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PROGRESS IN ASTROMETRIC ACCURACY

10 μas  

Year
• Relevance for stellar astrophysics: 

• Accurate stellar parameters: parallaxes, distances, sizes, proper 
motions, spatial velocities, luminosities, masses, ages 

• Full orbital characterization of stellar binaries and planetary 
companions

Infrared Interferometry
Gaia - 1000 million 



Gaia Collaboration: A&A 674, A1 (2023)

Fig. 2. Uncertainties on the astrometric param-
eters vs. G for Gaia data releases 1–3 and for
the future releases Gaia DR4 and Gaia DR5.
The panels show from top to bottom the uncer-
tainties in parallax, proper motion in Right
Ascension, and proper motion in Declina-
tion. The uncertainties for Gaia DR1 refer
to the Tycho-Gaia Astrometric Solution and
are shown in the form of density maps, with
lighter colours indicating a higher density of
sources. The two distinct low-uncertainty ellip-
tical regions in the Gaia DR1 proper motion
uncertainties are due to stars for which the
Hipparcos and Gaia positions could be com-
bined to derive proper motions over a 24-year
time baseline. The proper motion uncertainties
for Gaia DR3, based on only a 34 month time
baseline are comparable or even slightly better.

spectral slope24 of the mean reflectance spectra and the depth of
the 1 µm absorption band seem to show an increase with time
for the S-type family, which is possibly due to space weathering
e↵ects on the asteroid surfaces. The catalogue is included in the
data release.

Gaia Collaboration (2023h) demonstrate the potential of
synthetic photometry obtained from flux-calibrated BP/RP spec-
tra for pass-bands fully enclosed in the Gaia wavelength
range. This photometry has been used internally for valida-
tion purposes. Synthetic photometry in various photometric
systems can be produced using the Python package GaiaXPy

24 The spectral slope is derived by fitting the mean reflectance spectra
in the wavelength range 450 and 760 nm with a straight line and taking
the angular coe�cient.

(see Sect. 13). High-quality external photometry in large and
medium passbands is reproduced at a few percent level in gen-
eral and up to the milli-mag level when the synthetic pho-
tometry is standardised using an external reference catalogue.
For a subset of 13 wide and medium bands, we release the
Gaia Synthetic Photometry Catalogue (GSPC), an all-sky space-
based catalogue of standardised photometry for the major-
ity of the stars with released spectra and G < 17.65. A
separate catalogue contains synthetic photometry in a selec-
tion of relevant bands for 100 000 white dwarfs selected from
Gaia EDR3.

Lastly, Gaia Collaboration (2023d) investigate the properties
of high-mass main sequence pulsators, showing that Gaia DR3
data are precise and accurate enough to identify nearby OBAF-
type pulsators.

A1, page 13 of 22
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Gaia Collaboration et al. (2023, A&A…674A…1G)

GAIA ASTROMETRY MISSION

• Powerful all-sky high-accuracy 
astrometric mission 

• Parallax and proper motions of > 1000 
million stars (~1% of the stars in the 
Galaxy) 

• Limiting magnitude of G ≈ 21 
• Mission duration of 5 years (extended to 

10 years)



Credit: Bill Saxton/NRAO/AUI/NSF

1. Giant cloud of gas and 
dust in interstellar space 

2. Clumps begin to form 
within the cloud 

3. Dense cores, precursors to 
stars, form within clumps 

4. Cores condense into young 
stars surrounded by dusty disks

5. Planets form from the disks, and 
new solar system is born

EARLY STAGES OF STELLAR EVOLUTION



that L183 may be only weakly supercritical, i.e., the magnetic
energy is at least three times smaller than, and at most equal to,
the gravitational energy in the core ( < <E E E3grav mag grav).
With the higher sensitivity of POL-2, we significantly improve
the accuracy of this criticality measurement.

The POL-2 data presented in this work provide the deepest
polarization observations to date of a starless core. Although
significant improvements have been made in recent years to the
sensitivity of polarimetric instruments, polarimetry at far-
infrared and submillimeter wavelengths still presents unique
technical challenges (see Pattle & Fissel 2019) that are
compounded by the faint polarization signature of starless
cores. This low polarized emission is explained by the
combination of two main factors: First, the dust content of
starless cores is typically colder than in active star-forming
regions (Td≈7 K for L183, Pagani et al. 2003, see also
Section 3.2), thus leading to weaker dust thermal emission.
Second, the polarization efficiency in starless cores is known to
decrease sharply as a function of visual extinction AV (e.g.,
Alves et al. 2014; Jones et al. 2015), which results in a decrease
of the degree of polarization in the denser parts of the cloud.
Thus, observations to date have been used mostly to study
magnetic fields in all but the brightest starless cores. Prior to
this work, Crutcher et al. (2004) and Ward-Thompson et al.
(2000) have used SCUPOL to study the bright starless cores
L183, and L1544 and L43, respectively.
This paper is structured as follows: Section 2 presents the

observations and the data reduction process. Section 3 provides a
discussion of the main results, such as the dust properties
(Section 3.2), the magnetic field morphology (Section 3.3), the
field strength (Section 3.4), the criticality criterion (Section 3.5),
and the energy budget of the cloud (Section 3.6), as well as a
comparison with previous SCUPOL results (Section 3.7). Finally,
we summarize the findings of this paper in Section 4.

2. Observations and Data Reduction

The observations were conducted with SCUBA-2/POL-2 at
850μm in 2019 February and March (M19AP009; PI: Bastien,
P.) using the polarimetric Daisy-map mode of the JCMT
(Holland et al. 2013; Friberg et al. 2016; P. Bastien et al. 2020, in
preparation). The POL-2 polarimeter, which consists of a fixed
polarizer and a half-wave plate rotating at a frequency of 2 Hz, is
placed in the optical path of the SCUBA-2 camera. Figure 2
shows the locations of the observations on L183 Herschel/
SPIRE image. The weather conditions during observations were
split between τ225<0.05 and 0.05<τ225<0.08, where τ225 is
the atmospheric opacity at 225 GHz. The total integration time
for a single field was ∼4 hr to complete six full Daisy patterns.
SCUBA-2/POL-2 simultaneously collects data at 450 and
850 μm with effective FWHM beam sizes of 9.6″ and 14.1″,
respectively (Dempsey et al. 2013). For this work, we focused
exclusively on the 850 μm data due to the signal-to-noise ratio
(S/N) in the 450 μm data being too low to recover a sufficient
number of polarization vectors for the analysis.
We observed four separate subregions (north, south, east,

and west) overlapping near the center of the cloud. For the
POL-2 Daisy-map mode, a fully sampled circular region of 12′
diameter is produced, with a high signal-to-noise coverage over
the central 6′ wide area. This observing mode is based on the
SCUBA-2 constant velocity Daisy scan pattern (Holland et al.
2013), but modified to have a slower scan speed (i.e., 8″ s−1

compared to the original 155″ s−1) to obtain sufficient on-sky
data to measure the Stokes Q and U values accurately at every
point of the map. The integration time decreases toward the
edges of the map, which consequently leads to an increase in
the rms noise levels.

Figure 1. Combined Spitzer observations of L183 taken with IRAC at 8, 4.5,
and 3.6 μm. The contours trace the 850 μm dust emission map from SCUBA-2
starting at 10 mJybeam−1 and increasing in increments of 20 mJybeam−1.
The green circle in the lower left corner shows the JCMT/SCUBA-2
beam size.

Figure 2. The dust emission toward L183 as traced by Herschel 500 μm
Spectral and Photometric Imaging Receiver (SPIRE) observations. The plain
blue circle in the center indicates the limited area previously observed with
SCUPOL by Crutcher (2004). The yellow circles indicate the four POL-2
Daisy fields covered in our observations. These field of views are optimized so
that their central 6′ wide areas (dashed cyan circles), where POL-2ʼs sensitivity
is optimal, are centered on high-density regions while still fully covering the
main body of the L183 cloud.
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• Earliest stages of star formation are obscured by dust  

• Hard to detect with Gaia

EARLY STAGES OF STELLAR EVOLUTION



• (young) binaries  

• Gaia angular resolution is 
0.18” cannot resolve 
compact binaries 

• AGB stars 

• Uncertainties in Gaia 
astrometry introduced by 
dusty envelopes, large 
angular sizes, and surface 
brightness variability

GAIA ISSUES IN STELLAR ASTROPHYSICS

ORB6 binaries in Gaia EDR3 2927 

MNRAS 517, 2925–2941 (2022) 

Table 1. General properties of ORB6 binary stars as a function of the orbit’s quality grade, see Section 2 . Line 1 indicates the total number 
of orbital solutions for the gi ven grade. Occasionally, se veral solutions for the same pair are present; for subsequent statistics, only one 
entry per pair is chosen. The number of unique pairs is shown in line 2. Pairs with successful cross-matching in Gaia EDR3 are summed 
up in line 3. Line 4 counts systems with EDR3 parallax for at least one component. Line 5 counts systems with primary and secondary 
components appearing as separate sources in EDR3. Line 6 shows the number of systems with parallaxes available for both components. 
Line 7 shows the median orbital period according to ORB6. Line 8 is the 75% quartile of the relative period error: this value is used when 
errors are not provided for a given binary. Lines 9–10 show the median semimajor axis provided in ORB6 and its 75% quartile relative 
error. Lines 11–13 list the median apparent G EDR3 magnitude, parallax, and relative parallax error of the primary components. 

Grade 1 2 3 4 5 7 8 9 ! 
1 Orbits 90 384 717 997 669 41 19 543 3460 
2 Unique pairs 90 382 713 973 628 40 18 506 3350 
3 Identified pairs 88 370 706 956 612 39 18 490 3279 
4 " 1 or " 2 40 188 390 662 506 35 17 425 2263 
5 Resolved pairs 10 34 91 295 321 – – 2 753 
6 " 1 and " 2 4 16 50 200 250 – – 1 521 
7 Average P , years 11.0 26.5 67.6 217 450 18.0 0.05 2.49 80 
8 3/4 quartile error, % 0.1 0.9 5.0 40 49 26 < 0.1 8.9 15 
9 Average a , arcsec 0.17 0.19 0.24 0.50 1.18 0.12 0.005 0.01 0.29 
10 3/4 quartile error, % 0.9 2.1 5.6 25 52 4.6 3.4 25 19 
11 Average primary G magnitude 5.5 7.0 7.9 8.0 8.3 8.9 5.2 6.7 7.7 
12 Average parallax " 1 , mas 21.7 19.4 12.1 12.1 14.0 13.5 27.5 16.3 14.4 
13 Average error σ1 /" 1 , % 1.6 1.6 1.9 1.1 0.5 0.2 0.4 2.0 1.3 

Figure 1. Distribution of ORB6 binary stars and their solution type in EDR3 
as a function of ephemeris angular separation and estimated orbital period. 
Light grey denotes pairs with available solutions in Gaia EDR3. Dark grey 
denotes systems with a known EDR3 parallax. Green denotes resolved pairs. 
Purple denotes systems with parallaxes available for both components. 

Figure 2. Primary-star RUWE as a function of predicted ephemeris separa- 
tion for ORB6 binaries. Orbits with grade 9 are excluded. 
ORB6 ephemerides. In a few cases, when ORB6 predictions seem 
erroneous, WDS data are used as well. The minimum ρ value 
for a Gaia -resolved pair is 0.20 arcsec; ho we ver, in this case, 
solutions for both components are 2-parameter ones. For six resolved 
binaries with 0.23 < ρ < 0.35 arcsec, parallax is available for one 
component, while the secondary solution is a 2-parameter one. WDS 
00429 + 2047 has a minimal ρ = 0.37 arcsec among resolved binaries 
with two available parallaxes. Notably, all resolved pairs with ρ < 
0.5 arcsec have an excessive RUWE, with χ > 2.5. 
3.1 Optical pairs 
ORB6 binaries are expected to be gravitationally bound. Indeed, 
the very presence in the ORB6 catalogue is considered a priori 
knowledge that the pair is a physical binary, and strong counter- 
evidence is needed to refute the claim. Ho we ver, often the estimated 
orbital periods exceed thousands of years, which is significantly 
longer than the observational history. Therefore, a small number of 
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Chulkov et al. (2022)

Visual 
binaries 
resolved in 
Gaia EDR3

Andriantsaralaza et al. (2022)

M. Andriantsaralaza et al.: Distance estimates for AGB stars from parallax measurements

Fig. 3. Dependence of the standard noise, the astrometric excess noise, and the RUWE of the Gaia DR3 parallax on the G magnitude and the
colour GBP�GRP for the sources in the DEATHSTAR sample.

the total uncertainty of the Gaia DR3 parallax of these bright
sources overestimated the total error, which led to a narrower
parallax di↵erence distribution (�$/�$,tot), as indicated by the
blue line in Fig. 4. Furthermore, Fig. 6 shows that the astromet-
ric excess noise parameter for Gaia DR3 is larger than for the
DR2 parallaxes for the VLBI sources. The median value of the
ratio of astrometric excess noises DR3/DR2 for the VLBI sam-
ple is 1.22, and 76% of the sources have an astrometric excess
noise DR3/DR2 ratio larger than 1. For the DEATHSTAR sam-
ple, close to 60% of the sources have an astrometric excess noise
higher in DR3 than in DR2.

Our results show that the parallax errors of the brightest
sources (G < 8) are dramatically underestimated, by more than
a factor of 5. For sources between 8 and 12 G mag, the nominal
errors are larger, so a relatively smaller correction was needed.
For the faintest stars, the nominal Gaia DR3 parallax errors are,
in principle, already very large, so little correction was needed on
the Gaia DR3 parallax errors. For some of these faint sources,
the Gaia DR3 parallax errors are so large that they would have
needed to be reduced to recover the corresponding VLBI paral-
laxes. Distances obtained with parallaxes with such large errors
are likely to be very uncertain (see Sect. 4). Only 3 VLBI sources
are fainter than 18 mag, which is a too small sample to obtain
statistically significant results. Therefore, we did not apply any
correction to the faintest stars (G � 12 mag). When considering
the VLBI sample as a whole (33 stars), we obtained a constant
EIF of ⇠4. However, it is clear from Figs. 2 and 3 and Table 2
that not all sources require the same correction factor, so a con-
stant EIF is not suitable.

Fig. 4. Comparison between the VLBI and Gaia DR3 parallaxes. The
solid line represents the 1-to-1 relation.

Using the properties of resolved binaries to calibrate the
Gaia eDR3 parallaxes, El-Badry et al. (2021) found that the pub-
lished Gaia eDR3 parallax uncertainties are underestimated by
⇠30 to 80% for bright red sources (G < 12 mag), but are gener-
ally more reliable for fainter sources (G � 18 mag), which is in
agreement with our findings on AGB stars. The dependence of
the parallax ZPO of the Gaia eDR3 parallaxes on the sky posi-
tion and magnitude are discussed in detail in Lindegren et al.
(2021) and Groenewegen (2021), for instance, using samples
of quasi-stellar objects and wide binaries. The zero-point o↵sets
that we obtained for AGB stars, listed in Table 2, are much larger,

A74, page 5 of 28



VERY LONG BASELINE INTERFEROMETRY (VLBI) 

RADIO ASTROMETRY

• Can see through dust 

• Baselines of thousands of km 

• Angular resolution ~ λ / B  

   (1 milliarcsecond  @ λ = 5 cm) 

• Astrometry accurate to ~10 μas  

• Galactic-scale distances of up to 10 kpc 

• Only non-thermal emission 

• Masers lines (e.g. CH3OH, H2O, OH, SiO) 

• Continuum stars (e.g. YSOs, M-dwarfs, 
ultracool dwarfs)

Reid & Honma (2014); 
see also Rioja & Dodson 

(2020)



RADIO ASTROMETRY

Very Long Baseline Array 
(VLBA), USA

VLBI ARRAYS FOR ASTROMETRY

VLBI Exploration of Radio 
Astrometry (VERA), Japan

European VLBI Network 
(EVN), Europe, Asia & South 

Africa

Long Baseline Array (LBA),  
Australia, New Zealand & South Africa



Loinard et al. (2007); Torres et al. (2007, 2009, 2012); Dzib et al. (2010, 2016, 2018); Ortiz-León et al. (2017a,b, 2018a,b); Kounkel et al. (2017); Galli et al. (2018)

Adapted from Ward-Thompson et al. (2007) 

THE GOULD’S BELT DISTANCES SURVEY (GOBELINS)

Parallaxes, 
distances, proper 

motions, spatial 
velocities, binary 

masses  

  ~270 targets 
~100 YSOs with 

accurate astrometry

Δd ~ 0.3 - 10 %   
Δpm < 0.2 mas/yr  

~ 0.1 km/s

Radio astrometric survey of 
(embedded) young stellar 

objects (YSOs)  

I. 6D STRUCTURE OF MOLECULAR CLOUDS

Continuum stars  
(Class II, T-Tauri)  

Loinard (PI), Ortiz-León, Kounkel, Galli, Dzib, et al.



• Presence of multiple components  
• Orion structure: distance difference of ~40 pc (see also Großschedl et al. 2018) 
• Taurus structure revealed with Radio + Gaia DR1 astrometry: distance to 

individual clouds ranges from 127 to 163 pc 

Taurus (Galli et al. 2018)
476 Bally

Figure 14. A 110 GHz 13CO J=1-0 image showing the Orion A and B clouds. The
colors represent Doppler shifts with blue corresponding to VLSR = 0 to 5 km s−1,
green corresponding to VLSR = 5 to 10 km s−1, and blue corresponding to VLSR =
10 to 15 km s−1. Data were obtained during the mid 1980s with the 7 meter radio
telescope located on Crawford Hill in Holmdel, NJ. (see Bally et al. 1987).

Bally (2008)

Orion (Kounkel et al. 2017)

I. 6D STRUCTURE OF MOLECULAR CLOUDS



NGC 1333

IC 348

I. 6D STRUCTURE OF MOLECULAR CLOUDS

Lynds 1688

Lynds 1689
144.2 ± 1.3 pc

138.4 ± 2.6 pc

Ophiuchus (Ortiz-León et al. 2018b)  

Small distance gradient across 
the cloud (see also Zucker et al. 2021)
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Prominent distance gradient of ~30 pc 
from east to west (see also Pezzuto et al. 2021)



II. BINARY MASSES

COMPACT BINARIES

Ortiz-León et al. (2017)

during the observations. In these archival observations, both
components of YLW12Bab were detected on 2005 June 8 and
2006 June 1, while YLW12Bc was detected on 2005 June 8
and 2006 March 24.

Given the distance to the source, the angular separation
between YLW12Bab and YLW12Bc of ∼140 and ∼320 mas
in 2005 and 2016, respectively, corresponds to 20 to 45 au.
This suggests that the sources form a bound multiple system,
and later in this section we provide stronger evidence that
supports this conclusion. To fit the positions of the YLW12-
Bab components, and to take the effect of the third companion
into account, we add two more free parameters to the “full
model.” These parameters are the acceleration of the center of
mass of YLW12Bab in each direction, Ba and Ea , which we
consider to be uniform. As in the case of LFAM 15, three plots
were constructed to visualize the best fit solution. In the first
panel of Figure 6, we show the observed positions of the
compact binary and the best fit, while in the second panel, we
show this fit and source positions with the effect of parallax
removed. Using the solution for the mass ratio from the “full
model,” we now compute the positions of the center of mass of
YLW12Bab, and plot them along with the parallax plus proper
motion model in the third panel of Figure 6. It is clear that the
compact binary follows a curved motion as a result of the
gravitational force exerted by the third companion. Indeed, we
find that the acceleration is statistically different from zero at

T�8 in both directions.
Let us now discuss the third star of the system. The positions

of YLW12Bab relative to YLW12Bc, as well as the
acceleration vector of YLW 12Bab, are shown in Figure 5.

We see that the acceleration vector of YLW12Bab points
toward YLW12Bc, as would be expected of a gravitationally
bound system. This plot also shows that our assumption of a
uniform accelerated motion is a reasonable approximation,
because our observations cover only a small fraction of the
orbit expected for the wider system. We attempted to fit the
orbit of this source around the center of mass of the whole
system with a simultaneous distance and proper motion fit for
the three stars. However, we were not able to constrain most of
the orbital parameters because the VLBA detections of the third
companion are still insufficient. We only find solutions for the
following parameters: Ω∼85°, ϖ=7.190±0.088 mas,
N E � � oB cos 4.55 0.03CM, masyr−1, N � � oE 24.27CM,
0.06 masyr−1; limits on the mass, � :M M33 , period,

_P 300 400 years– , and that inclination is consistent with
the compact binary. Even though we do not have enough data
for modeling the orbit of YLW12Bc, we can still constrain its
proper motion and acceleration using its absolute positions
measured with the VLBA. In order to do so, we fit the third star
separately using the astrometric code for single sources to solve
solely for proper motion and acceleration terms, while fixing
the parallax at the value derived for YLW12Bab. We show
this last fit in the fourth panel of Figure 6, and give the solution
of the astrometric parameters in Table 4.
As mentioned previously, the trajectory of YLW12Bab is

somewhat curved. That of YLW12Bc is, on the other hand,
more linear. This results in a smaller measured acceleration for
YLW12Bc (∼0.2 mas yr−2) than for YLW12Bab (0.64 mas
yr−2), and suggests that YLW12Bc is the most massive
member of the system. Indeed, we find that � :M M33 , while

Figure 4. Observed positions and best fit for LFAM 15. Left: measured positions of each component are shown as red and blue circles. The solid lines show the fit
corresponding to the “full model” described in the text. Middle: the squares mark the measured positions with the parallax signature removed, while the dashed lines
are the fits from the “full model,” also without parallax. Right: green dots mark the position of the center of mass derived using the solutions from the orbital model for
the mass ratio. The green dashed line is the model for the motion of the center of mass of the system, while the red line is this same model with the parallax signature
removed. The red squares indicate the position of the center of mass expected from the model without parallax. The arrow shows the direction of position change with
time. Positional errors, as delivered by JMFIT, are smaller than the size of the symbols.

22

The Astrophysical Journal, 834:141 (35pp), 2017 January 10 Ortiz-León et al.

Young compact binaries resolved with VLBI 
• Astrometric parameters + orbital parameters + 

individual masses 
• Accurate component masses (~5%) 
• Fraction of binaries in radio-detected YSOs ~ 40%

1 au =  0.007“ at 138 pc

~1 au



II. BINARY MASSES

• Young protostellar systems only detectable in the radio 
• About 20 systems already observed with the VLBA  

DYNAMICAL MASSES OF YOUNG STELLAR 
MULTIPLE SYSTEMS WITH THE VLBA 
Dzib (PI), Ordoñez-Toro, Ortiz-León, Loinard, Kounkel, et al.

Ordoñez-Toro et al. (2024)

Oph-S1 
• Young binary in Ophiuchus at 137 pc 
• B3 to B5 spectral type 
• 35 VLBA observations used to 

model the astrometry and binary 
orbit

orbital motions and are functions of the orbital elements,

( )
[ ( ) ( ) ] ( )

Q t
r icos sin sin cos cos cos , 3q w q w d= + W - + W

a

( ) [ ( ) ( ) ] ( )Q t r isin sin cos cos cos , 4q w q w= + W + + Wd

where θ is the true anomaly, and r is the radius from the center
of mass along a Keplerian orbit. The inclination angle is i, the
angle of the line of nodes is Ω, and the angle from the
ascending node to periastron is ω. For the secondary
component, the semimajor axis a2 is used instead of a1 in
Equations (1) and (2), and θ is rotated 180° in Equations (3)
and (4) (see, e.g., Kounkel et al. 2017 for details).

To solve the previous equations, we translated the procedure
described by Kounkel et al. (2017) from IDL to python.12 This
routine simultaneously fits Equations (1) to (4) to the data by
the method of least squares using MPFIT. It is able to
simultaneously process absolute positions of both stars from
VLBA astrometry, as well as relative positions of the
secondary with respect to the primary from optical data if they
exist. The free orbital parameters in this model are the period P,
the semimajor axis of primary a1, the eccentricity e, the
inclination i, the angle of the line of nodes Ω, the time of
periastron passage T, the angle from node to periastron ω, and
the mass ratio m2/m1. The total mass of the system is derived
from Kepler’s third law and the distance—obtained from the
very same fit through the trigonometric parallax.

This routine is sensitive to the initial guesses of several
nonlinear orbital parameters, namely P, e, ω, and Ω; with
poorly chosen initial guesses, the fitter may not converge and
instead may become stuck in a local minimum. The remaining
parameters are not affected by this and can always be scaled.

Thus, to fully probe the parameter space, we performed the fit
1000 different times with different initial guesses. The routine
then iterates on these guesses, enabling optimal convergence
for several dozens of these sets of iterations, which are then
evaluated using χ2. These sets of iterations with 1.12

best
2c c<

are selected (where best
2c is the minimum chi squared of the

entire set). The uncertainties are evaluated in two ways: from
examining the intrinsic scatter from all of the valid solutions,
and from calculating a weighted average error of all of the
errors returned by MPFIT, weighted by χ2. Typically, both
methods produce comparable distributions.

4. Results

The S1 system was detected in all seven new VLBA
observations (Figure 1). S1A was detected in all these epochs,
with a mean flux density of 7.59 mJy, and S1B was detected
five times with a mean flux density of 0.85 mJy. In the ancillary
observations, thanks to the improvement obtained by applying
self-calibration, we have detected S1B in more epochs than
previously reported. In addition, we found that a previous
detection of S1B (BL128 GE from 2006 June 3) was spurious:
The emission peak at that position in fact corresponded to a
prominent side-lobe. We detect S1B in the self-calibrated
image of the same epoch, but at a different position. Therefore,
the measured S1B position on 2006 June 3 by OLK17 is
discarded in our analysis, and we use the newly measured
position from the self-calibrated image instead. S1A was
detected at all 35 epochs—a 100% detection rate was also
achieved in the publications reporting on older observations
(LTM08; OLK17, Ortiz-León et al. 2018). On the other
hand, the companion S1B is detected in 14 epochs, of which
only four detections were reported by OLK17. All the
measured positions and flux densities for S1A and S1B are
listed in Table 1.

Figure 1. Final radio images of S1 at 4.5 GHz corresponding to each epoch observed during the DYNAMO-VLBA project. The intensity background images are
clipped to intensities between –0.1 and 0.6 mJy beam−1. The contour levels are at –4, 4, 6, 10, 15, 30, and 60 times the noise levels of the images, listed in Table 1.
The images are centered on the measured position of S1A, the primary component of the S1 binary system as listed in Table 1 and shown in the top left corner of each
plot. The white ellipse in the bottom left corner of each plot represents the synthesized beam of the corresponding observed epoch.

12 The full routine is available at https://github.com/mkounkel/astrometric_
binaries/blob/master/astrometry_binary_python3.ipynb.
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obtained near apoastron), while there is only a 6% chance that
only 5 detections would be obtained out of 21 observations (the
results obtained near periastron). We conclude that the higher
detection fraction near apoastron than periastron is very
unlikely to be the result of chance alone and that the source
is intrinsically more likely to be detectable near apastron.

5. Discussion

In this section, we mostly discuss the implications of our
mass measurements for the properties of the S1 system. It is
worthwhile mentioning at the outset that to the best of our
knowledge, no evidence for cicumstellar (or circumbinary)
disks has ever been reported for this system.

5.1. Spectral Energy Distribution of S1

Before dynamical measurements became possible, the mass
of S1 was estimated from its photometry, and some spectrosc-
opy, to be about 6Me. We briefly review these works. Based
on early infrared observations, Grasdalen et al. (1973)
classified S1 as a late-B star. It was later classified as B3V
by Elias (1978) due to the surrounding H II region causing
strong CO absorption in the 2.3 μm band. Combining
spectroscopy and photometry, Cohen & Kuhi (1979) obtained
a B2 classification. Andre et al. (1988) estimated a B3.5
spectral type on the basis of the radio flux of the surrounding
H II region. From spectroscopic observations, Bouvier &
Appenzeller (1992) classified it as a B4 star because it exhibits
strong Hα absorption but no lithium absorption; this same
classification was adopted in Andre et al. (1991). Analysis by
Lada & Wilking (1984) of the spectral energy distribution
(SED) implied that S1A has a luminosity of 1500 Le and an
effective temperature of 16,000 K, consistent with a main-
sequence star of spectral type B3-B5. Finally, spectroscopy by
Wilking et al. (2005) implied a spectral type earlier than B8—
they adopted a B3 classification based on the effective

temperature from Lada & Wilking (1984). The classification
we just described implies a mass between 5 and 6Me—this is
significantly higher than the value we derive dynamically.
Recently, Mookerjea et al. (2018) compiled photometric

observations of S1A available through the astronomical catalog
service VizieR to plot the SED of S1A and fit it with a
reddened blackbody. They adopted a blackbody temperature of
17,000 K, which corresponds to the effective temperature of a
B3/B4 zero-age main-sequence (ZAMS) star, as suggested by
the studies mentioned above. They assumed a stellar radius

Figure 2. Measured positions of S1A (red dots) and S1B (blue dots) shown as
offsets from the position of S1A in the first detected epoch used in the present
paper (2005 June 24; see Table 1). The red and blue curves show the best fits,
described in the text, to the positions of S1A and S1B, respectively.

Figure 3. Orbital solution of S1. Top panel: stellar orbits relative to the central
of mass (black cross). The orbits from best fit for S1A (red) and S1B (blue) are
accompanied by a subset of 100 orbit pairs (light red for S1A, and gray for
S1B) to show the range of solutions allowed by the errors in our fit. The subset
of orbits shown corresponds to the best 100 of 5000 orbits generated by
randomly obtaining orbital parameters from normal distributions with mean
values equal to the values obtained from our best fit and with standard
deviations equal to their errors. The measured positions of S1A (red squares)
and S1B (blue circles) after correction of parallax and proper motions are also
shown. The position errors are on the order of 0.1 mas, barely seen at the plot
scale. Bottom panel: stellar relative positions and orbital fit model of S1. The
blue dots indicate the relative positions of S1B with respect to S1A, and the
error bars consider the position errors of both components, which are added in
quadrature. The dashed black line traces the line of nodes from the model, and
the black cross indicates the position of the primary. The measured positions of
S1B obtained from infrared observations reported in Richichi et al. (1994) and
Cheetham et al. (2015) are also plotted as red triangles. These infrared positions
are listed in Table 4.
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on early infrared observations, Grasdalen et al. (1973)
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17,000 K, which corresponds to the effective temperature of a
B3/B4 zero-age main-sequence (ZAMS) star, as suggested by
the studies mentioned above. They assumed a stellar radius
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offsets from the position of S1A in the first detected epoch used in the present
paper (2005 June 24; see Table 1). The red and blue curves show the best fits,
described in the text, to the positions of S1A and S1B, respectively.

Figure 3. Orbital solution of S1. Top panel: stellar orbits relative to the central
of mass (black cross). The orbits from best fit for S1A (red) and S1B (blue) are
accompanied by a subset of 100 orbit pairs (light red for S1A, and gray for
S1B) to show the range of solutions allowed by the errors in our fit. The subset
of orbits shown corresponds to the best 100 of 5000 orbits generated by
randomly obtaining orbital parameters from normal distributions with mean
values equal to the values obtained from our best fit and with standard
deviations equal to their errors. The measured positions of S1A (red squares)
and S1B (blue circles) after correction of parallax and proper motions are also
shown. The position errors are on the order of 0.1 mas, barely seen at the plot
scale. Bottom panel: stellar relative positions and orbital fit model of S1. The
blue dots indicate the relative positions of S1B with respect to S1A, and the
error bars consider the position errors of both components, which are added in
quadrature. The dashed black line traces the line of nodes from the model, and
the black cross indicates the position of the primary. The measured positions of
S1B obtained from infrared observations reported in Richichi et al. (1994) and
Cheetham et al. (2015) are also plotted as red triangles. These infrared positions
are listed in Table 4.
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P = 1.734 ± 0.001 yr 

e = 0.65 ± 0.01 

i = 25.4 ± 1.9 deg 

aA = 0.418 ± 0.002 au 

aB = 2.043 ± 0.018 au 

a = 0.018“ 

MA = 4.11 ± 0.1 M⊙   
MB = 0.831 ± 0.014 M⊙ 

Ordoñez-Toro et al. (2024)
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For completeness, we have repeated the same analysis with
the Y2 (Yonsei-Yale) stellar models (Yi et al. 2001), the Palla-
Stahler models (Palla & Stahler 1999), the PARSEC models
(Nguyen et al. 2022, see below), and the YaPSI YALE-
POTSDAM stellar models (Spada et al. 2017). We obtained
similar conclusions to those reached with the PISA models:
The theoretical predictions for a mass of 4Me are inconsistent
with the locus of S1A in the HR diagram. Specifically, the
luminosity of S1A is at least twice higher than predicted by the
models. Conversely, given the locus of S1A in the HR diagram,
the theoretical models would predict a mass for S1A that is
higher than measured dynamically by 20%–50%. Interestingly,
Stassun et al. (2014) also reported systematic discrepancies
between masses predicted by evolutionary models and
measured in binary systems, but for stars with masses below
1Me. For masses above 1Me, the model predictions and
observed masses were found to be in agreement at the level of
about 10%. We also note that previous dynamical mass
measurements of intermediate-mass stars (e.g., Johnston et al.
2019) did not find a significant discrepancy with evolutionary
models.

To conclude this section, it is worth emphasizing that the
location of S1A above and to the right of the main sequence in
the HR diagram implies that it has not yet reached the main
sequence. Since intermediate-mass stars have a very short pre-
main-sequence lifetime, this places stringent constraints on the
age of the S1 system. For instance, according to the
evolutionary models of Tognelli et al. (2011) shown in
Figure 7, a 5Me star reaches the main sequence in just about
1 Myr. The possible location of S1A along the track of a 5Me
star shown by the green square of Figure 7 would indicate an
age of 0.7 Myr according to the same models. We should
proceed cautiously with obtaining age estimates from the
models, however, because we have just shown that the models
cannot reproduce the location of S1A in the HR diagram given
its measured dynamical mass. Nevertheless, it seems reason-
able to conclude that the age of S1A is likely between 0.5
and 1Myr.

5.3. Stellar Evolution Models with Rotation for S1A and
Magnetic Activity

The evolutionary models considered in the preceding section
do not include rotation. To investigate the possibility that
rotation might help resolve the discrepancy between the
measured dynamical mass of S1A and the evolutionary tracks,
we considered the PARSEC V2.0 evolutionary models
presented by Nguyen et al. (2022). These models include
recent recalibrations of mixing by overshooting and rotation.
They parameterize rotation via the ω parameter, which is
defined as the ratio between the stellar angular velocity Ω and
the breakup angular velocity Ωc (Ωc is the angular velocity for
which the centrifugal force becomes equal to the effective
gravity at the equator).
Figure 8 shows the PARSEC pre-main-sequence tracks for a

4Me star of solar metallicity, appropriate for S1A, for ω values

Figure 6. Spectral energy distribution of S1A. The data points (black squares)
are taken from VizieR (see Table 6), while the fits (color lines) are based on the
extinction curves of Rieke et al. (1989) and Fitzpatrick (1999; see text). The
figure also includes residual plots for each model (bottom panels).

Figure 7. Evolutionary tracks based on the PISA pre-main-sequence stellar
evolution models (Tognelli et al. 2011). These models have a metalicity
Z = 0.02, a helium abundance Y = 0.2880, a mixing length α = 1.90, and a
deuterium abundance XD = 4 × 10−5. The blue, red, and green data squares
indicate stars with Teff = 17,000 K and L = 2120 Le, Teff = 15,700 K and
L = 1430 Le, and Teff = 14,000 K and L = 730 Le, respectively. These
correspond to the three SED models of the same colors in Figure 6. The
gray square shows the locus of a star with Teff = 14,000 K, L = 300 Le, which
would be consistent with a 4 Me star shortly before reaching the ZAMS.
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PISA evolutionary tracks; Z = 0.02, 
Y = 0.288, α = 1.9, XD = 4 × 10−5 

Teff = 17,000 K ; L = 2120 L⊙

Teff = 15,700 K ; L = 1430 L⊙

Teff = 14,000 K ; L = 730 L⊙

Teff = 14,000 K ; L = 300 L⊙

Theoretical models predict a mass 
of 5 to 6 M⊙  (i.e. 25% higher)

P = 1.734 ± 0.001 yr 

e = 0.65 ± 0.01 

i = 25.4 ± 1.9 deg 

aA = 0.418 ± 0.002 au 

aB = 2.043 ± 0.018 au 

a = 0.018“ 

MA = 4.11 ± 0.1 M⊙  
MB = 0.831 ± 0.014 M⊙  

See also poster by Jazmin Ordoñez-Toro 

Ordoñez-Toro et al. (2024)
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Figure 1. (Upper panels:) Intensity maps of LP–349A. The nth contour is at (
p
2)2 ⇥ Smax ⇥ p where Smax is the peak flux

density, n = 0, 1, 2, and p is equal to 40%. (Lower panels:) Intensity maps of LP–349B. The contours are as above but here
Smax is the peak flux density of this source. The date of observation is indicated in the legends.
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Curiel et al. (2024)

• M8 + M9 
• D = 14.12 pc 
• 11 VLBA observations 
• 20 relative IR/optical 

positions 
• 4 radial velocity 

observations

Curiel, Ortiz-León, Mioduszewski, et al.
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<latexit sha1_base64="/Vx+YLRob7fX3WBQGI4CDFgOwg4=">AAACBHicdVDNSsNAGNzUv1r/oh69rBbBU0m0Vj0IVS9ehAr2B5oQNttNu3Q3CbsboYRc9WX0JOrNJ/AFfBs3bQUVndPszCx8M37MqFSW9WEUZmbn5heKi6Wl5ZXVNXN9oyWjRGDSxBGLRMdHkjAakqaiipFOLAjiPiNtf3iR++1bIiSNwhs1ionLUT+kAcVIackzt888Ryok4Cl0AoFwyj2cpVcTMYPIw55ZtionOQ7ghNRyYlVtyz6EdsUaowymaHjmu9OLcMJJqDBDUnZtK1ZuioSimJGs5CSSxAgPUZ90NQ0RJ9JNx1UyuBtEAqoBgeP392yKuJQj7usMR2ogf3u5+JfXTVRw7KY0jBNFQqwj2gsSBlUE80VgjwqCFRtpgrCg+kqIB0hvofRuJV3/qyP8n7T2K3atUr2uluvn0yGKYAvsgD1ggyNQB5egAZoAg3vwCF7Aq3FnPBhPxvMkWjCmfzbBDxhvn/ixmEo=</latexit>
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Mstar  = 0.08 M⊙ 

Giant planets

Required astrometric 
precision easily achieved 
with VLBI and Gaia 

Radio emission from M 
dwarfs and young stars 
suitable for VLBI astrometry
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d = 10 pc



M dwarf binary 
(M7+M8) 
Mtot ≈ 166 MJup 
D =10 pc 
Curiel et al. (2024)

GJ896 AB 
M dwarf binary  
(M3.5 +M4.5) 

Mtot ≈  0.6 M⊙ 
D = 6.25 pc 

Curiel et al. (2022)

Brown dwarf 
(L3.5) 
M ≈ 66 MJup 

D = 9 pc

M dwarf (M4) 
M ≈ 0.23 M⊙ 

D = 6 pc

TVLM 513-46546  
Ultracool dwarf (M9) 
M ≈ 0.06-0.08 M⊙ 
D =10 pc 
Curiel et al. (2020)
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M dwarf binary 
(M5.5+M6) 
Mtot ≈ 0.27 M⊙ 
D = 2.7 pc 
Ortiz-León et al. (in prep.) 

Curiel, Ortiz-León, Mioduszewski, Sánchez-Bermudez, et al.



P     = 221± 5 days 
e     = 0 (fixed) 
i      = 80 ± 9o 
Ω    = 130 ± 8o  
astar = 0.0016 ± 0.0002 au 
       = 145 ± 20 μas 

aplanet    = (0.28-0.31) ± 0.004 au 
             = (28 - 29) mas 
mplanet   = (0.35 - 0.42) ± 0.04 MJup

Curiel et al. (2020)
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TVLM 513-46546
M9 ultracool dwarf 
M ≈ 0.06 - 0.08 M⊙ 
D =10 pc
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GJ 896AB

5.4 arcsec ~ 32 au

Relative astrometry from optical 
and near-infrared data spanning 
~80 yr + 2 radio detections;  
PAB > 200 yr

Absolute astrometry 
Radio observations 2006 – 2020 
Detections of both primary (in 16 epochs) and 
secondary (2 epochs)

Secondary

Primary

Curiel et al. (2022)

Secondary

M3.5 + M4.5 
mA = 0.436 MSun 

mB = 0.165 MSun 
D = 6.25 pc



GJ 896AB
Fit to primary including a new companion and acceleration 
terms to take into account the perturbation of the secondary

New planetary companion 
around primary 
aprimary = 0.003 ± 0.001 au  
           = 520 ± 11 μas 

Pplanet  = 282 ± 2 days 
eplanet  = 0.30 ± 0.11 
iplanet   = 66 ± 15o 

accα = 0.887 ± 0.005 mas yr-2 
accδ = 0.140 ± 0.005 mas yr-2 

aplanet  = 0.635 ± 0.002 au 
           = 101.5 ± 0.4 mas 
mplanet = 2.35 ± 0.49 MJup 

Measured absolute positions of primary

III. ASTROMETRIC PLANET SEARCHES

Curiel et al. (2022)

M3.5 + M4.5 
mA = 0.436 MSun 

mB = 0.165 MSun 
D = 6.25 pc



GJ 896AB
Simultaneous fit to absolute positions of primary, including a new 
companion, absolute positions of secondary and relative orbit of 
the binary

Binary  

PAB = 229 yr 
aAB(A) = 8.66 ± 0.01 au 
aAB(B) = 22.97 ± 0.02 au 
eAB = 0.1080 ± 0.0001 
iAB = 130.07 ± 0.01o 

Secondary

Primary

New planetary companion around 
primary 
aprimary = 0.003 ± 0.001 au (510 μas) 
Pplanet = 284 ± 2 days 
eplanet = 0.35 ± 0.19 
iplanet = 69 ± 26o 

aplanet = 0.640 ± 0.001 au 
         = 102.27 ± 0.15 mas 
mplanet = 2.26 ± 0.57 Mjup 

Measured absolute positions of primary
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M3.5 + M4.5 
mA = 0.436 MSun 

mB = 0.165 MSun 
D = 6.25 pc

Curiel et al. (2022)
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GJ 896AB

3-D orbital architecture of the binary system and its planetary companion

Planetary orbit (x20)

Binary orbit

Large mutual inclination angle between both 
orbital planes

assuming that their position angle of the line of nodes is equal
to 0°. The inclination angles are measured with respect to the
plane of the sky (such that i = 0° corresponds to a face-on
orbit, and it increases from the east toward the observer). Using
the fitted inclination angles we obtain that Δi= 60.9° ± 22.5°
(see Table 3 and Figure 9), which is a very large difference.
The mutual inclination angle Φ between the two orbital planes
can be determined through (e.g., Kopal 1959; Muterspaugh
et al. 2006):

cos i i i icos cos sin sin cos ,
13

Ab AB Ab AB Ab AB( )
( )

F = + W - W

where iAb and iAB are the orbital inclination angles, and ΩAb and
ΩAB are the position angles of the line of nodes. The position
angle of the line of nodes is measured anticlockwise from the
north toward the ascending node. Table 3 contains the
inclination angle and the position angle of the line of nodes
for the planet GJ 896Ab and the binary system GJ 896AB.
There is an ambiguity in the position angles of the line of nodes
(Ω or Ω + 180°, where Ω is the fitted angle), which can be
disentangled by RV measurements. For the orbital motion of
the binary system, recent RV measurements of both stellar
components show that GJ 896B is receding (Vobs(B) = +3.34
km s−1; Morin et al. 2008) and GJ 896A is approaching us
(Vobs(A) = −0.02± 0.31 km s−1; Lindegren et al. 2018); thus
the correct position angle of the line of nodes is ΩAB = 255.09°
(ΩAB + 180°; see Table 3). However, the planetary companion
has no measured RV, so the fitted value of the position angle of
the line of nodes of the orbital plane of GJ 896Ab could be
either ΩAb = 45°.6 or 225°.6; the former is the fitted angle. From
these position angles we calculate a mutual inclination angle
between the two orbital planes of Φ = 148° for the fitted ΩAb,
and Φ = 67° for the second possibility (ΩAb + 180°). Taking
into account the long-term stability of the system (see
Section 5.6), we found that the former solution (Φ = 148°) is
stable in a very long period of time, while the latter solution
(Φ = 67°) is unstable in a short period of time. This result
indicates that there is a large mutual inclination angle of
Φ = 148° between both orbital planes.

Recent observations suggest that the rotation axis of
GJ 896A has an inclination angle of about 60° ± 20° with
respect to the line of sight (Morin et al. 2008), and thus, an
inclination angle of is ∼210° with respect to the plane of the
sky (see Figure 9). On the other hand, the inclination angle of
the rotation axis of the orbital motion of GJ 896Ab is ip
= 159°.2± 25°.61 (ib + 90°). Thus these rotation planes have a
difference in their inclination angles of Δs−p ∼51° (see
Figure 9). This indicates that the orbital motion of the planetary
companion and the rotation plane of the star are far from being
coplanar. We can also compare the angle of the rotation axis of
the host star GJ 896A and the inclination angle, ibs, of the
rotation axis of orbital motion of the binary system GJ 896AB.
In this case the inclination angle is ibs = 220°.065± 0°.010 (iAB
+ 90°). Thus the rotation planes of the star GJ 896A and the
binary system have a difference in their inclination angles of
Δibs−s ∼10°. In addition, the rotation axis of GJ 896B, with
respect to the line of sight, is also about 60° ± 20° (Morin et al.
2008), which is basically the same as that of GJ 896A, and thus
the difference between the inclination angle of the rotation axis
of GJ 896B, with respect of the plane of the sky, compared with

the rotation axis of the binary system is the same as that found
for the star GJ 896A (∼10°). Thus, this suggests that the
rotation planes of both stars are nearly parallel to the orbital
plane of the binary system (Δi ∼ 10°), while the orbital planes
of the planet and the binary system have a mutual inclination
angle of Φ ; 148°. However, having similar inclination angles
does not necessarily imply alignment between the rotation axis
of both stars as the position angles of the line of nodes are
unknown. The rotation axis of the stars could be different, and
thus they could have larger and different mutual inclination
angles with respect to the orbital plane of the binary system.

5.6. Orbital Stability

We applied direct N-body integrations to the full combined
orbital solution obtained from the Keplerian orbits of the binary
system GJ 896AB and the planetary companion GJ 896Ab (see
Table 3). We integrated the orbits for at least 100Myr using the
hybrid integrator in Mercury 6 (Chambers 1999), which uses a
mixed-variable symplectic integrator (Wisdom & Hol-
man 1991) with a time step approximately equal to a hundredth
(; 1/100) of the Keplerian orbital period of the planetary
companion. During close encounters, Mercury uses a Bulrich–
Stoer integrator with an accuracy of 10−12. We identify an
unstable system if: (a) the two companions (the planetary
companion and low-mass stellar companion) collide; (b) the
planet is accreted onto the star (astrocentric distance less than
0.003 au); and (c) the planet is ejected from the system
(astrocentric distance exceeds 200 au). The integration time of
100Myr long exceeds the 10,000 binary periods that is
considered as a stability criterion. The simulation using the
fitted Keplerian orbital parameters proved to be stable for at
least 100Myr. However, the simulation of the alternative
position angle of the line of nodes of the planetary orbit
(Ω=ΩAb+ 180°) turned out to be unstable in very short times,
the planet collided with the host star GJ 896A after a few tens
of thousand years. In this case, the eccentricity of the planetary
orbit increases rapidly due to the interaction between the stellar
companion and the planet. After a few tens of thousand years
the eccentricity reaches an extreme value of 1, and thus the
planet collides against the main star. This indicates that the
fitted solution contains the correct angle of the line of nodes of
the planetary orbit.
To complement our stability analysis, we also performed N-

body long-term integrations using REBOUND (Rein &
Liu 2012). We tested the combined orbital solutions using
two different integrators: IAS15 (Rein & Spiegel 2015) and
Mercurius (Rein et al. 2012). The first one is a 15th-order high-
precision nonsymplectic integrator. The second one is a hybrid
symplectic integrator. These two integrators allow us to
corroborate the results obtained with Mercury 6. For both
integrators, we integrate over 10,000 orbits of the binary
system GJ 896AB using 20,000 points per orbital period (i.e.,
one sampling point every 4 days). This allows us to monitor
the changes in the orbital parameters of the planet GJ 896Ab
with reliable accuracy. Both the best-fit solution reported in
Table 3 and the complementary one with Ω = ΩAb + 180° were
tested. Our results are in agreement with those obtained with
Mercury 6. Our best-fit solution is stable over the whole
integration time, while the alternative solution becomes
unstable in a short period of time. A detailed discussion about
the 3D orbital stability of this binary system is out of the scope
of this paper, and it will be presented elsewhere.
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New planetary 
companion 
iplanet = 69 ± 26o 
Ωplanet = 46 ± 10o 

Binary  
iAB = 130.07 ± 0.01o 
ΩAB = 255.09 ± 0.01o 

Mutual inclination angle 
148o



New planetary 
companion 
iplanet = 69 ± 26o 
Ωplanet = 46 ± 10o 

Binary  
iAB = 130.07 ± 0.01o 
ΩAB = 255.09 ± 0.01o 

Mutual inclination angle 
148o

First binary 
planetary system 
with a fully 
characterized 3D 
orbital plane 
orientation

Torque by the secondary over 
the planetary orbital plane

Credit: Sophia Dagnello, NRAO/AUI/NSF
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GJ 896AB

Large mutual inclination angle between both 
orbital planes

Curiel et al. (2022)

3-D orbital architecture of the binary system and its planetary companion



IV. FUTURE

ASTROMETRIC PLANET SEARCHES WITH GAIA

Estimates suggest Gaia 
will detect some tens of 
thousands of exoplanets 
out to 500 parsec 
(nominal 5 yr mission) 

1000–1500 of these 
planets are expected to 
be orbiting M-dwarfs 
within 100 pc 

72 candidates reported in 
DR3 (Gaia Collaboration et 
al. 2023, A&A…674A..34G)

exoplanet.eu

Deuterium−burning 
mass limit (13 MJ)



A transformative new facility that will replace the VLA and VLBA 

Will achieve 1 μas astrometric accuracy! (NGVLA Memo 58) 

Potential to reveal many more planets

IV. FUTURE

NEXT GENERATION VERY LARGE ARRAY

Frequency coverage: 1.2 - 116 GHz 
Main array of 244x18m antennas 
Core array of 19x6m antennas 
Long baseline array of 30x18m antennas 
10x the sensitivity of the VLA/ALMA 
Early science operations ~ 2031

User science case: Curiel, Ortiz-León & Mioduszewski
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Figure 3. Expected astrometric signals for a one solar mass star distance at the distances of the star forming 
regions Taurus and Ophiucus. The solid lines correspond to the expected astrometric signal Q = 0.01, 0.05, 
0.10, 0.25, 0.50, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 mas. The green line corresponds to an 
astrometric signal 0.1 mas, which is the present limit with the VLBA. The red line corresponds to the 
astrometric signal 0.01 mas, which is a conservative value of the expected limit with the ngVLA. The 
horizontal magenta lines correspond to planetary companions with masses similar to Jupiter and Saturn. 
The vertical line indicates the limit for an observation range up to 5 yrs. This figure shows that the 
astrometric signal is higher at lower distances. The ngVLA will be able to detect Jovian planetary 
companions on orbits with a wide range of orbital periods. 
 
 
(C) Uniqueness to ngVLA Capabilities (e.g., frequency coverage, resolution, etc.) 
  
The best candidates to search for planetary companions with radio astrometry are young star, low 
mass M-Dwarfs, UCD and Brown Dwarfs that show variable, non-thermal radio emission. VLA and 
VLBA observations of these types of stars show radio fluxes from a few tens of μJy to a few mJy. 
The VLBA is capable to observe sources with fluxes as weak as about one tenth of mJy with observing 
times of several hours, while the VLA, with much higher sensitivity but much lower angular 
resolution, can detect radio sources with fluxes of a few tens of μJy with integration times of a few 
hours. In the future, ngVLA will have unique and very important advantages over present VLBI 
facilities. It will have the angular resolution of the VLBA (about one mas), with a sensitivity and 
performance beyond the present capability of the VLA (rms better than 1 μJy/beam in 1 hr 
integration time; according to the ngVLA Performance Estimates Document). Thus, planet detection 
using astrometry with the ngVLA will have several important advantages: 
 

a) The expected sensitivity of the ngVLA will allow the observation of sources that have been 
detected with current VLBI facilities in just several tens of minutes, rather than of the several 
hours needed with the VLBA. This will allow observing campaigns of tens of sources in 

Mstar  = 1 M⊙ D = 135 pc
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Figure 2. Expected astrometric signal for a combination of stellar mass and distance, produced by a wide 
range of planetary masses and orbital periods. The solid lines correspond to the expected astrometric 
signal Q = 0.01, 0.05, 0.10, 0.25, 0.50, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 mas. The green line 
corresponds to an astrometric signal 0.1 mas, which is the present limit with the VLBA. The red line 
corresponds to the astrometric signal 0.01 mas, which is a conservative value of the expected limit with the 
ngVLA. The horizontal magenta lines correspond to planetary companions of different masses. The vertical 
line indicates the limit for an observation range up to 5 yrs. This figure shows that at a given distance, the 
astrometric signal is higher in the case of lower mass stars, and at a given stellar mass, the signal is higher at 
lower distances. The ngVLA will be able to detect Jovian planetary companions on orbits with a wide range 
of orbital periods. Even rocky planets (super-earth and earth-like planets) associated to very low-mass, 
close by stars will be detected with the ngVLA.  
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NEXT GENERATION VERY LARGE ARRAY
A transformative new facility that will replace the VLA and VLBA 

Will achieve 1 μas astrometric accuracy! (NGVLA Memo 58) 

Potential to reveal many more planets

Frequency coverage: 1.2 - 116 GHz 
Main array of 244x18m antennas 
Core array of 19x6m antennas 
Long baseline array of 30x18m antennas 
10x the sensitivity of the VLA/ALMA 
Early science operations ~ 2031

User science case: Curiel, Ortiz-León & Mioduszewski

How many will 
be discovered 
by the ngVLA? 

Mstar  = 0.1 M⊙ D = 10 pc
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• VLBI astrometry (in combination with Gaia) has been fundamental for the 
characterization of molecular cloud 6D structure and the stellar systems that live 
within them. 

• Astrometry of binary stars allow the determination of dynamical masses, which 
are being used to test evolutionary models and derive precise stellar parameters. 

• VLBI astrometry could make a unique contribution to the field of exoplanet 
research: 

• Can constrain all the orbital parameters, including planetary mass  

• Can characterize the true 3D structure of binary planetary systems

SUMMARY Radio Stars in the Era of New Observatories 
MIT Haystack Observatory, MA, April 18th 2024


