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ABSTRACT

Context. Close young binary stars are unique laboratories for the direct measurement of pre-main-sequence (PMS) stellar masses and their
comparison to evolutionary theoretical models. At the same time, a precise knowledge of their orbital parameters when still in the PMS phase
offers an excellent opportunity for understanding the influence of dynamical effects on the morphology and lifetime of the circumstellar as well as
circumbinary material.

Aims. The young T Tauri star WW Cha was recently proposed to be a close binary object with strong infrared and submillimeter excess associated
with circum-system emission, which makes it dynamically a very interesting source in the above context. The goal of this work is to determine the
astrometric orbit and the stellar properties of WW Cha using multi-epoch interferometric observations.

Methods. We derive the relative astrometric positions and flux ratios of the stellar companion in WW Cha from the interferometric model fitting
of observations made with the VLTI instruments AMBER, PIONIER, and GRAVITY in the near-infrared from 2011 to 2020. For two epochs, the
resulting uv-coverage in spatial frequencies permits us to perform the first image reconstruction of the system in the K band. The positions of nine
epochs are used to determine the orbital elements and the total mass of the system. Combining the orbital solution with distance measurements
from Gaia DR2 and the analysis of evolutionary tracks, we constrain the mass ratio.

Results. We find the secondary star orbiting the primary with a period of T =206.55 days, a semimajor axis of a =1.01 au, and a relatively high
eccentricity of e =0.45. The dynamical mass of M, =3.20 M, can be explained by a mass ratio between ~0.5 and 1, indicating an intermediate-
mass T Tauri classification for both components. The orbital angular momentum vector is in close alignment with the angular momentum vector of
the outer disk as measured by ALMA and SPHERE, resulting in a small mutual disk inclination. The analysis of the relative photometry suggests
the presence of infrared excess surviving in the system and likely originating from truncated circumstellar disks. The flux ratio between the two
components appears variable, in particular in the K band, and may hint at periods of triggered higher and lower accretion or changes in the disks’
structures.

Conclusions. The knowledge of the orbital parameters, combined with a relatively short period, makes WW Cha an ideal target for studying the
interaction of a close young T Tauri binary with its surrounding material, such as time-dependent accretion phenomena. Finding WW Cha to be
composed of two (probably similar) stars led us to reevaluate the mass of WW Cha, which had been previously derived under the assumption of
a single star. This work illustrates the potential of long baseline interferometry to precisely characterize close young binary stars separated by a
few astronomical units. Finally, when combined with radial velocity measurements, individual stellar masses can be derived and used to calibrate
theoretical PMS models.

Key words. binaries: close — stars: pre-main sequence — stars: variables: T Tauri, Herbig Ae/Be — stars: individual: WW Cha —
techniques: high angular resolution — techniques: interferometric

1. Introduction of PMS stellar evolution (e.g., Siess etal. 2000; Dotter et al.
2008; Tognelli et al. 2011; Baraffe et al. 2015). However, despite
the improved accuracy of such theoretical models, the early
stages of PMS stellar evolution still remain relatively uncer-

tain. Furthermore, the derivation of stellar masses from the evo-

While the formation of T Tauri stars is generally well under-
stood, masses and ages of pre-main-sequence (PMS) stars are
usually derived via the comparison of their positions in the

Hertzsprung-Russell diagram (HRD) with theoretical models

* GRAVITY is developed in collaboration by the Max Planck Insti-
tute for Extraterrestrial Physics, LESIA of Paris Observatory, IPAG of
Université Grenoble Alpes/CNRS, the Max Planck Institute for Astron-
omy, the University of Cologne, the Centro de Astrofisica e Gravitagao,
and the European Southern Observatory.

Article published by EDP Sciences

lutionary tracks requires accurate photometry and extinction
estimates. Model-independent dynamical masses can be mea-
sured in binary systems, which requires the determination of
the orbital parameters. Complemented with radial velocity (RV)
spectroscopic measurements and knowledge of the orbit incli-
nation, the mass of the individual components can be obtained.
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While at least 50% of solar mass type stars are found to be in
binary systems (Raghavan et al. 2010; Duchéne & Kraus 2013,
and references therein), the set of orbital parameters is only
known, from multi-epoch monitoring, for a limited number of
T Tauri binary stars (e.g., Mathieu et al. 2007; Schaefer et al.
2014; Kellogg et al. 2017, and references therein). Because of
the potentially long orbital timescales, close binary stars with
periods shorter than a few years are the preferred targets for orbit
determination. These are, for instance, spectroscopic binaries
with periods on the order of tens of days that are characterized
in spectro-photometry campaigns (e.g., UZTau E and DQ Tau;
Martin et al. 2005; Czekala et al. 2016) and binaries with a few
au separation (e.g., GG Tau Ab; Di Folco et al. 2014) character-
ized through high-angular-resolution techniques.

Another interesting aspect concerning close young binary
systems regards the study of the interaction between the orbit-
ing pair and the long-lived circum-system environment, which
may be dynamically influenced by the binary star. While for
the widest binaries (a > 100au) each component may host a
circumstellar disk with properties similar to those of the disks
around single stars (Mathieu 2007), tidal forces and truncation
effects occur in the existing circum-stellar and -binary disks
around binaries with a few tens of au separation, leading to pecu-
liar morphologies and/or configurations (Miranda & Lai 2015;
Kurtovic et al. 2018; Kennedy et al. 2019; Czekala et al. 2019),
or possibly to reduced disk lifetimes (Cieza et al. 2009). In this
context, our comprehension of disk properties and evolution in
close binaries raises important questions regarding the as-of-yet
poorly understood processes of planet formation in close binary
systems (Hatzes et al. 2003; Chauvin et al. 2011; Doyle et al.
2011; Welsh et al. 2012). The influence of close binarity on key
stellar processes — resulting, for instance, in pulsed gas accre-
tion (Tofflemire et al. 2017; Muzerolle et al. 2019) — is another
example of interaction involving disk evolution and multiplicity.
In both cases, the clear knowledge of the binary orbital solution
is a strong prior for a correct interpretation of the observations.

In this work, we study WW Cha; it is a young variable
PMS star located in the ChamaeleonI molecular cloud and is
one of the brightest nearby T Tauri stars. The star is located
at the revised distance of 191.0*3 pc (Bailer-Jones et al. 2018,
cf. Appendix D), slightly farther than the previously assumed
distance of ~160 pc for Chamaeleon I (Whittet et al. 1997), and
has a median age of ~1 Myr (Luhman 2007 determined after
revising the distance of the cloud to ~190pc; see, e.g., Knude
2010; Belloche et al. 2011). Spectroscopic measurements sug-
gest a spectral type between K5 (T, =4350K; Luhman 2007)
and KO (7, =5110K; Manara et al. 2016). Manoj et al. (2011)
report a strong infrared excess for that source, which is attributed
to circumstellar emission from the hosted protoplanetary disk.
Thanks to Very Large Telescope Interferometer (VLTI) long
baseline interferometry, WW Cha was found to be a binary star
by Anthonioz et al. (2015), who measured a flux ratio of ~0.6 in
the H band and an angular separation between 4.7 and 6.4 mil-
liarcseconds (mas) in three epochs. WW Cha cannot therefore be
spatially resolved with current single-dish telescopes.

We have acquired new interferometric observations of
WW Cha with the instruments AMBER (Petrov et al. 2007) and
GRAVITY (GRAVITY Collaboration 2017) and combine them
with existing PIONIER (Le Bouquin et al. 2011) archival obser-
vations. With this unique multi-epoch high-resolution dataset,
we conduct a detailed astrometric study of the binary star to
determine the orbital solution for the pair. Section 2 describes
the observations and data reduction. In Sect. 3, we present the
results of our modeling of the binary astrometry and photome-
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try, as well as report the derived orbital solution. We discuss our
results and perspectives in Sect. 4 and finally conclude the paper
in Sect. 5.

2. Observations and data reduction

The data were taken in the H and K bands between 2011 and
2020 with the VLTI, which can combine the light of up to four
telescopes using either the 8.2 m Unit Telescopes (UTs) or the
relocatable 1.8 m Auxiliary Telescopes (ATs). The observable
quantities measured with the interferometer are the (squared)
visibilities, which inform us on the object’s characteristic size,
and the closure phases, which indicate how the intensity distri-
bution of the object departs from a centrosymmetric geometry
(Monnier 2003).

PIONIER. Observations of WW Cha were obtained with four
ATs in 2011, 2012, and 2015. The 2011 and 2012' data were
acquired in undispersed mode in the H band, whereas the 2015
data were in part acquired in dispersed mode with a spectral res-
olution of R~ 30 at 1.65 um. The six baselines span a range of
22—-123 m, which corresponds to a maximal spatial resolution
A/2B of ~1.4mas (~0.3au) at the distance of the source (i.e.,
191 pc). The data were reduced and calibrated using the PIO-
NIER data reduction software PNDRS (Le Bouquin et al. 2011).

AMBER. WW Cha was observed with AMBER and three
UTs in 2009 (082.C-0920(A)) and 2017 (098.C-0334(F,G)) in
low-resolution mode (R ~35) across the H and K bands simul-
taneously. However, due to a technical failure of one of the tele-
scopes in 2009 (hence offering only one baseline in that case)
and bad weather conditions for the first run in 2017, we only
retained the second AMBER run from 2017 for this study. Fur-
thermore, difficulties in the absolute calibration of the data in
the H band led us to only exploit the low-resolution K band sig-
nal here. The UT2-UT3-UT4 triplet offers a spatial resolution of
2.6 mas (~0.5 au) in the K band. To reduce and calibrate the data,
the software package amdlib (Tatulli et al. 2007; Chelli et al.
2009) was used. We selected 20% of the frames with the highest
signal-to-noise ratio (S/N) for both calibrator and science data.
We then calibrated the science measurement with the transfer
function derived from two observations of the associated unre-
solved calibrator.

GRAVITY. WW Cha was observed with GRAVITY and the
UTs in 2019 (one epoch), delivering a maximum spatial reso-
lution of ~2.0mas (~0.4 au). The source was further observed
in 2020 for two different epochs using the AT medium con-
figuration that delivers a resolution of ~2.5 mas (~0.5 au). The
data were reduced using the GRAVITY data reduction pipeline
(Lapeyrere et al. 2014). All GRAVITY data were acquired
simultaneously at high spectral resolution (R ~ 4000, 1742 chan-
nels across the K band from 2.0 to 2.4 um) in the science instru-
ment and at low spectral resolution (five channels across the K
band) with the fringe tracker (FT) operating at 1.2 kHz (0.3 kHz
for parts of the 2020 observations) to minimize the impact of the
atmospheric turbulence. For each epoch, we checked the out-
come of the data reduction by comparing the squared visibili-
ties and closure phases measured with the science and FT instru-
ments. We find a high consistency between the two datasets.

In this study, we focus our efforts on modeling the contin-
uum emission, which corresponds to the thermal flux of the

' The 2011 and 2012 data are not available via the ESO data archive.
The calibrated data (as published in Anthonioz et al. 2015) were down-
loaded from the PIONIER consortium website.
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central stellar pair and its circumstellar environment. Within
the data reduction pipeline, the high-resolution spectral data
were re-binned from 1742 to 22 channels to increase the S/N
over the continuum. This provides low-resolution spectral data
that are more homogeneous across the band, with smaller error
bars, and which are cleaned of data reduction outliers. In
Appendix C, we show the comparison between the original and
binned datasets for a subset of our GRAVITY uv-points. Fol-
lowing GRAVITY Collaboration (2019), we considered, in some
cases, a floor value for the error bars, computed by the pipeline,
of £0.02 and +1° on the squared visibilities and on the closure
phases, respectively. This was applied when the error bars com-
puted by the pipeline appeared to be unreasonably small in order
to avoid the effect of underestimated or correlated uncertainties.
The stability of the GRAVITY transfer function and the overall
accuracy on the interferometric observables allowed us to pro-
cess the two datasets from January 2020 as two separate epochs
for the orbit determination despite them being obtained within a
short time span (see Sect. 3.1).

The observation log can be found in Table A.1 together with
the reduced data in Figs. A.1 and A.2. The logs describe the
sequence of observation of the scientific target with the corre-
sponding calibrators, the instrument, and the associated array
configuration. Key information on the weather conditions is also
provided. The figures show the measured squared visibilities,
closure phases, and uv-coverage for all the datasets.

3. Modeling and results
3.1. Astrometry and relative photometry

In order to fit the binary position for each available epoch, we
followed the approach in Anthonioz et al. (2015), using a model
consisting of two point sources and an extended source in the
form of a fully resolved component. While the point sources
mostly represent the two stars, part of the flux attributed by the
model to the point sources very likely comes from circumstel-
lar material as well. The extended emission component is meant
to represent the flux coming from all other sources that do not
directly surround the two stellar components. This flux can be
attributed to scattered light, flux coming from a circumbinary
disk, or emission from connecting streamers. Adding all these
options individually would unnecessarily complicate the model
when the goal is to find the relative binary positions; they are
thus combined into one smooth component.

To find the best fit of this model to the measured squared vis-
ibilities and closure phases for each epoch, we first conducted
an extensive grid search over the following four parameters: the
two relative positions of the secondary (e, ), the flux ratio (rel-
ative to the primary) of the secondary, f> = Fcomp/Fprim, and the
flux ratio of the extended source, f3 = Fext/Fprim. For @ and g,
we cover a range from —15 to +15mas, with a step size of
0.5 mas. The flux ratios f, and f; were scanned in step sizes
of 0.1 from O to 1. From this four-dimensional grid, we pro-
duced, for each epoch, a two-dimensional y?-map for the rela-
tive position of the secondary, with each pixel representing the
best y?-value with respect to the flux ratios at the given position
(see Figs. B.la—i). After the best parameters in the grid were
identified, we performed a Markov chain Monte Carlo (MCMC,
Foreman-Mackey et al. 2013) simulation for each epoch, with
the initial walkers distributed closely around the previously iden-
tified parameter values. In this way, we determined the high-
est likelihood for the four parameters with high precision and
derived the error estimate at the lo- confidence interval (see
Fig. B.2). As one can see from Fig. B.1, the epochs A, B, and E

feature several local y>-minima with comparable values. Deter-
mining the true position requires additional prior knowledge, as
presented in Sect. 3.2.

With this approach, we confirm the results of Anthonioz et al.
(2015), finding very similar relative positions for epochs A, B,
and C, and further determine the position and flux ratios of the
companion for six additional epochs, which indeed can only be
explained by a gravitationally bound binary star system. The
results can be found in Table 1 and are discussed in Sect. 4.

The uncertainties reported in our table are the 1o statistical
error bars resulting from the fit presented in Fig. B.1 and imple-
mented for the described geometrical model. In some cases, and
in particular for the GRAVITY points, the uncertainty is less than
~10 pas. We decided to investigate a more conservative estimate
of the uncertainties on the position of the secondary, which is
ultimately used for the derivation of the orbital parameters. For
this purpose, we tested our data fit with slightly modified geo-
metrical models in which, for instance, we added ring struc-
tures or replaced the point sources with Gaussian functions. The
goal was to constrain the adopted astrometric accuracy by better
accounting for the simplicity of our geometrical source model.
After discarding solutions with a y?-value that differs by more
than twice the best fit, we estimated, for each epoch, the sys-
tematic astrometric error as the median of the deviations from
the best fit shown in Table 1. For AMBER and PIONIER, we
find that the systematic error is on the same order of, or smaller
than, the statistical error. For GRAVITY, the systematic error is
found to range between 10 and 50 pas for the six «, 8 positions.
These values are adopted as uncertainties for the fit of the orbital
parameters in Sect. 3.2.

3.2. Determination of the orbital solution

As shown in the previous section, the relative positions for six
of the nine available epochs can be determined unambiguously.
Thus, we first determined the most likely orbital solution using
only these six unambiguous identified positions. To do so, we
scanned over a large range of orbital parameters, applying both a
grid search (as, e.g., in Kohler et al. 2013) and an MCMC-based
approach. Both methods were followed by a local optimiza-
tion (BFGS algorithm, Nocedal & Wright 2006; Virtanen et al.
2020) and resulted in the same orbital parameters, which were
applied to draw the intermediate orbit solution shown in Fig. 1.

In the next step, we first identified the possible positions
of the companion that best match the intermediate orbit in the
Xz-maps of runs A, B, and E. All three epochs show multiple,
but very localized, y*>-minima with comparable values. Figure 1
compares the expected positions — according to the six-epoch
intermediate orbit — to the y?-maps of the position fits for the
three ambiguous epochs, A, B, and E. As can be seen for each of
these three epochs, the predicted position clearly coincides with
one of the local minima in the y*-map, which is thus assumed
to be the correct minimum and reported in Table 1. The ratio’
X%est / Xin (after local optimization) of the best matching position
to the next best local y2-minimum is 1.00 for epoch A, 1.33 for
epoch B, and 0.69 for epoch E. A value larger than one indicates
that the chosen position is not the one that fits the data best. This
is only the case for epoch B; however, for this and the other two
epochs, none of the other possible positions are close enough to
the intermediate orbit solution to be considered.

Finally, we refined the orbital solution by fitting the sec-
ondary position for all nine epochs together. The final orbital

2 The subscript “alt” refers to “alternative”.
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Table 1. Astrometry and photometry of the WW Cha binary system as determined from interferometric observations.

Date Run Instrument @ [mas] Blmas]  feomp/ fprim Jext/ forim szn_in (V) myprim MH comp
10/2/11 A PIONIER  -248%00°  512*007  0.61700>  0.2370:° 2.48(6) 7.87'045 8.41701%
6/3/12 B PIONIER —4.84’:8: {‘2‘ 4.05f8:8(7’ 0.69f8:8f{ O.46f8: };‘ 2.06(6) 8.04f8:§§ 8.44f8:j
2/7/12 C PIONIER —2.99’:8:82 -3.5 81’8:8; 0.68f8:8§ O.29f8:83 0.93(6) 7.951’8:}1 8.36’:8:{2
5/2/15 D PIONIER -1 .43’:8:8% 5 .28f8:8§ 0.70f8:8§ 0.45f8:8{ 1.68(61) 8.04f8:83 8.43’:8:{%
13/2/15 E  PIONIER  -0.55*%0%%  537700%  0.59*00%  0.517093 1.26(19) 8.02*01%  8.59*022
MK prim MK, comp
9/3/17 F AMBER —5.99’:8:8? 1.13“_’8:%? 0.61“_’8:8{ 0.33j8:8§ 0.37(56) 6.80“_’8:82 7.34’:8:8;
20/6/19 G  GRAVITY _5-777t8ﬁ88§ 1.97“_’8:8{ 0.505f8:88} 0.423’:8:88; 8.89(1316) 6.79“_’8:8? 7.53’:8:82
(squeeze) —5.790t8:8jg 1.941’8181 0.61 lfg:gj} - 1.06(1316) - -
28/1/20  H  GRAVITY —5.040f8:88§ 3.325f8:8} 0.857’:8:88211 0.42f8:8§ 9.17(185) 6.97f8:8§ 7. 14f8:8§
30/1/20 | GRAVITY —4.875f8:88§ 3.473f8:88§ 0.81 3’:8:88% 0.360’:8:882 12.17(1336) 6.92f8:8§ 7.15’:8:82
(squeeze) —4.854f8:8§g 3.473t818§§ 0.833’:8:838 - 7.12(1336) - -

Notes. Best-fit results of the astrometry and relative photometry of WW Cha with 1o errors. For three PIONIER epochs (runs A, B, and E),
multiple minima are found (cf. Sect. 3.2). For the three GRAVITY points, the systematic astrometric errors are estimated for « to be 0.02, 0.01,
and 0.01 mas, and for 8 to be 0.02, 0.05, and 0.01 mas, respectively (see text). For the two GRAVITY epochs with independent image reconstruction
(runs G and I), the relative positions and flux ratios resulting from the Gaussian fits (cf. Sect. 3.3) are shown as well. The an i 18 the reduced x>
value of the best fit, taking the degrees of freedom v into account. The last two columns indicate the H and K band apparent magnitudes for the
primary and secondary, assuming the unchanged 2 MASS total magnitudes of my =7.21 £0.08 and mg =6.08 = 0.05. In most cases, the relative
magnitudes are limited by the 2 MASS uncertainty. The technical details concerning the runs are given in the appendix.

parameters and the 30~ confidence interval were determined by
an MCMC estimation?; the result is shown in Table 2, the derived
orbit in Fig. 2, and the MCMC marginal posterior distributions
of the parameters in Fig. 3. Interestingly, the astrometric residu-
als of the best-fit orbit at the three GRAVITY epochs are found
to be less than 40 pas, in agreement with our estimate of the sys-
tematic errors in Sect. 3.1.

3.3. Image reconstruction

For two of the GRAVITY epochs, namely 2019-Jun-20 and
2020-Jan-30, the uv-plane is sampled well enough (see Fig. A.2)
to attempt a first-order model-independent image reconstruction
for a simple binary object. The primary goal is to verify the con-
sistency of the retrieved positions and flux ratios with the model
fitting approach.

For this purpose, we applied the SQUEEZE algorithm
(Baron et al. 2010). For the results shown in Fig. 4 and reported
in Table 1, we used no initial image, which, in the case of
SQUEEZE, implies starting with all of the flux concentrated in
the central pixel of the grid. The pixel scale is usually defined
by the resolution of the interferometer and is thus dependent on
the longest projected baseline. Using oversampling by a factor
of two (A6 < A/(4Bnax), according to Thiébaut & Young 2017)
results in pixel scales of 0.9 maspx~' and 1.1 maspx~' for the
2019 and 2020 data, respectively. We thus chose a pixel scale
of 0.8 mas px~! for both epochs. The edge length of the squared
field of view is 30.4 mas and was chosen to be approximately
three times larger than the main extent of the reconstructed
object. Except for the field of view regularization, which keeps

3 The difference between this and the first MCMC fit is that, for the
first, a large number of walkers (500) are randomly distributed over a
large range of the possible parameter space, while for the second, the
initial distribution of the walkers is drawn very closely (i.e., in an inter-
val smaller than the resulting confidence interval) around the previously
found best fit.
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Fig. 1. Best-fit orbit (blue; rotation counterclockwise) of the six unam-
biguous epochs (C, D, F, G, H, and I), marked by yellow crosses and
error bars. The error is the 1o~ confidence interval of the positions given
in Table 1. Most error bars are smaller than the representing crosses.
The dashed line represents the line of nodes, and the dotted line con-
nects peri- and apoastron. The y>-maps of the positions of the secondary
for epochs A, B, and E are shown in green, red, and purple, respectively.
Encircled are the local minima that visually match the derived orbit the
best, with the center of each circle at the expected position for each
epoch.

the flux centroid in the middle of the image, no other regulariza-
tion was used.

Other combinations in addition to the above settings were
tested. These include starting from a random image, pixel scales
of 0.5mas px~! and 0.2 mas px~!, a field of view of 60x 60 mas?,
and using additional regularization functions, such as the total
variation and the LO sparsity norm. None of the alternative
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Table 2. Results of the orbit fit.

Parameter Value 30 uncertainty
a [mas] 5.28 fg:g
a [au] 1.01 fg:g%

0.09
T [days] 206.55 fg'gg

+0.!

e 045 oo
i[°] 317 3
Q@ 37.0 125
wl°] 824 38
1, [MID] 554619 *3%
Mot [Mo] 3.20 tggg
X 2.03

Notes. The parameters are semimajor axis a, eccentricity e, inclination i,
longitude of the node Q, argument of periastron w, time of periastron t,,
and period 7. The combined mass of the stars, M\, is calculated assum-
ing a distance of d = 191.0 pc. The position angles of the ascending
node and descending node are not distinguishable; this is the one that is
<180°.

East (mas)

Fig. 2. MCMC result of the orbit (blue) using all nine epochs of Table 1,
with a 1o error. The red segments illustrate the residual of the fit. The
gray area represents the 30~ confidence region. The rest is the same as
in Fig. 1.

reconstruction results deviate strongly from the one described
above when the following criteria are fulfilled: They have the
same relative positions (within the errors), they have similar flux
ratios, there are no additional substructures, and the two main
features have a similar shape. The results of the tests for three
different pixel scales are illustrated in Fig. E.1 and clearly show
a similar trend in terms of astrometry and relative flux.

The result of the image reconstruction shows two elongated
Gaussian shapes with changing position angles, as seen in Fig. 4.
The orbital motion is clearly detected. The flux ratio between the
two components appears to change noticeably between the two
epochs. By fitting an elongated Gaussian to both bright sources,
we derived the relative position and flux ratio (as the ratio of
the height of the Gaussians) as well as the corresponding uncer-
tainties, which are reported in Table 1. The uncertainties are the
uncertainties of the Gauss fits, and further uncertainties com-

ing from the image reconstruction process are not taken into
account. We find that the position of the secondary measured in
the reconstructed image is consistent with the results of the para-
metric fit within 30 pas, which indicates the robustness of the
result regarding this quantity. Similarly, the derived flux ratios
are also in very good agreement.

We note that the elongation of the Gaussian shapes and their
changing position angles, as well as the additional fainter struc-
tures in the reconstructed image, most likely result from the
incomplete and irregular uv-coverage, which may produce image
artifacts. Therefore, considering the limited spatial resolution
in comparison to the size of any extended circumstellar emis-
sion, further interpretation of the relative elongation of the recon-
structed Gaussian blobs in terms of the spatial properties of the
circumstellar disks has not been the aim of this section.

4. Discussion
4.1. Observed properties of WW Cha

The squared visibilities and closure phases measured with the
three VLTI instruments clearly show a well-resolved source with
clear evidence of asymmetry in the continuum emission. As seen
in Fig. A.2, the sinusoidal shape of the squared visibilities as
a function of the spatial frequencies points to a general trend
expected for a binary star. The closure phase signal is strong,
exceeding 100° on many occasions. The resulting astrometry
evidences a separation varying from 4.6 mas to 6.3 mas. With
the adopted model, both the H and K band photometry is con-
sistent with a flux ratio between 0.5 and 0.9. The contribution of
the extended emission is significant, with a relative contribution
to the total flux of 13% to 24% (cf. Table 1). Complementing
the results of Anthonioz et al. (2015) with new observations, we
propose, for the first time, an orbital solution for this young T

Tauri system. A period of T = 206.55*)0 days and a semimajor

axis of a = 1.01*):0> au place WW Cha in a range of separation
that has been poorly covered by previous large imaging surveys
in Chamaeleon (Lafreniere et al. 2008; Daemgen et al. 2016).

The relatively short period paired with the available knowl-
edge of the full orbital parameters make WW Cha easy to survey.
It is thus a prime target for testing theories of dynamical interac-
tions between the binary star and its environment.

4.2. Dynamical mass

The dynamical mass of the system can be self-consistently
derived from the knowledge of the orbital solution and is found
to be My = 3"20t83(5) M (30 confidence level). This classifies
the object as an intermediate-mass T Tauri binary star, assum-
ing a mass ratio of unity and following Calvet et al. (2004), who
define intermediate-mass T Tauri stars with 1 My <M <5 M.
The mass ratio cannot be measured directly from these data and
will become accessible from spectroscopic RV measurements
combined with the knowledge of the orbit inclination reported
here.

The RV of WW Cha as predicted from our orbital solution
ranges from —19.3kms™! to 17.1 kms™! in the case of an equal
mass binary (g = 1), and from —25.8 kms~! t0 22.9 km s~! for the
lower-mass companion for ¢ = 0.5. The maximum RV separation
of WW Cha is 38.5kms™! (independently of the mass ratio; see
Fig. 5).

Nguyen et al. (2012) monitored the RV of WW Cha (among
211 other T Tauri stars) for four epochs between February and
December 2006. They measured a relatively high weighted RV
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Fig. 3. MCMC marginal posterior distributions of the fitted orbital parameters for all nine epochs. The errors are the 30~ confidence intervals.
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confidence intervals.

standard deviation of 6 km s~! but did not consider WW Cha as a
candidate for binarity due to the relatively high systematic noise
of 4kms~!. WW Cha was also not detected as a double-peaked
spectroscopic binary (SB2) by the same authors, although they
report ~10kms™! as a lower limit for a detectable velocity sep-
aration, which is about twice the sampling interval. One reason
could be that WW Cha was observed within epochs with lower
RV separation®.

Based on Fig. 5, the required spectral resolution to
resolve WW Cha as an SB2 binary would be ~10km s7! (e,
R ~30000). Even twice this resolution is accessible with instru-
ments such as CRIRES and ESPRESSO, with R=60000 and
R =140000, respectively. Using our orbital solution and derived
expected RVs will help in finding the binary signal in spectro-
scopic data as well as in planning spectroscopic observations at
the best suitable epochs.

4 This is not tested here since the observation epochs are not
accessible.

A37, page 6 of 18

4.3. Stellar parameters

In order to further constrain the stellar properties of the indi-
vidual components, we adopted the classical approach that con-
sists in comparing the mass and temperature to PMS evolution-
ary models. We used and compared the Siess tracks (Siess et al.
2000) and the Pisa tracks (Tognelli etal. 2011), accounting
for a marginal subsolar metallicity of Chal (James et al. 2006)
in order to explore the range of possible mass ratios g for
the WW Cha system. An alternative way would be to analyze
each component separately, making use of the individual H
and K band photometry that was derived by comparing the
2MASS (Skrutskie et al. 2006) total magnitudes with the flux
ratio feomp/ forim (Table 1). However, the flux ratio as derived
from our interferometric fits is not directly comparable to the
intrinsic stellar flux ratio. This is because it is likely that part of
the H and K band flux originates from circumstellar warm and
hot material.

We consider two cases for the age of WW Cha, namely the
median age of Chamaeleonl of 2 Myr, as previously estimated
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Fig. 5. Relative (with respect to barycenter) RVs as derived from our
orbital solution for the cases of ¢ = 1 (solid) and ¢ = 0.5 (dotted).
The RV of the primary is in orange, and the companion is in blue.
Depicted on the left are the spectral resolutions of X-shooter, CRIRES,
and ESPRESSO in purple, green, and red, respectively. We note that the
RV precision is much more accurate.

at 160 pc by Luhman (2007), and the age of 1 Myr that was esti-
mated when revising the distance to 190 pc. We also considered
a range of effective temperatures of the primary — which dom-
inates the system photometry — from 4350K (K5) to 5110K
(KO0), as reported by Luhman (2007) and Manara et al. (2016)
through spectral fitting in the red (i.e., 640—880 nm) and the blue
(i.e., 340—460 nm) optical spectrum. Regarding the large differ-
ence in spectral type between these two sources, we note that
Pascucci et al. (2016) favored the earliest spectral type, citing
the lack of good temperature diagnostics in the low-resolution
spectra from Luhman (2007).

With this information and the knowledge of the dynamical
mass, we explored the range of the ¢ parameter, accounting for
a minimum mass of the primary of 1.6 M. Figure 6 shows the
expected differences in the derived mass ratio with the consid-
ered evolutionary model, although the resulting range of possi-
ble mass ratios for the two estimated ages remains qualitatively
comparable. At the younger age of ~1 Myr, our derived dynam-
ical mass is compatible with a mass ratio g that is between ~0.3
and 1; it is limited to ~0.5—1 at the more evolved age of ~2 Myr.

This result shows that inferring stellar parameters in a binary
system with an independently known total mass is possible.
However, this approach is well known to be critically dependent
on reliable estimates of the effective temperature and age, which
suggests that a more accurate estimate of the mass ratio needs,
in the end, to be robustly complemented by spectroscopic RV
measurements.

4.4. Interaction with disk(s)

The spectral energy distribution of WW Cha exhibits a large
infrared excess that is typically associated with disk-like emis-
sion in the system. Since WW Cha is found to be a close (~1 au)
binary, we expect strong dynamical effects on the disk environ-
ment due to the tidal forces.

The observations that can best be compared to the orbit
are observations of the circumbinary disk around WW Cha
obtained with VLT/SPHERE (Garufi et al. 2020) and ALMA
(Pascucci et al. 2016). While in the SPHERE image the inner-
most 35 au are blocked by the coronagraph, the image shows
a large outer disk with spiral structures that extend to at least
100 au as well as filaments that reach out as far as a few hundred
astronomical units. The disk inclination is not clearly determined
from SPHERE due to the presence of spiral structures; however,
it is considered to be moderate by the authors and seems to be
in coarse agreement with our measured value, i = 37.7’:3:;0 of
the orbit. A much better estimate of the disk inclination comes
from the ALMA observations (Pascucci et al. 2016), which fit
the submillimeter emission with an elliptical Gaussian with a
full width at half maximum of 0.56 x 0.44 arcsec. This trans-
lates into an inclination of i = 38.2°, which is remarkably
close to the orbit inclination, although no error bars are reported.
Garufi et al. (2020) estimated the position angle of the disk to
be ~50°, which is comparable to the longitude of the ascend-
ing node of the orbit, Q= 37.0ﬁg:g°. Combined with the ALMA
inclination, this would result in a mutual disk-binary inclination
of 6~ 8° (cf. Czekala et al. 2019, Eq. (1)), and thus hints at a
coplanarity between the circumbinary disk and binary orbit.

The disk’s spiral features may be interpreted as tidal disrup-
tion that is induced by the binary in the inner disk and is prop-
agating outward. This assumption is supported by the clockwise
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Fig. 6. Derivation of the stellar mass ratio in WW Cha via comparison
with evolutionary models. The gray curve uses the Siess tracks, and
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for better readability. The derived temperature and luminosity are only
reported for the primary component for the two extreme values of the
mass ratio.

wrapping of the spiral structures, which is expected for a binary
in counterclockwise rotation and has been predicted in this form
by simulations (e.g., by Giinther & Kley 2002; Dunhill et al.
2015; Muiioz & Lai 2016; Muiioz et al. 2020). With our new
description of WW Cha’s orbit, future hydrodynamic simula-
tions, tailored to these findings, will explore the finer dynami-
cal interactions between the disk and the close binary, while new
ALMA observations will explore the inner regions of the cir-
cumbinary disk (e.g., Kurtovic et al. 2018).

As opposed to GRAVITY, SPHERE does not deliver suffi-
cient spatial resolution to explore the immediate environment
of the binary components themselves. Although a detailed mor-
phological study of potential circumstellar disk components is
beyond the scope of this work, a simple photometric analy-
sis of our results in this context is still meaningful. Assuming
a mass ratio g =1, the theoretical H and K band stellar mag-
nitudes of the individual components can be derived from the
stellar parameters and extinction. At a distance of 191 pc,
the apparent magnitudes of both equal-mass components are
mpy =8.78 and mg =8.26 for Ay ~4.8 (Luhman 2007) at 1 Myr,
with an uncertainty of 0.02 magnitude due to the error on the dis-
tance. The comparison with the estimated magnitudes in Table 1
shows that, particularly in the K band, the measured flux is
higher than what is expected from a pure photospheric emis-
sion. Since the near-infrared excess is unlikely to originate in
the inward truncated circumbinary disk, it is plausible to inter-
pret the detected excess at the position of each component as
surviving circumstellar disk(s). It should be noted that the same
conclusion can be drawn when considering a smaller mass ratio.
For ¢ = 0.4, the primary and secondary components would have,
respectively, my = {8.21, 9.32} and mg = {7.73, 8.78}. It is then
interesting to notice that, in the context of our understanding
of disk dispersal in a dynamically constrained environment, the
small semimajor axis and relatively high eccentricity of the orbit
would not yet have resulted, at this young age, in an efficient
dynamical dispersal of the existing circumstellar disks. The pic-
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ture of WW Cha as a single-star accretor by Daemgen et al.
(2016) needs to be revised.

4.5. Variability

As ayoung PMS binary star, WW Cha shows emission lines both
in Ha (Robberto et al. 2012) and in Bry (Daemgen et al. 2016),
which is interpreted as a signpost of gas accretion (McCabe et al.
2006). In this context, the close binary nature of WW Cha
leads to interesting questions regarding the connection between
source variability and orbital events. For instance, in the case
of the close spectroscopic T Tauri binary DQ Tau (P =15.8d,
a=0.13au, e=0.57, Czekala et al. 2016), which is surrounded
by a circumbinary disk, Muzerolle et al. (2019) have shown that
a periodic, sudden, and very short-term increase in flux around
the time of closest approach is explained by the disruption of
the circumstellar gas and the subsequent accretion burst due to
the rapid fall of matter onto the central stars. Although at a dif-
ferent separation scale, the potential circumstellar disks around
each component may dynamically interact and trigger variability
effects that could be monitored against the well-constrained time
of peri-passage. With a derived eccentricity of e = 0.45, the sepa-
ration between the two components will vary by a factor of ~2.5
on a ~100d timescale, which offers an excellent opportunity to
test such effects. Interestingly, with the current data, we observe
for the K band a significant change in the flux ratio between the
two components, from ~0.5 (Run G) to ~0.8 (Run H and I), over
a ~1 orbit period, which occurs close to two successive passages
to apoastron. Finally, considering the expected small sizes of
possibly surviving circumstellar disks, witnessing the accretion
of matter directly from the circumbinary disk, similarly to what
was reported at a different spatial scale by Alves et al. (2019) in
[BHB2007] 11, cannot be ruled out. Further follow-up observa-
tions will help us to clarify the origin of this variation in the flux
contrast.

5. Conclusion

In this work, we report a detailed astrometric and photometric
study of the PMS binary star WW Cha (located at a DR2 distance
of 191 pc) using new near-infrared interferometric data obtained
with the VLTI. We obtain the following results:

— We robustly constrain the orbital motion of the close pair
and derive, with high accuracy, the set of orbital parame-
ters. WW Cha, with ~1 au separation, presents a relatively
eccentric orbit (e =0.45). The mutual inclination between
the binary orbit and the circumbinary disk is low (6~ 8°).
WW Cha is an illustration of the fact that, although disks in
binary systems with periods P>30d or ¢> 0.2 do not nec-
essarily favor coplanarity (Czekala et al. 2019), close align-
ment with the system’s orbit cannot be excluded.

— The total stellar mass is estimated to be 3.2 My, a fac-
tor of ~2 more massive than what had been reported from
spatially unresolved photometric and spectroscopic analysis
that assumed the case of a single star (Manara et al. 2016).
Accounting for the range of the spectral types that exist in the
literature, we estimate a plausible mass ratio between ~0.5
and 1, depending on the age of the system.

— Assuming a geometrical model of the binary composed of
two point sources and a resolved extended emission, we mea-
sure the flux ratio of the two components and derive the indi-
vidual H and K band magnitudes. We compare them to the
theoretical pure photospheric magnitudes and find a magni-
tude excess of AK ~ 1—1.5, which could be explained by the
presence of dynamically truncated circumstellar disks.
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With the knowledge of the orbit inclination, follow-up high-
resolution spectroscopic observations will help to precisely
determine the individual stellar masses using RV measurements.
With the well-constrained orbital and physical parameters, and
thanks to the extended wavelength coverage of high-angular-
resolution datasets (SPHERE, VLTI, ALMA), WW Cha has
become an ideal benchmark for the study of disk evolution in
close ~1 yr period binary stars, from both an observational and a
theoretical standpoint.

Acknowledgements. We thank the anonymous referee for assessing the quality
of this work. This work is based on observations made with ESO Telescopes at
the La Silla Paranal Observatory under programme IDs 094.C-0884, 94.C-0884,
082.C-0920, 098.C-0334, 098.C-0334, 0103.C-0347, 0104.C-0567, and 0104.C-
0567. EE. is supported by the University of Cologne and the Bonn-Cologne
Graduate School of Physics and Astronomy (BCGS). FE. kindly acknowl-
edges the financial support of this work by the EIl — Fizeau Program funded
by WP11 of OPTICON/H2020 (2017-2020, grant agreement 730890). J.S.B.
acknowledges the full support from the UNAM PAPIIT project IA 101220.
R.G.L. acknowledges support from Science Foundation Ireland under Grant No.
18/SIRG/5597. A.C.G. has received funding from the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020 research and innovation
programme (grant agreement No. 743029). A.A. and P.G. were supported by
Fundac@o para a Ciéncia e a Tecnologia, with grants reference UIDB/00099/2020
and SFRH/BSAB/142940/2018. This research has made use of the AMBER data
reduction package and PIONIER data reduction package of the Jean-
Marie Mariotti Center (available at http://www. jmmc. fr/amberdrs and at
http://www. jmmc. fr/pionier). This research has made use of the Jean-
Marie Mariotti Center OiDB service available at http://oidb. jmmc. fr. This
research has made use of the Jean-Marie Mariotti Center LITpro service co-
developed by CRAL, IPAG and LAGRANGE (LITpro software available at
http://www. jomc. fr/1litpro).

References

Alves, F. O., Caselli, P., Girart, J. M., et al. 2019, Science, 366, 90

Anthonioz, F., Ménard, F., Pinte, C., et al. 2015, A&A, 574, A41

Bailer-Jones, C. A. L., Rybizki, J., Fouesneau, M., Mantelet, G., & Andrae, R.
2018, AJ, 156, 58

Baraffe, 1., Homeier, D., Allard, F., & Chabrier, G. 2015, A&A, 577, A42

Baron, F., Monnier, J. D., & Kloppenborg, B. 2010, SPIE Conf. Ser., 7734,
773421

Belloche, A., Schuller, F., Parise, B., et al. 2011, A&A, 527, A145

Calvet, N., Muzerolle, J., Bricefio, C., et al. 2004, AJ, 128, 1294

Chauvin, G., Beust, H., Lagrange, A. M., & Eggenberger, A. 2011, A&A, 528,
A8

Chelli, A., Utrera, O. H., & Duvert, G. 2009, A&A, 502, 705

Cieza, L. A., Padgett, D. L., Allen, L. E., et al. 2009, ApJ, 696, L84

Czekala, 1., Andrews, S. M., Torres, G., et al. 2016, ApJ, 818, 156

Czekala, 1., Chiang, E., Andrews, S. M., et al. 2019, ApJ, 883, 22

Daemgen, S., Natta, A., Scholz, A., et al. 2016, A&A, 594, A83

Di Folco, E., Dutrey, A., Le Bouquin, J. B., et al. 2014, A&A, 565, L2

Dotter, A., Chaboyer, B., Jevremovi¢, D., et al. 2008, ApJS, 178, 89

Doyle, L. R., Carter, J. A., Fabrycky, D. C., et al. 2011, Science, 333, 1602

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

Dunhill, A. C., Cuadra, J., & Dougados, C. 2015, MNRAS, 448, 3545

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

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

Garufi, A., Avenhaus, H., Pérez, S., et al. 2020, A&A, 633, A82

GRAVITY Collaboration (Abuter, R., et al.) 2017, A&A, 602, A94

GRAVITY Collaboration (Perraut, K., et al.) 2019, A&A, 632, A53

Giinther, R., & Kley, W. 2002, A&A, 387, 550

Hatzes, A. P., Cochran, W. D., Endl, M., et al. 2003, ApJ, 599, 1383

James, D. J., Melo, C., Santos, N. C., & Bouvier, J. 2006, A&A, 446,971

Kellogg, K., Prato, L., Torres, G., et al. 2017, ApJ, 844, 168

Kennedy, G. M., Matra, L., Facchini, S., et al. 2019, Nat. Astron., 3, 230

Knude, J. 2010, ArXiv e-prints [arXiv:1006.3676]

Kohler, R., Ratzka, T., Petr-Gotzens, M. G., & Correia, S. 2013, A&A, 558, A80

Kurtovic, N. T., Pérez, L. M., Benisty, M., et al. 2018, ApJ, 869, L44

Lafreniere, D., Jayawardhana, R., Brandeker, A., Ahmic, M., & van Kerkwijk,
M. H. 2008, ApJ, 683, 844

Lapeyrere, V., Kervella, P., Lacour, S., et al. 2014, Proc. SPIE, 9146, 91462D

Le Bouquin, J. B., Berger, J. P., Lazareff, B., et al. 2011, A&A, 535, A67

Lindegren, L., Herndndez, J., Bombrun, A, et al. 2018, A&A, 616, A2

Luhman, K. L. 2007, ApJS, 173, 104

Luhman, K. L., Allen, L. E., Allen, P. R., et al. 2008, ApJ, 675, 1375

Manara, C. F, Fedele, D., Herczeg, G. J., & Teixeira, P. S. 2016, A&A, 585,
Al136

Manoj, P., Kim, K. H., Furlan, E., et al. 2011, ApJS, 193, 11

Martin, E. L., Magazzu, A., Delfosse, X., & Mathieu, R. D. 2005, A&A, 429,
939

Mathieu, R. D. 2007, IAU Symp., 243, 315

Mathieu, R. D., Baraffe, 1., Simon, M., Stassun, K. G., & White, R. 2007, in
Protostars and Planets V, eds. B. Reipurth, D. Jewitt, & K. Keil, 411

McCabe, C., Ghez, A. M., Prato, L., et al. 2006, ApJ, 636, 932

Miranda, R., & Lai, D. 2015, MNRAS, 452, 2396

Monnier, J. D. 2003, Rep. Progr. Phys., 66, 789

Muiioz, D. J., & Lai, D. 2016, ApJ, 827, 43

Muiioz, D. J., Lai, D., Kratter, K., & Miranda, R. 2020, ApJ, 889, 114

Muzerolle, J., Flaherty, K., Balog, Z., Beck, T., & Gutermuth, R. 2019, ApJ, 877,
29

Nguyen, D. C., Brandeker, A., van Kerkwijk, M. H., & Jayawardhana, R. 2012,
ApJ, 745, 119

Nocedal, J., & Wright, S. J. 2006, Numerical Optimization, 2nd edn. (New York:
Springer)

Pascucci, L., Testi, L., Herczeg, G. J., et al. 2016, ApJ, 831, 125

Petrov, R. G., Malbet, F., Weigelt, G., et al. 2007, A&A, 464, 1

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

Robberto, M., Spina, L., Da Rio, N, et al. 2012, AJ, 144, 83

Schaefer, G. H., Prato, L., Simon, M., & Patience, J. 2014, AJ, 147, 157

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, 358, 593

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

Tatulli, E., Millour, F., Chelli, A., et al. 2007, A&A, 464, 29

Thiébaut, E & Young, J. 2017, J. Opt. Soc. Am. A, 34, 904

Tofflemire, B. M., Mathieu, R. D., Herczeg, G. J., Akeson, R. L., & Ciardi, D. R.
2017, ApJ, 842, L12

Tognelli, E., Prada Moroni, P. G., & Degl’Innocenti, S. 2011, A&A, 533, A109

Virtanen, P., Gommers, R., Oliphant, T. E., et al. 2020, Nat. Meth., 17, 261

Welsh, W. E., Orosz, J. A., Carter, J. A., et al. 2012, Nature, 481, 475

Whittet, D. C. B., Prusti, T., Franco, G. A. P, et al. 1997, A&A, 327, 1194

T Physikalisches Institut, Universitit zu Koln, Ziilpicher Str.77,
50937 Koln, Germany
e-mail: eupen@phl.uni-koeln.de
2 Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France
Max Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidel-
berg, Germany
Astronomy Department, University of California, Berkeley, CA
94720-3411, USA
University of Vienna, Department of Astrophysics, Tiirken-
schanzstr. 17, 1180 Vienna, Austria
Instituto de Astronomia, Universidad Nacional Auténoma de Méx-
ico, Apdo. Postal 70264, Ciudad de México 04510, Mexico
7 Dublin Institute for Advanced Studies, 31 Fitzwilliam Place,
D02 XF86 Dublin, Ireland
School of Physics, University College Dublin, Belfield, Dublin 4,
Ireland
Unidad Mixta Internacional Franco-Chilena de Astronomia (CNRS
UMI 3386), Departamento de Astronomia, Universidad de Chile,
Camino El Observatorio 1515, Las Condes, Santiago, Chile
CENTRA, Centro de Astrofisica e Gravitagdo, Instituto Superior
Técnico, Avenida Rovisco Pais 1, 1049 Lisboa, Portugal
Universidade do Porto, Faculdade de Engenharia, Rua Dr. Roberto
Frias, 4200-465 Porto, Portugal
12 LESIA, Observatoire de Paris, PSL Research University, CNRS,
Sorbonne Universités, UPMC Univ. Paris 06, Univ. Paris Diderot,
Sorbonne Paris Cité, Paris, France
Max Planck Institute for Extraterrestrial Physics, Giessenbach-
strasse, 85741 Garching bei Miinchen, Germany
14 European Southern Observatory, Karl-Schwarzschild-Str. 2, 85748
Garching, Germany
15 Max-Planck-Institute for Radio Astronomy, Auf dem Hiigel 69,
53121 Bonn, Germany
Universidade de Lisboa — Faculdade de Ciéncias, Campo Grande,
1749-016 Lisboa, Portugal
17" Sterrewacht Leiden, Leiden University, Postbus 9513, 2300 RA Lei-
den, The Netherlands

w

oo

A37, page 9 of 18


http://www.jmmc.fr/amberdrs
http://www.jmmc.fr/pionier
http://oidb.jmmc.fr
http://www.jmmc.fr/litpro
http://linker.aanda.org/10.1051/0004-6361/202039599/1
http://linker.aanda.org/10.1051/0004-6361/202039599/2
http://linker.aanda.org/10.1051/0004-6361/202039599/3
http://linker.aanda.org/10.1051/0004-6361/202039599/4
http://linker.aanda.org/10.1051/0004-6361/202039599/5
http://linker.aanda.org/10.1051/0004-6361/202039599/5
http://linker.aanda.org/10.1051/0004-6361/202039599/6
http://linker.aanda.org/10.1051/0004-6361/202039599/7
http://linker.aanda.org/10.1051/0004-6361/202039599/8
http://linker.aanda.org/10.1051/0004-6361/202039599/8
http://linker.aanda.org/10.1051/0004-6361/202039599/9
http://linker.aanda.org/10.1051/0004-6361/202039599/10
http://linker.aanda.org/10.1051/0004-6361/202039599/11
http://linker.aanda.org/10.1051/0004-6361/202039599/12
http://linker.aanda.org/10.1051/0004-6361/202039599/13
http://linker.aanda.org/10.1051/0004-6361/202039599/14
http://linker.aanda.org/10.1051/0004-6361/202039599/15
http://linker.aanda.org/10.1051/0004-6361/202039599/16
http://linker.aanda.org/10.1051/0004-6361/202039599/17
http://linker.aanda.org/10.1051/0004-6361/202039599/18
http://linker.aanda.org/10.1051/0004-6361/202039599/19
http://linker.aanda.org/10.1051/0004-6361/202039599/19
http://linker.aanda.org/10.1051/0004-6361/202039599/20
http://linker.aanda.org/10.1051/0004-6361/202039599/21
http://linker.aanda.org/10.1051/0004-6361/202039599/22
http://linker.aanda.org/10.1051/0004-6361/202039599/23
http://linker.aanda.org/10.1051/0004-6361/202039599/24
http://linker.aanda.org/10.1051/0004-6361/202039599/25
http://linker.aanda.org/10.1051/0004-6361/202039599/26
http://linker.aanda.org/10.1051/0004-6361/202039599/27
http://linker.aanda.org/10.1051/0004-6361/202039599/28
https://arxiv.org/abs/1006.3676
http://linker.aanda.org/10.1051/0004-6361/202039599/30
http://linker.aanda.org/10.1051/0004-6361/202039599/31
http://linker.aanda.org/10.1051/0004-6361/202039599/32
http://linker.aanda.org/10.1051/0004-6361/202039599/33
http://linker.aanda.org/10.1051/0004-6361/202039599/34
http://linker.aanda.org/10.1051/0004-6361/202039599/35
http://linker.aanda.org/10.1051/0004-6361/202039599/36
http://linker.aanda.org/10.1051/0004-6361/202039599/37
http://linker.aanda.org/10.1051/0004-6361/202039599/38
http://linker.aanda.org/10.1051/0004-6361/202039599/38
http://linker.aanda.org/10.1051/0004-6361/202039599/39
http://linker.aanda.org/10.1051/0004-6361/202039599/40
http://linker.aanda.org/10.1051/0004-6361/202039599/40
http://linker.aanda.org/10.1051/0004-6361/202039599/41
http://linker.aanda.org/10.1051/0004-6361/202039599/42
http://linker.aanda.org/10.1051/0004-6361/202039599/43
http://linker.aanda.org/10.1051/0004-6361/202039599/44
http://linker.aanda.org/10.1051/0004-6361/202039599/45
http://linker.aanda.org/10.1051/0004-6361/202039599/46
http://linker.aanda.org/10.1051/0004-6361/202039599/47
http://linker.aanda.org/10.1051/0004-6361/202039599/48
http://linker.aanda.org/10.1051/0004-6361/202039599/48
http://linker.aanda.org/10.1051/0004-6361/202039599/49
http://linker.aanda.org/10.1051/0004-6361/202039599/50
http://linker.aanda.org/10.1051/0004-6361/202039599/51
http://linker.aanda.org/10.1051/0004-6361/202039599/52
http://linker.aanda.org/10.1051/0004-6361/202039599/53
http://linker.aanda.org/10.1051/0004-6361/202039599/54
http://linker.aanda.org/10.1051/0004-6361/202039599/55
http://linker.aanda.org/10.1051/0004-6361/202039599/56
http://linker.aanda.org/10.1051/0004-6361/202039599/57
http://linker.aanda.org/10.1051/0004-6361/202039599/58
http://linker.aanda.org/10.1051/0004-6361/202039599/59
http://linker.aanda.org/10.1051/0004-6361/202039599/60
http://linker.aanda.org/10.1051/0004-6361/202039599/61
http://linker.aanda.org/10.1051/0004-6361/202039599/62
http://linker.aanda.org/10.1051/0004-6361/202039599/63
http://linker.aanda.org/10.1051/0004-6361/202039599/64

A&A 648, A37 (2021)

Appendix A: VLTI data
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Fig. A.1. PIONIER interferometric data (blue points with error bars) and the best-fit result (red filled circles) for each epoch. From left to right:
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spatial freq. [107/rad] (max of the 3 frequencies)

squared visibilities, closure phases, and uv-plane coverage.
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Fig. A.2. Same as Fig. A.1 but for AMBER and GRAVITY.
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Table A.1. Observation log.

A&A 648, A37 (2021)

Date MID Run Instrument Configuration Calibrator (diam. [mas]) Seeing ()  Airmass 7( [ms]
10/2/11  55602.20 A PIONIER A0-G1-11-K0O HIP 55237 (0.207) 0.60-0.65 1.68 7
6/3/12  55992.14 B PIONIER A1-G1-11-KO HIP 56876 (0.253) 1.27 1.67 4
HD 54452 (0.351)
2/7/12  56110.02 C PIONIER A1-G1-11-KO HD 99015 (0.239) 0.81-0.88 1.86-1.87 4
5/2/15 57058.13 D PIONIER DO0-G1-HO-I1 HD 94246 (0.140) 0.67-0.92 1.81-2.06 9-14
HD 96494 (0.179)
HD 94189 (0.124)
HD 89591 (0.160)
13/2/15 57066.23 E PIONIER A1-G1-K0-J3 HD 89591 (0.160) 1.04-1.08 1.64 7-8
9/3/17 5782135 F AMBER U2-U3-U4 HD 99015 (0.239) 0.35-0.37 1.90 8-9
20/6/19 58654.01 G GRAVITY Ul1-U2-U3-U4 HD 99556 (0.221) 0.39-0.59 1.72-1.82 6-8
28/1/20 58876.39 H GRAVITY DO0-G2-J3-K0 HD 99556 (0.221) 0.80 1.69-1.70 4
30/1/20 58878.34 1 GRAVITY DO0-G2-J3-K0 HD 99556 (0.221) 0.55-1.20 1.62-1.73 3-6
HD 98142 (0.038)

Notes. The date format is day-month-year. Runs A, B, and C are not present in the ESO archive. For the remaining runs, the corresponding IDs are:
D =094.C-0884, E =094.C-0884, F=082.C-0920, G = 098.C-0334, H=1098.C-0334, I =0103.C-0347, J =0104.C-0567, and K=0104.C-0567.

Runs A, B, and C are from Anthonioz et al. (2015). The error bars on the diameter of the calibrators span from +0.001 to +0.009.
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Appendix B: Minimization maps
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Fig. B.1. Results of the grid search for the binary position of each epoch. The logarithmic y?-maps show a cut through the (o, 8)-plane, with the
best value of flux ratios at each position. The red ellipses show the position of the global minimum on the map, which coincides with the position
of the secondary component selected to derive the orbital parameters. The exception is Run E, where the selected position of the secondary (black
ellipse) is not the global minimum but a nearby local minimum. (a) 2011-Feb-10 (A). (b) 2012-Mar-06 (B). (¢) 2012-Jul-02 (C). (d) 2015-Feb-05
(D). (e) 2015-Feb-13 (E). () 2017-Mar-09 (F). (g) 2019-Jun-20 (G). (h) 2020-Jan-28 (H). (i) 2020-Jan-30 (I).
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GRAVITY Collaboration: The orbit of the T Tauri binary star WW Cha

Appendix C: Comparison between raw and binned data from the SC channel of GRAVITY
C.1. GRAVITY 2019-Jun-20

2019-06-20T00:15:53

1.0

0.8 4

2019-06-20T00:27:10

1.0

0.8 1

Mr‘wr N)»wl f
wwwwu !&ul}ﬁ T o lr‘.“
'v
2.2 23 -
A lum]

2019-06-20T00:32:54

1.0

MWWW

L r«Nt pH
-Hw it T

A [um]
2019-06-20T00:44:10

1.0

0.8 1

Fig. C.1. Comparison of the 2019-Jun-20 squared visibilities and closure phases, as binned by the GRAVITY pipeline (solid lines with error bars)

with the full spectral resolution (lighter colors in the background).
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C.2. GRAVITY 2020-Jan-30
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Fig. C.2. Comparison of the 2020-Jan-30 squared visibilities and closure phases, as binned by the GRAVITY pipeline (solid lines with error bars)
with the full spectral resolution (lighter colors in the background).
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Appendix D: Parallax and distance of WW Cha

The precise knowledge of the distance to the source is impor-
tant in our analysis since it impacts the uncertainty of the
derived parameters, such as the dynamical mass. With a G mag-
nitude of ~12, the Gaia parallax of WW Cha is reported to
be @ =5.206 + 0.035 mas. Because of the small relative error,
0 o/@ ~0.7%, the naive inverse parallax to estimate the distance
is a valid approach (Bailer-Jones et al. 2018, cf. their Fig. 6).
Howeyver, the astrometric solution of Gaia DR2 treats all sources
— including binary stars — as single stars. Gaia Collaboration
(2018) suggest that for binary stars with periods on the order of
2 years, the mean Gaia parallax and the true value could differ.
We have therefore devoted attention to this aspect.

The RUWE? parameter of 1.45 associated with WW Cha
might be a further indication of the non-single nature of the
source with respect to the astrometric solution. This is, how-
ever, very close to the proposed limit of 1.4 (Lindegren et al.
2018), below which the measurement can be considered “well
behaved” in the DR2 catalog. The shorter ~0.6 yr period of
WW Cha also reinforces the reliability of the DR2 record. Fol-
lowing (Bailer-Jones et al. 2018, cf. their Fig. 9), we built the
distance histogram (here, the inverse parallax) of identified
members of the ChamaeleonI star forming region. The plot of
Fig. D.1 shows the result for a sample of 173 known members
of ChamaeleonI from Luhman et al. (2008) with counterparts
in the Gaia DR2 catalog with a 5pc bin size. After removing
sources below 150 pc and above 210 pc, the median of 190.7 pc
and mean of 189.5pc (with o = 8.4pc) of the remaining 148
sources are in close agreement with the inverted parallax of
WW Cha, namely 1/@ =192.1 pc. We thus trusted and adapted
the distance to WW Cha found by Bailer-Jones et al. (2018) and

5 Renormalized unit weight error; https://gea.esac.esa.
int/archive/documentation/GDR2/Gaia_archive/chap_
datamodel/sec_dm_main_tables/ssec_dm_ruwe.html
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Fig. D.1. Histogram of Gaia distances for known members of
Chamaeleon I from Luhman et al. (2008).

furthermore adapted a distance of ~190 pc to the Chamaeleon I
cloud. The latter is only used in this study to reestimate the age
of Chamaeleon I in Sect. 1. Similarly, the newly adapted distance
of WW Cha leads to a correction of previously derived luminosi-
ties by a factor of (191 pc)?/(160pc) = 1.4.

Inverting the parallax from Gaia EDR3 (which was pub-
lished during the reviewing process of this paper) results in a

distance to WW Cha of 188.81} pc. This is comparable to the

solution obtained by Bailer-Jones et al. (2018) of 191.0f}:§ pc,
which we continued to use throughout this paper. Within the error

bars, this leaves, for instance, the separation a [au] unaffected.
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Appendix E: Image reconstruction of WW Cha
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Fig. E.1. Results of testing the image reconstruction of WW Cha using different values for the pixel scale, as indicated, and considering a field of

view of 30 mas.
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