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ABSTRACT

Context. Vela X is a region of extended radio emission in the westem @athe Vela constellation: one of the nearest pulsar wirutae
(PWNe), and associated with the energetic Vela pulsar (P@R8845). Extended very-high-energy (VHEray emission (HESS J0835-455)
was discovered using the H.E.S.S. experiment in 2004. ThE Yy emission was found to be coincident with a region of X-eanission
discovered witlROSAT above 1.5 keV (the so-callédtla X cocoon): a filamentary structure extending southwest from thegsutsthe centre of
Vela X.

Aims. A deeper observation of the entire Vela X nebula region, elsluding larger @fsets from the cocoon, has been performed with H.E.S.S.
This re-observation was carried out in order to probe thergxdf the non-thermal emission from the Vela X region at Te¥rgies and to
investigate its spectral properties.

Methods. In order to increase the sensitivity to the fajrtay emission from the very extended Vela X region, a muliata analysis method
combining three complementary reconstruction technigfi€herenkov-shower images is applied for the selectiopri@y events. The analysis
is performed with the O©ff background method, which estimates the background froaragpobservations pointing away from Vela X; towards
regions free ofy-ray sources but with comparable observation conditions.

Results. They-ray surface brightness over the large Vela X region revisalsthe detection of non-thermal VHEray emission from the PWN
HESS J0835-455 is statistically significant over a regiomaafius 1.2 around the positiom = 08" 35" 0%, § = -45° 36 00" (J2000). The
Vela X region exhibits almost uniformray spectra over its full extent: theffirential energy spectrum can be described by a power-lastifum
with a hard spectral indek = 1.32 + 0.06; + 0.12,s and an exponential cufioat an energy of (14.@ 1.6y + 2.6y TeV. Compared to
the previous H.E.S.S. observations of Vela X the new arglysinfirms the general spatial overlap of the bulk of the \WAHEay emission with
the X-ray cocoon, while its extent and morphology appearemmmnsistent with the (more extended) radio emission, adidting the simple
correspondence between VHEray and X-ray emissions. Morphological and spectral testhiallenge the interpretation of the originjefay
emission in the GeV and TeV ranges in the framework of cumesdels.

arxXiv:1210.1359v1 [astro-ph.HE] 4 Oct 2012
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1. Introduction the 3-10 keV energy range measured with XMM-Newtd®S

Very-High-Energy E > 100 GeV) photon emission originatingand BeppoSAYMECS shows a spectral index gradually soften-

from about one hundred astrophysical sources populatiag {Bg from an index of 1.60 to 1.90 in annular integration regio
. : U89 Within 15 from the pul ition (Mangano eilal. 2005).
Galactic Plane has been detected in recent years. A slg'ruflcaIt In 15 from the pulsar positio 05)

fraction of Galactic VHEy-ray sources are pulsar wind nebulae Furthermore, extended emission above 18 keV from the Vela
(PWNe), which are interpreted as bubbles filled with a plasnfigbula on the northern side of the cocoon was observed with
of highly energetic particles. PWNe are associated witsars, the INTEGRAL satellite (Mattana et al. 2011). This newffdse
whose rotational energy is converted into the kinetic epefg component has no known counterparts and appears larger and
a plasma of charged particles ($ee Gaensler & Slanel 2006 &were significant than the southern part, which is partiatline
references therein for a recent review)_ cident with the soft X—ray cocoon. The origin of the northern
Vela X was originally discovered By Rishbefh (1958) as orfeard X-ray emission might be due to the injection of reldive
of three radio sources in the western part of the Vela cdastelfresh particles into the nebula. The modelling of the spewtr
tion.[Rishbeth[(1958) already presumed that Vela X stands d¥thin 6" from the pulsar and in the energy range from 18 to 400
in comparison to the other two objects (Vela Y, Vela z), as i€V implies a magnetic field higher than AG.

radio spectrum tends to be flatter. A review of radio observa- The Vela X cocoon was observed with tieA, revealing a
tions of the region was given by Alvarez et al. (2001). The sizyight radio filament coincident with the eastern edge ofthe
of the Vela X radio emission is coarsely given asr8the east- ray filament [(Frail et 8l 1997). Moreover, a network of samil
west direction and 2in the north-south direction. Vela X wasradio filaments was discovered across the whole radio PWN wit
mterpreped as a PWN associated with the pulsar PSR B083%tended observations by tiolonglo Observatory Synthesis

45 (Weiler & Panagla 1980). A pulsar distance of about 29fescope (MOST, [1998), whereas only the central
pc is derived from radio and optical parallax measuremergfe is visible in X-rays. A suggested explanation for thelge fi
(Caraveo etal. 2001; Dodson etlal. 2003). As a side-productfients is that they arise from Rayleigh-Taylor (RT) insttie,
the parallax measurement, a proper motion velocity of 65 ke to the accelerated expansion of the nebula into thetsutro
s was found, which represents a comparatively slow motigiig medium. Such acceleration is expected to occur in the fre
with respect to typical pulsar velocities, that has preserthe expansion phase (for PWNe with an age of about 1 kyr), or in the
pulsar from escaping from the nebula bubble. The Vela pulserberation phase, when the nebula is first adiabaticalty-

exhibits a rotational period of 89.3 tal_1968) an pressed by the reverse shock of the SNR and then re-expa@ds du
period derivative of 1.2% 10 s s° 11996), cor- 1o the rising pressure inside the PWN. Gelfand & al. (2068) p

responding to a spin-down luminosity of 6:910° erg s'. sented the simulated evolution of a PWN inside a SNR over 100
PSR B0833-45 is the only middle-aged pulsar with a PWN feir. Following their model, PWNe with ages of about 20 kyr are
which a braking index has been measumee-(1.4,[Lyne etal. characterised by a large magnetisation parameter (i.eathe
1996). The commonly quoted characteristic age of the pigsaiof magnetic field to particle energy), and will show RT-filame

11 kyr (assumingn = 3, that is, magnetic dipole radiation to begrowth. The RT instabilities will allow the magnetic fieldés to
responsible for the spin-down of the pulsar). A large step forearrange themselves parallel to the filaments, so thalisena
ward in the understanding of Vela X came with the X-ray misparticles are bound within this region. The concept of agredil
sion ROSAT in the mid 1990s. According to thROSAT data, magnetic field is supported by the measurement of the orienta

the shell of the Vela supernova remnant (SNR) is extended oy@n of the magnetic field by Milhé (19D5).
a large region of diametey 8°. Beyond the shell several frag- The Vel lsar is | d at th h d f the radi
ments have been found with trajectories pointing back tdwar e Vela pulsar Is located at the northern edge of the radio
the pulsar, so that shell and pulsar are associated as rEmnﬁﬁbUIa' The fiset between the pulsar and the centre of the PWN

of the same SN explosion (Aschenbach efal. 1995). An eld N be e>_<p|a|ned by the interaction of the PWN with th_e SNR
gated X-ray filament was observed at the centre of Vela X usi%e"' While the forward shock (FS) of th.e SNR expands Inéo th
ROSAT (Markwardt & Ogelmal 1995). The filament, primarily M, the reverse shock (RS), after moving outwards behied th
seen at energies between 1.3 keV and 2.4 keV, is oriented algp OF the first several hundred years after the supernova-exp
the north-south direction. These measurements were cafirny 0" "EVerts its direction and moves inwards towards the ce
by observations performed usiAGCA (Markwardt & Ogelmah tre _of the SNR. It even_tually collides wlth the PWN de_velcg)m.
[1997), which yielded an estimated length for this filament pside the SNR, causing a compression and potentially a dis-
about 45 (from the pulsar to the centre of Vela X). The ter Iacem_ent of the nebula. A n_on-u_mform density of.the mtd;g
cocoon stems from the original and nowadays obsolete interp ar medium may fiect the uniformity of the expansion velocity
tation of the X-ray filament as a jet outgoing from the puls f the FS, and hence the reversal of the RS, in the sense that th

and filling a cocoon about its head. More detailed X-ray obs S will return earlier from a direction where the shock encou
vations took place recently, covering a larger region idiig ers a densek: mEdlurr]n.hThe_ cocgorr: |sba|icr|fbehd to an asymmet-
to the north of the cocoon: a hard X-ray emission has been ag:_rev&art?]e S OIC ' Vf{'h Ic Istrlppe bthe du Ol.t gv%aNrtldcleslll d
tected just outside Vela X in the energy range 2-10 keV usir‘?g?oun € puisar, thus jeaving benhind a refic evelope

; : he main X-ray axis, which is perpendicular to the aire
Suzaku/ XIS (Katsuda et al. 2011). Observations performed witf o019 L . :
the Chandra satellite have resolved a structured PWN withif{o" of the Vela pulsar proper motion (Blondin eflal. 200m)tHe

~1’ of the pulsar, showing jet-like emission aligned with th&3S€ of the Vela SNR, evidence for a non-uniform ISM density

direction of the pulsar’s proper motion. These data have prf3S indeed found: an atomic hydrogen density of 1-2 pasticle
vided the primepevidencrt)e fgr the pulsar wi péPer cnt for the northern parts of the SNR_(Dubner et al. 1998),

2001 Paviov et AL 2001 Paviov ef al. 2003). The X-ray flux iﬁ'ompared with a density of 0.1 particles per’dor the south-

ern ISM (Eerreira & de Jager 2008). Thus, the RS is assumed to
Send offprint requests to: have returned first from the northern part of the SNR and te hav
florent.dubois@lapp.in2p3.fr, pushed the PWN about 10 the south, where the position of the

bernhard.glueck@physik.uni-erlangen.de nebula was eventually confined by the southern part of the RS.
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The H.E.S.S. collaboration reported VHEray emission H.E.S.S. working principle is based on the detection oftfain
from Vela X (Aharonian et al. 2006a) and found its morpholog=herenkov light from the-ray-induced air showers in the at-
ical extent to be coincident with the X-ray cocoon detect@&t w mosphere, above an energy threshold of about 100 GeV up to
ROSAT to the south of the pulsar position. Afiiirential energy several tens of TeV. The four telescopes are operated in a co-
spectrum was extracted with an integration radius of &rBund incidence mode, in which at least two of them must have been
the formal centre at RA= 08" 35™ 00°, Dec = -45° 36 00’ triggered for each event within a coincidence window of 60 ns
(J2000), within the energy rangesB-65 TeV. A fit of a power Each telescope has a mirror area of 107 and is equipped
law yielded a spectral indelk = 1.45+ 0.09 + 0.2ysand an  with a camera containing 960 photomultipliers. H.E.S.$dés
exponential cutfy at an energy of (13.& 2.3+ 4.1sy9 TeV. ally suited for the morphological study of extended VhiEay
The totaly-ray flux, integrated in energy above 1 TeV, is (12.8 sources due to its high sensitivity, angular resolutionfefraarc
1. 7star = 3.85y9 x 1072cm2s7L. The integration region will be minutes and large (3 field of view. This said, the Vela X region
referred to in the following as the inner test region. Therfal is experimentally challenging: it is the most extended \jHEy
centre will hereafter be called the central position. source detected so far and has a relatively low surfacetnegh.

Following the H.E.S.S. observations, de Jager et al. (2008a
presented a two-zone leptonic model for Vela X which asé- ob . dd lecti
sumes constant magnetic field and plasma density throughgdy ©PServations and data selection
the Vela X region. In the model the Vela X PWN consists of twa, background for the measurement of VHEays arises from
emission regions; while the X-ray cocoon and the ViHEay charged cosmic-ray particles, which also generate air show
observations appear to define a central region, radio o@servypical methods to estimate the background make use of re-
tions reveal a more extended ar€ax23° in size. The model gions free ofy-ray sources in the same field of view. These
proposes two distinct electron spectra, responsible ferrth  off-target regions of typically circular or annular shape cove
dio and X-rayVHE y-ray emission, respectively. For a magthe same area as the on-target region and are placed such that
netic field strength of G this model reproduces an Inversgn- and di-target regions represent reflections with respect to
Compton (IC) energy maximum in the multi-TeV domain as olihe pointing position (se€e Berge etlal. 2007 and Aharoniaf et
served with H.E.S.S., while predicting the total hard X-cay for more details). However, these (standard) metaosls
coon emission above 20 keV measured using instruments @gt ideally suited to observations of very extended sousaeh
board thelNTEGRAL satellite within a factor of two. De Jageras Vela X. Therefore, the analysis is performed with the so-
et al. (2008a) also propose that a higher field strength imathe called OrOff background method_(Weekes eltlal. 1989) which
dio filaments would imply fewer leptons in Vela X and hence astimates the background from separate observationsiqmpint
fainter signal in the GeV energy domain. away from Vela X, and towardg-ray source-free regions with

The measurements of the spectral energy distribution (SEE)mparable observation conditions_(Abramowski ef al. 3012
were recently supplemented in the high-energy domain, frophe Vela X region was observed during several observation ca
100 MeV to 20 GeV, by observations made using the spaggaigns between 2004 and 2009. In 2004 data were taken using
borne missionsAGILE (Pellizzoni et al.| 2010) andFermi 3 method in which the source waiset by a small angular dis-

[2010). The spectral results of these measursmegnce from the centre of the field of viewdbble mode). These
agree with the expectations of the scenarid_of de Jagel etglservations were made at afiset of 0.5 in declination from
@0—%_8_5) in which two particle populations are invoked to exhe position of the Vela pulsar. Further observations fr@®5%o
plain the high energy emissions in the GeV and TeV domaipg07 were made surrounding the position measured as the cen-
respectively. A recent attempt to unify these two popufeio tre of gravity of the VHEy-ray excess. These were also taken
and explain the steep spectral index measured wittFenei-  in wobble mode, with a meanfiset of 0.5. Data taken during
LAT (2.41 + 0.09a + 0.15ys between 200 MeV and 20 GeV)the 2008 and 2009 observation campaigns enlarged the data se
as a consequence of particle escape has been proposehy30%. For the latter observations three more distant jomjnt
Hinton et al. (2011). positions dfset by 1.3 from the central position were used, in

Alternative scenarios to interpret the Vela X SED are alsgrder to study emission at a distance of up td Li&ing the re-
proposedi(Bednarek etlal. 2003, Horns et al. 2006), whete b@kcted annular background regions in the same field of view.
leptons and hadrons contribute to the non-thermal emisaitth The annular background method estimates the cosmic-ray bac
in particular the VHE emission would result mainly from thgyround contribution at each trial position on the sky, byeint
hadronic contribution. grating events in an annulus centred on that position, eiwdu

This work reports on re-observations of VHEray emis- potential source regions. These pointing positions arergas
sion from the Vela X PWN with the H.E.S.S. telescope arrapgjack dots in the overview image (Figurk 1), where the associ
After a summary of the follow-up observations lately madewi ated reflected f-source ring regions are also illustrated. In total
H.E.S.S., and a description of the data analysis appligtet@it 126 runs (each of 28 minutes observing time) were obtained af
vestigation of Vela X (sectiofl 2), the results regardingspec- ter standard data quality selection (Aharonian &t al. 2p@6ki
trum (sectiorL.3]1), the surface brightness (sedfioh 3.8)the py requiring that all four telescopes were operative (targntee
morphology (sectiol313) of the VHE-ray emission are de- the best possible angular resolution). These runs comelspca
tailed. A discussion (sectidn 4) on the results and possgibléi-  total observation time of 53.1 hours (12 hours of which amé pa
wavelength interpretation concludes this work. of the total observation time analysed in the past and puesdis
in 2006), of which 14.8 hours were taken at a distance of 1.3
from the central position.

The OnOff background subtraction method requires partic-
The H.E.S.S. instrument consists of four 13 m diameter Inmagiular care in the choice of thefruns, which are taken from the
Air Cherenkov Telescopes (IACTs) located in the Khomageneral set of H.E.S.S. observations. Only those runs trat ¢
Highland in Namibia, 1800 m above sea level, and began dpe considered free of VHE-ray sources are taken ast@uns.
eration in 2003 [(Bernlohr et al. 2008, Funk etlal. 2004). THeach of the 126 On runs is paired with aff @n taken under

2. H.E.S.S. observations and data analysis
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improves the separation efand cosmic-ray events compared

5-42°00' to the standard H.E.S.S. analysis_(Aharonian gt al. 2008hb),
S i — exploiting the complementary discriminating variableghoke
S 430007 QN reconstruction methodn use in the H.E.S.S. analysis. The re-
5 LA N sulting unique discriminating variablé; acts as an event-by-
844000\ Sk dOihi eventy-misidentification probability estimator. The definitioh o
§ - N & o N4 the Xer probability function follows the relation:
-45°00"|— X AN
Nk ’ll_[ Hj(d)
-46000’ ‘K\‘\O‘ ) S X (d ) J (1)
e (Ch) = ,
-47°00 PO @-n] [eid)+n] [Hd)
-48°00'|— ;5\\\ \\Qi& : :
. whered; are the discriminating variables of three reconstruction
-49°00'— Mhtceese® methods;G;(d;) and Hj(d;) are the one-dimensiongafobabil-
e ity density functions (p.d.f.s) for events identified ag-ray-like
Right Ascension (J2000) places the global multi-dimensional ones since the veetdl

] ) ) ) are highly uncorrelated); is the misidentified fraction of the
Fig.1. Schematic overview of the region around Vela X. Thgammga class of events (i.e. the relative background fraction).
star marks the position of the Vela pulsar PSR B0833-45. TR finaly-ray event selection was achieved with the set of cuts
light-grey area m_dlcates the reglonlf)zﬁound the centre of the adapted to the detection of faint sourcgs=(0.5, Xet cut = 0.3)
VHE y-ray emission. The surrounding cross-hatched ring has ghq a cut in the reconstructed image charge requiring mare th
outer radius of 1.2 The black dots mark the pointing positionsgg photo-electrons. With this approach the backgroundtieje
that allow background estimation in reflected mode and Whi‘i‘é‘improved over the full energy range of H.E.S.S. allowiog f
were chosen for the spectral analysis of the Vela X outeoregign, increased quality factor (defined as the ratip-cdy detection
(the cross-hatched ring). The line-filled rings are the cissed efficiency to the square root of residual cosmic-ray-protia e
reflected @f-source regions. The two boxes are used to extraGkncy) ranging from a factor of 1.6 (at 0.3 TeV) to 2.8 (atlD
flux profiles (which are shown in Figufé 6), where the arrowgey/) with respect to the standard Hillas reconstructionhoet
indicate the direction of the slices (as eka%m Similarly, the shower direction and energyyefay events are re-
The position of the nearby SNR Vela Junior (Aharonian et glonstructed by means of an estimator composed of the direti
2007) is also shown. and energies reconstructed from the three methods préyious
referred tol(Lyons et al. 1988; Dubois etlal. 2009). A weighti
factor taking into account the covariance matrices betvestin
mates and minimising the corresponding variance is appied
the individual reconstruction variableg)( to provide the best
unbiased estimate of the observabl@his procedure improves
both the energy resolution={0% at E1 TeV and~15-20%
for E>10 TeV) and the angular resolution, resulting in a point

. P ; ;
ent altitudes in the sky (zenith angles ranging from @045), spread function (PSF; 68% containment radius) betweerf 0.05

which correspond to ¢lierent energy thresholds. 2) The muor"?‘nd 0.07. heck h vsi |
detection &iciency, which is use [z 2004) to take into ac-, T OF ¢ross-check purposes the data analysis was also con-
count the changing opticalieciency of the telescopes: Mainly?huciﬁd’ W'tgm the Satme a(r;aly3|s stoftv:_are, byﬂf]ipglylnc%“@ﬂwh
due to the ageing of the mirrors, the muon detectifiiciency L€ thrée above mentioned reconstruction methods indaVligu
decreased by more than 20% over the course of the Vela X gﬁl_rthermore, an independent standard Hillas analysisse

: : : . —:.iNg an independent data calibration, instrument respomse- f
servation campaigns (2003-2009). 3) The trigger rate: This_; -
affected by variable atmospheric conditions, in particulauds :'ﬁ.ns{ %nd anaalystls sol t““.arf‘;]) was pterform@t t'l . dgm)' I
and aerosol formations. is independent analysis the event reconstruction ischare

: ) the scaled widths method usingtandard cuts as documented in
Residual diferences between on-target and background rl”;.]i . |[(2006b) and A : t AL (2006¢). Adllan

are a potential source of systematic uncertainties. Thegein : . - 0
order to assess these systematics, parts of the obsesvaoa YSES Yielded compatible flux measurements within a 10% sys-
: Jematic error and a variation in spectral index of about 4%.

performed pointing 1:3off the central position (as mentione L .
above) to provide data suitable for analysis with the irdfiel All analyses used n th's work use separate (_)bservatlon runs
background method for the background rejection to the signal collection (Ofifi ob-
' servation method). This could imply a residual systemdtift s
in the estimated background rate due to tHfeedénces in the ob-

2.2. Reconstruction and data analysis servation conditions between the On anfifi@lds. These poten-

. 5706 . ial systematic shifts are considered by an acceptancect@n
We employed theer anaIyssI_(Q—J_b_Qi_ S 2009) for_the selection 0#actor applied to the absolute normalisati@nvhich is defined
vy-ray events and for the suppression of cosmic-ray backgro

L - the ratio between the live-times of the On arfildata.
events.Xer denotes a multivariate analysis method develope
to improve signal-to-background discrimination, whichiris- 1 The three reconstruction methods are referred to as Hillas

portant in searches for weak signals and morphological-stygiillad [1985), Model [(De Naurois & Rollahd_2009) and 3D-mbde
ies of extended sourcels (Dubois etlal. 2009). Kae method (Lemoine-Goumard et HI. 2006; Naumann-Godo 8t al.[2009).

matching observation conditions. After applying the afoea-
tioned quality cuts to a list of potentialfruns, the selection is
achieved by pairing On andffruns such that the flerence in
the values of three relevant quantities is minimised. Ireowf
their impact on the background rate, these quantities arené
zenith angle of the observation: Vela X was observed @édi
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Several tests were carried out to validate the systematic
certainties and to verify the stability of the spectral fessuFor
the subsets of data (for which it was possible) the backgtou &
rates resulting from the application of the /Off method and
the reflected background regions method were compared. S 10
approximate 8% uncertainty on the flux normalisation andra C('>
responding systematic uncertainty of 0.08 on the spectdax 2 1022
were estimated. These values were confirmed by applying wg
Or/Off analysis to othet-ray sources as well as to dark-fielc= .
data sets (i.e. sky test regions without any detected VHECSQU £ 10
Performing the OfOff analysis independently on three distinc &
and statistically equivalent sub-sets of data enabled gsiam- £ 10
tify 10% and 0.05 sytematic errors on the flux and the spe
tral index, respectively. Results obtained for all of thelssis
chains with diferent sets of selection-cuts (hamébrd, stan-
dard andloose cuts as explained In Aharonian et al. (2006b) an
IAharonian et 81[(2006c)) lead to an 8% error on the flux and tc 107
systematic uncertainty of 0.06 on the spectral index, whise
errors are 10% and 0.05, respectively, when the resultedith 107
independent analysis chains are compared.

A summary of various estimated contributions to the systema L5

[l Inner region

-11

erent|

-15

10

errors on the results of the spectral analysis is given inelb T 1? I

LL iy .

2 O'(S)E ; % 3 i i %1 ! l
Table 1. Various estimated contributions to the systematic err TE 05E 1{? i ) ] oty I Tl I
of the obtained flux and spectral index for this specific asialy 2 !
Common H.E.S.S. analysis uncertainty contributions sthéfi £ cF

. . p, z 15
Aharonian et &l (2006b) are also quotéy ( -, ‘ ‘
1 10

Energy (TeV)

Uncertainty Flux Index

Monte Carlo shower interactions 1%
Monte Carlo atmospheric simulatibn 10%

Fig. 2. Differential y-ray spectrum of Vela X in the TeV en-

Broken pixels 5% ergy range. Filled red circles: inner integration regior0.8°;
Live time' 1% open black circles: ring extension (betweer’@Bd 1.2). Both
Background estimation 8%  0.08 spectra are fitted with a power law with exponential ¢utdhe
Variability as a function of data sets ~ 10%  0.05 shaded bands correspond to the statistical uncertainhedftt
Analysis selection cuts 8% 0.06
Difference between analysis chains 10%  0.05
Total 21% 012 On/Off data and data analysed with the reflected background
method. Tabl€]2 shows the summary of the event statistics.
3. Results 3.1. Spectral analysis

The analysis yields an excess of 4046y events in the Vela X 1he spectral analysis of the VHray emission was conducted
region, within a radial distance of F.2round the central posi- Or the y-like events reconstructed with energies higher than
tion @ = 08" 35" OC°, § = -45° 36 00” (J2000) and applying En=0.75 TheV- At')' d'ffef%f:“?" ed“efgy Speftha Of(;*}ek\j/HEfay hod
the minimum threshold of 0.75 TeV on the event reconstruct ave been obtained using a forward-lolding metho
energy. The nominal energy threshold for observations thigh (Pironeta [2001) based on the measured energy-depentent o
H.E.S.S. experiment under ideal conditions and for a sonloee SOUrce and fi-source distributions.

served at about 2&zenith angle is- 0.2 TeV. This threshold de-

teriorated to~ 0.4 TeV due to the degrading opticalieiency of . _

the mirrors associated with ageing. As mentioned, Vela X wa&b!e 2. NumberNo, of events in the test regions, thefactors,
observed at dierent altitudes in the sky withfiective energy the numbeN; of background events (correspondingig x a),
thresholds ranging from 0.4 TeV to more than 0.7 TeV. An eff0€ resulting significance and the number of excess eveNts
ergy cutEy,=0.75 TeV was chosen to provide a homogeneoifd the OrfOff background model. The numbers are obtained by
event sample with respect to thefdrent threshold energies. ThePPIYing a minimum energy threshdig, of 0.75 TeV, while in
y-ray excess has a significance of 2&:9while the signal-to- the last line of the table_the total numbers without any mumm
background ratio is 0.6. In the ring between the radif@gd CUt on the energy are given.

1.2 around the central position a pre-trials significance of 7.5

o is measured. When the reflected background model is applied®9ion_ En (TeV)  Non @ No o N,

to the dedicated data sub-set (sample of observationsrpetb  Inner 0.75 6870 1.14 3591.1 31.1 3278.9
with 1.3 off-pointing) a significance of 5.3 is found. The dif- Ring 0.75 4763 114 40318 75 7312
ference in the significances for the two methods of backgioun_Tota! 075 11633 114 7623 279 4009.9
subtraction reflects the fierences in observation times between_Tot! 45811 1.07 398226 201 59882
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Table 3. Best fit results of the diierential energy spectra extracted for the inner and theredteng test regions as well as integrating
over the total Vela X extension. The best approximationesponds to an exponentially cuft power-law function (©(E)/dE =
No(E/1TeV) /e F/Eu),

Region r Ecu (TEV) No (102 cm?2s1TeVY) @.1ev (102cm2s?)
Inner 1.36+ 0.0Ga + 0.12ys  13.9+ 1.Ga £ 2.65s 11.6+ 0.6 gar = 2.4sys 16.0+ 1.3+ 3.3ys
Ring 1.14+ 0.2+ 0.12s 9.5+ 2. Tstar £ 1.7y 3.3+ 0.Gstar £ 0.7y 4.9+ Ldga+ 115y

Total 1.32+ 0.064a + 0.12%ys  14.0+ 1.65a + 2.65s 14.6+ 0.8t + 3.0y 21.0+ 1.9+ 4.4y

A differential energy spectrum extracted from the inner r
gion (within a radius< 0.8’) of Vela X is shown in Figur€l2 in
red. The best approximation of the energy spectrum corretgpo
to an exponentially cutfd power-law function (@&(E)/dE
= No(E/1TeV) e ¥/Eu) with an indexI'=1.36 + 0.0G, +
0.12ys a cutdf energyEcy=(13.9+ 1.65tat = 2.65y9 TeV and
No=(11.6+ 0.65tar + 2.4sy) X 10*2cm?st TeV!. The spec-
trum of the VHEy-ray emission in the outer ring (between 0.8
and 1.2) is drawn in black in Figurgl2. A photon indéx1.14+
0.2t + 0.125y5 a cutdf energyEcu=(9.5+ 2.7star+ 1.7y TeV
and No=(3.28 + 0.58at = 0.7sy) x 102cm2s1Tev! are
obtained for an exponentially cutfgpower law. Since the ring
spectrum derived is consistent with the one of the inneroregi
the total spectral shape of Vela X can be calculated froma 1
circular region around the central position. A fit to the spsm
of the entire Vela X region yields a spectral indEx1.32 + 08"g" 0g"35 08"30"
0.06star % 0.115ys Ecu=(14.0+ 1.65tar+ 2.7st) TeV andNo=(14.§ Right Ascension (J2000)

+ 0.8+ 3.0sy9 x 1072cm 2571 TeVL. A pure power-law fit

is clearly disfavoured for all spectra by relatively higkelihood Fig.4. H.E.S.S. VHEy-ray surface brightness (cfs ™ deg?)
ratio values ¢ 25) between the exponentially cutrpower-law of Vela X integrated between 0.75 TeV and 70 TeV and 0.07
and the power-law fit hypotheses. The results of the fits are suGaussian smoothing width. The 0°0PSF achieved with the
marised in Tablgl3. Xer method applied in this analysis is also shown for compar-

In order to probe the hypothesis of potential radiative €odkon. The circles are drawn with radii of 0.&nd 1.2, respec-
ing of the electrons responsible for the IC origin of VhtEays tively, around the central position of the VHray emission.
during their propagation away from the pulsar, a spectri@se The white star marks the position of the pulsar PSR B0833-45.

-45°00°

Declination (J2000)

-46°00°

ing is searched for in the H.E.S.S. data. To this end, speera
extracted from a circular region with a radius of Oa2ound the
position of the pulsar as well as from four ring sectors cahtr

N
T

Spectral index

patible spectral indices included within 1.%80.15 and 1.6%
0.08 for all sectors but the one around the pul&@0) whose

‘ ‘ spectrum exhibits a photon index 1.350.12 (see Figurgl3).
P pight Astension (12000) Although some variation of the spectral index is found, the e
T L S fect is limited to the immediate vicinity of the pulsar anchist
02 0 02 04 06 08 1 12 statistically significant.

-46°00'

18[ on the pulsar position and lying along the main axis of the VHE
L PWN (from north-west to south-east) at a radial distance33{ 0
L6l 0.6°, 0.8 and 1.2, respectively, according to the hypothesis of

i -1 advection of seed electrons. The regions (labeid@ithrough
r W4; see FigurEl3 and insert therein) were chosen such thatequi
14l - alent values of signal significance are achieved. A powerfita
F § ooof limited to the energy range 0.75 to 10 TeV, disregarding the e
L R ergy cutdt (because of the limited statistics of events at higher
1.2 _ energy), was performed for each sector. This study yields-co

-
T

Angular distance (deg)

. - . . . 3.2. Surface brightness
Fig.3. Spectral indices as a function of radial distance to the 9

pulsar position along the major axis of Vela X. The insertvefio The surface brightness map of Vela X and its surroundings
a graphic of the five sectors on the sky-map (with radial dista shown in Figuré¥ reveals one of the largest objects in the VHE
of 0° (W0), 0.325 (W1), 0.578 (W2), 0.825 (W3) and 1.075 y-ray domain. The map was derived by comparing a measured
(W4), respectively) from which the fierential energy spectraparticle rate i) with an assumed reference spectruril(dE).
were extracted. The best approximation of the ftkrential energy spectrum,



H.E.S.S. collaboration: Probing the extent of the emisfiom Vela X at TeV energies

dN/dE o« E-136g"B/(139TeV) (regulting from the spectral anal-over a larger radial extension (from 1.® 1.6"). Besides the
ysis discussed in sectidn_B.1), has been assumed as raferstrong signal in the inner region with a mean value of surface
spectrum in the calculation of the surface brightness map. Forightness of~ 12 x 107*? cm? st deg?, there is a weaker
signal spread over the ring extension with a meamay flux of
~1.4x 102 cm? st deg?.

-12

© ¥ I
(o2} - . .
;g 25; Inner region +Rlng i 3.3. Morphology
(2] -
o r | | The H.E.S.S. collaboration reported an intrinsic width loé t
£ 20p | | VHE y-ray flux profile from the Vela X region, fitted by a
@ 1sb % | | Gaussian function, of 0.48n south-west to north-east direction
g F | | and 0.36 in south-east to north-west directidn (Aharonian ét al.
£ 100 } | | [20064). In the following, this extent will be revisited ugitwo
= F | | perpendicular profiles through the central position withidtiv
g o . | of 1.6° and a length of 40(see Figur&ll). The line oriented30
£ F | | anticlockwise to north has been chosen as the axis for lengit
T (S N O SN dinal slices (the major axis as in Figdide 1). This axis is itidre

ST PRI N T T agreement with the orientation of the spatial distributddrithe

0 02 04 06 08 1 12 14 16 18 2 VHE signal and is still close to the axis derived in the prewio

Angular distance (deg) analysis/(Aharonian et al. 2006a) so that the profiles camive ¢

. . pared. The filled black circles in Figurk 6 correspond to thiEV
Fig. 5. VHE y-ray averaged surface brightness around the centfatay surface brightness profiles along the two orthogonial ax

position. The error bars reflect the statistical unceri@gniThe The shape of the VHE-ray profiles along the major axis
vertical lines mark the 078nd 1.2 radii of the outer ring region, is well fit by a Gaussian function. The resulting width of
which contains significant emission. (0.52+ 0.02y is compatible with the previously reported ex-

tent of (0.48+ 0.03Y. Along the 120 direction (the minor axis

each run, a number of expected counts can be defined andsreéﬂll:'gureﬂ) the sum of a broad Gaussian component and a nar-

from the integration over a given energy range of the refegent OW Gaussian component describes the profile better. The two

.Y ; . component fit improves thg?/dof from 4§15 to 512. The
spectrum multiplied by theftective areaky): width of the broad component is (0.600.04f. The narrow

un °° dN component has a width of (0.120.02y. The extent of the mi-
Gy =T fE Axy(E) 4 (B) dE, (2)  nor axis profile was underestimated in the previous obsenat
th H a)
with T being the observation time of the run aig the thresh- A test for a point source component in VHErays from

old energy appropriate for the specific observation (0.78 Tehe pulsar position was conducted by the H.E.S.S. collabora
commonly applied to all observation runs in this analysi$le  tion with the first VHE observations of Vela X (Aharonian e} al
normalization of the reference spectrum can be choserrarbiti20064). This is repeated here with the new data. jFHnay ex-
ily since it will cancel out in the end. Severafects on the ef- cess found at the pulsar position as a part of the extendest emi
fective areaA(E, 6, p, €) are taken into account through its desion (Figurd#) has become more significant with respecteo th
pendency on: a) the energi); b) the zenith angled] of the previous observations. However, after subtraction of asSian
telescope pointing direction; c) théfset p) of they-ray trajec- fit to the surface brightness within 0.from the pulsar the es-
tory to the pointing; d) the opticaligciency ) of the telescope timate of the residua}-ray flux does not exhibit any significant
reflectors. point-like emission. Nevertheless, it should be noted Hieat
The number of expectegiray counts Gyy) in each cell of the procedure of fitting the complex Vela X morphology with a
the surface mapx(y) results from the sum of expected countsimple Gaussian profile may bias the search.
over all runs:

Gxy = Z Gn. (3) 4. Discussion

runs The new TeV data presented here allow us to readdress the ques
Finally, the brightnes8yy per each binX,y) of the map is tion of whether the signal detected_ with H.E.S.S. corredpdo
calculated as the ratio of measurew,) and expected eventsthe X-ray cocoon as was thought in the past, or to the larger ra
(Gxy), Weighted with the integral of the reference spectrum artio nebula. For a comparison with the X-ray features of Vel X
divided by the solid angle of the integration regia, in the countmap from th&ROSAT satellite including events above 1.3

energy range where the spectral analysis is conduBigd@.75 keV, as presented by Aschenbach étlal. (1998), is Biskrithe

TeV andEy =70 TeV): X-ray count map, foreground emission (which may be mainly
. of thermal origin) covers the entire Vela X region with a viidt
_ 1y “dN of ~ 2.5° in the east-west direction and spanning a region up to
Byxy= — =— —(E) dE. 4)

Sxy Gxy Je, OE the edge of the SNR shell about# the north of the pulsar. An

. . i i emission level of 400 counts per degqorphologically compat-
The radial profile of the surface brightness is presented jifle with the larger Vela SNR shell (Aschenbach éf al. 1988),
Figure[3. It has been extracted from the surface brightness nyypiracted from the X-ray map. Residual thermal emission ca

by averaging over concentric rings around the central jpwsit gtj|| pe present after the subtraction of a constant enissicel
The VHE signal stretches out to a radius of°1.2A residual

excess which is not considered significagt3 o) is obtained 2 Archival data httg/www.mpe.mpg.d&ray/waverosatindex.php
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Fig.6. VHE y-ray surface brightness profiles for-B.75 TeV (filled black circles). The profiles through the cahposition are
aligned parallel to the axis rotated “3@nticlockwise from the north, which is the major axis (Ieéind panel, cf. Fig.1), and
perpendicular to this direction, along the minor axis (tipand panel). Profiles of the radio flux at 2.4 GHz (Duncan €1$05)
are drawn as red dashed lines, while X-ray dath3 keV (Aschenbach et &l. 1998) and after removing the brigtission at the
pulsar position, are drawn as blue dotted lines. These esddite scaled by the normalisation factors resulting fraarbtst fit of
the linear combination (see equat[dn 5) to the surface brags map. Their sum, shown by black lines, is proposed aglnfard
the VHE profiles. The corresponding absolute scales arersbavthe right side of the plots in red for the radio flux and inebfor
the X-ray data. The vertical lines mark the exterior boragrhe ring extension (short-dashed lines) and the praojgotssition of
the pulsar within (dotted line).
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Fig.7. Left-hand panel: X-ray kcouned? sky-map for energies:£1.3 keV measured witlRROSAT as from_Aschenbach etlal.

) and Gaussian-smoothed with a radius of 0.8@te that the colour scale truncates the strong emissamedb the pulsar at
a level of 5 kcountgled. Right-hand panel: Radio sky-map at 2.4 GHz/BBam and half-power beam width of 0°1measured)
with the Parkes telescopes as from Duncan et al. (1995). White contourgspand to VHEy-ray surface brightness of 0.3, 0.6, 1,
1.6 and 1.9< 10 "t cm?sdeg?.

and furthermore the map used for comparison may still misgam width of the final radio map is 0.1 Avhich is slightly
fainter emission. As already mentioned the extension othe broader than the H.E.S.S. PSF.

ray nebula is still an open question. In Figure[T the X-ray cocoon excess map frB@SAT data,

smoothed with a Gaussian function of 020s width, and the
For comparison with data in the radio range, a survey of tiRarkes radio map are shown together with VHEray surface
Southern Galactic plane with tHearkes telescope at 2.4 GHz brightness contours. Here we have shown that there is a clear
is used (from archival data; Duncan elial. 1995). The halfggo VHE y-ray signal up to 1.2 In contrast to the former interpre-
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tation dating back to 2006, the morphology of this VhtEay ray emission has a maximum at a radial distance@f” (cor-
emission is intermediate between the X-ray cocoon and radé&sponding to about 4 pc distance) from the X-ray maximum
morphologies. This is also shown in Figlife 6 where the aweraat the pulsar position. Thefiiérence in size between theray
brightness profiles of the X-ray map (blue line), excludihg t and X-ray cocoon emission regions can be attributed to the di
bright compact emission within a circle of radiusa&@ound the ference in energy of the electrons responsible for the tiadia
pulsar position, and the radio map (red line) are comparéteto For a fewuG magnetic field only the most energetic electrons
H.E.S.S.y-ray surface brightness profiles (filled black circlesymany tens of TeV) emitted from the pulsar produce X-rays in
The profiles through the central position are aligned palrédl the keV range. The electrons emitting VHEays, with charac-
the major axis of Vela X (30anticlockwise from the north), teristic cooling times of some kyr, are accumulated ovena fe
and parallel to the minor axis, respectively. Along the mindyr, convected over a larger distance and follow prefeadiyti
axis (right-hand panel of FiguEé 6) the shape of the X-ray prthe B-field lines of the cocoon filamernt (de Jager et al. 2009 and
file matches the central part of the VHE component. Hence, thénton et all 2011). The outer region of thheray emission seen
putative narrow component may be a counterpart of the X-ry H.E.S.S. has a limited X-ray counterpart (mainly along th
cocoon. At larger distance from the centre, however, the VHR&inor axis) while it is in good agreement with the radio emis-
minor axis profile has a broader extent than the X-ray cocoaion. This implies that a second electron population whimi-c
The radio profile is in reasonable agreement with the VHE prtriibutes to the radio emission could be also at the originldEV
file along the two axes of Vela X. The X-ray cocoon emissioemission. Higher-resolution radio observations at 843 NElz
peaks close to the pulsar outgoing to the south (at distancdormed with MOST (Bock et al[1998) have shown a network
0.3), whereas the VHE and radio profiles do not. The VHE araf arc-like and loop-like filaments distributed over the &/&{
radio emission maxima coincide (according to Figure 6)sThiegion. They are interpreted as regions of enhanced matter d
result raises doubts about the simple association of X-raly asity andor localized sites of compression (i.e. amplification) of
VHE emission, and on the contrary suggests an associatiortief magnetic field (Gvaramadze 1999). The correspondence be
the VHE and radio emission. tween enhanced radio synchrotron emission filaments and VHE
Typical approaches in modelling PWNe and in particular therays emission is dlicult to establish because of the limited an-
favoured leptonic models discussed for Vela X assufiece gular resolution of H.E.S.S. comparedMt®©ST. Furthermore, a
tive parameters, i.e. the magnetic field and plasma deasity; correspondence between VHEay emission seen by H.E.S.S.
aged within one zone for the entire nebula volume and two diznd the radio filamentary structures with larger field stteng
tinct populations of electrons (Zhang etlal. 2008; de Japall e (>5uG) is difficult to explain since the electrons there would
). Assuming constant conditions implies that theigpathave even lower energy.
morphology of the X-ray and VHE-ray emission should match  Under the assumption that twofitirent electron populations
each other, as the emission is generated from the same legntribute both at VHE one can expect verffeiient VHE spec-
tonic plasma in synchrotron and IC processes. In order to tes for the two components while this situation is not vedfie
the assumption of constant conditions throughout the PWN aTihe formerly reported detection of VHfzray emission in the
that both distinct populations of electrons contributehatVHE inner test region has been confirmed in this work, includine t
emission, we investigate whether it is possible to desdtiee spectral shape. The spectral shape of the VHE photon flux from
morphological structure measured in one wavelength regirngela X follows a hard power law/{=1.32) with an exponen-
with a linear combination of observations in other wavelsandial cutoff (E.=14 TeV). No significant spectral variations were
More specifically, we consider a linear combination of théisa found within Vela X and in particular between the cocoon and
nebulam(x) and the X-ray majpn(x) as a simple model of the the outer part of the VHE emission region. Therefore, the firs
VHE flux Sp(x): clear measurement of a peak in the spectral energy distibut
_ (of very likely IC origin) at VHE energies applies not onlyttze
Sn(X) = axm(x) + bx m(x), ©) cocoon but to the overall larger Vela X region. The absence of
where a and b are location-independent linear dbeients significant spectral variation of the non-thermal emissgosur-
and x is the position vector on the sky. By fittingprising in most of the scenarios that have been developétifor
Sn(x) to the surface brightness map the fiméents a = object. The lack of an electron cooling signature suggésts t
(1.3 £ 0.1) x 102cm?stdeg? (JyBeam)! and b = particle escape ayat reacceleration may be playing a role. It
(3.1+ 0.3) x 105cm2s™* x counts?® are obtained. This re- could have an implication: the involved electron populatoig-
sult suggests that65% of the integrateg-ray surface bright- inating from the accumulation of particles over severalgand
ness is accounted for by a “radio-like” component a3%% by years of the pulsar lifetime is modified by energy-dependiént
an “X-ray-like” component. In Figurgl6 the linear combimati fusive escape and possible stochastic re-acceleratiomjéacr
(black line) of the profiles of the X-ray map (blue line) ane thtion of new electrons accelerated by the pulsar would erai
radio map (red line) is presented and compared to the H.E.u8ssible hardening of the spectral index near the pulsathizu
y-ray profiles (filled black circles). The compatibility ofawo- evidence is not established since the measured variatitmeof
component model can be interpreted in two ways: i) the VHgpectral index is not statistically significant. For the saeason
morphology is intermediate between the X-ray and radio mdhe extent of Vela X emission was studied as a function of the
phologies, plausible given the intermediate energiesegtac- energy: no definitive evidence of a radial energy-depenelehc
trons probed by VHE IC emission, or ii) simply that both théhe source around the pulsar position is established.
radio nebula and X-ray cocoon features have VHE countexpart No significant point-like emission at the pulsar positiorswa
Furthermore the overall consistency between IC and sytrdiro found after subtraction of a Gaussian fit to the surface lomiggs
emission suggests a relatively uniform B-field in the nelmra of the extended emission. However, a significant brightroéss
large spatial scales (outside filamentary structures)sistnt the order of 10 cm2s 1 deg? is present at the pulsar position.
with previous findings (de Jager etlal. 2008a; Abdo &t al. [P013 photon index of 1.35 0.12 was obtained from a power-law fit
The emission profiles show that along the major axis (i.a the energy range of 0.75 to 10 TeV within 0fBom the pulsar
along the main X-ray filament within the cocoon) the VHE position. Furthermore, the profile along the major axis (Fég,
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ported. Finally, in this context it is worth recalling th&iet sce-

S nario is even more complicated when considering data frotfm bo
] AGILE andFermi-LAT. When combined with the H.E.S.S. data,
) both show multiple peaks of potential IC origin in the SED,
S but the results obtained with the two instruments are inamp
B 4v00 ible with regard to morphology and spectra. The photon index
% measured withAGILE (~1.7) is harder than the one found by
2 Fermi-LAT (~ 2.4). Furthermore, in contrast to the emission de-

tected byFermi-LAT, the source AGL J0834-4539 detected by
AGILE in the energy range 100 MeV to 3 GeV is positionally
coincident with HESS J0835-455 and has a brightness profile
similar to the VHE Vela X morphology measured by H.E.S.S.
(Pellizzoni et al. 2010).

In conclusion, revisiting the Vela X region with a refined
analysis of its VHEy-ray emission based on an enlarged data
set demonstrates the puzzles often encountered in thereter
08"35™ 08307 tation of multiwavelength data when high-energy measurgse
Right Ascension (J2000) are involved. At the same time, our study emphasises the rele
. . - vance of the contributions of present and future \WHEay IACT
,':It?ds Ferm-LAT Test Statistic .(TS.) map (adap_ted fromsystems, with their large field of view and high sensitivitythe
0 et all 2010) of fi-pulse emission in the Vela region aboveunderstandin of the phvsics of PWNe
800 MeV. The measure of the statistical significance for e d 9 phy '
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