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ABSTRACT

We present an Australia Telescope Compact Array multifrequency study of the supernova remnant
0540—693 which is the youngest known remnant, after SN 1987A, in the Large Magellanic Cloud. The radio
observations reveal that it consists of a central synchrotron nebula of diameter 1.4 pc which is powered by the
50 ms pulsar PSR B0540—69, and a nearly circular low-surface brightness annulus of diameter 17.5 pc. The
central nebula has a flatter spectrum than the annular emission and is the radio counterpart of the synchro-
tron nebula previously detected at optical and X-ray wavelengths. Its properties are very similar to those of
the Crab Nebula. The annular emission is similar to other young supernova remnant shells and is generated
by the interaction of the supernova ejecta with the circumstellar medium.

Subject headings: ISM: individual (SNR. 0540 693) — pulsars: individual (PSR B0540—69) —
radio continuum: interstellar — supernova remnants

1. INTRODUCTION

The radio source 0540 — 693, located in the Large Magella-
nic Cloud, was first cataloged as a discrete radio source by Le
Marne (1968) and as a supernova remnant (SNR), based on its
spectral index, by Mathewson & Clarke (1973). The object was
detected as an X-ray source by Long & Helfand (1979) and at
optical wavelengths as an oxygen-rich annulus of diameter
~8” by Mathewson'et al. (1980), thus confirming its identifica-
tion as an SNR. X-ray spectral observations by Clark et al.
(1982) showed that the X-ray emission was nonthermal and
hence probably from a pulsar-driven synchrotron nebula. This
hypothesis received dramatic confirmation with the discovery
at X-ray wavelengths of a 50 ms pulsar at the center of the
nebula by Seward, Harnden, & Helfand (1984). The X-ray
observations showed that the pulsar was spinning down
rapidly, with a characteristic age, P/(2P), of only 1660 yr. This,
together with the unresolved nature of the X-ray synchrotron
nebula and the detection of a centrally brightened optical syn-
chrotron nebula of half-power diameter ~4” by Chanan,
Helfand, & Reynolds (1984) showed that SNR 0540 —693 is a
very close analogue of the Crab Nebula.

The pulsar was subsequently detected at optical wavelengths
by Middleditch & Pennypacker (1985) and radio wavelengths
by Manchester et al. (1993). Optical and X-ray pulse timing
measurements (Manchester & Peterson 1989; Nagase et al.
1990; Gouiffes, Finley, & Ogelman 1992) show that the
braking index for the pulsar is 2.01 + 0.02, giving a spin-down
age (from zero period) of 3260 yrs. However, measurements of
the expansion velocity of the optical spectral-line region,
together with its observed diameter of 8”, show that, for an
assumed distance of 55 kpc, the SNR age, 7, is 760 + 100 yr
(Reynolds 1985; Kirshner et al. 1989). The age uncertainty is
dominated by the unknown acceleration of the ejecta by the
pulsar and/or deceleration by interaction with the surrounding
interstellar medium. For an age of 760 yrs and a constant
braking index of 2.01, the period of the pulsar at birth was
about 38.7 ms. Recently, Caraveo et al. (1992) have obtained
high-resolution optical images of the SNR and derived an
improved position for the pulsar.

Prior to the present observations, the highest resolution
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radio observations were made using the Molonglo Observa-
tory Synthesis Telescope (MOST) which, at the operating fre-
quency of 843 MHz, has a half-power beamwidth of 44” (Mills
et al. 1984). These observations just resolved the remnant! and
gave a flux density of 1055 mJy. In this paper, we report on
observations made using the Compact Array of the Australia
Telescope at frequencies near 5 GHz giving an angular
resolution 16 times greater. These resolve the radio remnant
into a central pulsar-driven component and a surrounding
shell emission which has a diameter of ~65”. Compact Array
observations at 1.5 GHz show that the central source has a
flatter spectrum than the shell emission.

2. OBSERVATIONS AND ANALYSIS

The 5 GHz observations were made using the 3 km east-west
baseline of the Australia Telescope Compact Array in four
sessions in 1990: May 6, May 19, June 3, and August 19.
Except for the second session, the five 22 m antennas of the 3
km array were used and the observations were of duration
~12 hr. For the second session, only four antennas were avail-
able and the observation duration was ~9 hr. The array con-
figuration was different for each session, giving 36 different
physical baselines in the range 31-3000 m. The actual observa-
tion frequency was timed-shared between 4.786 and 5.814 GHz
further improving the coverage of the spatial frequency plane.
Receiver system temperatures were ~55 K. The 1.5 GHz
observations (central frequency 1.472 GHz) were made on 1991
September 9 using all six antennas of the Compact Array. This
gave 15 baselines in the range 153—6000 m. The observation
duration was 7 hr and receiver system temperatures were
~45K.

For all observations, the total bandwidth of 128 MHz was
split into 32 frequency channels, each of 4 MHz, and the correl-
ator integration time was 10 s. Flux densities were referred to
PKS B1934 — 638 which was assumed to have flux densities of
16.1, 6.3, and 4.8 Jy at 1.472, 4.786, and 5.814 GHz, respec-
tively. Three nearby unresolved sources, PKS B0454—810,

! The extended skirt around the central source in the image of Mills et al.
(1984) was subsequently shown to be an artifact of the data processing (A. J.
Turtle & B. Y. Mills, private communication, 1990).
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PKS B0530—727, and PKS B0637—7522 were observed for
3-5 minutes every 15-20 minutes as secondary calibrators for
both flux density and phase. The VLBI positions for these
sources (Harvey et al. 1992; Russell et al. 1992) agree to better
than 072 with the position of the optical identification.

Images were created and processed using the Astronomical
Image Processing System (AIPS) running on a Convex C220
computer and Sun workstations. For the 5 GHz observations,
the data were averaged over the 128 MHz bandwidth, edited,
calibrated, transformed into the image plane using a pixel size
of 17 x 1”7, and CLEANed. At this declination, the synthesised
beam is almost circular and has a half-power width of 2”7. The
final image is shown in Figure 1. Owing to the proximity of
strong radio sources, in particular, the 30 Doradus complex,
the rms background noise, 0.2 mJy beam™?, is larger than
expected on the basis of the system parameters. The 1.5 GHz
data were imaged in a similar way except that visibilities for
each 4 MHz channel were separately transformed to avoid
smearing of the beam due to the large fractional bandwidth.
The final image, shown in Figure 2, has large sidelobes owing
to the relatively poor spatial frequency coverage of the obser-
vations.

At 5 GHz (Fig. 1), the central source is clearly resolved. For
an elliptical Gaussian shape, its deconvolved half-power width
is 573 x 48 with an uncertainty of 0”3 in each axis and with
the major axis at a position angle of 56° + 30°. At the assumed
distance of 55 kpc, the corresponding linear dimensions are
1.4 x 1.3 pc. The centroid positions (J2000) from the 5 and 1.5
GHz images are given in Table 1. Although the boundary of
the shell emission is somewhat irregular, it is contained within
a circle of diameter 65" corresponding to a linear diameter of

2 PKS B0637—752 has an extended low frequency halo and was not used
for the 1.5 GHz observations.

-69 19 00

DECLINATION (J2000)

05 40 20

757
TABLE 1
PoSITIONS OF CENTRAL FEATURES
Parameter R.A. (J2000) Decl. (J2000) Reference
Radio (5 GHz) 05"40™11230 + 0°03  —69°19'5379 + 0”1 1
Radio (1.5GHz)  05™40™11327+ 0311  —69°19'5377 + 073 1
Optical ([O m]) 05*40™11° —69°19'58” 2
PSR (X-ray) 05"40™1120 + 037 —69°19'5774 + 270 3
PSR (Optical) 05"40™10°99 + 0°18  —69°19'55"1 + 075 4

REFERENCES—(1) This work; (2) Mathewson et al. 1983; (3) Seward,
Harnden, & Helfand 1984; (4) Caraveo et al. 1992.

~17.5 pc. The center of this circle lies within a few arcseconds
of the peak of the central source.

Determination of the flux density of the central source is
complicated by the presence of underlying shell emission. The
level of the underlying emission was estimated by integrating
within an annular region of width 2” surrounding and just
outside the wings of the central source. After subtraction of this
base level, the integrated flux density of the central source was
59 mJy at 5 GHz and 79 mJy at 1.5 GHz. A similar analysis
yielded flux densities of 520 and 740 mJy for the whole source
at 5 and 1.5 GHz, respectively. Uncertainties in these numbers
are difficult to estimate but are probably less than 10%.

3. DISCUSSION

As Figure 1 shows, SNR 0540—693 is the clearest example
known of an SNR containing a known pulsar, a central pulsar-
driven nebula or plerion and surrounding shell emission.
Based on its measured diameter of 65”, the shell emission has a
mean surface brightness at 408 MHz of 1.6 x 107'° W m 2
Hz ! sr~!. This value is within 20% of the best-fit value for
Galactic shell remnants derived by Clark & Caswell (1976),
confirming the shell nature of this emission. The shell emission
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FiG. 1.—Radio image of SNR 0540—693 at 5 GHz from four 12 hr (nominal) observations with the 3 km Australia Telescope Compact Array. The synthesized
beam is nearly circular and of half-power width 2"7. Contour levels are —0.5 (dashed line), 0.5, 1.0, 1.5, 2.0, 2.5, 5.0, 7.5, and 10.0 mJy beam ..
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FiG. 2—Radio image of SNR 0540—693 at 1.5 GHz from a 7 hr observation with the 6 km Australia Telescope Compact Array. The synthesized beam
half-power width is ~5” and the contour levels are —2 (dashed line), 2,4, 6, 8, 12, 16, 20, 30 and 40 mJy beam ™.

is weak in the southern quadrant whereas in the west it is
strong with a very steep outer edge. This region of strong
emission coincides with weak [O ni] filamentary structure
(Mathewson et al. 1983) and weak extensions of the X-ray
emission (Seward 1989), confirming that these emission regions
are associated with the SNR. There is a prominent indentation
of the outer boundary of the shell just north of west, suggesting
that expansion in this direction may be impeded by a high-
density cloud. The CO survey of the Large Magellanic Cloud
by Cohen et al. (1988) has a hint of a concentration just west of
SNR 0540—693 and the H 1 complex DEM 269 (Davies,
Elliott, & Meaburn 1976) lies slightly south. Such interactions
do not, however, appear to be responsible for the enhanced
emissivity in this region. The bright region stops short of the
end of the indentation on the north side and extends below it
on the south side. Recent observations of the G308.8—0.1-
PSR 1338 —62 association (Caswell et al. 1992; Kaspi et al.
1992) suggest that pulsars may inject relativistic particles into
portions of the shell creating a region of enhanced emission. It
is possible that such injection is also responsible for the bright
region in SNR 0540 — 693.

The size and shape of the central optical and radio contin-
uum sources are very similar, whereas the [O n1] emission is
clearly annular and of larger radius. The [O m] emission is
from supernova ejecta which are probably shock-excited and
have a present maximum expansion velocity of ~ 1400 km s ™"
(Kirshner et al. 1989; Chevalier & Fransson 1992). The radio
shell emission has a diameter ~ 8 times that of the [O 1] ring
and has clearly expanded much faster than the bulk of the
ejecta. If we adopt 760 yr as the age of the nebula, then the
average expansion velocity of the shell is 10,800 km s~ *. Since
the shell emission is attributed to acceleration of relativistic
particles by the “fast shock” preceding the highest velocity
ejecta, this high velocity implies that the maximum velocity of
the ejecta was at least 10,800 km s~ 1. The very presence of the

radio shell shows that there has been deceleration, so the initial
maximum velocity of ejection must have been significantly
greater.

Figure 3 shows flux densities from the 5 and 1.5 GHz obser-
vations plotted as a function of frequency, along with other
measured values for the remnant as a whole. Except for the
14.7 GHz point (Milne, Caswell, & Haynes 1980), the whole-
source spectrum is well fitted by a power law with spectral
index —0.41, typical of SNRs. The high-frequency point is
probably affected by background thermal emission. It is clear
from Figures 1 and 2 that the spectrum of the central source is
flatter than that of the shell and this is quantified in Figure 3.
The spectral index derived from these two flux densities is
—0.25 with an uncertainty of the order of 0.1. This is close to
the value of —0.30 derived for the Crab Nebula (Baars et al.
1977) and is typical of pulsar-driven nebulae.
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FiG. 3.—Radio frequency spectra of SNR 0540—693 and of the central
souce. Flux densities are from Mills, Turtle, & Watkinson (1978, @); Milne,
Caswell, & Haynes (1980, +); Mills et al. (1984, O); and this paper (O).

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...411..756M

No. 2, 1993

At optical and X-ray wavelengths, the spectral index of the
synchrotron nebula is close to —0.8 (Clark et al. 1982;
Chanan, Helfand, & Reynolds 1984). This is steeper than the
radio spectrum by 0.5 in spectral index, exactly as expected if
the nebula is driven by a source of relativistic electrons with a
constant power-law energy spectrum going as E~2-%, and the
lifetime of the relativistic electrons against synchrotron losses
for the high-energy radiation is less than the nebular lifetime.
Extrapolation of the radio and high-energy spectra shows that
the break frequency between the two regimes must be close to
2 x 10'* Hz. The synchrotron lifetime is given by 7, ~
6 x 10'! B~3/2y~ 12 where 1, is in seconds, B is the nebular
magnetic field in Gauss, and v is the synchrotron frequency in
Hertz. At the break frequency, 1, is the nebular lifetime, so we
derive a value of 3.2 x 107 (/760 yr)~%/®* G for the nebular
magnetic flux density.

The nebular synchrotron luminosity is dominated by the
high-frequency radiation and is about equal to the pulsar spin-
down luminosity, 1.5 x 1038 ergs s~ !, if the nebular spectrum
extends as far 102® Hz with a constant spectral index of —0.8.
Below the spectral break, the total synchrotron luminosity is
only ~5 x 1033 ergs s . However, the total energy content of
the relativistic electrons responsible for the synchrotron emis-
sion is dominated by the low-energy part of the spectrum and
is ~1.5 x 107° ergs cm ™3, corresponding to ~6 x 10%° ergs
for the whole nebula. For B =3.2 x 10”* G, the magnetic
energy density, B%/8n, is ~3 times the energy density of the
relativistic electrons. The total magnetic and relativistic elec-
tron content is ~4% of the integrated spin-down luminosity of
the pulsar over the past 760 yr, assuming a constant pulsar
braking index of 2.0. Most of the pulsar luminosity is probably
lost as high-energy synchrotron radiation, but some may go
into expansion of the nebula or acceleration of relativistic ions.

As listed in Table 1, the best position for the pulsar (Caraveo
et al. 1992) lies ~ 175 west and 172 south, or somewhat more
than twice the estimated error in each coordinate, of the radio
centroid. The uncertainty in alignment of the radio and optical
reference frames is believed to be less than 072, although the
075 offset of the radio SNR 1987A from the optical SN 1987A
position (Staveley-Smith et al. 1992) suggests that the error
may be greater. The lifetime of the radio-emitting synchrotron
electrons is much greater than the age of the nebula, so, if we
assume that the pulsar luminosity has been roughly constant
since birth (Chevalier & Fransson 1992) and that the 179 offset
is genuine, the pulsar has moved twice this distance in 760 yr,
corresponding to a proper motion of ~5 mas yr~'. The images
of Caraveo et al. suggest that the pulsar lies ~0”5 southwest of
the center of the optical synchrotron nebula. Since the optical
synchrotron electrons have a lifetime of ~120 yr, a similar
proper motion toward the southwest is implied. At a distance
of 55 kpc, this proper motion corresponds to a transverse
velocity of ~ 1200 km s~ !. This is high, but not unprecedented,
for observed pulsar transverse velocities (Harrison, Lyne &
Anderson 1993; Frail & Kulkarni 1991; Manchester et al.
1991).

SNR 0540 —693 and its pulsar, PSR B0540— 69, are clearly
very similar to the Crab Nebula and its pulsar. Table 2 sum-
marizes the comparison between the two systems. Continuum
spectra from radio to gamma ray wavelengths are compared in
Figure 4. At optical and X-ray wavelengths, the SNR
0540 — 693 central nebula has a somewhat flatter spectrum
than the Crab Nebula and about one-third of its luminosity.
This is in the same ratio as the pulsar spin-down luminosities.
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F16. 4—Continuum spectra from low radio to gamma-ray frequencies for
the Crab Nebula and pulsar and for SNR 0540 — 693 and PSR B0540— 69. The
flux density scales are adjusted so that luminosities for the two systems may be
directly compared. Data for the Crab Nebula and pulsar are from the com-
pilation by Manchester & Taylor (1977). Flux densities for SNR 0540 — 693 are
from this paper, Chanan, Helfand, & Reynolds (1984) and Clark et al. (1982)
and for PSR B0540—69 are from Manchester et al. (1992), Middleditch,
Pennypacker, & Burns (1987), and Seward (1989).

Within the uncertainties, the radio spectral index of the central
nebula in SNR 0540—-693 is identical to that of the Crab
Nebula and both spectra have a break at ~10!3 Hz. The SNR
0540 —693 central nebula is about half the linear size of the
Crab Nebula and hence about one-eighth of the volume, so its
volume emissivity is about a factor of 2 higher than that of the
Crab Nebula.

The properties of the two pulsars are also broadly similar,
although there are large differences in detailed properties such
as pulse shape. The radio detection of PSR B0540— 69 lies on
the Crab pulsar spectrum, although the exact agreement is
surely fortuitious. PSR B0540 — 69 is somewhat brighter than
the Crab pulsar at optical and X-ray frequencies. The pulsar
has not been detected above a few keV, but the energy argu-
ments given above suggest that the spectrum must steepen at
higher energies as it does in the Crab pulsar.

In summary, we have shown SNR 0540 — 693 to be a com-
posite remnant, with a central bright feature receiving its exci-

TABLE 2
CoMPARISON OF THE SNR 0540 — 693 AND CRAB SYSTEMS

Parameter 0540—693 Crab

ABE(YT) cveiie i ~760 ~938
Radio plerion half-power width (pc) ....... 14 x 1.3 35x%x23
Radio shell diameter (pc) ................... 175 .
Spectral indices: ...........cooiiiiiiiiiiat

Radioshell ............c.oocoiiin. —0.41 e

Radioplerion ..........c.ccoeiiviiin... —-0.25 —-0.30

Optical/X-ray plerion ................... —-0.8 -10
Plerion luminosity (to 4 keV) (ergss™!) ... 2 x 1037 6 x 1037
Pulsar period (ms) ........coocvvvvneinnne.. . 50.3 333
Pulsar brakingindex ....................... 201 2.51
Pulsar initial period (ms) ................... 38.7 19.5
Pulsar spin-down luminosity (ergss ™) ... 1.5 x 103 4.5 x 1038
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tation directly from PSR B0540—69. It is a very close analog
to the Crab Nebula. The more extended emission has the mor-
phology and surface brightness typical of shell SNRs and is
undoubtedly due to interaction of rapidly expanding ejecta

with the surrounding interstellar medium. There are significant
variations in surface brightness around the shell which appear
to be determined by factors other than the density of the sur-
rounding medium.
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