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ABSTRACT 

The standard polar cap model of pulsar radio emission provides acceptable explanations for a 
wide variety of observed pulsar characteristics. Nevertheless, we show that it has difficulty account- 
ing for certain details pertaining to drifting subpulses, nulling, and mode changing. In particular, the 
persistence of drifting subpulse phase memory observed during pulsar nulling, as well as the 
phenomenon of nulling itself, seem to defy simple explanation. 

We attempt to reconcile these difficulties with some modifications of the standard model. It is 
proposed that avalanche discharges above the polar caps of old pulsars are localized to discrete 
regions (“flux tubes”) because prior to ar discharge E • B in gaps between the stellar surface and 
plasma-filled portions of these tubes is greater than in neighboring regions. During normal operation 
of a pulsar, the tubes drift in the same manner as described by Ruderman and Sutherland. Nulling is 
thought to be the manifestation of steady (rather than interrupted) pair production within the flux 
tubes, and it is shown that the absence of both subpulse drift and coherent radio radiation is 
consistent with this hypothesis. The predictions of our model are in good qualitative agreement with 
observations. 
Subject headings: hydromagnetics — pulsars — stars: radio radiation 

I. INTRODUCTION 

Of the many puzzling observational phenomena asso- 
ciated with radio radiation from pulsars, one of the most 
intriguing is the behavior of subpulse phase during 
pulsar nulling reported by Unwin et al. (1978). These 
authors observed PSR 0809+74, in which all of the 
radio radiation occurs in drifting subpulses whose drift 
rate exhibits comparatively small variations. The partic- 
ular phenomenon noted by them is the remarkable 
retention through a null of the subpulse phase (position 
within pulse envelope) immediately prior to the onset of 
nulling: after the null, the radiation once again appears 
in drifting subpulses whose phase is that expected for 
the first nulled pulse. This memory persists in PSR 
0809+74 at least as long as the longest null observed, 
which is 10 pulsar rotation periods (10 P) in the data of 
Unwin et al. (1978) and 13 P in the data of Filippenko, 
Readhead, and Ewing (1983). It is also significant that 
the same behavior exists in other pulsars, including one 
(PSR 0031 —07) whose nulls are generally of much greater 
duration than those of PSR 0809+74. Furthermore, the 
phase at which the nulls occur is random, implying that 
the memory mechanism does not restrict the occurrence 
of nulls to specific portions of the integrated pulse 
window. 

Nulling clearly cannot be due to any kind of eclips- 
ing, obscuration, or deflection of the pulsar’s radiation, 
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as in such cases the subpulses would continue to drift 
through the pulse window, irrespective of whether or not 
their radiation is received by us. Information regarding 
the positions of the marching subpulses must be some- 
how stored during the null, and it is subsequently used 
to provide a starting point for the drifting pattern when 
emission of radio radiation recommences. Failure to 
elucidate the nature of the pulsar memory mechanism 
has thus far been a major weakness of all nulling theo- 
ries (e.g., Jones 1981). 

It is interesting to note that a memory mechanism of 
some form was probably already required in order to 
understand two other phenomena associated with pulsar 
radio radiation. The first of these is simply the ordinary 
drifting of subpulses, which indicates that a given 
“spark” (gap discharge) must occur at or close to the 
location of immediately preceding sparks. If the dis- 
charge process is such that each spark completely dies 
before the formation of a large potential drop and the 
next spark, then the location of a given spark will 
have no relation to that of the previous one without 
some memory, albeit for as short as ~ 10 jws. Of course, 
it is possible (as suggested in the original model of 
Ruderman and Sutherland (1975)) that sparks are never 
fully extinguished, but rather fluctuate quasi-periodi- 
cally in intensity. This obviates the necessity of a short- 
term memory. 

The second phenomenon which is hard to understand 
without a memory mechanism of some sort is that of 

828 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
82

A
pJ

. 
. .

26
3.

 .
82

8F
 

PULSAR NULLING 829 

mode changing. In pulsars which exhibit this property, 
the pulse profile displays occasional but marked changes 
in shape. The new shape can persist for times which are 
very long compared to the pulsar rotation period before 
returning to the previous mode. 

This paper represents an attempt to qualitatively ex- 
plain nulling and the associated phase memory. Only 
old pulsars will be dealt with, since young pulsars do not 
exhibit many of the features (such as drifting subpulses 
and nulling) that will be the focal points of our discus- 
sion. In addition, Ruderman (1981) has shown that 
young pulsars may be associated with a wide variety of 
complicated phenomena not to be found in older pulsars, 
and that very different models are probably needed to 
explain their behavior. 

II. THE STANDARD MODEL 

a) Drifting Subpulses 

We will restrict our discussion to the model of 
Ruderman and Sutherland (1975; hereafter RS) and its 
subsequent modifications, primarily those of Cheng and 
Ruderman (1977a, 19776, 1979, and 1980; hereafter CR 
1977a, CR 19776, CR 1979, and CR 1980), Ruderman 
(1976), and Cheng, Ruderman, and Sutherland (1976). 
This model, based on the pioneering work of Goldreich 
and Julian (1969) and Sturrock (1971), reasonably ex- 
plains a large number of observed pulsar characteristics. 

One of the most important of these is the drift of 
relatively narrow subpulses within the integrated pulse 
envelope. It is postulated that discharging of the polar 
gap is achieved by means of localized sparks rather than 
by a discharge of the entire region above the polar cap, 
and that the sparks are separated by distances compara- 
ble to the height of the polar gap. At the completion of 
an RS spark “avalanche,” the potential drop is substan- 
tially below its predischarge value and the sparking 
regions are completely filled with plasma. However, 
since charges must still be escaping from the pulsar 
along a certain set of open field Unes, plasma recedes 
from the stellar surface but does not simultaneously get 
replenished, and a growing potential drop is manifested 
across the rapidly forming gap. Since at this moment 
E* B is not equal to zero in the gap, the plasma region 
above the empty (gap) field Unes cannot corotate with 
the neutron star; rather, it experiences a small Ex B 
drift relative to the star’s surface. Once the gap potential 
drop becomes sufficiently large, another discharge forms: 
the gap in the sparking regions is filled with plasma 
(making E • B equal to zero), and corotation is once 
again possible all along the field Unes which thread the 
plasma. It is the occurrence of ~105 of these cycles 
every second that makes the subpulse drift noticeable 
and continuous. (We note, however, that nondrifting 
subpulses often exist in pulsars. One possible explana- 

tion is that these are caused by spark discharges in 
regions of tangled, highly curved magnetic fields 
fixed with respect to the stellar surface (Flowers and 
Ruderman 1977).) 

6) Deficiencies of the Model 

An important difficulty is that a discharge does not 
remain localized (to within the accuracy of the E x B 
drift) at its initial position (CR 19776). Rather, it rapidly 
spreads in the direction opposite the center of curvature 
of the local magnetic field Unes. For example, in a 
dipole field the spark is confined to a single plane and 
moves toward the magnetic axis with speed (CR 1980) 

«spark (O 

where h is the height of the gap, c is the speed of Ught, 
and p is the radius of curvature of local field Unes. Since 
the radius of the polar cap of a pulsar with period P is 
given by 

Rp ^ lO4?-1/2 cm, (2) 

the time it takes a spark to cross the cap radius is only 
~ 130 ps (with typical values of P = 1 s, 6 = 5 X 103 cm, 
and p = 106 cm). Hence, sparks rush toward the polar 
regions and spread out into large sheets instead of 
remaining relatively localized and slowly drifting around 
the pole. In a more general field geometry, they die 
either by exiting from the polar cap or by reaching a 
region (such as the magnetic pole) in which field Unes 
have insufficient curvature to sustain them. Of course, 
this need not occur if the magnetic field geometry is 
sufficiently compUcated, but then the Ex B subpulse 
drift is also not possible since the sparks remain con- 
fined to regions of tangled field Unes. 

CR (19776, 1980) have discussed this problem and 
have presented two possible solutions to it. The first is 
that if local heating effects are significant, then thermal 
X-rays emitted by the surface “hot spot” associated 
with a given spark may form electron-positron pairs in 
the Coulomb field of relativistic ions. The ions are 
produced by thermionic emission from the hot spot and 
are accelerated to a Lorentz factor YiOn~500 by the 
intense electric field. This “Lorentz-boosted pair pro- 
duction” is able to restrict the spark to the region near 
the original discharge, given the assumption that heating 
from the initial electrons is sufficiently strong to pro- 
duce thermionic emission. 

The vaUdity of this assumption in old pulsars with 
low surface temperature has become questionable, espe- 
cially in Ught of the recent finding that the majority of 
pulsars “turn on” only after the neutron star rotation 
period has increased to ~ 0.5 s (Vivekanand and 
Narayan 1981). From this, Radhakrishnan (1982) has 
concluded that ion Uberation models are unlikely to be 
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applicable to pulsars. The argument is that if ion libera- 
tion can occur at any stage, it should work best in young 
neutron stars, when both the surface temperature and 
the electric fields have their highest values. Indeed, 
patch heating should then be able to sustain most (if not 
all) short period pulsars, even in the absence of fossil 
heat stored in the neutron star. 

The second possibility that CR discuss is that each 
time a very energetic electron collides with the stellar 
surface at least one secondary gamma ray of energy 
greater than 1 MeV is emitted. This high-energy gamma 
ray subsequently interacts in the usual way with the 
intense magnetic field and produces an electron-positron 
pair in the vicinity of the original electron. In this 
manner, a roughly cylindrical tube of plasma (rather 
than a plasma sheet) may form around the initial loca- 
tion of the discharge. 

It may be noted that unless the efficiency of this 
mechanism is sufficiently high that pair production re- 
sulting from the “photon splash” heavily dominates the 
RS avalanche discharge, the RS part of the electron- 
positron shower will still drift toward the magnetic axis 
if the field geometry is simple. (This difficulty also exists 
with the first mechanism proposed above.) In addition, 
the sparking regions may spread noticeably if the spatial 
distribution of the “splash” photons is large, and 
the width of a subpulse should consequently increase 
as it drifts through the pulse envelope. This, however, 
is not observed: subpulses retain their narrow width 
throughout their entire duration in the pulse window 
(Filippenko, Readhead, and Ewing 1983). 

The main deficiency of the RS model, however, is that 
it does not explain the peculiar phase behavior during 
nulls discussed in § I. CR (1977&, 1980) attempt to solve 
this problem by appealing once again to Lorentz-boosted 
pair production. They argue that even after a long null 
the area under the last position of the gap discharge is 
hotter than other regions of the polar cap. Since the 
probability for surface ion emission is a very sensitive 
function of surface temperature, sparking is most likely 
to be reinitiated at the places where it occurred im- 
mediately prior to the onset of the null. As will be 
shown below, this scenario becomes unacceptable when 
one considers that the surface temperature anomaly 
must be (a) able to last through long nulls, (b) selective 
enough to confine the first spark after nulling to the 
location of the last spark prior to nulling, and (c) able 
to prevent, during normal operation of the pulsar, 
spreading of the spark to areas over which it had previ- 
ously drifted (and which are therefore hot). 

CR show that if there is no heat source, then the 
cooling time t of a hot spot initially at temperature T0 

may be estimated from the expression 

(r-royio^-Zi'/^ro/io6)4^)“776, (3) 

where T is the surface temperature at time t and p™ is 
the density of the surface in units of 105 g cm-3. If we 
adopt p?1 ~ 1, and ro ~ 106 K, this gives a cooling time 
of a fraction of a second after heating from an electron- 
positron gap discharge is extinguished. On the other 
hand, since the current due to emission of ions bound by 
energy Eb (Eh — 3-8 keV) is roughly described by the 
sensitive exponential 

/ionocmm[l,exp(30-.Ei/fc:r)], (4) 

CR conclude that a new spark is still most likely to 
begin at the location of the last spark prior to the null. 
However, equation (3) shows that so many cooling times 
elapse during a null spanning 10 s or more that only 
minute surface temperature irregularities remain, and 
the entire polar cap is then so cold (in an old pulsar) 
that according to equation (4), any remaining thermion- 
ic emission is completely dominated by background 
gamma rays impinging on the polar gap in random 
places. 

A weaker argument against Lorentz-boosted pair pro- 
duction as an explanation of phase memory in old 
pulsars is that it requires the ejection of a positive ion 
from the relatively cold stellar surface, whereas we have 
already argued that ion liberation models probably fail 
to work even in hot young pulsars. 

Finally, it may be noted that the RS/CR model 
makes no specific attempt to explain the phenomenon of 
nulling itself, aside from the tentative suggestion that 
the pair production discharges may be extinguished if 
large fluxes of helium ions are occasionally ejected from 
the polar cap (CR 1980). 

III. FLUX TUBES 

In this section, we present modifications of the stan- 
dard model which are successful in removing some of its 
difficulties. 

Healthy operation of a pulsar gives rise to copious 
amounts of plasma produced in the gap discharges and 
augmented by subsequent pair production. When a 
limited portion of the gap above a polar cap is sparking, 
however, only those field lines threading the region of 
discharge (and continuing on above it) contain plasma, 
since other field Unes have no source of charged par- 
ticles. Thus, in old pulsars, whose subpulses tend to be 
much narrower than the integrated pulse envelope, the 
plasma is confined to regions which we shall hereafter 
refer to as “ flux tubes” (even at times when portions of 
the tubes happen to be empty). Outside a plasma-filled 
flux tube, the density of charged particles is far smaller, 
perhaps even approaching a vacuum. This is in contrast 
to the behavior of young pulsars, in which the 
entire polar gap is probably filled with plasma quasi- 
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periodically. These flux tubes are the localized sparks of 
the RS model and drift around the magnetic axis in the 
same manner as described in § II¿z. 

After the cessation of an avalanche breakdown, a new 
gap begins to form near the surface of the neutron star 
as plasma in the flux tube recedes from the polar cap. 
Although the details of the electric field above the polar 
cap are presumably very complicated, we will assume 
that E* B in the empty (gap) portion of a flux tube is 
greater than along neighboring magnetic field lines out- 
side the tube. Any subsequent breakdown via spark 
avalanches above the polar cap will therefore occur only 
in this limited gap region, irrespective of the process of 
spark initiation. 

An intuitive Une of reasoning which provides justifi- 
cation for our assumption is to suppose E* B is of 
comparable strength throughout the gap or is largest in 
regions between sparks. In this case, background gamma 
rays do not preferentially initiate sparks at the location 
of previous discharges. Similarly, even if Lorentz-boosted 
pair production or the emission of high-energy gamma 
rays help reinitiate the sparks, we still expect new spark- 
ing regions to form occasionally, and this is never seen 
(Unwind a/. 1978). 

RS also mention that the formation of a discharge 
might decrease the neighboring electric field and inhibit 
the formation of another simultaneous discharge within 
a distance comparable to the polar gap height. However, 
they do not state that 2: *2? in these tubes is always 
stronger than in other regions. 

One consequence of our assumption is that the rapid 
drift of sparks toward the magnetic axis in a simple field 
geometry no longer occurs. Since E • B outside a flux 
tube is smaller than that in the gap portion of the tube, 
and since the avalanche discharge in the gap can only 
occur if locally 2i • 2? is large enough to produce suffi- 
cient acceleration of charged particles, any particle which 
approaches the edge of the tube will be unable to 
contribute to the avalanche; electrons and positrons 
subsequently formed will not be accelerated enough 
along the magnetic field. This may also eliminate the 
problem of flux tube spreading, as the width of a given 
subpulse should remain relatively constant while the 
subpulse drifts through the pulse envelope. 

We have already discussed the difficulties with accept- 
ing Lorentz-boosted pair production as a mechanism for 
the reinitiation of spark discharges at approximately the 
same location as preceding discharges. On the other 
hand, the problems are avoided in our model if avalanche 
discharges are externally triggered, since the triggering 
occurs preferentially in regions of large E • B (flux tubes). 
In particular, Radhakrishnan (1980) and Shukre and 
Radhakrishnan (1982) have shown that background 
gamma rays can provide effective triggering of spark 
discharges, and the number of available gamma rays is 
sufficient to produce ~105 discharges per second. 

IV. NULLING AND PHASE MEMORY 

a) Steady Discharge 

If the normal, healthy operation of an old pulsar with 
drifting subpulses is as described above, what happens 
when a null occurs? Nulling may be merely the cessation 
of sparking, but this would require that the plasma-filled 
flux tubes be evacuated rapidly, and without some sort 
of memory mechanism we are unable to account for the 
phenomenon of phase memory. Assuming that localized 
heating of the polar cap cannot function as a memory 
mechanism (as argued in § II), we are led to beheve that 
the conventional view of nulling as the cessation of all 
gap discharges is incorrect, and that a departure from 
this view is necessary. 

As the period of a pulsar increases, the induced 
electric fields of the homopolar generator decrease; 
therefore, in order to achieve the potential drop neces- 
sary for sparking, the gap thickness h must grow. How- 
ever, when h approaches the radius of the polar cap, the 
potential drop across the gap does not continue to 
increase substantially with h. Rather, the drop ap- 
proaches a limit (RS) 

AF=^-~6.6X1012B12/.P2 V, (5) 

where <¡> is the total open field line magnetic flux from 
the polar cap. The pulsar must stop functioning when 
this limit becomes less than the potential drop necessary 
for gap discharge. We suggest that as this limit is slowly 
approached, and interrupted sparking becomes increas- 
ingly more difficult to produce, a configuration can 
form in which the gap discharges at roughly the same 
rate as the potential drop would increase in the absence 
of sparking. In other words, the voltage drop remains 
roughly constant and for some period of time pair 
production occurs in a steady manner before resuming 
its interrupted behavior. 

That such a configuration may exist is seen by consid- 
ering the relative growth rates of the potential drop and 
the RS discharge. During normal operation of a pulsar, 
the gap discharge grows exponentially in time when the 
gap thickness h becomes comparable to the mean free 
path (against pair production) of a photon moving 
through a magnetic field. However, this avalanche is 
possible only because initially the growth rate of the gap 
potential drop (AKoc/*2 for small h) dominates the 
exponential discharge. The gap thickness becomes 
slightly larger than the photon mean free path, and the 
exponential discharge accelerates rapidly. This reduces 
the gap thickness (and hence the potential drop) to a 
value below that which is necessary for sparking, and 
the cycle repeats itself. In an old pulsar, on the other 
hand, the gap thickness must be large before sparking 
can occur, and (as shown by RS) the gap electric field 
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far from the stellar surface drops exponentially with 
height z: E ce exp {— z/Rp), where Rp is the radius of 
the polar cap. The potential drop increases very slowly 
with gap height, and occasionally conditions may exist 
such that gap discharge via pair production exactly 
balances the gap growth. This should clearly happen 
with greater frequency as a pulsar ages, since slow 
growth of the potential drop with h is a. necessary 
condition. (Of course, in an extremely old pulsar the 
potential drop may be insufficient to support any form 
of discharge at all, and the “pulsar” dies.) 

Thus, the weaker dynamo action associated with older 
pulsars (and generally beheved to be responsible for 
nulling) may manifest itself in an instability between 
interrupted (RS sparks) and uninterrupted (steady) cur- 
rent flow, rather than between current flow and the 
absence of current flow. We now propose that nulling is 
the transition from the successive avalanche breakdowns 
to the steadier mode of discharge described above. The 
absence of coherent radio radiation is therefore caused 
by the absence of whatever mechanism operates to produce 
the high brightness temperatures observed, not to the 
cessation of current flow from the region of the polar 
cap. If normal interrupted sparking is resumed in the 
existing flux tubes, the null is terminated, thereby lead- 
ing once again to coherent emission of radio radiation. 

This scenario is consistent with the phase memory 
described in § I. During a null, the flux tubes which 
existed prior to its onset carry a steady discharge, and 
we will demonstrate that these tubes drift much more 
slowly than during normal operation of the pulsar. After 
cessation of the null, gaps containing large electric fields 
begin to form in the usual manner as plasma within the 
tubes recedes from the stellar surface. When the poten- 
tial drop across the gaps attains a sufficiently large 
value, RS sparking is reinitiated and normal operation 
of the pulsar is resumed. The flux tubes are once again 
able to slowly drift around the magnetic pole, maintain- 
ing the spacing they had prior to the onset of the null. 
The tubes will have drifted little during the null (except 
if it is very long), so the longitude at which they reap- 
pear is to first order unchanged. 

b) Drifting During Steady Discharge 

The normal average drift speed of sparks is given by 
(RS) 

_(AF)c 
^drift ßß + > \^/ 

where B is the magnetic field strength near the stellar 
surface and Rp+ is the radius of the polar cap region out 
of which positive charges flow. When calculating the 
period of the drifting subpulses, RS use eAF~1012 eV 
in equation (6) and obtain results which agree reasona- 

bly well with the observed values. Since the characteris- 
tic energy of curvature radiation photons emitted by an 
electron or positron of energy y me2 moving along a field 
line with local radius of curvature p is 

Ec = huc = i(ymax)
3(hc/p), (7) 

we see that 1012 eV is nearly an order of magnitude 
larger than the minimum drop necessary for charges to 
emit photons which are sufficiently energetic to produce 
additional pairs. 

An average potential drop of this size is applicable in 
a normal pulsar which is undergoing RS (interrupted) 
sparking for two reasons: 

1. The gap height must become comparable to the 
mean free path (against pair production) of a photon 
moving through a magnetic field in order to produce an 
avalanche discharge. This occurs when the potential 
drop is considerably greater than the threshold drop for 
pair production. 

2. The gap height and potential drop continue to grow 
at the initial stages of the RS discharges, as mentioned 
previously. 

However, since steady discharge occurs at a rate com- 
parable to that of a dying RS discharge, the average 
potential drop is close to the threshold for pair produc- 
tion, or ~10u eV according to equation (7). Equation 
(6) shows that the flux tube drift during nulling is 
consequently 10 times slower than normal. Thus, the 
position of a subpulse under the pulse envelope im- 
mediately following a short null will be approximately 
the same as that prior to the null. We conclude, how- 
ever, that pulsar subpulses should exhibit a slight sys- 
tematic advance during long nulls. 

It is important to mention that observations support- 
ing the above hypothesis already exist in the literature. 
Indeed, close inspection of Figure 1c in Unwin etal 
(1978) reveals that the initial pulse following a null 
consists of subpulses which on average occur near 
the position expected in the second (rather than the 
first) nulled pulse. The investigations of Filippenko, 
Readhead, and Ewing (1983) confirm and quantify this 
result, so it is likely that the pulsar “memory” is not 
perfect. 

c) Nulling 

The question we must next address is whether there is 
a reason for the absence of intense, coherent radio 
radiation while the steady discharge is in progress. 

As the polar gap repeatedly builds up and gets de- 
stroyed, the voltage drop across it must be some peri- 
odic function of time. Similarly, the rate of plasma 
generation (pair production) must also be a periodic 
function with the same period but not necessarily the 
same shape. In other words, the rate at which plasma is 
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injected into the pulsar magnetosphere is modulated 
during normal operation of the pulsar, and in most 
pulsar radiation models it is the presence of this modula- 
tion which ultimately leads to the emission of coherent 
radiation. 

For example, consider bunching as a way of produc- 
ing coherence. One obtains bunching in klystrons as a 
consequence of a velocity modulation imposed on the 
electron stream going through the cavity. After some 
distance along the electron stream, the velocity modula- 
tion converts itself into a density modulation, and the 
bunches subsequently generate coherent radiation. Such 
bunching cannot occur by definition if conditions are 
steady in the klystron cavity, and the same is true by 
analogy in the pulsar gap. 

The above discussion is quite general and shows that 
the steady gap discharge may reasonably give rise to a 
pulsar null. However, it is instructive to consider at least 
one specific model of pulsar radiation in detail, and here 
we shall examine the model originally proposed by RS. 

The maximum energy of positrons injected into the 
near magnetosphere directly from the polar gap is 

Ymax = £max/™c2 = 1.2X107512^//>, (8) 

where hA X 104 cm is the gap height. Since /z ~ 5 X 103 

cm at the start of a gap discharge, the positrons created 
first will have Ymax ~ 3 X106. These very energetic 
positrons rapidly emit curvature radiation, mostly within 
~106 cm of the stellar surface (where the typical field 
Une radius of curvature is ~106 cm). Equation (7) 
then indicates that photons produced by the primary 
positrons are energetic enough to form additional elec- 
tron-positron pairs of significantly lower energy than 
that of the primary particles. 

As the potential drop in the gap decreases with the 
development of the gap discharge, the maximum energy 
of primary positrons also decreases. Since cr~y~3, 
where r is the lifetime of primary positrons against 
curvature radiation, these positrons travel farther than 
the original primary positrons. As the gap discharge 
weakens even more, the primary positrons are emitted 
with such low energy that they are able to reach regions 
of large p, and they subsequently leave the near magne- 
tosphere with negligible additional radiative loss. 

Thus, RS show that in general the very energetic 
primary positrons emitted near the beginning of a gap 
discharge ultimately lead to comparatively low energy 
(y~800) electrons and positrons, whereas the primary 
positrons emitted near the end of a discharge lose very 
little of their energy and are eventually able to catch up 
with and pass through the more slowly moving pairs. 
The final result is that the collective Coulomb interac- 
tion of the pair plasma with the stream of higher-energy 
positrons passing through it leads to the classical two- 
stream instability which greatly enhances the subsequent 

emission of coherent curvature radiation. Although this 
mechanism has some inherent difficulties (Benford and 
Buschauer 1977) and cannot fully account for the ob- 
served properties of the coherent beams of radio radia- 
tion, most modifications (e.g. CR 1980) still retain its 
basic principle—that a charged stream of particles must 
interact with a more slowly moving electron-positron 
plasma in order to produce the high radio brightness 
temperatures seen in pulsars. 

Based on the above picture, our model of nulling is 
quahtatively compatible with the absence of coherent 
radio radiation. Since the discharge we describe corre- 
sponds to continuous sparking at a low level, the great 
majority of positrons ejected from the gap will have a 
low energy and be able to travel out of the near magne- 
tosphere without suffering large radiative losses. Com- 
paratively few very high energy positrons are created, 
and there is little subsequent emission of curvature 
radiation (followed by pair production) to produce a 
dense pair plasma. Hence, conditions are not favorable 
for the onset of the two-stream instability, in contrast to 
the normal operation of a pulsar. Single-particle in- 
coherent radiation by the rapidly moving positrons, on 
the other hand, cannot produce the high (~1030 K) 
brightness temperatures seen in pulsars—and the ab- 
sence of radio radiation during nulls is therefore to be 
expected. 

We do not, of course, exclude the possible existence 
of other reasons for the absence of large quantities of 
coherent radio radiation during times of steady dis- 
charge. For example, Arons and Scharlemann (1979) 
and Arons (1979, 1981) have advanced a model of 
pulsars with £2 • Z? > 0 and have concluded that a certain 
type of steady discharge may prevail during normal 
operation of such a pulsar. A problem with this scenario 
is that an electron beam undergoing laminar ultrarelativ- 
istic flow along curved field Unes may not be able to 
produce radio emission of sufficiently high brightness 
temperature (Arons 1981). However, the lack of copious 
radio radiation would be an attractive feature if a similar 
steady discharge could be shown to occur in times of 
nulling rather than during healthy pulsar operation! 

Finally, we note that it is also possible that mode 
changing is the manifestation of such steady discharges 
over limited areas of the polar cap region. It is conceiva- 
ble that at a given time, the available current is suffi- 
cient to support RS discharging of only a certain portion 
of the polar gap; the regions corresponding to the other 
mode undergo steady discharge instead and are there- 
fore quiescent in their radio emission. 

V. SUMMARY 

Our main conclusions may be summarized as follows. 
Although the standard pulsar model provides ade- 

quate explanations of many observed pulsar characteris- 
tics, it has difficulty accounting for nulling and mode 
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changing, the persistence of phase memory during null- 
ing, and the lack of rapid drift of sparking regions 
toward the magnetic axis. These can be qualitatively 
accounted for by the following hypotheses: 

1. E*B in the empty (gap) portions under plasma- 
filled flux tubes is greater than along neighboring mag- 
netic field Unes outside the tubes. 

2. Nulling is the manifestation of a continuous, steady 
discharge in the polar gap rather than complete cessa- 
tion of sparking. 

3. The lack of observable radio radiation during null- 
ing is caused by the absence of the dominant coherence 
mechanism present during normal operation of the 
pulsar rather than by the absence of particle flux from 
the polar cap. 

4. Mode changing is the transition of certain regions 
of the polar cap from an active to a nulling state and 
vice-versa. 
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