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ABSTRACT

Aims. We aim to improve the orbital elements and determine thevididal masses of the components in the triple system TWA5.
Methods. Five new relative astrometric positions in the H band wesomed with the adaptive optics system at the Very Large
Telescope (VLT). We combine them with data from the literatand a measurement in the Ks band. We derive an improved fitdo
orbit of TWA 5Aa-b around each other. Furthermore, we usedtiid component, TWA5B, as an astrometric reference tordete

the motion of Aa and Ab around their center of mass and conthefe mass ratio.

Results. We find an orbital period of.63+ 0.01 years and a semi-major axis of 2 0.2 mas (2 + 0.1 AU). With the trigonometric
distance of 5 + 1.8 pc, this yields a system mass 09@ 0.1 M., where the error is dominated by the error of the distance. Th
dynamical mass agrees with the system mass predicted by benwhtheoretical models if we assume that TWAS is at the goun
end of the age range of the TW Hydrae association. We find a raiesof Ma,/Ma, = 1.3°2¢, where the less luminous component

-0.4
Ab is more massive. This result is likely to be a consequeridbenlarge uncertainties due to the limited orbital coverag the

observations.

Key words. stars: low-mass — brown dwarfs — stars: fundamental pamsetstars: individual: TWA 5 — binaries: close —
celestial mechanics

1. Introduction axis of 66+ 5mas, which results in a binary system mass of

. . 0.71+ 0.14 M, (for a distance of 44 pc).
The mass is the most important parameter for the structute an : . ,
In this paper, we present new relative astrometric measure-

evolution of a star. Therefore, empirical mass determamatare :

crucial for our understanding of stellar astrophysics. drtigu- mlentg collefct"ed kt))_etwe_en Zpoz.and 2013. ;he bmadry has ct())m-

lar, this is the case for low-mass pre-main-sequence (PK8) s plete r’gwo uk 0][ its smceklts |s|covery in 2000 a?). onﬁnor

and brown dwarfs, where a number of evolutionary models wi nce the work of Konopacky et al, (2007).' We combine the new
ata with data from the literature to derive an improved torbi

different mass predictions exist (e.g., D’Antona & Mazzitel . . f
1007; Bardfe ot a1, 1998, Palla & Sgahgler 1999: Siess et al, 20050 ution. Furthermore, Weinberger et al. (2013) published
! ' ! ’ : esults for the parallax of TWA5, which significantly chasge

Tognelli et al. 2011). Binary stars are thaly way to measure and improves the mass estimates from orbit determinations
stellar masses directly without relying on theoretical ®ied P :
They are therefore valuable test cases for theoreticahaie-
sequence tracks.
The TW Hydrae association is one of the closest associatidhsObservations and data reduction
of young stars with a median distance of 56 pc (Weinbergdr et a
2013). Its members have been shown to be yowsg{15 Myr), The first new observations were taken in 2007 and 2008 in the
based on lithium abundance tests and their positions in the ¢purse of a dferent project and have been retrieved from the
R diagram (Weintraub et al. 2000, and references thereh. Tarchive of the European Southern Observatory (ESO). The dat
TW Hydrae association is therefore an ideal region for sngly Was recorded with NAO&onica (NACO for short), the adaptive
spatially resolved PMS binaries. optics, near-infrared camera at the ESO Very Large Telescop
The object TWA 5 is one of the five original members of théVLT) on Cerro Paranal, Chile (Rousset et al. 2003; Lenzen

TW Hydrae association identified by Kastner et al. (1997). §it @l. 2003). The Ks photometric filter with a central wave-
is composed of at least three components: a pair of low-ma&889th of 218um was used. The resultingfttiaction limit is
stars; TWA5Aa-b, which had a separation of 55 mas when4tP = 56 mas.
was discovered by Macintosh et al. (2001); and a brown dwarf In 2011, we started monitoring the orbital motion of TWA 5.
companion, TWA 5B, located about 2" away (Webb et al. 1999)he observations were also carried out with NACO but in the
Konopacky et al. (2007) presented an orbital solution ferith  H-band filter with a central wavelength of6bum, which gives
ner binary with a period of 94 + 0.09 years and a semi-majora smaller ditraction limit of 43 mas. We used the S13 camera,
which provides a field of view of 13.6” x 13.6”. To allow

* Based on observations made with ESO Telescopes at the laa Sifieé use of speckle-interferometric algorithms (see belove)
Paranal Observatory under programme ID 079.C-0103, 08343, employed the cube-mode of CONICA and recorded many ex-
386.C-0205, 087.C-0209, 088.C-0046, 089.C-0167, and0@84.  posures with short integration times o2& each. One cube con-
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Fig. 1. Image of TWA5Agh and TWA 5B taken with NACO in January Fig. 2. Modulus of the visibility of TWA5Agb observed through the
2012. North is up and east is to the left. Both panels show dinees Ks filter in July 2007 and June 2008. The data points show tha me
image with a linear scale on the left and with a logarithmiglson the surements, and the line in the plot for 2007 is the result of affa
right to unveil the low-mass companion TWA 5B. binary model to the data. The line in the plot for 2008 doesshoiv a
fit to the data but shows the visibility for the position cortgzifrom the
orbit. The separation predicted at this date is too smalktodsolved,

tained typically~100 images. Eight cubes affiirent positions which is confirmed by the data.
on the detector chip were taken at each epoch.

The NACO images were sky subtracted with a median sky
image, and bad pixels were replaced by the median of the clgzodel to the complex visibility. Uncertainties were estiethby
est good neighbors. Figure 1 shows an example of the rest. Titting each of the individual visibilities computed from @wof
separation of the binary is close to thefdiction limit, which the eight data cubes. The standard deviation of the reselts w
makes it dificult to disentangle the point spread functions cddopted as the error of the relative positions.
the two components in the images. Therefore, we used our soft In 2007, the separation of the binary was smaller than the
ware for speckle interferometry (see e.g. Kohler et al.@00 diffraction limit 1/D = 56 mas of the observations but larger
In this program, the modulus of the complex visibility (j.the than/2D. This means that the first minimum of the visibility
Fourier transform of the object brightness distributianjieter- but not the following maximum was measured (see Fig. 2). As a
mined from power spectrum analysis. The phase is compuf&gult, the position derived from these measurements leager|
using the Knox-Thompson algorithm (Knox & Thompson 1974yncertainty than the other observations.
and from the bispectrum (Lohmann et al. 1983). Exampleseofth The visibilities measured in June 2008 show no clear sign
results are presented in Figs. 2 and 3. of binarity. This is not surprising, since the expected safian

For the deconvolution of speckle images, an unresolved s@drthe time of the observations is about 14 mas, which is &igni
is required to calibrate the point spread function (PSHially, icantly smaller tham/2D in the Ks-band. The line in the lower
we used TWA 5B for this purpose, since it is present in all otitght panel in Fig. 2 shows the visibility of the binary at thesi-
frames and well separated from TWA 5A so that the PSFs do g predicted by the orbit we derive in Sect. 3. The datadattis
overlap. In principle, TWAS5B is an ideal PSF reference, sindhat the binary is partially resolved and that the sepamatight
it lies within the isoplanatic patch and was observed siamgt be a bit larger than predicted. However, we do not regarcithis
ously with TWA5A. However, it is much fainter, which results2 resolved measurement and do not use it in the orbit fit.
in a high noise level in the visibilities. To measure the relative positions of TWA 5A and B, we used

Starting with our own observations in 2011, we observed tifge starfinder program (Diolaiti et al. 2000). The program
binary HIP 56620 immediately after TWA 5 to calibrate thegdix does not recognize that TWA5A is a binary. Since TWA 5Aa
scale and orientation. We tried using the brighter compbneind Ab have comparable brightness, the measured positio is
of HIP 56620 to deconvolve the speckle-images of TWA 5/centered on the brighter component but refers to the cordbine
Although the observations were not intended for this, wentbu center of light of Aa and Ab.
that the reconstructed visibilities are significantly lesegsy than
those based on TWA5B. Therefore, we used the visibilities d ; ——
convolved with HIP 56620 for the astrometric measurement. 2.1. Astrometric calibration

The final complex visibility was computed by averagingince the observations in 2007 and 2008 were not intended for
moduli and phases derived from the eight data cubes. Thepardigh-precision astrometry, no special measurements éocalh
eters of the binary (separation, position angle, and flugyate ibration of the plate scale and orientation of the camerawer
determined by a multidimensional least-squares fit of arginaaken. We resorted to images of fields in the Orion Trapezium
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Fig. 3. Modulus of the visibility of TWA 5Agb observed through the H
filter between 2011 and 2013. The data points show the measuts
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and the lines are the results of fits of binary models to tha.dat

that had been taken for affirent project in October 2007. These
observations were done in the Ks filter, which is the sameas th
observations of TWA5 in 2007 and 2008. We reduced the im-
ages of the Trapezium in the same way as the images of the sci-
ence target. Thetarfinder program was used to measure the
positions of the cluster stars on the detector. The pixdtipos
were compared to the coordinates given in Close et al. (2012)
which in turn are based on HST-positions of a few clusteisstar
We computed the mean pixel scale and orientation of NACO
from a global fit of all star positions. The scatter of values d
rived from star pairs were used to estimate the errors. Tke pi
scale was determined as (231+0.013) magpixel. The position
angle (PA) of the vertical axis of the detector wagi@: 0.10)
(measured from north to east).

During our astrometric monitoring programin 2011 to 2013,
images of the bparcos-binary HIP 56620 were taken. However,
we found that its relative position in January 2011 was $igni
cantly diterent from the position measured byrkdrcos about
20 years earlier (see Appendix A). Furthermore, we foundsa sy
tematic change of the position with time, which led us to the
conclusion that the relative position of HIP 56620 is nobkta
enough to serve for the astrometric calibration of NACO.

Therefore, we decided to rely on the Trapezium cluster for
the calibration of all our observations. Two data sets agdl-av
able from the ESO archive that were recorded on 30 January
2011 and 2 January 2012. The average pixel scale resulting fr
these data was (1385+ 0.013) magpixel, and the average PA
of the y-axis of the images was.@l1 + 0.1)° (measured from
north to east). These values were used to calibrate our measure-
ments. The errors of the calibration were added to the eafors
the measurements when we computed the relative positions.

The calibrated positions of TWA 5Ab relative to TWA 5Aa
are listed in Table 1 with data taken from the literature.l@&b
contains the positions of TWA 5B relative to the photocenfer
A. They agree well with the result of Weinberger et al. (2013)

3. The orbit of TWA 5Aa-b

We estimated the orbital parameters of TWA 5Aa-b by fitting or
bit models to the observations listed in Table 1. We useda gri
search for eccentricitg, periodP, and time of periastroiip, a
procedure used previously (e.g., Kohler et al. 2008, 20AP)
each grid point, the Thiele-Innes elements were deterntiyed
a linear fit to the observational data using singular valiemde
position. From the Thiele-Innes elements, the semi-majisra
the angle between node and periastegrthe position angle of
the line of node%2, and the inclinatiom were computed.

Since the orbit of TWAS5Aa-b is already well known
(Konopacky et al. 2007), only a small range of parameter val-
ues had to be scanned: 100 points withib & e < 1.0, 100
points within 58yr < P < 6.3yr, and initially 200 points for
To distributed over one orbital period. After the initial scarer
To, the best estimate fdry was improved by re-scanning a nar-
rower range ofTy centered on the minimum that was found in
the coarser scan. This grid refinement was repeated unttéipe
size was less than one day.

We improved the results of the grid-search with a Levenberg-
Marquardty? minimization algorithm (Press et al. 1992) that fits
for all 7 parameters simultaneously. The simple approaalidvo
be to use the orbital elements with the minimyffound with

! The diference in orientation measured in 2007 can be explained by
one or more technical interventions on NACO in 2008 (Keevel al.
2013).
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Table 1. Astrometric measurements of TWA5 Aa-b.

Date and time (UT) Filter d[mas] PATF] Flux ratio Reference |Ad|/oyq |APA|/opa
2000 Feb 20 H 548+ 0.5 259+10 092+0.02 1 1.4 0.7
2000 Feb 22 K’ 540+ 3.0 242+ 30 090+0.06 2 0.5 0.3
2001 May 6 K 351+0.2 127+11 079+0.06 3 1.3 0.1
2002 May 23 K 130+3.0 3137+30 081+0.05 3 0.3 35
2003 Dec 5 K 306+04 2274+55 082+0.03 3 0.8 0.7
2004 Dec 18 K 515+0.9 321+22 072+0.05 3 1.2 0.4
2005 Feb 16 Fe 530+10 326+52 078+0.11 3 1.4 0.2
2005 May 27 K 574+03 297+03 081+0.03 3 15 0.7
2005 Dec 12 H 571+20 289+10 092+0.03 3 0.2 2.3
2007 Jul 9 23:22 Ks 366+ 4.0 75+20 089+0.02 4 13 1.2
2011Jan27 04:36 H 529+0.3 310+06 090+0.02 4 0.8 2.1
04:45 J 0.98+ 0.05 4
2011 May 23 00:26 H 599+24 290+24 092+0.05 4 1.0 0.5
00:40 J 0.78+0.15 4
2012 Jan 2 07:29 H 60.6 + 0.5 261+04 —2 4 6.4 0.7
2012 Jun19 2254 H 517+0.3 234+04 086+0.01 4 11 0.6
23:01 J 0.76+ 0.03 4
2013Jan17 07:05 H 424 +0.3 183+04 083+001 4 1.3 1.4
07:13 J 0.87+0.04 4

References. (1) Macintosh et al. (2001); (2) Brandeker et al. (2003);K8hopacky et al. (2007); (4) this work
@ Detector saturate® Not used for the orbit fit

Table 2. Astrometric measurements of TWA5B relative to the photo- The two rightmost columns in Table 1 list thefgrences of
center of TWA5A. d and PA between the observations and the model. Most of the
differences are less thao-ZThe biggest outlier is the separation

Date (UT) Filter d[mas] PATI in January 2012. We inspected the raw data and found that the
2007 Jul 9 K~ 190B5+20 3564+02 peak of the PSF was so bright that it reached into the nomine
ggg 322 37 : %g?g N ;g gggg N 8’? regime of the detector. This might influence the positionhef t
2012 Jun 19 H 1876+ 25 3548401 center of light and therefore cause a bias in our measurement
2013 Jan 17 H 1872+20 35454+ 01 Therefore, we decided to omit the data point of January 2012

from our orbit fit. This changes the reducgtifrom 3.5 to 2.1,
the semi-major axis from 3.1 to 3.2 AU, and the system mass
from 0.80 to 0.9M,.

the grid-search. However, initial test runs showed thasige- Errors of the orbital elements were determined by studying
rithm does not converge on the global minimum. For the sant& 2 function around its minimum. The uncertainty for each
reason, we did not use the previously published orbit swiuti parameter corresponded to the point whefe= y2. + 1. The
as a starting point. To make sure we find the global minimupaqyceg,? of our fit was 2.1, a bit more than one would expect
value ofy?, we decided to use all orbits resulting from the gridtor 5 good fit. This indicated that some of the errors mightehav
search as starting points that hetd< x7;, + 9. The number 9 peen ynderestimated. To avoid underestimating the erfoneo
was chosen arbitrarily to avoid starting from orbits tha& ab-  gpita| elements as well, we rescaled the errors of the shser
viously bad. The orbit with the global minimug found by  {jons so that the minimupy? was 1. Although some of the obser-
the Levenberg-Marquardtfitis shown in Fig. 4, and its eletwen ations showed larger deviations from the model than offvess
are listed in Table 3. To convert the semi-major axis from mag,q no reason to trust any of the measurements less tharhithe ot
to AU, we used the new trigonometric distance ofI50 1.8 pc  ers. Therefore, we multipiied all observational errorstygame
(Weinberger et aI2. 2013). factor V2.1 = 1.45. The errors of the orbital elements in Table 3
We compute” with the formula were based op? computed with these scaled measurement er-

d q 2 P rors, while the deviations between model and observatistesll
¥ = Z ( obsi mOdi) " (PAobsi - PAmOdi) in Table 1 were computed with the original measurement grror
Odi OPAj

i Estimating the error of the mass required a special proeedur
The mass itself was computed using Kepler’s third law &
a3/P?, Kepler 1619). The semi-major axasand the period are
sually strongly correlated. To obtain a realistic esterfat the
ass error, we didot use standard error propagation. Instead,
we considered a set of orbital elements where the semi-major
2 Itis also possible to compuj& from the relative position ixand XIS Was replaced by the mass. This IS possible becauseriseple
y. This results in a dierenty? unless correlations betweerandy are  third law gives an unambiguous relation between the two sets
considered. We expedtand PA to be uncorrelated, since their errors ar@f elements. With the mass being one of the orbital elemers,
mostly caused by dierent éfects (changes in pixel scale and rotatioreated it as one of the independent fit parameters and destm
of the camera). its error in the same way as for the other parameters.

whered and PA are separations and position anglesspec-

tively, oq andopa are their respective errors, while the indice
obs and mod, mark the observations and model predictiores.
sum is computed over the observations.
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4. The orbit of TWA 5B and the mass ratio Aa/Ab

60 T
| The orbit of components TWA5Aa and Ab around each other
allows us to determine only the combined mass of TWA5Aa
and Ab (which we will abbreviate as Aa and Ab from now on).
To compute the individual masses, we need to know the mass
ratio g, which can be computed if the position of the center of
] mass (CM) of Aa and Ab is known. Unfortunately, we cannot
- observe the CM directly. However, we know that TWA 5B is in
] orbit around the CM of Aa and Ab and that Aa and Ab are in
orbitaround their CM. The CM is always on the line between Aa
and Ab, and its distance from Aa is the constant fractidn=
a/(1+ qg), of the separation of Aa and Ab. With this information,
the relative positions of TWA 5Aa, Ab, and B arefScient to
| solve for the orbit of TWA 5B and the mass ratio/Ab.
- We follow the method that we used previously to derive
] individual masses in the triple systems T Tauri and LHS 1070
e (Kohler et al. 2008, 2012). The position of the CM of Aa and Ab
40 20 0 -20 -40 . . . . . .
Offsetin R.A. [mas] is described in two ways: First, it is on a Kepler-orbit ardun
TWAS5B, which is described by seven orbital elements (For
Fig. 4. The orbit of component TWA 5Ab around Aa. The observed pdhe mathematical description of the Kepler-orbit, it ilevant
sitions are marked by their error ellipses and lines comngdhe ob- whether we put the CM or TWA 5B in the center). Second, the
served and calculated position at the time of the obsemnstibhe dash- position ofthe CM can be Computed from the observed pogtion
dotted line indicates the line of nodes and the solid linepastron. of Aq and Ab, and the mass ratio (which is treated as a free pa-
The crosses mark the expected positions at the beginnirfieofdars rameter). Standard error propagation is used to obtainran er

Offset in Dec. [mas]

20

2008 t0 2013. estimate for this position. To computé, we compare the posi-
tion of the CM from the orbit around TWA 5B to the position de-
Table 3. Parameters of the best orbital solution. rived from the observations. Our model has therefore eigfet f
parameters: the seven elements, which describe the orthieof
Orbital Element Value CM of Aa+Ab around B, and the parameter= q/(1 + g). We
Date of periastro, 24553289 _chose to use the paramefeinstead c_>f Fhe mass rat@ sincef
(2010 May 11) is cqnf!n_ed to the range O to 1, Whmpls a number between 0
. 10010 and infinity. Thereforef is better suited to a grid search.
PengdP ('years.) 60257 00 We have only five two-dimensional measurements of the rel-
Semi-major axig (mas) 637155 ative position of TWA 5B. The PA changed by less tharoger
Semi-major axis (AU) 32487 the course of the observations. These data do not constrain t
Eccentricitye 0.75573%% orbit very well. Furthermore, the system mass of the betstdit
Argument of periastrom (°) 2531+ orbit rrlﬁd8|'lts 6? Mo, WhICIh is much tol? h|gr|1 fgr TV\?A;E '[og-
- o 103 prove the situation, we also use our knowledge of the tots sy
P-A. of ?Sc.er:dmg o () 365;3& tem mass. Our orbit fit for TWA 5Aa-b yielded a combined mass
Inclinationi (°) 975%0; of TWA5Aa and Ab of 09+ 0.1 My. TWA5B is a brown dwarf
System masdlna. a, (Mas /year) 7130:57° (Webb et al. 1999); its mass cannot be higher thad.1 M. To
Mass error from fit {,) o016 computey? in our orbit fit, we add a term of the form
Mass error from distance erro¥() +0.097
System mas#aa sy (Mo) 0.90:0.1 (Mmod -1 MQ)2
reducedy? 21 0.3M, ’

whereMpqq is the total system mass of the model. We adopted
a large error of B M, for our mass estimate, since we want the
orbit fit to be constrained mainly by the astrometric data. We
To check whether our error estimates for the orbital elementepeated the fit with mass errors of 1, 3, andvkdto see how
are reasonable, we employed the jackknife method. We rethoveaftects the system mass determined by the fit results. Only a
one epoch of our set of observations and repeated the orbiiiéss error of 101, leads to a small change of the system mass

with the remaining data. This was repeated for all obsewmati from 1.1 to 1.3 M. Changing the mass error had rfteet on the
with the exception of May 2002 and December 2003. These twass ratio.

points are the sole measurements in the north- and southwest The fitting procedure is similar to that used for the orbit of
ern sections of the orbits. The standard deviations of th#adr aa-Ab, except that the grid-search is carried out in fourefim
elements resulting from this set of orbit fits are comparable sions: eccentricitye, period P, time of periastroriTo, and the
size to the error estimates obtainedydyanalysis. The mostim- fractional mass . Singular value decomposition was used to fit
portant disparities are the errors of the semi-major axisne

the jackknife method yields an error #0.95 mas, and the sys- s The parametef is often called fractional mass (Heintz 1978), since
tem mass with a fit-error a£0.037M,. However, if the error of it js the secondary star’s fraction of the total mass in afyiriais useful

the distance is included, the total error of the massd4 My, in our case because it also describes the fractidiie¢oof the CM from
which is the same as the error obtainedyByanalysis. Aa, which is the separation Aa—CM divided by the separatiar4b.
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Fig. 5. The motion of component TWA 5B relative to Aa. The observe#ig. 6. The motion of component TWA 5B relative to Aa. Note that this
positions are marked by their error ellipses and lines cotimg the is a combination of the orbit of B and the orbit of Aa, which &th
observed and calculated position at the time of the obsensatThe around the CM of AgAb. The error bars are the measurements, the solid
dashed line is the Kepler-orbit around the center of massacdd Ab. line is the best fit with the mass ratio Aa as a free parameter. The
The solid line is our best fit for the motion of B relative to ABhe dotted line shows the best-fitting orbit if the mass ratioxediat 1 or
dotted line is the best fit if the mass ratio/Ah is fixed at 1 or equal for equal masses of Aa and Ab.

masses.

Table 4. Parameters of the best orbital solution for A-B. ; 2 _ .2 i 2
point wherexy~ = y:.. + 1. Sinceys is smaller than 1, the

measurement errors were used without scaling. The motion of

Orbital Element Value TWA 5B relative to component Aa is shown in Figs. 5 and 6.
Date of periastroffo 25130187157 The reduceg? of 0.4 is surprisingly low, considering that
(2168 Apr 22) Fhe fit is gssentially ba}sed on the same c_lz_ata as the fit for the
PeriodP (years) 138011t inner orbit. However_, five astrometric positions corregpom
o ) 2 ten measurements, just two more than the eight parameters of
Semi-major axis (mas) 2548; the fit. This means that our capability to detect inconsisten
Semi-major axisa (AU) 12773 in the data is limited.
Eccentricitye 0.24%313 The mass ratio of 1.3 means that the component Ab is more
Argument of periastron (°) 112*3 massive than Aa. Since Aa is brighter, one would expect it to
P.A. of ascending node@ (°) 36.1+13 be more massive, resu!tlng in a mass ratio slightly beloyv 1.
Inclinationi () 138+ However, t_he uncertainties o_f our flt.are large. A mass ratio o
-8
) 86 0.9 is within the 68.3 % confidence interval of our fit. The un-
System mastlag, sz (Mas/yr’) 8685717 certainties are caused by the incomplete orbital coverigar
Mass error from fit (o) o observations (see Fig. 5). All our measurements of the ipasit
Mass error from distance erroii() +0.12 of TWA5B have been collected when Ab was in the northeast
System masMpaa:ao+s (Mo) 1.1+0.1 section of its orbit. An observation in 2010, when Ab was ia th
Mass ratioM g /Mpa 13408 southwest part of its orbit, would have helped to measureithe
reducedy? 0.4 ameter of the astrometric wobble of Aa around the CM. Thanks

to the period of Aa-Ab, this part of the orbit will be reached
again in 20132016.

the Thiele-Innes constants, which give the remaining alleit 5
ements. It is worth noting that the orbital elements in this fi
describe the orbit of the A-B binary, only the fractional mds The aim of dynamical mass determinations is to test the pre-
refers to the pair Aa-Ab. dictions of theoretical pre-main-sequence tracks. Thelest
The four dimensional grid ranged from 0.3 to 0.7fin0 to way to do this would be to pick a model with the measured
0.25ine, and 100 to 3000 years r The grid inT started with mass, and compare the predicted brightness at the age and dis
100 points distributed uniformly over one orbital periodnfar tance of the object to the measured brightness. Howevaey; the
to the fit for the orbit of Aa-Ab, the grid iTo was refined until retical models follow the evolution of individual stars, iehour
the grid spacing was less than one day. orbit yields the system mass, which is the sum of the masses
The parameters of the orbit with the globally minimwh Maa + Map. Individual masses computed with the mass ratio de-
are listed in Table 4. To estimate the errors, we employed ttieed in Sect. 4 have larger uncertainties and are therdése
same method as in Sect. 3. We vary one parameter to find tiseful for comparing to theoretical predictions (see bglow

. Comparison to theoretical models
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The second and third panel in Fig. 7 show similar plots for

2.0 w
L Aa+Ab 1 the individual masses. The mass of TWA 5Aa is lower than pre-
- 1 dicted, while the mass of Ab is in good agreement with the mod-
@ els. However, one should keep in mind that both masses d@re ant
5 r correlated since the sum of both has to #4®.1 M, (Note that
& 10 the binary mass has been determined by the fit for the innér orb
s T and is in no way correlated with)). Therefore, a mass of Aa at
g e 1 the upper end of the error bar corresponds to a rivggsat the
=05 - Baraffe et al. 1998 | lower end, which would also beftierent from the model predic-
Froe — -~ Palla & Stahler 1999 tions.
[ EERE Siess et al. 2000 ]
ool ‘ L T Tognellietal. 2011 The models agree with the dynamical masky if the age of
Lol ‘ ‘ ‘ E TWA 5A is at the young end of the age range for the TW Hydrae
“r association. By placing TWA 5A in an HR diagram, Weinberger
o8l et al. (2013) found an age of 9 — 11 Myr. With this age, the mod-
D0 els predict a mass that is clearly higher than our dynamieakmn
3 o0sl The cause for this discrepancy is not clear, but we note kieat t
s T HRD would give a younger age and lower masses if TWA 5 was
8 04l cooler than the temperature derived from its spectral type.
= ‘ ‘ 1 temperature of 3500K would yield results that agree with the
o2rs T Beaa e dynamical mass.
L e Siess et al. 2000 ]
ool ‘ LT Tognt?lli etal. 2011
ror ] 6. Conclusions and outlook
- 080 We present new relative positions of TWA5Aa and Ab and
A derive new orbital elements from them. The system mass of
< 06 0.9 + 0.1 M, resulting from the new orbit is larger than the
o I mass estimate previously obtained (Konopacky et al. 200&) d
g 04r , 1 to the larger distance based on the trigonometric paralfax b
0.2: - o7 — 35&;9195997: Weinberger et al. (2013). With the new distance, the orbit of
3 T s et a 2000 1 Kono_packy et al. (2007) yleld_s a mass otD_Ht 0.2Mg. The un-
oof ‘ o Tognelli etal. 2011 certainty of the mass determination resulting from the ndvito
6.0 65 70 75 8.0 fitis substantially smaller than before. The uncertaintshefor-
log Age bit fit is negligible compared to the uncertainty of the dista.

This situation will improve when the astrometric satell@aia
delivers precise parallaxes.

Fig. 7. Plot of mass vs. age for the models with the same luminosity as . .
TWAS5Aa and Ab. The error bars indicate the measured age astdray We used the third component TWASB as astrometric ref-

mass of TWA 5A. The first panel shows the combined mass of Aa aféience to measure the individual motion of TWA5Aa and Ab
Ab, while the second and third panel show the individual reass Aa around their center of mass. From this, we can derive the mass

and Ab, respectively. ratio of Aa and Ab and hence individual masses of the two com-
ponents. Unfortunately, our relative measurements of TWA,5
Ab, and B cover only the northeast section of the inner oréit,
sulting in large uncertainties for the mass ratio. It willvee the
For now, we can go the other way: We take the resolved bolirors significantly if the system is observed again in 22056,
metric luminosities (Konopacky et al. 2007, who derivechthe Wwhen component Ab is in the southwest part of its orbit.
from H-band magnitudes and bolometric corrections for PMS A comparison of the dynamical mass(es) with those pre-
stars). We compute absolute luminosities with the new migo dicted by a number of theoretical models shows that all mod-
metric distance (Weinberger et al. 2013). Then, we find thie c@ls considered are in reasonable agreement with the daga. Th
responding theoretical models for TWA 5Aa and Ab, interpolaerrors of the mass and age determinations are still too karge
ing between tracks with fferent masses if necessary. Finallydistinguish between the models.
we compare the sum of the predicted masses to the dynamicalpynamically, this system is an interesting case because it
system mass derived here. might be in Kozai resonance (Kozai 1962). This would explain
The first panel in Fig. 7 shows the system mass as a functitie high eccentricity of the inner orbit. An analysis of itgxdm-
of age predicted by the models of Bfimet al. (1998), Palla ics will be published elsewhere (Beust et al., in prep.).
& Stahler (1999), Siess et al. (2000), and Tognelli et al1@0 As a secondary result, our data demonstrate that astr@metri
Overplotted is the system mass of TWA 5A resulting from owbservations with NACO could befacted by a scatter in the in-
orbit fit and the age of the TW Hydrae association. The aggrument’s orientation of 0.1 — 0.®ith occasional larger jumps
is well constrained to be 5 — 15Myr by a number of methodfat can be explained by technical interventions. The céurse
(Weintraub et al. 2000, and references therein). the random scatter could not be clarified with only one datase
At first glance, all the models reproduce the data fairly welhand. To guarantee high-precision astrometry, it wouldiireq
most of them are within &. The models of Barfée et al. (1998) astrometric standards being present within the observiebidfe
predict a younger age or higher mass but also reasonablg agriew. If no standards in the field are available, a calibrafield
with the data. should be observed shortly before or after the sciencettarge
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Appendix A: Astrometric Calibration

One of the more challenging tasks when doing astrometry with 2908 hand + E
NACO is the astrometric calibration, which is the determina = 2°°6F jpanda B
tion of the precise pixel scale and orientation of the detect & 256.4f % g
at the time of the observation. During our astrometric mon- § 2s62f 4 i E
itoring program of TWAS in 2011 to 2013, images of the € 560" %‘ E
Hiprarcos-binary HIP 56620 (separation3®0’, position angle Ta— % % % E
2408°, Perryman & ESA 1997) were taken. To check whether © =7} % ]
the relative position of HIP 56620 has changed in the 20 years ~ 220%" ; ; ; ]
since the hbparcos mission, we calibrated NACO with a set g

of images of the Orion Trapezium cluster taken on 30 January & 239-6¢ % E
2011. Following the procedure described in Sect. 2.1, we ob- & 2395F z} E
tained a pixel scale of (1381 + 0.007) magpixel and a PA of 2 1} % % E
(0.80+ 0.02). With this calibration, we find that the separation < 239.4- E
of HIP 56620 on 27 January 2011 was3@7+ 0.002), and the 2 sk 3
PA was (24@7 + 0.12)°. This position is significantly dierent 8 5o
from the position measured byitarcos about 20 years earlier. 239.2E . ‘ ‘ ‘ ‘

_ i 2 2011.0 20115 20120 20125  2013.0
Figure A.1 shows separation and position angle of Date

HIP 56620 from all our observations in detector coordinates

(separation in pixels, position angle measured countekulize Fig.A.1. Relative positio_n_ of the cpmponents of H|P_56620 on the
from the y-axis of the images). NACO detector. The position angle is in detector coordisated mea-

. . . sured counterclockwise from tlyeaxis.
First, we note that the separation measured in the J-band fyea

is always larger by about 0.15% than the separation measured
in H. It is unlikely that the positions of the photocenter bét References
r nd on the wavelength. In his shi n X
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