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Überblick 

•  Pulsarwindnebel 

•  Röntgenanalyse von 
G21.5 

•  Modellierung 
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Pulsarwindnebel (PWN) 

•  Teilchenbeschleunigung 

•  Entstehung einer Blase um den 
Pulsar 

•  Teilchen verlieren Energie bei 
Propagation nach außen 

•  Synchrotronstrahlung: Radio – 
Röntgen 

•  Inverse Compton: Gamma 
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Röntgenanalyse (1 - 10keV) 

•  Chandra und XMM 

•  Hauptinstrument Chandra: 
 67 Beobachtungen mit 
knapp 600 ks 
Beobachtungszeit 

•  XMM mit 30 ks 
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Chandra – G21.5-0.9 
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Analyse ringförmiger Regionen 

•  Radialsymmetrische 
Modellierung 

•  8 Ringe mit 4” von 4 – 36” 

•  Extraktion von Spektren 
für die einzelnen Ringe 

•  Methode eingeführt von 
Schöck et al (2010) 
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Ergebnisse der Röntgenanalyse - Spektralindex 
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Ergebnisse der Röntgenanalyse – 
Oberflächenhelligkeit 
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Modellierung 

•  Annahme sphärischer Symmetrie 

•  Propagation Leptonpopulation in kleinen Schritten bis 
zum äußersten Ring 

•  Optimierung Parameter an Röntgendaten 

•  Spektrale Energieverteilung(SED) mit H.E.S.S. – Daten: 
Inverse Compton von gleicher Leptonpopulation, nur 
Vergleich mit TeV-Daten 
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Erste Modellierungsergebnisse - Spektralindex 
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Erste Modellierungsergebnisse – Oberflächenhelligkeit 
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Erste Modellierungsergebnisse - SED 
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Zusammenfassung 

•  Analyse von PWN in Röntgen für H.E.S.S. interessant 

•  Ortsaufgelöste Spektralanalyse von G21.5 in Röntgen 

•  Modellierung  mit Optimierung  
 Parameter an Röntgendaten 

                          Vielen Dank 
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Pulsar 

•  Entstehung bei Supernova 

•  Drehimpulserhaltung  

•  Starkes Magentfeld 
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Swinburne University of Technology  



H.E.S.S. - Pulsarwindnebel 

Philipp Willmann, Astroteilchenschule 15 

Valerius(2011) – Stand Mai 2011 



Philipp Willmann, Astroteilchenschule 16 

Pulsarwindnebel-Modell 
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Schockgeschw. vs 

Geschwindigkeit: 

Schockmagnetfeld: 
(Kennel & Coroniti, 1984) 

Ideales MHD-Limit (K&C, 1984): 

8 Gaensler & Slane

Figure 2: (a) A deep Chandra X-ray image of the composite SNR G21.5–0.9
(Matheson & Safi-Harb 2005). A circular SNR of diameter ≈ 5′ surrounds a
symmetric PWN of diameter ≈ 1.′5, with the young pulsar J1833–1034 at the
center (Camilo et al. 2005, Gupta et al. 2005). 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 ISM 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.

energy is conserved and is partitioned equally between kinetic and thermal con-
tributions (see Truelove & McKee 1999, for a detailed discussion).

The region of interaction between the SNR and its surroundings now takes on a
more complex structure, consisting of a forward shock where ambient gas is com-
pressed and heated, and a reverse shock where ejecta are decelerated. The two
shocks are separated by a contact discontinuity at which instabilities can form.
The reverse shock at first expands outward behind the forward shock, but eventu-
ally moves inward. In the absence of a central pulsar or PWN, and assuming that
the SNR is expanding into a constant density medium (which, given the effects of
progenitor mass loss by stellar winds, may not be the case; see Chevalier 2005),
the reverse shock reaches the SNR center in a time (Reynolds & Chevalier 1984):

tSedov ≈ 7
(

Mej

10 M"

)5/6 (

ESN

1051 ergs

)−1/2 (

n0

1 cm−3

)−1/3

kyr, (9)

where n0 is the number density of ambient gas. At this point the SNR interior is
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to at the termination shock, which are laid out in the same ref-
erence. The first one states that the gyroradius of the charged
particles constituting the pulsar wind must be smaller than the
shock radius RS. When defining ε = RL/RS with RL the gyrora-
dius, the maximum energy of the leptons is given by

Ee,max = εeκ

√

σ

1 + σ
Ė
c
. (4)

In this equation κ denotes the magnetic compression ratio at the
shock and σ the magnetization parameter corresponding to the
ratio of the magnetic and the particle energy outflow. According
to the second limit, a charged particle reaches its maximum en-
ergy when the synchrotron losses become as strong as the energy
gain. This statement can be rewritten to

Ee,max = 43.7 B−1/2S,G erg, (5)

with BS,G the magnetic field strength at the shock in units of G.
The lower value of both constraints is then used as Ee,max.

4.2. Outward Propagation of the Leptons
The radially symmetric model applied to G0.9+0.1 resembles
the one introduced by Schöck et al. (2010). The lepton plasma is
assumed to propagate outwards with a bulk velocity of

v(r) = vS
(RS
r

)α

, (6)

where α is the index of the adopted power law and vS the ve-
locity at the wind termination shock. When combining κ and
σ by defining ξ = κ

√
σ/(1 + σ), the relation for the magnetic

field strength at the shock is given by (Kennel & Coroniti 1984a;
Sefako & de Jager 2003):

BS =
ξ

RS

√

Ė
c
. (7)

Assuming a toroidal magnetic field whose outward propagation
is strongly connected to that of the leptons, the ideal magneto-
hydrodynamic limit on the assumption of a static system yields
(Kennel & Coroniti 1984a):

Bvr = BSvSRS = const. (8)

As the leptons propagate outwards, they suffer energy losses,
leading to a change of the spectral shape. According to
de Jager & Harding (1992), two fundamental energy loss mech-
anisms have to be considered:

dEe
dt
= −

Ee
3
∇· v⊥(r) − 2.368 × 10−3(BEe)2

erg
s
. (9)

In this equation, the first term corresponds to adiabatic energy
losses and can be calculated using Eq. 6. The second term de-
notes the losses due to synchrotron radiation of the leptons.

4.3. Implementation and Photon Emission
For the numerical implementation of the model, we divided the
observed part of the PWN into a large number of concentric
sub-shells in order to simulate the continuous case, just as per-
formed by Schöck et al. (2010). Using the previously described
relations, the lepton injection spectrum is then propagated out-
wards from one sub-shell to the next one.

The emitted synchrotron and IC radiation of the correspond-
ing lepton population can be calculated for each sub-shell. For
this, we used the equations as given by Blumenthal & Gould
(1970). Regarding the IC process, essentially three seed pho-
ton fields are relevant in the case of G0.9+0.1: the CMB com-
ponent, IR photons emitted from local dust and the starlight
component. The CMB spectrum is well described by a black-
body distribution for arbitrary locations. As an approximation of
the IR and starlight components, we used the interstellar radia-
tion fields of Porter & et al. (2005) developed for the GALPROP
code (Strong et al. 2000).

The emission of the sub-shells was summed up to shells with
the same inner and outer radii as chosen for the annuli of the X-
ray analysis.

4.4. Projection Effect
Since the model is three-dimensional, a shell actually corre-
sponds to a hollow sphere. An annulus is therefore merely the
two-dimensional projection of the three-dimensional shells. This
has two major implications. Firstly, only part of the volume of
a shell is visible in the projection represented by an annulus.
Secondly, outer shells add up to an annulus’ emission. The over-
all emission from annulus i is given by

dN
dE

∣

∣

∣

∣

∣

i,Ann
=
∑

j
vi j
dN
dE

∣

∣

∣

∣

∣

j
, (10)

with dN/dE| j the spectrum of shell j. This equation includes the
assumption that the radiation is emitted isotropically and does
not undergo any absorption inside the PWN. The entries of vi j
can be written in a matrix of size n×n. For the chosen extraction
regions from Table 3, n = 4 and the matrix is

v =



























0.82 0.22 0.07 0.03
0 0.74 0.33 0.12
0 0 0.59 0.26
0 0 0 0.59



























. (11)

This means that, for example, a superposition of 74% of the sec-
ond, 33% of the third and 12% of the fourth shell generates the
emission of the second annulus. We added up the modeled emis-
sion from the shells accordingly in order to obtain the resulting
spectra of the annuli. The results can afterwards be compared
with the measured data from XMM-Newton.

4.5. Parameter Optimization
The previously described model allows to calculate the syn-
chrotron emission of the annuli for given parameters RS, η, ξ,
α, and ε. Afterwards the unabsorbed energy flux is computed in
the range of the above-mentioned energy bins for every annulus.
The results are then compared with the measured XMM-Newton
data by calculating the χ2 value. This approach optimizes the pa-
rameters by taking into account the overall energy flux as well as
the spectral shape. The partly correlated parameters are scanned
over the allowed range, searching for a minimum of χ2.

5. Results of the Modeling
We carried out the parameter optimization as described in the
previous section, assuming a distance of d = 13 kpc, following
Camilo et al. (2009). Since the inner radius of the first annulus
is 4 ′′, the upper limit on the extent of the termination shock was
set to the same value.
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5.2. Outward Propagation of the Leptons

G0.9+0.1 in X-rays deviates from radial symmetry. Nevertheless, such a model is def-

initely an improvement compared to one-zone models which attempt to reproduce the

radiation of a PWN using a single, localized lepton population.

Another important physical quantity is the strength of the magnetic field at the shock,

BS. A relation for this is given by Kennel & Coroniti (1984a) and Sefako & de Jager

(2003):

BS = κ

RS

�
σ

1 + σ

Ė

c
. (5.17)

For the modeling applied in this work, it is useful to combine the compression ratio κ and

the magnetization parameter σ by defining a new parameter

ξ = κ
�

σ

1 + σ
. (5.18)

Eq. 5.17 then becomes

BS = ξ

RS

�
Ė

c
. (5.19)

Assuming a toroidal magnetic field whose outward propagation is strongly connected to

that of the leptons, the ideal magnetohydrodynamic limit yields (Schöck 2010)

∂ �B

∂t
= ∇ ×

�
�v × �B

�
. (5.20)

As already discussed in Section 5.1, the model focuses on reproducing the inner part of the

PWN, leading to the simplification of a static system. In that case, the time-dependence

of Eq. 5.20 disappears, leading to

0 = ∇ ×
�
�v × �B

�
. (5.21)

Using this simplification, Kennel & Coroniti (1984a) derived the following relation, as-

suming a toroidal magnetic field:

Bvr = BSvSRS=const. (5.22)

This can be rewritten to

B = BSvSRS
vr

. (5.23)

When inserting Eq. 5.16, the magnetic field becomes a function of only one variable, r:

B = BS

�
RS
r

�1−α

. (5.24)

For given parameters α, RS and ξ it is now possible to calculate the bulk velocity and

magnetic field strength at a given point in the PWN. The next step is to look at the

development of the lepton population.

As the leptons propagate outwards, they suffer energy losses, leading to a change of the

spectral shape. According to de Jager & Harding (1992), two fundamental energy loss

mechanisms have to be considered:

dEe
dt

= −Ee
3 ∇·�v⊥ + Ėe,rad. (5.25)
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Pulsarwindnebel (PWN) 

•  Ziel: Beschreibung PWN im Hochenergiebereich 

•  Betrachtung Gesamtpopulation PWN H.E.S.S.  

•  Betrachtung einzelner PWN im Röntgenbereich 

•  Vereinigung beider Modelle 
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