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THE OPTICAL PULSAR IN THE LARGE PIAGELLANICCLOUD
REMNANT 0540-69.3

J. Uiddleditch
Earth and Space Sciences Division, ESS-9, MS I’)436
Los Alamos National Laboratory, Loa Alamos, NM 87545

C. R. Pennypacker
Rm. ’32, Bldg. 50, Lawrence Berkeley Laboratory
and Space Sciences Laboratory
University of California, Berkeley, CA 94720

We have detected pulsed optical emis~ion from the Large
Magellanic Cloud (LMC) X-ray pulsar PSR 0540-693 (Seward et al. 1984).
The pulsed emission has a time averaged nagnitude of &pproximately 22.7.

.—

The X-ray pulsar was discovered in the LMC remnant, 0540-69.3 as a pulse
repetition period of -50 ❑illiseconds (ins)in Einstein Observatory data
(Seward et al. 1984). Earlier, Clark et al. (1982) had noted that this.— ——
remnant resembles the Crab Nebula becauae of the X-ray power law
spectrum, and suggested that the nebular emission was synchrotrons
radiation powered by a central pulsar. After the announcement of X-ray
pulsed emission, Chanan et al. (19C4) measured the broad optical band.—
properties of the nebula and found ●violencefor eynchrutron emission.
They reported that the 4.5 arc second continuum emission remnant has
only a tenth the luminosity of the CraF Nebula.

Wc have recorded broad-band optical time-seriesdata at 1 ❑s intervals
with the 4-m and 1.5-m Cerro Tololo telescopes and have found strong
pulsations, @mploying the usual Fourier transform methods (see
?liddleditche: al. 1983, and MiddledItch 6 Kristian 1984j. Table 1.—
Rives a 6ummary of the Observations, including magnitudes, barycentric
frequenciesand times of arrival.

able 1 Log of time series obsel Rtions of PSR 0540-693+93—-
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The pulse profile is predominantly sinusoidal with a 10-20% dip in the
intensity maximum (see Figure 1).

Fig. 1 The optical pulse profiles of the LMC PSR 0540-693
from runs 1-3 (see Table 1) and the average pulse profile c:
these runs are shown repeated over two whole cycles, The
profiles have been co-aligned according to the phase Gf the
20 Hz fundamental structure.
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I.lthough this dip perafBts in the three most sensitive time aeriee, the
amplitudes of the next higheet harmonics (60 Hz and 80 Hzj correspond to
only 12% and 14% of the smplitude at the fundamental 20 Hz frequency
(see Table 2). However, the average pulse profile for these runs
(Fig. 1 bottom) shows that the duty cycle of the pulse is -44%, not 50%.
No significant 10 Hz structure (at half the fundamental frequency) was
found in the time aeriee data, the corresponding amplitude having a 90%
prob~bility of being less than 10% of the 20 Hz amplitude.

The integrated broad-band pulsed light intensity (-(B+V)/2), is
approximately equivalent to (22?7)xsin(2m=20”t), corresponding to just
under 2% of the nebular light included in the 4.6 arc second circular
aperture used in runs 1 and ?. ‘l’hiscircular aperture was centered by
count rate on the bright knot of the synchrotronsemission, one or two
arc seconds west of the center of the 0111 emission ring surrctlndingthe
nebula (Chanan et al. 1984). The centering was achieved by adjusting——
the offsets of a star-tracking autoguider probe vhich controlled the
t~lescope ❑otion during the data recording interval. The lack of
erratic modulation of the pulse amplitude and the consistency of the
magnitudes derived in ru~ls1-3 imply that the pulsing source coincides
with the bright peak of the continuum emission (Chanan et al. 1984) to——
within 1.5 atc seconds.

The intrinsic optical luminosity of the LMC pulsar (-1034 erg s-1) is
about the sam~ as that of the Crab Pulsar (see Table 3), taking Intc
account the larger distance to the LMC (55 kpc vs. 2 kpc) and the
smaller visual.extinction (Av) toward the LMC (0.6 m~gnitudes vs. 1.6
magnitudes, Miller 1973). Here we have used a 0.13 magnitude color
excess in the LtlCfrom Savage et al. (:,983)and have applied an extra.—
0.07 magnitudes dtieto the Milky Way foreground, es suggested by
Kirshner (1984), along with his ●stimated probable error of 0.05. Our
rough estimate shows the pulsar to be significantly red when compared to
the Cr&b Pulsar (see Table 3), with the intrinsic colors of (B-V)O -
0.7, vs. (B-v). - -0.03 for the Crab Pulsar (Kristian et al. 1970;
Miller 1973). Staudard stars were observed in additio;t”o~he Crab
Pulsar and the central LMC remnant to ●stabli~h the flux calibrations.

---- - — .—

Table 2 Harmonic content of the PSR 0540-693 pulse profile— —

Run nu~.ber 1 2 3 (mean)

— .——

2nd harmonic (40 Hz) <0007 0.08(0.04) <0.07 ...
3rd harmonic (60 Hz) 0.11(0.06) 0.13(0.04) 0.14(0.05) 0.12(0.03)
4th h~rmonic 0.23(0.05) 0.13(0.04) 0,06(0.05) 0.14(0.03)
5tl\harmon~c 0.07(0.06) 0,06(0.04) <0.08 0.06(0.03)
6th harmonic 0006(0.06) <0.06 <0.07 ● 00
7th harmonic <0007 0.06(0.04) <0.07 ...

— — —- —
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The Crab-like luminosity of the (slower) LMC pulsar (Table 3) may be due
In part to beaming effects (a five times larger duty cycle tlianthat of
the Crab -- -50% vs. -10%), or possibly to a higher efficiency of
conversion of mechanical energy into pulsed radia?t energy. The nominal
❑agnetic field for this
Pulsar-s field (or -5*10Y2

ulsar would be about ].3 times the Crab
gauss), all other parameters being the same

and using standard arguments (Manchester & Taylor 1977). The
coincidence of the absolute luminosity of this pulsar and that of the
Crab Pulsar, even though this pulsar is 33% slower, argues against
emission models predicting optical luminosity as a higl~pcwer of
rotation (see, e.g., Pacini 1973, and Pncini & Salvati 1983), unless
beaming effects can be invoked to accourit for an extra luminosity factor
of -20 in the LMC pulsar. Determination of the unpulsed flux from the
LMC pulsar will be difficult at best due to the strong central
condensation of the nebular synchrotronsemission (Chanan et al. 1984).— —.

The optical and X-ray pulsed fluxes of the LMC pulsar do not have the
same ratio as the corresponding nebular flu e
and are both internally consistent with, v

-~o~ (s~hichinterpolate as
-- Clark et al. 1982;’

Chanan et al. 1984) but instead interpolate as v-0”3. Since the optical
.—

——
and X-ray pulse profiles of the LMC pulsar are identical within
statistics (Seward et al. 1984, and this work), the V-*”3 relationship.—
is particularly suggestive. This power law would reoult from the same
ell!ctroninjection spectrum which produces the synchrotrons

— —

Table 3 Pulsed fluxes of ?SR 0540-693— ,

Measured parameters
(B+V)/2 (4-m) 22.70(0.07)
(B+V)/2 (1.5-m) 22.34(0.07) + (O.39(O.1O))(B-V)

..—

Magnitude Flux

Derived parameters
(B-V) 0,89(0.35) ...
B 23.15(0.20) 2.0(0.4) uJy
v 22,26(0.20) 4.5(0.9) pJy

Correcting for absorption, E(B-V) = 0.20(0.05)

(B-V)O 0,69(0.35) ...
B. 22.35(0.28) 4.2(1.2) PJy
Vn 21.66(0.25) 7.9(2.0) uJy

‘B
LvO
o

0.5L@
0.7L0

O’eLB Cr#,b
1*6% Crab

—.
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l-ss-dominated nebular emission spectrum of v-0”8, except that the
electrons producing the optical and X-rav pulses would not nave had time
to become loss-dominated, but instead have an electron number
distribution of n(E)dE = E-1-6. Such a curve also extrapolates to 0.4
mJy at 400 MHz -- a factor of -2 below below the current upper limit
(Mariches~er1984) and perhapR ❑easurable with further effort Although

‘6”5 fromO.2the spectrum for the pulJed X-radiation, corre~ponding to v
to 4 KeV (Seward 1984), is nearly consistent with the interpolated

the estimated optical spectrum from B to V,
:::;:::::;;;;=:: :E~:~~~:4), is not. The nebular and pulsed fluxes of
the Crab also do not each follow a s n le power iaw, instead the pattern
is much more complex. b~Although a v- “ interpolation fits the nebular
spectrum well from optical to y-ray energies: a slope change occurs in
the corresponding pulsar spectrum, and other Blope changes ~ccur in both
the nebular and pulsar spectra at longer wavelengths (Ilanchester 6
Taylor 1977).

Because of timing uncertainties, we could not connect phase reliably
between the five nights of data. No satisfactory cycle number
assignment was found which agreed with the ❑ean aP/at value for
1979-1984 (Seward et al. 1984, and this work) of 41.395 na/day. The——
mean frequency quoted in Table 1 is consistent with the ❑ean of the
individual frequencies, but also can be used to count the cycles between
runs 2 and 4, and 1 and 5. However, the resulting aP/at is 45.9(0.3)
I1s/dayand is inconsistent with the nominal value of 41.4 ns/clay. If
this behavior is confirmed by future observations, then PSR 0540-693
would have to be subjec: to starquakes as large as those found In the
Vela Pulsar (Downs 1981), namely Af/f - 10-6, where f is the pulse
repetition frequency. In this situation, any hope of ❑easuring the
braking index, n, in af/at = -Cfn, would be lost. An Irldexof 3
correspond to magnetic dipole braking; the Crab Pulsar has an index of
2.5 (Groth 1975). However, we ❑ust defer judgement on this matter until
more accurately timed data becomes available.

Ir conclusion, the broad pulse profile and the intrinsically red color
render the I,MC pulsar distinct from the Crab Pulsar. The relatively
high pulsed optical luminosity of PSR 0540-693 will facilitate
me~surements of polarization and colors and, consequently, th.

-5.3refinemen: of models of pulsed emission. The interpolated v pulsed
optical-to-X-ray spectrum suggests a simplifying assumption regarding
tllcelectro[lnumber distribu~ion ❑ay be valid for such ❑odels -- an
assumption which can be tested by slightly ❑ore sensitive pulsation
limits in radio frequency bands.
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F. C. Michel: It looks as if there are significant pulse-shapz changes
for this object, unlike the Crab pulsar.

J. MiddledItch: The evidence for such changes is not strong, the
problem is the higher harmonics were not detected at high levels of
significance. So far we have a feeling that the strongest higher
harmonic -- the 4th harmonic -- may be somewhat variable in amplitude
and may not follow the fundamental trequency well in one case. Mare
significantobservations may give us a definite answer.

C. Jarrett: Is there no evidence of allyinterpulse and is this
attributable to the absence of higher harmonics?

Y Widdleditch: Yes -- there is no evidence of an interpulse i~ the
7 pulse structure and the X-ray evidence for an Interpulse is

.j significant.
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