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Multiwavelength Observations of Pulsar Wind
Nebulae

Patrick Slane

Abstract The extended nebulae formed as pulsar winds expand intcstireound-
ings provide information about the composition of the wirntti® injection history
from the host pulsar, and the material into which the nebateeexpanding. Obser-
vations from across the electromagnetic spectrum proviaestcaints on the evo-
lution of the nebulae, the density and composition of theaurding ejecta, the
geometry of the central engines, and the long-term fate efetiergetic particles
produced in these systems. Such observations reveal therme of jets and wind
termination shocks, time-varying compact emission stmas, shocked supernova
ejecta, and newly formed dust. Here | provide a broad overeithe structure of
pulsar wind nebulae, with specific examples from obseraatextending from the
radio band to very-high-energyrays that demonstrate our ability to constrain the
history and ultimate fate of the energy released in the dpinn of young pulsars.

1 Introduction

The basic structure of a pulsar wind nebula is determinedhéypin-down energy
injected by the central pulsar and the interaction of theuteetwith the interior re-
gions of the supernova remnant (SNR) in which it evolvesskesgrom synchrotron
radiation in the nebular magnetic field, whose strength deép&oth on the nature
of the injected wind and on the evolving size of the PWN, isee€Compton (IC)
scattering of ambient photons by the energetic electromfadipn within the neb-
ula, and adiabatic expansion as the nebula sweeps up thleisding supernova
ejecta, all combine to determine the emission structurd@mgiterm evolution of
the nebula. (Se€[18] for a review.) Multiwavelength obséions of PWNe provide
crucial information on the underlying particle spectruna atrongly constrain both
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the magnetic field strength and the stage of evolution. Ctiqudar interest is the
spectrum of low-energy particles contained in the PWN. €hre&in the history of
early energy losses as well as possible signatures of &saituthe pulsar injection
spectrum.

Complex structure in PWN spectra can originate in a numbesagt that are as-
sociated with the long-term evolution as well[B2] 19]. Imtiaular, when the reverse
shock compresses the PWN, the resulting increase in theetiadield initiates a
new epoch of fast synchrotron cooling that adds to the pdipulaf low energy
particles. Models which do not account for the reverse slioigkaction will thus
underestimate this population and its associated radidti@ddition, recent studies
of the spectrum immediately downstream of the wind terniamashock show that
the injection spectrum itself can deviate significantlynira simple power law [38],
and particle-in-cell simulations of the acceleration s produce a Maxwellian
population with a power law tai[ [40]. Any such structure hretinjected particle
spectrum imprints itself on the broadband emission of th@eenebula. The re-
sulting breaks or regions of curvature in the PWN spectrurd,the frequencies at
which they are observed, depend upon the energy at whicbrésaappear in the
electron spectrum as well as the means by which the photenpraduced (e.g.
synchrotron radiation or IC emission). To fully understéimel nature of the particle
injection, as well as the long-term evolution of PWNe, iths$ crucial to study the
emission structure over the entire electromagnetic spectr

2 Dynamical Evolution of PWNe

The evolution of a PWN within the confines of its host SNR isedetined by both
the rate at which energy is injected by the pulsar and by tmsitjestructure of
the ejecta material into which the nebula expands. Theilmtalf the pulsar itself,
relative to the SNR center, depends upon any motion givemetptilsar in the form
of a kick velocity during the explosion, as well as on the digrdistribution of the
ambient medium into which the SNR expands. At the earliest$i, the SNR blast
wave expands freely at a speedof5— 10) x 103 km s, much higher than typical
pulsar velocities of- 400— 500 km s*. As a result, for young systems the pulsar
will always be located near the SNR center.

The energetic pulsar wind is injected into the SNR interforming a high-
pressure bubble that expands supersonically into the wudling ejecta, forming
a shock. The input luminosity is generally assumed to hagdéaim (e.g.[[30])
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Fig. 1 Composite image of Crab Nebula. X-ray emission fr@imandra is concentrated in a
central jet/torus structure (shown in blue), while optiealission fromHST (shown in yellow and
red), and the infrared emission frdBitzer (shown in purple) dominates the exterior regions where
the nebula sweeps up ejecta material.

is the initial spin-down time scale of the pulsar. H&gis the initial spin-down
power,Py andPy are the initial spin period and its time derivative, ani$ the so-
called “braking index” of the pulsam(= 3 for magnetic dipole spin-down). The
pulsar has roughly constant energy output until a toigyébeyond which the output
declines fairly rapidly with time. In the spherically symirie case, the radius of the
PWN evolves as

Rewn ~ 156 °E3, "M,/ %t%/° ©)

whereEgy is the energy released in the explosion &gl is the mass of the ejecta
[1Q]. Thus, at least at early times when the pulsar input ghhihe PWN expan-
sion velocity increases with time. The sound speed in thativédtic fluid within
the PWN is sufficiently highds = ¢/+/3) that any pressure variations experienced
during the expansion are quickly balanced within the bubéiesarly stages, we
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thus expect the pulsar to be located at the center of the PVl .pfessure bal-
ance within the PWN results in a termination shock where tieggetic pulsar wind
meets the more slowly-expanding PWN. Studies of this regfdhe PWN provide
the most direct information available on particles thatmimg freshly injected into
the nebula.

The geometry of the pulsar system results in an axisymmetnd [25], form-
ing a torus-like structure in the equatorial plane, alonthwbollimated jets along
the rotation axis. The higher magnetization at low latigidenfines the expansion
here to a higher degree, resulting in an elongated shapg #ierpulsar spin axis
for the large-scale nebulal[4,]44]. This structure is eviderFigure[d, where X-
ray and optical observations of the Crab Nebula clearlyakthe jet/torus structure
surrounded by the elongated wind nebula bounded by filanoéistsept-up ejecta.
A thorough review of the MHD-driven jet/torus structure iepented by N. Buc-
ciantini in these Proceedings.

Beyond the PWN, the outer blast wave of the SNR drives a shuokthe sur-
rounding interstellar/circumstellar medium (ISM/CSM)riihing a shell of hot gas
and compressed magnetic field. As the shell sweeps up aualitizass, and decel-
erates, a reverse shock (RS) propagates back into the enpagjdcta. When the
SNR has swept up an amount of mass that is roughly equal todks af the ejecta,
the evolution approaches the Sedov phase in which the redilescribed by

E 1/5
Ravr ~ 6.2 1o4(n—SN) t2/5 (4)
0

whereng is the density of the ambient medium. This is illustratediguiFe[2 where
dashed lines shoRpywn andRgyr as a function of time using Equations 3 and 4.
Here we have assumédej = 5M., andEsy = 10°! erg, and have used a range
of values forEg andng. As indicated, eventually the PWN would overtake the SNR
boundary under such conditions. However, because thaliakpansion of the SNR
occurs more rapidly than in the Sedov phase, and the injerdte from the pulsar is
highest at the earliest times, the actual behavior diffenmfthat shown. In addition,
as the reverse shock of the SNR propagates inward, it edgnteaches the PWN
boundary and begins crushing the nebula. This is indicatetle solid curves in
Figure[2, where the early-phase behavior as well as thesewtiock propagation
is taken into account (see [19]). Ideally the PWN radius eases until the nebula
pressure is sufficiently high for the system to rebound.

The crushing of the PWN results in an increase in the magfielit This causes
a rapid burn-off of the most energetic particles in the neblihe PWN/RS inter-
face is Rayleigh-Taylor (R-T) unstable, and is subject &ftiimation of filamentary
structure where the dense ejecta material is mixed intoeflagivistic fluid [6]. The
nebula subsequently re-forms as the pulsar injects freditlea into its surround-
ings, but a significant relic nebula of mixed ejecta and nakic gas will persist.

In cases where the pulsar and its PWN have moved considdrabiythe center
of the PWN, or in which the SNR has evolved in a medium of nofaumi den-
sity, the reverse shock will interact with the PWN asymnuoeatlily, encountering one
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Fig. 2 Time evolution of the SNR and PWN radii for a range of valuegiie ambient density and
initial spin-down power of the pulsar. The solid curves espond to models from Gelfand et al.
(2009) [19] using=o = 10*° erg 571, Mej = 8M,,, N = 0.1 cni3, andEs; = 1. See text description
for details. (From[[30]. Reproduced by permission of the AAS

portion of the nebula well before another. This results im@plex interaction that
leaves a highly distorted relic nebula that may be highlypldised from the pulsar
position [6].

In the later stages of evolution, the PWN can expand to a \agelsize, with
a correspondingly lower magnetic field strength. As desctribelow, such PWNe
may be best identified through their high-eneggsay emission, with only weak
X-ray emission observed close to the pulsars.

3 Spectral Evolution of PWNe

As particles are injected from a pulsar into its PWN, the lteésy emission is de-
termined by the evolved particle spectrum and magnetic, feeldvell as the energy
density of the ambient photon fi he injected spectrum is often characterized
as a power law:

Q(Ee7t) = QO(t)(Ee/EO)ia (5)

The integrated energy in the electron spectrum is then

1 1n addition, emission from ejecta gas and dust swept up bgthanding nebula can be significant
—and even dominant in some wavebands.
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Fig. 3 Synchrotron (left) and IC (right) emission (for scatterioff of the CMB) from a PWN at
ages of 1000 (solid), 2000 (dotted), and 5000 (dashed) yidare we have assuméd; = 1, Mej =
8M,, andng = 0.1 cm 23 for the SNR evolution, and = 3, Eg = 10*° erg s, andty = 500 yr for
the pulsar. For the wind, we assume that 99.9% of the eneiigytlie form of electrons/positrons
with a power law spectrum withi= 1.6.

E(t) (6)

/ Q(E,HEdE = (1+0)
whereo is the ratio of the spin-down power injected in the form of Riyg flux to
that in the form of particles. It is important to note one estgehe postshock flow
of particles to be characterized by a Maxwellian distribntccompanied by a non-
thermal tail — a result confirmed by recent particle-in-setiulations of relativistic
shocks|[[40]. The development of the nonthermal tail depemdhe shock condi-
tions, and the total residence time of the particles in tleelgcation region, which
may vary at different locations in the inner nebula. Thugs reasonable to expect
that the injected spectrum may actually deviate considgfedm a pure power law
form, a point that recent observations may be beginnindustiiate, as we discuss
below.

The resulting emission spectrum is found by integratingeteetron spectrum
over the emissivity function for synchrotron and IC radiatiusing, respectively,
the nebular magnetic field and spectral density of the amipileaton field. As il-
lustrated in Figur&l3, the build-up of particles in the neludsults in an IC spec-
trum that increases with time. The synchrotron flux decreasth time due to the
steadily decreasing magnetic field strength associatddthét adiabatic expansion
of the PWN. This behavior is reversed upon arrival of the SERrse shock (not
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shown in Figure), following which the nebula is compressed the magnetic field
strength increases dramatically, inducing an episode mitlreynchrotron losses.
Upon re-expanding, however, IC emission again begins teease relative to the
synchrotron emission. At the latest phases of evolutioremtine nebula is very
large and the magnetic field is low, the IC emission can p®vitt most easily-
detected signature. As described below, such behavioeisfeea number of PWNe
that have been identified based on their emission at TeV &sgend for which only
faint synchrotron emission near the associated pulsaezisia the X-ray band.
The broadband spectrum of a PWN, along with the associatedndigal infor-
mation provided by measurements of the pulsar spin pra@seiind the size of the
PWN and its SNR, place very strong constraints on its evaitaind on the spectrum
of the particles injected from the pulsar. Combined witlineates of the swept-up
ejecta mass, this information can be used to probe the pgrepef the progenitor
star and to predict the long-term fate of the energetic gesiin the nebula. Re-
cent multiwavelength studies of PWNe, combined with madgkfforts of their
evolution and spectra, have provided unique insights ieteal of these areas.

4 Case Studies

A complete summary of recent results on PWNe is well beyordsttope of this
paper. Below we discuss four distinct systems for which meoaultiwvavelength
observations have begun to probe both the detailed steuetd the underlying
particle population in these nebulae.

4.1 3C58

3C 58 is a flat-spectrum radio nebula £ 0.1, whereS, O v—) for which upper
limits based orlRAS observations indicate a spectral break between the radio an
infrared band<]21]. The PWN has often been associated With181 [41]; the low
break frequency would then suggest an extremely large ntiagied (> 2.5mG)

if interpreted as the result of synchrotron break. This egsilted in a number of
different interpretations, including the suggestion tthegt pulsar in 3C 58 under-
went a rapid decline in its output at some early epach [2H pbssibility that the
low-frequency break is inherent in the injection spectruanf the pulsar, and the
suggestion that 3C 58 is not actually associated with SN 14i@1s an older nebula
[1L,[5].

The X-ray emission from 3C 58 (Figulré 4) is dominated by a pdexe compo-
nent, typical of synchrotron emission. However, a faintiih@ component is clearly
detected in the outer regions of the PWN, and also contstiotthe interior regions
[8113722]. The temperatureis 0.25 keV, and enhanced abundances of Ne and Mg
are observed, indicative of 0.5M, of ejecta that has been swept up by the PWN.
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Fig. 4 Top: Chandraimage of 3C 58. The pulsar is at the center, and is surrounglecelongated
compact nebula with a curved jet extending to the west. Aesafy of the spectrum with radius is
observed — an effect resulting from both synchrotron agirthe@ electrons and the presence of a
soft thermal shell. BottomChandra image of the pulsar in 3C58, and its associated torus and jet
(left) and the IRAC 8um image of the same region. The elliptical region indicakestorus, and
has the same center and size in each image.

This is much larger than the expected mass if the PWN is assalowvith SN 1181,
and suggests a larger age for the sysfem [11].

To investigate the evolution of 3C 58, we have carried Spitzer observations
using IRAC [38]. These observations reveal the PWN in boéh3I6 and 4.5um
bands, representing the first detection of synchrotronsarisrom this important
young PWN anywhere in the five decades of frequency sepgrtimradio and
X-ray bands. The morphology of the IR emission from 3C 58ikisigly similar
to that seen in the radio and X-ray bands. The emission estaihthe way to the
radio boundaries, indicating that no synchrotron loss ks@acur below the band,
and some regions of enhanced or diminished emission matithwtle those seen
in the other bands (notably the large cavity on the easte),ssuggesting that we
are observing primarily synchrotron radiation. Opticatilents in 3C 58 [37, 33],
which presumably originate from supernova ejecta overtdlethe expansion of
the PWN, do not show a good spatial correspondence with tie oa IR struc-
tures, suggesting that the IR emission is not dominated By cntributions. This
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Fig. 5 The flux of all of 3C 58 (upper) and its torus (lower), plottedrfi the radio to the X-ray

band. While the torus is not detected in the radio band, théalf@ require a flattening of the X-
ray spectrum when extrapolated back to the longer waveidnatd. (From[[38]. Reproduced by
permission of the AAS.)

is similar to results fronSpitzerobservations of the Crab Nebula]42], where emis-
sion in the IRAC band is also identified primarily with synotron radiation.

The IRAC data also reveal emission from the torus surrounttile pulsar in
3C 58[36] in all four bands (Figuféd E)Optical emission from the torus is detected
as well [35]. These observations provide new constraintthenevolution of the
particles as they flow from the termination shock in 3C 58.r€&hg little question
that this emission is synchrotron in nature; there is insidffit dust in the environ-
ment of the pulsar termination shock to provide a shocked clumponent to the
emission. The spectrum (Figure 5) requires a break of soméstwveen the IR and

2 We also show preliminary results from MIPS observationsdaith where we also detect the
torus.
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Fig. 6 ROSAT PSPC image of Vela SNR. The single contour represents tlee batindary of the
radio nebula Vela X. The point source at the northern extrefivela X is the Vela pulsar and the
box inside the PWN indicates the XMM MOS region of the cocoboven in the inset.

X-ray bands, suggesting that the synchrotron loss breakapgust above the IR
band. Most importantly, these results indicate that thetspm of particles injected
into the PWN through the termination shock does not followuabroken power
law. As a result, structure in the PWN spectrum is, at leagtair, the imprint of
structure from the injection region.

From Figurd b, it is clear that additional observations of58;and particularly
its torus, at longer wavelengths will be crucially impottemunderstand the nature
of the injected particles and the subsequent long-ternuéweol of the PWN. Deep
observations of the central regions of other PWNe are gledimportance as well.

4.2 Vela X

Located at a distance of only 280 pc, the Vela SNR houses agyouisar that pow-
ers the extended nebula Vela X. This nebula lies within a{bnightened shell of
thermal X-rays. The outer shell is cool, and the exceptigral foreground ab-
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Fig. 7 XMM-Newton spectrum from the “cocoon” region in Vela X. The best-fit miodbown in
black, is composed of two components — a thermal plasma wiihreced, ejecta-like abundances
(light dashed curve) and a power law (dark dashed curvedn{f23]. Reproduced by permission
of the AAS.)

sorption Ny ~ 1 —5x 10?° cm2) allows us to see strong emission lines from O,
Ne, and Mg. In X-rays, the overall brightness asymmetry da\ie evident (Fig-
urel8). The SNR is much brighter in the northeastern hemispbmvard the Galac-
tic plane. This is apparently the result of large-scale mbgeneities in the ISM,
with ny &~ 0.06 cnm 2 in the south[[7], andlg ~ 1 cn2 on the north side of the SNR
[13].

Radio observations of the PWIN_|28] reveal a morphology cotre¢ed to the
south of the pulsar itself, suggesting that the nebula has desrupted by the im-
pact of the reverse shock which propagated more rapidly ftmmortheast due to
the higher ambient density in this direction. Higher retoluradio images show a
network of filamentary structure in the PWN [15], possiblynfed by R-T instabil-
ities in this interaction with the reverse sho€OSAT observations of the Vela X
region [27] reveal a large emission structure — the so-g¢&dttecoon” — extending
to the south of the pulsar. The region is characterized byrd $@ectrum and ap-
pears to lie along a bright elongated radio structA&CA observations established
a two-component X-ray spectrum with the hard componentaatety described by
either a power law or a hot thermal plasmal[29]. The PWN is nlegkat energies
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Fig. 8 Broadband spectral model consisting of synchrotron epmgsithe radio and X-ray bands
accompanied by IC emission in the VHEray band. The upper panel shows a model with two
spectral breaks in the electron spectrum. Models with desimgak (lower panel) either underpre-
dict the radio emission, or produce a radio flux whose spleictilax does not agree with observa-
tions. (From[[23]. Reproduced by permission of the AAS.)

up to~ 200 keV withBeppoSAX [26], and observations witH.E.S.S. [2] reveal ex-
tended VHEy-ray emission with the brightest emission concentrateebtly along
the cocoon.

Our initial studies of a small region along the cocdon [23f@ a bright X-ray
structure shown as an inset to Figlite 6. The emission is oorated into several
distinct regions, at least some of which appear to be filaargratructures. The
integrated emission from these regions is characterized/dylistinct components
— a power law with a spectral index ef 2.2 and a thermal plasma with enhanced
abundances of O, Ne, and Mg, presumably associated witlaejeat has been
mixed into the PWN upon its interaction with the reverse sh@igurelT).

It is of particular interest that our broadband modelinghaf honthermal emis-
sion from this central region of Vela X indicates a discortristween the radio-
emitting particles and those that produce the X-ray and je&y emission[[23]. A
model with a single spectral break between the bands eitioarpredicts the radio
flux or produces an incorrect radio spectral index (Figurendlile a model with
two breaks can satisfy the data. Treating the poorly-charaed low-energy elec-
tron component as a separate population of particles, d&,Jalgne, & LaMassa
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[12] showed that enhanced IC emission from this componeuldcbe expected
in the GeV band. This has now been confirmed with observatigr&GILE [31]]
andFermi [I]. Interestingly, a similar excess is observedsarmi observations of
HESS J1646 465 [39], another evolved PWN that appears to have unde@ &g
interaction (see Section 4.4).

The nature of the low-energy particle spectrum in Vela X isnhounderstood,
but theFermi studies in particular suggest a difference in the cocoosgnmn from
that of its surroundings; the LAT emission appears to be entrated distinctly to
the west of the TeV emission. Whether or not this emissionpmmment is somehow
associated with the reverse shock interaction is not cheaiXMM Large Project
to map a significant portion of Vela X is underway to investige distribution of
nonthermal particles and thermal ejecta in the nebula.

4.3 G327.1-11

G327.1-1.1is a composite SNR with a bright central PWN whose stredsicom-
plex in both the radio and X-ray bands. As shown in Fididre 8 SNR is character-
ized by a faint radio shell accompanied by a bright radio PVihe PWN is offset
from the SNR center, and a finger-like structure extendstwee west/northwest.
The morphology is suggestive of a PWN that has been disruptexh asymmet-
ric reverse shock interaction that has arrived preferéytisom the northwestern
direction.

DetailedChandra observations [43] appear to confirm this scenario in dgtail.
compact X-ray source resides at the tip of the radio finget zatnail of nonthermal
X-ray emission extends from the source back into the radbuliae The compact
X-ray source itself is resolved, with possible evidence jet ar torus structure, and
the source is embedded in a cometary nebula whose strustsuggestive of a bow
shock. A pair of prong-like structures originate from theinity of the compact core
and extend out to the west/northwest. Their axes are notedigvith the compact
core, and they do not appear to be jets from the pulsar. Thé umosual feature
in G327.1-1.1is a large bubble-like structure that extemdgrom the prongs. The
bubble is very faint, but it is apparent in images taken withlChandra andXMM.

The spectralindex in the tail of X-ray emission that extentisthe brighter radio
PWN appears to vary from 1.8 to ~ 2.1, although significantly better statistics
are needed to map this fully. Faint loop-like structuresssillly associated with
Rayleigh-Taylor filaments or magnetic loops, are evidetihérsouthern part of the
tail and they appear to extend from radio structures indiéer¢lic PWN. Deeper
X-ray observations are required to better characterizeetia@d, more importantly,
to study the detailed properties of the complex structuess sn the immediate
vicinity of the pulsar, and to investigate the apparentigash diffusion of particles
that form the bubble-like structure.

3 See also the contribution by T. Temim in these Proceedings.
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Fig. 9 Composite radio (red and orange) and X-ray (blue) image &7G3-1.1. The outer radio
shell defines the SNR boundary, while the bright central leeisuthe PWN. The compact source
to the northwest of the nebula is the neutron star. It is emddedn a cometary-shaped structure
accompanied by a tail of X-ray emission extending into ttdiaaebula, as well as prong-like
structures (seen in inset) that appear to inflate a faintleublihe northwest.

The overall X-ray morphology of the PWN in G327.1-1.1 praseseveral chal-
lenges. It appears clear from the displacement of the raghala that the PWN has
undergone an interaction with the SNR reverse shock, andhisashock arrived
earlier from the northwest, possibly as a result of pulsationan this direction.
In such a scenario, we expect the ongoing pulsar wind pramutd begin forming
a new PWN around the pulsar, shaped by the surrounding peessnditions. Ra-
dio emission from the displaced relic nebula will persist, the compression from
the reverse shock will temporarily increase the magnetiid fiethe nebula, causing
rapid synchrotron losses for the more energetic parti¢les X-ray emission is thus
expected to be concentrated closer to the pulsar, as ols&pectral steeping of the
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X-ray spectrum in the direction of the relic nebula is expddt the synchrotron loss
timescale is shorter than the particle flow timescale; magpis spectral evolution
along the extended X-ray tail thus constrains the conditiarthe relic nebula. In
the direction from which the reverse shock propagated,ttinetsire of the medium
is complicated. The density in the immediate post-shocloreg enhanced, but
declines downstream due to adiabatic expansion of the SIRaAt qualitatively,

this could provide the environment in which freshly-inggiwind from the pulsar
inflates the observed bubble.

The cometary feature surrounding the putative pulsar cizatels the above pic-
ture. The morphology is suggestive of a bow shock that forfmsmthe pulsar mo-
tion exceeds the sound speed in the the ambient mediumingeddstructure quite
different from that of a static PWN. The wind termination skdn such systems
is compressed in the direction of motion, and extended irbdekward direction.
X-ray emission is then observed between the terminatioolshnd the contact dis-
continuity, and forms three distinct structures: the “Hetadt surrounds the pulsar;
an enhanced region behind the pulsar, associated with iménggtion shock; and
an elongated tail where the swept-back wind is concentifdfédd]. For G327.1-
1.1, such a geometry would require a significant pulsar Vigl@omponent per-
pendicular to the plane of the sky, but the overall veloditgttwould be required
(770 km s'1) is not unreasonable.

Given the similarity between G327-1.1 and Vela, in the context of both being
systems in which an interaction between the PWN and the Sh&tge shock has
occurred, it is of considerable interest to determine wéetr not G327.£1.1,
like Vela X, produceg-rays. Preliminary investigation &ermi-LAT data indicates
faint emission that is positionally coincident with G32%1L.1, but further analysis
is required to assess this in detail.

4.4 HESS J1640—-465

HESS J16406465 (see Figure10) is an extended source of very-high-gneray
emission discovered with the High Energy Stereoscopioce®y$H.E.S.S.) during a
survey of the Galactic plang][3]. Centered within the raditRSG338.3-0.0 [34],
the deconvolved TeV image of the source has an RMS width©£2.5 arcmin
[16]. HI measurements show absorption against G338.8 out to velocities cor-
responding to the tangent point, indicating a distance déat 8 kpc([24], and
thus implying a rather large size for the PWRb(yn > 6.4d19 pc, whered;g is the
distance in units of 10 kpc). X-ray observations withiM [16] and Chandra [24]
establish the presence of an accompanying X-ray nebularaXeray point source
that appears to be the associated neutron star. The poirttesisuoffset from the
center of the PWN, and both are offset from the center of thR,3\ggesting that
an asymmetric interaction with the SNR reverse shock hasros.
We have investigate@fermi-LAT data acquired from the region surrounding

HESS J1646 465 and detect the source with high significance [39]. Thetspe
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Fig. 10 Fermi-LAT image of HESS J1640465. The solid (cyan) circle indicates the uncertainty
in the centroid of thé&ermi-LAT source, the magenta dashed circle indicates the 95Uttt flux
distribution of the H.E.S.S. image, and the white dashedlecindicates that for 3EG J1639%702.
The white contours outline radio emission from G338030 while the black contours at the cen-
ter outline extended X-ray emission observed WM. A compact X-ray source detected with
Chandra resides within the X-ray contours. (From [39]. Reproducggérmission of the AAS.)

is well-described by a power law with = 2.30+0.09 and aF (> 100 MeV) =
2.8 x 10~ photons cm? s~1. We have modeled the emission assuming a 1-zone
model in which particles are injected into the nebula withinapte power law dis-
tribution. We use a radius d®s\r ~ 11.6d;19 pc for G338.3-0.0, based on radio
observations. The observed extent of HESS J164b constrains the radius of the
PWN toRpwn > 6.4d10 pc. As indicated in Figurgl 2, where a horizontal line indi-
cates the radius of G338-3.0, reasonable values for the SNR and PWN parameters
indicate that the SNR reverse shock has almost certainlyrbegimpact the PWN.
The broadband emission model results are shown in Flgdrehetemwve plot
theFermi and H.E.S.S spectra along with the radio upper limit from GMRser-
vations [20] and spectral confidence bands derived f@mandra [24]. The black
curves represent the model prediction for the synchrotegdt) @nd IC (right) emis-
sion that best describes the X-ray and Tyek&y spectra, similar to results from [24];
the parameters for the model are summarized in the capti®sean in Figure11,
this model significantly underpredicts the obseriedni-LAT emission. Our spec-
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Fig. 11 Electron spectrum (upper) and broadband emission modeé()dor HESS J1640465
assuming the evolutionary history described in the texe Black curves represent a PWN with
an ageT = 10 kyr, andB(T) = 5uG, assumings = 4 x 10°® erg s'1 and an injection spectrum
with 0 = 1073, y = 2.5, andEmi, = 115 GeV. The light curves represent the scenario with a low-
energy Maxwellian electron component replacing the lowrgy portion of the electron power-
law spectrum. The mean temperature for the IR and opticaiophiields are 15 K and 5000 K,
respectively, and the energy densities relative to the CkéBtaand 1.15. The dashed curve in the
upper panel represents the truncated portion of the powethlat was replaced by a Maxwellian.
The dashed curve in the lower panel represents a model fahvelfi of they-ray emission results
from pion decay. (Froni [39]. Reproduced by permission ofAAS.)

tral fits can formally accommodate up to abeu20% of the observed flux in a
pulsar-like component characterized by a power law withxgoeential cutoff en-
ergy between 1 and 8 GeV, and there are several known radiangubcated within
the error circle of HESS J1640165 that could potentially produce observapiay
emission. Even in this case, however, Beemi-LAT emission still greatly exceeds
the predicted flux from HESS J164@65.
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As described in Section 4.2, simple power-law models forpgheicles in Vela
X, another evolved PWN, fail to reproduce the observed Hvaad spectrum. The
presence of an excess population of low-energy electroimdésred, and models
for the IC scattering of photons from this population prédic excess of-rays in
the GeV range. Motivated by these results from Vela X, we fiedlithe evolved
power law spectrum from our model for HESS J164®5 by truncating the lower
end of the power law and adding a distinct low-energy compbrigased on results
from simulations of shock acceleratidn [40], we chose a Mglian distribution
for this population. Our resulting (ad hoc) particle spewtris shown in the upper
panel in Figuré11, and the resulting broadband emissiohadsvis in the lighter
(magenta) curves in the lower panel. Here we have adjusteddhmalization of
the Maxwellian to reproduce the emission in tR@mi-LAT band, which is pro-
duced primarily by upscattered infrared (IR) photons fraoal dust. We find a
mean value ofy ~ 2 x 10° for the electrons in the Maxwellian component, and
roughly 5% of the total electron energy in the power law @ilpsistent with results
from particle-in-cell simulations. Recent work by Fang &afiy (2010)[[14] uses
a similar input distribution to successfully model the esioa for several PWNe
including HESS J1640465. However, their results for HESS J16465 under-
predict the observed GeV emission from this source, apgigrdne to use of a
slightly lower bulk Lorentz factor and a larger fraction diettotal energy in the
power law tail than we have used in this analysis.

An alternative scenario for thgray emission is that it arises from the SNR
itself, and not the PWN. The dashed blue curve in Fidule 1tessmts a model
for the emission from the collision of protons acceleratethe SNR with ambient
material, leading tg/-rays from the production and subsequent decay of neutral
pions. Assuming a shock compression ratio of 4 and that 25edbtal supernova
energy appears in the form of relativistic protons, an amtiensityng ~ 100 cn 3
is required to produce the model shown in the Figure. Thisushrhigher than can
be accommodated for the observed size of the SNR and theflablserved thermal
X-ray emission from the SNR. Such high densities are foundeinse molecular
clouds, suggesting that therays could be produced by particles that stream away
to interact with high-density material outside the SNR. ldwer, only the most
energetic particles can escape the acceleration regidohvghin conflict with the
proton spectrum we require to match the data. Moreover likeroed TeV emission
appears to originate from within the SNR boundaries, makinch an escaping-
particle scenario appear problematic. Based on this, algtinghe lack of a spectral
cutoff that might suggest emission from a central pulsarcareclude that the GeV
y-ray emission most likely arises from the PWN.

5 Summary

The broadband spectra of PWNe provide information about thag structure and
evolution of these objects. New multiwavelength obseoratihave begun to probe
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PWNe from the sites of particle injection to the ejecta-tadater boundaries, pro-
viding crucial input for modeling these systems. Obseovetin they-ray band have
uncovered previously unknown systems in the late phaseadfigen, while X-ray
observations continue to provide detailed informationudtibe geometry and the
composition of the pulsar winds. These observations coatin inform theoretical
models of relativistic shocks which, in turn, have broadamance across the realm
of high-energy astrophysics. At the same time, these reesntts have pointed the
way to new and deeper observations of PWNe across the eteagreetic spectrum.
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