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Outlook

• Review of main features related to observational parameters (for a theoretical 
review see lecture by J. Arons - Thursday 7th 9:00h ): From the neutron star 
to the nebula

• Dynamical and spectral evolution of PWNe

• The Crab Nebula and a few observational examples

• PWN at Very high energy: what can we learn from them?

Some slides borrowed from:
- P. Slane
- F. Aharonian
- E. Amato

http://chandra.harvard.edu/photo/2002/0052/animations.html

http://chandra.harvard.edu/photo/2002/0052/animations.html
http://chandra.harvard.edu/photo/2002/0052/animations.html
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Pulsar Wind Nebulae (PWN or plerions)

✦ Pulsed emission
✴ Polar cap
✴ Outer gap
✴ Slot gap

✴ Non-thermal pulsed soft photons 
target -> Pulsed IC emission

✴ Thermal isotropic radiation target       
->Steady GeV emission

✦ Synctrotron Nebula
✦ IC

✴ Unpulsed emission
✴ Seeding on photons from the 

CMB, IR, UV and synchrotron
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Pulsar Wind Nebulae (PWN or plerions)

Calorimeters that collect the rotation energy lost by fast-spinning 
magnetised neutron stars

• Electric and magnetic fields dominate 
this region

• Rotating B produces an enormous E 

• Tears particles from the stellar surface 
and accelerate up to high energies.

• e± cascada filling the magnetosphere 
and co-rotating with it

• At the LC the particles escape, carrying 
away magnetic flux and energy as an 
ultrarelativistic, magnetised wind.

rLC=cP/2π
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Chandra (X-ray; 0.1 keV<E<50 keV)
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Chandra (X-ray; 0.1 keV<E<50 keV)
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Fermi-LAT (HE; 100 MeV<E<100 GeV)
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Figure 6. Gamma-ray luminosity Lγ vs. the rotational energy-loss rate Ė. Dashed line: Lγ equal to Ė. Dot-dashed line: Lγ proportional to the square root of Ė. Lγ is
calculated using a beam correction factor fΩ = 1 for all pulsars and the integral energy flux G100 from the on-pulse spectral analysis (see Section 2.2), except for PSRs
J1836+5925 and J2021+4026, which use the total background-corrected phase-averaged flux, including a relatively bright unpulsed component (see Section 2.2). For
the Crab we also plot the total high-energy luminosity, Ltot = LX + Lγ , indicated by *. Several notable pulsars have been labeled. Blue squares: gamma-ray-selected
pulsars. Red triangles: millisecond gamma-ray pulsars. Green circles: all other radio-loud gamma-ray pulsars. Unfilled markers indicate pulsars for which only a
DM-based distance estimate is available (see Table 5). Pulsars with two distance estimates have two markers connected with dashed error bars.
(A color version of this figure is available in the online journal.)

Figure 7. Value of the exponential cutoff Ecutoff vs. the magnetic field at
the light cylinder, BLC. The statistical uncertainties on Ecutoff are shown. An
additional systematic bias of (+20%, −10%) may affect Ecutoff (see the text).
The histogram of Ecutoff values is projected along the right-hand axis. Blue
squares: gamma-ray-selected pulsars. Red triangles: millisecond gamma-ray
pulsars. Green circles: all other radio-loud gamma-ray pulsars.
(A color version of this figure is available in the online journal.)

detection. By increasing the gamma-ray pulsar sample size by
nearly an order of magnitude and by firmly establishing the
gamma-ray-selected (radio-quiet Geminga-type) and millisec-
ond gamma-ray pulsar populations, we have promoted GeV
pulsar astronomy to a major probe of the energetic pulsar popu-
lation and its magnetospheric physics. Our large pulsar sample
allows us both to establish patterns in the pulse emission pos-
sibly pointing to a common origin of pulsar gamma rays and
to find anomalous systems that may point to exceptional pulsar
geometries and/or unusual emission physics. In this section, we

Figure 8. Photon index Γ vs. the rotational energy-loss rate, Ė. For Γ, the
statistical uncertainties combined with the systematic uncertainties due to the
diffuse emission model are shown. An additional systematic bias of (+0.3, −0.1)
affects Γ (see the text). The histogram of the photon indices is projected along
the right-hand axis. Blue squares: gamma-ray-selected pulsars. Red triangles:
millisecond gamma-ray pulsars. Green circles: all other radio-loud gamma-ray
pulsars.
(A color version of this figure is available in the online journal.)

discuss some initial conclusions drawn from the sample, recog-
nizing that the full exploitation of these new results will flow
from the detailed population and emission physics studies to
follow.

5.1. Pulsar Detectability

A widely cited predictor of gamma-ray pulsar detectability
is the spin-down flux at Earth Ė/d2 (see, e.g., Smith et al.
2008). However, as argued by Arons 2006 (see also Harding
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2011)     :  1% Crab Nebula, very soft spectrum
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Calorimeters that collect the rotation energy lost by fast-spinning 
magnetised neutron stars

• From the LC to termination shock

• Energy is contained in the fields while 
the plasma total energy density 
remains small
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The σ-paradox and spectrum “problems”

• Near the LC: σ >> 1 - strong electromagnetic fields at the origin of pulsar 
behaviour (for Crab ~104)

• Crab spectrum of the nebula was modelled by Kennel & Coroniti 1984 (K&C) :                 
Best fit σ is 10-3

• Value confirmed by MHD-simulations

• How to convert a magnetic-dominant wind in a particle dominated one?

• Magnetic reconnection (Coroniti 1990; Michael 1994; Kirk et al. 2003...)

• Non-ideal MHD effect (Melatos et al 1996...)

• Linear acceleration mechanisms (Contopoulos et al 2002...)

• ... 
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Modeling the Crab observations

• K&C reproduced the surface profile at optical and X-ray

• A cold MHD wind propagating up to the TS at a speed corresponding to a 
bulk Lorenz factor of Γ~3 106  ( E~mec2Γ~1 TeV,  dN/dt~1038s-1)

• These e± emit from UV to gamma-ray

• Where do the IR & radio-emitting particles come from?                              

• The large number requires  dN/dt~1040 to 1041 s-1 -> κ~106

• Γ~104 -> Upstream Wind Γ~Γradio~10-2 Γox

• Relic Population of electrons?
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What’s with the pwn observations?

• Observed in radio (~25)

Sν∼να, NE~E-Γ (Γ≡1-α) ->  -0.3<α<0 

• Optical & IR (~10 highly absorbed)

• X-rays (~25 Γ~2 -> spectral break!)

• Gamma-rays (~30 in 4 years! Γ~ 2.5)
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Dynamical Evolution

 Injection rate

Density of the material in which the nebula expands

• As SNR/PWN ages, reverse shock 
modify PWN

• Toroidal field results in an 
elongation of the nebula



E. de Oña Wilhelmi - Dublin 13 July 2011



E. de Oña Wilhelmi - Dublin 13 July 2011



E. de Oña Wilhelmi - Dublin 13 July 2011



E. de Oña Wilhelmi - Dublin 13 July 2011

Slane et 2004



E. de Oña Wilhelmi - Dublin 13 July 2011

Slane et 2004



E. de Oña Wilhelmi - Dublin 13 July 2011

Slane et 2004



E. de Oña Wilhelmi - Dublin 13 July 2011

Slane et 2004



E. de Oña Wilhelmi - Dublin 13 July 2011

Dynamical Evolution

Evolution of the SNR in an inhomogeneous medium

Run-away pulsar (large proper motion) 
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Dynamical Evolution

Evolution of the SNR in an inhomogeneous medium

Blondin et al + dense

- dense
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Dynamical Evolution

Run-away pulsar (large proper motion) 

• Bow-shock

• Subsonic movement in the hot gas

• Sound speed drops

• Supersonic movement of the pulsar

• ISM (1, 10 and 100 km s-1 for cold, 
warm and hot)

PSR J1747-2958 / “the Mouse” (Gaensler et al 2003)

x-rays

radio

Termination shock

bow shock
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Spectral Evolution

• Electron spectrum: Q(Ee,t)=Q0(t) (Ee/E0)-α

• Photon spectrum consists: 

✴Synchrotron radiation in the nebular magnetic field

✴Inverse Compton (IC) emission by scattering photons from

Cosmic-ray Microwave background

Ambient starlight & dust

Self-Synchroton of the nebula

If binary: photon field of the companion
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Spectral Evolution

In a simple approximation
Required electron energy to radiate 
synchrotron keV photons:
Ee = (70 TeV) B-1/2-5 E1/2keV

Mean electron energy to IC scatter 
CMB to TeV photons:
Ee = (18 TeV) E1/2TeV

(EkeV=0.06 B-5ETeV)

fIC(εIC)/fs(εs) ≈ 0.1 B-2-5
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Spectral Evolution

In a simple approximation
Required electron energy to radiate 
synchrotron keV photons:
Ee = (70 TeV) B-1/2-5 E1/2keV

Mean electron energy to IC scatter 
CMB to TeV photons:
Ee = (18 TeV) E1/2TeV

(EkeV=0.06 B-5ETeV)

fIC(εIC)/fs(εs) ≈ 0.1 B-2-5

If B~150 uG:
electron producing 1 TeV photons IC will 
produce 1 keV synchrotron photons
If B<150 uG:
X-ray emitting electrons are more energetic 
than the gamma-ray emitting ones.

B2
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Particle dominated nebulae?
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Spectral Evolution

But we need to consider the time evolution of the PWN:
Synchrotron live-time of electron, scattering CMB to 
energies Eγ=1012 ETeV eV 
τ(Eγ) ~ (4.8 kyr) B-2-5 ETeV-1/2

Live-time of keV-emitting electrons
τ(Ex) = (1.2 kyr) B-3/2-5 EkeV-1/2

Why are the TeV/X-ray 
sources sizes different?

TeV Source
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Spectral Evolution: Cooling Processes (IC)
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Spectral Evolution: Cooling Processes (IC)
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Spectral Evolution: Cooling Processes (Syn)

3C58 Chandra (Slane et al)
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Spectral Evolution

• But not as simple as a power-law injection with a spectral break 

•

!! ! ! ! ! ! ! ! ! ! ! !
!

Nonlinear Processes in Astrophysical Plasmas ("#$%!
&''()!

%*+,-./!01*23!4567)!

!

!

!

!

823,9:!

;
1<
=!
>
32
?-
+:
!

!
#2@3.+-A2!

B3C<1*!

0:2.D,A+,A2!
E,3*/!

8C?:2!8C-2@!

7!%A-2+!7CA<+!#2@3.+-A2!

F!0+*2G*,G!*??<HI+-A2!-?!*!IAJ3,!1*J!
!!-2I<+!313.+,A2!?I3.+,<H!
!!K!+D-?!I,AG<.3?!?:2.D,A+,A2!C,3*/!JD3,3!
!!!!?:2.D,A+,A2!1-63+-H3!A6!I*,+-.13?!3L<*1?!
!!!!*93!A6!%MB!
 
F If injection spectrum has additional 
  structure (e.g. lower energy break), 
  this imprints itself onto the nebula 
  spectrum 
K!93+!%MB!?I3.+,<H!J-+D!H<1+-I13!
!!!!!C,3*/?!
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!! ! ! ! ! ! ! ! ! ! ! !
!

Nonlinear Processes in Astrophysical Plasmas ("#$%!
&''()!

%*+,-./!01*23!4567)!

8,9*:;*2:!<;=3,>*+-92=!96!?5!@A!

#B75!?CDµE!5F*2:,*!

!

01*23!3+!*1C!!&''G! 01*23!3+!*1C!!&''A!

01*23!3+!*1C!!&''G!

!

5F*2:,*!

H 3C 58 is a bright, young PWN 
I!E9,JF919KL!=-E-1*,!+9!,*:-9MNI,*LO!=PKK3=+=!

!!!!19Q!E*K23+-.!6-31:!

!!I!%RS!*2:!+9,P=!9;=3,>3:!-2!0J-+T3,M#B75!

!! ! ! ! ! ! ! ! ! ! ! ! !
Nonlinear Processes in Astrophysical Plasmas ("#$%!
&''()!%*+,-./!01*23!4567)!

8,9*:;*2:!<;=3,>*+-92=!96!?5!@A!
B 3C 58 is a bright, young PWN 
C!D9,EF919GH!=-D-1*,!+9!,*:-9IJC,*HK!=LGG3=+=!
!!!!19M!D*G23+-.!6-31:!
!!C!%NO!*2:!+9,L=!9;=3,>3:!-2!0E-+P3,I#Q75!
 
B Low-frequency break suggests 
possible 
  break in injection spectrum 
C!#Q!61LJ!69,!32+-,3!23;L1*!6*11=!M-+F-2!+F3!
!!!!!3J+,*E91*+-92!96!+F3!RC,*H!=E3.+,LD!
!!!C!-2:-.*+3=!=-2G13!;,3*/!SL=+!;319M!#Q!
 
B Torus spectrum requires change in  
  slope between IR and X-ray bands 
C!.F*1132G3=!*==LDE+-92=!69,!=-2G13!E9M3,!
!!!!!1*M!69,!-2S3.+-92!=E3.+,LD!

01*23!3+!*1T!!&''A!

3C 58

3C 58
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Spectral Evolution

• Vela-X two population of electrons or mixed populations?

HESS: 10h

4.85 GHz
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Spectral Evolution

• And even more puzzling! The Crab Nebula in flare

•  AGILE & Fermi detected flares lasting ~days with 4-6 times larger flux

• R<1.4x10-2 pc

• Synchrotron PeV (1015 eV) electrons

4.85 GHz
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Figure 1: Spectral energy distribution of the Crab Nebula. Black open circles show the average
spectrum measured by the LAT in the first 25 months of observations. Red squares show the
energy spectrum during the flare of February 2009 (MJD 54857.73-54873.73) and blue open
squares the spectrum in September 2010 (MJD 55457.73-55461.73). Gray squares show his-
torical long-term average spectral data from the COMPTEL telescope with 15% systematic
errors (41). Arrows indicate 95% confidence flux limits.
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PWN powering VHE sources http://tevcat.uchicago.edu/

1989-2004
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PWN powering VHE sources http://tevcat.uchicago.edu/
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PWN powering VHE sources http://tevcat.uchicago.edu/

2007-2010
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PWN powering VHE sources http://tevcat.uchicago.edu/

1989-2010
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very young: age<105 yrs
energetic: Edot >1035 erg/s

Fermi gives a more complete overview of the 
energetic pulsars in our Galaxy!

Characteristic age (yr)
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Crab Vela Grey: Radio pulsars
Red: TeV PWNe
Green: GeV pulsars

ATNF pulsar catalog
Mattana et al. 2009

Abdo et al. 2009

C. Deil 2009
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PWN powering VHE sources

• Angular resolution is may not be yet as good as X-ray or radio observation 
(~0.1o) but given the huge size of the IC PWN (~tens of pc):

Chandra, MSH 15-52

Radio, Kookaburra
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Unidentified or Dark Sources
Seem to shine only in g-rays
No plausible counterparts in radio, x-rays (yet!)
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PWN @ VHE

• Provide an estimation of the magnetic field

• Good calorimeter (slower cooling time - relic emission from the PWNe)

• Very efficient VHE emitters -> Hunting for X-ray nebulae in the VHE sources
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• Satellite spiral galaxy ~10o extension d~48 kpc
• Site of the recent and closest supernova SN1987A 
• 44 h observation with HESS with Eth ~ 500 GeV 
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New γ-ray coincident with SNR N 157 B/PSR 
J0537-6910
4 kyr, 16 ms
IC from PWN
flux (1-10 TeV)~10-12 erg cm-2 s-1

Most powerful pulsar known
Edot =4.9 1038 erg s-1

Apparent efficiency 0.01% Edot

Most distant γ-ray PWN
First extra-galactic non-AGN TeV 
source 
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Summary	

• X-ray and radio observations allow us to constrain the injection spectrum and 
to performed detailed morphological studies

• VHE observations allow an estimation of the magnetic field and due to the 
long cooling time of IC process a better understanding of the PWN evolution 
in time (but angular resolution!)

• The broad-bandwidth emission of PWN supplies the perfect scenario to study 
acceleration mechanisms (in the magnetosphere, in the wind & surrounding 
nebula)

• But still many questions to be answer:
• Where is the pulsed emission originated? Up to 300 GeV for Crab!
• What is the origin of the Crab Nebula flares?
• Is the Crab nebula a prototype?
• What is the injection spectrum and origin of the radio emission?
• How the highly magnetised wind becomes particle dominated?
• ...
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Thank you for your attention!
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J1718-385, J1809-194, J1837-069, 
J1857+026, J1908+101, J1912+101, 
J1119-6127, J1356-645 
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Fast development of the field since 2005 - 

MAGIC II (working!) and HESS II (next year) will 

improve the sample, decreasing the Eth -> Pulsars! 

VERITAS fully operative

MAGIC & HESS (maybe VERITAS?) -> CTA

Population studies -> Better understanding of 

acceleration mechanisms

Good multi-wavelength coverage: from radio/X-rays to 

Fermi would allow firm identifications
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