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Abstract. We discuss the transport of angular momentum induced by
tidal effects in a disk surrounding a star in a pre-main sequence binary
system. We consider the effect of both density and bending waves. Al-
though tidal effects are important for truncating protostellar disks and
for determining their size, it is unlikely that tidally-induced angular mo-
mentum transport plays a dominant role in the evolution of protostellar
disks. Where the disk is magnetized, transport of angular momentum is
probably governed by MHD turbulence. In a non self-gravitating lami-
nar disk, the amount of transport provided by tidal waves is probably too
small to account for the lifetime of protostellar disks. In addition, tidal
effects tend to be localized in the disk outer regions.

1. Angular Momentum Exchange between the Disk Rotation and
the Orbital Motion

In a binary system where at least one of the stars is surrounded by a circumstellar
disk, tidal waves excited by the companion propagate into the disk. If the disk
and the orbital plane are coplanar, these waves are called density waves. In
a noncoplanar system, both density and bending waves are excited. They are
respectively of even and odd symmetry with respect to reflection in the disk
midplane. The pattern speed Qp with which the tidally excited pattern rotates
is w and 2w for density and bending waves, respectively, where w is the binary
angular speed. The disk is truncated by tidal effects in such a way that its radius
is not greater than about one—third of the separation of the system (Papaloizou
& Pringle 1977, Paczytiski 1977, Larwood et al. 1996 for the non coplanar case).
Therefore, Qp is smaller than the angular speed of the gas in the disk, and
the tidal pattern carries negative angular momentum (or, in other words, the
torque exerted on the disk by the companion is negative). Through dissipation
of the waves, the disk then loses angular momentum and disk material flows
inwards, whereas the companion star, which excites the waves, gains this angular
momentum.

Since there is no corotation resonance in the disk, secular exchange of an-
gular momentum between the disk rotation and the orbital motion occurs only
if the waves dissipate, either in the bulk of the disk or at its boundaries (Goldre-
ich & Nicholson 1989). In a laminar disk, dissipation of tidal waves may arise
through shocks. A shock front forms when the group velocity of the wave rela-
tive to that of the fluid (or, equivalently, the perturbed velocity) is supersonic.
Shocks are very dissipative so the wave amplitude cannot rise much above the
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level where the front first forms. In other words, the wave is decelerated at the
shock front in such a way as to restore marginally sonic wave motion. Conser-
vation of wave action may tend to cause the amplitude of the (shock—)wave to
increase again as it propagates further in, but this effect is balanced by shock
dissipation maintaining the amplitude at the marginal level.

Tidally-induced angular momentum transport has been considered as an
alternative to turbulent transport (Shu 1976, Sawada et al. 1986, Spruit et al.
1987, Larson 1989, see also Larson in this volume). It is viewed as particularly
attractive in disks where the ionization level is too low for the magneto-rotational
instability to operate (Balbus & Hawley 1998). However, while the presence of
spiral waves have been inferred in the accretion disk of the dwarf nova IP Peg
(Steeghs et al. 1997), there are no indications that they are associated with
significant angular momentum transport. Below we consider successively the
case of density and bending waves.

2. Angular Momentum Transport by Density Waves

There are two main obstacles to the propagation of density waves down to small
radii. First, if the disk is vertically stratified, the wave front tends to be tilted
upwards so that the wave action migrates towards the surface of the disk and
into any atmosphere it possesses where it can take on high amplitude and be
dissipated (Lin et al. 1990a, 1990b). Only under the artificial assumptions of
a strict polytropic edge and no dissipation can it be channeled into and remain
in a very narrow surface waveguide (Ogilvie & Lubow 1999). Migration of
wave action towards the surface (or wave refraction) is more effective for high
azimuthal mode number m, but is still efficient for the two—armed spirals which
are predominantly excited in binaries. This is because even though these waves
have a larger wavelength in the linear regime, if they become nonlinear their
profile necessarily distort and develop short wavelength components for which
refraction might be important.

The second obstacle to long range wave propagation is a low temperature
or, equivalently, a high Mach number (e.g., Spruit 1987, Savonije et al. 1994,
Godon et al. 1998, Armitage & Murray 1998, Blondin 1999). This is because the
characteristic wavelength of the excited waves decreases with increasing Mach
number, so that it becomes very small compared with the scale associated with
the forcing potential (Lin & Papaloizou 1993). The torque, which is obtained
by integrating over the volume of the disk the perturbed mass density times the
tidal force, is then very small.

There have been a number of 3D numerical calculations of tidal shock waves
(see Yukawa et al. 1997 and references therein, Haraguchi et al. 1999) but the loss
of disk angular momentum has not been computed in these calculations. Spiral
shocks were seen in some of these simulations, but they were much less distinct
than in 2D. Even in 2D, where refraction is absent and therefore tidal effects are
overestimated, the pattern observed in IP Peg can be reproduced only in the
outer disk during outburst, when the enhanced viscosity pushes the disk edge
into a region of strong gravitational perturbations from the secondary (Armitage
& Murray 1998), or for unrealistically hot disks (Godon et al. 1998). Note that
observations themselves only show spirality in the outer disk in IP Peg. In 2D,
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calculations by Savonije et al. (1994) and Blondin (1999) suggest that wave—
driven accretion onto the central star occurs in disks where the Mach number
is smaller than about 10, whereas it is inefficient when the Mach number is
larger than about 20. Since the Mach number in protostellar disks is thought
to be larger than 10 (the disk aspect ratio is around 0.05-0.1), tidally—induced
transport is probably not significant in the disk inner parts.

3. Angular Momentum Transport by Bending Waves

Bending waves are more efficient at transporting angular momentum in a disk
than density waves, because they have a longer wavelength (Papaloizou & Lin
1995). For the same reason they can also propagate down to smaller radii.

Papaloizou & Terquem (1995) calculated the m = 1 bending wave response
of an inviscid disk with the rotation axis misaligned with a binary companion’s
orbital rotation axis. They assumed that the waves were dissipated by nonlinear
interaction with the background flow before reaching the disk inner edge, so that
all their angular momentum was deposited into the disk. They found that m =1
bending waves can lead to the accretion of the disk on a timescale in excess of
a few times 107 years.

Terquem (1998) calculated the tidal torque in a viscous disk (where the
waves are viscously damped) and found that it can be comparable to the torque
communicated internally by horizontal viscous stress acting on the background
flow when the perturbed velocities in the disk are on the order of the sound
speed. The tidal torque can exceed the horizontal viscous torque only if the
viscous stress tensor is anisotropic with the parameter a which couples to the
vertical shear being larger than that coupled to the horizontal shear. When
the perturbed velocities become supersonic, shocks reduce the amplitude of the
perturbation such that the disk moves back to a state where these velocities
are marginally sonic (Nelson & Papaloizou 1999). When shocks occur, the tidal
torque exerted on the disk may become larger than the horizontal viscous torque.
Terquem (1998) also found that if the waves are reflected at the center, reso-
nances occur when the frequency of the tidal waves is equal to that of some free
normal global bending mode of the disk. If such resonances exist, tidal interac-
tions may then be important even when the binary separation is large. However,
it is unlikely that in a realistic accretion disk waves can be reflected at the disk
inner edge. Therefore, in a viscous disk, it is unlikely that transport of angular
momentum is increased by more than a factor two or so by tidal effects. It was
also found that if o is larger than about 10~2, bending waves are damped before
they can reach the disk inner parts.

4. Conclusion

Tidal effects in pre-main sequence binary systems are important for truncating
protostellar disks and for determining their size. However, once the disk is
truncated, the calculations reviewed above suggest that tidally-induced angular
momentum transport does probably not play a dominant role. Where the disk is
ionized enough so that the magneto-rotational instability can develop, transport
of angular momentum is most probably dominated by magnetic turbulence. If
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the disk is laminar, the amount of transport provided by tidal waves is unlikely
to be large enough to account for the dissipation of the disk on a timescale on
the order of a few million years. In addition, tidal effects tend to be exerted
mainly at the disk outer edge, where the perturbation is the strongest. Strong
tidal effects at the outer edge of the disk would allow mass from the outer region
to retract inwards, subsequently weakening the tides at the edge. Some pile up
of mass may result at smaller radii, but whether that would affect significantly
the whole disk would depend on the disk mass.

Acknowledgments. I thank S. Balbus and J. Papaloizou for useful com-
ments on an early draft of this paper.

References

Armitage, P. J., & Murray, J. R. 1998, MNRAS, 297, L81
Balbus, S. A., & Hawley, J. F. 1998, Rev. Mod. Phys., 70, 1
Blondin, J. M. 1999, preprint (astro-ph/9909181)

Godon, P., Livio, M., & Lubow, S. 1998, MNRAS, 295, L11
Goldreich, P., & Nicholson P. D. 1989, ApJ, 342, 1075

Haraguchi, K., Boffin, H. M. J., & Matsuda, T. 1999, in Star Formation 1999,
ed. T. Nakamoto (Nobeyama Radio Observatory), 241

Larson, R. B. 1989, in The Formation and Evolution of Planetary Systems, ed.
H. A. Weaver & L. Danly (Cambridge: CUP), 31

Larwood, J. D., Nelson, R. P., Papaloizou, J. C. B., & Terquem, C. 1996,
MNRAS, 282, 597

Lin, D. N. C., & Papaloizou, J. C. B. 1993, in Protostars and Planets III, ed.
E. H. Levy & J. Lunine (Tucson: Univ. Arizona Press), 749

Lin, D. N. C., Papaloizou, J. C. B., & Savonije, G. J. 1990a, ApJ, 364, 326
Lin, D. N. C., Papaloizou, J. C. B., & Savonije, G. J. 1990b, ApJ, 365, 748
Nelson, R. P., Papaloizou, J. C. B. 1999, MNRAS, 309, 929

Ogilvie, G. L., & Lubow, S. H. 1999, ApJ, 515, 767

Paczyniski, B. 1977, ApJ, 216, 822

Papaloizou, J. C. B., & Lin, D. N. C. 1995, ApJ, 438, 841

Papaloizou, J. C. B., & Pringle, J. E. 1977, MNRAS, 181, 441

Papaloizou, J. C. B., & Terquem, C. 1995, MNRAS, 274, 987

Savonije, G. J., Papaloizou, J. C. B., & Lin, D. N. C. 1994, MNRAS, 268, 13
Sawada, K., Matsuda, T., & Hachisu, I. 1986, MNRAS, 219, 75

Shu, F. H. 1976, in Structure and Evolution of Close Binary Systems, IAU Symp.
73, ed. P. Eggleton, S. Mitton & J. Whelan (Reidel: Dordrecht), 253

Spruit, H. C. 1987, A&A, 184, 173

Spruit, H. C., Matsuda, T., Inoue, M., & Sawada, K. 1987, MNRAS, 229, 517
Steeghs, D., Harlaftis, E. T., & Horne, K. 1997, MNRAS, 290, L28

Terquem, C. E. J. M. L. J. 1998, ApJ, 509, 819

Yukawa, H., Boffin, H. M. J., & Matsuda, T. 1997, MNRAS, 292, 321

https://doi.org/10.1017/5S0074180900225461 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900225461

	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



