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California at Berkeley, and Institute of Geophysics and Planetary 
Physics, University of California, Lawrence Livermore Laboratory 

A B S T R A C T . Some basic concepts of accretion onto the polar caps of m a g -
netized neutron stars are reviewed. Preliminary results of new, multidimen-
sional, time—dependent calculations of polar cap flow are outlined, and are 
used to suggest the possible observability of fluctuations in the X—ray inten-
sity of accretion powered pulsars on time scales of 10 — 100 msec. The p o s -
sible relevance of such fluctuations to Quasi—Periodic oscillations is suggested. 
Basic concepts of the interaction between a disk and the magnetosphere of a 
neutron star are also discussed. Some recent work on the disk— 
magnetosphere interaction is outlined, leading to the suggestion that a n e u -
tron star can lose angular momentum by driving some or all of the mass in 
the disk off as a centrifugally driven wind. The relevance of such mass loss 
to the orbital evolution of the binary is pointed out. 

1. INTRODUCTION 

I was asked to review accretion onto neutron stars. I don't know how to do 
this without writing a monograph. Therefore, I have chosen to discuss some 
basic concepts and recent work of immediate interest to me. These are the 
structure of accretion flow onto the polar caps of magnetized neutron stars, 
widely thought to be of relevance to the observable emission of X—rays from 
accreting neutron stars, and the interaction between a thin disk and the 
rotating magnetosphere of a neutron star, a subject of relevance to the r o t a -
tional evolution of these objects. 

2. P O L A R CAP ACCRETION O N T O MAGNETIZED NEUTRON STARS 

2.1. The Eddington limit and Optically Thick Accretion 

I'll begin by discussing a few basic concepts. Most of the discussion in this 
section is review of well-known ideas, going back to Basko and Sunyaev 
(1976). Spherical, optically thin flow of a fully ionized plasma with cosmic 
composition onto a gravitating body cannot occur when the luminosity e x -
ceeds the Eddington luminosity L f f 0 = 4 irGM^mc/a r = 1.3 χ IO 3 8 erg/s, 
since the radiation pressure then exceeds gravity (eg., Shapiro and Teukolsky 
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1983). Here M * is the mass of the star, taken to be 1 MQ , m is the mean 
molecular weight, taken to be 61% of a proton's mass, and σ τ is the 
Thomson cross section. 

Accretion onto a magnetic pole modifies the magnitude and meaning of 
this limit. If one imagines all the radiation to be coming out of the stellar 
surface through a polar cap area irR$£ ~ 3 (Θ,,/Ο.Ι) 2 km 2 and assumes the 
radiation flux is directed anti—parallel to the plasma flowing in along the 
magnetic field B, then the Eddington luminosity for that pole is 
Lg*) = 0 g H u / 4 ) L o ~ 3 χ ΙΟ 8 5 (Θ /0 .1) 2 H erg/s. H,. > 1 is the ratio of 
the Thomson cross section to the magnetically modified cross section for c o -
herent scattering of photons travelling along B; for photon energies exceeding 
11.6B i a keV, H n = 1, while H M « 0 . 0 6 ( B w / T o ) 2 for B f i / T l o » 4.5; 
H H departs substantially from unity only for B w / T t o > 3 (Arons, Klein 
and Lea 1986, hereafter called AKL) . Here, B , a = B / 1 0 1 2 Gauss, 
T l o = T /10 keV with Τ the photon temperature. is determined mainly 
by the magnetic requirement that all the radiation come from a smaller area; 
in very strong fields, the reduction of the opacity pushes up again, but 
in general, reduction of the area is the dominant effect. 

if this effective Eddington limit meant the same thing as in spherical 
free fall, one would wonder how the accretion of plasma onto magnetic polar 
caps could be the only going model for the X - r a y emission from the acc re -
tion powered X—ray pulsars, and also for the magnetized stars suspected of 
being in low mass X—ray binaries, since most of these objects have X - r a y 
luminosities much in excess of L££). However, one can readily show that the 
scattering optical depth from the surface to infinity, measured along an a l -
most radial dipole magnetic field through freely falling plasma is 
1.5[c/v£(R£)][L C A ^ /L(£j5] » 1 when the polar cap accretion luminosity e x -
ceeds Lfc?). Thus, locally super—Eddington flow is no longer optically thin, 
and the correct interpretation of LÖ*f) is as a fiducial luminosity, above which 
scattering in an optically thick medium causes the radiation to be redirected 
out of the accretion column into a fan beam emission pattern. When a c c r e -
tion occurs from a thin disk, one suspects the plasma falls in the form of a 
hollow cone flowing along B. Radiation emitted from the outside of this o p -
tically thick cone forms a fan beam, while radiation emitted into the inner 
parts of the cone flows out as a broad or narrow pencil beam, with the 
opening angle determined by the distribution of scattering optical depth as a 
function of magnetic azimuth around the flow cone. The proportion of fan 
beam to pencil beam emission also depends on this optical depth distribution. 
For simplicity, I will discuss only the simplest case of optically thick accre t -
ing plasma falling in all over the polar cap, as may be a respectable model 
when plasma enters the magnetosphere with low angular momentum (Arons 
and Lea 1980; Burnard et al 1983; see also Arons et al 1984, Lamb 1984). 

2.2. Physical Conditions in Polar Columns 

Over the years, quite of lot of data have been gathered.by the satellite e x -
periments equipped with proportional counters. A typical example of the 
continuum spectral fluxes of these objects is contained in the survey of the 
accretion powered pulsars published by White et al (1983). The parameters 
typical of polar cap flow, inferred by assuming densities on the order of free 
fall, "temperatures1 1 comparable to the quasi—exponential roll—overs seen in 
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the spectra, and photospheric areas and magnetic field strengths characteristic 
of the magnetospheric models, yield an impression of a very lively part of 
the universe. Typically, for photospheric emission area ~ 1 km 2 , one finds 
"temperatures" ~ 10 keV, plasma densities ~ 1021 c m " 3 (higher, in regions 
where the flow is decelerated below free fall), free fall dynamic pressures ~ 
1017 dyne/cm 2 , LTE radiation pressure ~ ί ο 1 7 · 5 " 1 8 dyne/cm 2 , plasma pressure 
~ 101* dyne/cm 2 , and magnetic pressure ~ ΙΟ 2 2 · 5 !^ dyne/cm 2 . Clearly, r a -
diation pressure is enough to decelerate the flow to speeds below free—fall, 
while plasma pressure is unimportant, at least at the observable photosphere. 
If pressures everywhere in the column are comparable to these observation-
ally constrained values, then perfect magnetic confinement in the directions 
across the magnetic field looks like a good idea 1. 

I occasionally remind myself of this environment's lively character by 
looking up the X—ray exposure limits issued by the United States O c c u p a -
tional Health and Safety Administration, which tell me that even a few 
minutes exposure to the X—rays from these stars at a distance of one parsec 
would be enough to make me very sick indeed. Put differently, the X—ray 
flux at the source typical of these objects corresponds to roughly 300,000 
nuclear wars 2/m 2—sec. Examples like these remind one of the hostility of 
some parts of the universe to our rather fragile form of life. 

2.S. Spectroscopic Problems 

When one tries to advance beyond these order of magnitude views of polar 
columns, an immediate problem is encountered. The observed spectra of the 
brighter sources are not well represented by the simplest models. No model 
employing one value of density, temperature, with a single radiation process 
converting plasma energy into photons, has succeeded in giving a good a c -
count (meaning physically self—consistent) of the emergent spectra, with their 
flat power law form below a quasi-exponential roll—off. Furthermore, the 
columns clearly form scattering atmospheres, whose photospheric surfaces 
have radiation number density depleted well below the Planck level app ro -
priate to the plasma temperature — the emergent fluxes might be modified 
black bodies, if the lines of sight through the column ever become optically 
thick to absorption at all. Some weak observational evidence that such 
modifications of the emission, due to the dominance of scattering in the a t -
mosphere, really do play a role, can be gleaned by comparing the exponential 
roll—overs expected from complete local thermodynamic equilibrium models to 
the observed rollovers. Because freely falling, optically thick plasma traps the 
photons emitted from the higher parts of the decelerated mound of plasma 
contained within the free fall zone, the emission area of the fan beam turns 

1. Of course, anyone who has followed the efforts to achieve controlled fusion 
will realize how dangerous and unrealistic such a conclusion can be, based 
only on a simple comparison of magnetic to total gas pressure. In fact, polar 
cap flows may admit an interesting class of interchange flows which may a l -
low plasma to "diffuse" anomalously fast across Β (Arons et al 1985). For 
my discussion here, I follow the conventional astronomical discussions and 
assume perfect magnetic confinement. 
2. Being a bit of a pessimist, I have assumed one war is a 10,000 megaton 
"exchange" (1 megaton « 1022 ergs). 
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out to be comparable to the area of the polar cap, even when the de-
celerated column has a height large compared to the polar cap's diameter 
(Arons and Klein 1987a,b); the emission is never that of a tall skinny cylin-
der, in high luminosity flows. Then the effective temperature of the photons 
is expected to be ~ 4 (L c a. r/Le P ) 1 / 4 ( e c / o.l) 1/ 2 keV, corresponding to a 
quasi—exponential roll—over in the spectrum at energies 
~ 11 (LC(U^ /Lçp ) 1/ 4(e c/0.1)

1/ 2 keV. Observed spectra have exponential 
rollovers usually factors of 2 — 4 higher than this, consistent with the 
plasma having a radiating surface characteristic of a modified black body 
[although the continuum absorption opacity isn't bremsstrahlung, but is more 
likely to be some combination of Comptonized cyclotron emission (AKL) and 
a resonant form of double Compton scattering (Kirk and Melrose 1986)]. 

Because the radiation pressure is strong enough to decelerate the flow, 
and because the flow is necessarily inhomogeneous across as well as along B, 
one expects a wide range of physical conditions to contribute to the emergent 
spectra. In particular, in attempting to model the already measured phase 
resolved spectra of the accretion powered pulsars, one needs to have some 
means of dynamically determining the range of photon temperature and 
chemical potential (which measures the depletion of the radiation field below 
the Planck level) in order to have a hope of using the observations to probe 
the flow and magnetic field structure. In addition, as we will see, the flows 
almost certainly impose short time scale (~ 10—1000 msec) fluctuations on 
the emergent intensity, even if the accretion flow is free of "raindrops" 
(Arons and Lea 1976, 1980, Michel 1977, Eisner and Lamb 1977, 1984), 
"blobs" (Lamb et al 1985) and other semi—quantitative constructs of theo-
rists who have studied the entry of plasma into the magnetosphere. 

2.J[. Theoretical Models 

The inhomogeneities in space and time built into the basic model for polar 
cap accretion can't be inferred by direct inversion of the data, so far as I 
know, so a more useful method appears to be the construction of dynamical 
models which allow one to determine the flow structure, within the context 
of an assumed geometry and profile of mass flux of the flow along B. In a 
completely a priori theory, these would be known from the theory of the 
magnetosphere, and that would be known, once one specified the evolutionary 
state of the binary. Needless to say, one doesn't try to be this general, and 
instead imposes simplified models of the mass flux profile of freely falling 
plasma. Various authors have made analytical and numerical models of the 
polar flow when radiation pressure supports the plasma in the direction 
along Β (Davidson 1973, Basko and Sunyaev 1976, Wang and Frank 1981, 
Braun and Yahel 1984, Kirk 1985). Basko and Sunyaev and Braun and 
Yahel assumed the scale of transverse gradients is always equal to the width 
of the flow at each altitude. This allowed them to create an approximate 
one—dimensional theory by replacing all the differential operators in the 
directions across Β by the inverse of their assumed length scale. At high 
luminosity and high optical depth, this one dimensionalization is misleading, 
since the actual transverse length scale decreases, in order to allow radiation 
diffusion across Β to carry the dynamically determined radiation flux. 
Davidson, Wang and Frank and Kirk all carried out steady state, two 
dimensional axisymmetric calculations, in each case dropping all the details of 
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the radiation emission processes and thus leaving out the information needed 
to determine the photon number density, required if one is to determine the 
modifications to local black body emission imposed by the scattering 
character of the atmosphere. In the rest of m y discussion, I will concentrate 
on the most ambitious attempt made so far to model the dynamics of polar 
flows, being carried out by Richard Klein and myself. For more details, see 
the poster papers at this meeting (Klein and Arons 1987a, Arons and Klein 
1987a). 

With suitable restrictions it turns out to be possible to make steady 
flow, multi—dimensional analytic models (Kirk 1985; Arons and Klein 
1987a,b). I will outline the numerical models that we have done so far, since 
these have the greatest realism. I emphasize that this work is preliminary; 
we are still in the throes of putting together the last pieces of the physics 
and numerical methods, but some interesting results are already clear. The 
program is fully time dependent, and assumes axisymmetry of the flow with 
respect to the magnetic axis. W e include magnetically modified brems— 
STRAHLUNG emission and Coulomb collisional excitation/deexcitation of 
quantized cyclotron gyration as the photon emission and absorption processes. 
The cyclotron line emission is treated using a non—LTE, two Landau level 
"atom11 model with complete redistribution for resonant scattering. Because 
the optical depths are large in the line and in the neighboring continuum in 
the high optical depth models we consider, the problem of cyclotron line 
transfer is solved "on the spot", with the result that cyclotron line radiation 
is primarily a source for the continuum3. The continuum photons undergo 
fully saturated Comptonization, using a rate for energy exchange with elec-
trons that takes account of the magnetic modifications of scattering. The 
consequence is that in most of the flow, the radiation spectrum can be safely 
approximated as having a Bose—Einstein distribution with photon tempera-
ture and chemical potential varying in space and time. The emergent spec-
trum at each point is characterized by these two numbers. 

In order to find them, we include a new theory of the coupled diffu-
sion and advection of photon energy density and number density, using ap-
propriate, flux limited "Rosseland" averages of the angle and frequency de-
pendent anisotropic, coherent scattering opacity in the continuum. The elec-
trons and ions are allowed to have separate temperatures, described by the 
energy equations for the plasma. The plasma temperatures are coupled by 
Coulomb energy exchange. Mass and momentum conservation are described 
by the continuity and one—fluid momentum equations for flow strictly along 
B. In the momentum conservation equation, we include gravitational 
acceleration along B, radiation force, thermal pressure gradients and the 
buoyancy force. The assumed geometry is flow along a dipole magnetic field, 
and in all of our calculations done to date, the mass flux has been assumed 
to be independent of distance from the magnetic axis, out to the boundary of 
the flow where the density is assumed to drop abruptly to zero. At the top 
of the calculational grid (for now, taken to be 20 km above the magnetic 
pole of a star whose radius is 10 km), we assume the plasma is in free fall. 

3. The high optical depth and the associated saturated Comptonization, ap-
propriate for sources with high luminosity, is the essential difference between 
our work and the pure transfer models of Meszaros and Nagel (1986), for 
example. 

https://doi.org/10.1017/S0074180900160784 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900160784


212 J. ARONS 

W e emphasize that this mass profile is chosen to keep the problem as simple 
as possible in the first calculations; more complex flows, such as hollow 
cones, will be done in the near future. W e also assume no heat flows into 
the star, as is plausible since the photon opacity of the crust immediately 
below the piled up mound of plasma is much greater than in the accreted 
plasma itself, and we assume photons escaping from the sides of the column 
go off into black sky. 

I will show a few of the results from two calculations. In both, the 
flow was initialized as cold plasma in free fall all the way down to the s te l -
lar surface. The first example was run with an accretion luminosity onto the 
cap of 5 χ IO 3 7 erg/s. The magnetic colatitude of the footprint of the field 
lines at the edge of the polar cap is 8 C = 0.4 radians; for self-congratula-
tory reasons, we used the model of Arons and Lea (1980) for the polar cap 
size in these preliminary calculations. There is no implication intended that 
this is the correct way to scale the geometry for all accreting neutron stars, 
although there is some weak evidence that it is relevant to lower luminosity 
(L < 10 3 7 erg/s) accretion (White et cd 1983). The neutron star radius is 10 
km, and the surface magnetic field strength was chosen to be 3 χ IO 1 2 

Gauss (magnetic moment μ = 1.5 χ 10 s" cgs), yielding an energy for the 
cyclotron line at the surface of 35 keV. 

After the passage of a shock through the flow in order to adjust to 
quasi—stationary conditions, a mound, in approximate hydrostatic equilibrium 
developed with the subsonic plasma supported by radiation pressure; radiation 
pressure also provides the full deceleration from free fall. A fan profile of 
emergent radiation is formed after a couple of photon diffusion times. An 
example is shown in Figure 1, a snapshot taken at 130 μ-sec into the problem 
(this is about 50 times the d y -
namical time). T o get this far 
takes about 2.3 hours on a Cray 
XMP—48 — this type of calculation 
is not for the pencil and paper or 
V A X crowd! The vectors represent 
the photon flux leaving the point 
at the foot of each vector, whose 
direction shows where the flux is 
going and whose length indicates 
the flux magnitude. The velocity 
field at this time is rather dull, 
showing the same exponential 
stratification along Β and Gaussian 
variation across Β as is found in 
the analytic solutions. The rest of 
the structure — density and p re s -
sure, as well as velocity — is also 
well represented by the steady flow 
analytic models, if one uses the 
numerical data to properly 
choose the magnetic modifications 
of the opacity. 

A bit later, things become more interesting. Along the magnetic axis, 
the plasma develops a density depression, giving rise to a net buoyancy force. 

Figure 1: Radiative flux of 10 3 7 · 7 

erg/s of accretion onto the polar 
cap. The spatial scales are in 
units of 10 km. 
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We believe, although we have not yet conclusively proved, that this is the 
onset of a form of overstable convection (e.g., Proctor and Weiss 1982). The 
initial non—linear consequences for the velocity field are shown in Figure 2, a 
snapshot taken at 600 psec into the problem. Along the central axis, a lower 
density, subsonically rising "bubble" forms with density lower than the 
surround—ings; the emergent flux in the fan beam has yet to show a 
substantial change. The appearance of such structures is not especially 
surprising, since the polar cap flow is strongly super—Eddington with respect 
to the effective Eddington limit. Many authors have used linear stability 
arguments (e . j . , Hameury et ai 1984) to suggest that polar cap flows would 
form convective motions, and long 
ago, Hsieh and Spiegel (1976) 
speculated that the such flows 
would form "photon bubbles". 

The final fate of this s t ruc-
ture is still unknown; the lower 
densities have driven the Courant 
time down to the point where fur -
ther evolution using our explicit 
treatment of the momentum equa -
tion requires prohibitive amounts of 
computer time (the transfer and 
energy equations are already treat-
ed implicitly). Technical deve lop-
ments are in progress which should 
allow us to get around this p r o b -
lem. Κ these succeed, we will be 
able to evolve models to times 
as long as 1 second. My s u s -
picion is that the bubble 
will break up into finer scaled 
structures because of the 
weight of the accreted plasma 
piling up on top — the magnetic 
field precludes the falling away 
of plasma towards the bubble's 
sides that one expects in o rd in -
ary convection, or was postulated in Hsieh and Spiegel's photon bubbles. 
Because radiation diffuses faster through the lower density zones, one expects 
this "convection" to lead to faster, percolative loss of radiative energy across 
the columns, which may lead to observable, short time scale (10 — 100 psec) 
fluctuations in the emergent flux. A prediction of the magnitude of such 
fluctuations, so far not studied observationally in the rotation powered p u l -
sars, requires running calculations to times long enough to determine the 
number and scale of the bubbles contributing to the percolation, a task to be 
done as soon as the ability to follow the flow to long times is in place. 

The character of these "convective motions clearly changes with v a r y -
ing luminosity. Figure 3 shows the velocity field of a model constructed in 
the same manner as that of Figure 2, but now for an accretion luminosity 
onto one cap of 1.5 χ IO 8 8 erg/s. The snapshot is taken at 0.75 msec into 
the flow. One sees now three "bubbles" — because of the axisymmetry, these 

Figure 2: Velocity field of the same 
model as in Figure 1, but at the 
later time 600 psec. The vertical 
scale is in units of 10 km; the 
horizontal scale has units of 1 km. 
Solid curves are contours of d o w n -
ward (negative) velocity, in cm/s ; 
dashed curves show of upflow. 
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bubbles form toruses in the plasma. As time goes on to 0.9 msec, when we 
quit trying to follow the flow because of the declining time step, the central 
bubble had grown to fill in on the magnetic axis, and the satellite bubbles 
had greatly increased their size. 

I don't have room to go into the spectroscopy of these models, except 
to remark that the output spectra are the superposition of the Wien spectra 
determined by the variable temperature and chemical potential over the 
surface of the decelerated mound. The beaming pattern is mainly controlled 
by the trapping of the photons in the optically thick, freely falling plasma 
above and outside the mound, until at the bottom of the flow, the layer of 
freely falling plasma becomes o p t i -
cally thin to scattering and photons 
escape in a narrow ring around the 
base of the mound, as is shown in 
Figure 1. One can show that the 
height of this ring is roughly 
8 €Ry.[vff ( R ^ ) / c ] , so that the area 
from which the radiation is beamed 
is comparable to the area of the 
polar cap on the stellar surface. 
The quality of the radiation field is 
determined by the emission from 
the much larger mound surface, 
however. So far, the results we 
have found for the spectrum form 
a surprisingly good representation 
of the spectra of some of the 
rotation powered pulsars — my 
surprise is a consequence of the 
simplicity of these calcula-
tions' geometric assumptions. 
One other aspect is that at 
photon energies well below the 
cyclotron energy at the su r -
face (35 keV in these 
models), the emitted radiation 
is very highly linearly polarized, 
because the opacity in the extraordinary mode is much smaller than in the 
ordinary mode, and therefore has an intensity reflecting the Wien intensity of 
deeper plasma layers. If someone, someday, would finally get the chance to 
fly an X—ray Polarimeter attached to a telescope of decent collecting area, 
we would be able to observationally probe the geometric structure of the 
flow, to which the spectroscopy seems to be insensitive. 

I can't resist leaving this topic without a final speculation, perhaps 
especially appropriate to this meeting. While we have concentrated on the 
strongly magnetized, accretion powered pulsars in the galactic disk, the same 
physics applies, with lower magnetic field strength, to the now popular, more 
weakly magnetized models for galactic bulge/QPO sources which are likely to 
be the precursors to the millisecond pulsars. It has not escaped our notice 
that the likely fluctuation times appearing in the polar flow models are 
comparable to the fluctuation periods seen in the quasi—periodic oscillators, 

Figure 3: Velocity field of a model 
with assumptions the same as in F i g -
ure 2, except the luminosity is now 
10 3 8· 2 erg/s and the polar cap opening 
angle is 0.33 radians. This snapshot is 
at 0.75 msec. The meaning and units 
of the contours are as in Figure 2. 
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leading to intriguing thoughts about a model in which the observed fluctua-
tions may not by the direct consequence of orbital phenomena at the mag— 
netopause. 

3. CENTRIFUGALLY DRIVEN WINDS FROM NEUTRON STARS 

3.1 Standard Ideas 

The standard ideas on disk—magnetosphere interaction were invented to e x -
plain the average behavior of the rotation period Ρ and dP/dt , as observed 
during the "American" era of X—Ray astronomy in the 1970's. The basic 
thoughts were first outlined by Pringle and Rees (1972) in advance of s u b -
stantial observations of dP/dt , and were applied to the system shown in 
Figure 4. Here μ is the magnetic moment, fl^, is the angular velocity, R ^ is 
the magnetopause radius 

Fig. 4: Cartoon model of a magnetosphere confined by a Keplerian disk, 
when accretion to the stellar surface is in progress. 

in the disk plane, and Rc# is the corotation radius, where the Keplerian 
angular speed ( G M ^ / R ^ ) V 2 equals the stellar angular velocity. This is 
thought to be relevant to magnetospheric problems since almost all authors 
have assumed the field lines to have at least one foot on the stellar surface, 
and to be perfect conductors by virtue of the ideal plasma presumed to 
completely fill the magnetosphere. If these assumptions are met, the 
magnetospheric electric field is E m 4 = — ( Ω * χ ρ) χ B / c and the velocity 
of plasma across Β is ν = c ( E m e ^ χ Β ) / Β 2 = Ω* χ P. Therefore, if 
R ^ n ^ , ) < Rjç, net gravity ( = real gravity + centrifugal force) at the 
magnetopause is outward, and "no" accretion to the stellar surface could 
occur. Numerically, R c * ( f l * ) = 1500 ( Ρ / Ι β ^ Μ ^ / Μ φ ) 1 / 3 km. The 
magnetopause radius in the disk plane has been estimated to be at = 
3000[μ£ ο(Μ / Μ )Ι^\Ί]

ιΙΊ km (Pringle and Rees 1972, Lamb, Pethick and 
Pines 1973, Ghosh and Lamb 1979, Arons et al 1986), a value close to that 

https://doi.org/10.1017/S0074180900160784 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900160784


216 J. ARONS 

determined when the infall lacks angular momentum (Davidson and Ostriker 
1973, Arons and Lea 1976, Eisner and Lamb 1977, Michel 1977). Here μ 3 0 is 
the magnetic moment in units of 10 8 0 cgs, and L ^ 7 is the accretion 
luminosity in units of 10 8 7 erg/s. Thus, under all circumstances, short period 
(P < 1—2 s) accreting neutron stars with strong fields (μ ̂  > 1) should 
have trouble accreting mass and angular momentum, as long as the magnetic 
field lines are rooted in the star and are good conductors. Indeed this 
limiting period for spin up is one of the ideas behind the probable fact that 
the shortest period radio pulsars are the consequence of accretion spin up 
(eg., Damashek et al 1982, Alpar et al 1982). 

The simplest, surprisingly successful ideas (Pringle and Rees 1972, 
Lamb et al 1973, Rappaport and Joss 1977, Mason 1977) of how a pulsar 
changes its rotational period come from assuming that each bit of plasma 
enters the magnetosphere from the inner edge of a Keplerian disk, with s p e -
cific angular momentum ~* (GM* R*, ) 1 / 2 . This gives a spin up torque 
T+ = M x (GMfrR, , ) 1 / 2 * L6/V2/7, independent of P, and therefore a spin up 
rate P / P * PL6/V2/7. This described the spin up data from the 70's for 
most pulsing X—ray sources in X—ray binaries, if the dispersion in μ 2 / 7 is 
not too large. Because of the weak dependence on μ, this doesn't prove that 
these objects have 10 1 2 Gauss surface fields, nor is this explanation of spin 
up unique — the angular momentum accreted from a wind, with no disk 
formed can give as good an explanation for many of these sources (eg., 
Arons and Lea 1980, Stella et al 1986). Nevertheless, the simplest idea, of 
matter being transferred from a disk to a strongly magnetized neutron star 
through attachment of the plasma to a corotating magnetosphere, seemed to 
be qualitatively correct. 

Unfortunately, in Her X—1, where w.e are certain (Boynton et al 1980) 
that mass transfer occurs through a disk, P /P is ~ 1/30 of the value e x -
pected. Most people do not think it possible to obtain this reduction simply 
through reducing μ by - 2 χ IO 5, mainly because it is hard to see how to 
form a well defined polar spot from which the radiation arises without a 
much stronger surface, large scale field. The same argument can be applied if 
the field is not dipolar but is dominated by some other, higher order mul— 
tipole. The magnetosphere is smaller (Arons and Lea 1980), with a c o n s e -
quently smaller angular momentum/gram accreted, but the effect is still 
much too small to explain the reduced spin—up torque observed in this s y s -
tem, while still being consistent with the narrow cyclotron line observed — in 
particular, the variations of the line shape and centroid energy observed r e -
quire the presence at the line photosphere of a field of strength ~* 10 1 2· 6 

Gauss, with no magnetic broadening within the instrumental resolution 
(Voges et al 1982). The rather good fit of simple radiative transfer models of 
cyclotron line formation in a quasi—homogeneous magnetic field to these data 
(Meszaros and Nagel 1986) also suggest that the surface field has rather 
large scale structure. Then one cannot suppose- the magnetospheric field to be 
a very intense (Β > 10 1 2 Gauss) collection of multipoles, with a very weak 
field at the magnetopause — the result would be too many different field 
strengths contributing, which creates an inadmissably broad line. For an 
alternate view of possible weak field models of Her X—1, see Ruderman 
(1986). 

Therefore, one concludes that some sort of "spin—down" torque o p e r -
ates which is almost in equilibrium with the simple spin—up due to 
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accretion. The first candidate proposed for such a mechanism is the closed, 
force—free magnetosphere, "résistive1* disk theory of Ghosh and Lamb (1979). 
Since these earlier data and theories, observations carried out primarily on 
Hakucho and on Tenma have revealed substantially more complex spin—up 
and spin—down behavior, much of which might be interpretable in terms of 
spin—down torques competing with the accretion of angular momentum. Our 
work, as well as that of Anzer and Borner (1980, 1983) and of Ghosh and 
Lamb (1979), concerns the nature of the interactions between disk and 
magnetosphere which lead to these torques, as well as models of the torque 
and the resulting spin behavior of the star, under various assumptions as to 
the nature of the basic magnetic configuration and approximations to the 
relevant physics. 

8.2 Mass Entry: A Thought Experiment 

I now describe some new work I have been doing, in collaboration with C.F. 
McKee and R. Pudritz. We construct our theory by making thought exper i -
ments to answer the question of how a magnetosphere responds to an i m -
pinging disk of conducting plasma. We assume the disk has no large scale 
magnetic field of its own; at present, there is no direct evidence for such 
fields. In our thought experiments, we first assume ideal MHD describes the 
interaction, then imagine the effects of dissipation being turned on by the 
instabilities in the ideal system. 

Aly (1980) has found exact analytic solutions to this model problem. 
The disk is modeled as a perfectly conducting plate with a hole in the center 
of radius R . The structure of the magnetosphere is outlined in Figure 5, 
drawn for a rapid rotator so that the corotation radius R C J f based on the 
stellar rotation rate is close to the magnetopause radius — in the jargon of 
Ghosh and Lamb (1979), the "fastness" ω * = ίΙ*/ίΙκ(Κη) = ( R m / R c * ) 3 / 2 is 
close to unity. A notable feature of Aly's model is the presence of a neutral 
point at R h . Field Unes which would have closed exterior to R n are now 
open, because of the surface currents on the (infinite) disk. 

Fig. 5: Field lines of Aly 's model. R m is the magnetopause radius where the 
disk ends, R n is the radius of the neutral points, and R c ^ is the Keplerian 
corotation radius based on the stellar angular velocity. 
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For the rest of my discussion, I assume R n > R m , as well as assum-
ing Rm to be less than all the other radii which turn out to have significant 
in forming the wind. Roughly speaking, this implies the angle of obliquity i 
between the magnetic moment and the rotation axis to be less than ~ 60°. 
Then the topology of the aligned rotator, where R n is at infinity, is the 
same as that of the dynamically interesting region near R^, and we can 
study the aligned rotator with some confidence that it's physics gives a 
zeroth order approximation to the oblique problem. When R „ of Aly's model 
is interior to the radii of interest, the topology is like that assumed in the 
i = 90° model studied by Anzer and Borner (1980), whose structure is 
intrinsically 3D. For simplicity, we have studied the aligned case, and have 
uncovered new physics which we think makes the model relevant to the spin 
behavior of objects with arbitrary values of the Ghosh—Lamb fastness ω* . 
Since the aligned model is relevant to about half the solid angle available to 
the magnetic moment, we think the aligned case is relevant to the general 
behavior of accreting magnetized neutron stars. 

Interior to R^, the field is close to the undisturbed dipole, with 
Β α r"~8, while for r > (2—3)R m , the field strength is proportional to r ~ ( 2 + " ) , 
with ν - 2. Because Aly models the disk as having no thickness, his s o l u -
tions have infinite magnetic field at the inner edge. This is artificial, of 
course, and for a disk of finite half thickness H, his solutions suggest the 
true value at the inner edge should be ~ μ φ / η / Η ) 1 / ^ " 3 . We have not a t -
tempted to calculate an improved magnetic field model including the finite 
disk thickness, since we expect that Aly's model provides a reasonable zeroth 
order estimate of the poloidal field strength, even with dissipation included. 

In ideal MHD, the magnetopause separating the disk and the magnetic 
field lines folded around it is a tangential discontinuity, with no plasma 
transport across the field lines. However, in general, the magnetospheric field 
and the disk's plasma move at different speeds, with toroidal relative velocity 
v*>el = [flg — ΩΚ(Γ)]Γ. If the field lines corotate with the star, Ω Β = i l*, 
but we will find that Ω^ can be significantly different than Ω^. Such relative 
motion is unstable to the formation of breaking waves (the Kelvin—Helmholtz 
instability). The mixing induced by such wave breaking is the dominant e f -
fect in causing mass to cross the magnetopause boundary, if the disk has no 
large-scale magnetic field of its own; reconnection between small magnetic 
loops in the disk and the magnetospheric field acts mainly to trigger the 
Kelvin—Helmholtz instability by providing a minimum mass density on the 
magnetospheric side of the interface, if no other mass source is present 
(Arons et al 1986). 

For waves with wavelength along the relative velocity long compared 
to the thickness of the boundary layer, the linear growth rate is 
γ - k ^ g — Ω£(Γ)]Γ(Ρ / p a ) ^ 2 , where k is the wavenumber, is the density 
in the upper atmosphere of the disk where the boundary layer is formed, and 

is the density in the wind outflow formed within the magnetosphere. 
From approximate pressure balance, = B2/8irc^(disk) ~ 10""5 gm c m " 3 . 
Because of X— ray heating, c r (d i sk ) , the sound speed in the disk atmosphere, 
is ~ 103 km s" 1. We remark that a mass density above 10~ 7 gm cm"" 3 of 
plasma corotating in the magnetosphere at R ^ exerts sufficient stress to 
burst the magnetosphere, converting closed field to open. Thus, even if only 
1% of the disk plasma is scraped off and converted into magnetospheric 
plasma at radii exceeding R^, the magnetospheric topology is completely al— 
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tered. The principle mechanism that does this scrape—off is the breaking of 
the "cat's eyes" formed by the Kelvin—Helmholtz instability. Hydrodynamic 
experiments and numerical calculations, and MHD simulations (eg., Miura 
1984, 1985) show that after η - 1 ~ 10 linear growth times, the waves with 
wavelength 2ir/k break; the characteristic (vertical) velocity at breaking is 
therefore the wavelength divided by the time to breaking, or ην/k. Once the 
waves break, successive overturns rapidly diffuse the momentum and mass 
(Arons and Lea 1980), entraining the disk plasma with the magnetosphere. 
The effective diffusion coefficient for this process is ~* ηγ/k 2 ~ Ο.ΐγ/k 2; the 
momentum diffusion coefficient found by Miura is 0.0987/k2, once proper a c -
count is taken of the distributed shear profile used in his calculations. The 
instability also generates MHD waves (primarily fast modes); because the 
Alfven speed on the magnetospheric side of the boundary layer is high c o m -
pared to the relative speed in the final, self—consistent models, these waves 
carry off the disk momentum deposited in the magnetosphere with only small 
amplitude pertubations of the magnetospheric structure — here, we differ 
from the assertion made by Anzer and Borner, that the magnetic field in 
and near the boundary layer must be fully turbulent. 

The net entry velocity of disk plasma into the magnetosphere is then 
- ηγ/k = η[Ω^ — fifc(r)]r(pw/p )V 2 , with the plasma distributed over a layer 
whose vertical thickness is on the order of the longest wavelengths which can 
grow and break. For practical purposes, this turns out to be roughly the 
scale height of the disk atmosphere, since the large inertia of deeper layers in 
the disk prevents much growth at smaller values of k. The plasma injected 
onto the field has sufficient rotational inertia to break open the field and be 
flung away as a centrifugally accelerated wmd; at this stage in the thought 
experiment, we assume this to be so, and und the assumption to be self-
consistent at the end. The resulting configuration is shown in the cartoon in 
Figure 6. Here, the disk lies in the midplane, with the open field lines 
wrapped around the disk and now disconnected from the star, held in only 
by the accretion of plasma from the disk's inner edge. Therefore, the angular 
velocity of the open field lines and of the wind is fig, with fi* < Ω 8 < 
^<(^m)- W turns out that Ω Β = fi^(R^), all rotators are fast with respect 
to angular momentum loss in the wind. 

5.5 Angular Momentum Loss and a Quantitative Model 

The consequence of our thought experiment, therefore, is that for radii larger 
than R c ( f i ß ) < Rc*> where the field lines rotate faster than the underlying 
disk, the Kelvin—Helmholtz instability feeds plasma from the disk into the 
overlying magnetosphere at a rate sufficient to blow the field lines open and 
maintain them in the opened configuration. Indeed, our thought experiment 
suggests that closed models, such as that of Ghosh and Lamb (1979), are 
unstable to switching over into the opened state described here. Furthermore, 
the plasma injected into the poloidal field must be rotationally spun up, 
which requires the field Unes to be swept back into a spiral. Therefore, the 
wind carries off angular momentum. Since the field Unes connect through the 
boundary layer between the inner edge of the disk and the corotating, closed 
field region of the Poynting fluxes from this boundary layer region. At the 
very least, therefore, the wind provides a reduction of the specific angular 
momentum accreted below the Keplerian value first estimated by Pringle and 
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Rees (1972). The possibility of producing a true spin—down torque is 
discussed briefly below. 

Figure 6: Magnetospheric structure with a wind from a disk. 

In our calculations, we assume, and find to be self—consistent, that the 
region of mass entry is interior to the Alfven radius of the wind iL , where 
the poloidal component of the wind velocity equals the poloidal Alfven speed. 
Then the rate at which angular momentum is lost is given by 
T_ = Kív*ue[R¿ - R2(n )] (Hartmann and MacGregor 1982). The task of a 
quantitative model is to find M w , Π 8 and R^, all of which depend on 
B[R c(n B)] and on the temperature of the X—ray heated gas, and also to 
determine if T_ corresponds to a true spin down torque or is limited to a 
torque reduction alone; this latter task is closely related to finding Ω β . 

The full details of our calculations are reported elsewhere (Arons et al 
1986). What we did was to use our simple mixing model as a mass source 
and a momentum sink for the magnetospheric layers bounding the disk, and 
integrated the equations for flow along the largely poloidal Β to find the 
asymtototic mass loss rate in the wind. This yields 

2 χ l O ^ - t e ( ^ ) Ρ β 1 0 / 8 g sec" 1 

i « * 9 (D 
1 0 1 8 (ίΐί^/ , ο 1 ^)< Ρ Β / 1 0 m s e c ) - 1 0 / 8 g sec" 1 

these values assume the field strength varies as r~*. We then solve the M H D 
wind equations as if all the mass is injected with the rate (1) at the corota— 
tion radius R c (P R ) . This collapse of the mass entry zone to a single injec— 
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tioii surface works if the Alfven radius is well outside the region of mass 
entry. The poloidal magnetic field is allowed to vary in proportion to r""( 2 + ^). 
The flow is in approximate corotation with the field lines, at speed Ω·Γ , out 
to the Alfven radius « R* « (flux^Kf^û)1/8 « l O ^ O . l / ^ V s p « cm 
( Ρ = 1). This radius can De guessed by dimensional analysis; au the work 
of solving the MHD equations yields multiplicative factors nearly equal to 
unity which depend on ν . The asymptotic wind speed for ¿> = 1 is 
Ve,= 10 9· 2 (0.1/f )lf2 cm s - 1 . The rate of angular momentum loss is the wind 
is T_ = QgNi^iRi — R^ ) . Plugging in yields the ratio of the angular m o -
mentum loss rate io the rate stellar angular momentum is gained from a c -
cretion 

As before, Ρ is the rotation period of the open field lines. 
The final step needed is to calculate Ωρ. This requires solving a model 

of the boundary layer between the disk's inner edge and the co—rotating r e -
gion of the magnetosphere, which we do by treating the effects of the 
Kelvin—Helmholtz instability as a mass and momentum diffusion, as well as 
including the loss of angular momentum from the boundary layer by 
Poynting fluxes directed along the open field lines which connect to the wind 
zone. This work is not entirely complete, but present indications are that Ω 0 

is closer to Í M R j J than it is to Ω*, so that all rotators with obliquity not 
too large should be interpreted as l ffastM rotators. Furthermore, when the 
accretion rate is sufficiently small, corresponding to accretion luminosities 
below 10 3 7 erg/s, the angular momentum loss into the wind can drive the 
angular velocity of the boundary layer flow below Ω£ΪΙ Ι ) | . Since the plasma is 
brought into co—rotation by viscosity between the co—rotating region and the 
boundary layer, angular momentum can be extracted from the co—rotating 
part of the magnetosphere and therefore from the star. When the wind's 
ability to transport angular momentum is sufficiently large, therefore, the 
torque T_ does correspond to a stellar spindown torque. In its current state 
of development, the model looks like an interesting candidate to interpret 
some aspects of the spin behavior of Vela X—1. The quantitative details of 
these results, and their application to rotational evolution of accreting n e u -
tron stars, is described elsewhere (Arons, McKee and Pudritz 1986; Arons 
and McKee 1986). 

8.4. Applications and Conclusions 

W e have made several preliminary applications of our models to observations, 
existing or potential, of X—ray pulsars. In the case of Her X - 1 , the net a v -
erage spin—up torque is 1/30 of the value expected if no spin—down torques 
operate. Application of our model to the data yields, assuming Pg ^ P^, a 
predicted magnetic moment of 1.1 χ IO 3 0 Gauss—cm*, with a dipole c o m p o n -
ent of the surface magnetic field of about 2 χ IO 1 2 Gauss. The result doesn't 

(2) 
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DIFFER MUCH IF THE ROTATION RATE OF THE MAGNETIC FIELD IS TAKEN TO BE THE 

KEPLER RATE, SINCE IN THIS CASE R C * IS ALREADY CLOSE TO R ^ . 

A MORE INTERESTING APPLICATION OF THE MODEL IS TO THE INTERPRETATION OF 

THE BROAD FE FLUORESENCE LINE OBSERVED IN THIS AND OTHER X—RAY PULSARS. THE 

FLUORESCING PLASMA MUST HAVE TEMPERATURE WELL BELOW 1 0 7 K , A THOMSON O P -

TICAL DEPTH OF ORDER UNITY (EG., PRAVDO ET AL 1979 , WHITE ET AL 1983), AND A 

FULL WIDTH AT HALF-MAXIMUM OF - 2 Χ I O 4 K M / S (TRUMPER 1986). IN FACT, OUR 

WIND MODEL HAS ALL THESE PROPERTIES, WITHOUT FORCING ANY OF THE PARAMETERS. 

THE WIND PLASMA IS COOLED BY CYCLOTRON EMISSION TO A TEMPERATURE WELL B E -

LOW 1 KEV. FROM THE MASS LOSS RATE (1) , THE THOMSON OPTICAL DEPTH IS CLOSE 

TO UNITY, AND THE MAGNETIC MOMENT IS INFERRED BY APPLYING THE THEORY TO THE 

REDUCED SPIN UP OBSERVED IN HER X — 1 . THE PREDICTED VELOCITY FULL WIDTH IS 

THEN ABOUT 15,000 K M / S , USING THE THEORY WITHOUT TAKING PROPER ACCOUNT OF 

THE TOROIDAL FIELDS IN THE MASS ENTRY ZONE [IE., WITHOUT WORRYING ABOUT 

R A / R C ( ß B ) ~ 1] . IN FACT, THE THEORY CONSTRUCTED WITH PROPER ACCOUNT OF 

BIOTTI ¿«J GIVES EVEN BETTER RESULTS. SINCE THE BASIC PARAMETERS OF OUR 

MODEL ARE ALREADY CONSTRAINED BY THE DYNAMICAL OBSERVATIONS (IE., BY STUDYING 

Ρ AND DP/DT) , THE SPECTROSCOPIC OBSERVATIONS PROVIDE A TEST AND THE POSSIBIL-

ITY OF REFINED MODELING OF THE SYSTEM. 

A THIRD APPLICATION CAN BE MADE TO THE NONCONSERVATIVE EVOLUTION OF 

BINARIES, SINCE THE PLASMA IS FLUNG OFF AT 1 0 4 KM S" 1 AND MUST LEAVE THE 

SYSTEM. THEN IT ALSO CARRIES OFF THE ORBITAL ANGULAR MOMENTUM CHARACTERISTIC 

OF THE NEUTRON STAR, WHICH LEADS TO EVOLUTION OF THE BINARY ON THE TIME SCALE 

« Ι Ο 8 ( 0 . 1 / Η ) 2 ( 1 0 2 7 / Μ ) 2 ( Ρ Β / 1 0 M S E C ) 1 0 / 3 YEARS, A TIME OF POSSIBLE RELEVANCE TO 

THE EVOLUTION OF LOW MASS X—RAY BINARIES. 

A FINAL APPLICATION IS TO THE FORMATION OF EITHER ENHANCED MASS LOSS 

FROM THE OUTER REGIONS OF THE DISK, OR TO THE FORMATION OF "BUBBLES" IN THE 

INTERSTELLAR MEDIUM. DEPENDING ON THE SHAPE OF THE DISK'S OUTER REGION, THE 

WIND MAY OR MAY NOT COLLIDE WITH THE DISK. IF IT MISSES, THE WIND GOES ON 

AND BLOWS A BUBBLE IN THE INTERSTELLAR MEDIUM, OF RADIUS RFCUTHE 5 

(BISM/ 1 C M - 3 ) - 1 / V / 5 ( T / 1 0 5 Y ) 3 / 5 P ¿ T 2 / 3 PARSECS, RATHER LIKE THE WIND FROM AN O 

STAR. IN THIS CASE, A POSSIBLE TEST OF THE THEORY WOULD BE TO FIND BUBBLES 

AROUND X—RAY SOURCES WITH Β OR LATER OPTICAL CHARACTERISTICS, BUT WITH BUBBLE 

PROPERTIES LIKE THOSE EXPECTED FOR THE WINDS FROM VERY EARLY STARS (EG., 

MCKEE ET AL 1984). AN ALTERNATE POSSIBILITY IS THAT THE WIND DOES ENCOUNTER 

THE DISK'S OUTER REGIONS. THEN THE SHOCK HEATING MIGHT CAUSE THE DISK PLASMA 

TO BE LIFTED UP ABOVE THE DISK PLANE^ POSSIBLY CAUSING THE 

PECULIAR ABSORPTION FEATURES SEEN IN SOME LOW MASS SOURCES WHOSE LUMINOSITY 

IS TOO LOW TO DRIVE THE FORMATION OF WINDS FROM THE OUTER REGIONS BY PHOTON 

HEATING FROM THE CENTRAL SOURCE. 

OUR PRELIMINARY CONCLUSION IS THAT CENTRIFUGALLY DRIVEN WINDS FROM THE 

INNER EDGES OF DISKS AROUND MAGNETIZED NEUTRON STARS ARE LIKELY TO FORM AT A 

LEVEL INTERESTING TO THE INTERPRETATION OF DYNAMICAL AND SPECTROSCOPIC P H E -

NOMENA OBSERVED IN THESE SYSTEMS. 
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DISCUSSION 

Α· Burrowe: Have you considered energetic particle production in 
this coupled neutron star/disk context? 

J. Ar one: Yes, I don't think disk elect rodynamic leads to much 
interesting acceleration in the X-ray source context. Dissipa-
tive MHD instability at the bottom of the accretion column is 
more interesting, but the story is too long for discussion 
here. 

J. Grindlay: Does your work provide any clues as to why cyclotron 
line features are apparently so difficult to detect in X-ray 
pulsars with magnetic fields presumably in the 1 0 1 2 - 1 0 1 3 

gauss range (e.g. from spin-equilibrium arguments)? 
J. Arone: I don't think spin equilibrium or other large scale 

aspects of the magnetosphere have much to do with line visibil-
ity. The dominant effect is likely to be velocity shear, which 
is enormous in the models I showed. Unless one looks almost 
across the magnetic field, the variable Doppler shift from the 
bulk motion smears out the line. LF_ the field is simple, and 
if one could look at it broadside, then one has a chance to see 
a narrow feature. Clearly, the phase space for this is small, 
so finding line features in only a few objects is consistent 
with the kind of theory I've described. 

D. Arnett: What is the ion temperature in the wind? 
J. Ar one: The collisional equilibration time is short, so it's 

probably about the same as the electrons, ~10 6 K. 
X.J. Mao: What kind of material is in the disk of your model? 

According to the Goldreich-Julain model, the density of plasma 
is getting lower and lower and your disk doesn't go into the 
magnetosphere of the pulsar. 
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J. Ar one: The disk is made of normal plasma accreted from the 
normal star in the binary. The Goldreich-Julian charge density 
occurs in the corotating region of the magnetosphere, and is 
easily maintained by the accreting plasma which passes through 
the magnetopause onto closed field lines. 

J.VL. You: If the temperature in the accreting column is > 10 8 K, 
pair production will occur. It is so important for cooling, 
and radiation from pair-annihiliation may be dominant over 
bremstrahlung and cyclotron radiation. Don't you consider this 
effect? 

J. Arone: Yes, maybe it can't be neglected and it should be taken 
into account. 
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