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Why binaries ¢
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Zoo Exploitation
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Scientific motivatibns

« Our uncertainties about binary star systems (and triples and so
on) limit our capabilities in literally every single one of the Thematlc

Areas identified for Astro2020 »

A First sentence of the abstract of the Astro2020 Science White Papers bnyric'ef,:
Whelan et al., 2019, Stellar multiplicity: an interdisciplinary. hexus, Bulletin of

the AAS, 51(3)
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https://baas.aas.org/pub/2020n3i206/release/1

Zoo Exploitation

ﬁ > ﬁ > m > > ﬁ

More poetic motivations

« Binary' stars are the cosmic Chons;bgf )hers of the universe,
revealing their secrets through an eter%cg ance. They not only

illuminate the depths of space but also provide invaluable insights
into the fundamental forces and laws that govern our celestial

tapestry.»
O OpenAl ChatGPT-3.5
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Outline

A Introduction - 10% g 8 Gaia DR3 NSS content - 68868
O Multiple systems = Documentation summary

O Formation . Mass estimation
O Statistics PR ,}‘%tjohs

O Different kind of binaries — 28% . O e/DR8 scientific exploitation - 85%
Q All the zoo O DPACP-100
O History .Long-term
O More than binaries ' ‘Compact companions
Pulsating binaries
O . Gaia processing of binaries — 41% Methodology
Q For all types

oo las ad linthods Q What is planned for DR4 - 100%
O Combinations o Al the 766

O Conclusion
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Why binary stars are Important

O Stellar formation and evolution; galactic structure
O Our Galaxy would look very different if all the stars were single.

O Stellar evolution:
Q typical product of formation processes
Q 'possible.abrupt end in supernovae.

O Their role in the evolution of the Galaxy is therefore fundamental

@ Contribute to the measurement of stellar and galactlc propertles
O Some types of binary stars allow direct measurements of certain physical quantltles

O They represent an essential tool 1
Q 1In stellar physics, e.g. to weigh stars-or measurée their radius, ‘estimate the age

O In galactic physics by measuring the galactic potential via wide binaries, the higHIy energetic
phenomena of interacting compact binaries, the study of galactic chemical evolut|on by’ type
Ia supernovae, the distance scale by echpsmg binaries, etc.

O Must realise that most are unresolved in many types of astronomical ,observations
O So they disturb the inference on the various physical properties

O They are very.common !
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Motivations for this topic

d Inferring the properties of NSS*has always been-difficult
O Various detection methods each covering a ‘s'mall parameter range only
O Complete samples are always much toe s el -
Q Many selection functions, known or unknow

O At the end of the Gaia mission, we Will'get for-the first time :
O A potentially huge survey of binaries/multiples 2
O Capability of getting volume-limited samples for sta‘ti's'tica'l‘st_u\c_lies
O Through many detection methods, covering the full period range:
O CU4 NSS Eclipsing binaries (+ much larger variability/CU7Z:sample)
CU4 NSS Spectroscopic-binaries. (5B): orbits, trends
CU4 NSS Astrometric binaries (AB): orbits, accelerations
CU8 DSC/MSC (multiple star)
Q CU3 common proper motions, separations large enough

Q Exoplanets and brown dwarfs are-also present .
O Although their nature + probably their formations, are different from stars
O As they have just a smaller astro/photometric or spectroscopic signature.
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Observing multiplé stars

Q Observational problems / capabilities
O Binary systems cover all mass range,
O From brown dwarf companions to M AR
O and the range of orbital periods, iy ,,,‘! :
O from hours to millions of years,
a they are therefore only detectable by different techmques

O In what follows, we will always distinguish as

O « binary » the objects where the instrumentation makes it possible to ensure
they are gravitationally bounded (e.g. orbital motion)

a from « doubles » for which a doubt on the physical assC)C|at|on can remain.
O (same difference also between “ternary” and “triple” systems)
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Binaries : Orbits

O Kepler's third law can be written as ' a3/P2=GM/(4n?)

Q where M.is the total mass of the system"G the graV|tat|onaI
constant, P the period, and a the semi-majoraxis of the orbit.

Q In physical units adapted to the problem of doub e st
therefore have (M1 + M) = (&/w)3 / P?

Q giving the sum of the masses M; (for the pnmary star)
(the secondary object) in solar mass, & = a; + a; the me - S
semi-major axis of the relative orbit in angular units (e.g. mas), @w .
is the annual parallax in the same unit, and P the orbltal perlod in
years.

Since the work of Herschel (William), the relative positions of the

secondary are usually identified in polar coordinates with the

separation p (usually in.seconds of .a degree) between the * 1819, = Ot appavente o (ol double € Grande Ourse
components, and the angle of position 8 in degrees, counted positively '

from the North towards the East since Herschel (John).,

The trajectory of the secondary star relatively to the priméry is a : : P T i)
homothetic orbit of that of ‘each component around the center of mass A vy %ze, @, 1,

For astrometric binaries, what is obtained is the semi-major axis of
the photocenter g, (= §1 if the secondary is too faint). All that can be ~ \
obtained is the astrometric mass function a=ai+a;

d (Ml e MZ) (B ” 8)3 o (éo/m)B/ Rz 7 aiMi=a>M,

a With B = My/(M1+M5) and B = L,/(L;+L, ) the mass and luminosity
fractions

Suffix 1 for primary, 2 for secondary, O for photocenter
Primary is the more massive (theorists)... or brightest (observers)
We note &, the semi-major axis of the photocenter in angular units

while ap = 8y/w is in au. -
Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia I.@vdgt&re ‘ PSL['H @ 2023-10-04
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Binaries : Orbits

O The elements P, T, a, e, i, w, Q, are caIIed the Campbell
elements. .

QT is the epoch of passage through periastrof

O w is the.argument of periastron, the angle betwe' wnod 2 an
periastron, in the plane of the true orbit andin the e j on
the motion of the companion - L O

Q Q is the position angle (measured from: north through eas) ij-,

the line of nodes joining the intersections of the true orbital’
and tangent planes. The.ascending node is the hode Where

the motion of the companion is directed away from the'Sun. »

As it can be determined by fadial-velocity measurements onIy,
the value < 180° is used if the ascending node is unknown.

Qi is the orbital inclination. This is the angle between the plane
of projection and the true orbital plane. For 0° <,i < 90° the
motion of the companion is direct (increasing position -angles).
For 90° <'i £ 180° " the motion is called retrograde,

a To simplify the orbit determination, one may use, instead of
the 3 angles+a the so-called Thiele-Innes elements A,B,F,G:

O A =a(cos wcos Q-sinwsin Q cos i)
O B =a (cos wsin Q + sin w cos Q cos i)
Q F =-a (sin w cos Q + cos w sin Q cos i)
O G = -a (sin w sin Q - cos w cos Q cos i)

O For astrometric binaries, what is obtained is the argument of

periastron is w; , while this is w, = w;.+ n for resolved

binaries
"'@vdetpgi:e PSL* @
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Formation of mUItipIe stars

Q Different. mechanisms have beeniinvoked in
the past to explain the formation*of multiple .
stars: »

Q The broad scale of separation does not necessarily
argue for a single formation mechanism. 5

Q fission, cluster disintegration, capture,
fragmentation. This last mechanism seems to be

the most frequent,
Q

Q

Capture requires, .a process of subtracting kinetic
energy, by tidal effect, via a disc, or 3thbody.

Formation can continue by accretion, by dis_loca'tion
(instability of multiples), or by interaction (in a
cluster).

Single stars are the exception, not the rule

Q The high multiplicity rate in the PMS phase
unambiguously advocates that multiplicity is
inherent to the star-formation process itself.

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@VQEQJJG ‘ PSI_['H @ 2023-10-04
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Formation of multiple stars

(a) Filament Fragmentation (b) Core Fragmentation (c) Disk Fragmentation (d) Capture

At ~ 0.5 Myr 0.2 Myr
AL ~ 0.01 - 0.25 pc 0.01 - 0.1 pc

B5-Co ‘ B5-Cond1

[=e

@
=
=
=
©
=
@
@
o
o

B5-IRS1
10 000 au

Simulations

Top: Models and approximate range of time and length scales for various formation process.

Middle: Proposed observational examples: in Perseus (Pineda et al. 2015), in Ophiuchus (Kirk et al. 2017), in

Perseus (Reynolds et al. 2021) and RW Aur (Rodriguez et al. 2018).

Bottom: numerical simulations. Guszejnov et al. (202 1) Offner et al. (2016), Bate (2018), Munoz et al. (2015).
| ~ Offner et al., 2023ASPC..534.2750
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Detection and observing methods

O Despite -the frequency of double or multiple objects, witnessingjtheir
formation is not easy. To enlighteRionemust therefore use:
aQ at worst from observed parameters aIOne' sep
0 at best from knowledge of the orbit (eccentriCity ""f:d mass ratio).
0 characteristic signature in the component‘massé‘ atistics

Q if there . is-a random capture and pairing mieehanisin, OF If the matter condensed
independently for the two protostars, or eveRss two very close embryos received
the same amount of matter.

Q. Each method - also provides access to different information and
parameter domains:

from the short periods of eclipsing blnarles to the longest perlods of common
proper motions, -

spectral types and radial velocities of spectroscopic binaries or those-with,-
double spectra,

the luminosity of eclipsing binaries, the positions and motions of astrometric
binaries.

No single method is optimal on its own:
O E.g. access to the masses requires the combination of at least two techniques.

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia I’.@vdgt&re ‘ PSL['H @ 2023-10-04
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Statistics of multiple stars

O Multiplicity fraction (aka somgéitnes as binary fraction)
Q the fraction of primaries with at least one companion
QO MF=(B+T+Q+..)/(S+B + T 5N
O where S, B, T, and Q are the # of single, D -j,"_;f;".‘_i.,i’pies, and quadruples
Q Triple/High-order fraction: THE = (T+ Q + ...)/(S+B+T+Q + ...)

Q The companion frequency

O The average frequency of companions per primary
QCF=MB+2T+3Q+..)/(S+B+T+Q+...)

0 Of interest (unbiased) are the statistics in volume-limited samples .

O Although frequently we have magnitude-limited samples
O Binaries almost twins are 0.75 mag brighter than analogous single stars

O Corrections for Malmquist bias, sometimes called the Branch bias (Branch
1976) must be applied

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@@E&L@ ‘ PSL['H @ 2023-10-04



Bisianas
Statistics of multiple stars

O Bias-corrected MS multiplicity fraction (left; thick) MS stars (thick black)
Q triple/high-order fraction (left; thin) . Close binary fraction (top)
O companion frequency (right) \ . R - Wide binary fraction (bot)
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Statistics of multiple stars

A In the literature, pairs are often _@haracterized as “close” or “wide,”
O Close: < ~10 au, intermediate: 10 - 300 au, and wide separations > .~300 au

A Frequency of companions per decade of**orb"'" jiseparation
0O Left: separation distribution of MS binaries vs sp

t't"ga_l- type and metallicity.
QO Right: separation distribution of young solar-type binaries across different star-
forming environments '

O Opik vs Gaussian in log

Class 0
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’ . e Offner et al., 2023ASPC..534..2750
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NB: Part of what follows is notf from
Wikipedia, it was written for wikipedia.fr @

Zoo of doubles and binaries
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The beginnings

Visual pairs
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Description

O A visual-double star is
O a pair of close stars on the sky

O whose two components can be observed
independently with an instrument such as a
telescope,

Q

O Among these, visual binaries are those whose
binary star property is revealed in general by
the relative orbital motion of the secondary -
around the primary.

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia I’D@v&t&re ‘ PSL['H @

Fig. 7. — Mizar of Alcor dans le msdme champ

Mizar A and B (left) are' .
probably a couple "
physical, while Mizar with
Alcor (right) possibly form
an optical pair.
Figure: C. Flammarion (1882)

2023-10-04




Zoo

i

Optical doubles

Q A couple of seemingly close stars

Q But whose two components are actually separated by a great dlstance.

Q The Eear as visual doubles because, of their apparent proximity in projection
on the sky and are therefore not true gravi dnally bound binary stars.

Historically, the debate to know if all. the §l& stars observed were
or not optical doubles essentially took place from the middle of the
18th century:(Lambert, Michell) and was €lesed by William Herschel in
1803 with .the dlscovery of the first binary stars.

Probability of dealing with a optical double

O Under the simplifying assumption that the stars have in a small area of the sky
a uniform surface density of stars per square arcsecond D with an apparent
magnitude m,

Q The probablllty of having at least one star of magnitude m WIth a separatlon P
from a given star is P(p,m)=1-exp(-n p2 D)

QO At magnitude 20, observing one star within one arcsecond from another
source: one chance out of 2 in the direction of the Baade window (galactic
center), one out of 1000 in the direction of the galactic poles. z

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia I’.@vdgt&re ‘ PSL['H @ 2023-10-04
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The beginnings

& B

A Mizar and his jumper Alcor, wih their 12 separation, have probably
served.as a visual acuity test sincg ancient times,

Q the first use of the term « double’ star o) 'glnates from Ptolemy in the

Almagest (~137): % %
EI these are v1 and v2 Sagittarii, with a separatlon f 14,
“Quae in oculo [of Sagittarius] is nhebulosa et bina”

The second act will be played out with the development of
instrumentation: the invention of the astronomical telescope.

O The history of double stars retains that the first "telescopic" double star is
Mizar, but diverges as to the discoverer:

Q

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@@E&L@ ‘ PSL['H @ 2023-10-04
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The beginnings

01-1617 Mizar Benedetto Castelli Pisa?
04-02-1617 |61 Orionis (A,B,C) Galileo Bellosguardo

1650 Mizar Father Giov.baptism.Riccioli bologna
1656 81 Orionis (A,B,C) Christiaan Huygens (D) The Netherlands
20-03-1673 81 Orionis (D) Jean Picard

1664 YArietis Robert Hooke England
12-1685 a Crucis Father Fontenay Cape of good hope

1689 a Centauri Father Richaud Pondicherry
1719 Beaver James Bradley England
1753 61 Cygni James Bradley England
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Catalogs

¢

1781 Christian Mayer 60 O Initially these

1782 William Herschel 269 were chance
— discoveries, . no
1785 William Herschel 454 . . systematic study

1827 Friedrich Georg Wilhelm Struve (STF) | 3112 i ertaken

1906 SherburneWesley Burnham (BDS) 13665 " completion of the

1932 Robert Grant Aitken (ADS) 17180 ‘.‘.%%%Sﬁbﬁgtgéggsogy

1963 Jeffers, van de Bos, Greeby (IDS) 64247 Christian:Mayer at
Mannheim in

1994 Dommanget & Nys (CCDM) 34031 1777-1778.

1997 Hipparcos (DMSA) 23882 '

(May 2000) | Washington Double Star Catalog (WDS) 83286

2002 Tycho double star catalog (TDSC) 103259

d The number of discoverers is much larger than the list above suggests.
O E.g. the sons of Herschel (John) or of Struve (Otto).

O On the other hand, the mentioned Catalogues contain on the one hand double (or multiple) stars
which can be optical doubles as well as true binaries; on the other hand they are partly redundant:

O in terms of pure discovery it seems that we should grant around 2640 to Wilhelm Struve, 1260 to
Burnham, 4500 to Aitken and Hussey, at least 2996 for Hipparcos, 13250 for Tycho.
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Visual binaries (I)

O The first.confirmation of the'existence of visual binaries was made Yy, the
astronomer-musician William Herscheton July 1°t, 1802 before the Royal

Society.

Q

Difference between what Ptolemy called a "double star" and what he then called a
binary star: "if a certain star should be situat ‘any, perhaps immense, distance
behind another, and but little deviating from theMinesin which we see the first, we
should have the appearance of a double star. But these stars being totally
unconnected would not form a binary system..If, on the contrary, two stars should
really be situated very near each other; and at the same time so far insulated as not
to be materially affected by neighboring stars, remain united by the bond of their
mutual gravitation toward each other”. | ‘

O The idea itself was not new:

Q

d
|
M

Christian Mayer in 1779: possibility of small suns orbiting larger ones, :
Herschel (1782) had distanced himself at the time (premature assumption). : _
Lambert (1761) had argued that a binary should exhibit orbital motion, that this had
not been observed = optical doubles. ‘ :
John Michell (1767), statistical argument: the probability was too low. to find two
such independent stars taken at random: “it is highly probable in particular, and

next to a certainty in general, that such double stars... do really consist of stars
placed together, and under the influence of some general law”.
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Visual binaries (II)

Q Not Herschel's original idea

O Bode's suggestion, in his comments.on Mayer S catalog
= «‘F"m"
a : -
O Using a similar argument, Herschel (1782) S a&ut metlculously measuring a
large number of pairs, beginning on November 11, 1776 with 61 Orionis,
Q
Q

Q Paradoxically, Herschel was not goingto contribute on parallaxes

Q It WI” be necessary to wait for Bessel (1838) to acquire the ﬁrst measure of
parallax.
O On the other hand, in a founding article of the study of binaries (1803), he was.
going to provide a list of orbital couples, with Castor first. :
O End of the controversy over the physical nature of a number of systems

O Open way to prove both that Newton's law of gravitation was really universal (valid
outside our solar system)

O The stars could therefore have a different absolute magnitude (pairs of unequal
magnitude)
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Visual binaries (III): Orbits

Q Mathematical proof: computing the orbit.

O Félix-Savary (1827) calculated how to reconstruct
the couple's orbit .

Q

Q Savary's first « numerical application » was for &
Ursae Majoris, with a 60 years period, this double
having been discovered by Herschel on May 2,
1780,

Q- His son John Herschel recalculated the orbit.in
1 8 3 1 - irig. /3. — Orbite apparente de l'\':loilc double § Grande Ourse.

O The search and determination of orbits'would - P, T a ew,iQ
then continue throughout the 19t and ~ IR
20thcenturies. azal+as

O The Catalogue of Double and Multiple Stars in g My=a,M,
Certain Relative Motion by Camille Flammarion ;
contained 819 pairs in 1878. .

O the Sixth Catalog of Visual Binary Star Orbits e To,
contained 3579 orbits of 3468 systems.

P
<
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Description

Q Has an orbital plane viewed almost edge-on
Q the normal to the orbit plane is ~ perpendlcular to the line

of sight Y
O the components undergo mutual eclipses (mt" tions)
O Observationally, the system appears as a variablé star.

Q- Different types; when classified by the shape of the
light curve:
O the EA type, represented by Algol, having spherical or
slightly elliptical components and a wide range of periods,
a

O the EB type, like B Lyrae, systems whose components are
often semi-detached, one of the components filling its
Roche lobe, with periods longer than one day,

a

O the EW type, like W Ursae ‘Majoris, generally contact
binaries, ellipsoidal components, with a period less than
one day,

a
Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@VQE?J!G ‘ PSL"H @
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a Algolfthe demon star"
O A variability probably known since antiquity,

forgotten,‘un;igxMonta nari in 1667

A Then 1782 whe %hn: Goodricke Jr suspected
this star to be perlodlcally eclipsed

O The young Goodricke (18 years old and deaf-mute!)
determined a very precise period for this first
known short-period variable,

He had the brilliant intuition that it "could hardly be
explained otherwise than by... the interposition of a
large body revolving around Algol..."

O As we have seen, Herschel doubted it at that time
and the confirmation of the Algol binarity had to
wait more than a century for the discovery . of
spectroscopic binaries.
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Definition

Q The components are successively occulted by
the Moon (or ‘another body @f the . solar
system) during the relative motionsal
source with respect to the couple. :

Measurement of the time difference auring the" |
immersion (or emergence) of each component
at the lunar edge, 2

O this technique allows a high angular resolution, 1 - Courbe do lariane
about a few thousandths of an arcsecond (mas) o séparation”

It is estimated that about 10% of occultation
observations can’ lead to the discovery of the
duplicity of the object.

Mason's catalogue of @ occultation . doubles
(1995) contains 772. measurements for 357
systems.

Diffraction by a screen edge
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History

O The observation of . stellag® occultations . is
probably as old as humanity ¥
O one of the oldest mentions is in the Almages

Q the first (+/-) usable indication of the mo t
stellar occultation waited until July 5, 1623:
(Spica) observed in Paris by Ismaél Boulliau

Q Antares (=Mars rival) is  probably " the=Tfirst
occultation double

O A Professor Burg in Vienna, April 13, 1819: “At
12:03:17.1 a.m. I observed the emergence of a star of
magnitude 6.7, which after about 5 seconds suddenly
appeared to me as a star of the first magnitude ...
Perhaps Antares is a double star, and the small one seen
first is so close to the main star that the two, even seen
with a good telescope, does not appear separate”

He was not believed at that time, the hypothesis of
the refraction of a "lunar atmosphere" being favored

It was John Herschel who, in 1833, suggested that
occultation measurements could bring high angular
resolution to the detection of double_ stars.
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Description

Q A star whose binarity is revealéd by
astrometry

0 Thanks to the orbital (non uniform) o
of the photocenter on the sky. CH

d The two components generally not belng
(yet) resolved,

A In particular, when the companion is much
fainter than the primary star, it is the reflex
movement of the latter that is observed.

O In general, this is the motion of the
photocenter, not that of the primary

Motion of Sirius on the sky,
after Camille Flammarion
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History

Q After being the first to accurately estimate a stellar parallax; that of 61
Cygni in 1838, Bessel would also acudentally discover the first two =
astromeétric binaries

In a letter of August 10, 1844, Bessel‘lnéﬁ at d that the proper motion of

Sirius and Procyon was not uniform & ?

Q After having eliminated various hypotheses, he corrt ctIy concluded in both cases the
presence of a massive but dark body orbltlng with a period of about half a century, a
disturbing hypothesis which he justified by: "But light is no real proRerty of mass.

The existence of numerous visible stars can prove nothlng agalnst the existence of
numberless invisible ones”.

Two years before Neptune's prediction

O by Urbain Le Verrier two years later, of whom Franc_;0|s Arago told that he
“discovered the new planet at the t|p of his.pen”.

For-the astrometric binaries, the confirmation required more time'

O It was first necessary to wait 7 years for the orbit of Sirius to be actuaIIy calculated
(by Peters.1851),

O the companion of Sirius was only seen in 1862 by Alvan Graham Clark and that of

Procyon only in 1896 by John M. Schaeberle, thus transforming these astrometrlc
binaries into visual binaries.

O These new companions were the first known white dwarfs
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\Nugelpglslugle orbits

Access to 5 parameters
astrometric+ 7 orbital
parameters

Astrometric signature,
if M,<< My

2
P

X = (—)3 M,®

Ml
Sensitive to large
periods, secondary
masses, inversely
proportional to
distance
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Photocentric orbit

Q In the general case, the secondary
may contribute to light
O The photocenter is not on the primary %

a It may then have an orbit (with a
semi-major axis which is not the
one of the primary

HIP 61100

40
20
0
20
40 |

7800 8000 8200 840 8600 8800 9000
i r Julien-244000

40
20

Acicos(d) (mas)

Q HIP 61100 (using Hipparcos data)
Q P~ 1300 d, | 40

|

D sem | -m a_] or aX|S éo o 3 1 mas _6@/800 8000 8200 8400 8600 8800 9000
60

Ad (mas)

40
Q The motion of the photocenter -
O depends on the mass ratio g L 0

Q of the luminosity difference AH 20 5 coug ]

D a0=al[1-(1+q-1)(1+1004 AH)_]'] -40 Primaire

Secondaire

-60

Acicos(d) (mas)
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The start of stellar astrophysics

Spectroscopic binaries
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Description

O Binary -star whose orbital.gmotion is.
evidenced by the variation of the radial
velocity of one or both components
the system:. ‘ ﬁ

Q This motion is ~measured using"a_
spectrograph, '

@ by observing the displacement by Doppler-
Fizeau effect of the spectral lines of the star,

O due to its orbital speed along the line of
sight. A

O This method has also led to the

detection of a large number of the
known extrasolar planets.

Q Catalogue of spectroscopic binaries SB9:
O 4021+ entries, 5040+ orbits as of today Observed qped“‘m
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Radial veIOcimetry

DOppIer effect . _ OnbiloBS2 de MioarA_
Al A
Vl‘ it Tl e PRIMAIRE

A
V.=V, + K, [ecosw; + cos(wy + V)]
Obtained orbital parameters
P, T, e w; et
a; sinl = %Klpvl —e?
Double-lined binary (SB2) _ :
Mz &5 K1 b El | . | : |

q= Mo o K 0.2 04 0.6
1 2 do Phase de ’orbite

If M,<< My:
i MAXE
Masini ~ (f) a; sini

Vitesse radiale (km/s)

SECONDAIRE

radial velocities of the two components of Mizar A, BS2 * |
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History

@ Edward Charles Pickering saw' linés doubled on Mizar in 1887

O Antonia.C. Maury reobserved in'1889@and computed the orbit

O Maury noticed that the spectral line K of calcium was $omet|mes fuzzy, sometimes double, with a
periodicity of 52 days. 3

The hypothesis then formulated was that Mizar A wa ‘double star with components of
approximately the same luminosity, and too close tog 6o have ever been visually resolved.
Moreover, that the duration of revolution of the system is:-104 days. (Pickering, 1890).

Announced by Edward Charles Pickering on Nov. 13, 1889... and he authored the paper alone

Antonia C. Maury was.thanked but not co-author of Pickering paper... Herschel asked Pickering

« to convey to Miss Maury my congratulations on having connected her name with one of the
most notable advances in-physical astronomy ever made ».

She also found and computed the period of Beta Aurlgae in 1889
Mizar:

Q

a
a

d Hermann Carl Vogel observed the oscillatory phenomenon of Algol lines at thfe
Potsdam Observatory, in November 1889:

O Before a minimum in the light curve of this eclipsing binary, the star was movin'g away from the
Sun, while it was approaching it after this minimum.

O Not only was Algol's duplicity thus independently confirmed, but Vogel also gave an estimate of

the diameters of Algol and its "companion", as well as the respective masses "4/9 and 2/9 solar
mass".

O In reality, Algol is now known to be at least a triple system, W|th the eclipsing couple having
masses of 3.6 and 0.8 solar masses, respectively.
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Description

Q A binary or multiple star
O whose magnitude varies perlod|cally
O and whose orbital motion is ewdenced‘by t’;
change in this period (Light-Travel Time)
A The principle is that of a “clock in"orbit™, "
O whether it is a variable star, an eclipsing blnary

6))

is approaching or moving away from the
observer.

Q Epoch of minima T then a;sini ~A T
O K = (ThaxTmin)/2 = « semi-amplitude »

or a pulsar, 3
O whose advance or delay shows that the obJect ( ( 1

! K T .
3T V1 — e2cos?w 1_|_eoosvsm(v+w)+651nw

K = 499a; siniv1 — e? cos? w
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History

O The eclipsing binary Algol is aghierarchical triple system,
O the eclipsing couple being of respective masses 3.6 and 0.8 solar. masses,
orbited with a period of 680 days by a gomi, nion of 1.6 solar masses.

Q The first suggestion of the presence ofd ‘.lli‘d-.,-body was made by
Chandler (1892), ,‘*

O 2 years after the demonstration of Algol as.a spectroscoplc binary, with the
light-travel time effect as proof.

3 In reality, the period indicated by Chandler (130 years) was incorrect, and it is
the variation of the radial velocity which was used by Belopolsky in 1906 to
highlight the reality of a third body with a period very close to this that we
know now. 1

d Nevertheless, the light-time effect was indeed present with the period, of 680
days
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The time of light

O Example of a ternary: R CMa

O Known as eclipsing binary

O And acceleration star in Hipparco R

O Restatement result
0 | “ S mcses g
Q
Q

O 2002AJ....123.2033R Ribas+

Ap,cos(d) (mas/y)

U)A()wus(ﬁ) (mas)

|
AM;g (masly)

A (mas)

L . ) ) 20 1 L L 1 I L 1 L f 1 1
1976 1986 1996 2006 % 861 1896, 1906 1916 ~1926° 1936" 1946 1956 1966 1976 ‘1986 1996 - 2006

300 1 L L L I 1 L I
86 1896 1906 1916 1926 (1936 1946+ 1956 1966

002

Ar (173 AU)

Q Other examples
Q ... the first confirmed exoplanet
Q Pulsar PSR 1257+12

-

0.00 -~

AV, (km/s)

-002

I
~

o
-004 |

light—time (days)

|

(53 L L I I I I L L I I I L
1886 1896+ 1906 1916 1926 1936 1946 1956 1966 1976 1986 1996 -2006
year

06 I L L 1 I I L L TV, L L
1886 1896 1906 1916 1926 1936 1946 1956 1966 1976 1986 1996 2006
year

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia I’D@v&t&re ‘ PSL['H @ 2023-10-04



https://ui.adsabs.harvard.edu/

X-ray binaries
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Definition

|II

Q An X-ray binary is a “"normal” star orbiting a .
neutron star or black hole with"a short period.

Q The X-radiation comes from the enormous amount of
energy given off by the accretion of star ma -
the compact object.

Q -A simplified scenario for the formation of a
massive X-ray binary

O Two massive stars (> 12 solar masses) arrive on the
main sequence;

O About ten million years later, the more massive one has
passed first to the stage of a red supergiant and its
envelope fills the Roche lobe, beginning the transfer of
mass towards the companion.

Later, having kept only its helium envelope, the star
explodes into a supernova, the core collapses,
transforming it into a neutron star.

The companion, which in turn has become a red :
supergiaﬁt, then transfers its mass to the neutron star, microquasar GRO [1653:%0
and a X-ray binary is observed. . (artist view)

The two objects may have a common envelope, the

secondary explodes in turn, possibly leaving behind a
couple of pulsars
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An Aerobee 150 rocket launched from White Sands on Jupe 19, 1962 at 6:59 GMT and whose
flight lasted 6 minutes to an apogee:off@24 km. UsmghGelger counters installed in the NOSe of
the rocket, Riccardo Giacconi's team would dlscover e brlghtest X-ray source in the sky after
the Sun, Scorplus X=1: .

Under the X-ray binary hypothesis, that a couple cou » 've the supernova explosion of one
of the components was nevertheless surprising;.and Wessh 'explalned by the effect of a prior
mass transfer until the beginning of the 1970s. 4

Q Scorpius X-1 is now-estimated to be a low mass (0.42 solar mass for the star) X-ray binary, orbiting a
neutron star (1.4 solar mass) with a period of 18.9 hours.

The foIIowmg Aerobee rocket flights would gradually mcrease the number of known X ray
sources, in particular Cygnus X-1

O a 2.5 kpc distant X-ray binary. It is now known as formed from the supergiant 09- 7 1ab HDE 226868 of
about 20 solar masses orbiting a compact object with a per|od of 5.6 days, probably a black hole since
its mass seems to be around 10 selar masses

The era of X satellites, longer observation time & ‘spectral coverage & angular resolutlon

O Hercules X-1 is an X-ray binary, detected with the first satellite dedicated to X astronomy, UHURU, in
1971. It consists of a rotating neutron star with a period of 1.24s orbiting a stellar companion with a
period of 1.7 days. The presence of eclipses then proved indubitably the binary nature of this object.

Several other satellites were then launched (eg ROSAT, XMM-Newton, -Chandra) and addltlonal :
data is acquired on the ground.

X-ray binaries are a very active subject of research: actual high-energy physic¢s laboratories,
they reveal the behaviour under extreme physical conditions (degenerate matter, very strong
magnetic fields, relativistic behaviour) of close stellar couples.

@  About 200 LMXBs, IMXBs, 150 HMXBs...
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Masses & luminosities of X-ray binaries

O For sources emitting a periodic signal,
O see blnary TTL as to how to get an indication of ground

O This is the case, for example, of neutron stars whose magnetic axis is not aligned with the axis
of rotation, causing periodic modulation in the Qbs vation of the X flux.

For the others, spectroscopy:in optics or infrag

radial veIOC|ty, and this is the case of Cygnus X-
O see spectroscopic binary for the method of obtaining an estlmate of mass.

When the orbital period. is short, the probability that we can observe eclipses is
increased, | :

O see eclipsing binary.

Mass estimates are nevertheless more compllcated than:for normal blnarles
(emission, period changes, etc).

O These mass determinations are nevertheless |mportant because they prowde one of the rare
methods to weigh a black hole‘in our Galaxy.

As part of an LMXB, the accretion luminosity is GM;M' / R;~.0.1 M" c2where Mltand‘
Riare the masses and radii of the compact object and M' the rate of accret|on
O the luminosity in'the visible is 100 to 10000 times smaller than in X.
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Unresolved movers
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Variable-induced movers(VIM)

O A unresolved pair of which atdeast one of
the components is variable

O The position of the photocenter varies with' 5
the luminosity of the couple %

O It may or not be accompanied by an orbital 5 ‘ﬁ
motion

Q Suggestion by Wielen (1996) for
Hipparcos

Q Variability-Induced Mover (VIM)

O En fact most of the Hipparcos VIMs came \*—%
from bad chromaticity correction (V-I 1 photocentté G 2

considered constant)
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Color-induced binaries (@ns

Pair of unequal colors plus various filters - dlfferent photocenter

For ex: GOV+MOV gives AV=4.4 and AI=3 mag |

If the angular separation is pithe difference in position of the photocenter'is
QO  p[(1+1004x4.4)-1- (14+1004x3)-1]1= 0.042p between V and I :
Suggestion:

Christy et al. (1983). Spectro-astrometry or chromatic position difference (CPD)
Currie, DG, Detection of double stars with the two-color refractometer-1983Low0OB.167...28C

Sorokin & Tokovinin, Chromatic position difference - A technique for studying double stars,
1985PAZh...11..542S.

Then Wielen (1996) (colour-induced for Hipparcos)
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Gaia CU4/NSS processmg

Yo j‘ .

NSS = Non-Single Stars, from compact to substellar objects «
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Gaia Non-Single Stars

‘- - N
. At " Photocentre
motion only

(system too far to
be resolved)

7  Light curve
| variation when
- favourable

Gaia is able to detect: orientatiQH

e Astrometric binaries

* Eclipsing binaries .
pSINg * Radial velocity

. S . . : ;S u ~ variations
pectroscopic binaries . ; : o ~ (Doppler effect
on spectral lines)
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Binaries in CU4/NSS for DR3

Astrometric binaries (AB)

GoF of single star fit

Astrometric
raw data
Unresolved

Spectroscopic binaries (SB1/2)

Eclipsing binaries (EB) , raw data lr

GoF of single star fit

Variability Classifjcation Combiner
results results

Combinations

ReSO|Ved (not in DR3) D. Pourbaix FNRS @ ULB - Belgium NSS in Gaia DPAC
 Well, present in the
catalogue but not managed
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What is in gaia_source

Before this : the standard model

"'@mre PSL* @



NSS
ﬁ :)

O Notations
O Reference point (ag, Op)
time t wrt mid-mission
Proper motion Mg, , Hs
Parallax w, parallax factor f_,

Scan angle g
U

O Position (in‘mas) at time t for a single star
- a(t).= ag+ Aa + {q.t+ w fi5(t)
Q-o(t) = 05+ A0 + lst + w Fiu5(t)

Q Now, vs the reference position, along scan:
O w(t) = (Aa + pgt) sin w + (Ad + pst ) cos Y + w f(t)
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Astrometric fit quality in the main catalogue

Q The fit quality can be bad if &
O The standard astrometric model is for a smgle star: the model may be lncorrect

O 3 -(" .
QO There may have been outliers | % :

O Unfortunately there are also systematics
Q

Q° The RUWE: is the basic fit quality indicator

O Renormalised Unit Weight Error (Lindegren LL-124)

O The UWE is the ratio of “external” / “internal” errors
Q
Q

O Why renormalised ? Because of systematics

O The UWEy has been computed in a 2D G/BP-RP grid
Q

O The detection of Astro. binaries uses the RUWE

. UWE(G,BP-RP for DR2, Lindegren et a
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Handling astrometric binaries
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The various models of astrometric binaries

* By decreasing periods,
acceleration 7p (5 astrometric

parameters+ 2 acceleration), 9p,
solutions orbitales.

e Variable Induced Movers (VIM):
 for DR3, few survived, for
reasons of contamination

VIML model VIMF model

J-L Halbwachs
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AB Data treatment

Star

D W h a t W a S a d O pte d fo r D R3 - - Transits: astrometry + G photometry

- Single star solution: A, A8, @, fy.. , B
- Radial velocity

Q Ockham's razor: the simplest comaton ol pecipsate
Calculation of the

NSS mOdeI that matCheS the single-star solution
d a ta W ith a CO rre Ct fit is © Acceptance? el
accepted first |

Variable acceleration
solution

no
Acceptance?

A cascade of models, from
the simplest. to the most
complex models —Cssepance >

Constant acceleration
solution

Astrometric
yes, .
Orbital solution Acceptance? binary
solution
no

no yes
Acceptance?

Variability-induced
mover solution

Q> —T0nno600="T +MWOT

no
Acceptance?

Retain 5-parameter solution from eDR3

J-L Halbwachs et al., 2023A&A...674A...9H
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Two astrometric pipelines

QA The “binary” pipeline
O Fast, from high-mass compact companlons‘@n to exoplanets
O Applied blindly on millions of perturbed sourc i}Iarge S/N needed
Q

O Model type = ‘Orbital’ or ‘AstroSpectroSB1” in DR3 ,
O Other models are also produced (accelerations, variable binaries)

O The “exoplanet” pipeline
O = 20k sources with already known solutiohs, incl. all exoplanets
O DE-MCMC and Genetic Algorithms for orbit determination
aQ Can afford a lower S/N (as sources are already known to exist)
O Model type = 'OrbitalTargetedSearch*’ in DR3
O This pipeline also runs.on rejected solutions from the “binary” pipeline
a
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The astrometric solution (accelerations)

Q For an acceleration solution, along scan: .
O w(t)=1[ Aa + pgt + gq k(t) ]sing+[ Ad + pst + gs k(t) ] cosy + w f(t)
a With g4, g5 the acceleration components % =

Q° And k(t) = V2 [ (t-T)2 = AT2/3] g !

Q
Q

0 Beware of the perspective acceleration:

O Based on the radial proper motion (RV divided by distance)
Q

O Requiring to correct the along-scan (AL) position by:

O (could be used to measured the RV itself)
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The astrometric solution (orbits)

O Equations of motion are:

O Define first the eccentric anomaly E(t) W|th '
a

Q Then the true anomaly v(t):

Q Radius vector r(t) is (in mas):

Qif=a,(1l-ecosE)2=a,(1-e2)/(1+ ecosyv)

Q Observed astrometric motion is (in. mas):

Accosd = ag - [cos(v + w) sin§2 4 sin(v + w) cos R cos 1|

1+
[oos(v + w)cos§? — sn{y + w)sin §2 cos 1]
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The astrometric solution (orbits)

Solving for the angles (w, Q,)is however complicated ' | |

The A, B, F, G Thiele-Innes constants aIIA w to linearize the problem

O A = +3 (cosw cosQ — sinw sinQ c05|) i

d B = +3,(cosw sin® + sinw cosf cosi)

d F = -3, (sinw cosQ + cosw sinQ cosi)

O G= - 3 (sinw sinQ — cosw cosQ cosi)

Define the elliptical rectangular coordlnates X(t) Y(t) famctions of E(t)
Q X=cosE-e

O Y=+vV(1-e?)sinE

Then the orbital motion can be written

0 resp. BX+ GYand A X+ FY in R.A. and dec.

And the full astrometric model along scan is linear (Eq. Astro_sol)
QO w(t) = (Aa+ Pt + BX+ GY )sin y+(Ad + pst + AX+ FY ) cosy + w f,

Explains why the Catalogue gives the Thiele-Innes (TI) elements
O You can convert from TI to Campbell (semi-major axis+angles) with nsstools
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Mass information for astrometric binaries

Q When the solution is - obtained alone (not
combined with external data)

Q Gives the orbit or acceleration of thé phqqaenter,

not of the primary Ay

ad An orbit only gives access to a "mass function‘}!"', |
O (M) = (a0 /w)3/P2= (B-B)3(Ma+Pg)  inWo

O Where 3, is the angular semi-major axis of the '

photocenter, P period in. yr
O B=9t5/(Wt,+Wig) the mass fraction
O B=Lg/(Ly+Lg)=1/(1+10%42™) the luminosity fraction

d (él/w)a/Pz = Mg/ (M +Dg)?

O A weak astrometric signal thus originates from a

low mass companion, or from nearly twin stars
With a luminosity law like L = 9?3 then either
q=(f(MM)/ Ma)3 or g=1-(f(M)/ M A)*/3
And the sign of B-B is unknown
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Finding a solution

d Cf. Halbwachs et al. , 2023A8&.674A.. 9H
Q Linearising around a reference p05|t|on

Q Partial derivatives of AL vs coordlnates G S kn L|J, COS W resp.
O Those of proper motion are these, divided by |m¥
a Cf. Eq. Astro_sol, 4 slides before

O For acceleration components, one seek to"decrease.the correlations
O Hence the supplementary constant term (T=2016.0 for DR3) ™
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Quality of a solution

Q Significance
O Roughly speaking : S/N of the motlon amplltude

103+ P30T = 2P PrpP120 107
P15 T PrUT — 2p1pP2p1207102

1 — /)22

O Goodness-of fit

Q With v the degree of freedom, and x?2 the Zr,.2 normalised residuals

Q If the residual uncertainties are unbiased, the cubic transformation F2 should
be normally distributed N(0,1), (cf. Wilson & Hilferty 1931)
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The alternative astrometric chains

O Cf. Holl et al., A&A 674, A10

Q 2 algorithms, both computationally expenswe parameter search and Baye5|an
O Idea was to exploit low S/N while the mam* run on everything

, ¥
1. Differential evolution Markov chain Monte Carlo ( _E M-CMC)
5 . |

a

2. Genetic Algorithm for Gaia (MIKS-GA)
ad

a

Q "Produces solutions nicknamed “OrbitalAlternative” in DR3 _
O Run on 2.5 millions solutions that did not receive a good “standard” NSS solution

O Was also run on a sample of 19 845 sources already known EP/BD

O From NASA EP archive, planet-search programmes, or known AB from Hipparcos
O Nicknamed “OrbitalTargetedSearch” for DR3

O Validated by comparison with known RV orbits ("OrbitalTargetedSearchValidated”)
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Handling spectroscopic binaries '
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Input for spectroScopic binaries

Q RVS spectra are first manage@*in a pipeline
O the RV being cross-correlated with a theoretlcal/
synthetic spectrum g W RS
Transit measurements are performed
Single Transit Analysis (STA) pipeline
O Up to ~ Grys < 12

The median of the epoch RVs of constant gtarsr

is given in the Catalogue
O together with many other useful information

Stars with variable RV are forwarded to: the
NSS SB processing

O Using a threshold on the rv_renormalised_gof

O Selecting A to M stars

O Having more than 10 transits

Q In DR3, SB are generally not d|st|ngwshed
from pulsating variables
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JD 2456877.765, phase 0.57
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Wavelength [nm]
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-100
-120
-140
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Phase

ESA/Gaia/DPAC/CU4/NSS, Y. Damerd;ji,
E. Gosset, T. Morel
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NSS
f

Processing of spectroscopic binaries

A Search periods for SB1
O Heck-Manfroid-Mersch method “(Fourier on ‘irregular

time series sampling) ¥ 7 Mv««w “m iy /MM W‘Wh MWWW W
l

0 Candidate periods e
aﬁ"y L~ M MW MWWNJM m M‘

HIP 70674

Up to 4d ! frequency, down to 1.4AT (time-sp

Select 100 candidate frequencies
First look for an approximate solution
Q

Then refinement of the elliptical solution W;i;elength?ifm]
B .

i

,_f

O Parameters: y, P, Ky, e, wy, Ty (+ K, for SB2)"

QA “Trend” solution also attempted
O Using a polynomial (1t to 4t degree).
O Choice of the adopted model using an F-test

Q For SB2 0
3 00 01 02 03 04 05 06 07 08 09 1.0
O Sorting of measurements Phase

|
Q ESA/Gala/DPAC/CU4/NSS Y. Damerdji, E. Gosset, T. Morel

RV [km/s]
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Handling eclipsing binaries ‘
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Input for eclipsing binaries parametrisation

Q

See Mowlavi et al.  ( 2023AXAS674A..16M. ) and . by
Laurent.tomorrow St
A catalogue of 2.1 million EB detected'if-DRS
O much larger and less biased than existing cata

Starts with .the  classification = of “WVaFiable obJects
performed within DPAC/CU7 (Rimoldini‘et.al. 2023 )
Filters: d
a G<20

Q #FoV > 16 cleaned G measurements
O skewness G time series > -0.2

Then, estimation of photometric period, times of mid-
eclipse, eclipse durations, depths, obtained by fitting
luminosity curves (LCs) with two Gaussians

Finally, statistical post-filtering
O Consistent internal periods
Q P> 0.2d

O Global ranking (fraction of variance unexplained) > 0.4
Q etc
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.

Processing of eclipsing binaries

O A large effort to build a full-scale S/W

O Siopis, Sadowski, Mowlavi et al., 2020CoSka..50. 414S
O Based on S/W code from Wilson-Devinney and%nglpﬁt.fa,I:L

From a given set of physical parameters, a simula
generates synthetic light-curves (LCs) by caIcuIatlng'
the flux emitted by the EB

The solver fits the synthetic LCs to the observed data
to determine the physical parameters. Highly non-
linear, so this is done in two steps:

O the observed LC is compared against a Iibrary o] §

precomputed synthetic LCs to find one or more synthetic
LCs that resemble the observed one.

Then, the physical parameters associated with the best-
matched synthetic LCs are used as starting values in a
local optimisation procedure

Modelling stellar surfaces as equipotentials of the C. Siopis, G. Sadowski
Roche potential, discretised using a mesh, and it can
take into account the effects of :

O Ilimb darkening, gravity brightening, mutual irradiation,
asynchronous rotation, the presence of a third light
source, spots
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NSS

f

Processing of eclipsing binaries

O Parameters:

O time .ty of eclipse of star 1 by' 2, mass ratio q
(Mz/Ml), fill factors sy, sy, asynchronous rotatlon
ratios f1, f2, inclination i, eccentricity e, argu ko

of periastron w, and effective temperatures Teff;
and -I-eﬂ:z : y sourcelD=3035593588154357760 , F2=32.36

Fill factors ke

detached when fill factors of stars, s;<1 & s, < 1;

semi-detached (one component filling its critical
lobe) whens; =1 &s,<1,0rs;<1&s,=1

overcontact (the stars share a common envelope)
whens; > 1ors, > 1

For DR3, only G used, not BP and RP light
curves (unsure about extinctions + some
inconsistencies between G and XP), then

O individual temperatures of components cannot
then be determined,

O the contribution of light from a possible third
source cannot be accounted for correctly
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Combining solutions
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NSS

f

What can be combined

O To make a combinations between different solutions one needs:

O An overlap between period ranges |
D 3 ‘.( .

Q A consistency between parameters of both soluttkns
0 ,

Q In practice, two types are feasible (due to their period range)

O Eclipsing + Spectroscopic =2 EcllpsmgSpectroSB*
QO Spectroscopic + astrometric 2 AstroSpectroSB*

PhotGMeanMag

FclipsinaBinary

SE*

AstroSoectrosiEl
Orbital
OrbhitalAaltermative -
OrhitalMTargeiedSearan

P Gavras Gaia collab., Arenou et al., 2023
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NSS

f

Trying to combine solutions

Q Why?
O To estimate more parameters in onIy one solutlon
a
O To constrain better some parameters (hawr@ I@‘ger degree of freedom)
aQ To check whether solutions are compatible
d
U

O How ? .
O Low significance solutions were kept to attempt a combination

s
0

"
b

PhotGMeanMtag
o N
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astroSpectroSB*

O Condition
Q

Q
cosE —e
V1 —e2sinE
—ksin E
P(l —ecoskE)
kcos E V1 —¢2
P(l —ecosE)

g

47.3% SB1
92.2% Orbital 5.4% FirstDegreeTrendSB1
7.6% OrbitalPoorlyConstrained 12.4% SecondDegreeTrendSB1
0.1% OrbitalAlternative 0.2% ThirdDegreeTrendSB1
34.6% StochasticSB1

) i o] Eﬁ@la_ia#?P U4/NSS, Y. Damerd;ji, E. Gosset, T. Morel
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ecIipsingSpectroSB*

O Condition & |
Q IKES e Kspectrol <25 '\/(eKESZ ¥ eKSpéctl;Oz +1) AND SignificanceK =5
AND efficiency = 0.5 AND g_rank = 0.6 AND maxdist < 0.5

u 1X 118
.

d Processing b
@ Handling optionally radial velocities is included in eclipsing binary processing
Q i.e. RV are produced by the simulator together with photometry from a set of
physical stellar parameters |
a

O Note: there is a reservoir of solutions that can be combined off/iné

O Select sources in table vari_eclipsing_binary with |period — 1/frequency| < 5
period_error which are neither EclipsingBinary nor EclipsingSpectro > 1731
sources (compared to the 155 available EclipsingSpectro)

) i o] Eﬁ@la_ia#?P U4/NSS, Y. Damerd;ji, E. Gosset, T. Morel
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GAIA DR3: A NEW GOLDEN
. | ' ¥
AGE FOR THE STUDY OF

STELLAR MULTIPLICITY

Gaia DR3 has measured orbits/trends for:
e Astrometric binaries ~ 135 000
e ~40 X orbitsin Orb6 catalogue
e Eclipsing binaries (2M) ~ 87 000
e Spectroscopic binaries ~ 185 000

e ~ 45X orbits in SB9 catalogue
* Astrometric + spectroscopic ~ 33 000

Crdits: ESA/Gaia/DPAC/CU4/NSS, Nathalie Bauchet
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Photocentre
motion only
(system too far to
be resolved)

Light curve

~  variation when
- favourable

orientation

- Radial velocity

variations
(Doppler effect
on spectral lines)
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Exploring the Catalogue

Binaries in Gaia e/DR3
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Exploring the Catalogue

Resolved doubles/binaries ‘
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Resolved binaries

Q These binaries were not handle@ as such |n DR3

Q Will be handled for DR4+ .
&

Y- o
O In many cases (separation large enough ’g
O Do not need to be handled together i
O Note however that data are correlated by smaII angle systematlcs

a A million binaries from Gaia eDR3: sample selection and validation of Gaia
parallax uncertainties, El-Badry, et al. 2021 MNRAS.506.2269E *
O resolved binary stars within ~1 kpc of the Sun
O projected separations ranging from a few au to 1 pc
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Unresolved binaries and multiple

The first Gaia NSS Catalogue
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A full in-orbit obsérvatory

B Gaia  can thus detect@most
S frequent types of- Non-Single
Fhe largest NSS orbit catalogue
0O Dowh to the substellar regime

Astrometri.c. binaries =~ 135000
Spectroscopic binaries  ~ 185 000
AstroSpectroSB* ~ 33000
Eclipsing binaries ~'87.000
Resolved binaries > DR4

Credits: ESA/Gaia/DPAC/CU4/NSS, Nathalie Bauchet
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Raw content of NSS DR3 data

Q 4 Tables in GACS | |
O under "Gaia Data Release 3" folder, ®Non-single stars” sub-folder
O Different tables due to different sets ofipara ters
O A query by source_id may return several soI r,;g within or across tables

Q By rough order of decreasing periods:

Table nss_solution_type Solutions Description
nss_acceleration_astro Acceleration? 246947  Second derivatives of position (acceleration)
Acceleration9 91268 Third derivatives of position (jerk)
nss_two_body_orbit Orbital 134598  Orbital astrometric solutions
OrbitalAlternative* 629  Orbital astrometric, alternative solutions
OrbitalTargetedSearch* 533 Orbital astrometric, supplementary external input List
AstroSpectroSB1 33467 Combined orbital astrometric + spectroscopic solutions
SB1 or SB2 186905  Orbital spectroscopic solutions
EclipsingSpectro 155 Combined orbital spectroscopic + eclipsing solutions
EclipsingBinary 86918  Orbits of eclipsing binaries
nss_non_linear_spectro FirstDegreeTrendSB1 24083  First order derivatives of the radial velocity
SecondDegreeTrendSB1 32725  Second order derivatives of the radial velocity
nss_vim_f1 VINF 870  Variable-induced movers fixed

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@"@E?J!‘* ‘ PSL‘*‘ @ 2023-10-04



Table content for NSS orbital solutions

O In GACS: Gaia Data Release 3 > Non-single stars - gaiadr3.nss_two_body_orbit

solution_id
source_id
nss_solution_type
bit_index
corr_vec

obj_func
goodness_of _fit
efficiency
significance

Flags

period
period_error
t_periastron
t_periastron_error
eccentricity
eccentricity_error

Common to all

astrometric_n_obs_al
astrometric_n_good_obs_al
ra

ra_error

dec Astrometry
dec_error

parallax
parallax_error

pmra

pmra_error

pmdec

pmdec_error
a_thiele_innes
a_thiele_innes_error
b_thiele_innes
b_thiele_innes_error
f_thiele_innes

f _thiele_innes_error
g. thiele_innes
g_thiele_innes_ efror
c_thiele_innes
c_thiele_innes_error
h_thiele_innes
h_thiele_innes_error
astrometric_jitter

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia

rv_n_obs_prima fy
rv_n_g oOd'_pbs_p rimary

semi_amplitude_primary
semi_amplitude_primary_error
semi_amplitude_secondary
semi_amplitude_secondary. error
conf_spectro: period
arg_periastron
arg_periastron_error

Spectroscopy

"'@mre PSL» @

phot_g_n_obs

phot_ g n_good_obs
mass_ratio
mass._ratio_error
fill_factor_primary
fill_factor_primary_error
fill_factor_secondary
fill_factor_secondary_error
inclination

inclination_error
temperature_ratio
temperature_ratio_error
temperature’ ratio_definition
r_pole_sum

r_I1. point_sum
r_spher_sum
ecl_time_primary
ecl_time_secondary
ecl_dur_primary
ecl_dur_secondary
g_luminosity_ratio
input_period_error
g_rank

- E‘clipsing
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Distributions —

EclipsingSpectro
o .
[ AstroSpectroSB1
Orbita
| £ orbitalaltemative =
OrbitalTargetedSearch*

EclipsingBinary
EclipsingSpectro

58*

AstroSpectroSB1

Orbital

OrbitalAlternative = [

OrbitalTargetedSearch * _j_

o

- -
o (=}
] rY

Frequency

-
o
s

—
o
w
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PhotGMeanMag [mag]
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1
{
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|
|
{
|

107]
Fig. 1. Magnitude distribution for each solution type
nss_two_body_orbit table.
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fig. 2. Number of solutions for each solution type in the
nss_two_body_orbit table as a function of period.

—
F-N

PhotGMeanMag
e N

EclipsingBinary

SBY

AstroSpectroSBE]
Qrbital
OrbitalAlternative~
QrbitaMargetedSearchs

107 10!
P [da

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@V@QH‘* ‘ PSL‘*‘ @ 2023-10-04




e

H-R diagrams for all kind of solutions

astrometric orbits astrometric acceleration

T T J

2 3 2 3 4 2 3 4 5
Gep - Gre Gep - Gprp Gep - Grp

spectroscopic orbits spectroscopic trend eclipsing orbits

-

HR for various solutions with parallax S/N > 5 Gaia collab., Arenou et al., 2023
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EclipsingBinary

e 0 What we expect:

»  AstroSpeclroSBl

e . .0 Tidal circularisation at short periods

OrbitalTargetedSearch+

e
o

EVelope & < V(1-(Peur/P)")

Eccentricity
(=}
E=Y

e
[N}

Q Partly un/desired:
O contamination by ternary systems

QO Undesired but not unexpected:
O contamination by spurious solutions

SB relation Halbwachs, Mayor, Udry, 2019 ’ . —
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Period-eccentricity relation

O Period-eccentricity relation along O Period-eccentricity for giants
the Main Sequence 0O Much more expected
O Not so clear variation along the MS % 0 (lines are where P(1—e)3 constant)

O Cleaning using significance also
removes long periods

<
=1
v
o«
=
<
=
(o]
=]

0.5<8p-Rp

pe)

log(R/RSmIN)

1.6 < log R/Rsun <= 1.9

=
=

1.0<8p-Rp

1.9 < log R/Rsun

Period eccentricity along Main Sequence Gaia collab., Arenou et al., 2023
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Hence, large
velocity
variations, easily
spotted

Discovery of
several candidate

d = Myisible / Minvisible = 4 a=Myipe / Mivisbe= 1/4 - binaries with
dormant .
(i.e., non-accreting)
non-luminous:massive
companions \

(neutron stars
or black holes)

~ Credit: Gilles Sadowski
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Multiple stars (N>2)

O Useful for stellar formation , |
O orbits coplanar? formation viscous aeeretion disc
O mass ratios : disc fragmentation mechanis%

s

Number of sources per bin
N w s "

O  Multiple systems span a .large period range" .
O Here Gaia proves very handy il

Q Several ways to find them in Gaia '‘DR3 | = e
O Sources with both astrometric Orbital solution and |
SB1/SB2 solution, that were not combined - e
Q
Q
O Also several hundreds being SB1 + acceleration
Q
O Those in the El-Badry et al. (2021) catalogue of
resolved binaries
Q
4 S AERAT

Fig. 54. Distribution of inner periods for triple systems found in El-
Badry catalogue.

O Already some insight from the NSS catalogue Gaia collab. Arenou et al. 2023
Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@"@@E{G ‘ PSL"H @ 2023-10-04
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Exoplanets
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Gaia DR3 (few) candidate exoplanets

O There are candidates from allighree canals in Gaia DR3
O E.g. WASP-18Db is re-discovered by radlal veIOC|ty
O A few dozens in total W .

O Naming conventions
O Candidate (Object of Interest)

O Confirmed
U

Q Candidate list (to be updated)

O https://www.cosmos.esa.int/web/gaia/exoplanets
Q
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M EI pk bn’ﬁrrmed

;g,dh%,r'r'“.v» Mt"h.‘&" ﬁ?‘l ?‘ =

| ‘# T . 0 214 known or candidates
= |

Gaia-1b: P=3.05d. Gaia-2b: P=3 604
M,=1.78 M, M,=0.77 My,
R,=1.23 R, R,=1.33R,

Credit: : ESA/Gaia/DPAC, Panahi et al. 2022
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A super-Jupiter orbiting the
white dwarf WD0141-675 ?

HD 81040 b, P=850d,
1.2 My + 7.53 M, (updated)

Offset in Declination (mas)

0.2 00 -02 -04
ght Ascension (mas)

N
o

[
o

HD 114762 B: 1st substellar
companion (Latham et al.
- 1989) is actually stellar

o

Offset in Declination (mas)
L
o

|
N
o

—
(7]
©
£

—
=)
(]

42

[
o
c

2
e
©

5=

o
(V]

(]

|
w
o

20 10 0 -10 -20
Offset in Right Ascension (mas)

Right ascension offset (mas) Credits: ESA/Gaia/DPAC

Credits: ESA/Gaia/DPAC, Johannes Sahlmann, Berry Holl Johannes Sahlmann

Offset in Declination (mas)

-1

— ght Ascension (mas)
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Getting true companion masses with DR3

O True mass = not the secondapy mass X sin(i)

Orbital sample: M, > 0.6 M,

Q BD desert with true masses
O " OrbitalTargetedSearch’ sample

Q Shows the expected dip around 20-40 MM

OrbitalTargetedSearch* Sample 20 40 60 30
Companion Mass (M,;;)

Orbital sample: M, < 0.6 My,

20 40 60 80
Companion Mass (M)

20 40 60 80
Companion Mass (M,;;)

Q A few dozens exoplanets and BD
Not the same slope depending on the primary

d With changes with primary mass Gaia Coll., Arenou et al. 2022
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The start of Gaia éxoplanet work

0 Exoplanets were initially plannedfor the end of the Syr mission (DR4)
O A few dozens published for DR3 (éStrometric / spectroscopic / transits)

Q For exoplanets, one (discrete though jimpos ) DR3 contrlbutlon is - the host
characterisation for hundreds of millions sta Pt

Q Much more EP are planned for DR4 (howsmany i-s"*U’hknown as yet)
Q with larger periods | :

0. There is an on-going better handling of spurious vs good solutions
O Epoch astrometric data will also allow the combination with external data

Astrometric signatures of exoplanets

Minimum semimajor axis (micro-arcsec)
Distance from Sun (pc)

o 1
Orbltal period (year)

8 . e Credits: Johannes Sahimann
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Ambiguity about the nature of the sources

O When selecting all low mass fanctions
a f(<M) < 0.001 (hoping to get M,<0.1 Mo stars)

O Two sequences appear > > %

O The astrometric mass function

O Depends on the mass fraction
Q ... minus the luminosity fraction

‘ ' /\’(w F’/Fl
x( \I(’ - = = o = - >
(/ 1 + /¥ ) | /x”‘(l N /,\'_(2 1 + FZ/FI , (P/36525)-

O Low mass functions are either >
Q Substellar companions (EP/BD)
Q Or stellar twins

Ggp - Ggrp
h = - : d d Fig. 47. H-R diagram of sources with low astrometric mass functions
D S O U rce C a ra Cte rl Sa t I O n I S n ee e (< 0.001 Mg; green dots); the grey background is the DR3 low extinc-
O Using Gaia astrophysical parameters (Gafa.coiab; Arenol et 21,7053
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Will be the subject of the hands-on-

Mass estimation
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Masses from astrometric orbits

3 i
. (B — )3 A (aO/w) | ~ with B= M,/(M+M,)
(P/365. 25)2** $ B = F,/(F,+F,)

If one assume B = 0, then M, can be estimated through isochrone flttlng 9 M,
(e.g. exoplanets and compact object search)

0 In the general case, the flux ratio is not known, so only upper and lower mass .
values can be derived.
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Masses from spectroscopic orbits

Q With P in days

M, 3
( + M,)?

SB1 >

= 1.0385 - 107[(1361 _.%/%P -~ Needs M, and the inclination

sini=1gives a lower limit to M,

M sin® i (C? + H?)3/?
My + Mo)2  (P/365.25)%°

a Note that for astroSpectroSB1, we also have:

;2> My Ky
K>

Needs M, or the inclination

Inclination can be given by the astrometric or the eclipsing orbits

And we have g, gini = LKIP« /1 — e2 and similar for a,
211
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Estimation of binary masses with Gaia DR3 Oflg[cs

Comblnatlon

Eclipsing + SB2

Eclipsing + SB1 + M,

Orbital + M, lower/upper
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Estimating M, from Gaia DR3

3 FLAME masses (based on GSP- Phot or GSP-Spec)

0 ! assumed zero flux ratio !
d While the secondary may contrlbute s
Q! used the parallax computed assumlng a%lngle star model !

d While the parallax has been improved (changed'?) with the NSS
solution _

0 White Dwarf : assume M, = 0.65 % 0.16 M
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Estimating M, from Gaia DR3

d Main-sequence mass- Ium|n05|ty relatlon

d «— empirical or theoretical relations’ (e i | '_'Q;c_:hrones)
Q — extinction (e.g. 3D extinction map) =

d — metallicity (or all assumed possible)

d — flux ratio (all possible are to be tested)
Q ! triple cases

a ! pre-main sequence
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Table gaiadr3.binary_masses

Main-sequence mass-luminosity relation + WD.

(isochrones, 3D extinction map, all metallicities possible, all flux ratios"f st d) '

o
Combination f - M, M, Fz/ F1

Astrometric + SB2 23
Eclipsing + SB2 56

Astrometric + SB1 + M | 19091
Eclipsing + SB1 + M, 226
SB2 + M, 3856
Orbital + M, 111792 lower/upper

SB1 + M, 60271 lower

Gaia Collaboration, Arenou et al. 2022
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gaiadr3.binary_masses

— Exoplanet candidates
— Black hole candidates

A very large catalogue of masses
(and sometimes luminosities)

m2_lower

Gaia collab., Arenou et al., 2023

Note: you too can improve the knowledge on the masses on some stars by
combining Gaia with external observations of SB2 (= q) either from large
catalogues (APOGEE) or from your own observations !

O Also, resolving sources would constrain the sum of masses
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Looking at what happened in the DR3 kitchen

DR3 processing details
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How close is close

QO Gaia can detect (resolve) double stars... down to some separation
O Even'when handled as a single source, the handling is not perfect
O Note that this depends on the X-match, ca'li$fi@..ca'pabilities, # of transits
ad ; :

w
£
=
[e)
a
I~
<
—
bt
=3
=
»
o=
<
o

Completeness (in %)

2
Separation (")

completeness

Fig. 8. Improvement of the completeness (in percent) of visual double
stars from the WDS catalogue as a function of the WDS separation
2 3 4 between components from Gaia DR2 (red) to Gaia EDR3 (blue).

separation [arcsec]

Fig. 7. Top: Histogram of source pair distances in a circular field of ra-
dius 0.5° centred at (/, b) = (330°, —4°) with a line showing the expected

relation for a random distribution of the sources. Bozrom: Normalised : Gaia eDR3 Catalogue Va“dation FabriCiUS et al 2021A&A 649A 5F
. ) .

histogram using the expected relation.
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What happens for closer pairs ¢

Spurious solutions
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é’/ Gaia

. 3
IPD modelllng error of non-point-like sources

O Image Parameter Determingtion, ('IPD, i ' ?};A,
= Castaneda et al. 2022 . A

Q A 2D PSF (G < 13) or 1D Line" Qpr,
Function (LSF, G = 13) is fitted .
Q For a double, depending on scan angl'e':-
0 If separation p S 200 mas: “unresolved”

a If 200 < p <400 mas: “partially resolved”
Q If p = 400 mas: “resolved”

™ «4—Towards East To North Equatorial Pole

Gaia PSF
‘unresolved": (in background to scale)

P = 200 mas

For-IPD on a double star:

O When resolved, pixels of the secondary are . ekl e
excluded > position fitted is OK IR P 00 mes

| 5
O Bias may occur for “partially resolved” ooolelbe

Red crosses: pair of ~twin sources
Holl et al., 2023A&A...674A..25H

Q For galaxies, same problem, plus the disk
giving a high background
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é’/ Gaia

>

IPD modelling error of non-point-like soClr_c\és

QO Although multiple peaks are not (yet) fitted with 2 LSFs, flags existh
ipd_frac_multi_peak: % of windows where IPD identified > 1 peak
s S TR
ipd_frac_odd_win: % transits with truncated®indows or multiple gate
0 o AN
ipd_gof harmonic_amplitude and ipd_gof harmonic_phase, measuring the
amplitude and phase of a model of the IPD goodness. of fit (GoF)
0 | -
Q
Q

0 . Caveat about this phase
AQ For a close (unresolved) binary, say p < 100 mas
Q
Q

O For a partially resolved
d

a
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Avoiding spurious solutions in NSS

Q What happens when searching*for periodic binary motion ?

Q Partially resolved double will appear W|th a spurlous frequency -in astrometric
or photometric period search Galke: ;
a

104 -w.r‘nu, n= 4 3 2

3

TR T T S &
= o w [ > n L [=
a a o a o =% o

103-!

M 73k sample, uniform in magnitude
[\ (photometry and periods unpublished)

\ 1 \ G-band photometry: all-sky random
A £

102 Jrf JU,-JJL{L{J\I\&U J w‘,fk j\, ;L\L;’ l N, " )‘L

10' ]
10° 7§ ’

g VY oA Vil ‘wcff 1},\; Uiy el ,At‘r ‘kn\rkv..th}fr‘,(!‘ff i}y

G-band photometry: GAPS
38k Gaia Andromeda Phot. Survey
(photometry and periods published)

sample counts

Astrometric orbits all-sky

: | A 1800k "stochastic' sample

i - | ; B (unpublished)
B “,r[,,"‘.‘l_\.;"ﬂ.‘}’:rj.xq,\

3“1J_,-{ ;”LL\’TL1L~\,"J \~,J]L | -/J'\

period [day]

" S Holl et al., 2023A&A...674A..25H
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Problems also on SBs

Q A few % of the SB1 solutionsamnay be spurlous
O Due to sparse time sampling

O Mostly at short periods
O E.g. Excess of solutions near the precessmr?&gd >

o
S

O Note that there is.a processing issue on RVS for

non single stars

O The calibration of spectroscopic data needs to know
the precise position of the source on the CCDs on-

board Gaia at the given epoch
a

>
n
73
o
o
3
5 &
3
2
)
A
0o
wn
n
o
o.
n
o
3
Q
u

60 62
P [days]

Q Circular problem because

0 Spurious ‘solutions’near the psatellite recession period
(62.97 days)5 Gaia collab., Arenou et al., 2023

Q

O This is being solved for DR4 (at least for ABs)
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>

Criteria for the detection of potential issu/e.s\‘?(I)

Q That s, to detect (partially) reselved sources

Multiplicity indicators for a random sample of 268k sources (5p) with G = 13-16:

Q Useful gaia table parameters Possible interpretation
D ruwe are these non-astrometric

binaries (e.g. equal-mag pairs)
or just the tail of the log-normal

[ p d_g Of_h armon ic_a mp litude distribution of ipdGofHarmAmpl?

g \ e resolved ipdFracMultiPeak number of sources
ipd_frac_multi_peak parbaly  binaries

ipd_frac_odd_win

phot_bp_rp_excess_factor

led

plitude
Pd|

Q
Q
Q
Q

o
=3
e +0.001

1 nn

&
=3

S
Mean ipdFracMultiPeal

mplituge=+ U.001
NW- JeJy
Amplitud

CE o
]

D

2
£ 0.005
G

0.002
(o)

B0 0.001 _ ] / ’
0.5 1 o 2 5 10 v 2
O : RUW RUWE
Qona fide : astrometric binaries

single stars | binaries (7p, 9p, orbit)
(RUWE<1.4) :

armonic._am
pdFracMultiPeak [%]

1pdGotHarmonicAmplitu

15}

yead

log-normal distribution
of ipdGofHarmAmpl

O Interpretation of harmonic
amplitude vs RUWE, : Extract from: L. Lindegren, Multiplicity indicators in eDR3 from AGIS

coloured by multipeak
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é’/ Gaia

Criteria for the detection of potential issu/e_s\‘?II

- Orbital

ruwe
ipd_gof_harmonic_amplitude

ipd_frac_multi_peak

a

(N |

(|

QO ipd_frac_odd_win
|

median(abs_normalised_corrected excess factor)

phot_bp_rp_excess_ factor = (BP+RP)/G
0 Should be ~ 1 for single stars

O A corrected BP/RP flux excess (C*)
is defined in Riello et al., 2021

O This excess is indicative of contamination
by a neighbour - bad astrometry

O We use here an Astrometry-based luminosity
(ABL, cf. Arenou & Luri, 1999)
similar to an H-R diagram
(to accept w < 0)

O Coloured by the normalised C*/o

O On a partial run (GAIA-C4-TN-OPM-FA-085)

Q Shown here on orbital, acceleration9 and VIMA
solutions

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@VQEQJJG ‘ PSI_['H @ 2023-10-04
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Source contamination

O Several problems conspire . & | e ——————
O Astrometric signals are often due to'resolved — ‘ i el

O Aliases with scanning law frequencies & =88
A Noise contamination

S/N

]

olly
X

O DR3 filtering ‘has been very harsh
O Loosing many sources
QA In particular at low S/N (EP)

Paralla

Credits: ESA/Gaia/DPAC  Halbwachs et al. 2022

O Improvements can be expected
O Model: resolved/acceleration/orbital

Q Cutoffs frequencies are needed
Q
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Initial DR3 selection for NSS processing

O In order to filter-as much as.possible the resolved sources, anditosget
the most significant solution, an iRiIalkPRS filtering was applied
Q Astrometry Ey

O RUWE > 1.4
AND ipd_frac_multi_peak <= 2
AND ipd_gof_harmonic_amplitude < 0.1 b AiSblll neriod groups
AND visibility_periods_used > 11 B observations separated from
AND phot_g _mean_mag < 19 , other groups by at least 4 days
0 AND photometric excess C* < 1.645 ¢ |

O Spectroscopy _ .
QO rv_renormalised_gof > 4 PykenormaliseC SR -4
analogous to the astrometric F2

Q #transits >= 10 of a-constant RV
O 3875 < Template_teff < 8125
O OR isSB2

A Eclipsing
O From the CU7 selection (cf. Laurent)
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R iimiiiio
Final AB selection for DR3

Q A final filtering has been applied on
QO parallax S/N
O Significance
O Eccentricity_error

Selection conditions

Model Dimension ~ Significance N
significance F of

Acceleration :

COI’I%I'&HI A' : > 128%05 srgmf<_:158/:

Variable o = < 591 .s'é 05

Orbital”

eccentric > max |9,

) . = de
1;8 ) > _;Zd()()[) (}'(, < 0079 ln Pdil\’S - 0244 . o . 0e>0.079*In(P) — 0.244
V days ays v 7 e )

circular or | 158 ) 5 20000 -

pseudo-circular > max |3 Puays

VIMF >20
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Limitations of Gaia DR3 analysis

O Astrometric binaries

O Harsh filtering to avoid spurious solutions
U

O Underestimations
a

L Spectroscopic binaries

A few percent of the SB1 solutions (short periods) due to sparse time sampling
Q

+ some bad solutions due to SB2s handled (partially) as SB1

+ there may be pulsating variables (present/ SB handling missing)
+ contamination by nearby, brighter star

Q Eclipsing binaries

O Here GoF is frequently in excess, and uncertainties not reweighted
U
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Which statistical properties to infer from the cataloguee °

Selection function
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The selection function

O Knowing the selection functio@fis mandatory for any unbiased anaysis

of the statistical properties of a populatlon
Q It is the convolution of the true pophla_;' oF _zlstrlbutlon with (e.q.)

O Instrument capability (limiting magnitude, re
Probability of observation (magnitude- and scannlng law- dependant)
Data reduction efficiency and type I/II compromlses (see e.g. orbit filtering)
Type of motion (e.g. detectability of face-on orbit \/2'I'arger than for edge-on)
Measurements errors !
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EDR3INT4_NSS_VAL3.7_0Oc - Acceleration7 EDR3INT4_NSS_VAL3.7_0c - Acceleration7

Significance
Significance

Goodne‘ss of fit

EDR3INT4_NSS_VAL3.7_Oc - Orbital ‘ EDR3INT4_NSS_ VAL3.7 Oc - Orbital o EDR3INT4_NSS_VAL3.7_0c - Orbital

Significance

Goodness of fit
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Incompleteness from NSS only

O Here we show only the selegtion on NSS solutions comparedft@ some
equival_ent magnitude-limited®atmbers of stars in the main Catalogtfe
O Using a “sky density factor” showing th rat]o Vs the median value
O Large number of transits > better detecta, | r‘.e__ﬂ'_more solutions

_
(o]
-
[}
©
gy
>
2
(%)
C
[
o
>
X
(%]

sky_density_factor

N

o
n

sky_density_factor
'\ ol
Oﬂz
=
sky_density_factor

AB orbital

Fig. 6. Sky density factor (Galactic coordinates, healpix level 4, log scale, see text) illustrating the excess or deficit factors of NSS sources
compared to their sky average value. Panel a: SB*, Panel b: Acceleration, Panel c: EclipsingBinary, Panel d: Orbital*.

Gaia collab., Arenou et al., 2023
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Scientific exploifation
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Grvs = 9.07 mag | Ruwe = 2.52 | ExcessNoise = 0.32 mas | T = 714.18 d
Teff = 5500 K | log: 0 | FeH = +0.
Period = 10.016 d (probabili 00) |e=0.39 | F2 = 4.33

Astrometric orbit of HD81040

Lxds3e+01, eff=0.73, r7=0.70, r4=0.71, d=0.20, s=1.24/1.44

20 40 60
v, (kmy/s)

DR3 NSS science exploitation
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Exploitation

f

A teaser for the hidden treasure

O Gaia Data Release 3. Stella@multiplicity, a teaser for the “Hid@en

treasure, Gaia Coll et al., 2023 AA S 674A .34G

O Gaia Performance verification paper® |II (Shkative applications

Q

The binarity is studied in the RGB/AGB and a se & for genuine SB1 among long-
period variables is performed. ~

The discovery of new EL CVn systems |IIustrates the potentlal of combining : the
variability and binarity catalogues.

Potential compact object companions, mainly whlte dwarfs companions or double
degenerates, but one candidate neutron star is also presented.

Towards the bottom of the main sequence, new binary ultracool dwarfs candldates are
discovered with their masses estimated.

For the substellar regime shows the brown dwarf desert around solar- -type stars using
true, rather than lower limit masses, and suggests a lower frequency of glant planets
around M dwarfs.

A super-Jupiter candidate planet orbiting a white dwarf, and two around solar-type'l
stars, are proposed.

Beside binarity, the combination of these results or the use of wide binaries allows to
detect higher order multiple systems.

Q At that time, a caveat was mentloned “results are tentative, candidates
need confirmation” |
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Methodology
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Exploitation

f

Searching for perihodic signals in astrometry -

-

Q Analytical determination of oibital elements using Fourier analySISEII.

Gaia astrometry and its combinationawith radial velocities, Delisle &
Ségransan., 2022A&A...667A.172D% s

wi | | | :

Q Model Independent Periodogram for Scanning. Astrometry, A.
Binnenfeld et al., 2023A%26A...675A.124B

a exten5|on of phase-distance correlation periodogram (PDC), accounting for
"nuisance” parameters to remove spurious peaks (here, e.g. the scan angle,
but perhaps the photometry, thus a potential VIM effect too ?)

O Tested on Hipparcos intermediate data

—— HIP 13769

44M, BD companion, Dashed line: FAP = 0.001
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Exploitation

f

Triage by AMRF

Q Definition of an “astrometric mass ratio function” (AMRF) |
O A-=(dg/w) MyV3 P23 = g/(1+9) Y3 (1 - 5(1+q)/[q (1+ S)]) with § luminosity ratio

& §

O Used to make a triage of companlons ( __:,;aéf et al.,, 2019) with a mass-
luminosity relation &
Q Property of mass and luminosity ratio = 3' classes for the companion
Q I : single MS companion (but can also be a clese binary or compact)

QO II : close binary of 2'MS (can’t be a single companion or compact)
Q III : compact (can’t be a single MS or binary MS)

[Mg)]

Q - help to build target list
of compact objects

AMRF secondary mass

Primary mass [M.] Primary mass [M]

Gala collaboration, Arenou et al., 2023
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Exploitation

f

Using the bad fits

-

Q Even without NSS catalogues, the maln catalogue gives |nS|ght on
unresolved multiplicity. .
Q Astrometry : RUWE (IPD flags etc) = & *‘ e
O Spectroscopy : rv_renormalised_gof ’,?

Q Binary parameters -from astrometric and "sp'ectros.c_:opic errors: - -
candidate hierarchical triples and massive dark companions in Gaia
DR3, Andrew et al. 2022MNRAS.516.3661A

O 50 to 4641 sources with inferred g>1 and M, > 3 M,
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Variability

Binaries from photometry
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Exploitation

f

Rare systems such as EL CVn

a Type

Q A pre-He-WD, low-mass  (0:15-0.33M,),
bloated, with a radius < ~ 0.5 Ry, and hotter
than the more luminous A/F-type MS primarg

O Results from the mass transfer from tﬁe»
evolved pre-HeWD progenitor to the currently
observed primary star

O Observation

O The primary eclipse is at phase 0.5, while'the
(deeper) secondary eclipse is at phase zero.

0O as preHe-WD secondary is hotter than primary

O - Direct detection in Gaia

O Combination of photometry an;
Q

O -> multi-instrumental Gaia !
. HD 23692 RV, G, XP, T h Gai llab.
0 5 candidates found i S e A R

Normalized Flux
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Accelerations, etc

Long term motion
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Exploitation

f

Proper motion anOmaIy GED

For a binary, the long term# proper
motion is # short term proper motion

ApG = Ha-HHG

PMa=(Hipparcos minus long term proper "=
motion) vs (Gaia minus long term pm)
0 Where long term = difference of positions 3

Q Gives.access to a= hriS AV

-—— —_— V1 A,U LiLl X 4740.470 "M.J”Hipparcos
V V w[mas au‘l :

Observing window smearing +.H-G time
span ->.decrease of sensitivity PMa sensitivity curve

Binary star

Pierre Kervella

Solar mass star at d =1 pc with Avi, =0.26 m s~

Catalogues for  Hipparcos stars of
Hipparcos-Gaia DR3 PMa are available
(Kervella et al. 2022, A8A, 657. A7;
Brandt 2021, AplS, 254, 42)

PMa takes the relay of NSS orbits over a
few years periods.

O For DR3, detect between 4yr (smearing)
and 75 yr (3x timespan H-G)
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Exploitation

f

DR3 NSS analysed using PMa

Gaia DR3 NSS exoplanet detection

HD 81040

Q Example of an EP detection d
O Shows the DR3 smearing window A el

Offset in Declination (mas)

0 Vs DR3 NSS output:
a 2/3 of TBO have a PMa signal
O Detects almost all accelerations

O Sensitive even to periods below
the DR3 time window

0.2 o -0.2 2 o 10t

Offset in Right Ascension (mas) Orbital radius (au)

Astrometric wobble of the star due to its ~ 8 My companion (Sozzetti et al.
2006; Stassun et al. 2017; Li et al. 2021) on a ~ 1000 days orbit.

Acceleration?7 Acceleration9 Orbital AstroSpectroSB1
PMa: 97.2 % H PMa: 92.8 %

-
o
~

Hip-Gaia DR2 PMa S/N

Number of stars

DR2 window
—— Hip-DR2

OrbitalTargetedSearch EclipsingBinary
PMa: 59.1 % ! 37.6 %

Hip-Gaia EDR3 PMa S/N

Number of stars

EDR3 window
—— Hip-EDR3

103

DR3INSsorbital periodi(d) 10-'  10° 10' 102 101 10° 10' 102 10-'  10° 10' 102 101 10° 10' 102
Gaia EDR3 PMa S/N Gaia EDR3 PMa S/N Gaia EDR3 PMa S/N Gaia EDR3 PMa S/N
Fig. 15. Proper motion anomaly S/N as a function of the NSS cata
logue orbital period for the DR2 PMa (top panel) from [Kervella et al
(2019a)); and the EDR3 PMa (bottom panel) from [Kervella et al
(2022)). The horizontal dashed line indicates the PMa S/N=3 signifi
cance limit.

Fig. 14. Histogram of the number of NSS stars with different solution types that are present in the Hipparcos catalogue, as a function of the S/N of
their Gaia DR3 proper motion anomaly from Kervella et al.|(2022). The total number of targets N and the fraction of stars with a PMa S/N larger
than 3 is displayed in each panel.

Gaia collab., Arenou et al., 2023
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Exploitation

f

PMa vs LTT

Q New  evidence  about HWe Virs
circumbinary planets ik
Baycroft et al., 2023arXiv2309057 168% -
Post common-envelope eclipsing binary

Many circumbinary companions had
been proposed using LTT

Here, proper motion anomaly is used ol DR B sl |

Epoch

a tentative 2-¢ signal of an acceleration
due to 17 M;,,, 16 000 day eccentric.

discards some previously . proposed
companions, too massive to - be .
ConSiStent With the PMa . Ma sensitivity 0.54 M, star an van = 213.58 + 111.2
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Mass, luminosity, etc

Properties of binaries
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Exploitation

ﬁ >

Dynamical masses from wide binaries

Q Dynamical masses across the Hertzsprung-

Russell diagram, Hwang et al. S ot A Gt 1314015 M

3 Provides masses for 0.1-2 Mg P Highest mass: 228 4 0.36 M,

d Uses 100k resolved binaries

D i ’ ' ) Unresolved binaries & triples:
*Sun-like stars! 1.69+0.16 M,

. 0.96+0.08 M, ¢
O And neural network Blg W A
0 Based on Keplerian motion b, b
d

!—l
on

!—I
o

Inferred mass (Mg )

Q
Q

o
on

A Does not use astrophysical assumptions

D s Inferred mass along the MS fit
PARSEC isochrone
MIST isochrone

O Better with Parsec than Mist below 0.6Mg
O
0
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Mass-luminosity relation

Q Binaries masses and luminositiés with
Gaia - DR3, ' Chevalier - el ial
2023arXiv230716719C %

d Combining NSS DR3 orbital solutions
with SB2 from SB°? or APOGEE and
resolved binaries

O 0.12 Mg < Mass < 0.77 Mg fit

8

12

K
o
-
R
(-
S
Ei
Q
'
=
(@)
(75]
Ha]
<C

14

| IOg 10(M)=C0+C1MG+C2MG2+C3MG3+C4MG4

Fit compared to PARSEC and BASTI solar metallicity

best fit upper lower

3.129 3.798 2.534

-1.5406 -1.8377 -1.2672

0.27513 0.32373 0.22954

-0.021661 -0.025067 -0.018413

0.0005991 0.0006855 - 0.0005148 -
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Black holes, neutron stars

Compact companions
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White dwarf companions from Gaia PVP

d From astrometry
d

a

1.0 £ “ 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
m2 AMRF secondary mass [Mg]

“ig. 16. Distribution of the secondary mass of astrometric solutions with

fluxratio_upper = 0 in Table[} Fig. 36. A histogram of the companion masses for compact object can-

didates, up to a mass of 2.1 M.

Gaia collaboration, Arenou et al., 2023

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@"@E?J!‘* PSL‘*‘ @ 2023-10-04



https://ui.adsabs.harvard.edu/abs/2023A%26A...674A..34G/abstract

Exploitation

f

Follow-ups of AMRF, etc analysis

Q White Dwarfs Revealed in Gaiag*€Candidate. Compact Object

Binaries, , ApJ

O Dark remnants (DRs) W|th luminous CQ,_m’p, nions (LCs) in wide
detached orbits |
Q

O UV counterparts are found in the archival GALEX data for 49 of
the 187 candidate sources B a0
D | ‘~I ' ()H
Qa y sk S

[mag]

- 0 Gyr
Hm)l\'

Q Triage of the Gaia DR3 astrometric orbits. II. A census of
white dwarfs, Shahaf et al., 2023arXiv230915143S
AMREF Class 1I or III, excluding those with secondary > 1.2Mg

3200 probable MS+WD binaries, separations of ~1 au, parameter
space largely unexplored by other observational techniques

GALEX NUV vs M, suggests the cooling ages of many WDs based " Pm\,lm\l}
on UV excess can be derived | |
0 Solid:a 0.6M at virous cooling age
| | Shahaf et al., 2023arXiv230915143S
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More massive compact objects from Gaia PVP. ?

O Potential dormant neutron star found ?
| 4
O Was reweighted by El‘Badry et al, 2023MNRAS. 516 40

QO Actually LC.is low metallicity > 0.77 + 1.23£0.06

O So may be as well a massive WD (NS > 1.1, WD < 1.4

Folded Radial Velocity [km/s]

0 12 SB1 with M,. > 3 My with and My. > My,
D :
Q

Folded Radial Velocity [km/s]

Gaia DR3 513602552152793907
. , Astrom. + spectro., period 546 d
Fig. 45, Top panel: Phase-folded radial velocity of Gaia 1.2 th@ +1-5 ED?@ ?

2966694650501747328. Bottom panel: phase-folded TESS and
Gaia normalized flux.

Crdits: ESA/Gaia/DPAC/CU4/NSS, Pasquale Panuzzo, Johannes Sahlmann
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Dormant BH1

Q A Sun-like star orbiting a black hole, E/— b ¢ LNOST ) oios  § REROS 4§ ES

Badry et a/ MagE § XSHOOTER ¢ HIRES
O A G=13.8 solar-type star in Ophiuchuss
O A direct by-product of DR3 NSS solution
d The NSS astrometric mass function already
indicated that the companion would be

massive
J IV e [} 22

year

What remained was to confirm using T —— astonetry uly
external data (RV) '
Q

O Of course this could be 2 BH, 5 neutron stars,
10 massive WDs or 200 BDs ! But not stable...

A Dec [mas]

a

This is the nearest BH known :
4 A RA [mas| ARA [mas| A RA [ma|

El Badry et al. 2023MNRAS.518.1057E
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Follow-up(s) = lists of potential targets

Q A Sample of Neutron Star .@nd Black Hole Binaries
Detected through Gaia DR3 Astrometry, Andrews. et
al., 2023ApJ...954....4G - | ¥

Q Triage .of the Gaia DR3 astrometric. OFbits il A
sample - of  binaries -~ with ‘probabless compact
companions, Shahaf et al., 2023MNRAS.518.2991S"

O A sample of 177 systems with highly probable non-luminous
massive companions, which is smaller but cleaner than the
sample reported in Gaia DR3. The new sample includes eight
candidates to be black-hole systems with compact-object
masses larger than 2.4 M. |

O Caveat

O Many recent dormant BH candidates in binaries have turned
out not to be BHs, but rather mass-transfer binaries
containing undermassive, overluminous stars in short-lived
evolutionary phases | |
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Secondary NS or BH from photometry? -

O Gomel et al. Ellipsoidal variables witli§possible black hole or neutron star secondarles
2023A%26A...674A..19G

O Gomel et al. (2021a) introduced a new rqeth d to identify ellipsoidal variables
hosting massive, unseen companions based. I€Ir light curves alone.
Subsequently, they applied the method to the s _'ﬁf‘_‘:of .candidate ellipsoidal
variables published in DR3. et

6306 short-period probable ellipsoidal variables with relatlvely large-amplitude
Gaia G-band photometric modulations that indicate a possible massive, undetected
secondary. . '

O Among these 262 sources whose light curves suggested the presence of an unseen
companion more massive than the luminous primary, potentlally indicative of a
compact object.

Q. Spectroscopic follow-up of black hole and neutron star cand/dates In e//I,DSOIC/a/
variables from Gaia DR3, Nagarajan et al., 2023MNRAS.524.4367

O obtained spectra for 14 of the most promising targets, derived minimum
companion masses. Assuming random inclinations, the typical inferred companion
mass makes it unlikely. that any of these systems contain a BH or NS, and we
consider alternative explanations for the observed variability. We can best
reproduce the observed light curves and radial velocities with models for unequal-
mass contact binaries with star spots

dérlel & EryySatratzman 2023-SBtetamultiftipligityitvichiGaia "@Vam'fe PSL* @ 2023/10/2823-10-04
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High order hierarchies

Multiple stars
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High-order muItipAIes

-

[ Hunting Expedition. For ;High—Order Hierarchies, Powell "t .,

O matched eclipsing binaries fromTransmmg**lanet Survey Satellite with Gaia

catalogue of wide binaries iy
O selected candidate quadruple (or higher order) systems based on RUWE.

Q

Q Binary parameters from astrometric = and spectroscopic: errors
candidate hierarchical triples and massive dark compan/ons in Gaia

DR3, Andrew et al.

"'@"ﬁ&?ﬁe ' PSL» @ 2023/10/0€23-10-04
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EP: new ones

Q A conundrum. ‘resolved: HIP®660Z4b/Gaia-3b
characterised as .a massive giantspla t on a
quasi-face-on - and extremely elongat »@rb/t?,
Sozzetti et al., Fa B St
O The nearby mid-K dwarf HIP 66074 was recently

identified as host to a  candidate super-Jupiter

companion on a ~300 day, almost edge-on, orbit, based
on Gaia Data Release 3 (DR3) astrometry.

With an estimated mass in the approximate range of
3—7 Mlup, HIP 66074b (=Gaia-3b) is the first exoplanet
candidate astrometrically detected by Gaia to be
successfully confirmed based on RV follow-up
observations

Ecole Evry Schatzman 2023 - Stellar multiplicity with Gaia II.@VQEQJJG ‘ PSI_['H @
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Explo]i/';ation A é?/ Gaia

Is NewtonEinste'in standard gravity has—béeﬁ?

Q Breakdown-of the Newton-EinsteiniStandard Gravity at Low Accelerationin, Interna/
Dynamics of Wide Binary Stars, Chae, Kyti=Hyun 2023ApJ...952..128C

0 Using.an analysis of nearby wide binaries ( dry et al. 2021)

O A statistical relation between the Newtonian sleration gy = GM/r2 (M = total
mass) and kinematic acceleration g = v2/r is is co ".pared with the prediction by
Newtonian dynamics.

O A gravitational anomaly found at weak graV|tat|onaI acceleration gy < 10 o m.s?

O The systematic deviation agrees with the boost factor that the AQUAL theory
predicts (modified gravity represented by the A-QUAdratic Lagrangian theory)

O « The gravitational anomaly in the dynamics of binary stars cannot be attributed
to dark matter because the required amount is absurd » ' -

Q Statistical analysis of the gravitational anomaly in Gaia wide b/nar/es Hernandez X.
2023, https://arxiv.org/abs/2309.10995

Q Robust Evidence for the Breakdown of Standard Gravity, Chae, arXiv:2309.10404

O « Dark matter paradigm is now doomed to be abandoned and we are entering an
era of a paradigm shift. »

(el EEvyySRitatzman 2023--SBetlarmuitiftipltgityitwitaiGaia "’@‘@%&91!6 PSL% @ 2023/10/2423-10-04
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Towards Gaia DR4/5

Work in progress
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Next Gaia data release: DR4

Gaia DR1
Final release for the nominal mission
66 months data vs 34

Overall gain in astrometric precision in DR4 wrt DR3:

—— DR2 formal uncertainties

factor 1.4 for parallaxes, factor 2.8 for proper motions il
DR4 (extrapolated)
Foreseen data products

- DR5 (extrapolated)

- r _r 1T T+ T 1T 1T 1T T

Full astrometric, photometric, and radial-velocity v =

catalogues

All variable-star and non-single-star solutions
(un/resolved binaries and exoplanets)

Source classifications (probabilities) plus multiple

astrophysical parameters (derived from BP/RP, RVS,

and astrometry) for stars, unresolved binaries,

galaxies, and quasars " — oz fomatuncetainies

All epoch and transit data for all sources, including all T T e

DR4 (extrapolated)
- DR5 (extrapolated)
BP/RP/RVS spectra

18 20 22

Op,. [Has yr1]

Credits: ESA/Gaia/DPAC  Anthony Brown
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General NSS goals for DR4

Q
Q

Manage (a large sample of) reselved binaries for the first time
Improve the filtering of spurious solutloqs

QO Scan-angle related 3 %
Increase significantly the number of sour s'g
O Better handling of spurious solutions + decrease of the S/N or RUWE threshold
A In particular to better characterise sources underrepresented in DR3
s | .
Adding new type of composite solutions -

O E.g. SB1+Pulsation or SB1+SB1

Include the derivation of masses as a catalogue product
O This was given in a Performance Verification Paper only for DR3

Improve the validation activities
O E.g. using complementary RV data
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Astrometric binaries

Filtering spurious solutions
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AB: DR3 filtering

O The spurious (scan-angle related) periods were found early cycleiss
O Not removing them would have created theusands spurious supermassive BH...

b !
“

Q A strong filtering was applied (here par'aﬁlx 'S/N VS perlod)

O That unfortunately ‘also removed a lot of good solutions

DR3 : NSS-VAIL -3.4 3¢ Orbital solutions

subsct of 193 961 solutions : 25996 l'.;:U_.‘. 167965 IP‘,Z'*'.'.J

1000 =

O. l [3s 2 KN
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AB: using a "scan-angle” model

O Reminder: G variation with scan angle for partially resolved sources
0 |

Q
O G(y) = cg+ € cos2Y + 53 Sin2y
D - L s
O Not that efficient, due to the input list filters on ipd_gof harmonic_amplitude

le term vs nssval before C41L31, GRVS<14 , ruwe > 1.4

E

o
o

spurious

I:‘ Bad periods
D Orbital solutions

eccentricity

=
IS

log_ratio_significance

0.00-

20 30
resolved_significance

Colouring with the significance of the “scan-angle” model term suggests
that most spurious periods would be removed over some threshold
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AB: blunting the Ockham razor

O AB has used up to now a cascade process

Q o
” G transit photoraetry .
o Local Flane Coordinates =
< s S Source suraraary
4 . . . Partial denvativey
0 A model is adopted if the. fit is good enough , "8 —

. 1
0\ |Accelerati
D W - Gvar

GoF,

i

A ¢ % 4 GoF |
Q An orbital solution, even imprecise, may be -
VIMA \Gvar)

preferable to an unusable acceleration solution

GoF|

r

Q A modification of the sequence is foreseen:
O > test whether (at least partially) resolved
- stop if too significant (a)
Q save
solution if significant then continue
a adopt if
preferable to acceleration model and break
(b)
a
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Still to come

O Most-important change: acceleratioh s RS will be produced by the
main astrometric processing (AGIS) ’“’i '
O Rationale TS,
Q

O As NSS adds a RUWE > RUWE, constraint to reduce CPU -
a

0 Will actually be 10p (9p acceleration+jerk + colour term)

QO Other work foreseen in the development plan A ‘
O Management of uncertainties and robustness - .
O A more user-oriented data model : publish Campbell rather than Thiele-Innes
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AB: input list

Q Starting to define the fulilire list of targets
O The (experimental) definition of the input‘list is two-fold:
ol SESREE L -
D - p R e
Q Typically phot_g_mean_mag < 18 AND I‘&E%lOS
s | e g
Q parallax > 5 AND RUWE > 0.9

O to which is added in both cases :
d

O This would represent about several dozen of million input sourceé_
Q
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Zoo NSS itati DR4

t 1 A ‘ : g
v Vv Y 7 > > >
. (e SN
A v \

UNIVERSITE

Resolved sources A ULB BUSHEES

NV -

d A large fraction of Gaia sources are resolved

Q If they are binaries, the astrometfy can:.pe |mproved
O by using simultaneously the transit mform"f _ggnr_eac.h component

Q The input list planned is the followmg k-
Q w > 0.1 mas, parallax S/N w/o, > 3
O separation < 4 arcsec

Q About 34 million pairs to handle
O selected from the preliminary DR4 astrometric solution
A (this is NOT the output)

Q The linear models planned:
O ResolvedPairFixed (7p), same parallax and p.m.
O ResolvedPairLinear (9p), same parallax
O ResolvedPairAcceleration (13p)
O ResolvedPairlerk (17p)

QO Note: partially resolved sources will not be ' managed for DR4
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Spectroscopic binaries

m Improve the identifications of trends

m Manage the complex solutions (DR3 _'vyas one solution type)
m SB1+SB1, : ® N
m--trend+SB1, o ?
m pulsation+SB1

Cepheid source from Ripepi et al. (2022) with CU6 time
series published in DR3
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Eclipsing binaries ‘

O Main change : fit Bp and Ry algng with G .
O Requires extinction information from CU8 (astrophy5|cal parameters)

O Requires flux & limb darkening calculaﬁon%' { ) stellar atmosphere tables
O Not a trivial problem - LN

Improve uncertainties & covariance matrix for.,.the .parameters |
Improve multiple reflections

Fit the. mass ratio

Explore fitting (e sin w, e cos w) instead of (e , w)

O Improve combination with SB solutions
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Extrasolar pIa‘nets

QO Significantly upgrade the existing software
O Expanded models (e.g., allow for aceeleration terms + full orbit)
Improved outlier treatment (on single—‘sta‘iﬂ‘:'. :
Improved period-finding capabilities %
Improved error model .
>1 solution in output, appropriate model parameter uncertainties
More robust solution comparison metrics (including multiples)

A Define new lists of reference sources as well as well-defined lists for
blind search

O (e.g.,, GCNS, but check complementarity/superpositions with DU432
input/output) |
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delta Cep

Period = 5.37 days,

Donor = 3,755 £ 0,563 mas
@omy = -1.143 £ 0.468 mas

(krrvs)

radial vek

Special objects

04 06

B Cepheids / RR Lyrae ‘
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Pulsating stars in ‘binary systems

Q A significant fraction of pulsatifng stars are binaries

Q Multiplicity of Galactic Cepheids and RR Lyrae stars from Gaia DR2. I. B/nar/ty
from proper motion anomaly, 2019A&A... 67'
U

O Multiplicity of Galactic Cepheids and RR Lyrae st}s from Gaia DR2. II. Resolved
common proper motion pairs, 2019A&A;..623A.117K

Q The Milky Way Cepheid Leavitt law based on Gaila DR2 parallaxes of companion
stars and host open cluster populations, 2020A&A...643A. 115B

A Handling these binaries is important for 2 reasons:
1. A wrong model of motion may return wrong parameters

Q
Q
2. Getting an orbital model may give the dynamical mass

Proper-motion of Delta Cep and
compariion (Kervella et al. 2019)
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Pulsating stars in various NSS chains

a Astrometry

Q AtE
O One advantage of Cepheids is that the flax 'ra"""‘ IS ~ negligible

O So the orbit depends only on the mass fractio ,;__;tg;]._its difference with flux fraction
O still the dynamical Cepheid mass requires the k V’V‘I&gé'of primary companion mass

O In both cases, the fact that a source is pulsating does not impact the
astrometric processing : R

Q Photometry (eclipsing)
O What about pulsating + eclipsing ?

Q Spectroscopy

O Here a special processing is needed as the RV curve is mixed orbit + pulsation
U
a
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Conclusion
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Insight on multiplicity

l~"——

O Each method brings its categoryof binary, but also giving access: toldifferent
information and domains of parametefs:™ &
O From short periods eclipsing binaries t-o'tt.;ne'.f ngest periods of common proper motions
0O spectral types and radial velocities of SB or th ._:"u""_;_double spectra
O Stellar structure for the eclipsing binaries, P
O the positions and velocities of astrometric binaries.

A Pairs are coeval > one component may give information @R the other !

O Another striking aspect is that no single ‘method is optimal on its. .own for
determine the necessary stellar.-parameters;

O Access to the masses of components e.g. requires combining at Ieast two technlques

Q As a full Observatory in orbit, Gaia provides insight on most kind of binaries and
on the whole range of periods
O With a so large number of binaries that it kills the game
O And Gaia DR4 and DR5 will much increase the DR3 numbers
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The future

O Past and.current situation: selection effects.

O How to correctly know the distributions of the mass ratios if one selects the obJects not
resolved in apparent magnitude, favoring the detection of couples with the smallest
differences in magnitude for the visual bu;lar' ut dlsfavorlng the twins for the
astrometric binaries, _

O or if the instrumentation selects the largest se
binaries?

O Period distributions: favourlng short periods for spectroscoplc binaries, and rather long
ones for astrometric binaries.

A Exoplanets and brown dwarfs
O Their natures, and probably their formations, are dlfferent from that of stars,

0 In observational terms, essentially analogous to stars, but with a smaller astrometric,
photometric, or spectroscopic signature.
a

Q Studies about exoplanetary systems has not weakened mterest in blnary
systems.

O The latter remain a privileged means to estimate the fundamental stellar parameters.
O Then, the detection of binaries is sometimes a by-product of the search for exoplanets.

O Finally, the unexpected discovery of exoplanets in binary systems amEIifies, if need be,
the need to understand all the formation mechanisms that are at wor
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Some links

0 MW-GAIA-COST Summer School "Exoplanets and astrostat|st|cal analysis technlques
Q  https://zenodo.org/record/7081002 B G .

O Slides and recordings are also available at https://zenodo.ore)
exoplanets_astrostatistics_geneva_2022/search?page=1&size=

Q
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