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Galactic plane at TeV energies
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Identified PWNe

Matching morphology with radio or X-ray PWN

MSH 15-52
Vela X
Rabbit
K3 in Kookaburra
HESS J1356-645



Identified PWNe

Spectral steepening away from the pulsar

HESS J1825-137

HESS J1303-631

Dalton et al. (HESS Collaboration)
ICRC 2009 (Preliminary)



(Identified) PWNe

Unresolved HESS source coincident
with a resolved radio or X-ray PWN

Crab
G0.9+0.1
G21.5-0.9
Kes 75
N157B in LMC

F. Aharonian et al.: Observations of the Crab nebula with HESS 907
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Fig. 10. a) Uncorrelated 2-d plot of γ-ray excess from the Crab nebula, the reconstructed sky-map in RADec J2000 coordinates around the source
position is shown. (b) The distribution of significance per bin in an uncorrelated significance sky map for the same data. The open circles denote
the distribution for points in the map within 0.4◦ of the Crab position, while the filled circles represent points further from the source. The Gaussian
function, fitted to the second distribution, has a mean of 0.04 ± 0.006stat and a standard deviation of 0.98 ± 0.004stat . A mean of 0.0 and standard
deviation of 1.0 is expected for an unbiased significance distribution of the background.

however results are derived using this method for comparison
purposes.

6. Energy reconstruction and effective areas

6.1. Energy reconstruction

The energy of the primary particle of a γ-ray shower is estimated
for each telescope as a function of the image amplitude and im-
pact parameter using a lookup table. The lookup table contains
the mean energy for Monte Carlo γ-ray simulations as a function
of total image amplitude and the simulated true impact param-
eter. As for the scaled parameters, the lookup tables are created
for a number of zenith angles and the resulting energy is esti-
mated by linear interpolation in cos (Z), and averaged over the
triggered telescopes for each event. Events with relative error
in the reconstructed impact parameter greater than 25% are not
used in the lookup table creation, in order to reject poorly recon-
structed events, which may bias the lookup table. Events with
a distance greater than 2◦ from the centre of the field of view are
also rejected.

In the case where no estimate is available in the lookup table
for a particular event, due to a lack of Monte Carlo statistics at
that combination of impact distance and total amplitude, an al-
ternative lookup is used with coarser impact distance binning.
This occurs on average for 0.3% of events. In the case where the
optical correction is applied, the energy is estimated using the
corrected image intensity, as described in Sect. 3.4. The energy
estimated for each telescope is averaged to give the mean energy
for an event: Eest =

(∑
tel Etel

)
/Ntel.

6.2. Energy resolution

The error in the reconstructed energy (∆E) for a particular sim-
ulated γ-ray event with true energy Etrue and reconstructed en-
ergy Ereco is defined as ∆E = (Ereco − Etrue)/Etrue. The mean
value of ∆E is shown as a function of Etrue in Fig. 11. For en-
ergies close to the threshold, there is a bias due to a selection
effect, whereby events with energies reconstructed with too high
a value are selected. In order to make an accurate energy spec-
trum it is necessary to define the useful energy range, so as to
avoid the region of large energy bias. First the lowest energy bin
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Fig. 11. Relative bias ((Ereco − Etrue)/Etrue) in estimation of energy as
a function of energy for three zenith angles. The vertical lines represent
the safe energy thresholds for spectral analysis at each zenith angle.

in the bias histogram with a bias of less than 10% is found. The
useful lower energy threshold is the maximum energy of this bin
plus 10%. This safe energy threshold is also indicated in Fig. 11
for each zenith angle. This energy threshold for the analysis is
increased to take account of the shift in the energy scale when
the optical efficiency correction is applied. It can be seen that
the energy bias above the safe threshold does not depend on the
zenith angle, up to energies in excess of 60 TeV.

The distribution of∆E , for γ-rays simulated with a power law
spectrum with Γ = 2.6, at 50◦ zenith angle, is shown in Fig. 12
for the standard analysis. The energy resolution for a particular
energy range is defined as the width of this distribution. Events
in this plot are selected above the safe threshold of 0.44 TeV in
order to avoid the effect of the energy bias. The energy resolution
defines the optimum binning for spectral reconstruction, as well
as defining the minimum energy width of any resolvable spectral
structure. It is possible to improve the energy resolution slightly
by selecting only those events with higher telescope multiplic-
ities and smaller impact parameters, at the expense of reduced
event statistics.

Komin et al. (HESS Collaboration), ICRC 2009



PWN candidates:
TeV source with nearby energetic pulsar

SNR G343.1-2.3

HESS J1708-443

Other PSRs:
J1617-5055
J1718-3825
B1800-21
J1809-1917
J1119-6127

Djannati-Atai et al. (HESS Collaboration),
2009 Boston SNR/PWN Workshop



Which Pulsars create TeV PWNe?

Characteristic age (yr)

Crab Vela Grey: Radio pulsars
Red: TeV PWNe
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ATNF pulsar catalog
Mattana et al. 2009



Pulsar — TeV Source Coincidences

Chance Probability = 0.1%

Some energetic pulsars 
have TeV-bright nebulae.

Wenig et al. 2008



What determines the TeV luminosity?

Mattana et al. 2009
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Figure 1. γ -ray luminosity, X-ray luminosity, and γ - to X-ray flux ratio vs.
pulsar spin-down luminosity, Ė (left column), and characteristic age, τc (right
column). Filled and open circles stand for identified and candidate PWNe,
respectively. The upper limit for the flux ratio of PSR B1706-44 (Aharonian
et al. 2005a; Romani et al. 2005) is reported with an arrow. Also shown are
the best-fit curves for identified PWNe (dotted lines) and for the whole sample
(dashed lines).

The lower panels of Figure 1 refer to the γ - to X-ray flux
ratio Fγ /FX. There is a clear anticorrelation between Fγ /FX

and Ė, spanning over four decades in Ė and seven decades
in Fγ /FX (Figure 1, bottom left panel). Considering only the
identified PWNe, the correlation coefficient is r =-0.7 ± 0.2;
including also the candidate sources, the anticorrelation is more
significant, with r = −0.84 ± 0.09. The best fit including only
the identified sources yields

log10 Fγ /FX = (0.47 ± 0.05) − (1.87 ± 0.07) log10 Ė37. (3)

For all the data points, it results in

log10 Fγ /FX = (0.57 ± 0.04) − (1.88 ± 0.05) log10 Ė37, (4)

compatible within the errors with the relation obtained using
only the identified sources.

The γ - to X-ray flux ratio is also found to correlate with
the characteristic age τc (Figure 1, bottom right panel), with
a correlation coefficient r = 0.7 ± 0.2 for identified PWNe
only, and r = 0.75 ± 0.13 for the whole sample. The ordinary
weighted least-squares fit only for the identified PWNe yields

log10 Fγ /FX = (0.70 ± 0.06) + (2.21 ± 0.09) log10 τ4, (5)

Table 2
PWNe Hosting a Neutron Star Without Detected Pulsations

Source Fγ (1–30 TeV) FX (2–10 keV) τ a
c Ėa

Name (erg cm−2 s−1) (erg cm−2 s−1) (kyr) (erg s−1)

G313+0.1 Rabbit 1.0 × 10−11 7.3 × 10−12 ∼6 ∼ 1.5 × 1037

G0.9+0.1 3.3 × 10−12 5.8 × 10−12 ∼4 ∼ 2 × 1037

G12.8-0.0b 1.3 × 10−11 9.2 × 10−12 ∼6 ∼ 1.5 × 1037

H.E.S.S. J1640–465b 9.3 × 10−12 1.0 × 10−12 ∼13 ∼ 5 × 1036

Notes. a Predicted values. b Candidate sources.
References. H.E.S.S. J1418/G313+0.1 Rabbit: Aharonian et al. (2006b), Ng
et al. (2005); H.E.S.S. J1747–281/G0.9+0.1: Aharonian et al. (2005b), Por-
quet et al. (2003); H.E.S.S. J1813–178/G12.8–0.0: Aharonian et al. (2006e),
Helfand et al. (2007); H.E.S.S. J1640–465/G338.3–0.0: Aharonian et al.
(2006e), Funk et al. (2007).

and for all the data points

log10 Fγ /FX = (0.89 ± 0.04) + (2.14 ± 0.07) log10 τ4. (6)

One should note that these correlations are based on eight
identified sources, and are consistent when the six candidate
sources are considered. More γ -ray detections may improve
their significance.

3. DISCUSSION

We found the γ - to X- ray luminosity ratio Lγ /LX =
Fγ /FX to be anticorrelated with the spin-down luminosity
Ė and correlated with the characteristic age τc. Formally,
such dependencies are driven by the scaling law of the X-ray
luminosity LX , which increases with Ė and decreases with τc,
since the values of Lγ were found to be uncorrelated with the
pulsar parameters. However, the Fγ /FX is a distant-independent
indicator that relates two electron populations, differing by
energy and age. An evolution in the PWN broadband spectrum
is pointed out by Equation (5), which implies Lγ > LX after
∼5 kyr from pulsar birth. Therefore, the γ -ray emission remains
efficient around Lγ ∼ 1033–1035 erg s−1, while the X-ray
luminosity decreases by a factor ∼106 in 105 yr following the
pulsar spin-down.

Such a broadband spectral evolution can be expected on the
basis of the PWNe leptonic model (Kennel & Coroniti 1984b;
Chevalier 2000). In a PWN, the source of the injected electrons
is the pulsar spin-down luminosity, Ė. The total injection rate
of the electrons can be written as

Ṅ = Ė

ΓW mec2 (1 + σ )
, (7)

where the magnetization parameter σ sets the fraction of the
spin-down luminosity converted in kinetic energy of the wind.
The whole spin-down luminosity is converted in particle kinetic
energy for σ $ 1, as for the Crab Nebula (Kennel & Coroniti
1984a, 1984b). For sake of simplicity, we assume a constant
wind Lorentz factor ΓW upstream the shock. Ė decreases in
time as (e.g., Pacini & Salvati 1973)

Ė(t) = Ė0

(1 + t/tdec)β
, (8)

where Ė0 ∼ 1038–1040 erg s−1 is the spin-down luminosity at
the pulsar birth, tdec ∼ 100–1000 yr is a characteristic decay
time, t is the time elapsed since pulsar birth (t0 = 0), and
β = (n + 1)/(n − 1), where n is the braking index. In the
following, we assume a pure dipolar magnetic field torque, that



Pulsar — PWN Evolution Timescales

Pulsar spin-down timescale
tSD ~ 102 — 103 years

TeV electron synchrotron cooling 
timescale tcool ~ 104 — 106 years

Mattana et al. 2009
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Unidentified TeV sources → Old PWNe?

E. de Oña-Wilhelmi, Astrophysical Plasmas, St. Barbara

Dark Sources

Seem to shine only in g-rays
No plausible counterparts in radio, x-rays...
New type of CR accelerators? (if leptons expected x-rays, radio)

A. Bamba Presentation

Aharonian et al. (HESS Collaboration) 2008



Why are PWNe offset from their pulsar?



PWN Evolution Phases
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No. 2, 2001 PULSAR WIND NEBULAE IN EVOLVED SNRs 809

FIG. 2.ÈEvolution of the pulsar nebula within the host supernova
remnant as computed with the one-dimensional hydrodynamics code for
the parameters listed for model A. Both the density (top) and the pressure
(bottom) are depicted in logarithmic scales, with black corresponding to
high values and white to low values. The radial extent of the grid is scaled
to follow the forward shock front, such that the location of the forward
shock is a horizontal line near the top of each plot. [See the electronic
edition of the Journal for a color version of this Ðgure.]

the dynamics of the infalling reverse shock. But as the
pulsar bubble is compressed, the interior pressure rises. For
our nominal PWN/SNR parameters, the pressure in the
bubble becomes comparable to the pressure behind the
reverse shock once the PWN has been crushed to approx-
imately half the radius of the SNR. Eventually the PWN
reaches a minimum radius of 0.25 at an age of D35,000R1yr. At this point the pressure of the compressed pulsar
bubble accelerates the shell of shocked ejecta back out to a
radius of 0.3 From this point on all of the ejecta remainsR1.
in a thin shell with a width of D10% of slowly oscil-R1,
lating about an average radius of D0.27 The simula-R1.
tions of van der Swaluw et al. (2001) also show oscillations
after the crushing phase.

The extent to which the pulsar bubble is compressed
depends on the pressure in the bubble compared to the
pressure behind the reverse shock as it propagates in
toward the pulsar nebula. Assuming a constant pulsar lumi-
nosity and using the pressure behind the reverse shock in
the SSDW phase, we Ðnd a ratio of pressures at a time of t3 :

P
b

P2
\ 0.166L

p
2@5Mej1@3o

a
~2@15Esn~3@5 , (9)

assuming an ejecta exponent of n \ 9. This ratio is D0.2 for
our nominal parameters. Note that both of these pressures
will be slightly lower : because the pulsar has likely diedP

bout by the time of the collision, because the pressure inP2the driven wave will drop once the reverse shock starts
falling to the center.

We have run additional models in order to show the
e†ects of changing the energy in the pulsar bubble on the
evolution of the PWN/SNR interaction. In model B we
dropped the pressure ratio in equation (9) by a factor of D3
through a smaller ejecta mass (4 and smaller pulsarM

_
)

luminosity (1039 ergs s ~1). In model C the pressure ratio
was increased by a factor of 2.4 by doubling the ejecta mass
(16 and increasing the pulsar luminosity (5 ] 1040 ergsM

_
)

s ~1). The evolution of all three models is shown in Figure 3.
As expected, the lower the pressure in the pulsar bubble, the
more the bubble is compressed by the reverse shock. In the
lower pressure model the radius of the bubble after collapse
is only D0.06 .R1The evolution in the high-pressure model is slightly dif-
ferent since these parameters switch the ordering of andt2In this case the pulsar nebula hits the edge of the ejectat3.
plateau at Dq, well before the PWN/SNR collision. There is
thus an intermediate phase when the pulsar shell accelerates
down the steep ejecta gradient before impacting the SSDW.
This results in a more violent collision, which compresses
the SSDW by a factor of D2 and accelerates the forward
shock considerably more than in the standard model.
Despite this more violent beginning, however, the sub-
sequent evolution is very similar to the standard model,
albeit leaving behind a larger pulsar bubble.

It can be seen in Figure 3 that after the PWN has been
crushed, the ratio evolves slowly with time, if theR

p
/R1pressure wave induced oscillations are averaged out. If

approximate pressure equilibrium is established between
the PWN and the interior of the blast wave, we expect

(RC84). The radius of a Sedov blast wave evolvesR
p
P t0.3

as

R1 \A2.025Esn
o
a

B0.2
t0.4 , (10)

so the slow evolution of is expected. Van der SwaluwR
p
/R1& Wu (2001) have emphasized this point, noting that equat-

ing the pressure in the PWN with the interior pressure in
the blast wave leads to

R
p

R1
\ 1.02

AEpwn(t)
Esn

B1@3
, (11)

where is the internal energy in the PWN at time t.Epwn(t)We now assume that the pulsar power can be assumed to be
constant up to time after which it falls to 0. The value oft

p
,

FIG. 3.ÈEvolution of the pulsar nebula through the return of the
reverse SNR shock for the three di†erent models listed in Table 1 : model A
(solid), model B (long-dashed line), and model C (short-dashed line). The
radius of the pulsar nebula is scaled to the (increasing) radius of the SNR as
in the previous Ðgure.
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FIG. 2.ÈEvolution of the pulsar nebula within the host supernova
remnant as computed with the one-dimensional hydrodynamics code for
the parameters listed for model A. Both the density (top) and the pressure
(bottom) are depicted in logarithmic scales, with black corresponding to
high values and white to low values. The radial extent of the grid is scaled
to follow the forward shock front, such that the location of the forward
shock is a horizontal line near the top of each plot. [See the electronic
edition of the Journal for a color version of this Ðgure.]
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pulsar bubble is compressed, the interior pressure rises. For
our nominal PWN/SNR parameters, the pressure in the
bubble becomes comparable to the pressure behind the
reverse shock once the PWN has been crushed to approx-
imately half the radius of the SNR. Eventually the PWN
reaches a minimum radius of 0.25 at an age of D35,000R1yr. At this point the pressure of the compressed pulsar
bubble accelerates the shell of shocked ejecta back out to a
radius of 0.3 From this point on all of the ejecta remainsR1.
in a thin shell with a width of D10% of slowly oscil-R1,
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depends on the pressure in the bubble compared to the
pressure behind the reverse shock as it propagates in
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plateau at Dq, well before the PWN/SNR collision. There is
thus an intermediate phase when the pulsar shell accelerates
down the steep ejecta gradient before impacting the SSDW.
This results in a more violent collision, which compresses
the SSDW by a factor of D2 and accelerates the forward
shock considerably more than in the standard model.
Despite this more violent beginning, however, the sub-
sequent evolution is very similar to the standard model,
albeit leaving behind a larger pulsar bubble.
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SNR forward shock

SNR reverse shock

PWN: a low-density bubble
of relativistic electrons / positrons

Free expansion Crushed by SNR reverse shock

Pulsar

Simulations by Blondin et al. 2001



Inhomogeneous ISM → Asymmetric Crushing

t = 10,000 yrs 20,000 yrs 30,000 yrs 56,000 yrs

log ( !/!c )
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FIG. 7.ÈRapid mixing of the thermal gas of the SN ejecta (white) and the relativistic gas of the PWN (black) is seen in these images of c at a time of 50,000
yr, shortly after the bounce of the pulsar bubble in the corresponding one-dimensional simulation. The three images correspond to increasing numerical
resolution, with the number of zones per dimension : N \ 500 (left), 1000 (center), and 2000 (right).

two gasses, but it also leads to more vigorous hydrody-
namic mixing by resolving the turbulence generated on
smaller scales. The result of these competing e†ects can be
seen in Figure 7, where we compare the distribution of rela-
tivistic gas in three two-dimensional simulations with
varying resolutions. We also plot the e†ective value of

for these three simulations in Figure 6. Up until aR
p
/R1time of D35,000 yr, all three simulations are quite similar.

Once the Rayleigh-Taylor instability kicks in, however, the
resolution-dependent e†ects of mixing become quite
evident. Independent of the numerical resolution, it is clear
that the mixing of relativistic gas and thermal gas is very
efficient.

4.2. Evolution in Nonuniform Media
We have repeated our two-dimensional simulation with

the addition of a density gradient in the ambient medium
with the goal of understanding the displacement of the
pulsar bubble seen in the Vela SNR. Following Dohm-

Palmer & Jones (1996), we use a smooth density distribu-
tion in the vertical direction given by

o(z) \ o
c
C

1 [ 2 [ x
x

tanh (z/H)
D

, (14)

such that the density contrast, from a minimum at large
positive z to a maximum at large negative z, is given by
(x [ 1)~1, and H is the characteristic length scale over
which the density changes. The simulations shown here use
x \ 1.2 corresponding to a density contrast of 5. These
simulations require the computation of the full domain in z
(i.e., no assumption of equatorial symmetry). As a result, our
standard grid of 2000 zones represents only half the
resolution used in the previous two-dimensional model.

In Figure 8 we show the evolution of the PWN/SNR
system for an ambient medium length scale of H \ 1 ] 1019
cm, which corresponds to the size of the SNR at an age of
D500 yr. Early in the evolution, we can estimate the asym-
metry in the SNR by assuming only radial motion, such

FIG. 8.ÈEvolution of the pulsar nebula/supernova remnant for the model with a scale height of H \ 1 ] 1019 cm in the ambient medium. [See the
electronic edition of the Journal for a color version of this Ðgure.]
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FIG.7.ÈRapidmixingofthethermalgasoftheSNejecta(white)andtherelativisticgasofthePWN(black)isseenintheseimagesofcatatimeof50,000
yr,shortlyafterthebounceofthepulsarbubbleinthecorrespondingone-dimensionalsimulation.Thethreeimagescorrespondtoincreasingnumerical
resolution,withthenumberofzonesperdimension:N\500(left),1000(center),and2000(right).

twogasses,butitalsoleadstomorevigoroushydrody-
namicmixingbyresolvingtheturbulencegeneratedon
smallerscales.Theresultofthesecompetinge†ectscanbe
seeninFigure7,wherewecomparethedistributionofrela-
tivisticgasinthreetwo-dimensionalsimulationswith
varyingresolutions.Wealsoplotthee†ectivevalueof

forthesethreesimulationsinFigure6.Upuntila R
p

/R1 timeofD35,000yr,allthreesimulationsarequitesimilar.
OncetheRayleigh-Taylorinstabilitykicksin,however,the
resolution-dependente†ectsofmixingbecomequite
evident.Independentofthenumericalresolution,itisclear
thatthemixingofrelativisticgasandthermalgasisvery
efficient.

4.2.EvolutioninNonuniformMedia
Wehaverepeatedourtwo-dimensionalsimulationwith

theadditionofadensitygradientintheambientmedium
withthegoalofunderstandingthedisplacementofthe
pulsarbubbleseenintheVelaSNR.FollowingDohm-

Palmer&Jones(1996),weuseasmoothdensitydistribu-
tionintheverticaldirectiongivenby

o(z)\o
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tanh(z/H)
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,(14)

suchthatthedensitycontrast,fromaminimumatlarge
positiveztoamaximumatlargenegativez,isgivenby
(x[1)~1,andHisthecharacteristiclengthscaleover
whichthedensitychanges.Thesimulationsshownhereuse
x\1.2correspondingtoadensitycontrastof5.These
simulationsrequirethecomputationofthefulldomaininz
(i.e.,noassumptionofequatorialsymmetry).Asaresult,our
standardgridof2000zonesrepresentsonlyhalfthe
resolutionusedintheprevioustwo-dimensionalmodel.

InFigure8weshowtheevolutionofthePWN/SNR
systemforanambientmediumlengthscaleofH\1]1019
cm,whichcorrespondstothesizeoftheSNRatanageof
D500yr.Earlyintheevolution,wecanestimatetheasym-
metryintheSNRbyassumingonlyradialmotion,such

FIG.8.ÈEvolutionofthepulsarnebula/supernovaremnantforthemodelwithascaleheightofH\1]1019cmintheambientmedium.[Seethe
electroniceditionoftheJournalforacolorversionofthisÐgure.]
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FIG. 5.ÈCrushing of the pulsar nebula in a two-dimensional simulation using the parameters for model A listed in Table 1. The length scale of the images
is normalized to take out the expansion of the outer shock front. [See the electronic edition of the Journal for a color version of this Ðgure.]

that follows the outer shock front, so that the full resolution
of the grid is always used.

The outer shock front remains very nearly spherical and
follows the time evolution of the one-dimensional model to
within 0.1%. The key di†erence is the instability of the thin
shell of ejecta and the rapid mixing driven by this insta-
bility. Even before the PWN/SNR interaction, the insta-
bility of the SSDW (Chevalier et al. 1992) begins to spread
out the shell of shocked ejecta. However, given the short
time between the beginning of the simulation and the crash
of the reverse shock, there is not enough time for this insta-
bility to grow to signiÐcant amplitude. Following the
PWN/SNR collision, the deceleration of the ejecta shell by
the shocked ambient medium (responsible for the SSDW
instability) increases in magnitude, thereby driving a more
rapid Rayleigh-Taylor instability. The result is a broadened
shell of mixed ejecta and ambient medium as seen in the
Ðrst two frames of Figure 5.

Much more dramatic, however, is the Rayleigh-Taylor
instability working in the opposite direction when the high
pressure of the compressed pulsar bubble begins to acceler-
ate the ejecta shell back outwards. From the one-
dimensional simulation shown in Figure 2, we see that once

drops below D0.5, the pressure in the compressedRp/R1PWN exceeds that in the SNR and the PWN begins to
decelerate the shell of shocked ejecta. This acceleration of
the dense ejecta gas by the low-density PWN gas is subject
to the Rayleigh-Taylor instability. As a result of this insta-
bility, much of the ejecta gas continues toward the center of
the SNR almost unabated. In the absence of a PWN, a
spherical reverse shock would reach the center of the
remnant at an age of D35000 yr, and indeed we see in
Figure 5 that some has reached the center by this time. In
the same process some relativistic gas is displaced from the
center.

We see two competing e†ects of this instability in the
PWN crushing phase. First, as relativistic gas is displaced
from the center, it escapes the full compression of the infal-
ling ejecta seen in one dimension. Second, the vigorous
turbulence driven by this instability leads to rapid mixing of
the thermal and relativistic gasses. To illustrate these e†ects,
we compare the e†ective value of in the one- andRp/R1

two-dimensional simulations in Figure 6. We compute the
radius of the pulsar bubble in the two-dimensional simula-
tion by summing up the volume of gas with c \ 1.66 (i.e.,
including the partially mixed gas) and calculate an e†ective
radius assuming a spherical volume. Prior to the bounce,
the one- and two-dimensional simulations are nearly identi-
cal. However, at the moment of bounce, the PWN in the
two-dimensional simulation has a volume twice that of the
PWN in the one-dimensional simulation. The compressed
PWN quickly rebounds in the one-dimensional simulation,
but in two-dimensions the volume of relativistic gas con-
tinues to shrink because of numerical mixing.

This rapid depletion of the volume of the PWN in the
two-dimensional simulation is an artifact of numerical dif-
fusion ; when one numerical zone contains both relativistic
gas (c \ 4/3) and ejecta gas (c \ 5/3), the mass-weighted
average c is dominated by the high density of the ejecta. As
a result, the mixingÈand subsequent loss of PWN
volumeÈis strongly dependent on the numerical resolution
of the simulation. Higher spatial resolution leads to less
numerical mixing across the contact interface between the

FIG. 6.ÈEvolution of the pulsar nebula through the crash of the reverse
SNR shock in one (solid line) and two (dashed lines) dimensions with di†er-
ent numerical resolutions.
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FIG.5.ÈCrushingofthepulsarnebulainatwo-dimensionalsimulationusingtheparametersformodelAlistedinTable1.Thelengthscaleoftheimages
isnormalizedtotakeouttheexpansionoftheoutershockfront.[SeetheelectroniceditionoftheJournalforacolorversionofthisÐgure.]

thatfollowstheoutershockfront,sothatthefullresolution
ofthegridisalwaysused.

Theoutershockfrontremainsverynearlysphericaland
followsthetimeevolutionoftheone-dimensionalmodelto
within0.1%.Thekeydi†erenceistheinstabilityofthethin
shellofejectaandtherapidmixingdrivenbythisinsta-
bility.EvenbeforethePWN/SNRinteraction,theinsta-
bilityoftheSSDW(Chevalieretal.1992)beginstospread
outtheshellofshockedejecta.However,giventheshort
timebetweenthebeginningofthesimulationandthecrash
ofthereverseshock,thereisnotenoughtimeforthisinsta-
bilitytogrowtosigniÐcantamplitude.Followingthe
PWN/SNRcollision,thedecelerationoftheejectashellby
theshockedambientmedium(responsiblefortheSSDW
instability)increasesinmagnitude,therebydrivingamore
rapidRayleigh-Taylorinstability.Theresultisabroadened
shellofmixedejectaandambientmediumasseeninthe
ÐrsttwoframesofFigure5.

Muchmoredramatic,however,istheRayleigh-Taylor
instabilityworkingintheoppositedirectionwhenthehigh
pressureofthecompressedpulsarbubblebeginstoacceler-
atetheejectashellbackoutwards.Fromtheone-
dimensionalsimulationshowninFigure2,weseethatonce

dropsbelowD0.5,thepressureinthecompressed Rp/R1 PWNexceedsthatintheSNRandthePWNbeginsto
deceleratetheshellofshockedejecta.Thisaccelerationof
thedenseejectagasbythelow-densityPWNgasissubject
totheRayleigh-Taylorinstability.Asaresultofthisinsta-
bility,muchoftheejectagascontinuestowardthecenterof
theSNRalmostunabated.IntheabsenceofaPWN,a
sphericalreverseshockwouldreachthecenterofthe
remnantatanageofD35000yr,andindeedweseein
Figure5thatsomehasreachedthecenterbythistime.In
thesameprocesssomerelativisticgasisdisplacedfromthe
center.

Weseetwocompetinge†ectsofthisinstabilityinthe
PWNcrushingphase.First,asrelativisticgasisdisplaced
fromthecenter,itescapesthefullcompressionoftheinfal-
lingejectaseeninonedimension.Second,thevigorous
turbulencedrivenbythisinstabilityleadstorapidmixingof
thethermalandrelativisticgasses.Toillustratethesee†ects,
wecomparethee†ectivevalueofintheone-and Rp/R1

two-dimensionalsimulationsinFigure6.Wecomputethe
radiusofthepulsarbubbleinthetwo-dimensionalsimula-
tionbysummingupthevolumeofgaswithc\1.66(i.e.,
includingthepartiallymixedgas)andcalculateane†ective
radiusassumingasphericalvolume.Priortothebounce,
theone-andtwo-dimensionalsimulationsarenearlyidenti-
cal.However,atthemomentofbounce,thePWNinthe
two-dimensionalsimulationhasavolumetwicethatofthe
PWNintheone-dimensionalsimulation.Thecompressed
PWNquicklyreboundsintheone-dimensionalsimulation,
butintwo-dimensionsthevolumeofrelativisticgascon-
tinuestoshrinkbecauseofnumericalmixing.

ThisrapiddepletionofthevolumeofthePWNinthe
two-dimensionalsimulationisanartifactofnumericaldif-
fusion;whenonenumericalzonecontainsbothrelativistic
gas(c\4/3)andejectagas(c\5/3),themass-weighted
averagecisdominatedbythehighdensityoftheejecta.As
aresult,themixingÈandsubsequentlossofPWN
volumeÈisstronglydependentonthenumericalresolution
ofthesimulation.Higherspatialresolutionleadstoless
numericalmixingacrossthecontactinterfacebetweenthe

FIG.6.ÈEvolutionofthepulsarnebulathroughthecrashofthereverse
SNRshockinone(solidline)andtwo(dashedlines)dimensionswithdi†er-
entnumericalresolutions.
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FIG. 5.ÈCrushing of the pulsar nebula in a two-dimensional simulation using the parameters for model A listed in Table 1. The length scale of the images
is normalized to take out the expansion of the outer shock front. [See the electronic edition of the Journal for a color version of this Ðgure.]

that follows the outer shock front, so that the full resolution
of the grid is always used.

The outer shock front remains very nearly spherical and
follows the time evolution of the one-dimensional model to
within 0.1%. The key di†erence is the instability of the thin
shell of ejecta and the rapid mixing driven by this insta-
bility. Even before the PWN/SNR interaction, the insta-
bility of the SSDW (Chevalier et al. 1992) begins to spread
out the shell of shocked ejecta. However, given the short
time between the beginning of the simulation and the crash
of the reverse shock, there is not enough time for this insta-
bility to grow to signiÐcant amplitude. Following the
PWN/SNR collision, the deceleration of the ejecta shell by
the shocked ambient medium (responsible for the SSDW
instability) increases in magnitude, thereby driving a more
rapid Rayleigh-Taylor instability. The result is a broadened
shell of mixed ejecta and ambient medium as seen in the
Ðrst two frames of Figure 5.

Much more dramatic, however, is the Rayleigh-Taylor
instability working in the opposite direction when the high
pressure of the compressed pulsar bubble begins to acceler-
ate the ejecta shell back outwards. From the one-
dimensional simulation shown in Figure 2, we see that once

drops below D0.5, the pressure in the compressedR
p
/R1PWN exceeds that in the SNR and the PWN begins to

decelerate the shell of shocked ejecta. This acceleration of
the dense ejecta gas by the low-density PWN gas is subject
to the Rayleigh-Taylor instability. As a result of this insta-
bility, much of the ejecta gas continues toward the center of
the SNR almost unabated. In the absence of a PWN, a
spherical reverse shock would reach the center of the
remnant at an age of D35000 yr, and indeed we see in
Figure 5 that some has reached the center by this time. In
the same process some relativistic gas is displaced from the
center.

We see two competing e†ects of this instability in the
PWN crushing phase. First, as relativistic gas is displaced
from the center, it escapes the full compression of the infal-
ling ejecta seen in one dimension. Second, the vigorous
turbulence driven by this instability leads to rapid mixing of
the thermal and relativistic gasses. To illustrate these e†ects,
we compare the e†ective value of in the one- andR

p
/R1

two-dimensional simulations in Figure 6. We compute the
radius of the pulsar bubble in the two-dimensional simula-
tion by summing up the volume of gas with c \ 1.66 (i.e.,
including the partially mixed gas) and calculate an e†ective
radius assuming a spherical volume. Prior to the bounce,
the one- and two-dimensional simulations are nearly identi-
cal. However, at the moment of bounce, the PWN in the
two-dimensional simulation has a volume twice that of the
PWN in the one-dimensional simulation. The compressed
PWN quickly rebounds in the one-dimensional simulation,
but in two-dimensions the volume of relativistic gas con-
tinues to shrink because of numerical mixing.

This rapid depletion of the volume of the PWN in the
two-dimensional simulation is an artifact of numerical dif-
fusion ; when one numerical zone contains both relativistic
gas (c \ 4/3) and ejecta gas (c \ 5/3), the mass-weighted
average c is dominated by the high density of the ejecta. As
a result, the mixingÈand subsequent loss of PWN
volumeÈis strongly dependent on the numerical resolution
of the simulation. Higher spatial resolution leads to less
numerical mixing across the contact interface between the

FIG. 6.ÈEvolution of the pulsar nebula through the crash of the reverse
SNR shock in one (solid line) and two (dashed lines) dimensions with di†er-
ent numerical resolutions.
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FIG.5.ÈCrushingofthepulsarnebulainatwo-dimensionalsimulationusingtheparametersformodelAlistedinTable1.Thelengthscaleoftheimages
isnormalizedtotakeouttheexpansionoftheoutershockfront.[SeetheelectroniceditionoftheJournalforacolorversionofthisÐgure.]

thatfollowstheoutershockfront,sothatthefullresolution
ofthegridisalwaysused.

Theoutershockfrontremainsverynearlysphericaland
followsthetimeevolutionoftheone-dimensionalmodelto
within0.1%.Thekeydi†erenceistheinstabilityofthethin
shellofejectaandtherapidmixingdrivenbythisinsta-
bility.EvenbeforethePWN/SNRinteraction,theinsta-
bilityoftheSSDW(Chevalieretal.1992)beginstospread
outtheshellofshockedejecta.However,giventheshort
timebetweenthebeginningofthesimulationandthecrash
ofthereverseshock,thereisnotenoughtimeforthisinsta-
bilitytogrowtosigniÐcantamplitude.Followingthe
PWN/SNRcollision,thedecelerationoftheejectashellby
theshockedambientmedium(responsiblefortheSSDW
instability)increasesinmagnitude,therebydrivingamore
rapidRayleigh-Taylorinstability.Theresultisabroadened
shellofmixedejectaandambientmediumasseeninthe
ÐrsttwoframesofFigure5.

Muchmoredramatic,however,istheRayleigh-Taylor
instabilityworkingintheoppositedirectionwhenthehigh
pressureofthecompressedpulsarbubblebeginstoacceler-
atetheejectashellbackoutwards.Fromtheone-
dimensionalsimulationshowninFigure2,weseethatonce

dropsbelowD0.5,thepressureinthecompressed R
p

/R1 PWNexceedsthatintheSNRandthePWNbeginsto
deceleratetheshellofshockedejecta.Thisaccelerationof
thedenseejectagasbythelow-densityPWNgasissubject
totheRayleigh-Taylorinstability.Asaresultofthisinsta-
bility,muchoftheejectagascontinuestowardthecenterof
theSNRalmostunabated.IntheabsenceofaPWN,a
sphericalreverseshockwouldreachthecenterofthe
remnantatanageofD35000yr,andindeedweseein
Figure5thatsomehasreachedthecenterbythistime.In
thesameprocesssomerelativisticgasisdisplacedfromthe
center.

Weseetwocompetinge†ectsofthisinstabilityinthe
PWNcrushingphase.First,asrelativisticgasisdisplaced
fromthecenter,itescapesthefullcompressionoftheinfal-
lingejectaseeninonedimension.Second,thevigorous
turbulencedrivenbythisinstabilityleadstorapidmixingof
thethermalandrelativisticgasses.Toillustratethesee†ects,
wecomparethee†ectivevalueofintheone-and R

p
/R1

two-dimensionalsimulationsinFigure6.Wecomputethe
radiusofthepulsarbubbleinthetwo-dimensionalsimula-
tionbysummingupthevolumeofgaswithc\1.66(i.e.,
includingthepartiallymixedgas)andcalculateane†ective
radiusassumingasphericalvolume.Priortothebounce,
theone-andtwo-dimensionalsimulationsarenearlyidenti-
cal.However,atthemomentofbounce,thePWNinthe
two-dimensionalsimulationhasavolumetwicethatofthe
PWNintheone-dimensionalsimulation.Thecompressed
PWNquicklyreboundsintheone-dimensionalsimulation,
butintwo-dimensionsthevolumeofrelativisticgascon-
tinuestoshrinkbecauseofnumericalmixing.

ThisrapiddepletionofthevolumeofthePWNinthe
two-dimensionalsimulationisanartifactofnumericaldif-
fusion;whenonenumericalzonecontainsbothrelativistic
gas(c\4/3)andejectagas(c\5/3),themass-weighted
averagecisdominatedbythehighdensityoftheejecta.As
aresult,themixingÈandsubsequentlossofPWN
volumeÈisstronglydependentonthenumericalresolution
ofthesimulation.Higherspatialresolutionleadstoless
numericalmixingacrossthecontactinterfacebetweenthe

FIG.6.ÈEvolutionofthepulsarnebulathroughthecrashofthereverse
SNRshockinone(solidline)andtwo(dashedlines)dimensionswithdi†er-
entnumericalresolutions.
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Offset Relic PWN



Vela SNR and PWN “Vela X”

0.1 — 2.4 keV 1.3 — 2.4 keV TeV

Vela PSR B0833-45
Distance 0.3 kpc
Characteristic age 11 kyr
Vela SNR diameter 8 deg

HESS 2006

Note: offset not caused 
by pulsar motion!



HESS 2009 Measurement of Vela X

B. Glück, SNR and PWN in the Era of Chandra, Boston, 8th July 2009 12

Follow up observations with H.E.S.S.

• Additional 42h of new data
(after quality selection)

• In all 58h of data between 
2004 and 2009

• 7.6k excess events detected 
within a radius of 1.2deg, 
28.4σ, S/B ~ 0.24

• Thereof 2.1k events between 
0.8-1.2deg, 11.0σ
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Dubois et al. ICRC 2009,
Glück et al., 2009 Boston SNR/PWN Workshop

Circles centered on TeV emission center
at RA = 08h35m00, Dec = 45°36' (J2000)

TeV nebula as extended as radio nebula

Ring spectrum is indistinguishable from cocoon spectrum



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



Thank you for your attention!



Summary 

• PWNe are possibly the largest population of Galactic TeV sources

• All identified PWNe associate with a young and energetic pulsar, but no 
correlation of TeV luminosity with pulsar characteristic age or spin-down flux

• Many of the unidentified TeV sources might be old PWNe

• Two evolutionary stages are observed:

• Younger: Freely expanding into unshocked SNR ejecta

• Older: crushed by SNR reverse shock and often offset

• Fermi gives a more complete overview of energetic pulsars in our Galaxy, 
improving TeV source identification and population studies in the future
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