
THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 90:837-839, 1994 February 
© 1994. The American Astronomical Society. All rights reserved. Printed in U.S.A. 

DISK-ACCRETING MAGNETIC NEUTRON STARS AS HIGH-ENERGY PARTICLE ACCELERATORS 

RUSSELL J. HAMILTON, FREDERICK K. LAMB,1 A N D M . COLEMAN MILLER 

Department of Physics, University of Illinois at Urbana-Champaign, 1110 West Green Street, Urbana, IL 61801-3080 
Received 1993 February 26; accepted 1993 May 19 

ABSTRACT 

Interaction of an accretion disk with the magnetic field of a neutron star produces large electromotive forces, 
which drive large conduction currents in the disk-magnetosphere-star circuit. Here we argue that such large 
conduction currents will cause microscopic and macroscopic instabilities in the magnetosphere. If the minimum 
plasma density in the magnetosphere is relatively low (;S109 cm"3), current-driven micro-instabilities may cause 
relativistic double layers to form, producing voltage differences in excess of 10 n V and accelerating charged 
particles to very high energies. If instead the plasma density is higher (2; 109 cm~3), twisting of the stellar magnetic 
field is likely to cause magnetic field reconnection. This reconnection will be relativistic, accelerating plasma in 
the magnetosphere to relativistic speeds and a small fraction of particles to very high energies. Interaction of these 
high-energy particles with X-rays, 7-rays, and accreting plasma may produce detectable high-energy radiation. 

Subject headings: acceleration of particles — accretion, accretion disks — gamma rays: theory — plasmas — 
radiation mechanisms: nonthermal — stars: neutron 

1. INTRODUCTION 

Observations of MeV-GeV gamma rays using the Compton 
Observatory and GRAN AT as well as steady improvement in 
the sensitivities of ground-based high-energy (TeV-PeV) de
tectors have stimulated interest in accreting neutron star sys
tems as possible sources of detectable fluxes of high-energy 
electromagnetic radiation. Lamb, Hamilton, & Miller (1993; 
see also Miller, Lamb, & Hamilton 1993b) show that interac
tion of the magnetic field of a neutron star with the plasma in a 
Keplerian accretion disk generates an electromotive force ~ 
1015 V, even if the star is slowly rotating. They argue that the 
number density of particles in the magnetosphere of a disk-
accreting neutron star is likely to be many orders of magnitude 
larger than the Goldreich-Julian charge density. Some mecha
nisms advanced to explain particle acceleration in the magne-
tospheres of isolated rotation-powered pulsars, such as those 
requiring a charge-separated magnetosphere, are inconsistent 
with these conditions. We show that charged particles can be 
accelerated to high energies in the magnetospheres of disk-
accreting neutron stars even if the plasma density there is large. 
Because the resistivity of the disk-magnetosphere-star circuit is 
small, the electromotive force drives large conduction currents 
leading to magnetospheric instabilities, such as relativistic dou
ble layers and magnetic reconnection events. Acceleration of 
particles to high energies can result from either of these instabil
ities. We show that the density of plasma in the magnetosphere 
determines which instability limits the current. These results 
have also been described by Hamilton, Lamb, & Miller 
(1993a). 

2. MODEL 

Consider a binary system in which a magnetic neutron star is 
accreting plasma from a geometrically thin Keplerian disk situ
ated in the equatorial plane of the neutron star with its axis of 

1 Also Department of Astronomy. 

rotation aligned with that of the star. We analyze this system 
using cylindrical coordinates (TO, <f>, z) centered on the star, 
with the z-axis aligned with the stellar rotation axis. We as
sume the star has mass Ms, radius Rs, and rotates with angular 
velocity Qs, and that the stellar magnetic field is dipolar, with 
the dipole moment n aligned with the rotation axis. We assume 
further that the mass flux M through the disk far from the star 
is constant. 

The accreting plasma couples to the neutron star via its mag
netosphere. Processes occurring within the magnetosphere me
diate the transfer of mass, energy, and angular momentum 
between the accreting plasma and the star. Far from the star, 
where the magnetic field is unimportant, the accreting plasma 
orbits at the local Keplerian velocity OK(TO). The Keplerian 
flow ends at the radius TO0 where the magnetic stress is so large 
that it extracts the angular momentum of the disk plasma in a 
radial distance much less than TO (Ghosh & Lamb 1991). The 
differential rotation between the star and accreting plasma gen
erates an electromotive force (EMF) of magnitude (Lamb et 
al. 1993) 

<?g~TD^K(TO0)£,,(TO0)/c~ 1 O 1 5 T O 8
5 / V 3 O ( M , / M 0 ) 1 / 2 V (1) 

in the disk-magnetosphere-star circuit. 
Although the magnitude of the charge density in the magne

tosphere is expected to be comparable to the Goldreich-Julian 
value MGJ <=» I Qs • B \ / (2%ec), the number density of ions (and 
electrons) in the magnetosphere is expected to be much larger. 
As a result, the EMF drives large conduction currents as shown 
in Figure 1 for a slowly rotating star. The azimuthal field B^ 
produced by the conduction currents can be thought of as re
sulting from the twisting of the poloidal magnetic field Bp by 
the rotational motion of the accreting plasma relative to the 
star. 

In the absence of other processes, the current asymptotically 
approaches the steady state value Iss = Sg/ ffi with an e-folding 
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FIG. 1.—(Top) Orbiting motion of the disk plasma generates an EMF 
that drives cross-field currents (light shaded arrows) within the disk and 
the neutron star and field-aligned currents (shaded arrows) within the 
magnetosphere. (Bottom) Equivalent circuit, showing the generated EMF 
Sg, the circuit inductance Sf, and the resistances 9ts and 8%d of the star and 
disk. Also shown are the resistances ^£, and 0t2 and the current / in the 
two magnetospheric legs of the circuit. 

time ~ <£l&, where 91 = ^ + 3t2 + @d + Ms. The total 
resistance 3i in the circuit is very small, so that, in the absence 
of instabilities, a large asymptotic current 7SS would flow, gen
erating an azimuthal magnetic field ~ 1010 times larger than 
the poloidal field. Because of the low resistance, electrical 
currents become large enough to produce microscopic and/or 
magnetohydrodynamic (MHD) instabilities, which can lead 
to the acceleration of ions and electrons to energies greater 
than 1 TeV. 

3. INSTABILITIES AND PARTICLE ACCELERATION 

We consider the consequences of large electrical currents in 
the magnetosphere, with emphasis on processes that may lead 
to particle acceleration. Whether micro-instability or recon
nection occurs first depends on the particle density in the most 
tenuous regions of the magnetosphere. If this particle density is 
moderately low, field-aligned currents are likely to trigger mi
cro-instabilities and possible double layer formation before re-
connection occurs. If instead the lowest particle density is 
higher, reconnection is likely to occur before the threshold for 
micro-instability is reached. In some circumstances, the 
current may continue to grow even after double layers have 
formed, eventually triggering a reconnection event. 

Micro-instabilities will occur if the current density in the 
magnetosphere is high enough. If the current density exceeds 

ym,cro = ene(kTe/mey
/2 ~ W9n9Tl'2, (2) 

micro-instabilities will be produced. Here me, ne = «9109 

cm-3, and Te = r8108 K are the electron mass, density, and 

temperature. These instabilities can produce anomalous resis
tance, heating, or double layers (see Spicer 1982). 

Double layers, which are observed in both space and labora
tory plasmas (see Block 1978; Carlqvist 1979), are related to 
the nonlinear BGK-wave solutions of the Vlasov-Maxwell 
equations and form when large electrical currents flow in re
sponse to applied voltages. These structures consist of two 
equal but oppositely charged, approximately parallel space 
charge regions (see Fig. 2). The electron number density ne is 
many orders of magnitude larger in the disk than in the magne
tosphere, while the temperature Te is the same to within a 
factor of 102, so thatymicro is orders of magnitude smaller in the 
magnetosphere than in the disk. Thus, formation of double 
layers is most likely to occur in the magnetosphere. In these 
systems, we expect double layers to be strong (voltage VDL p 
kTe) and relativistic (VDL > mpc

2 $> mec
2). Double layers are 

therefore effective particle accelerators. 
Carlqvist (1969) found that for a relativistic double layer 

bordered by a thermal plasma consisting of ions and electrons 
with the ion mass w, > me, the voltage drop is related to the 
current density by 

F D L « (Trmicjd2/e) 1/2 (3) 
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FIG. 2.—Example of a stationary double layer solution, showing the 

electrical potential <j>, normal electric field Ex, and charge density «, = «+ -
«_ as functions of position x. Charge separation is maintained by a balance 
between inertial and electrostatic forces. Quasi-neutrality is violated at 
both edges of the layer, but the spatially integrated charge is almost zero, so 
the electric field outside the layer is small. Such a layer produces approxi
mately monoenergetic electrons and protons (for eVDL p mpc

2), since in 
moving across the layer both attain energies ~ eKDL. 
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where d = dBlO* cm is the width of the double layer. 
For a current density equal to 7micro, the voltage drop is 
~ 1013 <4< 2 7V 4 V. 

The circuits linking the neutron star, magnetosphere, and 
disk are highly inductive. Therefore current disruption, which 
may occur if the current density greatly exceeds 7micro, would 
cause the energy stored in these circuits ( ~ i f I2/2) to be re
leased rapidly via a discharge process in the region of the 
disruption. Such an event has been called an "exploding dou
ble layer" by Alfven (1981) and would produce voltage drops 
across the double layer ~ ^dl/dt. Assuming that the current 
density is 7micro and that the current changes on a time scale 
d/c, the voltage drop across such an exploding layer is 
~10 ' 5 V. 

Another possibility is that the continual twisting of the mag
netic field by the differential rotation of the accreting plasma 
and the star causes the magnetic field configuration to become 
unstable to reconnection (see Parker 1979), since the field 
cannot be wound up indefinitely. We expect the magnetic field 
to become unstable to reconnection when twisting of the poloi-
dal field produces an azimuthal field that exceeds the poloidal 
field by a factor 7mhd ~ 10. The electrical current density 
corresponding to this value of 7mhd is 

Jmhd ~ (cymMBp)/(4ww0) ~ 3 X 109(Tmhd/ \0)B6w? . (4) 

If magnetic reconnection occurs steadily, it mainly produces 
heating of the plasma and bulk acceleration to the Alfven veloc
ity, vA = c[B2 / (4irn/npc

2 + B2)]U2, with a small fraction of 
particles accelerated to higher energies. In the magnetosphere, 
B2 P 4imjnpc

2, so the resulting bulk plasma motion is relativis
tic, with Lorentz factor yA as 102«, 1/2B6. The corresponding 
electron and proton energies are ~ 108 and ~ 10 " eV, respec
tively. If instead magnetic reconnection occurs in flaring pro
cesses, voltages comparable to the full EMF ( ~ 1015 V) may 
occur. 
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In summary, rotation of the disk plasma relative to the star 
continually twists the magnetic field, steadily increasing the 
field-aligned currents in the magnetosphere. Because the inter
nal resistance of the disk-star generator is so low, these currents 
become large enough to trigger processes that accelerate parti
cles. The detailed behavior of the system depends on what 
mechanism limits the current. Comparison of equations (2) 
and (5) shows that there are two regimes. If the particle density 
in the most tenuous regions of the magnetosphere is moderate 
(nS, 109 cm"3), field-aligned currents are likely to trigger mi
cro-instabilities that may produce relativistic double layers. If 
the particle density is higher (n ^ 109 crcT3), we expect mag
netic reconnection to occur first. In either case, ions and elec
trons will be accelerated. 

To determine the energies that particles can attain, their 
acceleration rates must be compared with their energy loss 
rates. In the magnetosphere, ions are freely accelerated to the 
full voltage drop. For electrons, energy losses are important. 
Emission of curvature radiation limits the electrons to 
energies ;S 1013 eV. Emission of synchrotron radiation forces 
electrons to move along the field, but does not limit their accel
eration along the field. Inverse Compton drag does not limit 
the energy here because electron-photon scattering is in the 
extreme Klein-Nishina regime. Gamma-rays are produced by 
interaction of the accelerated ions and electrons with X-rays 
and accreting plasma. A more detailed discussion of photon-
electron interactions important for understanding the observ
able radiation expected from these accreting neutron stars is 
given elsewhere (Miller, Lamb, & Hamilton 1993a; Hamilton, 
Lamb, & Miller 1993b). 
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