Chapter 7 Conclusions

I see my journey rolling out in front of me It reaches on ahead far as the eye can see \I See My Journey" by Eileen McGann

The observations in this thesis were undertaken to investigate the current and magnetic field structure in the magnetospheres of millisecond pulsars, and to shed light on the processes responsible for radio emission in pulsars.

Part I

Normal pulsars, with spin periods near 1 second and surface magnetic fields near 10^{12} Gauss, have been successfully classified based on multi-frequency observations of their intensity profiles and polarization properties. The pulse profile morphology, coupled with the available polarization position angle information, suggests that the emission is produced in a hollow cone filling the open field line region around the magnetic axis. Shorter-period pulsars, with periods between 1 and 50 milliseconds and magnetic fields of ¸ 10^9 Gauss, have remarkably similar emission properties. This is due to the fact that the accelerating voltage, believed to play an important role in the emission process, is proportional to B/P^2 and is therefore similar for the two classes of objects. Millisecond pulsars do not, however, fit into the classification scheme developed for canonical pulsars.

The magnetospheric configurations of millisecond and normal pulsars can be quite different. The open field line region above the polar cap scales with P �^{1=2}, and is therefore much larger in the short-period objects. An emission beam filling this region should therefore be much broader. In addition, the distance to the light cylinder (which scales with P ) is much less in these objects. The radio emission is more likely to originate at an altitude which is significant fraction of the light cylinder radius. Rotational sweep-back of the magnetic field and relativistic effects are also likely to be more important.

Careful polarimetric observations have been presented for nine millisecond pulsars at 575 MHz, 820 MHz, and 1410 MHz. This high resolution multi-frequency data set is the first of its kind. A few additional objects have been studied at a single frequency. As has been noted in other studies, the component widths for these objects are typically narrower than expected based on the observed distribution for slower pulsars. The relationship between core component width and pulse period that is true

194 Conclusions

for long-period pulsars does not explain the observations for these objects. To further complicate matters, the dependence of conal component widths on pulse period is poorly understood for all pulsars. The classification of pulse components into core and cone components remains uncertain, as several components which might otherwise be considered core components have flat spectra. As a result, millisecond pulsar pulse intensity profiles do not develop with frequency in the same way as do those for normal pulsars. Component separations and pulse widths change very little with radio frequency, indicating that the emission region is very compact. For radiation which fills the open field lines, only a very narrow range in altitude is consistent with the observations.

The polarization profiles of millisecond pulsars exhibit many of the features that are seen for normal pulsars: significant linear and circular polarization under some pulse components, well-defined polarization position angle curves, and orthogonal mode transitions accompanied by a decrease in the linearly polarized radiation. The radiation does not depolarize at high frequencies, however, contrary to the canonical behaviour. In addition, the distribution of slopes of the polarization position angle curves in normal pulsars has a wider range than the distribution for millisecond pulsars. Although this effect has been attributed to magnetic field distortions, a simple geometric P �^{1=2} scaling of the open field line region explains the observations.

Intensity profile variations have been discovered in several millisecond pulsars. These occur on longer time scales than the traditional ‘moding’ behaviour exhibited by slow pulsars. The fraction of objects exhibiting profile variations may, however, be similar. In contrast, temporal variations of the fractional polarization appear to be much more common in millisecond pulsars.

The classification of millisecond pulsars is still uncertain, within the canonical models. A larger multi-frequency data set of polarization profiles for low-period objects would be useful. In particular, detailed observations of pulsars with intermediate periods of about 100 milliseconds might help to define the transition between the emission properties of the two classes of objects. Polarization data at both higher and lower frequencies could prove useful. The steep spectra of these objects makes high-frequency polarimetry difficult, and scattering effects at low radio frequencies may limit their usefulness. Observations taken with a larger telescope would assist the investigation of short-term temporal variations in the intensity and polarization profiles of these pulsars. The long-term temporal variations could be studied in more detail through intensive monitoring with a telescope of modest size.

Part II

Single pulse measurements of normal pulsars have revealed the presence of microstructure, on times scales of ¸ 10 � 100μs. If this phenomenon is due to an angular effect, it should scale with pulsar period. High time-resolution observations of the single pulses of millisecond pulsars would then show a characteristic time scale of at most a few μs in these objects. If microstructure is due to a temporal variation in the emission beam, then it should be visible on the same time scales in millisecond pulsars.

The giant pulses of the Crab pulsar are unusual, since at some radio frequencies these rare pulses dominate the emission. Simultaneous observations of this object at 610 MHz and 1400 MHz revealed that the emission mechanism is broadband on this time scale. The arrival times of the giant pulses are tightly correlated between the two radio frequencies, limiting the effects of frequency dependent propagation in the magnetosphere. An emission bandwidth of at least 0.8 GHz at 1 GHz constrains models of the emission process to those which can explain its broadband nature. Both angular and temporal origins for the energy modulation are possible: we cannot distinguish between the effects of a randomly wobbling intense beam and an intrinsic change in the intensity of the emission. The pulse shapes at 1400 MHz are complex, and suggest the possibility that a single giant pulse is multiply imaged in the surrounding nebular material. These observations occurred during an epoch of extreme scattering in the nebula. A study of these pulse shapes at epochs with reduced scattering will reveal whether their characteristics are constant, or vary with the nebular scattering.

The fastest millisecond pulsar, PSR B1937+21, also exhibits the phenomenon of giant pulses, although they do not contribute as large a fraction of the radio pulse energy as is true for the Crab giant pulses. These giant pulses occur on extremely short time scales, and are unexpectedly delayed relative to the peaks in the average pulse profile. They probably coincide with the sharp trailing features seen in the 1410- MHz pulse profile. Their properties are difficult to explain with a randomly wobbling beam. A separate emission component with temporal modulation may be the origin of these pulses. Simultaneous dual-frequency observations of these giant pulses could help constrain the emission process, but will be difficult. No other pulsar is known to emit pulses which can be classified as giant. Single pulse measurements of the millisecond pulsar PSR B1534+12 show no evidence for microstructure which scales with pulse period. Characteristic time scales less than about 2μs would not, however, be seen in our data. Broadband data recorders are now being used to investigate single pulses with higher time resolution.

Many aspects of millisecond pulsar emission remain puzzling. Nonetheless, average polarization profiles and single-pulse investigations of these objects provide valuable constraints on pulsar emission geometries and processes.

References

Ables, J. G., McConnell, D., Deshpande, A. A., & Vivekanand, M. 1997, ApJ, 475, L33 Anderson, S. B., Jenet, F. A., Kaspi, V. M., Prince, T. A., Sandhu, J. S., & Unwin, S. C. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 211 Ardavan, H. 1992, in Proc. IAU Colloq. 128, Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin & J. A. Gil (Poland: Pedagogical University Press), 316 Ardavan, H. 1994, MNRAS, 268, 361 Argyle, E., & Gower, J. F. R. 1972, ApJ, 175, L89 Arons, J. 1992, in Proc. IAU Colloq. 128, The Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin & J. A. Gil (Poland: Pedagogical University Press), 56 Arons, J. 1993, ApJ, 408, 160 Arons, J. 1996, Space Sci. Rev., 75, 235 Arons, J. 1997, in Proc. of Neutron Stars and Pulsars: Thirty Years After the Discovery, held in Kyoto, Japan, Nov. 1997, in press Arons, J., & Scharlemann, E. T. 1979, ApJ, 231, 854 Arzoumanian, Z., Phillips, J. A., Taylor, J. H., & Wolszczan, A. 1996, ApJ, 470, 1111 Asséo, E. 1993, MNRAS, 264, 940 Baade, W., & Zwicky, F. 1934, in Proc. Natl. Acad. Sci. USA, 20, 254 Backer, D. C. 1970, Nature, 228, 1297 Backer, D. C. 1971, Ph.D. Thesis, Cornell University Backer, D. C. 1976, ApJ, 209, 895 Backer, D. C. 1989 in NATO ASI series C, Vol 262, Timing Neutron Stars, ed. H.

Ögelman & E. P. J. van den Heuvel (Dordrecht: Kluwer), 3

198 References

Backer, D. C. 1995, JApA, 16, 165 Backer, D. C. 1996 in IAU Symp. 165, Compact Stars in Binaries, ed. E. P. J. van den Heuvel & Erik Kuulkers (Dordrecht: Kluwer), 197 Backer, D. C. 1998, ApJ, 493, 873 Backer, D. C., Rankin, J. M., & Campbell, D. B. 1975, ApJ, 197, 481. Backer, D. C., Rankin, J. M., & Campbell, D. B. 1976, Nature, 263, 202. Backer, D. C., & Rankin, J. M. 1980, ApJS, 42, 143 Backer, D. C., Kulkarni, S. R., Heiles, C., Davis, M. M., & Goss, W. M. 1982, Nature, 300, 615 Backer, D. C., Foster, R. S., & Sallmen, S. 1993, Nature, 365, 817 Backer, D. C., Hama, S., van Hook, S., & Foster, R. S. 1993, ApJ, 404, 636 Backer, D. C., & Wong, T. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 87 Backer, D. C., Dexter, M., Zepka, A., Ng, D., Wertheimer, D. J., Ray, P. S., & Foster, R. S. 1997, PASP, 109, 61 Backer, D. C., & Sallmen, S. 1997, AJ, 114, 1539 Bailes, M., Johnston, S., Bell, J. F., Lorimer, D. J., Stappers, B. W., Manchester, R.

N., Lyne, A. G., Nicastro, L., d’Amico, N., & Gaensler, B. W. 1997, ApJ, 481, 386 Barnard, J. J. 1986, ApJ, 302, 120 Barnard, J. J., & Arons, J. 1986, ApJ, 302, 138 Bartel, N., Kardashev, N. S., Kuzmin, A. D., Nikolaev, N. Ya., Popov, M. V., Sieber, W., Smirnova, T. V., Soglasnov, V. A., & Wielebinski, R. 1981, A&A, 93, 85 Bartel, N., & Hankins, T. H. 1982, ApJ, 254, L35 Bartel, N., Morris, D., Sieber, W., & Hankins, T. H. 1982, ApJ, 258, 776 Bell, J. F., Kulkarni, S. R., Bailes, M., Leitch, E. M., & Lyne, A. G. 1995, ApJ, 452, L121 Bell, J. F., Bailes, M., Manchester, R. N., Lyne, A. G., Camilo, F., & Sandhu, J. S.

1997, MNRAS, 286, 463 Beskin, V. S. 1990, Pis’ma Ast. Zh., 16, 665 (Sov. Ast. Lett., 16)

References 199

Beskin, V. S., Gurevich, A. V., & Istomin, Ya. N. 1986. Soviet Phys. –Uspekhi, 29, 946 Beskin, V. S., Gurevich, A. V., & Istomin, Ya. N. 1988. Ap&SS, 146, 205 Bhattacharya, D. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 547 Biggs, J. D. 1990, MNRAS, 245, 514 Biggs, J. D. 1992, ApJ, 394, 574 Biggs, J. D., Lyne, A. G., Hamilton, P. A., McCulloch, P. M., & Manchester, R. N.

1988, MNRAS, 235, 255 Blaskiewicz, M., 1991, Ph.D. Thesis, Cornell University Blaskiewicz, M., Cordes, J. M., & Wasserman, I. 1991, ApJ, 370, 643 Boriakoff, V. 1983, ApJ, 272, 687 Boriakoff, V. 1992 in Proc. IAU Colloq. 128, The Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin & J. A. Gil (Poland: Pedagogical University Press), 343 Boriakoff, V. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S.

Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 187 Boriakoff, V., & Ferguson D. C. 1981, in IAU Symp. 95, Pulsars, 13 years of Research on Neutron Stars, ed. W. Sieber & R. Wielebinski (Dordrecht: D. Reidel), 191 Buschauer, R., & Benford, G. 1976, MNRAS, 177, 109 Buschauer, R., & Benford, G. 1977, MNRAS, 179, 189 Camilo, F. 1995, Ph.D. Thesis, Princeton University Camilo, F. et al. 1998, in preparation Camilo, F., Foster, R. S., & Wolszczan, A. 1994, ApJ, 437, L39 Camilo, F., Nice, D. J., Shrauner, J. A., & Taylor, J. H. 1996, ApJ, 469, 819 Campbell, D. B., Heiles, C., & Rankin, J. M. 1970, Nature, 225, 527 Chen, K., & Ruderman, M. 1993a, ApJ, 408, 179 Chen, K., & Ruderman, M. 1993b, ApJ, 402, 264 Cheng, A. F., & Ruderman, M. A. 1977, ApJ, 212, 800 Cheng, A. F., & Ruderman, M. A. 1979, ApJ, 229, 348 Cheng, K. S., Ho, C., & Ruderman, M. 1986, ApJ, 300, 500

200 References

Cognard, I., Shrauner, J. A., Taylor, J. H., & Thorsett, S. E. 1996, ApJ, 457, L81 Comella, J. M., Craft, H. D., Lovelace, R. V. E., Sutton, J. M., & Tyler, G. L. 1969, Nature, 221, 453 Cordes, J. M. 1978, ApJ, 222, 1006 Cordes, J. M. 1981, in IAU Symp. 95, Pulsars: 13 Years of Research on Neutron Stars, ed. W. Seiber & R. Weilebinski (Dordrecht: D. Reidel), 115 Cordes, J. M., & Hankins, T. H. 1977, ApJ, 218, 484 Cordes, J. M., Rankin, J., & Backer, D. C. 1978, ApJ, 223, 961 Cordes, J. M., Weisberg, J. M., & Boriakoff, V. 1983, ApJ, 268,370 Cordes, J. M., & Stinebring, D. R. 1984, ApJ, 277, L53 Cordes, J. M., Wasserman, I., & Blaskiewicz M. 1990, ApJ, 349, 546 Cordes, J. M., Weisberg, J. M., & Hankins, T. H. 1990, AJ, 100, 1882 Cordes, J. M., Wolszczan, A., Dewey, R. J., Blaskiewicz, M., & Stinebring, D. R.

1990, ApJ, 349, 245 Cordes, J. M., Hankins, T. H., & Moffett, D. 1998, in preparation da Costa, A. A., & Kahn, F. D. 1985, MNRAS, 215, 701 Daugherty, J. K., & Harding, A. K. 1982, ApJ, 252, 337 Davies, J. G., Lyne, A. G., Smith, F. G., Izvekova, V. A., Kuzmin, A. D., & Shitov, Yu. P. 1984, MNRAS, 211, 57 Durdin, J. M., Large, M. I., Little, A. G., Manchester, R. N., Lyne, A. G., & Taylor, J. H. 1979, MNRAS, 196, 39P Eilek, J. A. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S.

Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 155 Eilek, J. A., Hankins T. H., & Moffett, D. A. 1998, in preparation Ferguson, D. C., & Seiradakis, J. H. 1978, A&A, 64, 27 Foster, R. S., & Backer, D. C. 1990, ApJ, 361, 300 Foster, R. S., Fairhead, L., & Backer, D. C. 1991, ApJ, 378, 687 Foster, R. S., Wolszczan, A., & Camilo, F. 1993, ApJ, L91 Friedman, J., & Boriakoff, V. 1990, in Proc. IAU Colloq. 128, The Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin & J. A. Gil (Poland: Pedagogical University Press), 347

References 201

Fruchter, A. S., Berman, G., Bower, G., Convery, M., Goss, W. M., Hankins, T.

H., Klein, J. R., Nice, D. J., Ryba, M. F., Stinebring, D. R., Taylor, J. H., Thorsett, S. E., & Weisberg, J. M. 1990, ApJ, 351, 642 Gangadhara, R. T. 1996, A&A, 314, 853 Gil, J. A. 1986, ApJ, 309, 609 Gil, J. A. 1987, ApJ, 314, 629 Gil, J. A. 1991, A&A, 243, 219 Gil, J. A., & Snakowski, J. K. 1990a, A&A, 234, 237 Gil, J. A., & Snakowski, J. K. 1990b, A&A, 234, 269 Gil, J. A., Snakowski, J. K., & Stinebring, D. R. 1991, A&A, 242, 119 Gil, J. A., Lyne, A. G., Rankin, J. M., Snakowski, J. K., & Stinebring, D. R. 1992, A&A, 255, 181 Gil, J. A., & Kijak, J. 1993, A&A, 273, 563 Gil, J. A., Kijak, J., & Seiradakis, J. H. 1993, A&A, 272, 268 Gil, J. A., & Han, J. L. 1996, ApJ, 458, 265 Gil, J. A., & Krawczyk, A. 1996, MNRAS, 280, 143 Goldreich, P., & Julian, W. H. , 1969, ApJ, 157, 869 Goldstein, S. J., & Meisel, D. D. 1969, Nature, 224 Gould, D. M., & Lyne, A. G., 1997, MNRAS, submitted Gwinn, C. R., Ojeda, M. J., Britton, M. C., Reynolds, J. E., Jauncey, D. L., King, E.

A., McCulloch, P. M., Lovell, J. E. J., Flanagan, C. S., Smits, D. P., Preston, R. A., & Jones, D. L. 1997, ApJ, 483, L53 Hankins, T. H. 1971, ApJ, 169, 487 Hankins, T. H., & Rickett, B. J. 1975, Meth. in Comp. Phys., 14, 55 Hankins, T. H., & Fowler, L. A. 1986, ApJ, 304, 256 Hankins, T. H., & Rickett, B. J. 1986, ApJ, 311, 684 Heiles, C., Campbell, D. B., & Rankin, J. M. 1970, Nature, 226, 529. Heiles, C., & Rankin, J. M. 1971, Nature, Physical Science, 231, 97 Helfand, D. J., Manchester, R. N., & Taylor, J. H. 1975, ApJ, 198, 661 Hesse, K. H., & Wielebinski, R. 1974, A&A, 31, 409

202 References

Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, P. F., & Collins, R. A. 1968, Nature, 217, 709 Holloway, N. J. 1973, Nature, Physical Science, 246, 6 Hulse, R. A., & Taylor, J. H. 1975, ApJ, 201, L55 Jenet, F., Anderson, S. B., Kaspi, V. M., Prince, T. A., & Unwin, S. C. 1998, submitted Jones, P. B. 1980, ApJ, 236, 661 Jones, P. B. 1986, MNRAS, 218, 477 Kapadia, A. A., Rabaey, J. M., Backer, D. C., Wertheimer, D. J., & Dexter, M. R.

1993, in Proc. Fourth International Conference on Signal Processing Applications and Technology; ICSPAT ’93, (Newton, MA: DSP Associates), vol. 1, 71 Kaspi, V. M. 1995, in ASP Conf. Ser. 72, Millisecond Pulsars: A Decade of Surprise, ed. A. S. Fruchter, M. Tavani & D. C. Backer (San Francisco: ASP), 345 Kazbegi, A. Z., Machabeli, G. Z., & Melikidze, G. I. 1991, MNRAS, 253, 377 Kazbegi, A., Machabeli, G., Melikidze, G., & Shukre, C. 1991, A&A, 309, 515 Kijak, J., & Gil, J. 1997, MNRAS, 288, 631 Kijak, J., Kramer, M., Wielebinski, R., & Jessner, A. 1997, A&A, 318, L63 Komesaroff, M. M. 1970, Nature, 225, 612 Kossl, D., Wolff, R. G., Muller, E., & Hillebrandt, W. 1988, A&A, 205, 347 Kramer, M. 1994, A&AS, 107, 527 Kramer, M. 1995, Ph.D. Thesis, Max-Planck-Institut für Radioastronomie Kramer, M., Wielebinski, R., Jessner, A., Gil, J. A., & Seiradakis, J. H. 1994, A&AS, 107, 515 Kramer, M., Xilouris, K. M., Jessner, A., Wielebinski, R., & Timofeev, M. 1996, A&A, 306, 867 Kramer, M., Xilouris, K. M., Jessner, A., Lorimer, D. R., Wielebinski, R., & Lyne, A. G. 1997, A&A, 322, 846 Kramer, M., Xilouris, K. M., Lorimer, D. R., Doroshenko, O., Jessner, A., Wielebinski, R., Wolszczan, A., & Camilo, F. 1998, ApJ, 501, in press Krause-Polstorff, J., & Michel, F. C. 1985, MNRAS, 213, 43 Krishnamohan, S., & Downs, G. S. 1983, ApJ, 265, 372

References 203

Kuzmin, A. D. 1992, in Proc. IAU Colloq. 128, The Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin, & J. A. Gil (Poland: Pedagogical University Press), 288 Kuzmin, A. D., & Losovsky, B. Ya. 1994, A&A, 308, 91 Kuzmin, A. D., Izvekova, V. A., Shitov, Yu. P., Sieber, W., Jessner, A., Wielebinski, R., Lyne, A. G., & Smith, F. G. 1997, A&AS, 127, 355 Lorimer, D. R., Nicastro, L., Lyne, A. G., Bailes, M., Manchester, R. N., Johnston, S., Bell, J. F., D’Amico, N., & Harrison, P. A. 1995a, ApJ, 439, 933 Lorimer, D. R., Yates, J. A., Lyne, A. G., & Gould, D. M. 1995b, MNRAS, 273, 411 Lundgren, S. C. 1994, Ph.D. Thesis, Cornell University Lundgren, S., Cordes, J. C. Cordes, Ulmer, M., Foster, R., & Hankins, T. H. 1995, ApJ, 453, 433 Luo, Q., & Melrose, D. B. 1992, MNRAS, 258, 616 Luo, Q., & Melrose, D. B. 1995, MNRAS, 276, 372 Lyne, A. G., & Ashworth, M. 1983, MNRAS, 204, 519 Lyne, A. G., Biggs, J. D., Brinklow, A., Ashworth, M., & McKenna, J. 1988, Nature, 332, 45 Lyne, A. G., & Manchester, R. N. 1988, MNRAS, 234, 477 Lyne, A. G., Pritchard, R. S., Graham-Smith, F., & Camilo, F. 1996, Nature, 381, 497 Machabeli, G. Z., & Usov, V. V. 1979, Sov. Astron. Lett., 5, 238 Malofeev, V. M., Gil, J. A., Jessner, A., Malov, I. F., Seiradakis, J. H., Sieber, W., & Wielebinski, R. 1994, A&A, 285, 201 Manchester, R. N. 1971, ApJS, 23, 283 Manchester, R. N. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 193 Manchester, R. N., Huguenin, G. R., & Taylor, J. H. 1972, ApJ, 174, L19 Manchester, R. N., Taylor, J. H., & Huguenin, G. R. 1973, ApJ, 179, L7 Manchester, R. N., Taylor, J. H., & Huguenin, G. R. 1975, ApJ, 196, 83 McKinnon, M. M. 1993, ApJ, 413, 317 McKinnon, M. M. 1994, Polarization Calibration of the NRAO 140-ft Telescope with Feed Rotation, National Radio Astronomy Observatory Memo

204 References

McKinnon, M. M. 1997, ApJ, 475, 763, McKinnon, M. M., & Hankins, T. H. 1993, A&A, 269, 325 Melrose, D. B. 1978, ApJ, 225, 557 Melrose D. B. 1992, in Proc. IAU Colloq. 128, The Magnetospheric Structure and Emission Mechanisms of Radio Pulsars, ed. T. H. Hankins, J. M. Rankin, & J. A. Gil (Poland: Pedagogical University Press), 306 Melrose D. B. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed.

S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 139 Michel, F. C. 1982, Rev. Mod. Phys., 54, 1 Moffett, D. A. 1997, Ph.D. Thesis, New Mexico Institute of Technology Moffett, D. A., & Hankins, T. H. 1996, ApJ, 468, 779 Morris, D., Sieber, W., Ferguson, D. C., & Bartel, N. 1980, A&A, 84, 260 Morris, D., Graham, D. A., & Sieber, W. 1981, A&A, 100, 107 Morris, D., Graham, D. A., Sieber, W., Bartel, N., & Thomasson, P. 1981, A&AS, 46, 421 Muslimov, A. G., & Tsygan, A. I. 1990, Soviet Ast., 34, 133 Muslimov, A. G., & Tsygan, A. I. 1992, MNRAS, 255, 61 Narayan, R., & Vivekanand, M. 1982, A&A, 113, L6 Narayan, R., & Vivekanand, M. 1983, A&A, 122, 45 Navarro, J., & Manchester, R. N. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 249 Neuhauser, D., Koonin, S. E., & Langanke, K. 1987, Phys. Rev. A., 36, 4163 Nicastro, L., Lyne, A. G., Lorimer, D. R., Harrison, P. A., Bailes, M., & Skidmore, B. D. 1995, MNRAS, 273, L68 Ostriker, J. P., & Gunn, J. E. 1969, ApJ, 157, 1395 Pacini, F. 1967, Nature, 216, 567 Phillips, J. A. 1992, ApJ, 385, 282 Phillips, J. A., & Wolszczan, A. 1992, ApJ, 385, 273 Phinney, S., & Taylor, J. H. 1977, Nature, 277, 117 Radhakrishnan, V., & Cooke, D. J. 1969, ApJ, 3, 225

References 205

Radhakrishnan, V., & Rankin, J. M. 1990, ApJ, 352, 258 Rankin, J. M. 1983a, ApJ, 274, 333 Rankin, J. M. 1983b, ApJ, 274, 359 Rankin, J. M. 1986, ApJ, 301, 901 Rankin, J. M. 1988, ApJ, 325, 314 Rankin, J. M. 1990, ApJ, 352, 247 Rankin, J. M. 1993, ApJ, 405, 285 Rappaport, S., Podsiadlowski, P., Joss, P. C., Di Stefano, R., & Han, Z. 1995, MN- RAS, 273, 731 Rathnasree, N., & Rankin, J. M. 1995, ApJ, 452, 814 Rathnasree, N., & Rankin, J. M. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S. Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 265 Rickett, B. J. 1975, ApJ, 197, 185 Rickett, B. J., Hankins, T. H., & Cordes, J. M. 1975, ApJ, 201, 425 Romani, R., & Yadigaroglu, I. -A. 1995, ApJ, 438, 314 Rots, A. H., Jahoda, K., Macomb, D. J., Kawai, N., Saito, Y., Kaspi, V. M., Lyne, A.

G., Manchester, R. N., Backer, D. C., Somer, A. L., Marsden, D., & Rothschild, R. E. 1998, ApJ, in press Rowe, E. T. 1995, A&A, 296, 275 Ruderman M. 1991a, ApJ, 382, 576 Ruderman M. 1991b, ApJ, 382, 587 Ruderman, M. A., & Sutherland P. G. 1975, ApJ, 196, 51 Saito, Y., Kawai, N., Kamae, T., Shibata, S., Dotani, T., & Kulkarni, S. R. 1997, ApJ, 477, L37 Sallmen, S., & Backer, D. C. 1995, in ASP Conf. Ser. 72, Millisecond Pulsars: A Decade of Surprise, ed. A. S. Fruchter, M. Tavani & D. C. Backer (San Francisco: ASP), 340 Sallmen, S., Backer, D. C & Kramer, M. 1997, BAAS, 189, 74.08 Scharlemann, E. T., Arons, J., & Fawley, W. M. 1978, ApJ, 222, 297 Segelstein, D. J., Rawley, L. A., Stinebring, D. R., Fruchter, A. S., & Taylor, J. H.

1986, Nature, 322, 714

206 References

Sieber, W. 1997, A&A, 321, 519 Smirnova, T. V., & Shishov, V. I., 1989, Soviet Ast., L15, 191 Staelin, D. H., & Reifenstein, E. C. 1968, Science, 162, 1481 Staelin, D. H., & Sutton, J. M. 1970, Nature, 226, 69 Stinebring, D. S., 1982, Ph.D. Thesis, Cornell University.

Stinebring, D. R., Cordes, J. M., Rankin, J. M., Weisberg, J. M., Boriakoff, V. 1984a, ApJS, 55, 247 Stinebring, D. R., Cordes, J. M., Weisberg, J. M., Rankin, J. M., Boriakoff, V. 1984b, ApJS, 55, 279 Sturrock, P. A. 1971, ApJ, 164, 529 Sutton, J. M., Staelin, D. H., & Price, R. M. 1971, in IAU Symp. 46, The Crab Nebula, ed. R. D. Davies & F. G. Smith (Dordrecht: Reidel), 97 Taylor, J. H. 1994, Rev. Mod. Phys., 66, 711 Taylor, J. H. 1995, JApA, 16, 307 Taylor, J. H. 1996, in Proc. IAU Colloq. 160, Pulsars: Problems and Progress, ed. S.

Johnston, M. A. Walker & M. Bailes (San Francisco: ASP), 65 Taylor, J. H., & Weisberg, J. M. 1989, ApJ, 345, 434 Taylor, J. H., & Cordes, J. M. 1993, ApJ, 411, 674 Taylor, J. H., Manchester, R. N., & Lyne, A. G. 1993, ApJS, 88, 529 Taylor, J. H., Manchester, R. N., Lyne, A. G., & Camilo, F. 1995, unpublished (available at ftp://pulsar. princeton. edu/pub/catalog) Thorsett, S. E. 1991, ApJ, 377, 263 Thorsett, S. E., & Stinebring, D. R. 1990, ApJ, 361, 664 van den Heuvel, E. P. J. 1995, JApA 16, 255 van Kerkwijk, M. H., Bergeron, P., & Kulkarni, S. R. 1996, ApJ, L89 von Hoensbroech, A., & Xilouris, K. M. 1997a, A&A, 324, 981 von Hoensbroech, A., & Xilouris, K. M. 1997b, A&A, 126, 121 Weatherall, J. C. 1997, ApJ, 483, 402 Weatherall, J. C., & Eilek, J. A. 1997, ApJ, 474, 407 Weisberg, J. M., Romani, R. W., & Taylor, J. H. 1989, ApJ, 347, 1030

References 207

Weisberg, J. M., Cordes, J. M., Lundgren, S. C., Dawson, B. R., Despotes, J. T, Morgan, J. J., Weitz, K. A., Zink, E. C., & Backer, D. C. 1998, ApJS, submitted Wolszczan, A., Cordes, J. M., & Stinebring, D. R. 1984, in Millisecond Pulsars Workshop, ed. S. Reynolds & D. Stinebring (NRAO: Green Bank), 63 Wolszczan, A., & Cordes, J. M. 1987, ApJ, 320, L35 Xilouris, K. M. 1991, A&A, 248, 323 Xilouris, K. M., Kramer, M., Jessner, A., & Wielebinski, R. 1994, A&A, 288, L17 Xilouris, K. M., Seiradakis, J. H., Gil, J., Sieber, W., & Wielebinski, R. 1995, A&A, 293, 153 Xilouris, K. M., Kramer, M., Jessner, A., Wielebinskis, R., & Timofeev, M. 1996, A&A, 309, 481 Xilouris, K. M., Kramer, M., Jessner, A., von Hoensbroech, A., Lorimer, D., Wielebinski, R., Wolzczan, A., & Camilo, F. 1998, ApJ, 501, in press