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Abstract. The components of the young hierarchical quadruple GG
Tau, which span a wide range in spectral type (K7 - M7.5), are used to test
both evolutionary models and the temperature scale for very young, low
mass stars under the assumption of coeval formation. Of the evolutionary
models tested which extend into the substellar regime, those of Baraffe
et al. yield the most consistent ages when combined with a temperature
scale intermediate between that of dwarfs and giants. The Palla & Stahler
and Siess et al. models are also capable of yielding a coeval age down to
their lowest mass (0.1 Mg). These latter two models, which extend to
much higher masses than the Baraffe et al. models, agree reasonably well
with the Baraffe et al. models at 1.0 Mg and thus could be combined
to construct a set evolutionary models that extends from substellar to
several solar masses.

1. Introduction

The masses and ages of young, low mass stars are primarily inferred from the
comparison of their observationally determined stellar temperatures and lumi-
nosities to the predictions of theoretical pre-main sequence (PMS) evolutionary
models (e.g., D’Antona & Mazzitelli 1997). Unfortunately, these mass and age
estimates are currently very imprecise because of the uncertainties in the input
physics of evolutionary models. Additionally, it is unclear whether a tempera-
ture scale similar to dwarfs or giants is more appropriate for these moderately
over-luminous young stars. The uncertainties in both the evolutionary models
and the temperature scale lead to variations by factors as large as 10 in age and
2 in mass.

The relative ages of young binary stars offer a means of assessing the valid-
ity of evolutionary models. Assuming that the components of binary stars form
simultaneously, a correct evolutionary model and temperature scale should yield
the same age for all components. This test of models is pursued here using the
relative ages of the PMS quadruple GG Tau, a hierarchical quadruple comprised
of two binary stars in Taurus-Auriga (D = 140 pc). The close pair, GG Tau A,
with components Aa & Ab (separation 0725) is separated by 10”1 from a wider
pair, GG Tau B, with components Ba & Bb (separation 1748). Spatially sepa-
rated optical spectra of GG Tau Aa and Ab were obtained using FOS aboard
the Hubble Space Telescope, and of GG Tau Ba and Bb using LRIS and HIRES
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on the 10-m W. M. Keck telescopes. These spectra are presented in White et
al. (WGRS) are are used in conjunction with high spatial resolution photometry
(Ghez, White & Simon 1997) to determine the stellar properties of each com-
ponent separately. These properties are then used to test 4 recently available
evolutionary models, 2 of which extend down to substellar masses (D’Antona &
Mazzitelli 1997, DM; Baraffe et al. 1998, BCAH) and 2 of which extend down
to 0.1 Mg (Palla & Stahler 1999, PS; Siess et al. 2000, SDF).

2. The Stellar Properties of GG Tau

The angularly resolved spectra of all four components confirm that they are
T Tauri stars and very likely to be physically associated (see WGRS). The
spectral types are inferred via comparison with dwarf and giant spectra (WGRS;
Luhman 1999). Gravity sensitive features in the spectra suggest surface gravities
intermediate between that of dwarfs and giants. The line-of-sight extinctions and
stellar luminosities are rederived following the methodology outlined in WGRS
(Table 1). The masses are inferred from the BCAH models adopting dwarf
temperatures for GG Tau Aa and Ab (4000 and 3770 K), and temperatures
which make GG Tau Ba and Bb coeval at 1.5 Myr (3020 and 2815 K). GG
Tau Bb, with a mass of 0.043 + 0.005 Mg, is the lowest mass, spectroscopically
confirmed T Tauri star in Taurus-Auriga; it is a T Tauri brown dwarf.

Table 1.  The Stellar Properties of GG Tauri

Spectral Ay log(L) BCAH Mass
GG Tau Type (mag) (Lo) (Mg)
Aa K7+1 0.724+0.26 —0.074 +0.067 0.78 +0.10
Ab MO0.5+0.5 3.20+0.18 —0.146 +0.051 0.68 +0.03
Ba M5.5+0.5 0.00+0.26 —1.196 +0.104 0.11 £ 0.02
Bb M7.5+£0.5 0.00+0.24 —1.832+0.104 0.043 £0.005

3. A Test of PMS Evolutionary Models

In order to place the components of GG Tau onto an H-R diagram for compari-
son with evolutionary models, the observed spectral types need to be converted
into effective temperatures. Unfortunately, the spectral type - effective temper-
ature relation for T Tauri stars is not well known. Since their surface gravity
appears to be intermediate between that of dwarfs and giants, the correct T
Tauri temperature scale is likely to be constrained between that of dwarfs and
giants. In Figure 1, the components of the GG Tau system are plotted on sev-
eral H-R diagrams using both dwarf (Leggett et al. 1996) and giant (Perrin et
al. 1998) temperature scales. A dotted line connects the dwarf and giant tem-
peratures, identifying the range of plausible temperatures for each component.
As the Figure illustrates, the dwarf and giant temperature scales are essentially
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identical for spectral types near MO, but diverge significantly for cooler spec-
tral types. GG Tau Aa and Ab are coeval according to all evolutionary models
and either temperature scale. The isochrone defined by their average age (long
dashed line in Figure 1) can therefore be used to to test the evolutionary models
at cooler temperatures.

The DM models predict an age for GG Tau Ba that is inconsistent with its
hotter companions. It is coeval with Aa and Ab only at a temperature ~ 200
K below the dwarf temperature. The BCAH models are more successful. They
predict coeval ages for both Ba and Bb using a temperature scale that is hotter
than the dwarf scale by 95 K at M5.5, and by 225 K at M7.5. Although the
PS and SDF models do not extend to the low dwarf temperatures of GG Tau
Ba, a small extrapolation of these models suggests that Ba would be coeval with
Aa and Ab using a dwarf temperature for the SDF models and a temperature
slightly hotter than the dwarf scale for the PS models.

These results favor the use of the BCAH models for calculating the masses
and ages of the lowest mass young stars and brown dwarfs. These models should
be used with an ’intermediate’ temperature scale for M spectral types such as
the one proposed by Luhman (1999). Although the PS and SDF models are
capable of yielding consistent ages down to their lowest mass track (0.1 Mg),
these models incorporate a grey atmosphere that, as admitted by the authors,
is less realistic for masses below ~ 0.4 Mg. At higher masses, there is no
clear preference for one model over the others. All three predict -masses that
are consistent with dynamically inferred values (Simon, Dutrey, & Guilloteau
2000). It is often necessary to estimate masses and ages for a sample of stars
whose masses span the range from substellar to several solar masses. For such
an application, the BCAH models could be used up to masses of 1.0 Mg and
either the PS or SDF at larger masses. Both the PS and SDF models agree
reasonably well with the BCAH models at 1.0 Mg (Figure 1).

I am grateful to N. Ried, G. Shultz, and especially A. Ghez for help in
carrying out this project, and to M. Simon for a critical reading of this article.

References

Barafle, 1., Chabrier, G., Allard, F., & Hauschildt, P. H. 1998, A&A, 337, 403

D’Antona, F. & Mazzitelli, I. 1997, Evolution of Low Mass Stars in Cool Stars
in Clusters and Associations, ed. R. Pallavicini & G. Micela,
Mem. S. A. It., 68, 807

Ghez, A. M., White, R. J., & Simon, M. 1997, ApJ, 490, 353

Leggett, S. K., Allard, F., Berriman, G., Dahn, C. C., & Haushildt, P. H. 1996,
AplJS, 104, 117

Luhman, K. 1999, ApJ, 525, 466

Palla, F., & Stahler, S. W. 1999, ApJ, 525, 772

Perrin, G. et al. 1998, A&A, 331, 619

Siess, L., Dufour, E., & Forestini, M. 2000, A&A, in press

Simon, M., Dutry, A., & Guilloteau, S. 2000, A&A, accepted

White, R. J., Ghez, A. M., Reid, I. N., & Schultz, G. 1999, ApJ, 520, 811

https://doi.org/10.1017/5S0074180900225540 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900225540

Pre-Main Sequence Evolutionary Models Based on GG Tauri 467

e OF _;
N » ]
S -1 F E
S - .
o r ]
2 LE :
0F E

5 - :
< : :
S -1 B E
g : .
[e] o ]
9 0 g— _;
3 - 4
- R E
=N E ]
Qo o ]
Sy :
g °F =
> N :
- -1 E
2 F |
= 2 Siess et al. (2000) Grevmrerensd b ]
G 1 1 | L 1 1 1 | L L 4 | | | ]

3.7 3.6 35 3.4
LOg Telf

Figure 1.  The locations of the GG Tau components are shown on an
HR diagram using a dwarf temperatures scale (solid squares; Leggett
et al. 1996) and a giant temperature scale (open diamonds; Perrin et al.
1998). Also plotted are current evolutionary models (see text) showing
isochrones at 108, 107, and 108 yrs. The mean age of the two hottest
components define an isochrone (long dashed line) which can be used to
test the models at lower masses. The Baraffe et al. models provide the
most consistent ages using a temperature scale intermediate between
that of dwarfs and giants (asterisks). The 1.0 M mass track of Baraffe
et al. is over-plotted on the Palla & Stahler and Siess et al. models to
show the reasonably good agreement.

https://doi.org/10.1017/5S0074180900225540 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900225540

	0000fm01
	0000fm02
	0000fm03
	0000fm04
	0000fm05
	0000fm06
	0000fm07
	0000fm08
	0000fm09
	0000fm10
	0000fm11
	0000fm12
	0000fm13
	0000fm14
	0000fm15
	0000fm16
	0000fm17
	0000fm18
	0000fm19
	0000fm20
	0000fm21
	0000fm22
	0000fm23
	0000fm24
	0000fm25
	0000fm26
	0000fm27
	0000fm28
	0000fm29
	0000fm30
	0000fm31
	0000fm32
	0000fm33
	0000fm34
	0000fm35
	0000fm36
	0000fm37
	0000fm38
	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157
	0158
	0159
	0160
	0161
	0162
	0163
	0164
	0165
	0166
	0167
	0168
	0169
	0170
	0171
	0172
	0173
	0174
	0175
	0176
	0177
	0178
	0179
	0180
	0181
	0182
	0183
	0184
	0185
	0186
	0187
	0188
	0189
	0190
	0191
	0192
	0193
	0194
	0195
	0196
	0197
	0198
	0199
	0200
	0201
	0202
	0203
	0204
	0205
	0206
	0207
	0208
	0209
	0210
	0211
	0212
	0213
	0214
	0215
	0216
	0217
	0218
	0219
	0220
	0221
	0222
	0223
	0224
	0225
	0226
	0227
	0228
	0229
	0230
	0231
	0232
	0233
	0234
	0235
	0236
	0237
	0238
	0239
	0240
	0241
	0242
	0243
	0244
	0245
	0246
	0247
	0248
	0249
	0250
	0251
	0252
	0253
	0254
	0255
	0256
	0257
	0258
	0259
	0260
	0261
	0262
	0263
	0264
	0265
	0266
	0267
	0268
	0269
	0270
	0271
	0272
	0273
	0274
	0275
	0276
	0277
	0278
	0279
	0280
	0281
	0282
	0283
	0284
	0285
	0286
	0287
	0288
	0289
	0290
	0291
	0292
	0293
	0294
	0295
	0296
	0297
	0298
	0299
	0300
	0301
	0302
	0303
	0304
	0305
	0306
	0307
	0308
	0309
	0310
	0311
	0312
	0313
	0314
	0315
	0316
	0317
	0318
	0319
	0320
	0321
	0322
	0323
	0324
	0325
	0326
	0327
	0328
	0329
	0330
	0331
	0332
	0333
	0334
	0335
	0336
	0337
	0338
	0339
	0340
	0341
	0342
	0343
	0344
	0345
	0346
	0347
	0348
	0349
	0350
	0351
	0352
	0353
	0354
	0355
	0356
	0357
	0358
	0359
	0360
	0361
	0362
	0363
	0364
	0365
	0366
	0367
	0368
	0369
	0370
	0371
	0372
	0373
	0374
	0375
	0376
	0377
	0378
	0379
	0380
	0381
	0382
	0383
	0384
	0385
	0386
	0387
	0388
	0389
	0390
	0391
	0392
	0393
	0394
	0395
	0396
	0397
	0398
	0399
	0400
	0401
	0402
	0403
	0404
	0405
	0406
	0407
	0408
	0409
	0410
	0411
	0412
	0413
	0414
	0415
	0416
	0417
	0418
	0419
	0420
	0421
	0422
	0423
	0424
	0425
	0426
	0427
	0428
	0429
	0430
	0431
	0432
	0433
	0434
	0435
	0436
	0437
	0438
	0439
	0440
	0441
	0442
	0443
	0444
	0445
	0446
	0447
	0448
	0449
	0450
	0451
	0452
	0453
	0454
	0455
	0456
	0457
	0458
	0459
	0460
	0461
	0462
	0463
	0464
	0465
	0466
	0467
	0468
	0469
	0470
	0471
	0472
	0473
	0474
	0475
	0476
	0477
	0478
	0479
	0480
	0481
	0482
	0483
	0484
	0485
	0486
	0487
	0488
	0489
	0490
	0491
	0492
	0493
	0494
	0495
	0496
	0497
	0498
	0499
	0500
	0501
	0502
	0503
	0504
	0505
	0506
	0507
	0508
	0509
	0510
	0511
	0512
	0513
	0514
	0515
	0516
	0517
	0518
	0519
	0520
	0521
	0522
	0523
	0524
	0525
	0526
	0527
	0528
	0529
	0530
	0531
	0532
	0533
	0534
	0535
	0536
	0537
	0538
	0539
	0540
	0541
	0542
	0543
	0544
	0545
	0546
	0547
	0548
	0549
	0550
	0551
	0552
	0553
	0554
	0555
	0556
	0557
	0558
	0559
	0560
	0561
	0562
	0563
	0564
	0565
	0566
	0567
	0568
	0569
	0570
	0571
	0572
	0573
	0574
	0575
	0576
	0577
	0578
	0579
	0580
	0581
	0582
	0583
	0584
	0585
	0586
	0587
	0588
	0589
	0590
	0591
	0592
	0593
	0594
	0595
	0596
	0597
	0598
	0599
	0600
	0601
	0602
	0603
	0604
	0605
	0606



