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ABSTRACT

We report the discovery of a synchrotron nebula, G283.1—0.59, associated with PSR J1015—5719.
Radio observations using the Molonglo Observatory Synthesis Telescope and the Australia Telescope
Compact Array at 36, 16, 6, and 3 c¢m reveal a complex morphology. The pulsar is embedded in
the “head” of the nebula with fan-shaped diffuse emission. This is connected to a circular bubble
of 20” radius and a collimated tail extending over 1’. Polarization measurements show a highly
ordered magnetic field in the nebula. It wraps around the edge of the head and shows an azimuthal
configuration near the pulsar, then switches direction quasi-periodically near the bubble and in the
tail. Together with the flat radio spectrum observed, we suggest that this system is most plausibly a
pulsar wind nebula (PWN), with the head as a bow shock that has a low Mach number and the bubble
as a shell expanding in a dense environment. The bubble could act as a magnetic bottle trapping the
relativistic particles. A comparison with other bow-shock PWNe with higher Mach numbers shows
similar structure and B-field geometry, implying that pulsar velocity may not be the most critical
factor in determining the properties of these systems.

We also derive analytic expressions for the projected standoff distance and shape of an inclined
bow shock. It is found that the projected distance is always larger than the true distance in three
dimensions. On the other hand, the projected shape is not sensitive to the inclination after rescaling
with the projected standoff distance.

Subject headings: ISM: individual (G283.1—0.59) — pulsars: individual (PSR J1015—5719) — radio
continuum: ISM — stars: neutron — stars: winds, outflows

1. INTRODUCTION

As a pulsar spins down, most of its rotational energy
is carried away by a relativistic particle and magnetic
field outflows known as a pulsar wind. The interaction
of the wind with the ambient medium results in a pulsar
wind nebula (PWN), emitting broadband synchrotron
radiation from radio to X-ray bands. As an aged pulsar
generally travels in the interstellar medium (ISM) faster
than the local sound speed, the wind is confined by the
ram pressure, giving rise to a bow-shock PWN. There are
over a dozen of such systems known and most of them are
moving at a high Mach number (see Kargaltsev & Pavlov
2008). They are characterized by a long collimated tail
with a small bow-shock standoff distance, which makes
them easier to identify than low-velocity examples.

While bow shocks are governed by simple bound-
ary conditions, they exhibit diverse properties. Ob-
servations reveal a peculiar structure with a bubble
or a central bulge (e.g. Cordes et al. 1993; Ng et al.
2010) and different magnetic field geometry (e.g.,
Yusef-Zadeh & Gaensler 2005; Ng et al. 2010, 2012).
The exact origin of these features remains unclear. It
could be related to the pulsar age, velocity, flow condi-
tion of the wind, the relative orientation of the pulsar
spin, etc. To identify which factor plays a critical role,
it is essential to expand the sample. We present here
the discovery of a new bow-shock PWN, G283.1-0.59,
associated with PSR J1015—5719 (hereafter, J1015). As
we argue, this is an unusual system traveling at a low

Mach number and showing many remarkable properties,
thus offering an important example for understanding
bow shocks.

The MOST data reduction followed the custom pro-
cedure outlined in Bock et al. (1999) and Green et al.
(1999). We first removed those data samples most
strongly affected by radio frequency interference (RFI),
then calibrated the pointing and flux density scale using
sources listed in Campbell-Wilson & Hunstead (1994).
Finally, we formed an intensity map and performed de-
convolution with a CLEAN algorithm (Hogbom 1974).
This was straightforward because of the nearly continu-
ous u—v coverage of the MOST observation. The final ra-
dio image at 843 MHz was formed using the task IMCOMB
in MIRIAD (Sault et al. 1995) to co-add the four sepa-
rate images; the beam size was 43" x 51”7 FWHM and
the rms noise in regions away from the diffuse emission
was ~ 2mJybeam~!.

J1015 is an energetic pulsar discovered in the Parkes
Multibeam Pulsar Survey (Kramer et al. 2003). It has
spin period P = 0.14s, spin-down luminosity £ =
8.3 x 10%ergs™!, and characteristic age 7. = 39kyr.
The dispersion measure (DM) gives a distance estimate
of 5.1kpc (Cordes & Lazio 2002). Johnston & Weisberg
(2006) performed polarization measurements of the pul-
sar, and found that the swing of the position angle (PA)
across phase can be well fitted by the rotating vector
model. They inferred a PA of 62° (north through east)
for the projected pulsar spin axis on the plane of the
sky. The pulsar is located near the gamma-ray source
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TABLE 1
RADIO OBSERVATIONS OF J1015 USED IN THIS STUDY
Obs. Date Array  Wavelength  Center Freq. No. of Usable Band-  Integration

Config. (cm) (MHz) Channels®  width® (MHz) Time (hr)
MOST
2008 Apr 6, 13, 19,20  --- 36 843 1 3 48
ATCA
2008 Dec 13 750B 6, 3 4800, 8640 13 104 12.5
2009 Feb 17 EW352 6, 3 4800, 8640 13 104 12.5
2009 Aug 2 1.5A 6, 3 5500, 9000 2048 1848 11.5
2010 Feb 5 6A 6, 3 5500, 9000 2048 1848 10
2011 Nov 17 1.5D 16 2100, 2102 2048, 256 1848 1

2 Per center frequency.
b Taken with the pulsar binning mode.

3EG J1014—5705 detected with EGRET. Although an
association had been suggested (Torres et al. 2001), re-
cent Fermi LAT observations identified the gamma-ray
source as 3FGL J1013.6—5734 and the refined position is
over 20" from J1015 (Acero et al. 2015). J1015 now lies
beyond the 95% error ellipse of the gamma-ray position,
making the association unlikely. So far there is no detec-
tion of pulsed or persistent gamma-ray emission at the
pulsar position. Infrared, optical, and X-ray observations
also found no counterparts (Wang et al. 2014).

A radio image of the field from the second epoch Mo-
longlo Galactic Plane Survey (MGPS2; Murphy et al.
2007; Green et al. 2014) shows extended emission near
J1015 at 36cm. In this study we present deeper ra-
dio observations with the Molonglo Observatory Syn-
thesis Telescope (MOST), and higher-resolution obser-
vations taken with the Australia Telescope Compact Ar-
ray (ATCA). The observations and data reduction are
described in Section 2. The results are reported in Sec-
tion 3 and are discussed in Section 4. We summarize
the findings in Section 5. Finally, we derive analytic ex-
pressions of the projected standoff distance and shape of
an inclined bow shock in Appendix 1, and we present
an evolution model of a bubble with continuous energy
injection in a uniform medium in Appendix 2. The new
images resolved the extended emission and revealed a
bubble-like structure, with a high degree of linear polar-
ization and a flat spectrum. We suggest that this is a
newly identified bow-shock PWN associated with J1015.

2. OBSERVATIONS AND DATA REDUCTION

Radio continuum observations of the field of J1015
were made with MOST and ATCA, and the details are
listed in Table 1. MOST operated at a wavelength of
36 cm with a bandwidth of 3 MHz, and it only recorded
the right-hand circular polarization. For ATCA, J1015
was observed at 3 and 6 cm with a 4-pointing mosaic in
different array configurations. Two early observations
had a useful bandwidth of ~100 MHz, and two later ones
were taken after the compact array broadband backend
upgrade (Wilson et al. 2011), which provided a much
larger bandwidth of 2 GHz. Further data obtained on
2009 August 8 were not usable due to an instrumental
problem. At 16 cm, the ATCA observation was part of a
snapshot survey, and the total integration time on J1015
was 1 hr spread over 12hr. It was done simultaneously
in both the standard observing mode and the pulsar bin-
ning mode. The latter provided a high time resolution

and the pulse period of J1015 was divided into 32 phase
bins to measure the pulse profile and to form on- and
off-pulsed images. All ATCA data had full Stokes pa-
rameters recorded. PKS B1934—638 was used as the flux
and bandpass calibrator. PKS B1036—52 was used as the
phase calibrator at 3 and 6 cm, while PKS B1049—53 was
used at 16 cm.

We carried out the ATCA data reduction and analy-
sis using MIRIAD. We first removed edge channels and
flagged bad visibility data points affected by RFI, then
employed the standard procedure to determine and ap-
ply the bandpass, gain, flux, and polarization calibra-
tion corrections. The 3 and 6cm images were formed
with natural weighting, multifrequency synthesis, and a
Gaussian taper of FWHM 4” to boost the signal-to-noise
ratio (S/N). We deconvolved the mosaicked images in
Stokes I, @, and U jointly using a maximum entropy al-
gorithm (PMOSMEM; Sault et al. 1999) and restored them
with a circular Gaussian beam of FWHM 4”. The final
3 and 6cm maps had rms noise of 20 uJybeam ™' and
15 uJy beam ™!, respectively, consistent with the theoret-
ical values.

For the 16 cm observation, we applied the same flag-
ging and calibration procedures as above. The pulsar
binning data were corrected for dispersion using the DM
value for J1015. Since the fractional bandwidth is very
large, we divided the data into eight bands of 256 MHz
to form separate images. The Briggs (1995) weighting
scheme was employed with the robust parameter of 0.5,
which optimizes the weighting between resolution and
noise level. Images were deconvolved using the CLEAN
algorithm and restored with a gaussian beam. The re-
sults were combined to form final images in Stokes I, @,
and U. After averaging, the center frequency was 2.2 GHz
and the images had beams of FWHM 8" x 7" and rms
noise of 50 uJybeam™".

3. RESULTS
3.1. Morphology

Figure 1 shows the radio intensity maps of the field of
J1015. The MOST 36 cm image indicates a compact neb-
ula, which we designate G283.1—0.59, extending ~2!5
south from the pulsar position. Further southeast, there
is large-scale diffuse emission over 4’ in size. The com-
pact nebula is resolved by the higher-resolution ATCA
images at 16, 6, and 3 cm in Figure 2, revealing a com-
plex morphology. J1015 is detected in all the bands. It
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Radio intensity maps of the field of J1015 at 36 and 6 cm taken with MOST and ATCA, respectively. In the MOST image, the

cross marks the pulsar position and the beam size is shown in the lower left. In the ATCA image, the dashed circles indicate the location
of two optical dust clouds, FeSt2-78 and FeSt2-79 (Feitzinger & Stuewe 1984; Dutra & Bica 2002). The circle diameters of 6’ illustrate the
resolution of the optical survey and the actual extents of the clouds are likely smaller. The boxes show the field of view of Figure 2. The

color bars are in units of Jy beam™!.

is surrounded by faint fan-shaped emission that we refer
to as the “head” of the nebula. The head is ~1/5 wide
and its apex is 20” north of the pulsar. It connects to
a circular bubble-like structure in the south. The latter
has a radius of 20” and the center is ~50” away from the
pulsar. Beyond the bubble, there is a faint collimated
tail extending 1’ further south, such that the entire neb-
ula elongates in the north—south direction with a PA of
~185°.

The morphology of the head resembles the shape of
a classical bow shock. We therefore compared the im-
age with a theoretical model given by Wilkin (1996).
The result is plotted in Figure 3, which indicates a very
good match and suggests a projected stand-off distance
of ~20”. The bubble exhibits a similar morphology in
all ATCA images! and is much brighter around the rim
than in the interior. The emission peaks in the south
and northeast rim with comparable flux density at 6 and
3cm, while the northeast rim is fainter than the south
one at 16 cm. The bright emission at the south rim seems
to extend further to the southwest in the 6 and 3 cm im-
ages, although less obvious at 16 cm.

We examined the infrared, optical, and X-ray images
of the field using the same data as in Wang et al. (2014),
but found no counterparts of G283.1-0.59. There
are two optical dark clouds, FeSt2-78 and FeSt2-79
(Feitzinger & Stuewe 1984) overlapping with the neb-
ula. Their locations are shown in Figure 1 and their
reported sizes are no larger than the survey resolution
of 6’ (Dutra & Bica 2002). We attempted to identify
the clouds in CO and HI surveys (Dame et al. 2001;

1 We note that the bubble appears less circular at 16 cm, but
this is likely due to poor image reconstruction resulting from the
short integration time and hence limited u-v sampling.

Ben Bekhti et al. 2016), but the resolution of these radio
maps was too low to be useful. Finally, in Figure 4 we
plot the pulse profile of J1015 obtained from the 16 cm
pulsar binning data. It exhibits a double peak feature
similar to that at 21cm (Johnston & Weisberg 2006),
while the two peaks have comparable intensity. Using the
off-pulse data between phase 0.11 and 0.70, we formed an
intensity map of the nebula and it is shown in Figure 2.

3.2. Spectroscopy

We estimated the flux densities of G283.1—0.59 from
our radio maps and the Southern Galactic Plane Survey
(SGPS; Haverkorn et al. 2006) 21 cm image. The lower-
resolution MOST and SGPS images only allow us to mea-
sure the total flux density of the entire nebula including
the pulsar, while the higher-resolution ATCA maps pro-
vide flux density measurements of different regions. At
16 cm we obtained the nebula flux density from the stan-
dard mode observation since it has more channels than
the pulsar binning data, thus better rejects the RFI and
gives a higher S/N image. The pulsar binning data were
used to measure the pulsar flux density, by subtracting
the off-pulsed data from the on-pulsed ones using the
MIRIAD task psrbl (see Figure 4 for the definition of
the phase ranges). All results are listed in Table 2 and
plotted in Figure 5. The uncertainties are mostly due to
strong variations of the background. We also list the pul-
sar flux density measured with single-dish observations
for comparison. Note that the updated value of 3.5 mJy
at 21 cm (Johnston & Weisberg 2006) is adopted here,
instead of 0.9 + 0.1 mJy reported in the discovery paper
(Kramer et al. 2003).

The spectral indices of different regions are determined
from simple fits with a power law S, o« v®. The over-
all spectrum of the nebula plus pulsar is rather flat with
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Fic. 2.— ATCA radio intensity maps zoomed in at J1015 and the nebula G283.1—0.59 at 16, 6, and 3cm. The 16 cm image is obtained
from the off-pulse phase bins with the pulsar binning data (see Figure 4 for the pulse profile of J1015.) The crosses mark the pulsar position
and the beam sizes are shown in the lower left. The color bars are in units of Jy beam™!.
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Fic. 3.— The same 6 cm intensity map of J1015 and G283.1—0.59
as in Figure 2, overlaid with intensity contours at levels of 0.15, 0.2,
0.35, and 0.5 mJybeam~!. The dotted curve shows a theoretical
model of a classical bow shock (Wilkin 1996) and the dashed line
indicates its axis of symmetry. The cross marks the pulsar position
and the beam size is shown in the lower left. The gray scale is linear

and the color bar is in units of Jy beam™!.

an index o = —0.3, while that of the pulsar is much
steeper (o« = —1.04) and that of the bubble is flatter
(v = —0.13). The south rim exhibits a steeper spectrum

than the northeast one (aw = —0.24 vs. —0.10). The head
and tail generally show flat spectra, albeit with large un-
certainties since these features are faint. We attempted
to generate a spectral map of the field, but the S/N was
too low to be useful.

16

=7

14

12

Flux density (mJy)
o o

IS

2

%
%

FiG. 4.— Pulse profile of J1015 obtained with the 16 cm pulsar
binning observation. Two cycles are plotted and the shaded and
unshaded regions denote the on- and off-pulse phases, respectively,
chosen for the pulsed flux density measurement. An image formed
with the off-pulse phase is shown in Figure 2.

3.3. Polarimetry

Figure 6 shows the 6 and 3cm linearly polarized in-
tensity maps. The emission of G283.1—0.59 is highly
polarized, and the polarized flux generally follows the
total intensity, except it is enhanced near the bubble cen-
ter and rather faint in the west rim of the bubble. The
fractional polarization of the nebula is over 30% in both
bands. In particular, it is ~50% at the bubble center
and ~30% near the rim. The large-scale diffuse emission
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TABLE 2
BACKGROUND-SUBTRACTED FLUX DENSITIES AND BEST-FIT SPECTRAL INDICES OF DIFFERENT REGIONS IN
G283.1-0.59

Region Flux Density (mJy) Spectral Index?
36 cm 20 cm 16 cm 6 cm 3cm

All (pulsar+PWN) 110 £30 90+ 20 65410 65410 4546 —0.340.1
Pulsar e 3.5P 2.0040.05°¢ 1.0+0.1  0.6£0.1 —1.04+0.04
Bubble e - 28+2 26.5+1 23.5+1 —0.13+0.06
Head (excl. pulsar) 16+3 16+2 15+2 0.0+0.2

Tail 9+2 8+2 6+2 —0.240.3
Bubble northeast rim 5.840.3 5.5+0.2 5.0+0.2 —0.1040.05
Bubble south rim 6.54+0.2 5.4+0.2 4.6+0.2 —0.244+0.04

2 Spectral index « is defined as S, o v%.

b Pulsed emission measured with the Parkes radio telescope (Johnston & Weisberg 2006).

¢ Pulsed emission measured with the pulsar binning data.
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Fic. 5.— Radio spectrum of J1015 and different regions of
G283.1—0.59 as listed in Table 2. The open circle is the pulsed
flux obtained with single-dish observations (Johnston & Weisberg
2006). We do not show the fits for the head and tail here due to
the large uncertainties.

in the southeast (see Figure 1) is unpolarized, hence it
could be background emission unrelated to the nebula.
We do not show the 16 cm result, since only a very low
degree of polarization was found. This can be attributed
to beam depolarization due to rapid variation in rotation
measure (RM) across the field (see below).

We estimated the foreground RM by comparing the po-
larization angles at 3 and 6 cm, and the result is shown
in Figure 7. The RM changes significantly across the
nebula, from ~100radm~2 in the head to ~300rad m—?2
near the bubble. It then drops rapidly to 0rad m~2 in the
tail. We found RM~100rad m~—2 near the pulsar, consis-
tent with the previously reported value of 96 & 2rad m 2
(Johnston & Weisberg 2006). One potential issue with
determining RM from only two wavebands is the so-
called n—7 ambiguity problem, which arises when the
polarization vectors rotate more than 180° between the
two bands. We argue that this is not the case here, since
otherwise it would imply RM values over 1000rad m~2,
incompatible with the pulsar RM. This is also supported
by the lack of an abrupt jump in the RM map.

The RM map was then used to correct for the Fara-

day rotation of the polarization vectors. The resulting
map is shown in Figure 8, indicating the intrinsic orien-
tation of the nebular magnetic field. The field appears to
wrap around the head in the north and runs orthogonal
to the overall nebular elongation in the interior of the
head. Note that the field orientation is somewhat dif-
ferent at the position of J1015 than in its surroundings,
which could be due to contamination by the pulsar emis-
sion. Inside the bubble, the B-field changes direction for
~45° and runs northeast—southwest, i.e. perpendicular to
the northeast rim. Intriguingly, the field follows closely
the curvature of the southeast rim. It is unclear if the
west rim shows the same behavior, because the degree
of polarization there is too low. Just beyond the south
rim, the field turns for another ~45° and becomes paral-
lel to the nebular elongation. Further south, two similar
switches of the field orientation are observed. Altogether
the changes in field direction seem quasi-periodic with a
scale of ~30".

Finally, we simulated a polarization observation at
16cm using the RM and intrinsic polarization maps
above. We found that, due to large RM values and long
wavelength, the polarization vectors rotate rapidly across
the nebula. The beam depolarization effect is therefore
severe for the relatively low angular resolution 16 cm ob-
servation, resulting in a very low degree of polarization,
as observed.

4. DISCUSSION

Our new radio observations reveal a remarkable neb-
ula, G283.1-0.59 surrounding J1015. Its high degree
of linear polarization and power-law spectrum indicate
a synchrotron nature for the emission.? Fundamental
questions are whether this nebula is physically associ-
ated with the pulsar and what its nature is. We argue
that this is a PWN system powered by J1015 based on
the following results: (1) the nebula is very close in pro-
jection to the pulsar and, given its peculiar properties,
a chance coincidence seems very unlikely; (2) the head
of the nebula and the pulsar have comparable RM val-
ues, and the intrinsic B-field shows a continuous pattern
across the nebula; (3) the nebular morphology is broadly
similar to that of other PWNe, namely with a head that
can be interpreted as a bow shock, and a circular body

2 Although thermal bremsstrahlung radiation could also give
a power-law spectrum, the observed high degree of polarization
excludes any significant contamination by this kind of emission.
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The typical uncertainty is about 50 rad m~2 and the map is clipped
where the uncertainty > 80rad m~2. The gray scale is linear, rang-
ing from —50 to 500 rad m~2. The cross marks the pulsar position.

like the one in the Guitar Nebula (Cordes et al. 1993);
and (4) the large polarization fraction and a flat spec-
trum are both common characteristics of radio PWNe
(see Gaensler & Slane 2006).

We should note that another possible (although less
likely) interpretation of the circular structure is a super-
nova remnant (SNR) with fresh electrons provided by
J1015. However, as we will show below, this implies an
evolved and highly sub-energetic SNR, and the “tail” of
the nebula as part of the remnant, which is not com-
monly observed. In the following discussion, we will ex-
tract the physical parameters of the nebula according to
these models.

4.1. The “Head” of the Nebula as a Pulsar Bow Shock
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FiG. 8.— The same 6 cm intensity map of J1015 and G283.1—0.59
as in Figure 3, overlaid with polarization B-vectors that indicate
the intrinsic magnetic field orientation. The vector lengths are
proportional to the polarized intensity at 6 cm, with the scale bar
in the lower right representing of 0.1 mJy beam~—!. Vectors with
uncertainties > 10° in PA are clipped. The beam size is shown
in the lower right. The inset is the same map zoomed in at the
bubble.

The shape of the head is well fit by the analytic model
of a bow shock with an angular separation 6y = 20" be-
tween the pulsar and the apex (see Figure 3). For an
inclined system, we show in Appendix 1 that the pro-
jected shape can also be described by the same model,
but the true standoff distance is always smaller than 6,
e.g., with inclination angles ¢+ = 60°, 45°, and 20° be-
tween the bow-shock axis and the line of sight (LOS),
the true standoff distance is smaller than the projected
value by about 10%, 20%, and 50%, respectively (see
Figure 11 in Appendix 1). In our case, this implies a
standoff distance ro < pd =~ 0.5pc at the pulsar dis-
tance of d = 5kpc. While the exact equality holds only
for a side view of the bow shock (i.e. i = 90°), this should
be a good estimate except when its axis is very close to
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the LOS.
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Fic. 9.— Bow shock confinement pressure as a function of incli-
nation angle.

We can then estimate the confinement pressure of the
pulsar wind to be

Peont = e 10~ *2dyn cm 2 (1)

dmerg

based on the pulsar spin-down luminosity £ = 8.3 X
103 ergs~!. Its dependence on i is plotted in Figure 9.
For ¢ ~ 90°, P,on¢ is comparable to the typical ISM pres-
sure in the Galactic plane (Ferriere 2001), suggesting that
the ram pressure is relatively unimportant and hence the
pulsar is moving at a low Mach number. Only if the pul-
sar moves toward or away from us (i.e. small values of 7),
could the confinement pressure be sensibly higher. In-
deed, the head shows a very diffuse morphology without
a sharp boundary, which could indicate a weak confine-
ment and support the low Mach number scenario.

4.2. Magnetic Field of G283.1—0.59

Since G283.1—0.59 is not detected in other wavebands,
we estimate the average magnetic field strength based
on the radio luminosity. By minimizing the total energy
of the particles and the field, we obtained the so-called
equipartition field

Beq = (6me1a L/ V)T, (2)

where L is the synchrotron luminosity, V is the emission
volume, and cq2 is a constant depending on the spectral
index (Pacholczyk 1970). We adopted the standard fre-
quency range of 107-10'3 Hz and considered only leptons
in the wind with a filling factor of order unity. Taking the
bubble as a sphere and the head as a cone in 3D, we es-
timated Beq ~ 70 uG and < 60 uG3, respectively. These
values are similar to those found in other systems (e.g.,
Ng et al. 2010, 2012). Their associated total energies are
both about E.q ~ 10%erg. Note that any deviations
from equipartition would imply higher total energies.

If these structures are efficiently powered by the spin-
down of J1015, the time scale to fill them could be very
short ~ (ERuPPle 4 phead) /2 ~ 700 yr. The synchrotron
cooling time, on the other hand, is much longer. Even
for particles emitting at the highest observed frequency

3 This is an upper limit assuming i=90°. For smaller inclination,
the volume of the cone is larger.

of v = 10 GHz (Figure 5), the cooling time

B —-3/2 Y ~1/2
Toyn = 45 (10 uG) (10 GHZ) Myr (3)

exceeds the pulsar’s characteristic age of 7. = 39kyr
by three orders of magnitude. It is therefore justified
to neglect synchrotron loss and the radio morphology
of G283.1—0.59 traces the motion of J1015, i.e. moving
north at a PA of ~5°. We can then infer another time
scale from the offset 7ogset between the pulsar’s current
location and the bubble center (assuming the bubble is
at rest)

Toffset Upsr, L

Toffs = 100 kms—1

~ 1.2 % 104( )_1 v, (4)

Upsr, L

The pulsar projected velocity vps, 1 has not yet been
measured, and the only inference we can make about it
from all the clues is a low Mach number. If this is the
case, Tofiset could easily be of the order of 7.. Inciden-
tally, this coincidence seems to suggest that the bubble
started forming when the pulsar was much younger than
now, which opens the way to an alternative scenario,
namely that the bubble coincides with the position of
an associated SNR. This scenario will be considered in
Section 4.5 below.

Interestingly, the projected spin axis of J1015 has a PA
of 62° (or 152° if the pulsar emission is in the orthogonal
mode) (Johnston & Weisberg 2006). Either case shows a
significant misalignment with the pulsar motion direction
(PA ~5°) inferred from the nebular elongation. While
this may seem uncommon among young isolated neutron
stars (see e.g., Johnston et al. 2005; Noutsos et al. 2012),
simulations of neutrino kicks indicate that a large mis-
alignment angle is more likely to be found in low-velocity
pulsars (Ng & Romani 2007). This provides an indirect
support for the low Mach number we argued above.

Our radio polarization measurement revealed a highly
ordered magnetic field structure in G283.1-0.59. As
shown in Figure 8, the intrinsic B-field wraps around the
northern edge of the nebula. This is the first time such a
structure has been observed in bow shocks. It could in-
dicate that the magnetic field follows the shocked pulsar
wind to sweep back due to the pulsar motion. For bow
shocks with high Mach number, the opening angle of the
head is generally much smaller. This structure is there-
fore more difficult to be resolved by the observations.
Inside the head, the B-field exhibits an azimuthal geom-
etry perpendicular to the nebular elongation, implying
a helical field trailing the pulsar. Unlike the more com-
mon case of a parallel configuration, e.g., the Mouse and
the Frying Pan (Yusef-Zadeh & Gaensler 2005; Ng et al.
2012), a helical field has only previously been found
in one bow shock PWN, namely, G319.9—0.7 (Ng et al.
2010). The latter is believed to be moving faster than
J1015, at a few hundred kms~! (Klingler et al. 2016).
While an azimuthal field could be generated by a super-
sonically moving pulsar with aligned spin and velocity
(Romanova et al. 2005), this may not apply to J1015 as
we have evidence for a large misalignment angle. Our re-
sults imply that the B-field configuration in bow shocks
may depend more on the flow condition and other phys-
ical parameters rather than the Mach number or the



8 Ng et al.

pulsar spin—velocity alignment. Unfortunately the flow
speed in G283.1—0.59 is not easy to determine since no
synchrotron loss is observed in the radio band. It is es-
sential to expand the bow shock sample for further in-
vestigation.

The magnetic field changes direction quasi-periodically
south of the bubble and along the tail. Similar be-
havior has been found in two other bow shock PWNe:
the Mouse and G319.9—0.7 (Yusef-Zadeh & Bally 1987;
Ng et al. 2010). Intriguingly, the latter also exhibits
a bulge morphology and the intrinsic field orientation
switches from azimuthal to parallel configuration near
the bulge, as in our case. The switches could be re-
lated to instabilities in the flow, which may have created
the bubble and the bulge, although the exact mecha-
nism is still unclear. We note that instabilities generally
lead to a turbulent environment and it remains to be ex-
plained how the high observed degree of polarization is
preserved. One possible solution is a large characteristic
scale for the turbulence, similar to what was found in the
Snail (Ma et al. 2016). Further studies with magnetohy-
drodynamic simulations are needed to understand the
cause and scale of the instabilities. Finally, turbulence
in the interstellar environment could also cause kinks in
the tail and change the B-field direction (e.g., the Frying
Pan; Ng et al. 2012), but it cannot produce the bubble
structure.

4.3. The Bubble as an Ezpanding Shell

The equipartition B-field strengths in Section 4.2 im-
ply total (magnetic + particle) pressures of at least ~
200 x 102 dyncm~2 and ~ 300 x 10~"2 dyn cm 2 inside
the head and the bubble respectively, both much larger
than the typical ISM pressure of ~ 107'2dyncm—2.
While in the head this could still be consistent with a
low pulsar Mach number (around 8-10), the overpressure
issue in the bubble is very significant (and could be even
more severe in the case of deviations from equipartition).
Indeed as Figure 8 shows, the B-field generally follows
the curvature of the bubble rim in the southeast, indicat-
ing that it could be swept up by an expanding shell (see
e.g., Kothes & Brown 2009; Bandiera & Petruk 2016).
This would compress the field at the rim and result in
higher emissivity than in the interior. Together with pro-
jection effects, these lead to the limb-brightened struc-
ture of the bubble. The surface brightness of the bubble
peaks in the northeast and the southwest where the rim
is perpendicular to the B-field. Similar behavior is typ-
ically observed in young SNRs (e.g., Dubner & Giacani
2015) and the enhanced radio emission is interpreted as
evidence of efficient particle acceleration when the mag-
netic field is quasi-parallel to the shock direction. How-
ever this does not work in our case, since it would induce
a strongly turbulent field and re-acceleration of the pul-
sar wind, resulting in a very low degree of polarization
and a steep radio spectrum incompatible with the obser-
vations.

We instead propose another scenario: that the bub-
ble acts as a “magnetic bottle” and traps the relativistic
particles. Due to conservation of magnetic flux, the ex-
pansion of the bubble creates a gradient in the magnetic
field along the northeast—southwest direction. A particle
moving toward the equatorial zone would then show a
decrease in the pitch angle and an increase in the lon-

gitudinal velocity. The opposite occurs when it moves
away from the equatorial zone. Particles entering from
one side of the bubble should, in principle, be able to exit
from the other side. However, the presence of scattering
broadens the pitch angle distribution. Some particles
could therefore have pitch angles over 90° before exiting
the bubble, i.e. they would be mirrored back. The lower
polarization fraction observed near the rim of the bubble
could suggest a mild level of turbulence, providing some
degree of scattering and helping the confinement.

Note that in order for the electrons to bounce back and
forth, the mean free path parallel to the direction of the
ordered magnetic field (\) should be no smaller than

the bubble radius (Rpubble). The former is proportional
to the gyroradius (r,) with

- v B —3/2
A=y ~ 3.5 10" (-2 ) (m) nem, (5)

where n = (§B/B),.2 is related to the perturbation of the

magnetic field resonant with the radio emitting particles
(Reynolds 1998). The condition A\ 2 Rpubble implies

5B v \Y/4/ B \
Z) <15x1073 7 .
(B)resN 5> 10 (5GHZ) (10,;(;) (©)

This in not unreasonable, considering that in a
(Kolmogorov-like) turbulent cascade (6B/B)res de-
creases at smaller scales. This suggests n > 1, hence
diffusion perpendicular to the magnetic field has a small
mean free path (r; ~ ry/n) and is very inefficient. As
a result, electrons can be considered as frozen into their
original flux tubes.

The synchrotron emission of the bubble primarily
comes from particles injected by the pulsar wind with
the magnetic field mostly swept-up from the surround-
ings. The observed limb brightening can be explained by:
(1) particles near the center emit mostly in directions off
the observer LOS, due to the geometry of the magnetic
bottle, (2) they also emit less effectively due to generally
lower pitch angles, and (3) the higher longitudinal veloc-
ities of the particles in the equatorial zone imply a lower
number density and hence a lower emissivity compared
with the polar regions.

From a dynamical point of view, these trapped parti-
cles would be responsible for most of the pressure inflat-
ing the bubble. It can be shown that, for a Kolmogorov-
like power spectrum of magnetic fluctuations, the par-
allel mean free path of particles is proportional to their
Lorentz factor as y~2/3; i.e. higher-energy electrons (than
the radio-emitting ones), which carry most of the energy,
reach an isotropic velocity distribution more efficiently
inside the bubble, likely providing the required pressure.
The expansion of the bubble can only be balanced by the
inertia of the ambient medium. A simple dimensional ar-
gument suggests that in this case the total energy of the
bubble must be comparable with ~po R} p1e/t2p: Where
po is the ambient density and tcyp, is the bubble expansion
time. We can then use the equipartition B-field result in
Equation (2) to estimate the ambient density

. 2
no ~ 10° (ﬂ) cm ™3, (7)

Te
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If texp & Toms is of the order of 7., the environment must
be very dense to keep the bubble confined. Otherwise a
very young bubble would imply a high pulsar velocity to
explain the observed offset, and this is in contrast to what
was previously deduced on the basis of the properties of
the nebular head. It is therefore more likely that the
bubble is expanding into a dense medium.

Driven by the above considerations, we have then
checked whether there is evidence of a dense surrounding
medium. In the optical catalogs (Feitzinger & Stuewe
1984; Dutra & Bica 2002), we found two dark clouds,
FeSt2-78 and FeSt2-79, coinciding with G283.1—0.59 (see
Figure 1). This LOS is near the Sagittarius—Carina arm
tangent (I = 282°), which has a distance of ~4kpc
(Graham 1970), broadly consistent with that of J1015.
Hence, the clouds are possibly in the pulsar vicinity.
Based on the difference between the central and back-
ground reddening of the clouds (Dutra & Bica 2002),
we estimate their optical extinction and hydrogen col-
umn densities using empirical relations (Fitzpatrick 2004;
Giiver & Ozel 2009). The latter give densities of ng ~
450 cm ™3 and ~680cm 3 for FeSt2-78 and FeSt2-79, re-
spectively, assuming spherical clouds with 6" angular di-
ameter (Dutra & Bica 2002) at the pulsar distance of
5kpc. Following the same procedure, we estimate the
density of all dark clouds in the above catalogs with
Al = £20° from J1015 and [b| < 1°. There are only five
objects with density higher than 450cm~2 and their to-
tal area in the sky suggests a chance coincidence of 0.1%
to have a dense cloud overlapping with G283.1—0.59. We
argue that the PWN is in a dense environment with ng
of a few hundred cm ™3, as inferred from our analysis.

4.4. Origin of the Bubble

We now turn to the origin of the bubble. The flat ra-
dio spectrum of the bubble indicates that it is part of the
PWN structure. There are several possible scenarios in
which an extended nebula could be formed at a distance
from the pulsar: (1) a relic nebula crushed by the super-
nova reverse shock, (2) injection of pulsar wind into a pre-
existing cavity such as a stellar wind bubble, (3) sudden
expansion of the flow due to mass loading (Morlino et al.
2015), and (4) an expanding bubble driven by flow insta-
bilities (e.g., van Kerkwijk & Ingle 2008). The first two
scenarios would be viable only if the associated shell-type
SNR no longer emits in radio and the ordered longitu-
dinal magnetic field between the pulsar and the bubble
could be explained. The B-field and the limb brightness
structure of the bubble do not seem to match what is
seen in a relic PWN, such as G327.1—1.1 (Temim et al.
2015; Ma et al. 2016). Also in this case the “tail” of the
nebula would be a blowout of the SNR and happen to
be in the opposite direction to the pulsar by chance. Fi-
nally, mass loading generally does not produce a circular
structure.

To explore the instabilities scenario, we follow
van Kerkwijk & Ingle (2008) to assume that the post-
shock flow became unstable downstream, injecting a frac-
tion fy of the spin-down energy into the bubble. The
total injected energy into the bubble is

= tCX
Eo =~ fpFBlex, ~ 10%f,, (—p) erg. (8)

Te

If the flow instability occurred in a short timescale and
the bulk of the energy was released a long time ago, the
evolution should be similar to that of an SNR, in spite
of the different energy scale. We employed an analytic
model developed by Bandiera & Petruk (2004) to follow
both the adiabatic and radiative phases of the SNR evo-
lution (Truelove & McKee 1999). The bubble radius in
the adiabatic phase can be described by the standard
Sedov—Taylor solution,

P 1/5
Ruubble(texp) = 1.152 <p—> t22. (9)
0

The transition to the radiative phase occurs at time and
radius of

Ey AT o
1051 erg *3) yr and

lcm
(10)

Ey \Y", ng \-7/17
Ftran = 19.1 (1051 erg) (1cm*3) pe, (1)

and the radiative phase can be described by the inverse
evolutionary relation

tiran =~ 2.9 x 10% (

2
— VR —1(5R”? +6R”? 48R +16) — 0.248,

35
(12)
where t' = t/(1.14 tyyan) and R' = R/(0.85 Ryyan). Fig-
ure 10 (left) shows a diagnostic plot of the ambient den-
sity and age that gives the observed Rpupble = 0.5pc.
For ng ~ 500cm ™ and tex, ~ 4 x 10%yr, a total energy
of ~ 10%7 erg is sufficient to give rise to the bubble, i.e.
[ of the order of 10%. We also illustrate in the plot
estimates with only the Sedov-Taylor solution: in this
case the constraints on ng are overestimated by an order
of magnitude for a given age. This highlights the im-
portance of correctly accounting for the transition to the
radiative phase.
If instead the bubble has been constantly powered by
J1015 with constant E until the present time, Dokuchaev
(2002) developed the adiabatic solution

t'(R') =

5 1/5
Riubble(texp) = 0.929 <p—> £33, (13)
0

We show in Appendix 2 that this solution also applies to
the asymptotic radiative phase with a scaling factor of
0.821. The result is plotted in Figure 10 (right). For ng ~
500cm ™3 and texp ~ 4 x 101y, fi ~ 1% is sufficient.

4.5. Where is the SNR?

With a characteristic age of only 39 kyr, the true age of
J1015 should be of the same order or smaller, such that
the parent SNR may still be visible. As discussed, the
elongation of G283.1—0.59 indicates the pulsar’s direc-
tion of motion. In this region of the sky there are only
SNR G284.3—1.8 (Williams et al. 2015) and a candidate
SNR G282.8—1.2 (Misanovic et al. 2002). However, nei-
ther of them aligns with the nebula. There is also no
known massive star cluster in the general direction. As
we argued in Section 4.1, the pulsar could be traveling
at a low velocity, hence the supernova site should not be
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F1G. 10.— Bubble expansion time (¢) and ambient density (no) that give the observed bubble radius of 0.5 pc. Left: the case of sudden
initial energy release as in an SNR, according to the evolution model by Bandiera & Petruk (2004). The solid color lines represent different
total energies. The transition from the Sedov phase to the radiative phase, which is indicated by the black dotted line, leads to a power-law
evolution with a different slope. The dashed lines show the extrapolation of the adiabatic evolution. It is apparent that using the adiabatic
extrapolation largely overestimates ng for a given ¢. Right: the same for a bubble with constant energy injection rates. The evolution
curves transit from adiabatic to radiative regimes smoothly, and eventually approach a trend parallel to the original one.

too far from the pulsar’s current location, possibly within
the same dense clouds we found in the catalog. If this is
the case, the SNR could have already evolved to a late
stage and become unobservable.

Another possibility to investigate is whether the radio
bubble is indeed the parent SNR of J1015. If the pul-
sar were born at the bubble center, the offset to its cur-
rent location would imply a traverse velocity significantly
larger than the SNR expansion rate, with vpsr, 1 /Vsnr =
Toffset/ Rbubble = 2.5. A more serious issue with this pic-
ture is that the high ambient density observed is not suf-
ficient by itself to account for the small physical size of
the bubble if it is an SNR; an exceptionally sub-energetic
supernova explosion is also required. As we discussed in
Section 4.3 and showed in Figure 10, the observed bubble
size implies a total energy of ~ 10%” erg. This is much
lower than the typical supernova energy of 10°! erg.

In this scenario, the sub-energetic SNR has evolved
well beyond the Sedov phase, thus the particle ac-
celeration efficiency should have decreased consider-
ably (Bandiera & Petruk 2010). Although the magnetic
structure of G283.1—0.59 belongs to the relic SNR, it is
only detectable in radio because leptons are provided by
the pulsar to power the synchrotron emission. This is
also what the flat radio spectrum seems to suggest. This
situation could be similar to the case of SNR G5.4—1.2,
which shows a pulsar and associated PWN outside (while
not far from) the SNR boundary. The radio spectral in-
dex of the SNR limb is flatter when close to the pul-
sar position (Frail et al. 1994), a fact that could be at-
tributed to the radio emission from leptons with a hard
energy distribution leaking from the PWN. In short, the
interpretation of the bubble as an SNR would be ten-

able under various aspects, except for the requirement of
Ey about 10* times smaller than the average, making it
rather unlikely.

5. CONCLUSION

We presented radio observations of the field of
PSR J1015-5719 at 36, 16, 6, and 3cm taken with
MOST and ATCA. The radio images revealed a neb-
ula, G283.1—0.59, consisting of a diffuse head, a circular
bubble, and a collimated tail. Based on its positional
coincidence with the pulsar, its flat spectrum, and high
degree of linear polarization, we suggest that the source
is a newly discovered PWN system with the head as a
bow shock moving at a low Mach number and the bubble
as a shell expanding in a dense medium. We also consid-
ered an alternative scenario with the bubble as the parent
SNR. of the pulsar. However, this requires a supernova
explosion energy much smaller than the canonical value,
which does not seem plausible.

G283.1—0.59 presents a rare example of a slow-moving
bow-shock PWN; in which the pulsar spin axis misaligns
with the proper motion direction. On the other hand,
it shows similar B-field geometry and expanding bubble
feature as in other higher Mach number systems. This
implies that the bow shock properties could depend more
on other factors, such as the flow condition, instead of
the pulsar velocity.
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suggestions, Zhongxiang Wang for providing the IR and
optical data, and C. Woo for assistance with some of
the graphical works for this paper. The Molonglo Ob-
servatory site manager, Duncan Campbell-Wilson, was
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Fi1G. 11.— Left: illustration of the projected bow-shock standoff distance rp.0j. The black line is the bow-shock model given by Wilkin
(1996) and the blue line shows the line of sight with an inclination angle i. The axes are in units of g, the true standoff distance. Right:
the ratio between 79 and 7p.0j as a function of inclination angle (blue solid line). Note that the 7,0 is always larger than 7o and the result
is invariant under a transform of ¢ to 180° — ¢. A simple 1/sins relation is plotted by the green dashed line for comparison.
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APPENDIX

1. PROJECTED STANDOFF DISTANCE AND
SHAPE OF AN INCLINED BOW SHOCK

We start from the analytic formula derived by Wilkin
(1996), which describes a bow shock shape in polar co-

ordinates:
rps(6) = 70| csc8]4/3(1 — O cot H), (14)

where 7 is the radial distance from the origin (i.e. the
position of the star) and —m < 6 < 7 is the polar an-
gle from the direction of the standoff point, expressed in
radians. The shape described by the above equation is
universal, while the relative strength of the stellar wind
and the ambient ram pressure determine only the spatial
scale of the bow shock, namely ry. Of course, the exact
shape described by Equation (14) could actually be ob-
served only when the viewing angle is orthogonal to the
stellar velocity direction (i.e. inclination angle i = 90°).
We investigate here how the projected standoff distance,
Tproj, as well as the projected shape of an inclined bow
shock, depend on the inclination angle.

We first limit our analysis to the symmetry plane iden-
tified by the direction of the standoff point and the LOS
and passing through the origin. The LOS with slope
b = tani (i is defined modulo 7 radians) and a generic
projected displacement apo; from the origin can be de-

scribed by
QproiV 1+ b2
os(0) = _projv - ' 7 15
los () bcosf — sin 6 (15)

in polar coordinates. Note that 7,5 changes sign if 6
shifts by m radians. However, in polar coordinates it
identifies the same point. For a given value of b, if the
bow shock and the LOS intersect at 7bs(fint) = T10s(Fint ),
the projected distance from the origin is then

- eint cot eint)

3(1
aproj(Pine) = 7o 5g1(0int ) (b cot 9inc—1)\/ : 1+0b2

16
Consider a family of LOS with the same slope b but in(ter2
secting the bow shock at different 6;,¢; the one tangent
to the bow shock should have largest aproj and hence
(proj = Tproj il this case (see Figure 11 left). This can
be done analytically by putting daproj(fint)/dbims = 0.
The resulting formula is rather cumbersome, but it can
be simplified to

(Sin Bing ) (Bint — Sin Oing oS Oint ) — b [3 cos Bint
X (Bint — sin Gipg cos Oing ) — 2 sin® Him} =0. (17)

Solving this equation for 6;, is very complex, but the
solution for b is trivial:

b( eint ) = tan[i(@im)]
Sin Ging (Oint — sin Oing cos Oint)

(18)

3 08 Oing (Fing — Sin Oing o Bing) — 25in° Oy

(a sign change in 0;, implies a sign change in b and
hence in 7). Hence, for any values of intersection 6i,, we
can easily derive the related inclination angle: for that
angle, and only for that, Equation (16) actually gives
Tproj- Figure 11 (right) shows the resulting 705 as a
function of 7, obtained from a parametric plot with 6;,, as
the variable and the = and y values from Equations (18)
and (16). The result indicates that rpy0; is always larger
than the true standoff distance ry for any ¢ (except for
i = £90°, when it is equal to 7r¢) and it is different from
the simple sin7 dependence. The latter, which was used
by some authors in previous studies to correct for the
orientation, is therefore not even qualitatively correct.
A similar approach can also be used to derive the po-
sition of the projected limb along any LOS, and ulti-
mately, to derive the shape of the bow shock projected
at a generic inclination angle. We define a coordinate sys-
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Fic. 12.— Tllustration of a bow shock projected onto the plane of the sky and sliced in the z direction. This also indicates the choice of

coordinate system and symbols used in the calculation.

tem such that: x is directed along the bow shock axis,
toward its apex; y is the orthogonal axis lying on the
plane defined by & and the LOS; and z is orthogonal to
the previous two. Define 2/ as the z-axis projected onto
the plane of the sky, then the shape of the projected bow
shock is given by a function 2’ = 7p0j(2), where the z
coordinate of a point gives the displacement from the
projected axis (see Figure 12). We first slice the bow
shock along the z direction. For a given z value, the slice
of the bow shock in the x—y plane can be described by a
function 7(#), where 6 is the 2D polar angle. 7 is related
to r,s and z by

rg =7 +2% and (19)
Tps COS 0 = 7 cos 6. (20)

In Equation (20), the condition to have a solution for 6
is
22 <2 sin? 6 = 3(1 — 6 cot 6). (21)

In an analogous way as we did with Equation (15), we

define
x5 roj 1 2
D100 (0) = L2V IED (22)

 bcosf —sind

and take its intersection with 7 at éint, ie. f(éint) =

T1os(fint). After some simplification, we obtain the pro-
jected elongation (the equivalent in 3D of Equation (16))

Qproj (oinh Z) =17 [b cot Oy \/3(1 — B CO eint)

— \/3(1 — eint cot eint) — 22/’)"(2):| /\/1 + b2. (23)

Following the same procedure as before, we take the
derivative and finally derive

3(1 — eint cot eint)
1-— aint cot eint) — 22/7”3

b(bint , z) = tan[i(Oint, 2)] = \/3(

Sin Oint (fint — Sin Ging cos i)

. ——  (24)
308 Oint (Bint — SIN Ojng €08 Oing) — 2 sin” Ging
As a check, for z = 0, the factor within the square root
reduces to unity, and hence Equation 18 is recovered.
As illustrated in Figure 12, for a given offset z, figures
equivalent to Figure 11 (right) can now be easily obtained
as parametric plots of the variable 6, (where 0, satis-
fies the condition in Equation (21)) using Equations (24)
and (23). This gives 7proj(bint, 2), the coordinate of the
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Fi1c. 13.— Left: projected shapes of a bow-shock model by Wilkin (1996) with different inclination angles. Right: the same plot scaled
by 1/7proj(fint,0) to match the projected standoff distance. In both plots, the axes are in units of ro and the lines represent different
inclination angles of from 10° to 90°. (See Figure 11 for the definition of the inclination angle, ro, and 7pyoj.)

projected limb along the 2’ axis. By performing this cal-
culation for all z and 6y, values, 7p0j for all values of
1 can be obtained. On the other hand if 7 is given, we
need to solve Equation (24) to get Oin(z,7) (this is the
only part of the procedure that still needs to be done
numerically). The projected profiles of different inclina-
tion angles are shown in Figure 13 (left). As i decreases
from 90°, 7proj increases but the overall shape remains
similar. In real life, 705 is often the only observable
while 7 or ry are unknown; we therefore scale the plot by
1/7proj(Bint, 0) for comparison and the result is shown in
Figure 13 (right). Obviously, the change in the projected
shape is minimal and thus very difficult to distinguish be-
tween them from observations. Hence, we conclude that
the same analytic solution is a sufficiently good approx-
imation also for inclined cases with i different from 90°.

2. EXPANSION OF A BUBBLE WITH
CONTINUOUS INJECTION IN A
UNIFORM MEDIUM

We present here a thin-shell model of an expanding
bubble in a homogeneous ambient medium, in the case of
a continuous energy release at a constant rate E. The ap-
proach is similar to that presented by Bandiera & Petruk
(2004), for an initial energy of the bubble. We will also
model the transition from adiabatic to radiative phases.

The basic assumptions are that matter is confined to
a thin, spherically symmetric shell at the boundary of
the bubble, which contains all the kinetic energy of the
system, while all the thermal energy is contained in the
homogeneous interior of the bubble. The conservation of
mass and momentum in the shell are described by the
equations

dM :
—— =4mpoR*R and (25)
dt

d(](\iR) =47 PR?, (26)

where M and R are the mass and the radius of the shell,
respectively, P is the pressure, and py is the ambient
density. The above equations can be rearranged into

4

M:§p0R3 and (27)
. 3R> 3P

R+ =22, 28
YR TR (28)

Conservation of energy (total energy of the bubble in the
adiabatic phase) leads to the following equation for the
pressure (we adopt an adiabatic index v = 5/3)

dP E R p0R3
— = —5P— . 29
dt 27 R3 R R (29)
Instead, in the so-called radiative phase, only the internal
energy of the bubble is conserved, leading to

P E R

— = ——=—5P—. 30

dt  27R3 R (30)
In Bandiera & Petruk (2004) the energy was injected just
at the initial time by the supernova, so that E is zero,
while here we consider the case of vanishing initial en-
ergy but with a constant E > 0, which is more suitable
to describe a PWN powered by a long-lived pulsar. By
introducing the quantity

y(R) = R°R?, (31)
one can transform the equations above into
3ER® 6y
v =22 () (32)
Wpo\/g R ad

where the term with suffix “ad” is added only when treat-
ing the adiabatic phase. One can show that y(R) =
Q?R'/3 is a special solution for both the adiabatic and
the radiative equations, with

3 g\
Qad = =573 (—47Tp0> and (33)
. 1/3
3.28 ([ F
rad — ) 4
@rad T71/3 <47Tp0> (34)

respectively. The full transition from the adiabatic to
the asymptotic radiative case requires us to solve (nu-
merically) Equation (32), by imposing the continuity of
y(R) and y'(R) at the transition. Finally, given y(R),
the time evolution can be computed by solving (numer-
ically also in this case) Equation (31) for R(¢). In the
asymptotic cases i.e. Equations (33) and (34) above, the
solutions are:

R(t) = <§Qt> " (35)
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Therefore, it is apparent that here, apart from a

1.0C

o
[oe]
[4)]

(r / Virans) (t /ttrans)_gl5
o
(e}
)

0'8C0 5 10 15 20 25 30

t / ttrans

Fic. 14.— Transition from the adiabatic phase to the radiative
phase for a bubble expanding in a uniform medium with continu-
ous energy injection. The asymptotic behavior in these cases only
differs by a small constant factor of 0.821 (see Dokuchaev 2002,
and Equations (33)-(35)).

small offset, both the adiabatic and the asymptotic
radiative phases have the same power-law dependence
on time. This is qualitatively different from the case
with an energy release at the initial time, in which
the adiabatic (Sedov) phase has R(t) oc t2/°, while the
asymptotic radiative (or “pressure-driven snowplow”)
phase has R(t) o t?/7. This is also different from
the behavior of a PWN expanding inside an SNR (e.g.,
Reynolds & Chevalier 1984), since we assumed a static
ambient medium. For the adiabatic regime, the radius
estimated here in the thin-layer approximation is only
about 10% smaller (a factor 0.895) than the true value, as
computed by Dokuchaev (2002); for the radiative phase,
as the layer of matter is thinner, we expect the true value
of the radius to be approximated even better. Using the
correct coefficient for adiabatic evolution, the asymptotic
radiative solution is smaller than the extrapolation of the
adiabatic one by a constant factor 0.821. Figure 14 shows
the radial evolution at intermediate times.
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