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"All models are wrong, but some are useful"       

     
George E. P. Box (1976)



Forward modelling (basic Hipparcos, Gaia)
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Model: Objects are point sources

552nd Annual Meeting of the Division for Dynamical Astronomy, 17-21 May 2021

Betelgeuse (ESO/P. Kervella) Binary β CrB (ESO/Bruntt et al.)The Sun (SOHO, ESA & NASA)

H. Bruntt et al.: FLUOR and NACO observations of β CrB A and B
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Fig. 1. Average NACO image of β CrB A and B in the K band, together
with the binary orbit from Tokovinin (1984). The positions of β CrB A
and B measured on our NACO image are marked with “"” and “+”
symbols, respectively. The scale of the two axes are in arc seconds,
relative to β CrB A. The linear scale in AU is based on the Hipparcos
parallax.

on the same night, ZP (J) = 24.062 ± 0.048 and ZP (K) =
22.985 ± 0.078, and an attenuation of 4.81 ± 0.03 mag for
the neutral density filter. These zero points have not been
corrected for atmospheric absorption, but because they were
obtained at low airmass (≈1.15), we neglect the atmospheric
absorption of ≈0.01 mag in J and K. We corrected the at-
mospheric absorption using the standard values by Nikolaev
et al. (2000), namely 0.092 mag/AM (relative to unit air-
mass) for J and 0.065 mag/AM for K, for our observation
airmass of 1.71. We obtain

mJ (A + B) = 3.28 ± 0.07, (5)

mK (A + B) = 3.22 ± 0.08. (6)

(2) The differential photometry was obtained slightly differently,
since the diffuse background of β CrB A tends to contami-
nate the flux of star B (but the reverse effect is negligible).
We first computed aperture photometry of A on the average
J and K images using very small aperture radii of 3 pixels in
the J band and 4 pixels in the K band (contamination is lower
in K). We calculated the median background value in con-
centric rings centered on A. This value was then subtracted
from component B’s flux. This allowed us to subtract the dif-
fuse light from the PSF wings of A at the position of B. We
checked that the residual background around B was negli-
gible. We then integrated the flux of B on the ring-median-
subtracted image using the same aperture radius as for A.
We obtain the following flux ratios of each star relative to
the total of the two, i.e. ρ(") = f (")/ f (A + B):

ρJ (A) = 0.7957± 0.0084, ρJ (B) = 0.2043 ± 0.0021, (7)

ρK (A) = 0.7785± 0.0002, ρK (B) = 0.2215± 0.0002. (8)

Table 1. Interferometric calibrators selected from Mérand et al. (2005).

Spectral K UD diameter
HD type [mag] in K band [mas]

147266 G8III 3.8 0.785 ± 0.011
145457 K0III 4.1 0.693 ± 0.009
108123 K0III 3.7 0.929 ± 0.012

The quoted uncertainties are statistical errors that do not in-
clude possible flat-fielding errors. From the combined mag-
nitudes determined above, we obtain the individual magni-
tudes of β CrB A and B:

mJ (A) = 3.54 ± 0.07, mJ (B) = 5.00 ± 0.07, (9)

mK (A) = 3.50 ± 0.08, mK (B) = 4.86 ± 0.08. (10)

The individual J,K magnitudes have large uncertainties, but we
stress that we only use the values of ρ for the interpretation of
our interferometric data (Sect. 2.2), and they are known with a
much higher accuracy.

2.2. CHARA/FLUOR interferometry

Our interferometric observations of β CrB took place on 17–
18 May 2008 in the near infrared K′ band (1.9 ≤ λ ≤ 2.3 µm) at
the CHARA Array (ten Brummelaar et al. 2005) using FLUOR
(the Fiber Linked Unit for Optical Recombination; Coudé du
Foresto et al. 2003). We used the FLUOR Data Reduction
Software (DRS; Coudé Du Foresto et al. 1997; Kervella et al.
2004a; Mérand et al. 2006) to extract the squared instrumental
visibility of the interference fringes. We used three different in-
terferometric calibrators to calibrate the visibilities on sky. Their
properties are listed in Table 1. We note that the angular diam-
eters of the calibrator stars are comparable to or larger than the
target star. Therefore they contribute significantly to the uncer-
tainty of the angular diameter measurement. The corresponding
systematic uncertainties were propagated into the final angular
diameter uncertainties. The light from both stars of β CrB is in-
jected simultaneously in the FLUOR fibers, since the acceptance
angle is 0.8′′ on the sky. However, due to their on-sky separation
of ≈0.3′′ (cf. Eq. (3)), two fringe packets are formed at different
optical path differences.

For this reason, we have to correct our measured visibility
for this effect. The monochromatic visibility of the binary is

V = ρK(A) V(A) + ρK(B) V(B) e 2 iπ B·Γ / λ, (11)

where ρK(A) and ρK(B) are the relative fluxes of A and B, V(A)
and V(B) are the individual visibilities, B the baseline vector,
Γ the angular separation between A and B, and λ is the wave-
length. Because we observed over a relatively broad wavelength
range with FLUOR and since the binary is well-resolved by our
baselines, the fringes appeared as two distinct fringe packets.
Moreover, FLUOR has a limited window in terms of optical path
difference, corresponding to a limited field of view. For β CrB
A+B, the two fringe packets are not present in a single fringe
scan. Hence, the squared visibility measured by FLUOR in the
case of A is

V2 = ρK(A)2 V2(A). (12)

In the case of the observations of B, this multiplicative factor
ρK(B)2 is small (because of the faintness of the star) and causes
an amplification of the error bars on the true visibility V2(B) for
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Angular resolution and astrometric precision

652nd Annual Meeting of the Division for Dynamical Astronomy, 17-21 May 2021

0.1 arcsec = 100 au @ 1 kpc

(adapted from 
C. Fabricius et al. 2016)
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Centroiding precision:

Effective PSF in Gaia (example)



Nearly point-like objects
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The image of a small finite object  
depends only on the PSF and the  
low-order moments of the object's flux 
distribution (total flux, photocentre, ...)
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➜ For object size < 0.1−0.2R the structure of the  
 source does not matter, only the photocentre 
 (size < 10−20 au @ 1 kpc)



Supergiants are big stars (> 1 au = 215 R⊙)
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3D radiative hydrodynamic 
(star-in-a-box) simulation  
of a 5 M⊙ red supergiant 
(≈ Betelgeuse) over 12 years 

(emergent surface intensity) 

Bernd Freytag at  
Uppsala University (2020) 

～ 5 au

www.astro.uu.se/~bf/publications/2015_10_24_Uppsala_Astronomdagarna/Talk/

https://www.astro.uu.se/~bf/publications/2015_10_24_Uppsala_Astronomdagarna/Talk/st35gm04b0n002_I3brm_1.mp4


The "random walk" of the photocentre
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(Chiavassa et al. 2011, 2018)

Photocentric positions from star-in-a-box simulations (snapshots ~23 days apart)

2.2 Evolved cool stars 67

Figure 2.11: Photocentre position computed from 3D RHD simulation of a RSG (left panel, the
radius is ⇠4 AU Chiavassa et al. 2011c) and an AGB (right panel, the radius is 1.87 AU Chiavassa
et al. 2018b) star. The di↵erent snapshots are connected by the line segments; the total time covered
is reported above each panel and the snapshots are ⇠23 days apart. The dashed lines intersect at the
position of the geometrical centre of the images.

Red supergiant (R ~ 4 au) over 5 years AGB star (R = 1.87 au) over 30 years



Parallax of the Mira variable BX Cam
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Catalogue Parallax [mas] Months Nvis

Gaia DR2 4.13± 0.25 22 11

Gaia EDR3 1.76± 0.10 34 30

VERA VLBIa 1.73± 0.03 34

aMatsuno et al. PASJ 72, 56 (2020)
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Nvis = number of visibility periods (≈ independent snapshots)



Forward modelling (basic Hipparcos, Gaia)
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Kinematic model (beyond the Solar System)

Uniform space velocity relative to the Solar System Barycentre (SSB): 

1252nd Annual Meeting of the Division for Dynamical Astronomy, 17-21 May 2021
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The model has six free parameters:  

‣ the components of           and     in the Barycentric Celestial Reference Frame 

‣ or (more conveniently) the astrometric parameters  

         = direction from SSB at the reference epoch 

         = parallax 

         = proper motion along RA and Dec 

         = radial velocity (from spectroscopy, or neglected) 
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5-param. model



Approximations in the 5-parameter model

• Perspective acceleration is negligible except for nearby, high-proper motion stars  
- vR = 0 can usually be assumed when a RV is not available 

• Galactic orbits are curved 
- local effects of tidal accelerations are ~1 to 3 μas cy−2 independent of distance 

(Butkevich & Lindegren 2014) 

• Light-time effects are ignored 
- negligible for the modelling but not always for the interpretation of observations, e.g.  

• For gravitationally bound systems (e.g. binaries) the model applies to the centre of mass 
- potentially huge deviations for the individual components or the photocentre
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Why is the 5-parameter model useful even for binaries?
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~50% of local G dwarfs have companions with a very wide, log-normal distribution of periods

1991A&A...248..485D

Duquennoy & Mayor (1991): 
median P = 180 yr, sigma = 2.3 dex

30 RAGHAVAN ET AL. Vol. 190

Figure 12. Multiplicity statistics by spectral type. The thin solid lines represent
stars and brown dwarfs beyond the spectral range of this study, and their sources
are listed in the text. For the FGK stars studied here, the thick dashed lines show
our observed multiplicity fractions, i.e., the percentage of stars with confirmed
stellar or brown dwarf companions, for spectral types F6–G2 and G2–K3. The
thick solid lines show the incompleteness-adjusted fraction for the entire F6–K3
sample. The uncertainties of the multiplicity fractions are estimated by bootstrap
analysis as explained in Section 5.2.

publications, when available. Otherwise, they are estimated
using mass ratios for double-lined spectroscopic binaries, or
from multi-color photometry from catalogs, or using the ∆mag
measures in the WDS along with the primary’s spectral type.
Metallicity and chromospheric activity estimates of the primary
are adopted for all components of the system.

5.3.2. Multiplicity by Spectral Type and Color

Figure 12 shows the multiplicity fraction for stars and brown
dwarfs. Most O-type stars seem to form in binary or multiple
systems, with an estimated lower limit of 75% in clusters and
associations having companions (Mason et al. 1998a, 2009).
Studies of OB-associations also show that over 70% of B and
A type stars have companions (Shatsky & Tokovinin 2002;
Kobulnicky & Fryer 2007; Kouwenhoven et al. 2007). In sharp
contrast, M-dwarfs have companions in significantly fewer
numbers, with estimates ranging from 11% for companions
14–825 AU away (Reid & Gizis 1997) to 34%–42% (Henry
& McCarthy 1990; Fischer & Marcy 1992). Finally, estimates
for the lowest mass stars and brown dwarfs suggest that only
10%–30% have companions (Burgasser et al. 2003; Siegler et al.
2005; Allen et al. 2007; Maxted et al. 2008; Joergens 2008).
Our results for F6–K3 stars are consistent with this overall
trend, as seen by the thick solid lines for the incompleteness-
corrected fraction. Moreover, the thick dashed lines for two
subsamples of our study show that this overall trend is present
even within the range of solar-type stars. Of the blue subsample
(0.5 ! B − V ! 0.625, F6–G2, N = 131), 50% ± 4%
have companions, compared with only 41% ± 3% for the red
subsample (0.625 < B − V ! 1.0, G2–K3, N = 323).

5.3.3. Period Distribution

Figure 13 shows the period distribution of all 259 confirmed
pairs, with an identification of the technique used to discover
and/or characterize the system. To provide context, the axis
at the top shows the semimajor axis corresponding to the pe-
riod on the x-axis assuming a mass sum of 1.5 M", the aver-
age value of all the confirmed pairs. When period estimates

Figure 13. Period distribution for the 259 confirmed companions. The data
are plotted by the companion detection method. Unresolved companions
such as proper-motion accelerations are identified by horizontal line shading,
spectroscopic binaries by positively sloped lines, visual binaries by negatively
sloped lines, companions found by both spectroscopic and visual techniques by
crosshatching, and CPM pairs by vertical lines. The semimajor axes shown in
AU at the top correspond to the periods on the x-axis for a system with a mass
sum of 1.5 M", the average value for all the pairs. The dashed curve shows
a Gaussian fit to the distribution, with a peak at log P = 5.03 and standard
deviation of σlog P = 2.28.

are not available from spectroscopic or visual orbits, we esti-
mate them as follows. For CPM companions with separation
measurements, we estimate semimajor axes using the statistical
relation log a′′ = log ρ ′′ + 0.13 from DM91, where a is the
angular semimajor axis and ρ is the projected angular separa-
tion, both in arcseconds. This, along with mass estimates as de-
scribed in Section 5.3.1 and Newton’s generalization of Kepler’s
Third Law yields the period. For the remaining few unresolved
pairs, we assume periods of 30–200 years for radial-velocity
variables and 10–25 years for proper-motion accelerations. The
period distribution follows a roughly log-normal Gaussian pro-
file with a mean of log P = 5.03 and σlog P = 2.28, where
P is in days. This average period is equivalent to 293 years,
somewhat larger than Pluto’s orbital period around the Sun. The
median of the period distribution is 252 years, similar to the
Gaussian peak. This compares with corrected mean and me-
dian values of 180 years from DM91. The larger value of the
current survey is a result of more robust companion informa-
tion for wide CPM companions. The similarity of the overall
profile with the incompleteness-corrected DM91 plot suggests
that most companions they estimated as missed have now been
found. The shading in the figure shows the expected trend—the
shortest period systems are spectroscopic, followed by com-
bined spectroscopic/visual orbits, then by visual binaries, and
finally by CPM pairs. The robust overlap between the various
techniques in all but the longest period bins underscores the
absence of significant detection gaps in companion space and
supports our earlier statements about the completeness of this
survey. Binaries with periods longer than log P = 8 are rare,
and only 10 of the 259 confirmed pairs (4%) have estimated
separations larger than 10,000 AU. Although separations wider
than this limit were not searched comprehensively, Figure 8
shows that separations of up to 14,000 AU were searched for
some systems, and 56% of the primaries were searched beyond
the 10,000 AU limit. The drop in the number of systems with
companions thus appears to occur within our search space and

Raghavan et al. (2010): 
median P = 300 yr, sigma = 2.3 dex



Modelling errors for binaries when the 5p model is used
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Simulated Gaia observations (5 years;G = 15:0)
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22% have RMS modelling error  
> 0.1 mas (~random noise level)

See also Penoyre et al. (2020), 301.05

Simulated Gaia observations of 1 M 
15th mag stars over 5 yr, assuming 
that they all have companions as in 

the Duquennoy & Mayor study 



Parallax errors for binaries when the 5p model is used
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14% have relative  
parallax error > 5%

See also Penoyre et al. (2020), 301.05
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More accurate models for orbital motion (over limited time)
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A direct test of the 5p model: Hipparcos vs Gaia
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Year

Position

2016.0 
(Gaia EDR3)

1991.25 
(Hipparcos)

position from 
Hipparcos

extrapolated 
position from Gaia

position and proper motion  
as measured by Gaia



Position differences Hip−Gaia (only declination shown)
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80% of the stars follow roughly the expected distribution, 20% are in the wide tails 
(acceleration or Δμ stars - potential for discovering substellar companions; Brandt 2018 and others)



Forward modelling (basic Hipparcos, Gaia)
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Approximations in the 5-parameter model

• Perspective acceleration is negligible except for nearby, high-proper motion stars
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If the positions [...] are accurately observed for sufficiently long periods of time 
[...] we shall be in position to determine the radial velocities of these stars 
independently of the spectroscope and with an excellent degree of precision.

F. Schlesinger, Astron. J. 30, 137 (1917)
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Attainable pre-Gaia precision was limited to several km/s (van de Kamp, Gatewood & Russell, Dravins et al.)



Astrometric radial velocities from Hip − Gaia EDR3 
(selected results)
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Name Sp Spectroscopic RV 
(SIMBAD), km/s

Astrometric RV  
km/s

Barnard's star M4 −110.4 −110.9 ± 0.4

Kapteyn's star M1 +245.2 +244.1 ± 0.7

Proxima Centauri M5.5 −22.4 −23.2 ± 0.7

Groombridge 1830 K1 −98.0 −98.6 ± 1.0

61 Cyg AB K5, K7 −65.1 −65.5 ± 2.3

LAWD 37 DQ − +28.0 ± 4.9

Van Maanen 2 DZ +263 −14.0 ± 7.1

MB/MA = 0.76 ± 0.05

(Lindegren & Dravins, submitted to A&A, arXiv:2105.09014)

http://arxiv.org/abs/2105.09014


Summary

✓ The basic astrometric processing of Gaia observations relies on some very simple 
models of the objects and their kinematics (point source, uniform space motion) 

✓ These models are useful because they are simple, robust, and accurate enough  
for a majority (~80%) of the objects 

✓ For parallax measurement, unresolved structures of size ≳ 1 au are problematic  
(supergiants, binaries for a certain range of periods) 

✓ For many of the sources where the simple models do not work well, more sophisticated 
analysis and follow-up observations will provide a wealth of new, exciting information!
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