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CHAPTERR B6 * 

AA possible T Tauri companion to the long-term photometric 
variablee HR 6000 
Co-authors:: M.E. van den Ancker and PS. Thé 
Astronomicall  Institute "Anton Pannekoek", University of Amsterdam, Kruislaan 403,1098 S J Amsterdam, The Netherlands 

Acceptedd for publication as a Research Note; van den Ancker, M.E., de Winter, D., Thé, P.S., Astwn, Astwphys. (1996) 

Abstractt - From Strömgren uvby photometry, obtained during the last 14 years, we demonstrate that HR 6000 shows long-term 
photometricc variations with a small (about 0PO3 in u, (T02 in v and (T01 in 6) amplitude. Whereas previous authors classified HR 
60000 spectroscopically as A0/3 Hip and photometrically as B7, we conclude that the observed properties of this system may be 
explainedd by inferring that HR 6000 is in fact a binary system, consisting of a B6 V star and a T Tauri companion. The combined 
spectrumm of these two components may easily have been mistaken for a chemically peculiar early A-type star. This scenario also 
explainss the observed small amount of infrared excess and the observed ROS AT X-ray flux of this system as arising from a T 
Taurii  companion. Other tracers of this companion have not been detected in our studies. Detection of the T Tauri companion with 
near-IRR spectroscopy may be possible due to the significant contribution of the companion to the total flux at these wavelengths. 

1.. Introduction 

Thepeculiarr A-type star HR 6000, together with the well-known 
Herbigg Ae star HR 5999 forming the common proper motion 
binaryy system Dunlop 199, might very well be one of the most 
misidentifiedd objects in the southern hemisphere. Numerous 
paperss in the fiterature confuse HR 6000 for HR 5999. HR 
5999,, a well known photometrically variable Herbig Ae star, is 
locatedd approximately 44" south of HR 6000, with about the 
samee right ascension, and, at maximum brightness, about 0?1 
fainterr than HR 6000. Because of the confusion with HR 5999, 
HRR 6000 was believed to be variable as well, andd consequently 
namedd V856 Sco. In reality, all photometric data in the literature 
indicatess that the brightness of the star is perfectly constant. 
Becausee the Pre-Main Sequence object HR 5999 and many 
TT Tauri stars are located in its vicinity, HR 6000 is generally 
believedd to be a young object itself. 

Recentt high-resolution techniques in the near infrared re-
solvedd the known faint companion of HR 5999, Rossiter 3930 
(Stecklumm et al. 1995). They reported an effective temperature 
off  3750 K, a radius of 3.5 R0 and a luminosity of 3.9 L 0 for 
Rossiterr 3930. Because of a common proper motion with HR 
59999 and the youth of the latter it is recognized as a T Tauri 
companionn of HR 5999; 

Fromm optical spectroscopy, Andersen et al. (1984) con-
cludedd that HR 6000 is a single, very slow-rotating (or seen 
pole-on),, chemically peculiar Helium-weak late B or early A 
typee star, without significant circumstellar matter. Later, Castelli 
etal.(1984,1985)) showed, from UV spectral data, that HR 6000 
doess not seem to fit  in any of their classes of chemically pecu-
liarr stars, although it shares some characteristics with the HgMn 
stars.. Furthermore, the spectral type derived from spectral data, 
A0/33 HI, seems to differ significantly from its spectral type, as 
derivedd from optical photometric data, B7 (Eggen 1984). 

**  Based on observations collected at the European Southern Observa-
tory,tory, La Silla, Chile, and on data collected in the long-term photometry 
off  variables programme at ESO. 

Withoutt any doubt the most striking feature about HR 6000 
iss that, according to EXOSAT (Thé et al. 1985) and ROSAT 
(Zinneckerr & Preibisch 1994) observations, HR 6000 seems to 
bee a strong source of X-rays. This is quite unexpected, since 
fromm a theoretical point of view mechanisms responsible for the 
productionn of X-rays in both earlier and later type stars do not 
seemm to apply for Main-Sequence B6-A5 stars (e.g. Caillault et 
al.. 1994). How these X-rays are generated remains unexplained 
att the moment 

2.. The observations 

Duringg the last 14 years, HR 6000 was monitored by the ESO 
"Longg Term Photometry of Variables" (LTPV) group, using the 
Strömgrenn Automatic Telescope (SAT; former Danish 50 cm 
telescope)) at La Silla. This telescope is equipped with a simul-
taneouss multicolor photometer on the Strömgren uvby system. 
Anyy systematic effects due to non-simultaneous measurements 
att the different passbands are therefore avoided. Immediately 
beforee and after each programme star measurement, two com-
parisonn stars (HD 143699 and HD 145191), located close to, 
andd with roughly the same magnitude and colours as HR 6000, 
weree measured to check whether the observed variations are 
real.. Since parts of these observations were already published 
byy Manfroid et al. (1991) and by Sterken et al. (1993), and the 
otherr part will be published in a forthcoming publication by 
thee ESO LTPV-group, these observations are not listed in this 
paper. . 

Too achieve the highest accuracy in the corrections for ex-
tinctionn in the earth atmosphere, the measured magnitudes of 
HRR 6000 were corrected, after applying a standard photometric 
reductionn procedure, with the difference between the measured 
andd averaged magnitudes of the comparison stars. The non-
variabilityy of the comparison stars was confirmed by compar-
ingg the standard deviations in their measurements against those 
forr the other comparison stars in the ESO LTPV-programme. 
Averagee errors in the in this way obtained new Strömgren pho-
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Fig.. 1. Lightcurve of HR 6000 in the Strömgren u, v, b and y magnitudes. For clarity error bars are not given (but see text). 
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tometricc data are (T006, (T004, OTHXM, and Ô OOó for u, v, b 
andd y, respectively. 

Thee resulting light curve of HR 6000 in the Strömgren u, v, 
bb and y magnitudes is shown in Fig. 1. A long-term variability in 
thee u, v and b magnitudes, with a period larger than the timescale 
coveredd by the observations, can be seen in this figure. The 
amplitudee of the variations seems to be approximately OT'OS
07*011 in u, 0TO2  0?01 in v and (T01  O^Ol in b. 
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Fig.. 2. Intermediate-resolution spectrum of HR 6000 in the Ha wave-
lengthh range 

Ann intermediate resolution (1.9 A pix-1) spectrum of HR 
6000,, in the Ha wavelength range, was obtained in march 1991 
(JDD 2448321.7935) with the ESO 1.52 m telescope at La Silla. 
Thee exposure time was 30 seconds. During these observations 
thee telescope was equipped with a Boiler & Chivens spectro-
graphh and a 1024 x 640 RCA CCD. The spectrum was reduced 
usingg MIDAS running under SUN/OS at ESO Headquarters. 
Thee new spectral data are shown in Fig. 2. As can be seen 
fromm this figure, the Ha line profile looks quite similar to that 
off  most main-sequence stars. No obvious anomalies or other 
strongg spectral features can be seen in the wavelength range 
coveredd by these observations. 

3.. Astrophysical Parameters 

AA new estimate of the photometric spectral type of HR 6000 was 
madee from the UBV photometry by Kilkenny etal. (1985). Us-
ingg the intrinsic two colour (B - V)0 versus (U - B)0 diagram 
forr Main-Sequence stars (Schmidt-Kaler 1982), we determined 
thee intrinsic colours (B - V)0 and (U- B)0, assuming a redden-
ingg direction of E(U - B)/E(B -V) = 0.72, corresponding 
too that of a normal (i.e. Ry = Av /E(B - V) = 3.1) extinction 
law.. From these intrinsic colours we derive the colour excess 
E(BE(B — V), as well as the spectral type, using the catalogue 
off  Schmidt-Kaler (1982). Since the intrinsic (B - V)0 versus 
(Z77 — B)o two colour diagram for stars of different luminos-
ityy classes is nearly identical, for the range of spectral types 
consideredd here, this method can not be used to determine 
thee luminosity class. The resulting spectral type is B6, with 
E(BE(B -V) = (T08  (F02. 

Ann extinction-free spectral energy distribution (SED) of HR 
60000 was constructed using the simultaneous UBV(RI)C and 
JHKLJHKL photometric observations by Kilkenny et al. (1985), the 

neww Strömgren uvby photometry and the Walraven WULBV 
photometricc data by Thé & Tjin A Djie (1978). This photometry 
wass supplemented with ultraviolet data consisting of two IUE 
low-resolutionn spectra (LWR 11431 and SWP 14849), taken 
fromm the IUE archives. Because HR 6000 is too close to the 
brightt infrared source HR 5999, no IRAS data of HR 6000 
aree available. To construct the extinction-free SED, the photo-
metricc data was dereddened using the normal extinction law of 
Steenmann & Thé (1991). This SED was analyzed by compar-
ingg it with a Kurucz (1991) theoretical SED model with Teff 

== 14,000 K, corresponding to the photometric spectral type of 
B6.. In order to get a better comparison between the Kurucz 
modell  and the IUE spectral data, the latter were rebinned to 
thee same resolution as the Kurucz models. No satisfactory fit 
couldd be obtained with the Kurucz model corresponding to the 
spectroscopicc spectral type of A0-3 in as derived by Castelli 
ett al. (1984,1985) and Andersen et al. (1984). 

Thee resulting SED is shown in Fig. 3. As can be seen from 
thiss figure, the quality of the fit  to the Kurucz model is very 
goodd in the ultraviolet and the optical wavelength ranges, with 
aa small amount of excess radiation above photospheric levels in 
thee infrared. The presence of free-free emission can not explain 
thee infrared excess, since this effect will be much smaller than 
thee observed excess, for the stellar temperatures considered 
here.. To produce free-free emission HR 6000 would also need 
too have an extended atmosphere, in which Balmer emission 
liness would be formed, in clear contradiction with the spectral 
dataa shown in Fig. 2. Furthermore, it seems unlikely that the 
observedd infrared excess is caused by reprocessing of stellar 
radiationn by dust particles, as seen in many Herbig Ae/Be stars, 
sincee this infrared excess starts at relatively small wavelengths, 
correspondingg to too high temperatures for dust particles to 
survive. . 

Thee most attractive explanation for the infrared excess might 
bee to infer the existence of a cool (K or M type) companion 
aroundd HR 6000. In view of the youth of the region in which 
HRR 6000 is located, this companion must be a T Tauri star. To 
demonstratee that a T Tauri companion can indeed quantitatively 
reproducee the observed infrared excess of HR 6000 we com-
putedd a model for a T Tauri system with a 3,500 K central star 
andd an accretion rate of 2 x 10-7 M s yr_1 following the pre-
scriptionn of Bertoutet al. (1988). This T Tauri model was fitted 
too the observed infrared excess of HR 6000 and is also shown 
inn Fig. 3. According to this model, the T Tauri star would have 
aa V magnitude of about 13.5, or about 6 magnitudes fainter 
thann the B6 star, and thus will not contribute significantly to the 
observedd visual magnitudes of HR 6000. 

Inn order to obtain the position of HR 6000 in the 
Hertzsprung-Russelll  diagram, we computed the stellar lumi-
nosityy using the following formula: 

LL t°° 
 FxtKuruczdX, (1) 

withh d the distance towards the programme star, and FxtK„ rucz 

thee Kurucz model, fitted to the extinction-corrected SED. If we 
adoptt a distance towards HR 6000 of 0 pc, corresponding 
too that of the Lupus 3 star forming region (Hughes et al. 1993), 
-L**  = 110  20 L 0. The resulting HR-diagram, in which the 
evolutionaryy tracks and the birthlineby Palla & Stahler (1993) 
aree also plotted, is shown in Fig. 4. In the same diagram we 
alsoo plotted the position of HR 5999 (Perez et al. 1994), and the 



128 8 CHAPTERR B6: A possible T Tauri companion to the long-term photometric variable HR 6000 

- BB  — 

I I 

em m 
o o 

- 100 -

- 1 22 — 

- 14 4 

—ii  1 1 1 1 i 

HRR 6000 
RR = 3.10 
E(B-V)) = 0.08  0.02 
Tefff = 14000 K 

- l l 

l ogg A (jitm) 

Fig.. 3. Observed (squares) and extinction-corrected (circles) SED for HR 6000. Also shown are the Kurucz model (upper dashed line) fitted to 
thee extinction-free SED, the T Tauri model (lower dashed line) and the total model (solid line). 

Fig.. 4. Positions of HR 5999, HR 6000 and the T Tauri companion 
inn the Hertzsprung-Russell diagram. Also shown are the theoretical 
Pre-mainn sequence evolutionary tracks by Palla and Stahler (1993) for 
objectss with a higher than 1 M 0 mass and the ones for lower mass 
objectss by D'Antona & Mazzitelli (1994). Furthermore a combined 
birthlinee of these data is drawn as well as isochrones for the lower 
masss stars 

positionn of the T Tauri model fitted to the SED, again computed 
usingg Equation (1). In the T Tauri case the determined luminos-
it yy includes the accretion luminosity. The horizontal error bar 
indicatess the spread of the possible temperature range of the T 
Taurii  component that was fitted to the SED of HR 6000. This 
temperaturee error also yields an uncertainty in the luminosity 
andd is expressed, together with the influence of the one in the 
distance,, in the error bar shown in Fig. 4. The errors in the 
measurementss of the photometry are not significant compared 
too those mentioned before. In Fig. 4 we see that HR 6000 is 
locatedd near the zero-age main-sequence in the HR-diagram. 

Itt is also interesting to note that the ages, as derived from the 
isochroness by Palla & Stahler (1993), of HR 5999 (2 x 106 yr), 
andd HR 6000 (> 106 yr) are compatible with the assumption 
thatt these two objects have been formed at the same time, from 
thee same cloud. Therefore, we conclude that HR 6000 is most 
probablyy a B6 V star, physically located in the Lupus 3 star 
formingg region. If we now assume that the T Tauri companions 
off  HR 6000 and HR 5999 have also the same age as their massive 
counterpart,, we can draw a region in Fig. 4 in which they must 
bee located. The boarders of this region are determined by the 
locall  isochrones, 1 and 3 x 106 yr, and their temperature range. 
Thee derived luminosities are just an upper limi t of the stellar 
luminositiess as i t contains, probably in both cases, an accretion 
contribution.. The temperature range for the HR 6000 T Tauri 
componentt is 4 ,100-3 ,000 K and Ltot = 0 . 8 - 0 .3 I © . 

Inn case of the HR 5999's T Tauri component Rossiter 3930, 
wee have adopted Te}} = 3,750 K (Stecklum et al. 1995) and 
LtotLtot = 1.0-3.5 L g . This luminosity was calculated using a 
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revisedd value for the angular diameter of Rossiter 3930 of (2
0.5)) x 10~4" (Stecklum 1995, private communication) and the 
distancee of 140  20 pc from Hughes et al. (1993). 

Inn Fig. 4 we have also drawn the error bars of Te// and Ltot 
forr both objects together with the region interval as limited by 
thee isochrones. It seems that Rossiter 3930 is somewhat hotter 
andd more luminous than the possible T Tauri companion of HR 
6000.. However, in view of the large error-bars, the unknown 
spreadd in TeJi of Rossiter 3930 andd the unknown contribution 
off  the accretion luminosity we assume that both objects are 
locatedd in the same region as determined by the isochrones. 

Too determine a possible upper-limit of the accretion lumi-
nosityy {Lace) we assume that bom T Tauri objects have an upper 
masss of about 0.7 M 0, see Fig. 4. Given the maximum sepa-
rationn of 12.6 AU of HR 6000 and its companion (see next 
section)) we derive Lace « 3.7 x 1031 erg s- 1 by assuming a 
freee fall from a distance equal to the first Lagrange-point of 
thee 2 x 10~7 M 0 yr-1 mass accretion. The mass applied here 
forr HR 6000 is 35 M@. In case of the upper luminosity of the 
regionn indicated in Fig, 4 Laee ta 6.0 x 10~3 L*  and therefore 
negligible.. If we assume a much lower limit of the area, e.g. a 
TT Tauri companion with 0.3 M 0 and L*  « 0.15 L 0, we derive 
Lacc/L*Lacc/L* « 2.6 x 10~2. So, in this first approximation the ac-
cretionn component does not contribute significantly to the total 
luminosity.. A similar conclusion is reached for Rossiter 3930, 
byy adopting a mass for HR 5999 of 2.5 M 0 (see Fig. 4), a sepa-
rationn of 240 AU at 160 pc (Stecklum et al. 1995) and the same 
accretionn rate as for the HR 6000 T Tauri companion. 

4.. Discussion 

Ass discussed in the previous sections, HR 6000 seems to be a 
quitee peculiar system in a number of ways: Its spectroscopic 
spectrall  type does not seem to match its photometric colours, 
bothh in the UV and in the visual, it shows a small amount of 
excesss radiation in the infrared, it is a long-term photometric 
variable,, andd it is a strong source of X-rays. All of these can be 
explainedd by inferring that HR 6000 is in fact a binary system, 
consistingg of a B6 V and a cool companion. In view of the youth 
off  the region in which both were formed, the cool companion 
mustt be a T Tauri star. 

Thee explanation of HR 6000 being a B6 V star with a close T 
Taurii  companion, does not contradict the speckle interferometry 
byy Baier et al. (1985), who observed HR 6000 to be a point 
sourcee with a diameter smaller than tt'09, corresponding to a 
separationn of 12.6 AU at a distance of 140 pc. However, since the 
differencee in visual magnitude between the main sequence and 
thee T Tauri star will be about 6 magnitudes, and their detection 
limitt was a magnitude difference of 2 - 3m, they did not detect 
thee T Tauri system. The technique of speckle interferometry 
wass also used by Leinert et al. (1994) on a sample of 30 stars. 
Itt was concluded that a significant number, at least 23  9%, 
off  the studied HAeBes do have companions. 

Inn a binary system, the spectrum of a B6 V star may pos-
siblyy be affected through interactions with the T Tauri system, 
suchh as tidal forces and accretion, so it could have been misclas-
sifiedd as an early A-type star, almost devoid of rotational line 
broadening,, with chemical peculiarities. However, such inter-
actionss are very hypothetical because they can easily produce 
emissionn components of especially Ha as seen in most young 
objectss and binary systems. The photometric spectral type, on 
thee other hand, will hardly be affected by such subtle effects, 

andd yield the correct spectral type of the B6 V star. Note that 
noo evidence of any stelar activity is found spectroscopically, 
whichh could explain the X-ray emission rather then the use of 
aa T Tauri companion. This also indicates that HR 6000 has no 
activee mechanisms to turn it into a Be phase. This contradicting 
vieww with HR 5999 will be discussed further. 

Inn the infrared, where we observe a small amount of excess 
radiationn above the photospheric radiation level of the B6 V star, 
wee are probably starting to observe the continuum radiation of 
thee T Tauri system. In such a case the non-existence of dust, 
byy which a stellar wind could collide, does not explain the 
X-rayy emission. If the accretion rate of a Classical T Tauri 
systemm varies, possibly due to interactions of this system with 
thee B6 V star, it will vary in brightness, most noticeably in the 
ultraviolet,, where we observe the boundary layer between the 
TT Tauri and its accretion disk. Hence we will observe small 
variationss in the integrated light of the B6 V and T Tauri star, 
withh a larger amplitude towards bluer wavelengths, as observed. 
Furthermore,, it is interesting to note that the derived X-ray 
luminosityy of HR 6000 by Thé et al. (1985) and by Zinnecker 
&&  Preibisch (1994), Lx = (1.1 ) x 1031 erg s"1, is identical 
too that observedd by Strom et al. (1990) for the K-type T Tauri 
starss in the Lynds 1641 dark cloud, giving a natural explanation 
forr the observed X-ray flux as arising in the T Tauri system. 
Byy assuming the upper-limit of the total luminosity of 0.8 L@ 

forr the T Tauri companion, we derive Lx/Ltat = 3.5 x 10~3. 
Indeedd this value can be typical for weak-line T Tauri stars (e.g. 
Stromm et al. 1990) in cases of very low extinction. 

Wee must note here that in the previous section we have used 
thee upper-limit of the luminosity of the T Tauri companions as 
derivedd from the limitations in age. This luminosity includes 
thee accretion contribution which, in case of an accretion rate 
off  2 x 10~7 M© yr-1, has no significant contribution. Let us 
considerr the case that the accretion luminosity is significant, e.g. 
LaceLace ~ -&*  We must therefore take into account a much higher 
accretionn rate of ~ 10~5 M© yr-1 by assuming an 0.7 M 0 

TT Tauri companion of HR 6000 and the other astrophysical 
parameterss as used before. 

AA higher accretion rate will also result in a higher disk 
contributionn in the SED (Fig. 3), so in order to keep a good 
fit,fit,  the T Tauri companion itself must contribute less. A slightly 
hotterr and less luminous T Tauri companion is possible and will 
resultt in a slightly better fit, but again the area limited by the 
isochroness in Fig. 4 puts some hard constraints on these values 
and,, therefore, on the accretion-rate and stellar luminosity. 

Givenn the maximum luminosity of the T Tauri companion of 
HRR 6000 of 0.8 L 0, the luminosity ratio with HR 6000 will be 
aboutt 140. This explains also the non detection of spectroscopic 
tracerss in our low resolution spectrum, such as Li 16702 A, of 
thee T Tauri companion as discussed by Martin (1994). 

Wee have seen that in spite of some small differences in 
thee astrophysical parameters of HR 5999 and Rossiter 3930 
comparedd with the HR 6000 system both systems have much in 
common.. Having the same age the HR 5999/HR 6000 common 
properr motion pair is an unique quadruple system. Mass and 
agee determinations of HR 5999 and HR 6000 are also obtained 
byy Hughes et al. (1994). For HR 5999 their masses of 2.53 
andd 2.66 M0 agree well with ours. In the case of HR 6000 
theyy obtain lower masses than we: 2.10 and 2.26 M 0. This is 
becausee they have taken it to be an A-type pre-main sequence 
starr instead of the B6 V star it really is. 
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Thee main difference between HR 5999 and HR 6000 is that 
HRR 5999 shows many typical Herbig Ae characteristics*  such 
ass a strong IR-excess up to IRAS colours, photometric and 
spectroscopicc variability and strong emission lines in the UV, 
opticall  and red spectra, whereas HR 6000 shows a complete 
lackk of such indications. 

Iff  we look at Fig. 4 this picture seems to be logical. HR 
59999 is a pre-main sequence star whereas HR 6000 is a young 
main-sequencee object The higher mass of HR 6000 is probably 
thee origin of the faster removal of circumstellar material as 
comparedd to HR 5999. It could therefore be interesting to use 
HRR 6000 as a probe to test for characteristics of young main-
sequencee stars, analogue to less massive and maybe less young 
counterpartss such as Vega-type objects. Maybe the peculiar 
spectrall  characteristics of HR 6000 are really even due to its 
youth,, and we are dealing with a unique higher-mass counterpart 
off  the A Boo phenomenon here. 

Stecklumm et al. (1995) discussed a more effective clearance 
off  the outskirts of the circumstellar material around HR 5999 
ass being due to the T Tauri companion. What is left is then an 
unaffectedd inner disk area being responsible for all observable 
characteristics.. We must note here that it is generally believed 
thatt HR 5999 is seen disk on (Pérez et al. 1993 and references 
therein).. Such a clearance in combination with the higher mass 
off  HR 6000 could explain the lack of detected circumstellar ma-
terial.. This effect could be much stronger for HR 6000, because 
thee T Tauri companion of HR 5999 is located about 20 times 
furtherr away, compared to the HR 6000 case. Furthermore, a 
pole-onn orientation in our line-of-sight could again suppress 
typicall  Herbig Ae/Be characteristics. 

Apartt from the direct detection of the binary of HR 6000, 
possiblyy by near-IR spectroscopy, the most interesting of HR 
60000 is probably that it is seen without any pollution of circum-
stellarr material, which is rather unique for such young objects. 
Thiss being "naked" makes this object an extremely good probe 
forr learning about the chemistry of young objects by the use of 
highh resolution spectroscopy. 
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