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ABSTRACT

Pulsar wind nebulae (PWNe) produced from supersonic runaway pulsars can render extended X-ray structures in the form of tails
and prominent jets. In this Letter, we report on the analysis of ∼130 ks observations of the PWN around PSR J1135–6055 that were
obtained with the Chandra satellite. The system displays bipolar jet-like structures of uncertain origin, a compact nebula around the
pulsar likely formed by the bow shock ahead of it, and a trailing tail produced by the pulsar fast proper motion. The spectral and
morphological properties of these structures reveal strong similarities with the PWNe in other runaway pulsars, such as PSR J1509–
5850 and Geminga. We discuss their physical origin considering both canonical PWN and jet formation models as well as alternative
scenarios that can also yield extended jet-like features following the escape of high-energy particles into the ambient magnetic field.
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1. Introduction
The interaction of pulsar wind nebulae (PWNe) with the sur-
rounding interstellar medium (ISM) can render distinct morpho-
logical features, including torus-like structures and bipolar jets in
the case of pulsars that display slow proper motions, and bow-
shaped shocks and extended cometary tails when the pulsar is
moving at high velocities (see e.g., Gaensler & Slane 2006). In
the X-ray band, these structures have been resolved in detail in
a number of cases (Kargaltsev & Pavlov 2008). A small subset
of supersonically moving PWNe (sPWNe from now on) have
in addition been observed to display unusually long X-ray out-
flows. The most prominent examples of such outflows are found
in the Guitar Nebula (Hui et al. 2012) and in the Lighthouse
Nebula (Pavan et al. 2014), but the number of cases is gradually
increasing (Kargaltsev et al. 2017). The origin of these extended
jet-like structures is unknown, but their length, almost-rectilinear
geometry, and misaligned orientation with respect to the pulsar
proper motion are difficult to accommodate in the framework of
canonical pulsar jet formation theories. This has led to alterna-
tive interpretations, including a scenario in which particles accel-
erated at the PWN-medium shock interface escape the PWN
and diffuse into the ambient medium magnetic field, yielding
synchrotron emission that is then observed as quasi-rectilinear
jet-like structures (see Bandiera 2008). Recent numerical sim-
ulations seem to support such a scenario, also explaining the
asymmetric morphologies observed at both sides of the pulsar
(Barkov et al. 2019a). Deep observations of known sources and
the discovery of similar jet-like structures from new systems are
needed to understand their origins. PSR J1135–6055 is a new
sPWN candidate that displays extended jet-like features.

PSR J1135–6055 was discovered with the Fermi-LAT in a
blind search as an energetic gamma-ray only pulsar (de Luca et al.
2011). It is a young (τ ∼ 104 yr) and energetic pulsar (Ė &
1036 erg s−1) located at d ∼ 2.8 kpc and displaying a high proper
motion velocity of v⊥ . 330 km s−1 (Kargaltsev et al. 2017). The
analysis of archival Chandra data obtained from the observation

of the supernova remnant (SNR) G293.8+0.6, which also cov-
ers PSR J1135–6055, revealed for the first time the presence of
both the pulsar and its nebula in the X-ray band (Marelli 2012).
The SNR G293.8+0.6, likely associated with PSR J1135–6055,
was on the contrary not detected. The morphological proper-
ties of the extended emission around PSR J1135–6055 obtained
with these ∼37 ks Chandra observations unveiled two prominent
large-scale jet-like structures at both sides of the pulsar.

In this Letter, we report on the analysis of archival Chan-
dra observations of PSR J1135–6055, which amount to a total
of about ∼130 ks exposure time. We focus on the morphological
and spectral properties of this sPWN to constrain the nature of its
jet-like outflows. We compare our results with those reported for
other sPWNe, finding strong similarities with the PWNe around
PSR J1509–5850 and Geminga. Our results are interpreted in the
general framework of pulsar jet formation theory and in alterna-
tive scenarios that account for the production of jet-like features
from sPWNe.

2. Chandra observations, data analysis, and results
Chandra observed the field of view (FoV) that covers
PSR J1135–6055 on three occasions. The first data set (DS-1)
was aimed at the study of the nearby SNR G293.8+0.6.
These observations revealed the presence of PSR J1135–6055
and its PWN in X-rays for the first time. Further observa-
tions with Chandra were focused on the PWN itself, for a
total of ∼90 ks for DS-2 and DS-3. A summary of the Chan-
dra observations of PSR J1135–6055 is given in Table 1. The
three data sets correspond to observations performed in Chan-
dra’s VERY FAINT timed exposure mode using the instrument’s
ACIS-S detector. Data processing was performed using the
Chandra Interactive Analysis of Observations (CIAO) software
(Fruscione et al. 2006), version 4.11, together with Chandra’s
Calibration Database (CALDB), version 4.8.2. All observations
were reprocessed using chandra_repro in VFAINT background
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Table 1. Chandra observations covering PSR J1135–6055 used for the
analysis reported here.

Data set Obs. ID Date Exposure (ks)

1 3924 2003-08-24 36.11
2 15966 2014-12-30 55.54
3 17572 2015-01-03 35.73

Notes. Data set 1 (DS-1) corresponds to the study of SNR G293.8+0.6.
DS-2 and DS-3 correspond to subsequent dedicated Chandra obser-
vations of PSR J1135–6055. Columns show the archival observation
identifications, the dates the data were taken, and the total observation
exposure time.

cleaning mode. Unless otherwise noted, we considered only
events on the S3 (ccd_id = 7) chip and restricted the energy range
to 0.5−7.0 keV.

We used the fluximage CIAO tool to generate broadband
exposure-corrected flux maps for each of the three data sets.
We then employed the Voronoi Tessellation and Percolation
source detection tool vtpdetect on the reprocessed level = 2
event file using the previously generated exposure maps as this
method is optimized for the detection of low surface-brightness
extended sources (Ebeling & Wiedenmann 1993). The generated
source lists were used to remove sources in the FoV. We also
checked for the presence of X-ray flares by extracting and fil-
tering the background light curve (in temporal bins of 200 s
widths) for deviations larger than 3 sigma. The effective final
exposures obtained for each observation are 32.36 ks, 55.14 ks,
and 35.73 ks for DS-1, DS-2, and DS-3, respectively, for a total
of 127.38 ks (see Table 1).

We merged the three data sets to perform a morphological
analysis of PSR J1135–6055 and its surroundings. We employed
the WCS reference system for DS-2 since it is the longest of
the two dedicated pointings on the source and we assume that
between these two pointings there is no significant difference in
the astrometry. To merge DS-1, we applied the wavdetect tool
to detect point sources in both DS-1 and DS-2. The two out-
put source lists were then cross-matched to re-project the aspect
solution file of DS-1 using reproject_aspect. Finally, by run-
ning the CIAO tools wcs_match and wcs_update, we ensured
a common WCS reference system for the three data sets.

Merging was performed using the CIAO routine merge_obs,
with the bin size set to 1, in the broadband energy range
(0.5−7.0 keV). A map of the retrieved raw counts was then
divided by the corresponding exposure map and then normal-
ized with the exposure time to produce the final flux map (see
Fig. 1).

2.1. Results: Morphology

From the final flux map produced as explained in Sect. 2, two
asymmetric jet-like structures can be clearly distinguished in
addition to the PWN itself. The eastern jet-like feature, Jet-1,
appears more diffuse and displays a much more rectilinear struc-
ture compared to the western jet (Jet-2), which displays instead
an “arc” shape, likely related to the pressure exerted on the out-
flow by the surrounding medium.

In the FoV within 1 arcmin around the pulsar, there are
also six point-like X-ray detected background sources, marked
with a green circle in Fig. 1. Five of these are present in the
Chandra Source Catalogue (S1: 2CXO J113510.4–605605, S2:
2CXO J113512.2–605559, S3: 2CXO J113514.1–605605, S4:
2CXO J113509.9–605500, and S5: 2CXO J113503.0–605521).
The sixth point-like source (S6) is unassociated and shows sig-
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Fig. 1. Exposure-corrected flux map of the extended emission around
PSR J1135–6055 for energies in the range 0.5−7.0 keV. This image has
been smoothed with a 1.5′′ Gaussian kernel. The following regions are
shown: Jet-1 inner (white eastern polygon) and outer regions (dashed
white eastern polygon), Jet-2 (white western polygon), CN (cyan poly-
gon), and the pulsar J1135–6055 (magenta circle with a radius of 1.5′′).
Additionally, six point sources in the FoV are marked with green circles.

nificant flux variability between DS-1, DS-2, and DS-3. Further
studies are needed to constrain its nature and/or any possible
association at other wavelengths.

Surface brightness profiles were extracted for both Jet-1 and
Jet-2. Whereas the eastern jet displays a rather smooth flux
profile, the western feature displays a moderately significant
enhancement about 18′′ away from PSR J1135–6055, followed
by a flux decrease and recovery to a relatively smooth pro-
file afterward (see Fig. 2). These profiles further highlight the
asymmetry of the two jet-like structures. A flux profile was also
extracted for PSR J1135–6055 and its close nebula using eight
rectangular slices along the southeast to northwest direction (see
the left-hand panel in Fig. 2). The PWN displays extended emis-
sion along this axis, with a moderately broad flux profile that
extends significantly beyond the Chandra’s point spread func-
tion (PSF). This extended emission is interpreted as the nebula
powered by the central pulsar (and labeled in this Letter as the
“compact nebula”, CN).

2.2. Results: Spectra
Spectral fits were extracted for the PSR as well as for the Jet-
1 and Jet-2 regions. Jet-1 was further subdivided into an inner
and an outer region in order to look for spectral variations, for
example due to radiation losses. The low counts retrieved for the
CN impede a meaningful spectral fit to this component. We note
that some counts from the CN region may have been ascribed
to the PSR region, given their overlapping spatial distribution.
However, given the relative low counts from the CN region as
compared to the PSR one, the effects on the final spectral results
of the latter are negligible.

Simple power-law spectral models were employed in all
cases. For the PSR, adding a black-body component worsened
the fit results significantly. The best fit parameters for the PSR
component are a spectral index ΓPSR = 1.31 ± 0.29, a flux
normalization N0,PSR = (3.15 ± 1.12) × 10−6 ph s−1 cm−2, and
a column density NH = 0.51 ± 0.19 × 1022 cm−2. For the spec-
tral analysis of all Jet-1 and Jet-2 regions, column densities were
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Fig. 2. Surface brightness profiles along the CN around PSR J1135–6055 (left panel) and the eastern (Jet-1, middle panel) and western (Jet-2, right
panel) jet-like structures. The profile of the simulated Chandra PSF for a point-like source with spectral properties similar to the ones derived for
PSR J1135–6055 and normalized to its peak intensity at the location of the pulsar is also displayed in the left-hand panel.

Table 2. Spectral analysis results of Jet-1, Jet-2, and the PSR regions.

Γ N0 NH χ2/d.o.f.
(×10−6 ph s−1 cm−2) (×1022 cm−2)

PSR 1.31 ± 0.29 3.15 ± 1.12 0.51 ± 0.19 349/443 = 0.79
Jet-1 1.71 ± 0.08 15.06 ± 1.03 0.51 ± 0.19 496/444 = 1.12

Jet-1 inner 1.70 ± 0.11 8.10 ± 0.77 0.51 ± 0.19 411/444 = 0.93
Jet-1 outer 1.71 ± 0.12 6.93 ± 0.71 0.51 ± 0.19 399/444 = 0.90

Jet-2 1.88 ± 0.12 8.02 ± 0.78 0.51 ± 0.19 440/444 = 0.99

Notes. cstat statistics are used. NH values are fixed to the value found in the spectral fit of the PSR. Errors indicate the 1σ statistical level
uncertainty.

fixed to the value obtained in the spectral fit of the PSR. Spec-
tral indices for Jet-1 are found to be ΓJet1 = 1.71 ± 0.08 (with
Γinner

Jet1 = 1.70 ± 0.11 and Γouter
Jet1 = 1.71 ± 0.12), and they are

ΓJet2 = 1.88 ± 0.12 for Jet-2. A summary of the spectral fits
is reported in Table 2. These values are in agreement, within
uncertainties, with the values that were reported in Marelli (2012)
for a similar analysis of PSR J1135–6055 but which only took
into account Chandra observations available in 2003 (DS-1 in
Table 1).

2.3. Results: Proper motion

There is no accurate estimate of the proper motion velocity of
PSR J1135–6055. An upper limit of vJ1135,⊥ ≤ 330 km s−1 is
provided in Kargaltsev et al. (2017). We take advantage of the
time span of the Chandra observations studied here to con-
strain the velocity of PSR J1135–6055. Following the proce-
dures outlined in Sect. 2, we used wavdetect and wcs_match
to retrieve and then match the position of PSR J1135–6055
amongst data sets, taking DS-2 as a reference since it accounts
for the longest available exposure. PSR J1135–6055 is found at
(RA, Dec) = (11h35m08.38s ± 0.02s,−60◦55′36′′.49 ± 0.14′′) in
DS-1 and at (RA, Dec) = (11h35m08.41s±0.01h,−60◦55′36′′.29±
0.12′′) in DS-3. Therefore, a shift of (∆RA, ∆Dec)J1135

DS1,DS3 =

(0.035s ± 0.021s, 0.20′′ ± 0.19′′) is retrieved. Considering the
time span of ∼11.4 yr between DS-1 and DS-3, and applying
astrometric corrections, this translates into a shift of µJ1135 ≈

0.043 ± 0.028 arcsec yr−1. In order to account for systematic
effects, we applied the same procedure with the catalogued
sources S3 and S5, which we take as reference sources since
they are detected at a statistical significance above 5σ in our
analysis. A weighted mean angular shift for these two sources
was computed between DS-1 and DS-3, weighted with the
square of their positional uncertainties, which is found to be
(∆RA, ∆Dec)S3,S5

DS1,DS3 = (0.009s ± 0.023s, 0.463 ± 0.186′′). This

translates into a shift, after applying astrometric corrections, of
µS3,S5 ≈ 0.042 ± 0.031 arcsec yr−1. Since µJ1135 is within errors
at the level of µS3,S5, which we take as a systematic uncer-
tainty in our measurement, we used this value to derive an upper
limit to the velocity of PSR J1135–6055. Taking a distance of
dJ1135 = 2.9 kpc, this translates into vJ1135,⊥ ≤ 282 km s−1.

3. Discussion
The analysis of Chandra observations of PSR J1135–6055
reported in Sect. 2 reveals, in addition to the bright emission
from PSR J1135–6055, the presence of several extended fea-
tures likely connected to it, for example, by the shocked wind of
the pulsar moving at supersonic speeds through the surrounding
medium (Gaensler & Slane 2006; Bykov et al. 2017). A CN is
found extending beyond Chandra’s PSF, both ahead and behind
the PSR location, whereas two lateral jet-like structures display-
ing highly asymmetric geometry are also clearly distinguished.

Similar large X-ray extended features have been observed in
a few other PWNe (Kargaltsev et al. 2017). The morphology of
PSR J1135–6055 is reminiscent of that observed in the runaway
pulsars PSR J1509–5850 (Klingler et al. 2016) and Geminga
(Posselt et al. 2017), both of which display an axial tail and
two lateral outflows. Assuming a distance to PSR J1135–6055
of dJ1135 = 2.9 kpc (Marelli 2012), similar physical extensions
of these structures are also recovered for the tail and jet-like
features, respectively: 0.05 pc and 0.13−0.18 pc in PSR J1509–
5850 (or 2.7′′ and 7−10′′ at a distance dJ1509 = 2.9 kpc); 0.07 pc
and ∼0.3 pc in Geminga (or 1.2′ and 5′ assuming dGeminga =
0.25 kpc); and 0.04 pc and ∼0.5−0.7 pc in PSR J1135–6055 (or
2.8′′ and 0.5−1′ for dJ1135 = 2.9 kpc).

The origin of the extended emission in front of PSR J1135–
6055 and the two lateral outflows is uncertain. We tentatively
interpret the extended emission ahead of PSR J1135–6055 as
the region encompassed by the bow shock in an sPWN. Its
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extension, of about 2 arcsec or ∼8.7 × 1016 cm at a distance of
dJ1135 = 2.9 kpc, should be on the order of the standoff radius
RS and can be used to infer the proper motion velocity of the
system: vpsr ≈ (ĖPW (1/4 π c ρISMR2

S)1/2 ∼ 210 km s−1, taking
ĖPW = 2.1 × 1036 erg s−1 and an ISM particle density of nISM =
1 cm−3. This estimate is in accordance with the value obtained
in Sect. 2.3, vpsr ≤ 282 km s−1. We have assumed here that the
entire spin-down power of PSR J1135–6055 is carried away by
the pulsar wind (ξ = 1), which is in turn taken to be isotropic
for simplicity ( fiso = 1). The value of vpsr depends on these
parameters, vpsr ∝ (ξ fiso)1/2, and can therefore change within
a factor of a few. The physical origin of the CN emission around
the PSR would correspond in this scenario to the pulsar equa-
torial outflow shocked by the ISM ram pressure either ahead of
or trailing the pulsar proper motion. As for the lateral outflows,
they would correspond to bipolar jets, again bent by the external
pressure of the medium. The asymmetry observed between the
eastern and western outflows could be due to: their differ-
ent directions of propagation with respect to the pulsar proper
motion; a different relative kinetic power injected into each
outflow; or the different properties of the ISM through which
they propagate. Similar scenarios have been proposed for the
Geminga PWN (Pavlov et al. 2006). This interpretation is also
in accordance with recent numerical simulations of extended
outflows that originated in fast-moving PWNe (Barkov et al.
2019b). The behavior obtained for the PSR J1135–6055 outflows
resembles instead the ones found in PSR J1509–5850, displaying
indices of ∼1.8 and 1.9. Geminga and PSR J1509–5850 also dis-
play axial tails trailing the pulsar, with spectral indices of Γ & 2.0
and 1.4, respectively. Unfortunately, the low statistics obtained
in this report for the CN region around PSR J1135–6055 prevent
any further comparison of the tail’s spectral properties.

In this scenario, the observed X-ray emission would be pro-
duced by high-energy electrons embedded in the jets’ mag-
netic field, Bjet. The absence of any significant spectral break
due to synchrotron cooling along the jets (particularly for
the inner and outer regions of Jet-1) implies that τsync ≈

100 (Eph/1 keV)1/2 (Bjet/50 µG)3/2 ≥ τdyn ∼ ljet/vjet, where ljet
and vjet are the jet length and flow velocity, respectively. A
lower limit on the bulk velocity of the jet outflows can thus
be placed: vjet & 8000 km s−1. The fact that electrons are con-
fined within the jet, on the other hand, implies that their gyrora-
dius, rgyro = γe mec2/eBjet, cannot exceed the jet radius, Rjet.
For a given magnetic field, Bjet, this condition can be used
to derive a maximum Lorentz factor of the emitting electrons
along the jet, γmax

e . A minimum value, γX
e,min, is on the contrary

needed for synchrotron emission to reach the X-ray band for
the same value of Bjet. Putting these limits together, one obtains
6.3 × 107(B/50 µG)−1/2 ≤ γX

e ≤ 3.7 × 109(B/50 µG).
An alternative interpretation for the CN in PSR J1135–6055

and the two lateral outflows can also be envisaged. The CN
in PSR J1135–6055 could represent the projection of a limb-
brightened shell formed in the region of the contact discontinu-
ity that separates the pulsar-shocked wind from the shocked ISM
material. The CN around the PSR could correspond in this sce-
nario to a pulsar jet launched along the pulsar’s spin axis. Given
the moderately high speed of PSR J1135–6055, such a forward
jet would propagate ahead for a relatively short distance as it
would be braked and eventually deflected by the strong pressure
exerted by the ISM, whereas it should be able to propagate for
longer distances behind the PSR. In this regard, it is worth not-
ing that the extended emission observed from the long, eastern
outflow Jet-1 is wider than the western jet-like outflow, and it
is relatively nonhomogeneous (see Fig. 1). In particular, a few
arcseconds away from the position of the pulsar, Jet-1 seems

to be divided into two broad quasi-rectilinear structures, which
are separated from each other by a region displaying a compar-
atively low surface brightness. At larger distances, these struc-
tures smoothly converge again into a diffuse, wider structure.
While the inner and outer regions of Jet-1 may still not represent
a proper jet but instead the limb-brightened shell of the PWN,
the inner outflow could be attributed to emission produced by a
backward-propagating jet, slightly bent by the external medium
pressure, which, at large distances, approaches the eastern limb
of the PWN shell. We note, however, that a similar structure may
also be produced by a ram-pressure confined PWN tail. In that
case, however, a bending would not be expected as the tail should
propagate along the direction of motion, confined by an almost
symmetrical lateral pressure. Deeper observations of the PWN
around PSR J1135–6055 are in any case needed to conclusively
assess whether this eastern outflow is indeed composed of sev-
eral extended substructures (see, e.g., Pavan et al. 2016).

The spectral and morphological properties of the extended
structures discussed above do not rule out alternative scenar-
ios for the production of the jet-like structures observed in
PSR J1135–6055. Assuming that the lateral outflows correspond
to true pulsar jets, a significant bending would be expected, and
this bending is indeed clearly observed in our morphological
analysis, particularly for the western outflow. This is contrary
to more extreme jet-like features seen in other sPWNe (e.g.,
in the Guitar Nebula, Hui et al. 2012 and the Lighthouse Neb-
ula, Pavan et al. 2014), in which the length and orientation of
these features favor a scenario based on the diffusion of high-
energy escaping electrons (or “kinetic jets”, Barkov et al. 2019a)
from the sPWN. On spectral grounds, our analysis could not
retrieve any softening along the jet-like features that could con-
strain the energy distribution of the underlying emitting parti-
cle population (see e.g., Bandiera 2008). Further observations of
PSR J1135–6055, both in X-rays and at lower wavelengths (e.g.,
in the radio band), may be able to resolve such a spectral finger-
print.
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