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Vela X powered by the Vela pulsar is the best example of anvedopulsar wind nebula, al-
lowing to access the interaction with the supernova ejecthtlae particle injection history. We
present the spectrum of Vela X in the 20-300 keV energy rasgaeasured by IBIS/ISGRI and
SPI, the main instruments onboard the INTEGRAL satellitte pparent discrepancy between
IBIS/ISGRI, SPI, and previous measurements is understoddrins of point spread function,
pointing out a nebula more diffuse than previously thoudtte presence of cooled electrons is
also revealed by the spectral break measured includingkBudaga in the 1-10 keV range. This
picture is supported by the identification of a new struciaréhe energy band above 18 keV,
extended along the NE/SW axis and partially coincident withcocoon, the soft X-ray filament
extending towards the centre of the remnant.
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1. Introduction

Pulsar Wind Nebulae (PWNe) are the non-thermal bubblestéuflby the relativistic winds
of rotation-powered pulsars. Recent high-resolution nlad®ns in X-rays and TeV Gamma-rays
have allowed to understand the variety of the nebular mdogies as the result of an evolution
driven by the confining medium [7]. In the first stage, a yountsar and its nebula are embedded
in a freely expanding supernova ejecta. The over-presRVEN expands supersonically within
the unshocked ejecta and appears roughly symmetrical @sfect to the pulsar. When the SNR
evolves into the Sedov-Taylor phase (aftelO kyr since the pulsar birth), a reverse shock is formed
within the ejecta. After a time of typically a few thousanday® the inward moving reverse shock
collides with the boundaries of the PWN [18]. If the remnanEkpanding in an inhomogeneus
interstellar medium, the inward moving reverse shock readhe PWN boundaries at different
times, asymmetrically compressing the PWN and displadirghiulk of the electrons from the
pulsar position [3]. The clearest example of a PWN in suchiryfavolved state is Vela X (Fig. 1,
left panel).

Located at a distance of just 290 pc [5], Vela X was discovargd large {2-3°) radio
nebula [17] embedded in the shell of the Vela supernova rammdoich has a radius of 3:5The
nebula is powered by the Vela pulsar PSR B0833-45 (spin-diemvimosityE = 6.9x 103 erg s 1,
characteristic age-11 kyr). The most evident manifestation of the pulsar winfdisd in the inner
compact PWN observed bghandral8], which harbours a possible double torus and a complex
jet-like structure. At larger scal®OSATound a X-ray filament extending45 south/south-west
from the pulsar [13]. This so-called cocoon is thought to baegated by the reverse shock of
the supernova remnant in the Sedov-Taylor phase. This ripten has been confirmed by the
H.E.S.Sdetection of extended TeV emission matching the X-ray cod@h with the brightness
peak significantly offset from the pulsar. The multiwavefgnmorphology and spectrum of Vela X,
complemented by the recent GeV detection®\BILE [16] andFermi[1], suggest two populations
of electrons: a younger one, responsible of the X-ray and di@iésions, and an older one, more

Compact PWN

Pulsar

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

§ Cocoon
3 *".‘ 3

“\

-1 0
log ( plpe)

Figure 1. Left: simulated asymmetric crushing of a PWN inside a superremnant interacting with a non-uniform ambient
medium. From [3]. Right: ROSAT/RASS X-ray image of the Velgsernova remnant, nebula and pulsar (red 0.1-0.4 keV, green
0.4-0.9 keV, and blue 0.9-2.4 keV). The nebula is composeithdynner compact PWN (inset: Chandra 1-8 keV [15]) and by the
larger scale "cocoon". Vela pulsar lies in the centre of timer PWN.
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diffuse and peaking in radio and GeMays [4]. However, the location of the non-thermal eleasro
along the supernova remnant after the transit of the rewsek is still not clear.

Simulations show that ejecta material can be turbulentlyeshinto the PWN by the reverse-
shock interaction, yielding a disrupted PWN. This is supgibiby ASCA observations suggesting
possible non-thermal emission outside the cocoon [12],@nddditionalH.E.S.S.observations
which revealed a more extended PWN in TeV gamma-raydf6[EGRALis the only observatory
which can trace the most energetic electrons via their herstal X-ray emission. The angular
resolution of IBIS/ISGRI on board th&N\TEGRALobservatory, unprecedented in the 20 keV - 1
MeV range, combined with a large field of view, allows to adriéee problem of the boundaries of
the X-ray nebula. Here we report on tTEGRALidentification of extended hard X-ray emission
from Vela.

2. INTEGRAL identification of extended hard X-ray emission

We analyzed all public IBIS/ISGRI data within 1#om the Vela pulsar, that is 1976 pointings
collected between 2003-03 and 2008-07, for a total exposme of 5.6 Ms. In the 18-40 keV
mosaicked image (Fig. 2) we found adpoint-like source. The radius of the point spread function
(PSF) of~6" encompasses the Vela pulsar and the structured inner netmdlved byChandra
[8]. A hint of an extended feature is also apparent in the NEA8rection, extending~50 on
both sides. The NE side is larger and more significant, wisettea thinner SW side is partially
coincident with theROSATandH.E.S.Scocoon (Fig. 2, second and third panels, respectively).
The IBIS/ISGRI feature also matches the 2.5-10 keV exterdeidsion found by the Birmingham
Spacelab 2 telescope [19] (Fig. 2, fourth panel). The iddial pixels in the extended structure are
at the~3-60 significance level, which does not represent a firm detectitowever, such a large
cluster of low-significance pixels is not observed in thd ofshe image, and it is not reminescent
of IBIS/ISGRI residual coding noise. A further evidence afemded hard X-ray emission from
Vela X is provided by the spectral analysis.
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Figure 2: IBIS/ISGRI significance map in the 18—-40 keV range, Galantiordinates. First panel: significance map smoothed with
a 3 pixel @~7.5) Gaussian kernel. Other panels: unsmoothed significanpe @antours:ROSAT 0.5-2 keV (second panel, green);
H.E.S.S.VHE y-rays above 1 TeV (third panel, red); Spacelab 2, 2.5-12 keWtth panel, cyan).
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Figure 3. Left: ROSAT/RASS image in the 0.9-2.4 keV energy band. The BSdifferent instruments used in this study is also
shown. The non-thermal emission in the south-west is PupgRght: integrated flux in the 18-40 keV band at varying agtion radii
(black diamonds), along witBeppoSAXDS and SPI fluxes in the same band. In this case the integnatilius is given by their PSF
(6, 39, and 1.3 for IBIS/ISGRI, BeppoSAXDS, and SPI respectively) . The origin of the x-axis cqroesls to the pulsar position.
The third point of the IBIS/ISGRI integrated flux profile eosks the flux of the point-like source, that is the Vela inmenpact nebula.

We extracted the IBIS/ISGRI spectrum of the point-like seufrom mosaicked images in
narrow energy bands between 20 and 200 keV. It can be fittdd aviingle power law model
with photon index™ |sgri = 1.98+ 0.05 and fluxF = (4.75+0.07) x 10~ erg cnmm? s71 in the
20-40 keV range. We also analyzed the SPI data from the sasgevaltions, and found a power
law spectrum in the 20-300 keV range with compatible photatex, 'sp; = 2.15+0.15, but
higher flux, F = (9.1£0.6) x 10 erg cnt? s71 in 20-40 keV, with respect to IBIS/ISGRI.
A joint fit of the IBIS/ISGRI and SPI data yields a compatibleopon index, but it requires a
factor 1.8 to recover the higher SPI flux. Such a discrepaaoynot be due to an intercalibration
factor, which in the case of IBIS/ISGRI and SPI is in the 0.83-fiange. Both theNTEGRAL
photon indices are consistent with the one measurdgidppoSAXDS [10],lpps= 2.01+ 0.05,
whereas th&eppoSAXDS flux lies between the IBIS/ISGRI and the SPI one. As shiowig.

3, the IBIS/ISGRI,BeppoSAXDS, and SPI fluxes correlate with their respective PSH (6di
39, and 1.8), suggesting that each instrument samples a differentofitee nebula. Due to the
coded mask deconvolution of IBIS/ISGRI, the reconstrudtees of an extended source of' 60
radius is lower than the real one by a factob0 [14]. Therefore, such a source with a flux of
4.3x 107 erg cnr? s71 (the difference between the SPI and ISGRI fluxes), would basonred
by IBIS/ISGRI as low as-10~1? erg cnt2 s71, close to to its sensitivity limit.

To support the hypothesis that an extended source is prbaewdiluted in the coded mask
deconvolution, we refined the analysis of the ISGRI datafalhg the prescription for extended
sources [14]. Then, we extracted the IBIS/ISGRI flux fromaantric circles centred on the pulsar
at extraction radii up to 10(Fig 3, right panel). After 15 this integrated flux as a function of
the extraction radius does not reach a plateau, as it woukkpected from a point-like source,
but slowly increases up te60. Most importantly, the IBIS/ISGRI flux nicely recovers tBep-
poSAXPDS and SPI fluxes at extracting radii comparable with tR&F. This confirms that Vela
X is detected above 18 keV and it is extended.
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Figure 4. CombinedSuzakiXIS0-1-3 (red, green, and blue), IBIS/ISGRI (black), an@l $cyan) spectra of the Vela PWN.
SuzakiXIS data were extracted in a circular region o6frédius centered on the pulsar to match the IBIS/ISGRI PSFmdeled
the pulsar contribution by fixing two black bodies and a poiser, corrected by the interstellar absorption, with fixedapaeters as
measured b)XMM-Newton[11]. A free constant factor was considered to fit the SPI ds¢® text). An absorbed non-equilibrium
plasma emission model is also included to account for therthlesupernova remnant, as in [9].

3. Combined IBIS/ISGRI and Suzaku/XIS spectral analysis

The MECS and PDS on boamBeppoSAXallowed to measure a spectral break at energy
125+ 1.5 keV [10]. However, the different angular resolutions @& ttvo instruments required the
authors to rescale the PDS flux fronY 38 PSF, to 15 the maximum extraction radius of MECS.
With a much narrower PSHNTEGRALIBIS/ISGRI can be combined witBuzakiXIS on the
same extraction radius. PubldVM-NewtorlEPIC-MOS data of the same field could not be used
because they were taken in Small Window mode, to preventilireip, which reduces the field of
view to a fraction of the central chip. We then analyzed publiailableSuzakudata. Within an
extraction circle of 6radius from the Vela pulsar position, the derivazakiXIS spectrum shows
a power law component with photon index6%4-+ 0.005, and a 3-10 keV flux compatible with the
MECS in the same region. To simultaneously fit the IBIS/IS@Rd XIS data, a spectral break
is required at 24+ 3.5 keV, higher than the one derived BgppoSAXon a larger region, which
could suggest electron cooling in the propagating nebulgtoov.

4. Conclusions

The main concern of this contribution was to establish tlffgk hard X-ray emission from
Vela X as pointed out byNTEGRALobservations. The flux differences between IBIS/ISGRI,
BeppoSAXPDS, and SPl is explained by their different PSF, samplifigrént sizes of the PWN.
The similar photon indexes found in the spectra of the thmegiments suggest that the electron
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population radiating in hard X-rays has undergone a sigmfisynchrotron burn-off. The detailed
morphology of the hard X-ray nebula is still an open questiamindication of an extended feature
is present in the IBIS/ISGRI image in the 18-40 keV band. Rusprising to find that it extends
mostly on the northern side, where the reverse shock scepigidicts the strongest compression.
The physical implications and the details of these resulidoe presented in a forthcoming work.
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