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Pulsar Wind Nebula

ANRV284-AA44-02 ARI 28 July 2006 13:47

Figure 2
(a) A deep Chandra X-ray image of the composite SNR G21.5–0.9 (Matheson & Safi-Harb
2005). A circular supernova remnant (SNR) of diameter ≈5′ surrounds a symmetric pulsar
wind nebula (PWN) of diameter ≈1.′5, with the young pulsar J1833-1034 at the center (Gutpa
et al., 2005; Camilo et al., 2006). The central location of the pulsar and PWN and the
symmetric appearance of the PWN and SNR both argue for a relatively unevolved system in
which the PWN expands freely and symmetrically into the unshocked interior of the SNR.
(b) A schematic diagram of a composite SNR showing the swept-up interstellar medium shell,
hot and cold ejecta separated by the reverse shock, and the central pulsar and its nebula. The
expanded PWN view shows the wind termination shock. Note that this diagram does not
correspond directly to G21.5–0.9, in that a significant reverse shock has probably yet to form
in this young SNR.

have been recently discussed by van der Swaluw, Downes & Keegan (2004), Melatos
(2004), and Chevalier (2005).

The outline of this review is as follows: in Section 2 we explain the basic ob-
servational properties of pulsars and their nebulae; in Section 3 we review current
understanding of the evolutionary sequence spanned by the observed population of
PWNe; in Section 4 we discuss observations of PWNe around young pulsars, which
represent the most luminous and most intensively studied component of the popu-
lation; in Section 5 we consider the properties of the bow shocks produced by high
velocity pulsars; and in Section 6 we briefly describe other recent and interesting
results in this field.

2. OVERALL PROPERTIES

2.1. Pulsar Spin Down

Because a pulsar’s rotational energy, Erot , is the source for most of the emission seen
from PWNe, we first consider the spin evolution of young neutron stars.

20 Gaensler · Slane
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Theoretical Predictions

• Mnb ∼ 10−7 M⊙  

• MNS ∼ 1.4 M⊙  
• Age expectation 

for magnetar or 
RNS: 10-100 yrs 

(Murase et al. 2016)

A burst in a bubble for HEGFs and afterglows 1503

Figure 4. Time evolution of the local DM due to the baryonic ejecta, for
three scenarios considered in this work.

uncertain. In Fig. 3, assuming a mean atomic number Ā = 10
and the singly ionized state (implying the electron density next

e ≈
next(µeĀ)−1) with Text = 105 K (Hamilton & Sarazin 1984), we
estimate the free–free absorption optical depth (τ ff). Note that real-
istic values may be smaller since the external ejecta is expected to
be essentially neutral at late times. As shown in Fig. 3, the free–free
absorption can be the most relevant for the propagation of radio
waves in the magnetar scenario, and the radio waves may be ab-
sorbed at T ! 30–100 yr. In the RNS scenario, due to the large
spin-down power, the SSA process is expected to play a dominant
role in the attenuation of radio waves. In the MWD scenario, the
system is transparent to both radio and gamma-ray emission.

We also calculate the DM due to the baryonic ejecta, and the
results are shown in Fig. 4. In principle, it is possible for the baryonic
ejecta to significantly contribute to the DM. However, interestingly,
we find that the ejecta contribution may typically be limited to
DM ! 10–100 pc cm−3, because large densities of ionized electrons
also increase τ ff.

There are other plasma processes that could also be relevant. The
plasma frequency is given by νpl = (1/2π) × (4πnext

e e2/me)1/2 ≃
9.0 × 105 Hz

√
next

e,4, below which electromagnetic waves cannot
propagate in the medium. One can see that the induced-Compton
and induced-Raman scattering in the cold plasma can be neglected
at T " 30–100 yr. For example, the optical depth to the induced-
Compton scattering in the external ejecta is estimated to be (e.g.
Wilson & Rees 1978; Lyubarsky 2008)

τ ext
ind (ν) ≈ 3σTcnext

e LFRB$t

32π2meν3R2
ext

≃ 2.1 × 10−6 LFRB,43$t−3ν
−3
9 next

e,4R
−2
ext,17. (32)

3 H I G H - E N E R G Y G A M M A - R AY F L A S H E S

Pulsar winds are highly relativistic outflows that are initially
Poynting-dominated (Michel 1969). An impulsive energy injection
with an intrinsic duration δt, which may originate from magnetic
dissipation in the magnetosphere (e.g. Thompson & Duncan 1995,
2001) or around current sheets in the wind zone (e.g. Gill & Heyl
2010; Elenbaas et al. 2016), or perhaps from the spin-down power,
may lead to the formation of a highly relativistic outflow with
Lorentz factors &0. Such a highly relativistic impulse is expected
to initially propagate in the pre-existing pulsar wind, which is itself
also Poynting-dominated. We focus on the cases of &0 ≫ 1, al-

though the bulk acceleration depends on how many pairs are loaded
in the flow as well as details of the magnetic dissipation.4 The mag-
netic energy would be the most promising energy source in our
model. The magnetic energy tapped in the star is (cf. Katz 1982;
Kashiyama et al. 2013; Zhang 2014)

Emag ≈ 1
6
B2

∗R
3
∗

=

⎧
⎪⎨

⎪⎩

1.7 × 1048 ergB2
c,15.5R

3
∗,6 (magnetar)

1.7 × 1043 ergB2
c,13R

3
∗,6 (RNS)

2.1 × 1045 ergB2
c,9.5R

3
∗,8.7 (MWD)

, (33)

where Bc is the internal magnetic field, which could be larger than
the surface magnetic field B∗. Note also that, in principle, the spin-
down power Lsd can be relevant as an alternative energy source
in a certain model involving RNSs (e.g. Totani 2013, for NS–NS
mergers).

Hereafter, we use t as the elapsed time after a burst. The distance
between a compact remnant and its nebula is denoted by r0, which
can be smaller than Rnb. Note that the central remnant may receive
a kick by, e.g., the SN explosion. In the NS case, the typical kick
velocity is Vk ∼ 500 km s−1. The distance the NS travels is Rk ≈ VkT
≃ 1.6 × 1017 cm(Vk/500 km s−1)T10yr, which can be comparable to
Rnb, and r0 is given by r0 = Rnb − Rk for Rk < Rnb.

3.1 GeV–TeV flares from a forward shock

An impulsive flow with &0 ∼ 104–106 is decelerated as soon as it
reaches the nebula. The deceleration is quick since the decelera-
tion radius r& ≈ [3E/(4πnnbmec

2&2
0)]1/3 is typically much smaller

than r0. For a sufficiently large energy injected into the nebula,
the compressed nebula becomes relativistic. As suggested for the
Crab pulsar flares (e.g. Komissarov & Lyutikov 2011; Kohri et al.
2012; Bühler & Blandford 2014), the Doppler-boosted nebular
emission may generate photons whose energy is higher than the
synchrotron energy limited by radiation losses, and a possible ap-
plication to FRBs has also been discussed (Lyubarsky 2014). We
assume that the shell width at r0 is c$t in the observer frame,
where $t ≈ max[δt, r0/(2&2

0c)] gives the duration of the HEGFs.
The duration can be $t ≈ δt ∼ 1 ms (as in FRBs), but it may
be as long as $t ≈ r0/(2&2

0c) ≃ 1700 sr0,16&
−2
0,1 (for GRB-flare-

like Lorentz factors). The Lorentz factor of the shocked region &

can be determined by the pressure balance. For a magnetic piston
or unmagnetized ejecta in the thick shell limit, & is estimated by
E/(4πr2&2c$t) ≈ 4&2pnbξ , where pnb is the nebular pressure and
ξ < 1 is a pre-factor due to radiation energy losses. The Lorentz
factor of the shocked region roughly becomes

& ∼

⎧
⎪⎪⎨

⎪⎪⎩

1100E1/4
48 B

1/2
∗,15$t

−1/4
−3 T

1/2
10yr (magnetar)

3.6E1/4
43 B

1/2
∗,12.5$t

−1/4
−3 T

1/2
10yr (RNS)

280E1/4
45 B

−1/2
∗,9 Pi,1$t

−1/4
−3 (MWD)

(34)

in the three scenarios. Hereafter, we consider & ∼ 10–1000, and in
this subsection, for demonstration purposes, we use the reference
parameters of the magnetar scenario.

In young nebulae, the immediate upstream is filled with pre-
accelerated particles with a typical Lorentz factor of γ b (for the

4 There may be prompt emission associated with magnetic reconnections.
In the magnetar scenario, it may be observed as giant flares (or short bursts
in X-rays), as discussed in Section 5.

MNRAS 461, 1498–1511 (2016)

 at U
niversiteit van A

m
sterdam

 on January 5, 2017
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

Murase et al. 2016

Samayra Straal 13 February 2017, Aspen



Measured vs. NE2001 DM
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G141.2+5.0



Theoretical Predictions

• Measurable DM 
contribution from 
Galactic PWNe

A burst in a bubble for HEGFs and afterglows 1503

Figure 4. Time evolution of the local DM due to the baryonic ejecta, for
three scenarios considered in this work.

uncertain. In Fig. 3, assuming a mean atomic number Ā = 10
and the singly ionized state (implying the electron density next

e ≈
next(µeĀ)−1) with Text = 105 K (Hamilton & Sarazin 1984), we
estimate the free–free absorption optical depth (τ ff). Note that real-
istic values may be smaller since the external ejecta is expected to
be essentially neutral at late times. As shown in Fig. 3, the free–free
absorption can be the most relevant for the propagation of radio
waves in the magnetar scenario, and the radio waves may be ab-
sorbed at T ! 30–100 yr. In the RNS scenario, due to the large
spin-down power, the SSA process is expected to play a dominant
role in the attenuation of radio waves. In the MWD scenario, the
system is transparent to both radio and gamma-ray emission.

We also calculate the DM due to the baryonic ejecta, and the
results are shown in Fig. 4. In principle, it is possible for the baryonic
ejecta to significantly contribute to the DM. However, interestingly,
we find that the ejecta contribution may typically be limited to
DM ! 10–100 pc cm−3, because large densities of ionized electrons
also increase τ ff.

There are other plasma processes that could also be relevant. The
plasma frequency is given by νpl = (1/2π) × (4πnext

e e2/me)1/2 ≃
9.0 × 105 Hz

√
next

e,4, below which electromagnetic waves cannot
propagate in the medium. One can see that the induced-Compton
and induced-Raman scattering in the cold plasma can be neglected
at T " 30–100 yr. For example, the optical depth to the induced-
Compton scattering in the external ejecta is estimated to be (e.g.
Wilson & Rees 1978; Lyubarsky 2008)

τ ext
ind (ν) ≈ 3σTcnext

e LFRB$t

32π2meν3R2
ext

≃ 2.1 × 10−6 LFRB,43$t−3ν
−3
9 next

e,4R
−2
ext,17. (32)

3 H I G H - E N E R G Y G A M M A - R AY F L A S H E S

Pulsar winds are highly relativistic outflows that are initially
Poynting-dominated (Michel 1969). An impulsive energy injection
with an intrinsic duration δt, which may originate from magnetic
dissipation in the magnetosphere (e.g. Thompson & Duncan 1995,
2001) or around current sheets in the wind zone (e.g. Gill & Heyl
2010; Elenbaas et al. 2016), or perhaps from the spin-down power,
may lead to the formation of a highly relativistic outflow with
Lorentz factors &0. Such a highly relativistic impulse is expected
to initially propagate in the pre-existing pulsar wind, which is itself
also Poynting-dominated. We focus on the cases of &0 ≫ 1, al-

though the bulk acceleration depends on how many pairs are loaded
in the flow as well as details of the magnetic dissipation.4 The mag-
netic energy would be the most promising energy source in our
model. The magnetic energy tapped in the star is (cf. Katz 1982;
Kashiyama et al. 2013; Zhang 2014)

Emag ≈ 1
6
B2

∗R
3
∗

=

⎧
⎪⎨

⎪⎩

1.7 × 1048 ergB2
c,15.5R

3
∗,6 (magnetar)

1.7 × 1043 ergB2
c,13R

3
∗,6 (RNS)

2.1 × 1045 ergB2
c,9.5R

3
∗,8.7 (MWD)

, (33)

where Bc is the internal magnetic field, which could be larger than
the surface magnetic field B∗. Note also that, in principle, the spin-
down power Lsd can be relevant as an alternative energy source
in a certain model involving RNSs (e.g. Totani 2013, for NS–NS
mergers).

Hereafter, we use t as the elapsed time after a burst. The distance
between a compact remnant and its nebula is denoted by r0, which
can be smaller than Rnb. Note that the central remnant may receive
a kick by, e.g., the SN explosion. In the NS case, the typical kick
velocity is Vk ∼ 500 km s−1. The distance the NS travels is Rk ≈ VkT
≃ 1.6 × 1017 cm(Vk/500 km s−1)T10yr, which can be comparable to
Rnb, and r0 is given by r0 = Rnb − Rk for Rk < Rnb.

3.1 GeV–TeV flares from a forward shock

An impulsive flow with &0 ∼ 104–106 is decelerated as soon as it
reaches the nebula. The deceleration is quick since the decelera-
tion radius r& ≈ [3E/(4πnnbmec

2&2
0)]1/3 is typically much smaller

than r0. For a sufficiently large energy injected into the nebula,
the compressed nebula becomes relativistic. As suggested for the
Crab pulsar flares (e.g. Komissarov & Lyutikov 2011; Kohri et al.
2012; Bühler & Blandford 2014), the Doppler-boosted nebular
emission may generate photons whose energy is higher than the
synchrotron energy limited by radiation losses, and a possible ap-
plication to FRBs has also been discussed (Lyubarsky 2014). We
assume that the shell width at r0 is c$t in the observer frame,
where $t ≈ max[δt, r0/(2&2

0c)] gives the duration of the HEGFs.
The duration can be $t ≈ δt ∼ 1 ms (as in FRBs), but it may
be as long as $t ≈ r0/(2&2

0c) ≃ 1700 sr0,16&
−2
0,1 (for GRB-flare-

like Lorentz factors). The Lorentz factor of the shocked region &

can be determined by the pressure balance. For a magnetic piston
or unmagnetized ejecta in the thick shell limit, & is estimated by
E/(4πr2&2c$t) ≈ 4&2pnbξ , where pnb is the nebular pressure and
ξ < 1 is a pre-factor due to radiation energy losses. The Lorentz
factor of the shocked region roughly becomes

& ∼

⎧
⎪⎪⎨

⎪⎪⎩

1100E1/4
48 B

1/2
∗,15$t

−1/4
−3 T

1/2
10yr (magnetar)

3.6E1/4
43 B

1/2
∗,12.5$t

−1/4
−3 T

1/2
10yr (RNS)

280E1/4
45 B

−1/2
∗,9 Pi,1$t

−1/4
−3 (MWD)

(34)

in the three scenarios. Hereafter, we consider & ∼ 10–1000, and in
this subsection, for demonstration purposes, we use the reference
parameters of the magnetar scenario.

In young nebulae, the immediate upstream is filled with pre-
accelerated particles with a typical Lorentz factor of γ b (for the

4 There may be prompt emission associated with magnetic reconnections.
In the magnetar scenario, it may be observed as giant flares (or short bursts
in X-rays), as discussed in Section 5.
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LOFAR search

• Search for pulsars in 8 
known and new SNRs and 
PWNe 

• Low-frequency beam might 
pass Earth 

• Some pulsars are brighter at 
low frequencies

ASTRON
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Sources
Source Object Diameter Previous 

searched
Sensitivity 

400-1420MHz
Sensitivity 

LOFAR 150 MHz

G049.2-0.7 SNR + PWN 
(?)

25 ’ 2%-15% 0.5-0.6 mJy ~ 1.2 mJy
G063.7+1.1 SNR + PWN 8 ’ - - ~ 0.3 mJy

G065.3+5.7 SNR 310’ X 240’ < 1 % 0.9-0.1 mJy ~ 1.2 mJy

G074.9+1.2 SNR + PWN 8 ’ x 6 ’ full 0.4-1.1 mJy ~ 0.3 mJy

G093.3+6.9 SNR + PWN? 27 ’ x 20 ’ full 0.8 mJy ~ 0.3 mJy

G141.2+5.0 PWN + NS 3.5 ’ new - ~ 0.3 mJy

G150.3+4.5 SNR ~150 ’ new - ~ 1.2 mJy

G189.1+3 SNR + NS 30 ’ x 36 ’ full 0.4 mJy ~ 0.3 mJy

Samayra Straal 13 February 2017, Aspen



G141.2+5.0
Source Object Diameter Beams Pulsar?

G049.2-0.7 SNR + PWN (?) 25 ’ 91 no

G063.7+1.1 SNR + PWN 8 ’ 7 no

G065.3+5.7 SNR 310 ’ X 240 ’ 91 no

G074.9+1.2 SNR + PWN 8 ’ x 6 ’ 1 no

G093.3+6.9 SNR + PWN (?) 27 ’ x 20 ’ 91 no

G141.2+5.0 PWN + NS(new) 3.5 ’ 7 ?

G150.3+4.5 SNR ~150 ’ 91 no

G189.1+3 SNR + NS 30 ’ x 36 ’ 1 no

Samayra Straal 13 February 2017, Aspen



G141.2+5.0
• PWN in Cygnus arm 

discovered by Kothes et al. 
2014 

• In a small HI bubble. Shell 
contains ~35Mo 

• Reynolds & Burkowski 
2016 discovered a central 
X-ray point source (NS) 

• Lorimer searched for 
pulsar with GBT at 800 
MHz, no detection

higher energies. Kennel & Coroniti (1984b) simply threw up
their hands at the problem of the Crab Nebula’s radio emission,
as it could not easily be accommodated in their otherwise very
successful scheme of an ideal steady MHD outflow in spherical
geometry. Suggested solutions typically invoke a totally
separate particle population produced through a separate
process; e.g., Atoyan (1999), who proposes that the radio-
emitting electrons were injected early in the life of the nebula
and have simply aged since. (This picture requires the Crab
pulsar to have been born with an initial rotation period of
3–5 ms, a striking assertion.) Additionally, steepening of the
spectrum between radio and X-rays by an amount greater than
the increase in power-law index of 0.5 expected for
synchrotron losses in homogeneous sources is almost uni-
versally observed (e.g., data in Chevalier 2005). Is this an
intrinsic property of the particle acceleration mechanism? If so,
in the wind, at the termination shock, or elsewhere? Advection
models can reproduce this steepening purely from evolutionary
effects on an initial straight power-law (Reynolds 2009) at the
expense of invoking ad-hoc gradients in source properties. The
comparison of X-ray and radio properties is the most effective
way to address these important questions; ideally, X-ray
observations can also reveal the powering neutron star, even
if it is not detectable in radio pulsations.

2. G141.2+5.0

The discovery of additional PWNe has occurred in recent
years primarily at very high photon energies. However, those
objects have turned out mostly to be far older and interacting
directly with ISM, introducing additional complications in
modeling. An alternative approach is to start with objects of
known radio properties, the original defining characteristics of
PWNe. One such object, only recently discovered, is G141.2
+5.0, found in Canadian Galactic Plane Survey (CGPS; Taylor
et al. 2003) observations using the Dominion Radio Astronomy
Observatory (DRAO) at 1.4 GHz (Kothes et al. 2014,

hereafter K14). This object, the first radio-discovered PWN
in 17 years (see Figure 1), has a 1.4 GHz flux density of
0.14 Jy, and center-brightened morphology with high radio
polarization (15% integrated over the source, but reaching 40%
at peak). It thus has all the earmarks of a normal radio PWN—
except for the spectrum, which is much steeper:

0.69 0.05a = - , more characteristic of an extragalactic
source (even a little too steep for typical shell SNRs). K14
review alternate possible interpretations of the source, but the
complete absence of obvious counterparts in infrared, optical,
or soft X-ray surveys rules out H II regions or nearby radio
galaxies. Cluster halos normally have too steep spectra
( 1.01a - ) while cluster relics have similarly steep spectra
but also much less spherical morphologies. The discovery we
report here of an X-ray point source coincident with the
intensity peak of G141.2+5.0 essentially confirms the PWN
interpretation.
G141.2+5.0 shows the center-brightened morphology and

substantial (also center-brightened) linear polarization char-
acteristic of the class. H I observations give a kinematic
distance of 4 0.5 kpc, but also reveal a surrounding shell of
H I with a radius of about 6¢, expanding at 6 km s−1 (K14).
Faraday rotation observations imply a substantial amount of
internal Faraday rotation, indicating significant thermal ionized
gas. These latter properties, along with the steep radio
spectrum, make G141.2+5.0 a highly unusual PWN.
While the radio spectrum of G141.2+5.0 is anomalous for a

PWN, K14 cite two other PWNe with steep radio spectra:
G76.9+1.0 (Landecker et al. 1993) and DA 495 (Kothes et al.
2008). G76.9+1.0 shows a fairly circular envelope of diameter
about 7¢ enclosing two maxima in radio (Figure 2; Landecker
et al. 1993), and a known pulsar between them: with a period of
24 ms and a rotational energy-loss E 1.2 1038˙ = ´ erg s−1, it is
the second most energetic pulsar in the Galaxy (Arzoumanian
et al. 2011). (This confirms that unprepossessing nebulae may
contain unusual pulsars.) It also contains a tiny (16 10´ )

Figure 1. DRAO image in polarized intensity at 1420 MHz of G141.2+5.0
(Kothes et al. 2014). The resolution is 56 48´ . Total-intensity contours are
shown in white. The bulge in the lowest contour is an unrelated point source
The point-source position is indicated by the red cross (much larger than the
positional uncertainty).

Figure 2. DRAO image in total intensity at 1420 MHz of G76.9+1.0
(Landecker et al. 1993). The resolution is 15 14´ . Contours near the center
show the X-ray PWN (Arzoumanian et al. 2011).

2

The Astrophysical Journal Letters, 816:L27 (5pp), 2016 January 10 Reynolds & Borkowski
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Promising candidate
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Measured vs. NE2001 DM
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G141.2+5.0



Summary

• Theoretical predictions predict no measurable local-
DM contribution to the FRB after ~ 100 yrs. 

• But: the Galactic PWN DM contribution is ~ 27 pc/cc 
(age independent)  

• Pulsar candidate in new PWN G141.2+5.0, 
confirmation observations are ongoing
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