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Abstract

A general feature of many models of the pulsar emission mechanism is that radiation of different
frequencies is produced at different altitudes above the polar cap. The broadening of pulse components
and increasing separation between components at low frequency is in general agreement with these
theories. We review the available average profile and pulsar timing observations and discuss the
implications for theories of radius-to-frequency mapping.

Introduction

The prediction that pulsar emission of a given fre-
quency is radiated preferentially at a particular al-
titude, with high frequency radiation coming from
relatively near the surface of the star and low fre-
quencies from farther out, is a common feature
of most polar cap models of the pulsar emission
mechanism. This “radius-to-frequency mapping,”
or RFM, provides a simple explanation of the ob-
served frequency dependence of the widths of pulsar
components and the separations of components in
multi-component profiles. The vacuum-gap model
of Ruderman and Sutherland (1975), for example,
predicts a power-law dependence of component sep-
arations, A¢ o< v™933, the electron-bremsstrahlung
model of Vitarmo and Jauho (1973) predicts Af
v~ 945 and the curvature-plasma mode model of
Beskin et al. (1988) predicts either A8 o< v=%14 or
Af x v,

Considering the ubiquity of the RFM assump-
tion in the pulsar literature, it is surprising that
very little systematic analysis of its observational
underpinnings has apparently been carried out. We
have begun such a study, reviewing the available
data on the frequency dependances of pulsar com-
ponent separations and widths, and the limits on
pulsars emission altitudes which can be set by pul-
sar timing observations.

Observations

Frequency dependence of component
separations

The increasing separation of profile components
with decreasing observing frequency is the clas-
sic piece of observational evidence supporting the
general predictions of RFM theories. Many au-
thors (Lyne, Smith, and Graham 1971, Rankin

1983b, Seiber, Reinecke, and Wielebinski 1975, Slee,
Bobra, and Alurkar 1987) have investigated this be-
havior, finding that a simple power-law model

A8 = AvC, (1)

where we will call a the separation index of the
components, does not adequately fit the data for
most pulsars. The traditional solution has been to
model the data in terms of two power-laws:

-

where the break frequency 1, separates the high
and low frequency regimes. The pulsars listed by
Manchester and Taylor (1977) have low frequency
separation indices —0.08 < ajow < —0.5 and break
frequencies 135 MHz< 1, <1500 MHz. Generally
the slope is shallower at high frequencies, |apigh| <
lalowl-

Even this model, however, fails to describe
the true complexity of the function Ad(v).
Rankin (1983b) was forced to introduce a third
power-law. fit at intermediate frequency to model
PSR 1133+16, while acknowledging that this was
“almost unquestionably” only an approximation to
a smooth curve between high and low frequency
power-law asymptotes.

We have carried out an extensive review of
the published profiles of a number of pulsars with
components traditionally thought to correspond to
conal components. The selection criterion was that
observations be available over a very wide frequency
range, at least from 100 MHz to several GHz. In
practice this limits the data set to a handful of
the strongest pulsars: PSR 0301+19, PSR 0525421,
PSR 1133+16, and PSR 2020428 with double pro-
files, PSR 0329+54 and PSR 2045—-16 with triple
profiles, and PSR 1237425 with a five-component
profile. The measurements compiled are the peak-
to-peak separations between the conal components

Ajowv ™o~
Anighvhish

v<uw
V>

; (2)

143

https://doi.org/10.1017/50002731600154952 Published online by Cambridge University Press


https://doi.org/10.1017/S0002731600154952

144

Thorsett

Table 1 Summary of component separation observations.
Pulsar No. of Freq. Range a Abmin  Xx* " Qlow  Ohigh
Pts. (MHz) (MHz)

" PSR0301+19 8 102.5-2700 —0.40 22 0.3 -0.30
PSR 0329+ 54 24 102.5-10700 -0.95 198 1.0 1000 -0.13 -0.02
PSR 0525+21 16 102.5-4900 —0.53 99 0.5 1390 -0.21 +40.06
PSR 1133+16 44  26.1-10700 -0.48 43 09 970 -0.26 0.00
PSR 1237425 31 80-4900 -0.52 79 0.8 1410 -0.18 -0.01
PSR 2020428 19 102.5-14800 -1.19 9.2 1.1 960 -0.20 +0.01
| PSR 2045-16 27 80-4900 —-0.34 7.7 14 1500 -0.15 -0.07

Values for w,, ajow, and apigh are from fits to eq.(2) by Sieber, Reinecke, and Wielebinski (1975). Values of
Vh, Qlow, and apjgn for PSR 0329454 are averages of values for separations 1 — 3 and 3 - 4.

(the outer-most components in the case of complex
profiles). In some cases, authors have not reported
separation measurements or have failed to provide
an uncertainty in their measurement. In these cases
component separations are measured directly from
the published profiles, with uncertainties estimated
to be one-sigma errors in this measurement pro-
cedure. The observations are summarized in the
references; a more detailed accounting appears in
Thorsett (1991).

We have found that for all seven of these pul-
sars the component separation eventually tends to a
constant value at high frequency. That is, the high
frequency asymptotic power-law in ¢4.(2) has index
apigh = 0. This has led us to propose a phenomeno-
logical model of pulsar component separations:

A8 = Av® + Abmin- (3)
For each pulsar we have found the values of A, a,
and Afmin which minimize y?, using standard non-
linear least-squares fitting techniques. The results
are summarized in table 1.

As shown in figure 1, no evidence of a discon-
tinuity is seen in the separation-versus-frequency
function. In all seven cases, the continuous model
[eq.(3)] fits the data very well, over frequency ranges
of up to 400:1. While this model is strictly phe-
nomenological, with no physical mechanism pro-
posed, it does avoid the ad hoc requirement of
a third. interpolating power law to produce a
smooth variation from the low to high asymptotes,
and eliminates the equally unmotivated “break fre-
quency” separating the pairs of regions with hypo-
thetically different physics.

Frequency dependence of component
widths

It is generally much more difficult to accurately
measure the width of the various pulse components
than to measure separations between the peaks of
two components. The smaller longitude ranges in-
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volved mean that similar absolute measurement un-
certainties lead to larger fractional errors. Broad-
ening of profiles due both to dispersion and to scat-
tering leads to errors which are first order in width
measurements but only second order in separation
measurements. These problems severely limit the
number of pulsars for which reliable widths are
available at low frequency. The partial merging of
two or more components often makes the very def-
inition of “component width” problematic at best.

Nonetheless, a number of authors have carried
out careful studies of the evolution of component
width with observing frequency for a large hand-
ful of pulsars (Seiber, Reinecke, and Wielebinski
1975, Rankin 1983b, Kuz'min et al. 1986, Slee, Bo-
bra, and Alurkar 1987). They find that the general
behavior of W(f) is quite complex. Some pulsars
exhibit “absorption features,” which narrow the
component width over the wavelength range near
one meter for many pulsars (Bartel 1981, Rankin
1983b). Some pulsais show very steady component
widths, and a few have components which broaden
with increasing frequency, but the general trend
is toward narrower components at high frequency.
Most pulsar profile and profile component widths
are accurately described by simple power-law mod-
els. Rankin (1983b), in particular, has emphasized
the unexpected nature of this result, given the inad-
equacy of power-law models for the description of
component separations. If component width and
separation variations come from the same physi-
cal mechanism (i.e., the spreading of magnetic field
lines), it is difficult to reconcile this qualitatively
different behavior.

Timing observations

Accurate measurements of pulse arrival times at
multiple frequencies can also provide interesting
limits on RFM theories. Aberration and retarda-
tion will lead to differential delays between frequen-
cies emitted at different radii; Cordes (1978) used
the absence of any measurable deviations from cold
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Figure 1 Component separation versus frequency for four pulsars. Solid line is best fit to A8 = Av® + Afg.

plasma dispersion delays to set limits on emission
altitudes in RFM models to less than a few percent
of the light-cylinder radius.

Phillips and Wolszczan (1990) have recently ex-
tended this technique by including the effects of
magnetic field sweepback at high altitudes. They
find that for a collection of four pulsars the differ-
ence in the altitudes of emission for radiation be-
tween 47 and 4800 MHz is less than about 200 km.
With the additional assumptions that the field ge-
ometry is dipolar and that the pulse width is a mea-
sure of the the width of the radiation zone, they
constrain the lower edge of the emission range r;
(at 4800 MHz) to be within r; ~ 10 — 30km from
the surface of the neutron star. (Note that this ar-
gument assumes RFM: if all frequencies are emitted
from a narrow altitude band then timing observa-
tions provide no information on the absolute alti-
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tude of that band.)

Observations of the millisecond pulsar PSR
1937421 provide an especially stringent test of
emission altitude theories. Cordes and Stinebring
(1984) applied the aberration analysis of Cordes
(1978) to limit the range of emission from 0.32 to
1.4GHz to Ar < 2km. Attempts to set a limit on
the lower altitude of the lower edge of the emission
zone fail, however. Applying the formula of Cordes
(1978) and Phillips and Wolszczan (1990)

Ar

€
R YV @
and using the measured values 6§, = 35us at

1.667 GHz (Thorsett and Stinebring 1990) and 6, =
45 pus at 0.32 GHz (Cordes et al. 1990), we find that
r; < 3.1km, well inside the neutron star! At least
one of the three assumptions must be wrong in this
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case: the field may not be dipolar, the relationship
between the pulse width and the radiation zone size
may depend non-trivially on frequency, or RFM it-
self may break down. It is possible that millisec-
ond pulsars might differ in some important way
from slower pulsars, but recent polarimetry results
(Thorsett and Stinebring 1990) indicate that mil-
lisecond pulsar emission is qualitatively very similar
to that from slower pulsars. At the very least, this
result suggests that for PSR 1937421 emission oc-
curs very near the surface of the pulsar and implies
that measurements of r; for slower pulsars should
be treated with caution.

Discussion

The motivation for RFM models has historically
come from theory as well as observation. While de-
tails of the pulsar emission mechanism have proven
very difficult to come by over the past two decades,
RFM seems to arise naturally from the relatively
well understood structure of the dipole magnetic
field. RFM removes the problem of explaining why
different frequencies are emitted preferentially at
different distances from the magnetic pole. It must
be stressed, of course, that the RFM postulate in
a sense only pushes the problem into the third di-
mension: it is now necessary to explain the emission
altitude versus frequency relationship.
Independent of the particular mapping, how-
ever, a few general predictions arise. Models of
RFM discussed in the literature are generally re-
stricted to highly central line-of-sight trajectories.
It is worthwhile to consider the more general case
of non-central lines-of-sight. Assume that the diam-
eter of the emission cone varies as some (arbitrary)
function of frequency, A8(v). Then if the intercept
angle between the magnetic pole and the line-of-
sight is , the observed width of the emission cone

will be
A6 = A6\/1 - (28/A6)%. (5)

Thus a non-vanishing 3 leads generally to a steep-
ening of the separation index with higher frequency,
not the flattening which is observed. In the extreme
case, we expect that two separated components will
merge at higher frequency and then leave the beam
entirely.

Non-central lines of sight will play an impor-
tant role whenever 3 > A#/2. This is not a
rare occurrence: for example Lyne and Manchester
(1988) find, from polarization measurements, that
for PSR1133+16 3 = 3.7°, compared with Af ~ §°
at high frequency. The absence of this predicted be-
havior is thus a serious challenge to RFM theories.

One of the central tenants of the RFM assump-
tion is that the observed profile widths are closely

https://doi.org/10.1017/50002731600154952 Published online by Cambridge University Press

Thorsett

related to the size of the radiation zone. Cordes
(1978) gives the pulse width for a dipole field as

(6)

where the light cylinder radius is r.c = ¢P/2n. For
PSR 1133+16, given the limit on the high frequency
emission radius r < 40 km (Phillips and Wolszczan
1990), we find A8, < 4.6°, slightly smaller than
observed. If we assume a similar emission radius for
PSR 0329454 we find Af, < 5.9°, much too small
to account for the 20° widths observed at 10 GHz.

A8, = 3(r/rLc)'?,

Summary and Conclusions

Since its introduction, RFM has found a natural
home in many different theories of the pulsar emis-
sion mechanism, and has become a part of the
“standard model.” It is well motivated in the sense
that it arises fairly naturally from theoretical argu-
ments which are not highly dependent on the details
of the pulsar emission mechanism, and successfully
accounts in a general way for component and profile
broadening. Unfortunately, like many other aspects
of pulsar emission theory, RFM does not account
simply for the large variations in behavior seen from
pulsar to pulsar. Arguments for the separation of
profile components which are based on very general
assumptions should lead naturally to very general
conclusions.

In detail, RFM models raise as many questions
as they attempt to resolve. The trend to a con-
stant component separation at high frequency must
be accounted for, as must the variety of separa-
tion indices observed at low frequency. The qualita-
tively different behavior of component separations
and component widths is difficult to understand, as
is the absence of steepening separation indexes for
non-central lines of sight. The very central assump-
tion that the width of the radiation pattern is tied
to the width of the polar cap is troubled by the the
small emission altitudes required to accommodate
timing observations, which predict polar caps much
smaller than many observed profiles.

The widespread assumption of RFM arises, of
course, from its very usefulness, and until a rival
model appears it is the best physical picture that
we have. It is important, however, that theoreti-
cal work not lose sight of its limitations, as well as
successes, in explaining the observational data.
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