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ABSTRACT

We show that observations of pulsars with pulsed optical emission indicate that the peak flux scales
according to the magnetic field strength at the light cylinder. The derived relationships indicate that the
emission mechanism is common across all of the observed pulsars with periods ranging from 33 to 385
ms and ages of 1000-300,000 yr. It is noted that similar trends exist for y-ray pulsars. Furthermore, the
model proposed by Pacini and developed by Pacini and Salvati still has validity and gives an adequate

explanation of the optical phenomena.

Subject headings: pulsars: general — stars: magnetic fields — stars: neutron

1. INTRODUCTION

Since the first optical observations of the Crab pulsar in
the late 1960s (Cocke et al. 1969), seven more pulsars have
been observed in the optical bandpass. Of these, only four
have been seen to pulsate optically (PSR 0540—69: Mid-
dleditch & Pennypacker 1985; Vela: Wallace et al. 1977,
PSR 0656 + 14: Shearer et al. 1997; Geminga: Shearer et al.
1998). While the three remaining pulsars (PSR 0950+ 08,
PSR 1929+10, and PSR 1055—52) are thought to be
mainly thermal emitters in the optical regime, the pulsating
objects are either purely magnetospheric emitters or a
mixture of thermal and nonthermal sources. Two of these
five pulsars (PSR 0540 — 69 and the Crab) are certainly too
distant to have any detectable optical thermal emission
using currently available technologies. For those with dis-
tances less than a kiloparsec (Geminga, Vela, and PSR
0656 + 14) only the Vela pulsar is too bright for its emission
to be anything other than nonthermal in origin. For the
remaining two pulsars (PSR 0656+ 14 and Geminga) their
optical emission is thought to be a mix of thermal and
nonthermal fluxes (Golden & Shearer 1999 and Martin et
al. 1998). However, for the faintest of the two, Geminga,
there is disagreement about the level of thermal emission.
Broadband photometric studies have been interpreted as
being consistent with the Rayleigh-Jeans tail combined with
a cyclotron emission feature (Mignani et al. 1998). These
authors suggest that the optical emission is predominantly
thermal with an embedded ion cyclotron resonance feature
at about 5500 A. More recently Jacchia et al. (1999) derive a
complex phenomenological model for this feature coming
from a thin plasma above the pulsar’s polar cap. Their
derived surface magnetic field using this model is consistent
with the independently determined “spin-down” field
[B o (PP)°->]. Conversely, spectroscopic studies have indi-
cated that the emission is a mix of thermal and nonthermal
radiation with the nonthermal dominating in the optical
region (Martin et al. 1998). These authors do not see the
proposed emission feature, but there is a statistically weak
absorption feature at 6400 A. Temporal studies of the
pulsars indicate that for the Crab and Vela pulsars the
peaks of y-ray and optical pulses are coincident. A similar
coincidence is noted for the Geminga pulsars although the
optical signal is of lower significance. This can be inter-
preted as indicating a common source location for both y
and optical photons. Recent studies of the plateau of the
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Crab main pulse in the optical indicate that it is of limited
(<15 km) extent (Golden et al. 2000).

Many suggestions have been made concerning the non-
thermal optical emission process for these young and
middle-aged pulsars. Despite many years of detailed theo-
retical studies and more recently limited numerical simula-
tions, no convincing models have been derived which
explain all of the high-energy properties. There are similar
problems in the radio, but as the emission mechanism is
radically different (being coherent), only the high-energy
emission will be considered here.

In recent years a number of groups have carried out
detailed simulations of the various high-energy emission
processes. These models may be divided into two broad
groups—those with acceleration and emission low in the
magnetosphere (polar cap models) and those with the accel-
eration nearer to the light cylinder (outer gap models). Both
models have problems explaining the observed features of
the limited selection of high-energy emitters. Both models
also suffer from arbitrary assumptions in terms of the sus-
tainability of the outer gap and the orientation of the
pulsar’s magnetic field to both the observer’s line of sight
and the rotation axis. Furthermore, some observational evi-
dence (see, for example, Fikenberry & Fazio 1997) severely
limits the applicability of the outer gap to the emission from
the Crab pulsar. However, these models have their
successes—the total polar cap emission can be understood
in terms of the Goldreich-Julian current (Goldreich &
Julian 1969) from in or around the cap; the Crab polariza-
tion sweep is accurately reproduced by an outer-gap variant
of Romani & Yadigaroglu (1995). However, the most suc-
cessful model which adequately explains most of the high-
energy phenomena (in terms of both its elegance and its
longevity) has been proposed by Pacini (1971) and in modi-
fied form by Pacini & Salvati (1983, hereafter PS83; 1987,
hereafter PS87). In general they proposed that the high-
energy emission comes from relativistic electrons radiating
via synchrotron processes in the outer regions of the magne-
tosphere and that the luminosity is a strong function of the
period (cc P~ in the original formulation). In this paper
we examine the validity of their approach and show that it
still adequately explains the observed phenomena.

It is the failure of the detailed models to explain the high-
energy emission that has prompted this work. We have
taken a phenomenological approach to test whether Pacini-
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TABLE 1
MAIN CHARACTERISTICS OF OPTICAL PULSARS
OPTICAL LUMINOSITY
. (ucrab)
D P P log AGE By B¢ SPECTRAL INDEX CUTOFF
NAME (kpe)  (ms) (10" 4ss7Y (y1) (log G) (log G) Integrated Peak AT 4500 A A)
Crab........cceennn. 2 33 42 3.09 12.6 6.1 10° 108 —0.11 15000(?)
Vela ................. 0.5 89 11 4.11 125 4.8 27 21 0.2 6500(?)
PSR 0545—69...... 49 50 40 3.20 12.7 5.7 1.1 x 10 1.4 x 10° 0.2 > 7000
PSR 0656+ 14...... 0.25(?) 385 12 5.50 12.7 3.0 1.8 0.3 1.3 > 8000
PSR 0633+17...... 0.16 237 1.2 4.99 12.2 32 0.3 0.1 19 > 8000

Note.—Bg and B; ¢, the magnetic field at the canonical surface and the transverse magnetic field at the light cylinder, respectively.

type scaling is still applicable. Our approach has been to try
to restrict the effects of geometry by taking the peak lumi-
nosity as a scaling parameter rather than the total lumi-
nosity. In this regard we are removing the duty cycle term
from PS87. It is our opinion that to first order the peak
emission represents the local power density along the obser-
ver’s line of sight and hence reflects more accurately emis-
sion processes within a pulsar’s magnetosphere. Previous
work in this area (see, for example, Goldoni et al. 1995)
looked at the total efficiency and spectral index and found
no reasonable correlation with standard pulsar parame-
ters—age, period, and spin-down rate. Their work was
hampered by not including geometry and being restricted to
the three then known pulsed optical emitters. Since then the
number of pulsars with observed pulsed optical emission
has increased to five.

2. THE PHENOMENOLOGY OF
MAGNETOSPHERIC EMISSION

The three optically brightest pulsars (Crab, Vela, and
PSR 0540—69) are also among the youngest. However, all
these pulsars have very different pulse shapes, resulting in a
very different ratio between the integrated flux and the peak
flux. In this work we will use the peak emission as the
primary flux parameter. A number of definitions can exist
for this, and in this context we have taken the 95%-95%
level of the primary pulse. To first order, this correlates well
with the luminosity per pulse divided by the full width at
half-maximum (FWHM). For the Crab pulsar the cusp is
effectively flat over this region (Golden et al. 2000). The
FWHM can be considered to scale with the pulsar duty
cycle. Our proposition is that the peak flux represents the
local power density within the emitting region with minimal
effects from geometrical considerations such as observer
line of sight and magnetic and rotational axis orientation.
Table 1 shows the basic parameters for these objects includ-
ing the peak emission (taken as the emission in the
95%-95% portion of the largest peak). Their distances
imply that the thermal emission should be low, in all cases
less than 1% of the observed emission, and any such contri-
bution is negligible.

Of all the optical pulsars, Geminga is perhaps the most
controversial. Early observations (Halpern & Tytler 1988
and Bignami et al. 1988) indicated that Geminga was an
~25.5m,, object. Subsequent observations including HST
photometry appeared to support a thermal origin for the
optical photons, albeit requiring a cyclotron resonance
feature in the optical (Mignani et al. 1998). The high-speed
optical observations of Shearer et al. (1998) combined with

spectroscopic observations (Martin et al. 1998) contrast
with this view. Figures 1 and 2 show how this apparent
contradiction could have arisen. Figure 1, based upon data
from Mignani et al. (1998) shows the integrated photo-
metry. It is possible to fit a blackbody Rayleigh-Jeans tail
through this, but only with the fitting of a cyclotron reso-
nance emission feature at about 5500 A. Figure 2, however,
shows the same points plotted on top of the Mignani et al.
(1998) spectra, where we have also included the pulsed B
point (Shearer et al. 1998). All the data points are consistent
within their error bars. This combined data set indicates a
fairly steep spectrum (with spectral index of 1.9) consistent
with magnetospheric emission and a weak thermal com-
ponent, without the requirement for a cyclotron feature. It
was on the basis of these results that Golden & Shearer
(1999) were able to give an upper limit of R, of about 10
km, by considering the upper limits to the unpulsed fraction
of the optical emission from Geminga as an upper limit for
the thermal emission. A simpler view is that the soft X-ray
and EUV data are predominantly thermal emission with a
magnetospheric component becoming dominant at about
3500 A. Figure 3 illustrates this with the thermal and mag-
netospheric components from Golden & Shearer (1999)
combined with the broadband points of Mignani et al
(1998) and Shearer et al. (1998). We should also note that
the optical pulses seen by Shearer et al. (1998) are coincident
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FiG. 1.—Photometry of Geminga. The integrated photometry and the
thermal fit to the ROSAT X-ray and EUVE data are both shown.
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F1G. 2—Spectra and photometry of Geminga. The spectrum taken
from Martin et al. (1998) (solid line) and 1 ¢ error limits (dotted line) are
shown. Note the agreement between it and the integrated photometry from
Fig. 1. BMAMA js the pulsed flux from Shearer et al. (1998), and other points
are from Mignani et al. (1998) and Bignami et al. (1996).

with the observed y-ray peaks. Clearly more spectroscopic
data, particularly if temporally resolved, will be crucial to
determining the exact mix of thermal and nonthermal emis-
sion.

As regards PSR 0656 + 14, the pulsar is generally agreed
to be predominantly a nonthermal emitter in the optical,
becoming predominantly a thermal emitter at wavelengths
shorter than about 3000 A (Pavlov et al. 1997). However,
there is a discrepancy between the radio distance based
upon the dispersion measure and the best fits to the X-ray
data. From the radio dispersion measure a distance of
760 + 190 pc can be derived, at odds with the X-ray dis-
tance of 250-280 pc from Ny Galactic models. Clearly more
observations are needed to determine a parallax, both radio

| Keck Best—Fit (Martin et al. 1998) u

—29.5

-30

Log Flux (erg ecm ™ s Hz')

-305

L L 1 L 1 L 1 L L
14.5 14.6 14.7 14.8 14.9 15 15.1
Log Frequency (Hz)

FI1G. 3.—Derived thermal and nonthermal components for Geminga.
Also plotted are the broadband points from Figs. 1 and 2.
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and optical. This discrepancy in distance leads to an ambi-
guity in the total luminosity. For this paper we have taken
the lower distance measure.

In Table 1 we have indicated the peak flux normalized to
the Crab pulsar. When comparing the individual pulsars,
which will have a range of viewing angles and differing
magnetic/rotation axes, we have to account for the viewing
angle (related to the pulse duty cycle and separation) as well
as the total flux. Furthermore, for each source we have to
account for the shape of the pulsar’s spectrum. For all the
observed pulsars, with the exception of Vela, the low-energy
cutoff is above 7000 A (Nasuti et al. 1997). PS87 indicates
for emission above the low-energy cutoff that the ratio of
the fluxes from two different pulsars can be given by equa-
tion (1) if one ignores the effect of duty cycle and pitch angle
(the suffixes refer to the individual pulsars). Here F, , refers
to the flux at the observed frequency v for pulsar n. Similarly
for the magnetic field strength, B, and period, P. The
observed energy spectrum exponent is given by «,. The duty
cycle can be accounted for by only considering the peak
emission. The pitch angle is beyond the scope of this work
and assumed to first order to be invariant. Equation (2)
shows the same formulation for the outer field case:

hoc u az—oa1 B2,0 4—ay & 3a—9‘ (1)
F,. v Bi.o Py

Scaling to the transverse field would give

F w2-a /B 4—o P 3
—v2 Y1.0 2,0 e )
F,. v B, P,

Given the observed peak luminosities, we investigated the
correlation between the peak emission and the surface field
and the tangential light cylinder field. Figure 4 shows the
relationship between the peak luminosity and the outer
magnetic field, By, Goldreich-Julian current, and canonical
age (P/2P). A clear correlation is seen with all these param-
eters. In this paper we investigate the implications of a
correlation between the peak luminosity and the transverse
field. We accept that the strong correlation with G-J current
would underpin both emission from polar cap as well as
outer regions.

A weighted regression of the form, peak luminosity oc B,
was performed for the empirical peak luminosity leading to
a relationship of the form peak luminosity oc B2:86+0.12
which is significant at the 99.5% level. Figure 5 shows the
predicted peak luminosity from equation (2) against our
observed peak luminosity accounting for the dlﬁ“ermg
observed energy spectrum exponent at 4500 A. The slope is
0.95 + 0.04 and significant at the 99% level. Importantly,
we note that the flattening of the peak luminosity relation-
ship with the outer field strength for the older, slower
pulsars (see Fig. 4) is consistent with their having a signifi-
cantly steeper energy spectrum than the younger pulsars
(see Table 1). While, from PS87, it is possible that this indi-
cates that the emission zone is optically thick at these fre-
quencies, alternatively it might reflect a larger emission
region for these pulsars compared to the younger ones. We
also note that the generation parameter concept (Wei, Song,
& Lu 1997) indicates that the y-ray spectral index scales
with the average number of generations within the e* /e~
cascade. Our observed correlation between peak luminosity
and age (which linearly scales with the generation
parameter) and similarly between spectral index and age
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F1G. 4—Peak optical luminosity vs. light-cylinder field, Goldreich &
Julian current, and canonical age. Also shown is the efficiency of the peak
emission against age. The peak luminosity has been normalized to the
Crab pulsar. The error bars represent both statistical errors from the pulse
shape and uncertainty in the pulsar distance.

indicates a link between optical luminosity and y-ray lumi-
nosity phenomena.

We note as well as that similar trends can be seen in
y-rays. Figure 6 shows the correlation between the peak y
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Fi1G. 5—Predicted peak optical luminosity from eq. (2) vs. observed
peak emission. Also shown is the weighted fit described in the text. The
weighting was based upon the observational uncertainties in flux and dis-
tance.

log[Age] (years)

F1G. 6.—Peak y-ray luminosity vs. light-cylinder field, Goldreich &
Julian current, and canonical age. Also shown is the efficiency of the peak
emission against age. The peak luminosity has been normalized to the
Crab pulsar. The y-ray peak luminosity has been inferred from Fierro et al.
(1998), Thompson et al. (1996), and Thompson et al. (1999).

emission as a function of transverse field. This indicates a
regression of the form peak y luminosity oc B%86+017 gig-
nificant at the 99.3% level, consistent with the observed
steeper distribution seen in high-energy y-rays (see Table 2
and eq. [2])

It seems clear both from polarization studies (Smith et al.
1988; Romani & Yadigaroglu 1995) and from this work
that we expect that the optical emission zone is sited toward
the outer magnetosphere. Timing studies of the size of the
Crab pulse plateau indicate a restricted emission volume
(~15 km in lateral extent) (Golden et al. 2000). Importantly,
the simple relationships we have derived here indicate that
there is no need to invoke complex models for this high-
energy emission. Observed variations in spectral index,
pulse shape, and polarization can be understood in terms of
geometrical and absorption factors rather than differences
in the production mechanism.

Combining our results and those of Goldoni et al. (1995),
we can begin to understand how the high-energy emission
process ages. Goldoni et al. (1995) compared the known
spectral indices and efficiencies in both the optical and y-ray
regions. They noted that the spectral index flattened with
age for the y-ray pulsars while the reverse was true for the
optically emitting systems. They also noted a similar trend
reversal for the efficiency, with the y-ray pulsars becoming
more efficient with age. We note (see the bottom panel in
Figs. 4 and 6) a similar behavior with the peak emission.
From the temporal coincidence between the y-ray and
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TABLE 2

MAIN CHARACTERISTICS OF y-RAY PULSARS

OPTICAL OBSERVATIONS OF ISOLATED NEUTRON STARS

7-RAY LuMINOSITY
. (Crab=1)
D P P Bg B¢
NAME (kpc) (ms) (107'*ss™!) logG logG  Integrated Peak SPECTRAL INDEX
Crab........coennn. 2 33 421 12.58 597 1 1 2.15
Vela .....c.cooeuennns 0.5 89 125 12.53 4.64 0.0480 0.0299 1.70
PSR 1055-52 ....... 0.5-1.5 197 0.6 12.03 3.11 0.0124 0.0037 1.18
PSR 1706-44 ....... 24 102 9.3 12.49 4.42 0.1380 0.0368 1.72
PSR 0633 +17...... 0.16 237 1.1 12.21 3.05 0.0019 0.0008 1.50
PSR 1951+32...... 2.5 40 0.6 11.69 4.86 0.0500 0.0187 1.74

Note—Bjg and B . the magnetic field at the canonical surface and transverse magnetic field at the light cylinder, respectively.*

2 For E > 100 MeV.

optical pulses, it seems likely that the source location is
similar for the twp mechanisms. One explanation is that we
have a position whereby from the same electron population
there are two emission processes—expected if we have cur-
vature for the y-ray photons and synchrotron for the optical
ones. It seems likely that the optical photon spectrum has
been further modified to produce the reversal in spectral
index with age. The region over which the scattering can
occur would scale with the size of the magnetosphere and
hence with age. With the outer magnetosphere fields for
these pulsars being less than 10° G, electron cyclotron scat-
tering is not an option. However, synchrotron self-
absorption could explain the observed features. In essence
we would expect the most marked flattening to be for the
Crab pulsar, where the outer field strengths are of order 10°
G, and less so for the slower and older systems.

These results (both optical and y-rays) are consistent with
a model where the y and optical emission is coming from
the last open-field line at some constant fraction of the light
cylinder. The drop in efficiency with age for the production
of optical photons points toward an absorbing process in
the outer magnetosphere. Clearly more optical and y-ray
observations are needed to confirm these trends.

3. CONCLUSION

We have shown that the peak optical luminosity is the
key important parameter that scales with other observed
pulsar attributes. We note that similar behavior can be seen
in the y-ray regime. To first order we confirm that the model
first proposed by Pacini (1971) still has validity. There is a
proviso that there is a strong correlation with the
Goldreich-Julian current which underpins both Pacini
scaling and other models. From a more detailed analysis of

the EGRET database McLaughlin & Cordes (2000) showed
a similar functional form to our derived relationship for the
total luminosity against period and surface magnetic field.
We also show in Table 3 what the expected luminosity
would be from a number of X- and y-ray—emitting pulsars.
We have chosen these on the basis of their known duty
cycles in the high-energy regime. We have also considered
the expected flux from the anomalous X-ray pulsars, a class
of magnetars. If the observed P and P relationship can be
interpreted in the same way as for normal pulsars to derive
a canonical surface field, then we can estimate what the
expected luminosity of these objects would be. The derived
luminosity is very low—a reflection of the weak light-
cylinder field. A recent VLT observation (Hulleman et al.
2000) has found no optical candidates down to 25.5 UBVRI
magnitude—consistent with no magnetospheric emission
and predominantly thermal output. Problems remain,
however, as to the source of the thermal emission. We note
that, in the outer magnetosphere of these objects, the mag-
netic field is far too weak for optical nonthermal emission
processes.

Of crucial importance in the future will be the determi-
nation of the low-energy cutoff and the polarization sweep
through the optical pulse. Also of interest will be the shape
of the pulse—in particular the size of any plateau which
scales as the size of the emission zone. Optical observations
of millisecond pulsars will also be important, to see if they
follow the age or field trends noted here. Of interest in this
regard is the result from X-ray observations which indicate
that the luminosity of millisecond pulsars scales in a similar
fashion to that of normal pulsars (Becker & Triimper 1997).
All of these parameters are measurable with existing and
emerging technologies and telescopes.

TABLE 3
PREDICTED LUMINOSITY OF X- AND y-RAY-EMITTING PULSARS

D P P Bg Bic Predicted Luminosity
Name (kpc) (ms) (107**ss™ Y (log G) (log G)  Duty Cycle (ucrab)

PSR 1055—-52 ............ 1.5 197 0.6 12.03 3.11 0.2 0.01

PSR 1706—44 ............ 1.8 102 9.3 12.49 442 0.14 35

PSR 1951432 ............ 25 40 0.6 11.69 4.86 0.08 670

PSR 1821—24(M28)...... 5.1 3 1174 9.3 5.8 0.1 0.3-1 x 108
PSR J2322+2057......... 0.78 4.8 7077 8.3 42 0.3(7) 8

1E 1841—-045 ............. 7 11770 4700 ~15 -2 0.5? <1071

Note—The duty cycle has been estimated from y-ray observations. Also included are the nearby millisecond pulsar PSR
J2322+ 2057 (Nice et al. 1993) and the anomalous X-ray pulsar 1E 1841 —045 (Vasisht & Gotthelf 1997).
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Finally, the recent detection of a 16 ms pulsar in the
LMC (PSR J0537—6910; Marshall et al. 1998) which has
defied optical detection despite its low period can possibly
be understood in terms of its age (=~ 5000 yr), which on the
basis of Figure 3 indicates peak luminosity a factor of ~10°
times lower than the Crab. This is at the limit of some of the
recent optical searches (Mignani et al. 2000 and Gouiffes &
Ogelman 2000).
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