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ABSTRACT

Context. Precise determination of dynamical masses of pre-maineseg (PMS) stars is essential to calibrate stellar ewnluti
models that are widely used to derive theoretical masseswfg/low-mass objects. Binary stars in young, nearby losseaations
are particularly good candidates for this calibration sialt members share a common age. Interestingly, some & yloesmg binaries
present a persistent and compact radio emission, whichsrihken excellent targets for astrometric VLBI studies.

Aims. We aim to monitor the orbital motion of the binary system HD384, a member of the AB Doradus moving group.
Methods. We observed HD 160934 with the Very Large Array and the EumopélBl Network at 8.4 and 5 GHz, respectively. The
orbital information derived from these observations wealyared along with previously reported orbital measurement

Results. We show that the two components of the binary, HD 160934 A abd 6D934 c, display compact radio emission at VLBI
scales, providing precise information on the relative of®évised orbital elements were estimated.

Conclusions. Future VLBI monitoring of this pair should determine precisiodel-independent mass estimates for the A and ¢
components, which will serve as calibration tests for PM&8wgionary models.
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1. Introduction by the system’s mean distance to the Sun (30 pc), its reaonab
well known age (50-70Myr; Janson et al. 2006; Guirado et al.
Studies of the fundamental parameters of pre-main-seguen011), and the presence of radio emission in some of itseactiv
(PMS) stars are relevant since they provide tests of selialu- members, among others LO Peg, PW And, and AB Dor (Guirado
tion models (e.g. Barke et al. 1998; Chabrier et al. 2000). Theset al. 2006; Azulay et al. 2013). Following the list of AB Dor-
models are widely used to derive theoretical masses of phok@G members in Torres et al. (2008), we initiated a VVABI
metrically detected young low-mass objects. However, figdi program to monitor binary systems known to host low-mass
PMS stars with independent measurements of their mass andcmpanions, and which are likely to present radio emission.
pinﬁsi%](anq reasonalllble estt)imatﬁhof age a?d diSt"’_‘tr;]Cﬁ) s d  one of the stars included in our program is HD 160934 (
icult. There is a small number of these systems with mas ; r with ral K7V
<1.2M, (Hillenbrand & White 2004), for which the estimate Oﬁ(iﬁ;h?i?e?ai?),e? E;/I(.argoalczt;\’/epl)gluer:jg :ttaa di;taf]?:gitag pt():/p((\a/an ©
the dynamical masses is the large uncertainty. Leeuwen 2007), which belongs to the ABDor-MG (Lopez-
There are several methods to calculate dynamical mass@antiago et al. 2006). The activity of this star is shown bgrsy
spectroscopy of double-line binaries (e.g.,f&te et al. 2001), X-ray emission(x = 0.25x 10*%erg s?), star spots, a high rota-
rotation of circumstellar disks (e.g., Simon et al. 2000tBy et tion rate ¢sini = 16.4kms™; Fekel 1997), and chromospheric
al. 2003), or monitoring of the orbital motion atfi¢irent wave- activity (Pandey et al. 2002). Despite this intense agtivio ra-
lenghts, for instance, in the infrared (Ghez et al. 1993)pdiad dio emission has been reported so far. The existence of a clos
(Guirado et al. 1997). Necessarily, all of these methodsipre companion (HD 160934 c¢) around the main star (HD 160934 A)
plicable to a limited number of stars only. Particularly, used was first reported by Galvez et al. (2006) from radial veloci
tecniques based on the star compact radio emission to maneasurements; in addition, relative astrometry was peal/toy
tor the orbital motion of the binary with high precision. $hi Hormuth et al. (2007) and Lafreniére et al. (2007). A coneklin
method has previously been applied to revelant cases sulbh asanalysis of all previous data, including new precise retatis-
AB Doradus quadruple system (Guirado et al. 2006) or V773 Tawmetry from aperture-masking interferometry, has bewtes
(Boden et al. 2007; Torres et al. 2012); similar studies ten taken by Evans et al. (2012) to derive a period-8f764 days,
reported for T Tau Sb (Loinard et al. 2007), YLW15 (Girartlet asemimajor axis of152.5mas (5.05 AU), and a total mass for
2004), and L1551 IRS 5 (Rodriguez et al. 2003). both stars of 1.240.27M,. HD 160934 is a tertiary system:
Binary stars in young nearby moving groups (loose assgoWrance etal. (2005) detected a third low-mass (0.2386m-
ciations of coeval, co-moving stars; Zuckerman & Song 200B9nent (HD 160934 B) at a distance 8.7 from the primary
Torres et al. 2008) fer an opportunity to increase the numbelPalr-
of PMS stars with dynamically determined masses. We se&lecte In this paper we report the first results of the VMBI
the AB Doradus moving group (AB Dor-MG) as the best-suiteprogram, consisting in the discovery of compact radio eimiss
association to apply radio-based high-precision astroatech- from the close components A and ¢ of HD 160934. This detec-
niques to study binary systems. This choice is well supgortéon provides a new, precise point on their relative orbit arar
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periastron, which necessarily leads us to a revision of thitad
elements and mass estimates.
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2. Observations and data reduction
2.1. VLA observations

We observed the star HD 160934 with the VLA at 8.4 GHz in

B configuration on 2009 February 13. Thieetive bandwidth

was 4x 43 MHz in RCP, which was enough to achieve an rms o

sensitivity of 0.020 mJy. The source 013331 was used as pri-

mary flux calibrator, and the quasar J1#4226 (1.5°distant

from the target) was selected as phase calibrator. The \abser

tions lasted 1.5 hours in total, with 1 hour integration tiore

HD 160934. We reduced the data using standard routines of the

program Astronomical Image Processing SystéiPS) of the o

National Radio Astronomy Observatory. The resulting imafe 5

HD 160934 is shown in FidJ1. To our knowledge, this is the o|

firstimage of HD 160934 at radio wavelengths, revealing a-rel I @

tively strong, unresolved radio emitter with an integrates of °

1.92 mJy. o s o s o
The position of the radio source seen in the VLA image Right Ascension - (arcsec)

(17h 38min 3%628 in R.A. and+61°14’ 18’360 in Dec) co-

incides with the J2000 expected optical position of HD 16D93

derived from the Hipparcos position and proper motion (17
38m 39605 in R.A. and+61°1416/46 in declination, accurate '}_J'g‘ 1. 8.4GHz map of HD 160934 from VLA data taken on

to 0’5) for that epoch. The deviation between our radio coorcf099-121. The contours are -2, 2,4, 8, 16, 32, 64, and 90%0f th

nates and the optical expected ones’i8M which is within the peak of brightness, 1.92 mieam. The restoring beam (shown

Hipparcos uncertainties, and below the resolution praviole in the bottom-left corner of tbe map) is an elliptical Gaassof
the synthesized beam of our observationt’j. Given the small 1.01x0.79 arcsec (PA -35.9°).

separation of components A and c at the VLA observing epoch .

(one sixth of the synthesized beam, 140 mas, as estimated frb@b!€ 1. Gaussian fits from the VLBI map of HD 160934
the binary orbit, see Sect. 3.2), the two components appédse t i
blended in Fig[1l. On the other hand, we found no evidence ofomponent Flux R.A. Dec. Diameter
radio emission of the third, low-mass companion HD 160934 B, (mJy) (mas) (mas) (mas)

reported to be at8’7 from the primary (Lowrance et al 2005). %%9&":885 29 2%% 01 -5 8&8 01 00'3638'3

(arcsec)

Relative Declination

2.2. VLBI observations .
to be unresolved. The phase-referenced naturally-weighte

The VLA detection described above triggered VLBI observage of HD 160934 is shown in Fifj] 3; two point-like features

tions of HD 160934 that were carried out on 2012 Octobere clearly seen in this VLBI image that can readily be associ

30, using the EVN telescopes atffélsberg, Westerbork, ated to components A and c of the binary HD 160934. Circular

Jodrell Bank, Onsala, Medicina, Noto, Torun, Yebes, SegtloGaussian least-squares-fitted parameters for the two coemp®

Zelenchukskaya, Badary, Urumgi, and Shanghai. The freqyuerare listed in TabIg]1.

of the observations was 5GHz and both polarizations were

recorded with a rate of 1024 Mbps (two polarizations, eigifts

bands per polarization, 16 MHz per subband, two bits per sam-Results

ple). The data were correlated with the EVN MKIV data proces 1 Radio emission of HD 160934

sor at the Joint Institute for VLBI in Europe (JIVE). Theseseb

vations lasted ten hours and were scheduled in phase-metereThis study reveals that HD 160934 is a relatively strongaadi

style, interleaving scans of the ICRF quasar J1®8H26 and the emitter. From its 8.4 GHz VLA flux and Hipparcos distance, we

target star HD 160934. The cycle target-calibrator-talggted estimate the (absolute) radio luminosity of this star, which is

about six minutes. 0.27 x 10'ergsHz!s™L. This value, along with other proper-
We usedAIPS to (i) calibrate the visibility amplitudes, (i) ties, is compared in Tablé 2 with those of well-known radar st

correct for the ionospheric contribution (taBECORwith GPS- members of the AB Dor-MG, namely PW And, LO Peg, EK Dra,

driven Global lonospheric Maf (iii) self-calibrate the phase and AB Dor itself, the main star system of the AB Dor moving

of J1746-6226, and (iv) to apply these self-calibration solugroup. TabléP shows that HD 160934 shares an intense coronal

tions to the target source HD 160934. Both sources wereyinalhagnetic activity with the other radio stars, as indicatgdt®

deconvolved and imaged using the Caltech imaging progrd@pid rotation and saturated levels of X-ray luminosigy(where

DIFMAP (Shepherd et al. 1995). Figurk 2 shows the map of tis@turated means that the star reaches a maximiugp @&sulting

phase calibrator J1746226, performed with uniform weight- in Lx/Leai ~ 1073; Pizzolato et al. 2003). We can reasonably

ing to obtain maximum resolution, in which the source appednfer that the origin of the radio emission of HD 160934 must
be similar to that of the other stars in Table 2, that is, entre
1 httpy/cddis.nasa.ggeddis.html magnetic activity of the stellar corona that triggers gyres
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Table 2. Radio stars from the AB Doradus moving group

Name Spectral d vsini Prot logLx logLr Reference®lotes
type (pc) (knfs)  (d) (ergs)  (ergsHz)
HD 1405 PW And K2 28 24 1.75 30.5 14.5 1,14,15
HD 36705 AC ABDorA/C KO 15.1 44 0.514 30.2-32 15-16 2,3,@'2 binary
HD 36705 B AB Dor BaBb KO 15.1 9 0.33 - 14.6 2,5,6/70’06 radio binary
HD 129333 EK Dra AB GO 31 16.5 2.78 29.92 14.6 1,8,9/5 binary
HD 160934 Ac K7 30.2 17 1.8 29.39 14.4 2,10,11,AQ'15 radio binary
HIP 106231 LO Peg K8 25.1 60 0.42 30.2 14.7 13,14,15

Notes. Radio binary designation indicates that both members obithery system are radio emitters.

References: (1) Montes el al. 2001; (2) Zuckerman & Song 2(&)4Guirado et al. 2006; (4) Lim & White 1995; (5) Lim 1993;)(@anson et al.
2006; (7) Azulay et al. (2012); (8) Gudel et al. 1995; (9) Kpat al. 2005; (10) Hormuth et al. 2007; (11) Evans et al. 2Q12) this paper; (13)
JdTries et al. 1994; (14) Wichmann et al. 2003; (15) VLA data areh
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Fig. 2. 5GHz hybrid map of J17465226 from EVN data taken Fig.3. 5GHz map of HD 160934 from EVN data taken on
on 2012.830. The contours are -0.8, 0.8, 1, 2, 4, 8, 16 , 32, @12.83014. The contours are -4, 4, 8, 16, 32, 64, and 90% of
and 90% of the peak of brightness, 0.3flb&am. The restoring the brightness peak, 0.15 midgam. The restoring beam (shown
beam (shown in the bottom-left corner of the map) is an étigdt in the bottom-left corner of the map) is an elliptical Gaassof
Gaussian of B8x 0.89 mas (PA -21.4°). 1.77x 1.33mas (PA -36.7°).

chrotron emission from nonthermal, accelerated electfbing ~ Ciation (radio detections have been reported for AB DgBBa
1994; Gudel et al. 1995). The large discrepancy between tih masses down to 0.15-0.2)\Azulay et al. 2013). Since all
VLA and VLBI flux densities (1.92 and 0.19 mJy, respectivelyjadio stars detected in the AB Dor-MG are fast rotators in the
could be explained by the presence of low-brightness earissiX-ray saturated regime, we could predict a similar scenario
from HD 160934, possibly combined with the expected fluxvardD 160934 c. We notice that the rotation period could be even
ability of the star, which is resolved out by the EVN basedinelonger than the 1.8 days for component A, since, as reported
Accordingly, some caution has to be exercised when considey Pizzolato et al. (2003), the smaller the mass of the star, t
ing the values in Tablgl 2; for example, the fact that the VLAhorter the rotation period needed to reach the saturaiats.
and X-ray luminosities seem to follow the empirical rgdiesay
correlation (Gudel et al. 1993) could be regarded, to aagert
degree, as a coincidence.

The detection of the lower-brightness component in olthe detection of HD 160934 ¢ in our VLBI image has an obvi-
VLBI map (Fig.[3) is fortuitous, since our original plan wasous astrometric interest, since it provides a precise dzitd pf
to monitor only the reflex motion of HD 160934 A. This showshe relative orbit of the binary. A compilation of previoubdal
that radio activity is not a rare phenomenon in stars betongimeasurements of this pair has been made by Evans et al. (2012)
to the AB Dor-MG, and, indeed, this is not the first radio binarwho included both their data from aperture masking and ear-
(i.e., both members of the binay are radio emitters) in thga lier infrared relative positions from Hormuth et al. (20G#)d

3.2. Orbital parameters
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Fig. 4. Orbit of the binary star HD 160934. HD 160934 A component isvan as a small cross at the origin. Each type of symbol
corresponds to a fferent technique to measure the relative position of HD 18@98amely, infrared relative astrometry (squares;
Hormuth et al. 2007; Lafreniere et al. 2007), masking fietermetry (triangles; Evans et al. 2012), and VLBI (star bpinthis
paper). Error bars are plotted but hardly visible becausken$ize of the orbit. For clarity, they are displayed in Eg.

W7 T T 1 Table3. Orbital parameters of HD 160934
-5 F 1
7 Ot [ ] Parameter Value
Eol l [ 1 - P (yn): 10.33£0.06
< | 1 ] a(): 0.152+0.002
5L [ ] e 0.626+ 0.005
i ] i): 82.4+0.2
ob_ w(°): 35+1
0 Q(): 85.9+0.3
- - T To: 2002.32+ 0.07
- 5 ' [ I[ l ' Notes. The uncertainties shown are the standard errors scaledaso th
g f I ] they? per degree of freedom is unity.
< 0F . ]
A
-5 7 . . Qo
bital parameters to take this contribution into accoung (Ezble
—-10 L. . . . 1 . . . . 1 . . . . 1 . . . .
1995 2000 2005 2010 With these orbital parameters and the Hipparcos parallax
Epoch (yr) (30.2:2 mas; van Leeuwen 2007), we have determined the sum
Fig. 5. Postfit residuals in right ascension (upper panel) and de;)éi_ﬁz(?ar\?vasses of both components of HD 160934 using Kepler's
lination (lower panel). The weighted rms of the plotted desils
is 2.9 mas. (@ - dpe)®
T"C = (Ma + Mo,

v\xvherea” is the semimajor axis of the relative orbit measured in
rcsecondg]y is the distance measured in parsqzs the pe-
2 P

. . o - riod of the orbit in years, anthy + m is the sum of the masses
bital parameters of the relative orbit via a weighted lesagtares . solar-mass units. The result is that the sum of the Mmasses i

fit. We found that our revised estimates (see Table 3) coeinci?? - X
e gy ; : .20£0.25M,, where the uncertainty was estimated through er-
within the uncertainties with those previously reporteddwans ror propagation, to which the dominant contribution (md

et al. (2012). The fitted relative orbit and the data pointusa X . o ;
the analysis are shown in F[g. 4. The weighted rms of the posﬁp(rﬁl)lésxthe relatively large standard deviation of the Hippa

residuals (plotted in Fid.]5) is 2.9 mas, meaning that some rf?
modeled &ects are still present in the data. The residuals show
no evidence of another companion within the errors. Instised 4 Conclusions

possible departure of some of the points from the fitted orbit

might indicate instrumentalfiects that have not been considWe have shown the first result of our VLBI project, the main
ered. Accordingly, we have scaled the statistical errote@br- purpose of which is to monitor the absolute reflex motion of

Lafreniére et al. (2007). We have augmented this data gt
our VLBI positional value given in Tablgl 1 to estimate the o
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HD 160934, a member of the AB Dor-MG. However, the deteGalvez, M. C., Montes, D., Fernandez-Figueroa, M. J., @pé&7-Santiago, J.
tion of compact radio emission in component ¢ opens the possi 2006, Ap&SS, 304, 59
bility to a precise, VLBI-driven, astrometric monitoring the g.hez' A. M., Neugebauer, G., & Matthews, K. 1993, AJ, 106,200

. . X irart, J. M., Curiel, S., Rodriguez, L. F., et al. 2004, A27, 2969
absolute orbit (reflex motion of HD 160934 A with respect t@;;gel, m., Schmitt, J. H. M. M., Bookbinder, J. A., & Flemirig A. 1993, ApJ,
the external quasar J1746226) and the relative orbit, both of 415, 236
which are necessary to determine model-independent dyna@iidel, M., Schmitt, J. H. M. M., Benz, A. O., & Elias, N. M., 11995, A&A,
cal masses of each components of the system. We note that the301, 201
proximity of the o Stars near periasizon20—40mas n the SHIaCE:.C. Reyiads 3 & Lestade, 1.5, o oL g7, i60, 835
last four years) has prevented an appropriate samplingeof ghirado: J.C.. Marcaide, J. M., Marti-Vidal, I., et al. 20A&A, 533, A106
relative orbit until the recent use of more precise intenfieet- Hillenbrand, L. A., & White, R. J. 2004, ApJ, 604, 741
ric techniques: aperture-masking (Evans et al. 2012) arﬂlVLHOFn;gtsh,7'E,7Bfandner, W., Hippler, S., Janson, M., & Hegnif. 2007, A&A,
(this work). The result of our orbital analysis yields a \abf anson,,M., Brandner, W., Henning, T., & Zinnecker, H. 2088A, 453, 609
1.20£0.25M, for the combined mass of the system. Our VLBﬂeﬁries’ R.D., Byme, P.B., Doyle, J.G., et al. 1994, MNRAS, 2768
program will extend for at least two more years, samplind pasnig, B., Guenther, E. W., Woitas, J., & Hatzes, A. P. 20884, 435, 215
of the as yet uncovered orbit (see Hiyj. 4). More importaitly, Lafreniere, D., Doyon, R., Marois, C., et al. 2007, ApJ, 67867
will allow us to obtain a precise estimate of the parallaxjolth Lim. J. 1993, ApJ, 405, 33

. . . Lim, J., White, S. M., Nelson, G. J., & Benz, A. O. 1994, ApJ04332
is necessary to remove the relatively large uncertaintyalow: Lim. J.. & White, S. M. 1995, ApJ, 453, 207

lating the masses of the system (see Sect. 3.2). Loinard, L., Torres, R. M., Mioduszewski, A. J., et al. 208pJ, 671, 546
Out of the six radio stars detected in the AB Dor-MG (Tableopez-Santiago, J., Montes, D., Crespo-Chacon, |., &a&edez-Figueroa, M. J.

@, HD 160934 Ac is the second pair whose two components 2% 25 €08 00 oo 205,180, 1845

are radio emitters (after AB. Do_r P8b); the pther two stars Montes, D LObez-Saniiago, J Fernénc’iez-,FigueroaJ.l\}l& Gﬁlvez, M. C.

(AB Dor A and EK Dra) are binaries. Interestingly, the only ra" 2001, AgA. 379, 976

dio stars in Tablé]2 that are thought to be single, PW And améndey, J. C., Singh, K. P., Sagar, R., & Drake, S. A. 2002nabuof

LO Peg, have not yet been observed at high resolution (i.e., Astrophysics and Astronomy, 23,9

VLBI). This poses some questions about a possible relatid?ilzo'a;o-l?; Maggio, A., Micela, G., Sciortino, S., & Vena, P. 2003, A&A,

_ship between radio emission (i.e., activity levels) andabiy Rodriguez, L. F., Curiel, S., Canto, J., et al. 2003, ARE, B30

in young late-type stars. The star members of the AB Dor-M&hiieder, J. E., Lépine, S., & Simon, M. 2012, AJ, 143, 80

shown in Tabl€R are non-interactive binaries, whose ramlig€ Shepherd, M. C., Pearson, T. J., & Taylor, G. B. 1995, BAAS 0B

sion mostly originates from a dynamo mechanism induced gy;‘f‘;fr‘] 'X"TDUI\::{HQU 8& G[l;i”?_t:ggﬁ ZSI |\2/|OOGO' é?ii 524050-11(% 1997

fast rotation in presence of a strong magnetic field. Faatioot _Torres, C. A. 0., Quast, G. R., Melo, C. H. F., & Sterzik, M. BOB, Handbook

appears to be the key parameter for triggering radio enmisSio " of Star Forming Regions, Volume 11, 757

Assuming this, a possible scenario for a radio binary wonnd i Torres, R. M., Loinard, L., Mioduszewski, A. J., et al. 208], 747, 18

ply that both components originated from the collapse of g-mavan Leeuwen, F. 2007, A&A, 474, 653 _

netized rotating cloud or protostellar disk. If fragmeittathas Wichmann, R., Schmitt, J. H. M. M., & Hubrig, S. 2003, A&A, 33863

to occur to form the binary star (according to Boss 2002, highckeman: B & Song, 1. 2004, ARAZA, 42, 685

magnetic fields do not hamper fragmentation, instead, thesns

to contribute to the formation of binary or multiple systgrise

angular momentum should be distributed in such a way théat bot

components retain high levels of rotation. Therefore, waeek

high rotation rates in the two members of the binary to mainta

the levels of radio emission. Finally, we note that an improv

ment in the sensitivity of the radio interferometric arrayit be

essential to increase significantly the statistics of radharies.
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