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Abstract

The claims made in many statistical analyses for magnetic field decay follow from the assumption
that radio luminosity declines slower than spin-down luminosity whick is suggested by least-squares
fits to the data. However, such fits are very sensitive to the behaviors of the fastest and slowest
pulsars. If pulsar luminosities are plotted in distance-selected groups, the (radio inefficient) Crab and
Vela pulsars are clearly exceptional members and the remaining pulsars are consistent with a mean
fixed conversion efficiency of 10™°. Numerical simulations (and theoretical analysis) strongly suggest
that the pulsar period distribution peak is caused by luminosity selection and searches limited in
distance by dispersion measure, and not by some mechanism that removes old pulsars. We cannot
ezclude magnetic field decay with some large time constant, >10" years say, but only because it would
make such a small difference to the expected pulsar statistics, not because it is required by the data.

Introduction

Magnetic field decay has been a popular issue, and
repeated statistical analyses purport to determine
a need for decay of pulsar magnetic fields on a time
scale of several million years. It is an astonishing
coincidence that such time scales are also typical
of pulsar spin-down ages, which have to do with
the magnetic field but not its decay rate. Thus if
the putative decay rate had been much shorter, pul-
sars would fade at essentially constant spin rate and
slowing down would be an unimportant evolution-
ary factor, while if the decay rate had been much
longer, pulsar evolution would be dominated en-
tirely by spin down. Consequently, a magnetic field
decay with the usual time constants quoted must
statistically be in competition with spin down, and
one wonders how, given two decay processes with
similar time scales, one can so cleanly separate out
magnetic field decay in the data.

The answer is simple: one assumes that the
radio luminosity evolves differently from the spin-
down luminosity, I ! Specifically, it is assumed
that the radio luminosity declines more slowly, in
effect, than the spin-down luminosity. The con-
sequence is that old pulsars are (by assumption)
much brighter proportionately than they would be
if the two luminosities simply tracked one another.
The difference is critical because one can easily show
that pulsars slowing down at constant conversion ef-
ficiency do not accumulate at long periods because
they become too dim to be observed.

The assumption that the radio luminosity de-
clines more slowly than the spin-down luminosity
therefore creates a problem: accumulation of ob-
servable pulsars with long periods. The problem

is then “solved” by turning these pulsars off (e.g.,
magnetic field decay).

Where then does the idea come from that “ra-
dio luminosity declines more slowly than spin-down
luminosity?” Apparently it comes largely from a
least-squares fit to the observationally biased data
set of pulsar luminosities! The latter gives a “phe-

nomenological” luminosity law L;agic = L:ﬁ_l in
rounded exponents (Lyne, Ritchings, and Smith
1975, Narayan and Vivekanand 1981, Prészynski
and Przybycien 1984). If one looks at the data,
this is a very weak correlation even in the available
data set, dominated by the relative inefficiencies of

the Crab and Vela pulsars.

In other words we are in effect saying, “The
Crab and Vela pulsars are very inefficient, because
they are rapid rotators, therefore the very slow pul-
sars must be very efficient.” Of course we do not
get to actually observe these supposedly “efficient”
pulsars because their magnetic fields have suppos-
edly decayed away. This is not the tightest logical
argument. Moreover, we can go to the data and
show that pulsars have, for all intents and purposes,
roughly fixed efficiency at converting spin down lu-
minosity into radio luminosity. Such a result should
hardly be surprising, because the efficiency cannot
exceed 100%, so clearly there is going to be some
physical limitation to how efficient the conversion
can ever be (certainly not 100%). That some in-
dividual pulsars might appear to be extremely in-
efficient is so unsurprising that one can hardly be
bothered to trot out all the obvious possible fac-
tors that could explain such inefficiency. Beskin et
al. (1984) have already pointed out that one gets
a good representation of data on pulsars simply by
adopting a fixed 10~ efficiency.
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Average efficiency

We will now show that this efficiency is represen-
tative of the nearby pulsars neglecting the excep-
tional Crab and Vela pulsars, and is at least not
implausible from a theoretical point of view [A pair-
production avalanche model gives just such values
(Michel 1991).] Luminosity selection makes it dif-
ficult to deduce brightness distributions from the
observed luminosities of pulsars, which also have
a wide range of intrinsic luminosities. This bias
can be illustrated by breaking up the pulsars ac-
cording to distance, with an arbitrary definition of
< 0.5kpc for “near” and using logarithmic inter-
vals of 0.5 to 1.0, 1.0 to 2.0, etc., thereafter. The
results are shown in figure 1 [all data discussed here
are essentially from Manchester and Taylor (1981)].
First notice the radio luminosity, which is the agent
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Figure 1 Spin-down luminosity vs. radio luminosity for
logarithmic intervals of distance.

by which pulsars are usually detected at all. The
nearby pulsars are seen to crowd against a limit
of 1025 ergs/s. In fact, no pulsar has a smaller lu-
minosity in the Manchester and Taylor (1981) cat-
alog. As we go to more distant pulsars, we can
see an advancing vertical edge that cuts off ever-
brighter pulsars. Returning to the nearest pulsars,
it is not entirely clear from this plot whether the
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luminosity “limit” at 102° ergs/s is real or statisti-
cal. The distribution might appear more balanced
perhaps with one or two pulsars to the left of the
<0.5kpc box, but that absence has little apparent
statistical weight. Thus the failure to detect very
weak pulsars seems a natural feature of the data,
and one must wonder a little whether great efforts
to identify a “turn-off” mechanism are really re-
quired. (There has been no shortage of proposed
mechanisms, should such be required; several have
even been suggested by this author.) We also see
that each distance-grouped sample is cut off to the
right as well. Just as for stars, the luminosity func-
tion is weighted heavily in favor of dim objects. In
the case of pulsars, that weighting must be due in
part to their slowing down with age. As we ex-
pand the volume, we steadily increase the chances
of seeing the rare bright objects. Some of these
may not be so distant, and hence their brightness
may be overestimated. The brightest members of
each group are selected with each step in distance.
(The numbers are significantly more complete for
the nearby pulsars than for the distant ones; the
latter are dominated by Arecibo observations near
19" right ascension and become increasingly incom-
plete with distance.)

Note that drawing a line in figure 1 running up
at 45° broadly typifies a radio luminosity versus to-
tal luminosity relationship fixed around 10~%. For
the most distant pulsars, we begin to see a tendency
for this line to bend over, which is once again sug-
gestive of either the possibility of seeing such pul-
sars at much larger distances or a selection effect
by which “distant” pulsars become more efficient
by virtue of their not actually being that distant at
all.

Figure 1 provides little rationale for insisting
that radio luminosity evolves other than at roughly
fixed efficiency. However, there is the adage that “I
didn’t see it until I believed it,” and now that so
may people believe, they manage to see evidence
for magnetic field decay everywhere. Elsewhere
(Michel 1990) I have tried to model numerically the
various statistical arguments (galactic height dis-
tributions, luminosity functions, etc.), and I find
that simple spin-down at fixed efficiency does such
a good job that there is very little in the form of
“residuals” left over to require anything else. Which
is not to say that there are not other factors (beam-
ing, drift out of galactic plane, etc.), but they do
not improve upon the simulation of the actual data.
Thus one cannot “invert” the data to say that they
are required.
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Statistical search for maguetic field decay

The period histogram

Space does not permit reviewing the numerical sim-
ulations, so I will stick with one simple issue: Why
is there a peak in the number of pulsar vs. period
histogram (figure 2) at about 0.5s? Any power-
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Figure 2 Observed histogram of the number of pulsars
vs. period.

law evolutionary model would give dN/dP ~ P¢
with the usnal problem that we should either see
hordes of fast ones (a < —1) or hordes of slow ones
(e > —1). The answer (according to the simula-
tions) is that there is a characteristic distance in-
volved, more or less imposed by the increasing dis-
persion measure, beyond which detecting pulsars
becomes extremely difficult. This is not a fixed
number, of course, but for any given state of the
art it will not be infinite but will be of some finite
order of magnitude. Accordingly, for bright pulsars
within this distance, we see every single one of them,
and this gives the linear rise in numbers of pulsars
with increasing period. On the other hand, this dis-
tance is irrelevant for the dim pulsars because we
only see the nearby ones anyway, and the distribu-
tion falls off with a power law. The period at the
peak in figure 2 (0.5s) is that for which a typical
10'2 Gauss pulsar would be just at the threshold
detection flux density (10?° erg/skpc?) at the char-
acteristic distance (=5kpc). The simulations give
figure 3. Thus the peak is, in a sense, an artifact,
but an inevitable one because any presently plausi-
ble technology will always be distance and sensitiv-
ity limited. In fact, if we go fainter and deeper, the
peak is likely to remain just about where it is!

https://doi.org/10.1017/5000273160015471X Published online by Cambridge University Press

37
T T T T
r
a’ : 318 Simulated Pulsars
>
& (
— 100 |
< 3
9 J !
¥ | !
= |
~ |
« !
@m S0
=
S
i n
1 L,1
i Lo e 1
0 | 2 3 4 S
PERIOD (sec)

Figure 8 Simulated histogram of the number of pulsars
vs. period.

Theoretical analysis

Let me close by explaining why the rise should be
linear in figure 2 and is linear in figure 3. If pulsars
decay by pure magnetic dipole radiation without
change in orientation, we have

P@):I%(L)Ui

to

(1)

where t is the time since formation, with to the
present epoch and Py the typical period. The pe-
riod derivative is then

. P t 1/2 2
py=2 (L) 2 Ko
2to \ to 2toP(t)
Conservation of pulsar “flux” in time gives

dNdP _ onstant (3)
dp dr _ O
where IV is the space density of pulsars, and because
P =~ P~! we can integrate to obtain

(2)

N(< P)~ P?, (4)

which can also be obtained by noting that the total
number of pulsars is assumed to accumulate lin-
early with time, hence from eq.(1) as P2, An im-
portant selection effect is luminosity, and the fixed
efficiency assumption gives us lragio & P~* while
the received flux density falls as S ~ L/d?. We
can estimate the mean distance between pulsars as
d=~ N(< P)71/2 30 § ~ P~3, What this means is
that observable pulsars do not, as has been casually
supposed, “accumulate” at long periods. [An im-
portant exception is the millisecond pulsars, which
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are not included in this pre-discovery data set: ac-
cording to the simulations (Michel 1990), the finite
age of the galaxy will be a minor factor in the num-
ber of observable pulsars with magnetic fields less
than about 3 x 10!° Gauss and a major factor for
those with fields less than about 10? largely because
they spin down so slowly.]
We can rewrite eq.(4), using L = P~*, as
N(> L)=L2, (5)
The practical limit of flux that can be detected (Sp)
gives us a limit on the luminosity of pulsars that can

be detected
L< S(;Tz. (6)

The density of observable pulsars will then be, using
the limit in eq.(6),

1
N(<r)= = (7
and the total will be
nz/NdV=/Nrdrzr. (8)

The number of observable pulsars is linearly propor-
tional to how far we search, assuming a disk popula-
tion and a given limiting Sp. For short periods, we
obtain dn/dP = P, consistent with differentiating
equation 4 and having no distance selection. The
long-period pulsars are entirely luminosity selected,

giving
(9)

with dN/dP = P as before, but because L =~ P4
and the limiting distance is defined by L =~ Spr?,
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we have r ~ P~2, which then gives
dn 1
— . 10

In other words, the number observable per unit pe-
riod interval climbs linearly and then falls off as the
inverse cube,

Conclusions

Magnetic field decay is a perfectly plausible physi-
cal phenomenon, and we would be remiss if we left
the impression that we have interpreted the data
to say that such decay does not take place in pul-
sars. The point is that the spin-down evolution at
constant efficiency gives such a good fit that there
is little left to be pulled out of the data. Other
effects can be added (e.g., drift out of the galac-
tic plane) without much overt effect, so one cannot
“prove” that pulsars drift out of the galactic plane,
although some must given their high space veloc-
ities. We know of this effect not from the statis-
tical data but from independent observational in-
formation. In the same way, it is correspondingly
hard to “exclude” magnetic field decay, especially
at some longish time constant. We do, however,
have independent information. If, for example, the
cyclotron lines in gamma-ray bursters are correctly
interpreted as electrons in teragauss magnetic fields,
and if these objects are indeed old pulsars (Michel
1985), any magnetic decay time constant must be
comparable to a Hubble time. Only if one intro-
duces assumptions that .keep spin-down from de-
populating the observable pulsar population (e.g.,
little or no decline in radio luminosity) does one
require a separate mechanism to turn off the old
“bright” pulsars.
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