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ABSTRACT

Aims. A recent research shows that particles with a spectrum d¢étiisetic Maxwellian plus a high-energy tail can be accated by relativistic
collisionless shocks. We investigate the possibility @f tiigh-energy particles with this new spectrum injecteduiisg@r wind nebulae (PWNe)
from the terminate shock based on the study of multiwaveteamission from PWNe.

Methods. The dynamics of a supernova remnant (SNR) and multibancheamal emission from the PWN inside the remnant are invaiste)
using a dynamical model with electrons/positrons injectétti the new spectrum. In this model, the dynamical and tagiagvolution of a
pulsar wind nebula in a non-radiative supernova remnanbeaself-consistently described.

Results. This model is applied to the three composite SNRs, G0.9-#SH 15-52, G338.3-0.0, and the multiband observed emidsion

the three PWNe can be well reproduced.
Conclusions. Our studies on the three remnant provide evidence for thespeatrum of the particles, which are accelerated by theitaites

shock, injected into a PWN.

Key words. gamma rays: theory — ISM: individual (G0.9+0.1, MSH 15-5338.3-0.0) — supernova remnant

1. Introduction particle-in-cell simulations, Spitkovsky (2008) foundattthe

article spectrum downstream of a relativistic shock cstesif

PWNe, which are prominent sites of high-energy emissi Wo components: a relativistic Maxwellian and a high-egerg

in the Galaxy, are powered by pulsars associated with thep%Wer-law tail with an index of-2.4 - 0.1. Based on this

A pulsar inside a PWN loses its rotational energy throughﬂ%ding with the assumption that the high-energy partidfes
pulsar wind composed of magnetic flux and high-energy p '

APWN are injected with a spectrum of a relativistic Maxellia
. v . . 20 ;. | L)
ticles {Goldreich & Julian, 1969; Gelfand et al., 2007, ‘pogplus a power-law high-energy tail, we investigate the mult

The ultra-relativistic wind flows relativistically into aom- avelength emission from PWNe to test the possibility of par

relativistic ejecta of the ambient supernova remnant (SN Hitles with the new spectrum injected into the PWNe.

which results in the PWN and a termination shock (TS), where . . . .
the plasma is decelerated and heated (Reynolds & Chevalier The dynamical evolution of the PWN is calculated basi-

. : : - .~ cally according to the model in_Gelfand et al. (2009), which
1984;| Volpi et al., 2008). High-energy particles are ingekct . . . ) .
into the nebula from the TS. and multiband nonthermal phcan self-consistently describe the dynamical and radiaio-

tons with energies ranging from radio, X-ray 4eray bands thion of a pulsar wind nebula in a non-radiative supernova
. ; ging 1 ’ y y remnant. Different from_Gelfand etlal. (2009), in which a-sin
are emitted during the evolution of the PWN. )

Usually, multi-wavelength observational results of a PWIQIe power-law Injection spectrum for the elgctrons/_pom;_rls
employed to discuss the radiative properties during difier

cannot be well reproduced by the radiation of particles m_hase of the PWN, we argue in this paper that the high-energy

jected with a single power-law spectrum, and a broken power- " - . g
J ge p P P articles are injected with the new spectrum of a relaiwist

law ‘must be_employed to_better explain the 0bservaﬁoﬁlfaxellian lus a power-law high-energy tail during the evo-
(e.q., LAtovan & Aharonian,/ 1996; Aharonian et al., 2005a; P b 9 9y g

Zhang et al., 2008). However, the physics behind the brokuﬁIOn in this _paper,_and a kinetic _equatlon is used to obtain
ower-law is unclear. For a typical PWN, the wind from tht € energy d|§tr|but|0n of th? particles. We apply the model
b X ?o the PWNe in the composite SNRs, G0.9+0.1, MSH 15-52

L . 6
pulsar can flow relativistically with a !orentz factqr Sf .10 " and G338.3-0.0, which have been observed in radio, X-rays an
The resulting TS can accelerate particles to relativistiergy. )

YEry high-energy (VHE)y-rays.

On the other hand, based on the long-term two di i 2 , .
N the ofher han ased on the fong-term two dimensiond G0.9+0.1 has a’PWN inside a 8shell in the radio band

Send offprint requests to: L. Zhang (Helfand & Becker, 1987). The PWN is powered by an en-
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ergetic pulsar PSR J1747-2809, which was recently disc@pitkovsky (2008) found that the particle spectrum down-
ered in G0.9+0.1 with the NRAO Green Bank Telescope sitream of a relativistic shock can be fitted as a Maxwelliars pl
2GHz (Camilo et al., 2009). A jet-like feature of the nebula power-law tail. The form i (y) = Ciyexp(—y/Ay1) +
was revealed in the high-resolution observation v@tiandra Covy~ min[1, exp(—y — Yeut )/ Aveut], Wherey is the Lorentz
(Gaensler et all, 2001). The observation in the TeV band widctor of the particlesAv; is close to(yy — 1)/2, v is the
HESS indicates that the PWN is a weak emitter in ViHEays Lorentz factor of the upstream flows = 0 for v < ymin,
(Aharonian et al!, 2005a). Ymin 1S @about seven times adkv; (Spitkovsky, 2008). In this
MSH 15-52 is a complex SNR with a ragged shell in thpaper, we investigate the possibility of particles withsthpec-
radio observations (Caswell et al., 1981). An elongated PWNim injected in PWNe by multiwavelength studies.
powered by an energetic pulsar was found in the remnant in We argued that high-energy particles injected in a PWN are
the X-ray observations with ROSAT (Trussoni et al., 1996xccelerated by the TS, for which the upstream pulsar wind typ
BeppoSAX (Mineo et all, 2001) and Chandra (Gaensler et atally can have a Lorentz facter 10°. Therefore, we assume
2002). The remnant has also been well detected in VHE the spectrum of the high-energy particles injected in the\PW
rays with HESS|(Aharonian etlal., 2005b) and CANGARO®as the form,
(Nakamaori et al.| 2008), and the significant VHErays are

identified to be produced from the PWN. C’(lt)Eﬁb exp (*E%) E < Eyin
A VHE ~-ray source HESS J1640-465 was discoveréd(E,t) = = 5 2\
by HESS in the survey of the inner Galaxy (Aharonian et al., c(t) [E_b exp (_E_b) +f (E_b) } Emin < E < Emax

2006), and it is spatially coincident with the composite SNR
G338.3-0.0. An extended X-ray source was found to be locatwtiere,a = 2.4 + 0.1, Ei, ~ 2.6 X 10°ys6 MeV, yis6 iS
at the center of the VHEy-ray source with XMM-Newton the Lorentz factor of the upstream pulsar wind of the TS in
(Funk et al.| 2007). Very recently, Lemiere et al. (2009)-prenits of 105, Epin = fminEb With fuin ~ 7, f is normal-
sented the high resolution X-ray observations on the PWHN, aiged by Ewin/Eb exp (—Emin/Eb) = f (Emin/Eb)” . This
a point like source as a putative pulsar appears in the X-rggectrum is similar to that given in_Spitkovsky (2008) excep
observations. for a discontinuity at,,;,, Which has no influence on the final

In this paper, we investigate the possibility of the paescl multiband photon spectrum, and the cut-off form at the high-
with the new spectrum injected in PWNe based on applicatiogst energy. We leave,, ., as a parameter constrained by the
with the spectrum to the three composite SNRs. In Seflionahservational results for a PWK'(t) can be obtained with
the model is simply described, and the results from the agpli )
tions to the three SNRs G0.9+0.1, MSH 15-52 and G338.3-08, _ Ee(t) 3)
are presented. The main conclusions and discussion ane give 9F2 4 fE—ﬁ [(%)2” B (h)g_a}
in Sectior3. bt/ 2—a | By By

Assuming the particles are homogeneous distributed irespac

2. Model and Results the PWN, and the distribution in the emission region is given

A PWN is powered by the its pulsar which dissipates the r8Y
tational energy into the nebula. The spin-down luminosfts o ON(E, 1) 9 r.
neutron star with a rotation period &f evolves with time as ———— = = {EN(EJ)} +Q(E,t), (4)

(e.g./Gaensler & Slane, 2006; Slane, 2008) ot o8
: : 1)/ (1 whereF is the energy-loss rate of the particles with enekgy
E(t) = Eo(1 +t/70) e, (1) Energy-loss mechanisms include synchrotron radiatimerse
wherery is the spin-down time scale of the st&g, is the initial  Compton scattering and adiabatic losses.
spin-down powery is the braking index of the pulsar, whichis  The dynamics of the PWN in the supernova shell is calcu-
equal to 3 for magnetic dipole spin-down. lated basically following the model presented in Gelfandlet
Magnetic field and high-energy particles are injected €2009). The model assumes that the progenitor supernova
the TS located where the ram pressure of the unshoclagects material with mass/.; and energyFs, into the ambi-
wind is equal to that of the PWN. In this paper, we asnt matter with a constant densijtysy;. Assuming the PWN
sume the spin-down power is distributed between electrdmss no influence on the dynamics of the forward shock and the
and positions F,(¢) = neE(t)), and magnetic fieldsHz = reverse shock, the velocity and the radius of the forwardlsho
nBE(t)) (e.g.,.Gelfand et all, 2009). [n _Gelfand et al. (2009and the reverse shock of the surrounding SNR are calculated
they used a single power-law injection spectrum for the-elewith the equations in_Truelove & McKee (1999). The pulsar
trons/positrons to discuss the radiative properties dudif- dissipates energy into the PWN, which sweeps up the super-
ferent phases of the PWN evolution. However, a brokemva ejecta into a thin shell surrounding the nebula, and new
power-law spectrum is usually needed to reproduce the ngarticles are injected into the PWN at each time step.
thermal emission of a PWN with multi-band observations We now apply the model the investigate the three compos-
(e.g., LAtoyan & Aharonian| 1996; Venter & de Jager, 200@&e SNRs, G0.9+0.1, MSH 15-52 and G338.3-0.0. Firstly,&f th
Slane et al., 2008;_Zhang et al., 2008). Recently, based distance, the age and the radii of the SNR shell and the PWN
the long-term two-dimensional particle-in-cell simutats, are known, the parameters such as the supernova enérgy (




J. Fang and L. Zhang: Multiband Emission from Pulsar Wind iaé 3

in G0.9+0.1 with the NRAO Green Bank Telescope at 2GHz
(Camilo et al., 2009).

The PWN in G0.9+0.1 was detected in X-rays with
BeppoSAX, and the result shows that the X-ray emission from
the source has a power-law spectrum with a photon index of
2.0 £+ 0.3 (Mereghetti et al., 1998; Sidoli etlal., 2000). High-
resolution observation with Chandra indicated that the-neb
ula is axisymmetric with a jet-like feature, which is eviden
of a torus of emission in the pulsar’s equatorial plane and a
jet directed along the pulsar spin axis (Gaensler et al.1200
/ ‘ ‘ ‘ Proguet et al.[ (2003) studied G0.9+0.1 using observatigns b
10’ 107 10° 10* 10° XMM-Newton. The X-ray spectrum softens with distance from
Time (Years) the core, and the spectrum in the energy range 2 — 10 keV has
a power law form with a photon index ef 1.9.

Very High-energy (VHE) emission from G0.9+0.1 has been
detected with HESS (Aharonian et al., 2005a). The photon flux
above 0.2 TeVi$.7 x 10712 cm~2 s, and the spectrum can
be fitted with a power-law with a photon indéxt + 0.31. The
source is a weak TeV emitter, and the VHEays appear to
originate from the core rather than the shell (Aharoniar.et a
2005a).

The dynamical and radiative properties of the composite
SNR G0.9+0.1 are investigated with the parameters in Table
[ for this source. Although the pulsar PSR J1747-2809 has a
characteristic age of 5.3 kyr, Camilo ef al. (2009) argued th
G0.9+0.1 has a small age of no more thianr 3 kyr either
Fig.1. Upper panel: radius of PWNHRgwm) for Me; = 2 from PWN evolution models of Blondin, Chevalier & Frierson
(dashed line))Me; = 6 (dotted line),M.; = 8 (solid line) and  (2001) for the observed ratiB., / Rsnr = 0.25 or from the
Mc; = 10 (dash-dotted line)/q, respectively, with the other pyN energetics (Dubner et/dl., 2008). The distance of the pul
parameters listed in Tableé 1 for G0.9+0.1. Lower panel: magyy is likely in the range of 8 kpc to 16 kpc due to the uncer-
netic field strength in the PWNH.) with different)Mc;, and  tajnty of the electron density model toward the distant inne
the others are same as the upper panel. Galactic regions (Dubner et/dl., 2008). We assume the distan

is 8.5 kpc in the calculation, then the radii of the PWN and

the shell are 2.55 pc and 10.2 pc, respectively. Moreovéin, wi

_ _ _ . Es, = 10°! erg andM,; = 8M, an age of 1900 yr and a

the ejecta massic;), the ambient density{syi), and the ini-  rg|atively low densitynis, = 0.01 cm=3 are needed to well
tial spin-down energyX,) can be constrained by making thgeproduce structure of the system, i.e., the radius of ted sh
results consistent with the known values. In our calculgtiognd the ratioR ywn / Ren:. A pulsar’s velocity of 120 km/s sim-
a typical spin-down time scaler(;) is set to 500 yr for the jjar as the Crab pulsar (Kaplan ef al., 2008) is used to st
three remnants, anfl, is also constrained by the current spinthe evolution of the PWN, which has no influence on the final
down power of the pulsar if it is available. Finally, in order results for G0.9+0.1 since it is a young remnant, and now the
obtain a consistent nonthermal emmission with the mulﬂbaBu|Sar is Safe|y in the nebula. With these parametersi the re
observational fluxes for the SNR, the other parameters canégming radii of the PWN and the SNR shell are 2.6 and 10.2
constrained. Note that uncertainties for some parametiérs $c, respectively, consistent with the observational tesuip-
exist due to both their insensitivities on the final resuttd the per panel Figll). The influence of the ejecta mags on the
uncertainties of the key properties of the system, suche@s Hdius of the nebula is shown in the upper panel ofFig.1. With

10’ 10 10° 10* 10°
Time (Years)

distance, the age and the properties of the pulsar. a smallerM.;, both the nebula and the SNR shell expand more
quickly, and the nebula collides with the reverse shocktat la
21.G0.9+0.1 time. As a result, the magnetic field in the PWN is weaker for a

smallerM,; due to the bigger volume of the nebula (the lower
The composite SNR G0.9+0.1 consists of a brighPRVN panelin Fid.1).
hosted by a 8shell in the radio band (Helfand & Becker, 1987; The dynamical properties of the SNR during the evolution
La Rosa et al., 2000). Recent high resolution radio study igfsimilar as those for the Crab remnant.in Gelfand et al. 200
the PWN indicates that the radio emission of the nebula halthough the new spectrum of the particles is used in thispap
a spectral index of-0.18 4- 0.04, and the fluxes are 1.35, 1.489nitially, the pressure of the PWN is much bigger that of the
and 1.75 Jy for the wavelength 3.6, 6 and 20 cm, respectivslyrrounding supernova ejecta, so the PWN expands adiabat-
(Dubner et al.| 2008). Furthermore, an energetic pulsar PRRIly into the cold supernova ejecta. The ejecta surraundi
J1747-2809 with a period of 52 ms has recently discovertte PWN is swept up to a thin shell, which is decelerated by
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Table 1. Input Parameters for the three PWNe

PARAMETER G0.9+0.1 MSH 15-52 (G338.3-0.@Asel) G338.3-0.0¢ASE?2)
Distance (kpc) 8.5 5.2 10.0 10.0
Tage (Y1) 1900 1900 4500 8200
Tsd (Yr) 500 500 500 500
Mej (M) 8.0 8.0 8.0 8.0
FEsn (10°'erg) 1.0 3.0 0.5 0.8
Nism (cM™%) 0.01 0.01 0.1 1.0
Eo (10*° ergs™) 2.0 15 10 0.5
n 3.0 2.84 3.0 3.0
7B (1073%) 1.0 20.0 1.0 0.3
@ 25 2.4 25 25
Enmax (TeV) 900 1000 500 500
Ey, (10°MeV) 0.2 0.9 0.8 0.8
L v
L 1
— g L F—1500
> O 107 F 2000 1
(] ‘Tm —— 5000
C,E Age(yr) o 10" E Age(yr)
°© L o
— w
Ni g ,]0-13F
O 14
o 10ME
1075 -3 -1 1 3 5 7 9 10715 -14 ‘712‘ ‘7101 J—8J J—SJ J741 J721 ‘O‘ ‘2‘ ‘4‘ ‘6‘ ‘8
10 10 10 10 10 10 10 10"10"10™ 10® 10° 10* 10% 10° 10* 10* 10° 10
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b 30000 Q 30000
40° | —— 50000 g 10" —— 50000
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Fig.2. Left panels: particle spectra of electrons and positromfifigrent times during the evolution of the PWN. Right pamel
the resulting spectral energy distribution at differeresgith the other parameters listed in Td0le.1.

ram pressure since its velocity is higher than the local douareases significantly (lower panel in [Ei§.1), and, as a tetha
speedl(Gelfand et al., 2007). The mass of the PWN,,, in- synchrotron luminosity has a rapid rise (lower right pamel i
creases continuously since the shell expands faster teamth Fig[2). Furthermore, the radius of the PWN decreases signifi
bient ejecta. This expansion phase ends when the PWN aantly, and the PWN will expand again when the pressure in it
lides with the reverse shock of the SNR. After the collisiorgventually becomes bigger than that of the surroundingajec
the pressure of the nebuld,,, is much less than that of theThe nebula enjoys a series of contractions and re-expaision
supernova ejecta around the nebBla, (R,wn). The velocity until the SNR enters the radiative phase of its evolutiore Th
of the PWN decreases greatly, and finally the PWN is comulsar with a velocity moving in the space will leave the PWN
pressed when the shell moves inwardly. During this procegghe velocity is high enough in the compression procesd, an
of compression, the magnetic field strength in the nebula ib€an re-enter the nebula when the nebula expands again.
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Particles with a spectrum of a Maxwellian plus a power-law
tail (« = 2.5, f = 1.0) are injected in the PWN when the pul-

0
sar is inside it. The particles lose energy through syncbnot 1
radiation, inverse Compton scattering and adiabatic l9es- S
thermal emission from the PWN from the radio to X-ray band g "0 f
is produced via synchrotron radiation, whereasys are pro- 2

duced through inverse Compton scattering on the seed phioton = 107
i.e., cosmic microwave background (CMB), infrared (IR) and 3
optical (opt) photons. For the soft seed photons, the erdergy E
sity of the infrared radiation is 0.23 eV cm as used for the w
GALPROP codel(Strong etlal., 2000; Porter etlal., 2006) and \
a density of 5.7 eV cm? for the optical component, which 105 e 07 10" 10°
is 50% smaller than the value used in GALPROP, are used in Time (Years)

Aharonian et al.[(2005a) to discuss the origin of the ViE

rays. We find densities of 0.5 eV cm for the infrared compo- ] ] ]

nent ¢Tir = 3 x 10~ eV) and 20 eV cm? for the optical Fig.3. The energy contained in the PWN at different ages of
soft photons K7, = 0.25 eV) can reproduce the observedhe system with the parameters same ag Fig.2.
spectrum in the VHEy-ray band well, so these densities are

used in this paper. The resulting energy distribution ofitae

ticles in the PWN and the multi-wavelength non-thermal emis

sion during the evolution are presented in [Hig.2. The daestic - - -

with energies smaller thaky, are mainly from the high-energy
particles with energies- FE}, experienced energy losses, and
the energy distributions in the range F}, at different age in

the evolution all show a power-law form with an index-ofl
(dN/dE < E~'). Onthe other hand, the energy distribution in
the higher-energy band-( E},) becomes steady between 1000
yr and 20000 yr, and the distribution can also be represegted

a power-law but with an index 2.5.

The expansion and compression of the PWN cause the . . .
magnetic field strength in the nebul,, to decrease and 10’ 107 10° 10* 10°
increase, respectively. The synchrotron emissivity dishies Time (Years)
before 10000 yr as the PWN expands into the cold supernova

ejecta, when the magnetic field strength in the nebula deeseq:ig_ 4. The spin-down power of the pulsar (solid line) and the

gradually. However, _synchrotron radiation can be impart"";ﬂdi::ibatic loss rate of the PWN (dotted line) during the evolu
again when the PWN is compressed, because the magnetic field ¢ e system. The others are the same aBJFig.3.
strength rises greatly during the compression. In this,dase

energy of the particles in the nebula can have a rise due to the
adiabatic compression, then the emissivity of inverse Gomp
scattering can also have a rise (see the emission il Fig.2 doced at 1900 yr. At this age, the magnetic field strengthen th
30000 yr). During the whole evolution process, the PWN BWN is 8.1uG, and the current spin-down power of the pulsar
an important emitter of the Ge¥y-rays, although the emissionis 8.67 x 1037 erg s'!, which is still consistent with the mea-
from the radio to the X-ray band is insignificant sometimes. sured ond.3x 1037 ergs™! (Camilo et al., 2009) due to the un-
Fig[3 shows the evolution of the energy contained in theertainty of the moment of inertia; moreover, the obseorsi
PWN (E,wn) during the evolution of the system, and the spirradii of the nebula and the SNR shell are reproduced in tleis sc
down power of the pulsar and the adiabatic loss rate of thario. The resulting multi-band emission of the PWN from the
PWN, which can be obtained with,q = EpwnVpwn/Rpwn, Model is shown in the lower panel in Hi§.5. The radio and the
are indicated in Figl4. Here,, and R, are the velocity X-ray observations can be well explained as synchrotroiafad
and radius of the PWN, respectively. At first, the energy ¢ibn of the particles injected in the PWN; VHErays from the
PWN increases continuously since the pulsar injects the spiebula are mainly produced by inverse Compton scattering on
down power into the nebula, and this stage ends aftén00 the optical light and the cosmic microwave background.
yr (Fig[3) when the adiabatic loss rate is considerable com- With a bigger ejecta mass;), the radius of the PWN is
pared with the spin-down power of the pulsar (Hig.4). Aftesmaller due to the deceleration of the ejecta matter befare t
this phase, the energy of the nebula decreases or incraasescdllision between the reverse shock and the nebula. As &,resu
to the competition between the spin-down power of the puldghie resulting synchrotron radiation is stronger for a bigf;
adiabatic loss. (the upper panel in Figl.5). Moreover, the influence of thekre
With the parameters in Tal[é.1, the dynamical structure aedergyEy, on the resulting multiband nonthermal emission is
the multi-band radiative properties of G0.9+0.1 are wedree indicated in Fid.b forE,, = 0.1 x 105 (dashed line)).2 x 10°
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nonthermal emission fat/.; = 2 (dashed line)).; = 6 (dot- § 10™ P
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My, with the other parameters listed in Table 1 for G0.9+0.1. W K 7 ; .
i . .. 10—15.............v"......‘n.":
Lower pa_nel. t_he resulting photon emission of synchrotron 10° 107" 10° 107 10° 10° 10" 10" 10° 10° 107 10°
(dashed line), inverse Compton scattering on the CMB (dot- Photon Energy (MeV)

ted line), IR(dash-dotted line), starlight (short-daskies), and

synchrotron photons (close-dotted line) fbf,; = 8My and _ ) o

the others same as the upper panel. The solid line represén@?7. Comparison of the resulting photon emission of syn-
the whole inverse Compton scattering of the electronstipasi  chrotron (dashed line), inverse Compton scattering on VB C
on all the soft photons. The radio (Dubner €tlal., 2008), x-rddotted line), IR(dash-dotted line), starlight (shorshied line),
(Proquet et [, 2003) and VHray (Aharonian et al., 2005a)and_synchrotron photons (close-dotted line) with the radio

observations for the PWN are also shown in the figure for cof3aensler etal., 2002), X-ray (Mineo et al., 2001) and VHE
parison. ~-ray (Aharonian et al!, 2005b) observations for the PWN in

MSH 15-52. The parameters are listed in Thblel for this rem-
nant.

(solid line),0.5 x 10° (dotted line) and..0 x 10° (dash-dotted |ar SNR with a diameter of 30’ from the radio observations
line) MeV, respectively. With a biggefry,, the resulting fluxes (Caswell et alll, 1981), and a PWN powered by an energetic pul-
in X-rays andy-rays are higher. The multiband observationalar PSR B1509-58 (e.., Gaensler ét al., 2002) was disabvere
results in the radio, X-rays and VHfzrays can be well re- iy the remnant. Livingstone etlal. (2005) presented an @pdat
produced withE;, = 0.2 x 10°. In such a case, the Lorentzijming solution for the young energetic pulsar PSR B1509-58
factor of the pulsar wind upstream of the TS can be estimatggsed on the 21.3 yr of radio data and the 7.6 yr of X-ray tim-
as~ 0.8 x 10°. ing data. The results show that the pulsar has a period oftabou
150 ms with a braking index of = 2.839 4+ 0.003, and a
22 MSH 15-52 characteristic age of« 1700 yr..In the radio bgnd, the source
appears as a shell-like SNR with bright spots in the NW and SE
MSH 15-52 (G320.4-1.2) is a complex object located at a disegion (Mineo et all, 2001), and the NW region coincides with
tance 0f.2+1.4 kpc based on the HI absorption measuremenhe IR and optical nebula RSW 89 (Seward etlal., 1982). The
consistent with the value &£9 + 0.6 kpc from the pulsar dis- PWN around the pulsar is comparatively faint in radio bands,
persion measure (Taylor & Cordes, 1993). It is a rough circand Gaensler et al. (2002) estimated a flux density 61 Jy
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at both 0.8 and 1.4 GHz using the data of Whiteoak & Green
(1996) and Gaensler etlal. (1999) for the PWN. In the X-ray

10 T
band, diffuse emission is detected from the shell-like ramin ~ ~ G338.3-0.0
with a bright spot coincident with the NW zone. The PWN has @ 10™f -I7Y. 1
an elongated structure roughly centered on the pulsar with t g e |

arms extending several arcminutes along the NW and SE direc- o
tions in the X-ray observations with ROSAT (Trussonietal., &£ 10"}
1996) and Chandra (Gaensler et al., 2002). The hard X-rayd ki
spectrum for the PWN was measured by BeppoSAX and the % 10y 4
power-law fit of the unpulsed high energy flux gave a photon in- TR S
dex2.14+0.2and aflux ofl.2 x 10~ erg cnT 2 s ! in the 20— AP P
200 keV energy range (Mineo et al., 2001). At VHEay en- 10 P10 10° 107 10° 10° 10" 10" 10° 10° 107 10°
ergies, the SNR MSH 15-52 has been observed with the HESS Photon Energy (MeV)

(Aharonian et al., 2005b) and CANGAROO (Nakamori et al.,

2008). The TeVy-rays are from an elliptically shaped region, . ) o
and the jet extends more prominently to the south/southeddg-8. Comparison of the resulting photon emission of syn-
This morphology coincides with the diffuse PWN as observédrotron (dashed line), inverse Compton scattering on 18 C

at the X-ray band< (Aharonian et al., 2005b). The overall efflotted line), IR(dash-dotted line), starlight (shorskled line),
ergy spectrum can be fitted by a power-law with photon ind@gd_synchrotron photons (close-dotted line) with the X-ray
' = 2.27 + 0.034a1 & 0.024y in the energy range 280 GeV(Lemlere. et al., 2009) and VHEray (Abaronian et al., 2006)

to 40 TeV in the HESS result, and a compatible result has bekigervations for the PWN in G338.3-0.0. The parameters are
obtained with the CANGAROO telescope. listed in TablEll for G338.3-0.0 (CASE 1).

2.3. G338.3-0.0

IffESS J1640-465 was discovered in the survey of the inner
gﬁllaxy with HESS as a center filled VHzray source with
a differential energy spectrum fitted as a power-law with an
index of2.42 + 0.14 above 0.2 TeV.(Aharonian etlal., 2006).
This source is spatially coincident with the SNR G338.3-
8.0, which has a broken shell with a diameter &findi-
ated in the the 843 MHz radio survey using the Molonglo
bservatory Synthesis Telescope (Whiteoak & Green, 1996).
A highly absorbed source inside the shell was indicated in
the X-ray observations with ASCA (Sugizaki et al., 2001) and
Swift (Landi et al., 2006). Extended X-ray emission cendere
The resulting multiband nonthermal emission from MSldbout the VHEy-rays was detected with a dedicated XMM-
15-52 are shown in Figl7, and the parameters are listedNewton observation in 2006 _(Funk et al., 2007). Recently,
Tabl€l. With an initial spin-down power df.5 x 103° erg |Lemiere et al.|(2009) presented the high resolution X-ray ob
st andry, = 500 yr, the spin-down power of the pulsar isservations with Chandra on the extended source. The olukerve
5.7 x 1037 erg s! at an age of 1900 yr, consistent with thenorphology shows a PWN and a point-source presented as a
measured oné,4 x 1037 erg s™! (Livingstone et al., 2005). An potential pulsar. The spectrum of the putative pulsar aed th
energy density of 1.5 eV cnt for the optical soft photons is PWN can be fitted with a power-law with an index of 1.1 and
used in the calculation, which is consistent with the vatoenf 2.5, respectivelyl (Lemiere etlal., 2009). They argued that t
the GALPROP code_(Strong et &l., 2000; Porter et al., 200@ulsar’s spin power isv 4 x 103¢ erg s based on the X-
For the infrared component, we find a density of 1.5 eV-ém ray luminosities of the putative pulsar and nebula betwetn 2
is needed to well reproduce the observation in ViHEays, so 10 keV. The distance of the source is less certain, and it can
this value is employed in the calculation. With the paramsetebe from 8 kpc to 13 kpc based on the H | absorption features
in Tablél for MSH 15-52, the radii of the PWN and the SNRbserved along the line of sight (Lemiere etlal., 2009).
shellare 3.6 pc and 14.8 pc, respectively, and the resutiangy Assuming the SNR has a distance of 10 kpc, the radius of
netic field strength inside the PWN is 19.& now. The ob- the radio shell isv 12 pc (@’) (Whiteoak & Green, 1996), and
served emission from the radlo (Gaensler et al., 2002) tXthethat of the PWN is~ 3.5 pc (1.2') in the X-rays according to
ray bands detected with BeppoSAX (Mineo etlal., 2001) can thee high-resolution observations with Chandra (Lemiei et
well explained as the synchrotron radiation of the highrgpe 2009). Firstly, G338.3-0.0 is assumed to be a young SNR ex-
electrons/positrons injected in the nebula; moreovenghelt- panding into a tenuous medium with a densityoaf cm—3.
ing emission from 100 MeV to 10 TeV is mainly produced vid he age of the remnant should not be too young since the PWN
inverse Compton scattering off the soft infrared photons] amust contain enough energetic particles to produce ther-obse
the HESS flux points can be well reproduced. vational VHE ~-rays through inverse Compton scattering. As

The age of the SNR MSH 15-52 has been estimated as
20 kyr with the standard parameters for the interstellariomad
and for the supernova explosian (Seward et al., 1983), whi
is significantly larger than the characteristic age (1700ofr
pulsar. However, it is very likely that the system is younghwi
an age ot~ 1700 yr since the SNR has expanded rapidly int
a low-density cavityl(Seward etial., 1983), which is supgadrt
by the observation of HI emission in this region (Dubner ¢t a
2002).
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3. Discussion and conclusions

. 0 Motivated by the finding that the spectrum of the particles

o qgrh (G338.3-0.0 ] downstream of a relativistic shock consists of two comptsien

WE ) L arelativistic Maxwellian and a power-law high-energy teith

o oy O an index of—2.4 4+ 0.1 (Spitkovsky,| 2008), we investigate

3 107l K the possibility of particles with this new spectrum injetia

w /! PWNe from the TS based on the studies of multiband emis-

g 10"+ /,’ sion from PWNe. Following the dynamical method proposed in

S ol Gelfand et al.|(2009), we study the dynamical and multi-band

w / I i radiative properties of the three composite SNRs G0.9+0.1,
A A Y 1 SR MSH 15-52 and G338.3-0.0. With appropriate parameters, we

10™10™ 10° 107 10° 10° 10" 10" 10° 10° 10" 10°

Photon Energy (MeV) find that a typical PWN is an importantray emitter during

its evolution although the non-thermal radiation from the r
dio to the X-ray band is insignificant sometimes. The multi-
Fig.9. The resulting spectral energy distribution with the pasand observations of the three PWNe in the remnants can be
rameters listed in Talileé1 for the CASE 2 of G338.3-0.0 (CASEell reproduced with the new spectrum of the injected parti-
2). Others are the same as Flg.8. cles. Therefore, our studies on the dynamical and multiwave
length radiative properties of PWNe provide evidence ohhig
energy electrons/positrons can be injected into a PWN with a
a result, the supernova explosion enetfgy, and the initial Maxwellian plus a power-law high-energy tail from the TS of
spin-down power of the pulsar are chosen to be' ¥#yg and the PWN.
10%° erg s7!, respectively; moreover, k. iS constrained to In modeling the multiband nonthermal emission from a
500 TeV to make the resulting emission consist with the oBPWN detected in the radio, X-ray andray bands, particles
servations in X-rays, and relatively high densities aredeee injected with a spectrum of a broken power-law are widely
to reproduce the VHE-ray fluxes detected with H.E.S.S., i.e.used to reproduce the observed multiwavelength emissign (e
5.0 eV cn? and 25.0 eV cm? for the infrared and the opticalVenter & de Jaget, 2006; Slane, 2008; Zhang et al., 2008). Of
soft photons, respectively. At an age of 4500 yr, with thesothcourse, for the three PWNe discussed in this paper, the-multi
parameters listed in Tallel for the SNR G338.3-0.0 (CASE brnd observed spectra of them can also be explained if the par
the radii of the shell, the reverse shock and the PWN are B9, §cles are injected with a broken power-law. However, itiis u
and 11.1 pc, respectively, and the magnetic field strengthein clear why the broken power-law spectrum is valid when uging i
nebula is 3.7:G. In such a case, the pulsar is energetic withta reproduce the multiwaviength emission from a PWN. From
spin-down power of.0 x 103 erg s' now. Furthermore, the our calculations, we have found out that the energy distribu
observed spectra in the X-rays with Chandra (Lemierelet dlon of the electrons/positrons in the nebula can be approxi
2009) and in the VHE-rays with H.E.S.S/ (Aharonian et/al.,mated as a broken power-law with an indexl in the lower-
2006) can be reproduced (Kiy.8). Inverse Compton scaftergnergy band and an indexsf2.5 in the higher-energy part be-
on the optical light dominates the resulting emission affed, fore the PWN undergos significant compression, which is most
whereas the emission above 1 TeV is mainly produced via iikely the physical explanation of the broad usage of a bmoke
verse Compton scattering off the IR photons. power law in modeling the multi-band non-thermal emission
On the other hand, we investigate the dynamical and radfgem PWNe.
tive properties of G338.3-0.0 expanding into a medium with a In this paper, high-energy electrons/positrons are iapkct
density ofl cm—3. With E,; = 0.8 x 10°! erg, the radius of the into the PWN from the TS, and the main energy of the nebula
shell of the SNR in radio means that the age of the remnantdscontained in these particles. These particles undeidja-ra
~ 8000 yr. With an initial spin-down power d.3 x 103° erg tive and adiabatic losses when the nebula evolves in the host
s~! and other appropriate parameters (see Tablel for G338B¢R. Our study indicates that, for a typical PWN with the pa-
0.0 CASE 2), the current spin-down power of the pulsar rameters similar as G0.9+0.1, the adiabatic loss of the&-part
1.65 x 10%7 erg s, and the resulting radius of the PWN iscles in the nebula is significant after an age~ofl 000 yr (see
just 2.45 pc, which is even smaller than the extension of the Kig[3 and Fidg.¥). Multiwaveband nonthermal emission from a
rays ¢~ 3.5 pc) assuming a distance of 10 kpc (Lemiere et aPWN has been investigated using a simplified time-dependent
2009). A smallemp = 0.3 x 1073, and the maximum energyinjection model, in which high-energy electrons/posisame
of the particles is set to 500 TeV to reproduce the obsenmvatioinjected into the PWN (e.g., Venter & de Jager, 2006; Slane,
fluxes in the X-rays ang-rays. The resulting multiband non-2008; Zhang et al., 2008). The pulsar inside the PWN tragasfer
thermal emission is indicated in Hig).9 with soft densiti€4.0 a part of its spin-down power to the particles with a spectofim
eV cm3 and 6.0 eV cmi? for the infrared and the optical softa broken power-law. In the simplified time-dependent ingect
photons, respectively. In this scenario, the PWN has been canodel in Zhang et all (2008), synchrotron loss of the paasicl
pressed by the reverse shock, and the resulting flux with enisrtaken into account, whereas the adiabatic one is igné®d.
gies below 1 eV is about two orders of magnitude higher thanresult, either a relatively smaller initial spin-down pavof
that in the CASE 1. the pulsar or a smaller efficiency of the power to the kinetic
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energy of the accelerated electrons/positrons is emplayed_emiere, A., Slane, P., Gaensler, B. M., & Murray, S. 2009,
the model. Moreover, note thatlin Zhang etlal. (2008), areinit ApJ, 706, 1269

spin-down power of x 10%® erg s™! for MSH 15-52 was used Livingstone, M. A., Kaspi, V. M., Gavril, F. P., & Manchester
to investigate the multiband emission from the PWN, which is R. N. 2005, ApJ, 619, 1046

a factor of 15 smaller than that used in this paper. Besides tereghetti, S., Sidoli, L., & Israel, G. L. 1998, A&A, 331, 7
above reasons, the another main one is a relatively big spifineo, T. et al. 2001, A&A, 380, 695

down time scale of- 5000 yr, which isx E, ' in the paper, Nakamori, T. et al. 2008, ApJ, 677, 297

used by Zhang et al. (2008), whereas in this paper it is adopf@orquet, D., Decourchelle, A., & Warwick, R. S. 2003, A&A,

to be500 yr. The energy released by the pulsar is mainly deter-401, 197

mined by Eo min{ Ty, 70}, and the value in this paper is not?orter, T. A., Moskalenko, I. V., & Strong, A. W., 2006, ApJ

much bigger than that in_Zhang ef dl. (2008). Therefore, the648 , L29

multiband observed spectra for MSH 15-52 can be reprodud@@ynolds, S. P. & Chevalier, R. A., 1984, ApJ, 278, 630

within the two scenarios even the initial spin-down power steward, F. D., & Harnden, F. R., Jr. 1982, ApJ, 256, L45

the pulsar is significantly different. Seward, F. D., Harnden, F. R., Jr., Murdin, P., & Clark, D. H.
1983, ApJ, 267, 698
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