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Abstract. We have analysed archival HST/WFPC2 images in both the F555W & F814W bands of the core
field of the globular cluster M 28 in an attempt to identify the optical counterpart of the magnetospherically
active millisecond pulsar PSR B1821-24. Examination of the radio derived error circle yielded several potential
candidates, down to a magnitude of V' ~ 24.5 (Vy ~ 23.0). Each were further investigated, both in the context
of the CMD of M 28, and also with regard to phenomenological models of pulsar magnetospheric emission. The
latter was based on both luminosity-spindown correlations and known spectral flux density behaviour in this
regime from the small population of optical pulsars observed to date. None of the potential candidates exhibited
emission expected from a magnetospherically active pulsar. The fact that the magnetic field & spin coupling
for PSR B1821-24 is of a similar magnitude to that of the Crab pulsar in the vicinity of the light cylinder has
suggested that the millisecond pulsar may well be an efficient nonthermal emitter. ASCA’s detection of a strong
synchrotron-dominated X-ray pulse fraction encourages such a viewpoint. We argue that only future dedicated
2-d high speed photometry observations of the radio error-circle can finally resolve this matter.
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1. Introduction

The confirmation by the ASCA satellite of strong hard
X-ray pulsations (Saito et al. 1997) from the isolated mil-
lisecond radio pulsar PSR B1821-24 (period ~3 ms) in the
globular cluster M 28 /NGC 6626 indicated the very real
possibility of detecting an optical counterpart. Despite
its great age compared to the standard non-millisecond
class of pulsars, and its extremely low spin derivative, the
magnetic field & spin coupling in the vicinity of the light
cylinder is of a similar order to that of the younger pul-
sars, especially the Crab (PSR B0531+21), as was orig-
inally pointed out by Saito et al. (1997). We recall that
the Pacini & Salvati (1987) model predicts synchrotron
emission occuring at some constant fraction of the light
cylinder radius, and which furthermore scales with the
period P. This theoretical framework has been shown to
predict rather accurately the anticipated optical and X-
ray fluxes for the youngest pulsars. Indeed, by using this
model, one can estimate a factor of ~5 difference between
the predicted and observed X-ray luminosities for PSR
B1821-24, which does seem to substantiate the initial sus-
picions of Saito et al. (1997) and once again validate the
three decade old model of Pacini (1971), certainly in X-
rays. One might argue that a definitive optical detection
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within the predicted range would vindicate this under-
lying assumption as regards the correct emission mecha-
nism. The predicted optical luminosity via this approach
is estimated at Vg ~ 21.5-23.5, which would be reduced
to an observable V' ~ 23-25 by the interstellar extinction
towards M 28 of Ay ~ 1.4 mag (Davidge et al. 1996).

Previous high speed photometric studies of the core
region of M 28 using photomultipliers and wide apertures
of order ~5” have limited any pulsations to V' > 20.0
(Middleditch et al. 1988). Clearly, such observations were
strongly compromised by the crowded stellar vicinity: the
pulsar lies ~12"” from the center of M 28. What would
be required is a targeted search to V ~ 25 of the entire
radio error circle. This would be an ideal opportunity to
use a high speed 2-d photometer such as the TRIFFID in-
strument, which incorporates a MAMA photon counting
detector. However, in order to optimise such a search, ide-
ally one would hope to examine high resolution archival
optical data in order to firstly identify the target field and
secondly obtain photometry and astrometry for potential
stellar targets within that field.

Previously, Sutaria (2000) performed such an analy-
sis on a single F555W WFPC2 observation of the central
region of M 28, which yielded 8 potential optical sources
within the combined radio plus HST error circle (rang-
ing from mpsssw = [18—23.7]). Any firm conclusion from
this work was limited, as without a colour magnitude
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diagram (CMD) the possibility exists that any of these
8 could be foreground objects, or indeed that all of these
8 could be conventional, unevolved cluster stars. In ad-
dition, Sutaria did not place the observed results in the
context of current emission theory, stating that a work-
ing upper limit for emission from the optical counterpart
should be mpss5w > 23.7.

We thus obtained from the HST archive WFPC2 im-
ages of the central region of M 28 obtained with the
F555W and F814W passbands. In the next section we out-
line the reduction of the various exposures in both bands,
and their subsequent photometric analysis. The stars de-
tected within the radio error circle were then isolated in
the resulting CMD. Based on both expected luminosities
and known optical pulsar spectral indices, we discuss the
likelihood that these candidates are consistent with antic-
ipated pulsar emission, and outline implications from this
study for current and future searches for optical emission
from millisecond pulsars.

2. Data reduction and analysis

We obtained two sets of WFPC2 images from the HST
archive. The exposures were re-calibrated at the ST-ECF
archive at the time of the request using the best calibra-
tion reference files and most recent software available. The
first set were all taken on 12/09/97 between 12:22 and
15:59 UT in the F555W and F814W bands (11 and 12
exposures respectively). Exposure times in F555W were
2.6 s (3 images) and 140 s (8 images), and in F814W were
2.6 s (3 images), 160 s (6 images) and 180 s (3 images).
The exposure pointings were dithered on a regular grid;
we determined the dithering offsets (steps of 2.745 pixels
in X and Y on the PCI chip) from the world coordinate
system (WCS) information in the image headers, and con-
firmed them by empirical measurements on the images.

The second set were all taken on on 8/08/97 between
03:34 and 05:32 UT, also in the F555W and F814W bands
(4 exposures in each band). Exposure times in F555W
were 4 s (1 image) and 140 s (3 images), and in F814W
were 3 s (1 image) and 140 s (3 images). The exposure
pointings were dithered on a regular grid; we determined
and confirmed the dithering offsets (steps of 3.666 pixels
in X and Y on the PCI chip) in the same way as for the
first set.

A full description of the data reduction techniques
(which include some innovations) will be given in Butler
& Shearer (2001). Briefly, “warm” pixels in the individual
exposures were fixed and “hot” pixels were flagged, using
STSDAS/warmpixz . Cosmic rays were flagged by an iter-
ative process of shifting and stacking all images to a com-
mon reference position — whereby each individual exposure
in turn defines that reference position. Then the exposures
for each band, with their updated data quality masks, were
cleaned of cosmic rays & “unfixable” hot pixels (and other
flagged pixel defects), combined (scaled and weighted by
exposure time), repaired for saturation in all but the
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shortest exposures, subsampled by a factor of 2, and cor-
rected for spatial distortion, using STSDAS/drizzle.

“Drizzling” (Fruchter & Hook 1997) is a linear recon-
struction method, so such images which have already been
subsampled by “drizzling” are an excellent starting point
for our non-linear subsampled deconvolution approach to
star detection and crowded-field photometry (Butler &
Shearer 2001). This attains a net subsampling factor of
4 x 4, which would improve the detection and photometry
of the stars in and around the error circle corresponding
to the position of PSR B1821-24.

The  deconvolution-based  photometry  method
was as follows. While the distortion corrections in
STSDAS/drizzle produce a regular astrometric grid,
they do not obviate the need for a spatially varying PSF;
the PSF structure still varies substantially after “driz-
zling”, due to field-dependent aberrations etc. Therefore,
the first-estimate PSF model for each filter-band was
produced by creating regularly “dithered” grids of Tiny
Tim PSFs (Krist & Hook 1996), then “drizzling” them
in exactly the same way as the science exposures, and
finally computing the spatially varying, drizzled PSF
in IRAF/DAOPHOT — II. Then Maximum Entropy
Method (MEM, implemented in ST SDAS/mem, see e.g.
Narayan & Nityananda 1986; Skilling & Bryan 1984)
deconvolution was performed on a 6x6 grid of highly
overlapping 512 x 512 pixel subimages of the M 28 field,
each with its own subsampled PSF (appropriate to that
position on the dithered frame) computed from the
spatially varying model. The deconvolved subimages were
then reassembled into a whole. This yielded a sharpened,
subsampled image for each filter and epoch.

Significantly, the two epochs of observations were
taken at different spacecraft roll angles, which meant that
it was best to reduce them separately, and only register
them after the subsampled deconvolution stage. This is
because the interpolation errors induced by the process
of registration would be greater at lower sampling, and
because the combination-PSF would have a more compli-
cated outer structure (8 diffraction spikes instead of 4, for
example). But the different image rotations lend a great
advantage in eliminating deconvolution artefacts (arising
from mismatched PSF structure or noise amplification)
prior to determining a deep starlist: combining the 4 de-
convolved images (F555W and F814W each at two epochs)
with a moderate rejection threshold eliminated nearly all
artefacts, because the radial structure of the PSF changes
(due to the waveband dependence of the PSF shape), and
furthermore the position-angle of the PSF structure on the
sky changes (due to the roll angle changes). Indeed, not
only are deconvolution artefacts eliminated in this way,
but real features in the original/drizzled images which are
often mistaken for stars (high-frequency structure in the
wings of the stellar PSFs and the crossing points of diffrac-
tion spikes and diffraction rings of adjacent bright stars)
are also removed prior to star detection.

This deep, sharp coadded image (shown in Fig. 1)
was used for star detection with DAOPHOT-II/daofind.
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Fig. 1. Closeup of a region of the HST/WFPC2 data of M 28, 2”91 on a side (corresponding to 64 PC1-chip pixels), and centered
on the mean nominal position of PSR B1821-24. On the left is the combined deconvolved image used for star detection; on the
right is the F814W (first epoch) image after “drizzling”. The adopted radio—optical error circle (radius 1705) containing PSR
B1821-24 is shown in white on this image, and the 39 detected stars lying within this error circle are marked and numbered in

black

Aperture and PSF-fitting photometry of this starlist was
performed on the original “drizzled” images, and this ini-
tial photometry was used to refine the PSF models em-
pirically; once again a subsampled, spatially varying PSF
model was computed, this time using =120 bright stars
in the M 28 field. Then the subsampled MEM deconvolu-
tion steps were repeated using these refined PSF models.
The final photometry was aperture photometry on these
improved deconvolved images; we have shown elsewhere
(Butler & Shearer 2001) that in very crowded fields, this
gives statistically better results than other methods, in-
cluding the hybrid method (e.g. Yanny et al. 1994) of
aperture photometry on neighbour-subtracted images. We
averaged the photometry from the two epochs, after ap-
plying the correct zeropoints from Holtzman et al. (1995),
correcting the photometry for charge transfer efficiency
(CTE) effects using the recipe of Stetson (1998)!, cor-
recting for geometric distortion across the PC1 chip, cor-
recting for the residual difference between the effective
pixel sizes of the PC1 and WF3 chips after pipeline flat-
fielding, correcting to the “standard” 0’5 radius photom-
etry, de-extincting all measurements (adopting E(B—V)
of 0.41 mag (Harris 1996) and using Table 12 of Holtzman
et al. (1995) yielded Apsssw of 1.27 mag and Apgiaw of
0.77 mag), and finally converting from the flight F555W
and F814W magnitude systems to the Johnson V' and
Cousins I bands (using Eq. (8) and Table 7 of Holtzman
et al. 1995, and solving iteratively for Vi and Iy using the
photcal package in IRAF).

We now come to the issue of astrometry; we seek
to obtain the most accurate position of the pulsar in
the coordinate system of our HST optical image. Two

1 This of course required using the background measure-
ments and coordinate systems of the data in their original
non-deconvolved, non-drizzled form.

J2000 radio positions for PSR B1821-24 are quoted by
Rots et al. (1998) in their Table 1: RA 18:24:32.008 Dec
—24:52:11.12 (based on Jodrell Bank observations) and
RA 18:24:32.008 Dec —24:52:10.70 (based on Green Bank
observations). These differ by (742, and although Rots
et al. (1998) point out in their Sect. 4.1 that “the zero
point of this [Jodrell] ephemeris is different from that
of the Green Bank ephemeris” (they are almost 3 years
apart), proper motion between the epoch zero points
would amount to only approximately 0701 — far too lit-
tle to account for the difference. An explanation for the
discrepancy, as well as a third independent radio solution,
is provided by Cognard et al. (1996). Their Nancay ra-
dio position differs from the Greenbank position by only
0”03 — a negligible difference compared to the uncertainty
in our HST optical absolute astrometry, as we shall see
below — and they quote a formal uncertainty for their po-
sition of just 0.2 mas in RA and 3.5 mas in Dec. Cognard
et al. (1996) also provide the explanation for the discrep-
ancies which can sometimes occur between reported radio
pulsar positions, such as the 0.42 arcsec difference between
the Jodrell and Greenbank positions in Rots et al. (1998).
The explanation is the choice of ephemeris, which deter-
mines the spatial reference frame and the precise parame-
ters of the Earth’s orbital motion. According to Cognard
et al. (1996), commenting on a 0.3 arcsec discrepancy, “it
is expected that such large rotation exists between the
reference frames of the two different ephemerides used
in the analysis, namely PEP740-R for Foster & Backer
(1990) and DE202 for our solution”. The more recent
ephemeris is the more trustworthy one. On this basis, we
proceeded with the Greenbank position, as it is in ex-
cellent agreement with the Nancay position but more re-
cently obtained, and also taking account of another re-
mark in Sect. 4.2 of Rots et al. (1998): “the [Green Bank|



A. Golden et al.: A search for the optical counterpart to PSR B1821-24 in M 28

temporal resolution of the pulse profile is much higher
than that of the Jodrell one”.

However, this very accurate radio position of PSR
B1821-24 maps to the HST images with a relatively large
error, because of uncertainties in the HST Guide Star
Catalog upon which the astrometric solution in the image
headers is based. Indeed, we measured that the astromet-
ric solutions for the two epochs differed by 1705. The me-
dian absolute pointing error of HST is 0”86 (Biretta et al.
2000), and the error has been measured as high as 1784,
while a spacecraft roll can cause an additional shift of up
to 175 (Krist 1995). These factors explain how this same
M 28 field, revisited on a different date and at a differ-
ent roll angle, can have such a discrepancy in its standard
image-header astrometric solution. We therefore adopted
the mean predicted position of the pulsar as the centre
of our search area, and examined stars out to a radius of
1705. The PC1 chip of the WFPC2 data comfortably en-
compasses this error circle. In Table 1, we list the 39 stellar
point sources detected and measured within the error cir-
cle, and they are also shown overplotted on the drizzled
image in Fig. 1. In Fig. 2 we overplot the CMD of the
whole PC1 field with the CMD loci of all these tabulated

sources.

3. Discussion

There is no doubt that PSR B1821-24 has an active mag-
netosphere, certainly in X-rays, as the observations of
Saito et al. (1997) assert. In the following discussion we at-
tempt to simply determine the general optical luminosity
characteristics of the pulsar in the V and I bands. Thus
we do not consider light curve issues etc., as what we wish
to do at this stage is to test whether we have observed the
optical counterpart amongst the list of 39 candidates in
Table 1.

As mentioned earlier, Saito et al. (1997) pointed out
that both the Crab pulsar and PSR B1821-24 share an ap-
proximately common magnetic field strength at the light
cylinder. The model of Pacini & Salvati (1987), which pre-
dicts pulsar synchrotron emission being a strong function
of the light cylinder magnetic field strength. This approach
has been shown to rather successfully accomodate the X-
ray emission from the Crab “twin” (PSR B0540-69), the
Vela and PSR B1509-59 pulsars, when normalised to the
emission of the Crab pulsar. As stated previously, apply-
ing Saito et al.’s (1997) observed and derived parameters
of PSR B1821-24 and the Crab pulsar to this model yields
a value for the predicted X-ray luminosity that differs by
a factor of only ~5 from that of the observed X-ray lumi-
nosity.

The Pacini-Salvati model has also been shown
to successfully accomodate the optical emission from
the younger pulsars, such as PSR B0540-69 and
PSR B0833-45. With imaging polarimetry at the VLT,
Wagner & Siefert (2000) have shown that the my ~ 20
star initially proposed as the optical counterpart to PSR
B1509-59 (and subsequently rejected based on a lack of
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Table 1. Photometry and astrometry of all 39 detected ob-
jects within 1705 of the mean nominal position of PSR B1821-
24. Each drizzle pixel corresponds to 07’0228, with the radius
Rpriz denoting the position of that star in relation to the mean
predicted position of the pulsar, as noted in the text

1D RA Dec  Rpriz Vo (V=1I)o
18:24:  —24:52:  pixels mag mag
SS.558S $S.8SS

1 31.9685 11.204 10.22  15.713 0.838
2 31.9983 11.340 14.44  19.403 0.783
3 32.0060 10.893 16.02 17.378 0.701
4 31.9840 10.677 17.88 23.125 1.585
5 31.9929 11.475 18.18 22.865 1.773
6 32.0031 10.741 19.21  17.267 0.775
7 32.0119 11.382 21.64 19.833 0.827
8 31.9483 10.935 21.82  19.160 0.673
9 31.9502 11.385 23.77  19.045 0.640
10 31.9539 10.707 24.10 19.020 0.673
11 31.9586 11.525 24.33  22.017 1.150
12 31.9623 11.591 25.55 21.074 1.039
13 31.9410 10.954 25.83  22.753 1.299
14 32.0265 10.942 26.64  22.955 1.399
15 31.9403 11.287 27.14 22792 1.714
16 31.9573 10.570 27.35 19.933 0.856
17 32.0155 11.526 27.43  21.020 1.174
18 32.0055 11.698 30.13  22.281 0.919
19 31.9958 11.766 3091  17.965 0.658
20 31.9927 11.812 32.51 18.261 0.486
21 31.9730 11.821 32.98 22.468 1.147
22 31.9995 10.298 35.88  19.939 0.849
23 31.9245 10.896 36.04 18.116 0.699
24 32.0244 11.697 36.54 18.844 0.706
25 31.9704 10.236 38.00 17.675 0.635
26 32.0402 11.463 38.01 22.677 1.164
27 31.9820 10.214 38.21 18411 0.643
28  32.0470 11.160 38.32  19.600 0.784
29 31.9200 10.872 38.90 18.320 0.667
30 32.0165 11.877 40.18 22.135 1.522
31 32.0349 11.672 40.31 21.289 1.243
32 31.9228 10.663 40.58  20.172 0.913
33 32.0518 11.033 41.13  23.270 0.959
34 31.9254 10.575 41.16  17.860 0.618
35  32.0218 11.872 41.67 22.021 1.605
36 31.9968 12.048 43.16  20.288 0.823
37 32.0440 11.642 43.90 20.397 1.165
38 31.9595 10.135 44.01  20.510 0.989
39  31.9138 10.670 45.30 18.808 0.659

pulsations to my > 23, Shearer et al. 1998; Chakrabarty
& Kaspi 1998) actually consists of three point sources co-
incident with the radio position. The most strongly po-
larised of the three has my ~ 25. This is consistent with
the predictions of the Pacini and Salvati model if this ob-
ject is the true optical counterpart to PSR B1509-58.

A recent phenomenological study of pulsed optical
emission from isolated pulsars indicates that the peak flux
scales as a function of the magnetic field strength at the
light cylinder (Shearer & Golden 2001). Considering the
common nature of the synchrotron emission in the optical
and X-ray regime, it is reasonable to assume that the
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Fig.2. CMD in (Vb, Vo — Io) of the HST/WFPC2 PCl-chip field centered on the core of M 28, including the radio—optical
error circle containing PSR B1821-24. Stars lying within this error circle are marked with large circular symbols. The CMD has
been corrected for extinction and reddening along the line of sight to M 28

predicted optical emission from PSR B1821-28 will be
a function of the light cylinder magnetic field strength,
and that its predicted optical luminosity will be Vy ~
21.5—23.5.

From the HST data archive, we have uncovered a num-
ber of potential candidates in our photometric analysis as
listed in Table 1. Of the 39 objects located within the
combined error circle, 12 have magnitudes within that ex-
pected from the Pacini and Salvati model. The clear ad-
vantage of having V and I datasets means that we can
test the colour index of each potential candidate to see if
its emission is consistent with that of a typical main se-
quence star within the globular cluster core (as evident on
the CMD) or whether the pronounced nonthermal emis-
sion from the pulsar results in a deviation from this. It
is clear from Fig. 2 that all the 39 objects which are lo-
cated within the combined error circle are consistent to
first order with what one might expect from such a ran-
dom sample taken from M 28, namely members of the
Main Sequence and Subgiant Branch.

However definitive identification of the optical coun-
terpart however requires an estimate of its spectral be-
haviour at longer wavelengths, in order to accurately pre-
dict its locus on the CMD. As there has been no clear
identification of optical emission from a millisecond pul-
sar we must carefully consider the nature of its emission,
and determine limits on the CMD within which an optical
counterpart would be likely to be found. In particular we
must try and determine its spectral index in the optical
band.

If one naively assumes emission similar to that of the
Crab pulsar, then one would anticipate an essentially flat
(a ~ 0.11 — Percival et al. 1993; Golden et al. 2000a)

power-law exponent. For a CMD corrected for the effects
of interstellar extinction and reddening, this would yield
a magnitude Iy > 21.5 and a colour Vy—Iy ~ 0.0 — suffi-
ciently clear of the Main Sequence to make its identifica-
tion immediate.

It is clear however that the colour on the CMD of any
prospective candidate for PSR B1821-28 will be a strong
function of its nonthermal spectral index, «, particularly
around 800 nm. One possible route, in realistically trying
to estimate limits for the pulsar’s spectral index in the
optical and X-ray regime, is to try to link the observed
synchrotron relationship between the Crab with that of
PSR B1821-24. Table 2 collates from the literature known
spectral indices?. To first order we might expect a similar
flat spectral index to that observed from the Crab pulsar.

Furthermore, based on combined thermal and nonther-
mal fits to observed photometry of the older pulsars PSR
B0656+14 and Geminga, photon indices in the optical
have been determined at apese+14 = —1.4 = 0.6 (Pavlov
et al. 1997) and aGeminga = —1.9£0.6 (Martin et al. 1998)
respectively. As both pulsars sample an evolved magne-
tosphere in terms of optical emission, it is useful to use
these exponents as upper limits to our investigation of
PSR B1821-24. Thus we predict, via the Pacini-Salvati

2 A subsequent analysis of ROSAT HRI data (Danner et al.
1997) has indicated that some fraction of PSR B1821-28’s
phase-averaged spectral index from ASCA may be from an-
other X-ray source in close proximity, possibly a nebula asso-
ciated with the pulsar. For the purposes of this work we assume
that the spectral index from Saito et al. characterises, within
error, the pulsar’s emission.
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Table 2. Phase-averaged photon indices in the optical and
X-ray regime for the Crab-like pulsars. The X-ray data corre-
sponds to pulse averages taken from Saito et al. (1997). The
optical data for the Crab is from Golden et al. (2000a)

Pulsar X-ray Optical
Ox—ray Qloptical
Crab —-1.8£0.02 0.11+£0.1
PSR B1821-24 —-1.94+0.2 ~0.17
relationship, optical pulsations at between V, ~

21.5—23.5, and with a spectral index lying within the
range [0.0 — —2.0].

Thus on our CMD, this would confine the optical
counterpart for PSR B1821-24 to a region defined by
215 < Vy < 23.5 and (V — I)g < 0, still conspicuously
to the left of the Main Sequence. It is quite clear that,
to a limiting magnitude of Vy ~ 23, we have no evidence
to suggest that any of the candidates are consistent with
what we might expect from a magnetospherically active
millisecond pulsar.

Our list of 39 objects around the nominal pulsar posi-
tion should be considered as a conservative survey, as the
method of preparing the summed image used for star de-
tection deliberately removes any features which are not of
similar strength in the 4 deconvolved images. This could
exclude any extremely red, faint objects — i.e. those de-
tectable in F814W but which barely register in the F555W
images — but this is not a problem for this study, since, as
we have explained, the pulsar is expected to have a rather
flat spectrum across these two bands.

4. Conclusion

As yet, there have been no confirmed optical pulsations
from any known millisecond pulsars. Such a detection con-
sistent with synchrotron processes would provide crucial
constraints to the nascent field of magnetospheric emis-
sion simulation, particularly those models requiring some
form of “bootstrap” mechanism between the polar cap &
outer gap regions (e.g. Romani 1996). In addition, there
has been considerable theoretical effort involved in deter-
mining the impact of general relativistic effects on the
optical emission from millisecond pulsars (Rajagopal &
Romani 1997). Such effects are expected if the emission
region is in close proximity to the neutron star surface, as
would naturally be the case for thermal emission, or indeed
nonthermal emission for some models. This conflicts with
the evidence for apparent Pacini-Salvati scaling in the X-
ray regime, which argues for an emission region in close
proximity to the light cylinder. Thus, detection of optical
pulsations within the anticipated magnitude range would
consolidate the latter model.

With this in mind, we have examined the combined
HST & radio astrometric error circle for potential opti-
cal candidates, using new image processing techniques to
extend the magnitude limit of these observations in the
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F555W and F814W bands and to avoid false detections.
Under the assumption that the optical synchrotron emis-
sion from PSR B1821-24 follows Pacini-Salvati scaling (as
is evidently the case for X-rays) and that the assumption
of a common synchrotron spectral index range, we have
shown that none of the potential counterparts are viable
candidates. Based on this one can place the limiting mag-
nitude for optical pulsations at Vy > 23.0 — which is still
consistent with Pacini-Salvati scaling, and substantiates
the conclusions of the preliminary study of Sutaria (2000).
It is clear that we ideally require deeper integrated
photometry in order to push the limiting magnitude be-
yond this, and to examine any further candidates in the
context of the CMD. Eventually, high speed photometry
would be required to definitively identify the optical coun-
terpart to PSR B1821-24. To perform the former would
require further HST based observations, although such
a prospect is unlikely given the demands on this facil-
ity. Alternatively, one could perform both deep imaging
and high-speed photometry simultaneously by using a 2-
dimensional high speed photometer, such as the TRIFFID
camera which incorporates a MAMA photon counting de-
tector, to image the entire error circle. The present HST
analysis would be used to astrometrically register the im-
ages created via binning the MAMA’s 2-d time series,
and all potential candidates within the error circle could
then be rigorously tested for a pulsed signal using stan-
dard Fourier techniques. Indeed, the ability to choose the
extraction aperture to maximise the time-series signal to
noise — in contrast to earlier high speed photometry with
large, fixed apertures (Middleditch et al. 1988) — provides
the best opportunity to detect the pulsar. We note that
previous observations using this instrument have identi-
fied pulsations from optical sources as faint as B ~ 26.0
(Shearer et al. 1998), as well as resolving the Crab pulsar’s
unpulsed component of emission (Golden et al. 2000b).
We intend to follow this archival analysis by perform-
ing such high speed observations in the near future — we
base our confidence in the success of such observations on
the proven ability of the TRIFFID system to detect other
optical pulsars of a commensurate optical magnitude, and
on the fact that there is strong evidence to indicate that
PSR B1821-24 does follow the Pacini-Salvati relationship.
Should such observations bear fruit, they would yield the
first optical millisecond pulsar, indeed the first optical pul-
sar in a globular cluster or any such old stellar population.
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