrew, S., Penoyre, Z., Belokurov, V., Evans, N. W., & Oh, S. 2022, MNRAS,
516, 3661

Astropy Collaboration, Price-Whelan, A. M., Lim, P. L., et al. 2022, ApJ, 935,
167

Belokurov, V., Penoyre, Z., Oh, S., et al. 2020, MNRAS, 496, 1922

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127

Cantat-Gaudin, T., Fouesneau, M., Rix, H.-W., et al. 2023, A&A, 669, A55

Cantat-Gaudin, T., Fouesneau, M., Rix, H.-W., et al. 2024, arXiv e-prints,
arXiv:2401.05023

Castro-Ginard, A., Brown, A. G. A., Kostrzewa-Rutkowska, Z., et al. 2023,
A&A, 677, A37

Duchéne, G. & Kraus, A. 2013, ARA&A, 51, 269

Duchéne, G., Lacour, S., Moraux, E., Goodwin, S., & Bouvier, J. 2018, MNRAS,
478, 1825

El-Badry, K. 2024, arXiv e-prints, arXiv:2403.12146

El-Badry, K., Rix, H.-W., & Heintz, T. M. 2021, MNRAS, 506, 2269

Fernandez-Hernandez, J., Joliet, E., & Garralda, N. 2022, GOST Soft-
ware User Manual, https://gaia.esac.esa.int/gost/docs/gost_|
software_user_manual.pdf

Fitton, S., Tofflemire, B. M., & Kraus, A. L. 2022, Research Notes of the Amer-
ican Astronomical Society, 6, 18

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A, 616, Al

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2021a, A&A, 649, Al

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, Al

Gaia Collaboration, Smart, R. L., Sarro, L. M., et al. 2021b, A&A, 649, A6

Gaia Collaboration, Vallenari, A., Brown, A. G. A, et al. 2023, A&A, 674, Al

Halbwachs, J.-L., Pourbaix, D., Arenou, F., et al. 2023, A&A, 674, A9

Kervella, P., Arenou, F., & Thévenin, F. 2022, A&A, 657, A7

Lindegren, L. 2018, gAIA-C3-TN-LU-LL-124

Lindegren, L. 2022, gAIA-C3-TN-LU-LL-136

Lindegren, L., Bastian, U., Biermann, M., et al. 2021a, A&A, 649, A4

Lindegren, L., Klioner, S. A., Hernandez, J., et al. 2021b, A&A, 649, A2

7 http://www.astropy.org

Article number, page 10 of 11

Luri, X., Palmer, M., Arenou, F,, et al. 2014, A&A, 566, A119

Majewski, S. R., Schiavon, R. P., Frinchaboy, P. M., et al. 2017, AJ, 154, 94

Penoyre, Z., Belokurov, V., & Evans, N. W. 2022a, MNRAS, 513, 2437

Penoyre, Z., Belokurov, V., & Evans, N. W. 2022b, MNRAS, 513, 5270

Penoyre, Z., Belokurov, V., Wyn Evans, N., Everall, A., & Koposov, S. E. 2020,
MNRAS, 495, 321

Price-Whelan, A. M., Hogg, D. W., Rix, H.-W., et al. 2020, ApJ, 895, 2

Raghavan, D., McAlister, H. A., Henry, T. J., et al. 2010, ApJS, 190, 1

Robin, A. C., Luri, X., Reylé, C., et al. 2012, A&A, 543, A100

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Stassun, K. G. & Torres, G. 2021, ApJ, 907, L33

Wallace, A. L. 2024, MNRAS, 527, 8718

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al. 2010, AJ, 140, 1868


http: //www.cosmos.esa.int/gaia
https://gaia.esac.esa.int/gost/docs/gost_software_user_manual.pdf
https://gaia.esac.esa.int/gost/docs/gost_software_user_manual.pdf
http://www.astropy.org

Alfred Castro-Ginard et al.: Gaia DR3 detectability of unresolved binary systems

Appendix A: Using the GaiaUnlimited python package

We provide the code we used to estimate the selection function of binary systems as a new tool in the GaiaUnlimited python
packagﬂ The necessary data, i.e., all-sky scanning law details at a resolution of HEALPix level 5, to generate the plots in the paper
are also included within the package.

Listing [T] shows how to use the new BinarySystemsSelectionFunction class. Similarly to the previous GaiaUnlimited
selection functions, it takes an astropy coordinate object and returns the queried quantity, e.g., sky-varying ruwe threshold (to
produce Fig[3)) or selection probabilities of sources with high ruwe (computed as in [Castro-Ginard et al.[2023| produces Fig. ) or
the Gaia scanning law details.

| from gaiaunlimited.selectionfunctions import binaries
5

3 SF = binaries.BinarySystemsSelectionFunction()
4

5 from astropy import units as u
6 from astropy.coordinates import SkyCoord

8 coord = SkyCoord(ra = ra*u.degree, dec = dec*u.degree, frame = ’'icrs’)

10 # Generates the selection probabilities based on RUWE.
11 # Function to generate Fig. 4.
12 probability,variance = SF.query(coord, return_variance = True)

14 # Returns the RUWE threshold above which a source is considered a potential binary system.
15 # Function to generate Fig. 3.
16 ruwe = SF.query_RUWE (coord, crowding = True)

Listing 1. Example of code to initialise and query the selection function of binary systems.

We also provide our forward model to compute a ruwe value from the binary system properties, and the Gaia scanning law in
the SimulateGaiaSource class. Listing 2] shows how to initialise the simulation of a system at a given sky location, providing the
period, eccentricity and initial phase of the system, as well as the Gaia scanning law details (observation times, scanning angles and
parallax factors, provided by GOST). The AL measurements and errors are computed as a function of the other system properties.
Finally, a ruwe value is computed from these simulated observations. Full documentation of the package is available through the
GaiaUnlimited documentation websitd’|

from gaiaunlimited.utils import SimulateGaiaSource

1

2

3 source = SimulateGaiaSource(ra, dec, period, eccentricity, initial_phase)
,_l

5 al_pos,al_err = source.observe(Gmag,

6 parallax,

7 semimajor_axis,

8 mass_ratio,

9 luminosity_ratio,

10 phi ,

11 theta,

12 omega,)

13

14 ruwe = source.unit_weight_error(al_pos, al_err)

Listing 2. Example of code to simulate a Gaia observation as a function of the source parameters (single or binary), and estimate its ruwe.

8 https://github.com/gaia-unlimited/gaiaunlimited
® https://gaiaunlimited.readthedocs.io/en/latest/
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