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Abstract

H.E.S.S. is an array of four imaging atmospheric-Cherenktstopes located in Namibia
and designed to detegtrays in the very-high-energy (VHE;D< E < 100 TeV) domain.
The full array has been in operation and observing the Galage late 2003. The H.E.S.S.
array’s large field-of-view, high sensitivity, and locatian the southern hemisphere have
made it well-suited for both systematic surveying and faplg observing specific sources
of interest. The forts of the H.E.S.S. Galactic Plane Survey (GPS), the fistprehen-
sive survey of the inner Galaxy (currefit~ 280 to ¢ ~ 60°, b < 4°) at TeV energies,
have contributed to the discovery of an unexpectedly langkdiverse population of over 60
sources of VHEy-rays. In this thesis, the latest dataset of the H.E.S.S. i§B&sented in
detail, providing the most complete view of the Galaxy inWH¢E y-ray regime to date. The
resulting discoveries of four previously unknown VHEay sources — HESS J176843,
HESS J1503582, HESS J1832084, and HESS J184818 — are reported in particular,
and their associations with astrophysical phenomena sdewer energies are investigated
with the aid of both dedicated and archival multi-waveléndata, in an attempt to reveal
their physical nature. In addition, deep observations efybungest Galactic supernova
remnant (SNR) G 1:80.3 are used to probe its VHfzray emission in light of theoretical
predictions. Finally, the first study to correlate brightVW4&eV y-ray sources with VHE-
ray sources is presented. Although the current populafisfHi y-ray emitters is found to
be dominated by pulsar wind nebulae (PWNe) and SNRs, nearigdsstiil remain unidenti-
fied or confused, illustrating both the challenges and s$ifiepotential that pervade Galactic
TeV astronomy.
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Preface

Our Galaxy, the Milky Way, is brimming with electromagnetadiation, from low-energy
radio waves to infrared radiation, through the visible tighwhich human eyes are sensitive,
all the way across the spectrum to X-rays and the highestygrggamma-ray photons/«{
rays). The Milky Way has been explored extensively at mostgas, with the observations
of hundreds of telescope both on the ground and in spacenbltacently virtually nothing
was known about the Galaxy at the highest energies, the domea¥ known as very-high-
energy (VHE)y-ray astronomy.

Just six years ago, only a handful of objects in the Galaxyevwkerown to emit VHE
y-rays (also called TeVy-rays), compared to, for example, the billions of stars kmaw
emit visible light (with energies 1 eV). It was not clear which — or how many — objects
could actually emit VHEy-ray photons, which are so energetic that only extreme pisy
ical processes could be responsible. In 2004, the H.E.8l&scbpe array (see Chapter 1
for a brief summary of its most important properties) in Naimibecame fully operational
and began to investigate this VHE side of the Milky Way by systically observing and
mapping our disc-shaped Galaxy.

H.E.S.S. is no ordinary telescope; it is actually an arrafpaf so-called imaging atmo-
spheric Cherenkov telescopes (IACTs) which work in concedt employ very fast elec-
tronics, uniquely-designed cameras, and specializedtit@tetechniques which have been
under development for decades. It is able to indirectlydei#&lE y-rays, which are them-
selves unable to reach the telescopes because they img\atdiide with air molecules in
the upper atmosphere, by imaging the complex cascade aflpatecays and interactions
resulting from the initial collision. From its preferredntage point in the southern hemi-
sphere, H.E.S.S. is well posed to search the inner Galaxy tvisible to IACTs in the
northern hemisphere — for evidence of new Vhiay emitting objects and to piece to-
gether our first complete picture of the Galaxy. Not only wiik answer the basic question
of “What does our Galaxy look like in VHE-rays?”, but it may also shed light on a similar

1A VHE y-ray is a photon with energ§ in the range 100Ge\s E < 100TeV, where 1GeV=
10° electron volts (eV) and 1 Te¥ 10*%eV.
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question, that of the mystery surrounding cosmic rays, Iftighergetic particles whose ar-
rival at the Earth can be detected but whose origin remaiokeanafter more than a century
of research.

The H.E.S.S. Galactic Plane Survey (GPS) has indeed piwidefirst panoramic VHE
view of the inner Galaxy. Extensive maps of the Galaxy arevshim Chapter 2 and Ap-
pendix A, revealing the Galaxy in unprecedented detail.y8&rs after H.E.S.S. first began
scanning the Galaxy, the unparalleled dataset consistgenf2300 hours of observations.
The survey has led to numerous discoveries by uncoveringharpectedly large popula-
tion of VHE y-ray sources (Fig. 1), currently60 in number (of nearly 80 known Galactic
sources in total). and still growing as surveyirttpets continue. This has, for the first time
in history, opened up the VHE-ray sky to astronomers eagerly waiting to study the inner
Galaxy at these extreme energies. Four of the more recantdg\wkred H.E.S.S. sources are
presented in detail in Chapters 3-6.

Thanks to H.E.S.S., we now know that Galactic sources of YHBgys belong to a num-
ber of diverse astronomical sources classes, but that 8tengjority are related to the late

Galactic Discoveries in VHE y-ray Astronomy
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Figure 1: lllustrating the recent and rapid progress in therging field of Galactic VHEy-
ray astronomy. The starting date of the H.E.S.S. GPS isl&hels are the projected starting
dates of H.E.S.S.-ll and the next-generation Cherenkows@efee Array (CTA).
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stages of stellar evolution, in particular the violent aftath that follows a massive stars’ su-
pernova explosion. Supernova remnants (SNRs) and pulsarivebulae (PWNe), objects
well-studied at other energies (e.g. in the X-ray or radimdms), represent the largest frac-
tion of currently known VHEy-ray sources. Chapter 7 deals with the potential \WHEay
emission from a very unique shell-type SNR, G#40%8B. This SNR was recently revealed to
be the youngest in the Galaxy, which provides a unique oppitytto probe the VHE/-rays
thought to be emitted even during the early stages of an SNRBIstéon.

As many as one third of VHE-ray sources remain unidentified, and some even appear to
be dark when observed with other telescopes at lower ersefigie at longer wavelengths).
Motivated by the relatively large number of well-estabéidirTeV PWNe which have been
discovered by H.E.S.S., many of these unidentified TeV ssunave been tentatively classi-
fied as PWNe candidates. The presence of a nearby pulsar ebsgmadio wavelengths is
often used as preliminary evidence. The pulsar must alsmémgetic enough to power the
observedy-ray luminosity which originates in the pulsar’s nebulamgised of a wind of
relativistic particles accelerated by the pulsar. Two ndlgediscovered VHEy-ray sources,
HESS J1708443 (Chapter 3) and HESS J1831B4 (Chapter 5), have been identified as
such PWN candidates. However, like many others in this class,identification is compli-
cated by certain characteristics that do not agree withrétieal expectations or with those
of other confirmed TeV PWNe. These sources await follow-uptinudvelength (MWL)
observations with H.E.S.S. afod other telescopes to confirm their true natures, while-theo
retical models are being explored to explain their unustaperties.

For all of the Galactic sources discovered by H.E.S.S., Isupgntary MWL observa-
tions have become crucial for determining their identinesl the underlying mechanisms
(e.g. leptonic or hadronic particle acceleration procgssesponsible for the emission of
such energetic photons. This approach aims to give us additmorphological and spectral
evidence in complementary energy regimes which can be odeelp establish a confident
identification of the TeV source. Unfortunately, many Te\Vises cannot be firmly associ-
ated with known astrophysical objects due to a lack dficent MWL data. Observations
with space-based X-ray telescopes are often proposed &adtagether with archival ob-
servations from radio, infrared, or high-energy (HEL & E < 100 GeV)y-ray telescopes
to address this shortcoming. The VHEray sources HESS J156382 (Chapter 4) and
HESS J1848018 (Chapter 6) are two enigmatic sources recently discdvieyeH.E.S.S.
whose analyses employ significant MWL data in an attempt terdebe their identity.

This thesis focuses primarily on H.E.S.S., its extendedesuof the Galaxy, and in-depth
reports of a few selected sources of ViEays discovered in the Galaxy. It also contains the
first study (Chapter 8) aiming to correlate the Galactic pafoih of known TeV sources with
the brightest HE GeV-ray sources discovered by the recently laundheini Gamma-ray
Observatory A seemingly df-topic appendix (Appendix B) is included to demonstrate how
certain problems, namely the proper fitting of power laws #oedr interpretation, similarly
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challenge research fields agfdrent as ecology and astrophysics. Finally, a brief outlook
on the future of VHEy-ray astronomy is given in Chapter 9, in the context of the aggd
H.E.S.S.-ll array and the next-generation Cherenkov Tefesérray (CTA).



Chapter 1

Observing VHE vy-rays with the H.E.S.S.
telescope array

The atmosphere is opaque yerays, suggesting that a space- or balloon-based telescope
would be necessary in order to rise above the atmosphereetadtdhem. The incoming
fluxes fronry-ray sources are also very low in general, requiring thestelpe to have a large
photon collecting area in order to detect dfisient number ofy-rays. This is practical for
high-energy (HE)-rays and satellites like tHeermi Gamma-ray Observatarwhich uses a
detector with a surface area of order 1tmdetect photons up to energies-df00 GeV. How-
ever, the spectra of most astrophyiscal sources follow aeptaw at high energies, so their
fluxes quickly diminish with increasing energy. In the VAEV energy regime, a satellite-
or balloon-borne telescope would not be practical due tdfitrencial and logistical con-
straints of launching such a massive instrument. Blacke#¢g) postulated that-rays could

in fact be detected from the ground indirectly via their aspizeric Cherenkov radiation
(Fig. 1.1). The subsequent development of the so-calledimyaatmopsheric Cherenkov
telescope (IACT), which essentially uses the atmosphes# ds part of the detection sys-
tem, took place over the next forty years. The developmetitistechnique culminated with
the first discovery of an astrophysical source of ViEays, the Crab Nebula, by Weekes
et al. (1989) using the Whipple telescope in Arizona.

1.1 Extensive air showers and Cherenkov radiation

The atmospheric Cherenkov radiation detected by an IACT isrebd as a very-short (on
the order of 16°s) flash of faint, visible blue light. When a VHfzray enters the upper
atmosphere at an altidude eR5km, it collides with the nucleus of an air molecule and
indirectly produces this light. The initial collision prodes a cascade composed of thousands
of secondary particle interactions and decays known dolkdg as an extensive air shower
(EAS; Fig. 1.2). The number of particles in an EAS reaches ammam at an altitude of

7
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Figure 1.1: Plot illustrating how atmospheric Cherenkovaadn can be used to indirectly
detect VHEy-rays with telescopes like H.E.S.&redit NASA.

~10km and then diminishes as the EAS progresses deeper enairttopshere, dissipating
the energy provided by the origingiray.

The secondary charged particles (e.g. electrons) whiclpraduced are extremely en-
ergetic and initially travel at speeds greater than the gpddight of the medium (here,
air, a dielectric insulator). As they pass through the latattromagnetic fields of the air
molecules, they polarize the atoms which make up the madscdlhe atoms quickly return
to their ground states, jointly emitting Cherenkov radiatizvhich can be observed by an
IACT on the ground. This process is analagous to the sonic bauitied when an object
travels faster than the speed of sound in a medium.

Gamma-rays constitute only a small fractian1%) of the total number of photons and
particles impinging on the Earth’s atmosphere. The mgjdri87%) are in fact cosmic-
ray protons, which, when entering the atmosphere, alsadeollith molecules in the air
and produce EASs. However, EASs initiated by protons deveiiderently than those initi-
ated byy-rays(see Fig. 1.2 for a comparison). Gamma-rays produedypelectromagnetic
EASs dominated bg* (electroripositron) pair production and subsequent bremsstrahlung
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Figure 1.2: Diagram illustrating the developmentyafay-induced and cosmic-ray-induced
extensive air showers (EASSredit K. Bernlohr.

radiation. In contrast, hadronic EAS are characterizediby pr) production,z-nucleus
interactions, andr decays. These fierences lead to notablefidirences in the geometry
of the EASs, which can be used tdfdrentiate EASs created by VHfrays (signal) or
by cosmic-rays (background) when their Cherenkov radiasamaged by an IACT. The
Hillas method(Hillas 1985) exploits the geometricalffirences between these EAS images
to remove more than 99.9% of the hadronic background, a steyetimes referred to as
v-hadron separation

1.2 H.E.S.S.

H.E.S.S. (High Energy Stereoscopic System) is a groundebasay of four IACTs (Fig. 1.3)
which work together as a system to observe astrophysical MHys. As explained above,
IACTs are able to detect individuatrays by imaging the Cherenkov light emitted by the
EASs they produce. The original direction of the incidgmy can be reconstructed using
the shape of the Cherenkov light image recorded by the IACTeetas. The-ray’s energy
can also be determined since it correlates with the intgpnéthat image. The “stereoscopic”
approach employed by H.E.S.S. relies on simultaneouslgimgaeach EAS with multiple
telescopes arranged in an array (Fig. 1.4). This improvesltiity of the array to discrim-
inate betweery-rays (signal) and cosmic rays (background) and also sesuén improved
angular resolution, energy resolution, and sensitivityjpared to a single telescope.
H.E.S.S. was operated as a two-telescope array during mgnegsioning phase from
February to December 2003. In the seven years since themvieovihe full four-telescope
array has been in operation, although occassionally datkén with only two- or three-
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Figure 1.3: One of the four H.E.S.S. imaging atmospheric &fiav telescopes (IACTS)
used to detect VHE-rays.

telescopes due to temporary technical problems or maintenauch as the recent and on-
going refurbishment of the telescope mirrors in 2010-2011.

The H.E.S.S. array is located at an altitude of 1800 m aboadesel in the Khomas
Highlands of Namibia (23617’ S 162958" E). Its location in the southern hemisphere
facilitates observations of the inner Galaxy, in contrasthie two other current-generation
IACT arrays, MAGIC and VERITAS, which are located in the northeemisphere and, as a
result, cannot observe the majority of the inner Galaxy,neliee bulk of the known Galactic
VHE vy-ray emitters reside.

The four telescopes are identical, and each is equippedanisellated, spherical, 12-
m-diameter mirror providing a total photon collecting acdd.07 n? (Bernlohr et al. 2003).
The Davies-Cotton optical design permits a comparativelyeldield-of-view (FoV) 8 in
diameter, the largest of the current generation of IACTs. fireors focus the Cherenkov
light onto a unique camera comprised of 960 pixels, each sophdtiplier tube capable of
detecting the faint and very brief flashes.

The telescopes are arranged on a square with sides of 12@th md operated istereo
trigger mode(Funk et al. 2004). This trigger is implemented at the haréwevel and re-
quires that at least two telescopes obseryeray event in order to trigger (confirm) the
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1TeV

km proton

Figure 1.4: Multiple IACTs can be used to simultaneously immag-ray-induced EAS and
determine the incoming direction of theray.

detection of an EAS. During its commissioning phase, HE.8sed a lessfiécient diline
triggering mode, since the central hardware trigger hadyabbeen installed. In thisoft-
ware stereo modeeach recorded EAS receives a time stamp via a GPS (Globgichogy
System) clock. The time stamps are then used in thme data analysis to identify EASs
which were observed in coincidence by two (or more) telessopThis stereoscopic ap-
proach results in an angular resolutioi.1° (or ~5’) per event and a significantly improved
background rejection (Aharonian et al. 2006a) comparettyiestelescope arrays.

The H.E.S.S. telescopes are sensitive/t@ays above~0.1TeV, up to~100 TeV (pro-
vided the source being observed is both bright and haghaisatly hard spectrum), and an
energy resolution 0£15% (on average). H.E.S.S. can detect point sources nedin z¢n
levels of ~1% of the Crab Nebula flux with a statistical significance of B 25 h of ob-
servations, or less if advanced techniques are used for EB¥a§a analysis (e.g. de Naurois
& Rolland 2009; Ohm et al. 2009; Naumann-Goet al. 2009; Fiasson et al. 2010). Its
large FoV and fi-axis sensitivity not only make it ideally suited for surugy the Galactic
Plane (Chapter 2), but also for studying sources like HES88443, HESS J1503582,
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HESS J1832084, and HESS J184818, since the background can be estimated from re-
gions within each FoV as opposed to using dedicated OFF wdtgams which double the
total exposure needed (Berge et al. 2007).

Further details concerning H.E.S.S. and the imaging athersp Cherenkov technique
can be found, for example, in Hinton (2004) and referenceseth.



Chapter 2

The extended H.E.S.S. Galactic Plane Sur-
vey

This chapter presents an overview of the H.E.S.S. GalatiecePSurvey (GPS), which was
extended after the success of the original survey in 20025-20d which is still ongoing at
present. The results presented here expand upon what hapbkkshed in three conference
proceedings:

Chaves, R.C.G(H.E.S.S. Collaboration)
Proc. of the 28 Texas Symposium on Relativistic Astrophysics, 2010, in @ragion

Chaves, R.C.G(H.E.S.S. Collaboration)
Proc. of the 31 Intl. Cosmic-ray Conference, 2009, arXiv:0907.0768

Chaves, R.C.G, de Gia Wilhelmi, E. & Hoppe, S. (H.E.S.S. Collaboration)
AIP Conf. Series (Proc. of thé™ntl. Mtg. on High Energy Gamma-ray Astronomy),
2008, 1085, 219

2.1 Motivation

The current generation of IACTs has opened a new astronomindbw onto the Universe,
allowing us to observe objects which emit VHEay photons. Over 100 VHE-ray sources
have now been detectedand over two-thirds of these sources are located in ourx@ala
most of which were discovered by the IACT array H.E.S.S. dyii;m Galactic Plane Survey
(GPS), which began in 2004 and continues through the present

VHE y-rays carry valuable information about the most extremérenments in the local
Universe. Although nearly a third of the Galactic sourcesndbappear to have obvious
counterparts at other wavelengths (e.g. Aharonian et &8&0 the majority of them are
in fact associated with the violent, late phases of massams’svolution, in particular the

1See TeVCat, an online Teytray catalog, ahttp://tevcat.uchicago.edu.

13
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environments that result when such short-lived stars gs#lan a supernova (SN) explosion.
These objects, namely the remnants of SNe (SNRs; Green 200%) @ nebulae created by
the winds of energetic pulsars (pulsar wind nebulae or PWNenGler & Slane 2006), have
distributions similar to those of their pregenitor Popuaatl stars and therefore also follow
other markers for Galactic structure, such as molecularemg@.g.*>?CO clouds, Dame et al.
2001).

Since SNRs, pulsars, massive stars, and molecular clouds welbas X-ray binaries
and star-forming regions — are all known to densely clusten@the Galactic plane, a
comprehensive and systematic survey of this region is ainobwand (in retrospectftective
approach for discovering new sources of VhiEays. Further motivation comes from the
population of high-energy (HE) Ge-ray sources, emitting in a lower but complementary
energy range, which was revealed along the Galactic plastdfiCOS B(Swanenburg et al.
1981), then byComptolEGRET (Thompson et al. 1996), and presentlyAsylLE (Pittori
et al. 2009) andrermyLAT (Abdo et al. 2010). In 2004, it was not anticipated thansany
sources of VHEy-rays would be present in the Galaxy. However, the strongmsice then
known (the Crab Nebula), and other early detections, sucheaSWNRs Cas A (Aharonian
et al. 2001) and RXJ1713-B8946 (Muraishi et al. 2000), do belong to the SNR or PWNe
source classes which were already then being consideredhees gandidates for VHE-ray
emission and which are now well-established source classies VHEy-ray domain, seven
years later.

2.2 Previous surveys at TeV energies

H.E.S.S. was not the first to systematically survey the Gailasearch of discrete sources
of VHE y-rays. The four-telescope stereoscopic HEGRA (High Energgn@a Ray As-
tronomy) IACT array, the predecessor of H.E.S.S., had a neddy large~4° FoV and in
1997-1998 surveyed a large part of the plane in the Galantgitude rangé = —2° to 85
(Aharonian et al. 2002), i.e. from the Galactic center (GGh&oCygnus region, and latitudes
b+ ~ 1.7°. The region of the plane observable was restricted due toR¥Eocation in
the northern hemisphere (Canary Islands, Spain). Thisittageverely limits the visibility
of the inner Galaxy, such that the first Galactic quadrant<0¢ < 90°) is only observable
at large zenith angles, and to the point where the fourthrguad < 0° (¢ < 360°) cannot
be observed at all.

No new sources of VHE-rays were discovered during the 115-h survey, althougleupp
limits to the VHE y-ray flux were derived for the first time (Aharonian et al. 2p&@
over 150 SNRs, pulsars, and GeMay sources. Among the sources probed were two that
have been revisited in detail with H.E.S.S.: SNR G+D3, discussed in Chapter 7, and
PSR J18320827, discussed in Chapter 5. The flux upper limits ranged @8 Crab
to 18 Crab units, depending strongly on both the observaitioa texposure) and the zenith
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angles covered during the observation; for example, a&ydarge zenith angle of 45vould
lead to a correspondingly high energy threshold-@©f8 TeV (HEGRA Collaboration et al.
1999). While no new sources were discovered, the HEGRA surndeyaiive to validate the
general scheme for surveying the Galactic plane with IAC&yara scheme that was largely
adopted for subsequent surveys with H.E.S.S..

The water-Cherenkov Milagro Gamma-ray Observatory alseeyed the northern sky
in 2000-2003, searching for point-like (here, point-likeéers to a bin size of.2° x 2.1°)
sources of Te\y-rays (Atkins et al. 2004). Detectors based on the water-&tkev princi-
ple, like Milagro, have the ability to observe nearly theienvisible sky ¢2 x steradians) at
once but require long integration times. After three yedrshservations, the Crab Nebula
was detected, but no other Galactic sources were revealed.upper limits (95% confi-
dence level) were reported for the rest of the sky, rangiogf28% to~60% Crab above a
threshold of 1 TeV.

2.3 The original H.E.S.S. survey

H.E.S.S., in 2004, was the first to survey the Galaxy from thélern hemisphere, thereby
gaining access to the central region of the Galaxy which idestsely populated with po-
tential VHE y-ray sources (Aharonian et al. 2005f). The inner Galaxy weseoved from
Galactic longitudeg = —-30° (330) to 30" and latitudes-3° to 3, from May to Septem-
ber 2004, yielding a total 0£230 h of quality-selected data with a mean zenith angle (ZA)
of 26°. The survey consisted @itanningobservations, follow-upvobbleobservations of
promising source candidates, and deep observations otl®tBC and RX J1713-8946.
Eight new sources of VHE-rays were discovered by (Aharonian et al. 2005f), bringing
the total numbeét of known Galactic sources to 13. Most of the sources wertigaly
associated with SNRs, PWNe, @odGeV y-ray sources, although two were unidentified,
leading to the first speculation of a class of “dark” cosmicipke accelerators. This first
H.E.S.S. Galactic Plane Survey (GPS) more than doubledumder of VHEy-ray sources
known in the Galaxy, confirmed that they did indeed clustenglthe plane as suspected
(b =-0.25 +0.25°), and clearly motivated further surveying with H.E.S.S..

The work on this first H.E.S.S. GPS dataset continued, ar)@6, an updated and more
comprehensive analysis was published (Aharonian et abd®0'he survey was in general
sensitive to sources (with a presumed spectral photon idef.5) with fluxes~2—-3% Crab
above 200 GeV and located within 1.6f the Galactic plane. Apart from the eight sources
previously reported, six additional sources were repdrteach with a post-trial significance

2The five Galactic VHEy-ray sources discovered before the H.E.S.S. GPS was firispet) (Aharonian

et al. 2005f) were the Crab Nebula, TeV J262330, Cas A, GC, and RX J1713.3946.
3These have been subsequently confirmed with post-triahgigances greater thars5 the standard crite-

ria for establishing a suggestive excesywhys, orhotspof as a confidently detected source.
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greater than & (Aharonian et al. 2006d). Furthermore, in the preceding,\dsdia from the

GC as well as non-survey Galactic observations had revetilefbur more sources, bring-
ing the grand total to 23 sources of VHErays. What was two years earlier an astronomy
based on only a few sources was now quickly becoming a fieldhwtould claim a verita-

ble population of Galactic VHE-ray sources distributed among emerging but discernable
source classes. Furthermore, a sizable fraction of thessinad enigmatic origins, with un-
clear associations at lower energies, which motivatedhéurstudies and multi-wavelength
observation campaigns to obtain more comprehensive didavat energies.

2.4 Observational strategy of the extended survey

In the four years since the first GPS dataset was publishegh#icant fraction of H.E.S.S.
observations (roughly 25%) have been devoted to the cattomof the successful GPS,
although the strategies employed have evolved over thesyé&ageneral, however, the ob-
servations have been motivated by the basic goals of extgride survey in both Galactic
longitude (and to a lesser extent, latitude) to the limitthefH.E.S.S. visibility, to increase
the depth of the H.E.S.S. exposure, especially in regionsaelwith VHEy-ray source can-
didates, and, more recently, to increase the uniformityhefdensitivity across the survey
region. Since Aharonian et al. (2006d), incremental umlatethe status of the H.E.S.S.
GPS have been published by Hoppe (2008); Chaves et al. (200&ape (2008); Chaves &
for the H.E.S.S. Collaboration (2009).

2.4.1 Systematic scans

The H.E.S.S. telescopes have very large FoVs, with diameter, the largest of all IACTs
currently in operation. A single H.E.S.S. observationgomting) therefore covers an im-
pressive 20 degof the sky (or~7 ded at FWHM?Y), highlighting H.E.S.S.’s unique capa-
bility to quickly survey extremely large regions such as @edactic plane (e.g+580 deg
have been surveyed to date by H.E.S.S.). Nonetheless, aquaatity of individual 28-
min observations are necessary to fully survey the Galatice (Fig. 2.1). Initially, these
pointings were arranged systematically on a regular gpdesenting the plane.

When the inner Galaxxyf(x 60°) was first scanned in this manner in 2004, the pointings
were distributed in three rows (or strips) of Galactic ladeéb = —1,0,and 0, with a 0.7
spacing in longitude betweem pointings. This procedure suadlar to the strategy used
by HEGRA, which only had one strip alorfy = 0° and a 2-spacing in longitude. The
relatively short spacing between pointings allows the Foadpacent observations to overlap
significantly. This overlap facilitates a smoother digitibn of exposure, leveraging the

4“FWHM is defined here as the full-width (diameter) of the FoV wehthey-ray acceptancefiiciency is
half the maximum value (at the center of the camera).
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Figure 2.1: Plot illustrating the distribution of indivigal observation positiongg@inting9
inthe H.E.S.S. GPS, from March 2004 through June 2010. Eaictipg is represented by a
circle of diameter 3 equal to the approximate FWHM of the H.E.S.S. FoV (which edte
out to a 8 diameter). All two-, three-, and four-telescope obseoraiquality-selected us-
ing theall-weathercriteria are shown. Longitudinal strips stanmode observations from
2004-2006 are visible, with more recent observations a¥iddal sources overlaid. Point-
ings near the borders of the surveyed region have been oeanfdtt clarity. N.B. Longitude
400 = 40.

good df-axis performance (FWHM 3°), or acceptanceof the H.E.S.S. telescopes (see e.g.
Fig. 1 in Aharonian et al. 2006d).

Motivated by the results of the first scan, where the detesteidces were all found very
near the planeb(= -0.25° + 0.25°, Aharonian et al. 2006d), future scans from 2005 onward
typically used only two strips along+ 0.7° instead of the three strips previously used. This
revised strategy accumulated more exposure close to the plhere the majority of VHE
vy-ray sources appeared to cluster. The distribution of mait¢he Galaxy, seen via the
proxy *>CO in radio observations (Fig. 2.2), was also used as a guitiitiodinally shift
these strips as necessary in certain regions of the Galaxylar to better follow the matter
distribution. The 2.6-mm carbon monoxide emisison line goad indictator of regions of
enhanced star formation, and the molecular cloud surveyamgdet al. (2001) has excellent
coverage of Galactic plane in both the first and fourth quatdraStar-forming regions are
related to the molecular cloud complexes from which theyfanmed and typically harbor
young, massive stars as well as the supernova remnents Baggxesulting from the death
of those stars.



Figure 2.2: Velocity-integratetfCO map of the Galaxy from Dame et al. (2001). The distributibmolecular matter in the Galaxy is used
to guide the placement of pointings in the H.E.S.S. Gald&tiane Survey.
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2.4.2 Miniscans

As the VHEy-ray exposure across the Galactic plane increased, newesoaontinued to
be discovered. By 2007, the Galactic was densely populatdoMidE y-ray sources, many
of which were extended well-beyond the H.E.S.S. PSF, anthd bystematic scan was no
longer the mostfécient strategy, for two primary reasons. First, many of therses were
already being re-observedwobblemode in the context of dedicated observation programs,
and systematically scanning over these already high-expa®urces would not add signifi-
cant value to the survey dataset. Second, it would have hyceh@sulted in many pointings
within sources themselves, i.e. observations which calpmoised for spectral analyses with
thereflected background meth@Berge et al. 2007). As a result, survey-related observation
from 2008 onward began focusing on scanning smaller regpbmsterest (ROIS) in so-
calledminiscans The goal of the miniscans in was to scan relatively smallsR©10 ded)
which contained multiple source candidates, so that siogkervations could potentially
benefit more than one source. Seven (published) sourcesigemered largely due to the
2008-2009 miniscans, namely SNR G 2905/ PSR J11196127, HESS J1457592,
HESS J1503582 (Chapter 4), HESS J183@84 (Chapter 5), HESS J184818 (Chapter 6),
HESS J1849000 (Terrier et al. 2008), and HESS J1882C°.

2.4.3 Uniform sensitivity

By 2008, the numerous campaigns to follow-up and deeply gbs@edividual H.E.S.S.
sources had resulted in a very inhomogeneous exposuresdbm$salactic plane, filer-
ing by over an order of magnitude, e.g. from over 150 h at thet@l€ss than 10 h in some
regions (c.f. Sect. 2.6.2). Due to the deep exposures wiiieady exist in some regions,
the H.E.S.S. GPS will never achieve a perfectly uniform cage over the full extent of the
survey. It would take thousands of hours of observatioes @iecades) to cover the Galac-
tic plane with the level of exposure accumulated on the G@regThese deep exposure
are very important, allowing us to detect faint sources andtudy bright sources in un-
precendented detail. However, it is nonetheless desitalgesatly reduce the exposure (or
sensitivity) contrast in the GPS and to achieve a more umifoinimum detectable flux.

The fifth IACT (CT5) is expected to begin operations in early t@42012, forming
H.E.S.S.-1l. Scientific priorities are likely to changepesially with regards to surveying,
since CT5 has a smaller FoV and lower energy threshold. Asudtréisere is interest in

5This source, which does not yet have aficial H.E.S.S. identifier, was announced in an oral presen-
tation by Djannati-Ataet al. (H.E.S.S. Collaboration) at the Workshop “Supean&emnants and Pulsar
Wind Nebulae in theChandraEra” in 2009. The proposed SNR and pulsar counterparts aes diere. See

http://cxc.harvard.edu/cdo/snr0®9/pres/DjannatiAtai\_Arache\_v2.pdf.
6This source was very recently announced at th& P&xas Symposium on Relativistic Astrophysics in

December 2010. A respective proceeding is in preparation.



20 CHAPTER 2. THE EXTENDED H.E.S.S. GALACTIC PLANE SURVEY

moving toward the limited release of a H.E.S.S.-| Legacw8u(HLS) dataset. By achiev-
ing a more uniform and complete coverage of the Galacticeplare hope to add value to
this dataset, for example, by facilitating population g#sdas well as studies of the global
distribution of sources in the Galaxy.

In 2009, ~13 h of obserations were taken in order to fill in the largegisga dfective
exposure across the core GPS region. In 2010, a more conmsired@pproach was adopted,
aiming to achieve a more uniform sensitivity in this larggiom, and~85 h of observations
was performed. Sensitivity is a more appropriate metricef@luating the coverage of the
H.E.S.S. GPS since it is depends not only fhéetive exposure but also takes into account,
for example, the varying zenith angle of observations actbs plane. Regions were pri-
oritized also according to their overlap with spiral armgants (Valee 2008), where the
amount of molecular matter and number of VhEay source candidates is greater along the
line-of-sight. This approach is being continued into th&P0bservation season and will not
only add value to the GPBLS datasets but also likely reveal new sources of \WHEays
in these previously neglected regions. Images showinguherat sensitivity in the GPS are
presented in Sect. 2.6.4.

2.5 The H.E.S.S. GPS dataset

2.5.1 Observation properties

The H.E.S.S. GPS dataset presented here comprises a t&tall8fobservations from 21
March 2004 through 20 June 201@Each observation lasts aproximately 28 min (Fig. 2.3),
with a mean deadtime-corrected livetime of23 min, giving a total livetime of 2331 h —
the largest dataset ever accumulated in the 4By domain and a factor o£10 larger
than the first published H.E.S.S. GPS datd#dtaronian et al. 2005f). Approximately 5%
of the observations have livetimes less than 20 min; tr@tcabservations can be due to an
interruption from a triggered target-of-opportunity (Tp@bservation or to avoid contami-
nating light from the rising moon or sun. The vast majorit3¥8 of the observations used
the full four-telescope array. The remaining 17% represéservations with only two or
three telescopes, when other telescopes were not beingaugedue to technical problems
or mirror refurbishment. Although the observation schedubs optimized (when possi-
ble) such that observations occurred near the target'sicatian, the zenith angle (ZA;
90 - altitude) of the observations varies considerably (Fig),2vith a mean of 32 + 13°.
The ZA depends primarily on the declination of the targeeobation position and thus also
varies as a function of Galactic longitude. This in turn f&ssim a varying minimum energy
threshold as a function of longitude.

’For comparison, the results in Hoppe (2008) included datigithOctober 2007 and the results in Chaves
& for the H.E.S.S. Collaboration (2009) included data uR#lOctober 2008.
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Figure 2.3: Histogram of individual observation livetim@gadtime-corrected exposure) in
the H.E.S.S. GPS. 95% of the observations have livetimegegréhan 20 min.

The large H.E.S.S. GPS dataset was selected usirajltiveatherquality criterié, which
relaxes cuts on weather-related parameters in order tonmmexithe amount of data usable
for source discovery (via, for example, significance mapgsktricter spectralquality cri-
teria is used to select observations suitable for perfogmatiable spectral analyses, which
include the calculation of sensitivity or integral flux. Heealso typically omit two-telescope
observations, to ensure the highest quality possible. peetgal-quality dataset used in this
thesis comprises 4 261 observations and has a livetime a3 h.97

2.6 VHE y-ray images of the Galaxy

2.6.1 Significance

Figures 2.5 and 2.6 present maps of the Galaxy which showdhistial significance of the
VHE y-ray emission across the plane, using the latest full HE.GPS dataset. Gamma-
ray/hadron separation is performed individually for each obetssn according to Hillas

8Throughout this thesis, the “Heidelberg” quality selectivas used, as defined on 11 November 2010.
There exist multiple quality selection criteria within HES. for the purpose of cross-checking primary results.



22 CHAPTER 2. THE EXTENDED H.E.S.S. GALACTIC PLANE SURVEY

=§ g Measr’ntatis“css1 .78
600:— RMS 13.36
5002—

400

3oo§—

2001

1002—
%10 20 30 40 50 60 70 80 90
ZA [deg]

Figure 2.4: Histogram of individual observation zenith lesgZAs) in the H.E.S.S. GPS.

(1985) and usingard cuts which require each image of the EAS to have a minimum charge
of 200 p.e in order to be selected. This relatively strictioyiroves rejection of the hadron-
induced background at the expense of a slightly higher griargshold. Large maps are
then created by aligning and superimposing individual napsray events from each ob-
servation.

The y-ray acceptance of each observation is estimated from &akdeof extragalactic
observations which do not contain any knowanay sources in the FoV. This database of
so-called OFF observations is used to create an accep@mnpéateas a function of the ZA
of the observation. The individual acceptance maps aredt¢alaccount for: 1) the livetime
of the respective observation; and 2) the varying evensr@gy. due to dierent weather
conditions), by normalizing to the number of events in eaa¥ which do not fall within an
exclusion regionExclusion regiongre areas of the Galactic plane which contain significant
signal from known VHEy-ray sources and source candidates. Corresponding largeahap
they-ray acceptance are also created.

At each test position (grid point, or pixel), the numbenryefay eventsNoy (signal) is
integrated over the so-called ON-source circular regiani(gsd = 0.22° in Fig. 2.5 and
6 = 0.1 in Fig. 2.6). The background (OFF-source) is estimatedguiaring background
method(Berge et al. 2007). The number of eveMg:¢ is calculated within a ring-shaped
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Figure 2.5: Image showing the pre-trials statistical digance in the H.E.S.S. GPS region,
divided into four panels. The significance is correlatedr@veircular region of radiug =
0.22°, the standard size used to search for extended YH&y sources. The significance
is truncated in the image above @50 increase visibility, and the color transition (from
blue to red) is set at 74 pre-trials significance, which (conservatively) corrasg®to~5 o
post-trials significance. Maps such as this are used tolséarevidence of new VHE-ray
sources. N.B. Some very recently detected sources are ntabgded. For an unlabeled
version of this plot, see Fig.A.1.

region defined by a mean radiugea, = 0.9° and an areg7 times the ON-source region
(¢ < 1/7(0.14)). To avoid contamination of the background with reahaig events from
any overlappingxclusion regionsare not included in the background determination. The
significance at each position is then calculated accoraing & Ma (1983) to create the
maps shown.

The irregular borders of the significance maps were not aveaydent in previously-
published maps, due to two reasons: 1) previous maps weigallyptruncated at lower
Galactic latitudes (e.g. &t = —2.8° and+1.8° in Chaves et al. (2008a) and Hoppe (2008)
and atb + 3.0° in Chaves & for the H.E.S.S. Collaboration (2009)) and 2) ferfirst time,
additional cuts on the minimum number of events requiredniglémented. For each test
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Figure 2.6: Image showing the pre-trials statistical digance in the H.E.S.S. GPS region,
divided into four panels. The significance is correlatedr@aeoint-like circular region of
radiusé = 0.10°, and is truncated in the image abovedi® increase visibility. The color
transition (from blue to red) is set at @4pre-trials significance, which (conservatively)
corresponds te-50 post-trials significance. Maps such as this are used to lséar@vi-
dence of new VHE/-ray sources. Known VHE-ray sources are labeled with their H.E.S.S.
identifiers. N.B. Some very recently detected sources argatdabeled. For an unlabeled
version of this plot, see Fig.A.2.

position on the magd\on andNorr must both be greater than or equal to ten in order for the
significance to be calculated (and displayed). This cutdsired to ensure that the equation
used to calculate the significance of theay excess (Eq. 17 in Li & Ma 1983) is valid. The
implementation of this cut, together with the gradual iaseof ¢f-plane exposure in recent
years, allows us to confidently reveal a much larger regidhefsalaxy plane<20% more)
by excluding regions with a very low number of events (a resiuh corresponding very low
exposure), at the minor expense of having ragged bordehgisignificance maps shown in
Figs.??2.

Significance maps such as those shown in Figs. 2.5 and 2.6adeto search for new
sources of VHEy-rays. A thorough inspection of these maps is regularlyquaréd, and
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follow-up H.E.S.S. observations of the most promising sewandidates, drotspots are
scheduled for the following year. In this manner, sourdesHESS J1848018, HESS J1832084,
HESS J1503582, and numerous others have been discovered. The thddshalaiming a
statistically-significance source detection is set at aeorative 5 (post-trials). The maps,
however, show the pre-trial significance. The number ofgigdominated by the number

of positions in the surveyed region which were searchedif¢mificant emission. As a gen-
eral rule, a & pre-trial significance correponds to arpost-trials, after accounting for the
large number of trialsQ(10°), employed in the H.E.S.S. GPS. However, the exact number
of trials is calculated on a source-by-source basis. Fomela some sources are initially
found after a blind search of the the survey dataset, butesuiest follow-up observations
are performed at aa priori determined location; the second part of the dataset threrbfs
greatly reduced trial factors, usually(10') or less.

Significance maps are also very useful for visualizing theesu distribution of known
sources in the Galaxy. However, since the observation ZAeffiedtive exposure vary sig-
nificantly across the surveyed region, the minimum energgstiold and sensitivity also
vary. Significance maps do not correct for thesedences and are thus not suitable for
more advanced analyses. For example, two sources or regi@significance map can-
not be directly compared to one another, and suggestivetstas which may be visible do
not necessarily correlate with real morphological featur@& 2D map of the significance
cannot be used to infer any characteristics of a \\HEay source other than the statistical
significance of its detection (the ability to discriminatesignal from the background). Fur-
thermore, areas of low significance (dark blue and blackoregin the figures) cannot be
interpreted as a lack of-ray emission from that area — in many cases, it is simply due
to a relatively lower exposure. Therefore, the next sestimesent additional maps which
show the &ective exposure, integral flux, and sensitivity across tle.&lS. GPS, in order
to provide a more comprehensive and physically-meaningéw of the Galaxy.

2.6.2 Hfective exposure

Effective exposure is defined here as tliset-corrected livetime. First, the total exposure
of each observation is deadtime-corrected, giving theitive of the observation. A 2D map
of the livetime is then generated and weighted by the tef@seaceptance tg-rays, which
drops df a function of distance from the camera center and is also p&idgent. Finally, a
large map of the fective exposure across the H.E.S.S. GPS region (Fig. 2orypiced by
aligning and superimposing all of the observations in thiedfataset. The fective exposure
at a given pixel in the map then represents the contributimr all (offset) observations
whose FoVs fall within 3.00f that pixel.

The dfective exposure of the H.E.S.S. GPS has steadily increased 2004 to 2010,
illustrated in Fig. 2.8. The first released dataset (Ahaort al. 2006d) only covered the
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Figure 2.7: Image showing the curreffiiextive exposure in the H.E.S.S. GPS region, divided
into four panels. The exposure is truncated above 30 h teaser visibility, and the color
transition (from black to red) is set at 7.5 h.

innermost section of the Galaxy £ 30° with respect to the GC) with a relatively shallow
exposure, having a mean of &1.1 h along the Galactic plane. The large standard deviation
was due to early, deep exposures of the GC and RXJ173946. A subsequent dataset
(Hoppe 2008) showed a significant improvement, more thafirtg the average exposure
to 29 h+ 28 h along the plane. The current dataset continues thid,trarsing the average
exposure to 43k 26 h — a more than five-fold increase since the original survEye
high standard deviations persist and are essentially uthabvie. H.E.S.S. is not solely a
surveying instrument; dedicated campaigns are regulaitiptied to observe specific sources
of interest withwobblemode observations (these result in the peaks seen in porjsof
the exposure). Nonetheless, it should be noted that thdataudeviation is now much lower
with respect to the mean, largely due to the success of th@- 2000 observational strategy
to fill in gaps in exposure and increase the uniformity of teesstivity along the Galactic
plane (see also Sect. 2.4.3).
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Figure 2.9: Comparison ofiective exposure on the Galactic plane afidb® off-plane. The
plane is defined here &s= —0.3°, the mean Galactic latitude of the sources in the H.E.S.S.
GPS. Shown are projections dfective exposure along the Galactic plahe=(—0.3°, blue),
above the plandd(= +1.2°, black), and below the plané & —1.8°, magenta).

The dfective exposure is noticeably lower and increasingly unefeplane, i.e. at rela-
tively high Galactic latitudes (see e.g. 2.9). This is a ltesfithe systematic scans focusing
on very low Galactic latitudes, where the majority of H.EESsources have been discov-
ered and where the majority of Galactic VHEay source candidates are located. However,
some Galactic H.E.S.S. sources are foufidiee Galactic plane. Dedicated observations of
these sources have contributed to increagéglane exposure in certain regions (Fig. 2.9)
thanks to H.E.S.S'’s large FoV and have sometimes resuiteerendepitous discoveries of
oft-plane sources, e.g. HESS J15622.

2.6.3 Flux

Due to the inherent limitations of significance maps, it isuna to want an image of the
Galaxy which corrects forfeects such as varying exposure and which has real, physical
units so that it can be used to infer actual source properfiee obvious choice is that of
flux, which has units of photons detected per unit area pdrtime (typically cnt?s™?),
integrated over an appropriate energy range (integral.flux)

The procedure used to produce large flux maps is similar toused to produce the
significance maps previously shown, with the maiffatence being that the expected
ray flux from each location in the map must be calculated. Tdiies takes into account
the observation livetime (as a function of ZA) and the resipecttective area. The latter
depends on the observation ZA, muon correction factorcesdeenergy range, distance from
the camera center, and the integration region being camrsldét is thus also necessary to
assume the spectral shape of the expected yH&y flux. In this case, source spectra are
assumed to follow a power-law with a slope= 2.5, similar to that of the Crab Nebula, to
which flux is often normalized. As noted earlier, a reducedskt is used for the purpose of
generating flux maps; in this case, the spectral-quality $H& GPS dataset is used.

Regarding the selection of energy range, no cuts are impasédeg-ray events from
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each observation which are included in the final flux map. Thasthe benefit incorporating
the maximum amount of statistics available, similar to tlgaificance maps. Further details
have already been presented elsewhere (Hoppe 2008); nmstantly, tests using the Crab
Nebula demonstrate that the integral flux is consistent widt found from a dedicated
spectral analysis to within an uncertainty of 5%. This relsalds also if a cutis applied to the
energy range to restrict theray events to those above the so-called safe energy thdesho
as is done in dedicated spectral analyses (Hoppe 2008).

Regarding the choice oftfective area, thefiective area to detect a point source is used
to produce flux maps with a point-like correlation regiorr¢t@ with radius = 0.10°). The
flux is thus corrected for leakage of the signal outside ofcttreelation radius, and the flux
at each position in the map should be interpreted as the fl@suaned from a putative point
source centered at that position. However, since most YH&y sources are not point-like,
flux maps are also created with a larger correlation regioelécwith radiusé = 0.22°) .
These maps are produced using tife@ive area to detect a source of exactly that size, with
no correction for leakage outside of that region. The fluxatheposition in these maps
should thus be interpreted as the flux from a region of the gkyakein size to the correlation
region.

Figure 2.10 shows such an image of the integral flux acros$itBeS.S. GPS region,
where the flux at a given pixel represents the integral flux pdiat-like sourced = 0.10°)
centered at that position. The calculation of the integrat 6 integrated in energy from
1TeV to infinity. Since the minimum energy threshold variesnsiderably with Galactic
longitude (due to varying ZAs), ranging from roughly 0.6 T&/1.5 TeV, this avoids large
extrapolations to lower energies. However, it also rendeusces with steeper (soft) spectra
less visible on the maps shown. Since most \VWHEy sources are extended, many of them
do not appear bright on this map since they lacfisient statistics (excessray events) to
be detected over a point-like integration region which is§wompared to their actual size.
Those that do appear are either actual point sources (geg-ray binary HESS J1826148
at (¢£,b) ~ (16.9°,-1.4°)) or very bright, high-statistics sources (e.g., HESS 31831 at
(¢,b) = (3042°,-0.4°)). Additionally, sources with spectral slopes whickteli significantly
from the assumedl = 2.5 may not be visible. In contrast to significance maps, reat mo
phological features are revealed in flux maps, an obviousipl@abeing the clear shell-type
morphology seen from HESS J1AB7 (RXJ1713.#3946) at (,b) ~ (347.3°,-0.5%)).
Figure 2.11 shows a similar map, but for extended soumtes@.22°), where the majority
of VHE vy-ray sources are clearly visible.

2.6.4 Sensitivity

Images of H.E.S.S. sensitivity across the H.E.S.S. GP®megie produced in the same way
as for the integral flux. The sensitivity above an endfgyg defined as the integral flux above
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Figure 2.10: Image showing the integral fluk€ (>~ 1TeV) in the H.E.S.S. GPS region,
divided into four panels. The flux is integrated over a pdik#-circular region of radiug =
0.10°, and is truncated in the image abov&xX10?cm2 s, equivalent to 5% Crab above 1
TeV, to increase visibility. The color transition (from kelto red) is set at 3x 103 cm2 s,
equivalent to 2.5% Crab. Fluxes are only calculated for regyaf the plane where the point-
source sensitivity is better than 3% Crab.

E which is currently detectable by H.E.S.S. at significancé @f It depends primarily on
the dfective exposure and ZA of the observations at a given positiothe plane. Like the
calculation of flux, it assumes a Crab-like power-law indeX'of 2.5. The point source
sensitivity and the extended source sensitivity are shoviings. 2.12 and 2.13, respectively.

The best sensitivity is reached at the GC, which has an exlyataep exposure 0f190 h
and is typically observed at low zenith angles, resulting jpoint-source sensitivity at the
mCrab level, 0.6% Crab (again, f&@ > 1TeV and assumingf = 2.5). In general, the
sensitivity is better than 6% Crab over the majority of theveyed region, and typically
~2% Crab or better along the Galactic plane itselfffoEs to make the sensitivity more
uniform along the plane will continue in 2011.
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Figure 2.11: Image showing the integral flu€ (> 1TeV) in the H.E.S.S. GPS region,
divided into four panels. The flux is integrated over an eadé&ehcircular region of radius
6 = 0.22, and is truncated in the image abov& & 102cm?s?, equivalent to 10%
Crab above 1 TeV, to increase visibility. The color transit{from blue to red) is set at
1.1 x 10*cm2s™, equivalent to 5% Crab. Fluxes are only calculated for regjiointhe
plane where the extended-source sensitivity is better@aaCrab.
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2.7 Spatial distribution of Galactic H.E.S.S. sources

A total of 66 VHE y-ray sources have now been detected by H.E.S.S. in the Galaxyna-
rized in Table 2.1 which lists the H.E.S.S. identifier, bigposition in Galactic coordinates,
and the respective reference. Sixty of the sources fallinitiie region observed by the
H.E.S.S. Galactic Plane Survey. The remaining six souneegither high-latitude sources
(HESS J0534220/ Crab Nebula, HESS J063R57 / Monoceros, HESS J156221/ SN
1006 SW, and HESS J156418/ SN 1006 NE) or are in the outer Galaxy (HESS JO8%23
/ VelaJr and HESS J083355/ Vela X). Three H.E.S.S. sources do not yet hafiecial
H.E.S.S. identifiers and are instead listed by their padéotunterparts (PSR J11168127,
IGR J18496-0000, and W49B). A subtotal of 15 sources have been recentipwised in
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Figure 2.12: Image showing the point-source sensitiidy>( 1 TeV) in the H.E.S.S. GPS
region, divided into four panels. The VHfzray spectrum of the putative emission is as-
sumed to follow a power law with a Crab Nebula-like index 2.5. The sensitivity is given

in units of the percentage of the Crab Nebula flux which is detde by H.E.S.S. at a level
of 50 (pre-trial) significance. The sensitivity in the image igrcated above 12% Crab
for visibility, and regions which have a higher (worse) stwvisy are not shown. The color
transition (from color to grayscale) is set at 6% Crab.

the last two years alone, since the last major update on tBeSES. GPS by Hoppe (2008),
demonstrating the continued success of the H.E.S.S. satveyealing new sources of VHE
y-rays.

The spatial distribution of the H.E.S.S. sources is illatgd in Figs. 2.14 and 2.15, which
show their latitudinal and longitudinal distribution, pestively. The VHEy-ray sources
indeed cluster closely (rms 0)8to the Galactic plane (Fig. 2.14), with a mean latitude
b = -0.5°. The rms implies that the Galactic plane as seen in \jHRays has a thick-
nessO(100 pc) in the inner Galaxy, compatible with the distribuatiof a presumed parent
population comprised mostly of SNRs and pulsars. Althoughthin peak in the latitudinal
distribution is somewhatftset toward negative latitudes, the mean is particularlyvskie
due to a handful of sources aroubd —3°.
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Figure 2.13: Image showing the extended-source sengifizit> 1 TeV) in the H.E.S.S.
GPS region, divided into four panels. The VHEay spectrum of the putative emission is
assumed to follow a power law with a Crab Nebula-like indlex 2.5. The sensitivity is
given in units of the percentage of the Crab Nebula flux whiatkeiectable by H.E.S.S. at
a level of 50 (pre-trial) significance. The sensitivity in the image igricated above 10%
Crab for visibility, and regions which have a higher (worsenstivity are not shown. The
color transition (from color to grayscale) is set at 6% Crab.

The longitudinal distribution (Fig. 2.15) shows a fairlyegwvdistribution of sources across
the inner Galaxy, peaking toward the center of the Galaxgréstingly, most of the peaks in
the distribution appear to roughly coincide with the Gataspiral arm structures traced at
other wavelengths (Vatke 2008), notably the Scutum-Crux tangent at31°+ 3°, the start of
the Perseus arm at= 339 (-21°) + 2°, the Crux-Scutum tangent &t 310°(-50°) + 3°, and
the Carina-Sagittarius tangentfat 284 (-76°) + 2°. The lack of sources above longitudes
{ ~ 60 is due to H.E.S.S.s location in the southern hemispheraegtwprevents it from
observing regions farther north. It is not possible at timetto draw any firm conclusions
based on these distributions since the sensitivity of tHe $S. GPS is considerably non-
uniform across the survey region. For example, it is notrafehe distribution of VHEy-ray
sources toward negative latitudes is real or a result ofiheeying strategy employed.
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Figure 2.15: Histogram of the longitudinal distribution @&lactic H.E.S.S. source$l.B.
The horizontal axis shows negative longitudes.
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Table 2.1: Names and positions of the 66 Galactic VHE
vy-ray sources detected by H.E.S.S. to date, sorted by in-
creasing right ascension. 60 of these are located within
the region surveyed by H.E.S.S.. The positions were de-
termined by fitting the uncorrelatedray excesses with 2D
symmetric Gaussian profiles convolved with the H.E.S.S.
PSF; they are given in Galactic coordinates. The refer-
ences for the most recent H.E.S.S. publication with posi-
tional data are given in the last column. New sources de-
tected since Hoppe (2008) are denoted by a superscript dag-
ger. References to H.E.S.S. Source of the Month (SOM) ar-
ticles can be found atttp://www.mpi-hd.mpg.de/hfm/
HESS/pages/home/som; respective journal publications are

in preparation. References to TEXAS2010 refer to proceed-
ings of the 28 Texas Symposium on Relativistic Astro-
physics which are in preparation. Uncertainties in positio
are as low as X0in the case of the GC (HESS J1#Z90)

but more typically between 0.0-and 0.08 (see respective
references for details).

Identifier t b Reference

HESS J0534220 184.56 -5.78 Aharonian et al. (2006a)
HESS J0632057 205.66 -1.44 Aharonian et al. (2007e)
HESS J0835455 263.86 -3.09 Aharonian et al. (2006b)
HESS J0852463 266.29 -1.2%4 Aharonian et al. (2007d)
HESSJ1018589 284.80 -0.52 SOM 2010-08

HESS J1023575 284.22 -0.40 Abramowski et al. (2011)
HESSJ1026582 284.80 -0.52 Abramowski et al. (2011)
PSRJ11196127 292.14 -0.60 SOM 2009-11

HESS J1302638 304.19 -0.99 Aharonian et al. (2005c)
HESSJ1303631 304.24 -0.36 Aharonian et al. (2005d)

HESS J1356645 309.81 -2.49 Renaud et al. (2008b)
HESSJ1418609 313.25 0.15 Aharonian et al. (2006e)
HESS J1420607 313.56 0.27 Aharonian et al. (2006€)

HESS J1427608 314.41 -0.14 Aharonian et al. (2008a)
HESS J1442624 315.41 -2.30 Aharonian et al. (2009c)
HESSJ1457593 318.3 -0.3 Hofverberg et al. (TEXAS2010)
HESSJ1502421 327.38 14.48 Acero et al. (2010a)
HESSJ1503582 319.60 0.30 Chapter 4



CHAPTER 2. THE EXTENDED H.E.S.S. GALACTIC PLANE SURVEY

Table 2.1: Names and positions of the 66 Galactic VHE
vy-ray sources detected by H.E.S.S. to date, sorted by in-
creasing right ascension. 60 of these are located within
the region surveyed by H.E.S.S.. The positions were de-
termined by fitting the uncorrelatedray excesses with 2D
symmetric Gaussian profiles convolved with the H.E.S.S.
PSF; they are given in Galactic coordinates. The refer-
ences for the most recent H.E.S.S. publication with posi-
tional data are given in the last column. New sources de-
tected since Hoppe (2008) are denoted by a superscript dag-
ger. References to H.E.S.S. Source of the Month (SOM) ar-
ticles can be found atttp://www.mpi-hd.mpg.de/hfm/
HESS/pages/home/som; respective journal publications are

in preparation. References to TEXAS2010 refer to proceed-
ings of the 28 Texas Symposium on Relativistic Astro-
physics which are in preparation. Uncertainties in positio
are as low as X0in the case of the GC (HESS J1~Z90)

but more typically between 0.0-and 0.05 (see respective
references for details).

Identifier 4 b Reference
HESSJ1504418 327.84 14.57 Acero et al. (2010a)
HESS J1504622 317.9% -3.49 Acero et al. (2011)

HESSJ1514591 320.33 -1.19 Aharonian et al. (2005g)
HESSJ1614518 331.52 -0.58 Aharonian et al. (2006d)
HESS J1616508 332.39 -0.14 Aharonian et al. (2006d)

HESS J1626490 334.77 0.05 Aharonian et al. (2008a)
HESSJ1632478 336.38 0.19 Aharonian et al. (2006d)
HESSJ1634472 337.11 0.22 Aharonian et al. (2006d)

HESS J1640465 338.32 -0.02 Aharonian et al. (2006d)
HESS J1648458 339.58 -0.35 Ohm et al. (TEXAS2010)
HESSJ1702420 344.30 -0.18 Aharonian et al. (2008a)
HESSJ1708410 345.66 -0.44 Aharonian et al. (2008a)

HESSJ1708443 343.06 -2.38 Chapter 3

HESSJ1713381 348.65 0.38 Aharonian et al. (2008d)
HESSJ1713397 347.33 -0.47 Aharonian et al. (2007c)
HESSJ1714385 348.39 0.1r Aharonian et al. (2008e)

HESSJ1718385 348.83 -0.49 Aharonian et al. (2007a)
HESSJ1734347 353.57 -0.62 Aharonian et al. (2008a)
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Table 2.1: Names and positions of the 66 Galactic VHE
vy-ray sources detected by H.E.S.S. to date, sorted by in-
creasing right ascension. 60 of these are located within
the region surveyed by H.E.S.S.. The positions were de-
termined by fitting the uncorrelatedray excesses with 2D
symmetric Gaussian profiles convolved with the H.E.S.S.
PSF; they are given in Galactic coordinates. The refer-
ences for the most recent H.E.S.S. publication with posi-
tional data are given in the last column. New sources de-
tected since Hoppe (2008) are denoted by a superscript dag-
ger. References to H.E.S.S. Source of the Month (SOM) ar-
ticles can be found atttp://www.mpi-hd.mpg.de/hfm/
HESS/pages/home/som; respective journal publications are

in preparation. References to TEXAS2010 refer to proceed-
ings of the 28 Texas Symposium on Relativistic Astro-
physics which are in preparation. Uncertainties in positio
are as low as X0in the case of the GC (HESS J1#Z90)

but more typically between 0.0-and 0.08 (see respective
references for details).

Identifier t b Reference
HESSJ1744302 358.28 0.12 Tibolla et al. (2009)
HESSJ1745290 359.94 -0.04 Acero et al. (2010b)
HESSJ1745303 358.71 -0.64 Aharonian et al. (2008b)
HESS J174%281 0.87 0.08 Aharonian et al. (2005b)

HESS J1800240A 6.14 -0.63 Aharonian et al. (2008f)
HESS J1806240B 5.90 -0.36 Aharonian et al. (2008f)
HESSJ1806240C 5.7 -0.06 Aharonian et al. (2008f)
HESS J1804233 6.66 -0.27 Aharonian et al. (2008f)
HESS J1804216 8.40 -0.03 Aharonian et al. (2006d)
HESSJ1809193 11.18 -0.09 Aharonian et al. (2007a)
HESSJ1813178 12.8t -0.03 Aharonian et al. (2006d)
HESSJ1825137 17.7¥ -0.70 Aharonian et al. (2006f)
HESSJ1826148 16.90 -1.28 Aharonian et al. (20069)
HESSJ1832084 23.29 0.30 Chapter 5
HESSJ1833105 21.5% -0.88 Djannati-Ata et al. (2008)
HESSJ1834087 23.24 -0.32 Aharonian et al. (2006d)
HESSJ1837069 25.18 -0.1r Aharonian et al. (2006d)
HESSJ1841055 26.80 -0.20 Aharonian et al. (2008a)



CHAPTER 2. THE EXTENDED H.E.S.S. GALACTIC PLANE SURVEY

Table 2.1: Names and positions of the 66 Galactic VHE
vy-ray sources detected by H.E.S.S. to date, sorted by in-
creasing right ascension. 60 of these are located within
the region surveyed by H.E.S.S.. The positions were de-
termined by fitting the uncorrelatedray excesses with 2D
symmetric Gaussian profiles convolved with the H.E.S.S.
PSF; they are given in Galactic coordinates. The refer-
ences for the most recent H.E.S.S. publication with posi-
tional data are given in the last column. New sources de-
tected since Hoppe (2008) are denoted by a superscript dag-
ger. References to H.E.S.S. Source of the Month (SOM) ar-
ticles can be found atttp://www.mpi-hd.mpg.de/hfm/
HESS/pages/home/som; respective journal publications are

in preparation. References to TEXAS2010 refer to proceed-
ings of the 28 Texas Symposium on Relativistic Astro-
physics which are in preparation. Uncertainties in positio
are as low as X0in the case of the GC (HESS J1~Z90)

but more typically between 0.0-and 0.05 (see respective
references for details).

Identifier { b Reference
HESSJ1843033 29.08 0.1% Hoppe (2008)
HESS J1846029 29.7F -0.24 Djannati-Ata et al. (2008)
HESS J1848018 30.98 -0.16 Chapter 6

IGRJ18496-:0000 32.64 0.53 Terrier et al. (2008)

HESSJ1852000 33.0 -0.2 Kosack et al. (TEXAS2010)
HESSJ1857026 35.96 -0.06 Aharonian et al. (2008a)
HESS J1858020 35.58 -0.58 Aharonian et al. (2008a)
HESS J1908062 40.39 -0.79 Aharonian et al. (2009a)

W49B' 42.26 -0.19 Brun et al. (TEXAS2010)
HESSJ1912101 44.39 -0.07 Aharonian et al. (2008c)
HESSJ1923141 49.10 -0.39 Fiasson et al. (2009)

HESSJ1948213 57.76 -1.29 SOM 2010-11




Chapter 3

Detection of very-high-energyy-ray emis-
sion from the vicinity of PSR B1706-44 and
G 343.1-2.3

This chapter pertains to the discovery of VihHEay emission from the vicinity of the EGRET-
detected-ray pulsar PSR B170644 and the supernova remnant G 343213 using H.E.S.S.
data. It includes a comprehensive summary of ffierts to observe PSR B17064 in the
VHE domain, a re-analysis of data previously published Wy.H.S., and a detailed discus-
sion of both leptonic and hadronic scenarios for the originhe detected VHE-rays. Itis
based in part upon a preliminary draft and analysis by Hopp@08) but has undergone sub-
stantial changes since then; in particular, the text hasrbeewritten, the introduction has
been significantly extended, the analysis has been reuisediscussion made more thor-
ough, and an appendix has been added. Radio data reductiopevésmed by G. Dubner
and E. Giacani. The paper appears here (with minor typogreahthanges) as published
in:

Abramowski, et al. [.E.S.S. Collaboration)?*
Astronomy& Astrophyiscsin press

Abstract

They-ray pulsar PSR B170614 and the adjacent supernova remnant (SNR) candidate G-343.1
were observed by H.E.S.S. during a dedicated observatimpaign in 2007. As a result

of this observation campaign, a new source of very-highrggnévVHE; E > 100 GeV)

v-ray emission, HESS J176843, was detected with a statistical significance of,7al-

1Corresponding authors: R.C.G. Chaves and S. Hoppe; Ex{@omaH.E.S.S.) authors: G. Dubner and E.
Giacani
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though no significant point-like emission was detected atpbsition of the energetic pul-
sar itself. In this chapter, the morphological and spectralyses of the newly-discovered
TeV source are presented. The centroid of HESS J2408 is considerably féset from
the pulsar and located near the apparent center of the SNRypa = 17'08M11% + 17°
andédjoo00 = —44°20 + 4. The source is found to be significantly more extended than th
H.E.S.S. point spread functior@.1°), with an intrinsic Gaussian width of 0.22 0.04. Its
integral flux between 1 and 10 TeV is3.8 x 1072 ph cnT? s71, equivalent to 17% of the
Crab Nebula flux in the same energy range. The measured ergglyen is well-fit by a
power law with a relatively hard photon indéX= 2.0 + 0.1 + 0.25ys. Additional multi-
wavelength data, including 330 MHz VLA observations, wesedito investigate the VHE
y-ray source’s possible associations with the pulsar wirzlilzeof PSR B170644 andor
with the complex radio structure of the partial shell-typ¢R5G 343.1-2.3.

3.1 Introduction

The energetic pulsar PSR B17084 (also PSR J17021429) is one of the first pulsars from
which pulsed emission was detected not only in the radionSkm et al. 1992) and in X-
rays (Gotthelf et al. 2002), but also in high-energy (HE; BeV) y-rays (Swanenburg et al.
1981). The pulsar was first detected in a high-frequencyoradrvey by Johnston et al.
(1992) and has a spin perid®l= 102 ms, a characteristic age = 17 500 yr, and a spin-
down luminosityE = 3.4 x 10%%rgs™. It belongs to the class of relatively young and pow-
erful pulsars, of which the Vela Pulsar is the most promirexatmple in the southern hemi-
sphere. The putative wind nebulae of these pulsars are wameidates for being sources
of very-high-energy (VHE; B 100 GeV)y-rays. A bright, HEy-ray source, 2CG 3422,
was discovered by th€OS-Bsatellite (Swanenburg et al. 1981) and later found to be po-
sitionally coincident with the radio pulsar. Theray source was firmly associated with
PSR B170644 after EGRET (the Energetic Gamma Ray Experiment Telesaopg®ard
the Compton Gamma-Ray Observatpgbserved pulsations from 3EG J1 74339 (also
EGR J17164435) which matched the period seen in the radio wavebanonipkon et al.
1992). More recently, the pulsar has been detected at Gajieady the latest generation of
spaceborne HEk-ray detectors: bAGILE (Astrorivelatore Gamma ad Immagini LEgggro
as 1AGL J17094428 (Pittori et al. 2009) and by thermyLAT (Large Area Telescope) as
1FGLJ1709.%#4429 (Abdo et al. 2010).

Radio observations of PSR B17084 reveal the presence of a synchrotron nebula, with
an extension of3’, surrounding the pulsar (Frail et al. 1994; Giacani et aQ130 The ob-
served polarization and the flat spectrum, with a flux derspgctral sloper = 0.3 (where
the flux densityS « v~*), suggest it is a pulsar wind nebula (PWN). However, the iatpli
conversion ficiency from spin-down energy to radio flux e2 x 10° would be the low-
est of any known radio PWN (Giacani et al. 2001). Observatlmnthe X-ray telescopes
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onboardROSAT(Roentgen Satellijeand ASCA(Advanced Satellite for Cosmology and As-
trophysic$ reveal that the nebula is also visible in X-rays (Finleylefil898). The morphol-
ogy of the PWN was mapped in detail at arcsecond scales ngjlthe superior resolution
of the Chandra X-ray ObservatorfRomani et al. 2005). The X-ray analyses suggest the
presence of a ffuse X-ray PWN, with a spectral index of 1.77, which surrounasaae
complex structure consisting of a torus and inner and oater The difuse X-ray PWN has
a radius of 1.8and also exhibits a fainter, longer extension to the Weste fiiesence of
non-deformed X-ray jets is consistent with the pulsar’s ipparent speed, = 89 km s?,
as deduced from scintillation measurements (Johnston £988).

The pulsar PSRB170864 is also located at the southeast end of an incomplete arc of
radio emission (McAdam et al. 1993), which has been sugdédstbe the partial shell of
a faint supernova remnant (SNR G 343213). The arc is embedded in weaktdse radio
emission, which is present both inside and outside of th¢rasil et al. 1994). Polarization
measurements suggest that thifudie emission is associated with synchrotron radiation
from the SNR itself (Dodson & Golap 2002). The SNR has not ligacted in any other
waveband (see e.g. Becker et al. 1995; Aharonian et al. 2008ejJe are various estimates
of the distance to the pulsar, ranging from 1.8 kpc (Johnsetaal. 1992; Taylor & Cordes
1993) to 3.2 kpc (Koribalski et al. 1995). The distance 2.8.3 kpc, derived from the
dispersion measure and the most recent Galactic free @bedistribution model (Cordes
& Lazio 2002), is adopted throughout this thesis. This diséais compatible with the less
reliableX — D distance of~3 kpc for the SNR (McAdam et al. 1993).



Observation dates Instrument Test position Extension gtatdlux (ph cm? s?) Reference
1992 CANGAROO-I PSR B170644 na F(>1TeV)~1x 101! Ogio et al. (1993)
1993 CANGAROO-I PSR B170644 na F(>32+16TeV)<80x10' Yoshikoshi et al. (2009)
1993-1994 CANGAROO-I PSR B17684 na F(>32+16TeV)<6.1x10* Yoshikoshi et al. (2009)
1995 CANGAROO-I PSR B170644 na F(>32+16TeV)<89x10' Yoshikoshi et al. (2009)
1997 CANGAROO-I PSR B170644 na F(>1.8+09TeV)<4.1x10'? Yoshikoshi et al. (2009)
1998 CANGAROO-I PSR B170644 na F(>27+14TeV)<13x10' Yoshikoshi et al. (2009)
1993-1994 BIGRAT PSR B17064 na F(>05TeV)< (7.0£0.7)x 101  Rowell et al. (1998)
1996 Durham Mark 6 PSR B17084 na F(>0.3TeV)=(39+0.7)x 101 Chadwick et al. (1998)
2000-2001 CANGAROO-II PSR B176@4 na na Kushida & et al. (2003)
2003 H.E.S.S. G 343:2.3 center 0.6 F(> 0.50TeV)< 7.6 x 10712 Sect. 3.5
2003 H.E.S.S. G 343-2.3 center 0.6 F(> 0.60TeV)< 6.3 x 10712 Sect. 3.5
2004-2007 CANGAROO-III  PSRB17664 0.26 F(>1TeV)=(3.0+0.6)x 102  Enomoto et al. (2009)
2004-2007 CANGAROO-III  PSRB17684 1.0 F(>1TeV)~22x 101 Enomoto et al. (2009)
2007 H.E.S.S. PSR B17084 0.r F(>06TeV)<33x101 Sect. 3.3
2007 H.E.S.S. G 343-2.3 center 0.6 F(> 0.6TeV)~ 6.5x 10712 Sect. 3.3

Table 3.1:Summary of the gorts to observe PSR B17084 in the VHEy-ray domain. The CANGAROO upper limits (ULs) are at a 95%
confidence level (CL), the BIGRAT UL is at®3(99.7% CL), and the H.E.S.S. ULs are at a 99% CL. The CANGAROO-| iatéiyix based

on the 1992 dataset (Ogio et al. 1993) likelffeved from systematics similar to those thieaeted the 1993 data, which has since been
re-analysed along with an analysis of the previously unreleased 1998-cJANGAROO-I data; the ULs assume a Crab-like spectral index
I' = —2.5 (Yoshikoshi et al. 2009). Only the latest, revised results are showisitathle; see Sect. 3.1 for further discussion. The BIGRAT
UL is subject to an additionat 50% systematic uncertainty (Rowell et al. 1998). The integral flux fron2@@0-2001 CANGAROO-II
data analysis was not disclosed but was claimed to confirm previous r@éustsida & et al. 2003). The 2003 H.E.S.S. ULs are based on
the re-analysis presented in Sect. 3.5; the first UL (row 10) asslimes2.5 for comparison to the CANGAROO ULs, while the second
UL (row 11) assumeE = —2.0 for comparison to the 2007 H.E.S.S. detection. The CANGAROO-III flaxesrom the ON-OFF analysis
presented in Enomoto et al. (2009). The 2007 H.E.S.S. results are @ekicriBect. 3.3, where the center of G 34321 is also defined,;
the point-source UL assumEs= —2.5.
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The possible physical association between PSR B1486and G 343.42.3 has been
guestioned based on thefféring age and distance estimates for the SNR and pulsar (see
Sec. 4.2 and 4.3, respectively) and the lack of visible adton. Furthermore, if the pulsar
originated at the apparent center of the SNR, then its irderedocity (~700 km s?) is in-
compatible with its scintillation velocity (89 knT¥. Bock & Gvaramadze (2002) suggested
a scenario where arffecenter cavity explosion could relax the restrictions anitiferred ve-
locity and invalidate the age estimate for the SNR-6000 yr (McAdam et al. 1993), which
is based on a Sedov-Taylor model. In this scenario, PSR Bi4®&nd G 343.22.3 are
physically associated; however, the radio arc is not ifiedtwith the SNR shell, but rather
with the former boundary of the wind-blown cavity that wasdaken and compressed by
the expanding SNR (Dodson & Golap 2002).

In the VHE domain, both the pulsar and the SNR have been ab$esing ground-based,
imaging atmospheric-Cherenkov telescopes (IACTs). Therfgslof the various observa-
tions are, however, not fully consistent (see Table 3.1)e TWANGAROO (Collaboration
of Australia and Nippon (Japan) for a Gamma Ray ObservatotiienOutback) Collabo-
ration reported the detection of steady emission, coimtigdeth the pulsar, using the 3.8
m CANGAROO-I telescope in 1992-1993 (Kifune et al. 1995). yfimeeasured an integral
flux F(z 1 TeV) ~ 1 x 10 ph cm? s, equivalent to~44% of the Crab Nebula fléx
However, the CANGAROO Collaboration recently undertook a pmghensive re-analysis
of their archival CANGAROO-I data and no longer find a signaktead, they calculate an
upper limit (UL; here, at 95% confidence level and assumingextsal index of-2.5) to
the integral flux ofF (3 3.2 TeV)< 8.0 x 1073 ph cnt? s71 (~24% Crab) (Yoshikoshi et al.
2009). The 4-m BIGRAT (Blcentinnial Gamma RAy Telescope) tedpsc(Rowell et al.
1998) also observed the pulsar in 1993-1994 and reportechpatdle UL. Observations
in 1996 with the Durham Mark 6 telescope (Chadwick et al. 12§f)eared to confirm the
earlier CANGAROO-I detection, with a reported integral flaat was compatible within the
large systematic uncertainties30% for CANGAROO-1 and:50% for the Mark 6). Further
observations with the CANGAROO-II telescopes in 2000-20§4iraseemed to validate the
detection (Kushida & et al. 2003). However, when the H.E.88yh Energy Stereoscopic
System) Collaboration observed the pulsar in 2003 duringatemissioning phase, they
did not detect any significant VHE-ray emission from PSR B176@4 or its vicinity. The
derived UL (99% confidence level) on the integral flux from ateaded region encom-
passing the SNR was found to IB¢> 0.5 TeV) < 3.5 x 10712 ph cnt? s7! (~5% Crab)
(Aharonian et al. 2005e¢), in stark disagreement with allhef previous findings (see also
Sect. 3.5). Shortly thereafter, preliminary analysis efed observations with the>4 10-

m CANGAROO-III telescope array also disagreed with the ahi@ANGAROO-I detection
and resulted in an UL at the pulsar position (95% confidenedl)®f F(> 0.6 TeV)< 5 x

2The Crab Nebula spectrum published in Aharonian et al. (8DB6dopted as the reference Crab spectrum
throughout this thesis.
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1012 ph cnt? s (~10% Crab) (Tanimori & et al. 2005), which agreed with the H.B.S
results at the time.

In 2007, H.E.S.S. followed up on their initial result by gang out additional dedicated
observations of the pulsar, now utilizing the superior gaity of the fully-operational
H.E.S.S. telescope array. This campaign resulted in theodésy of extended emission
from the vicinity of PSR B170644 and G 343.42.3, with preliminary results published in
Hoppe et al. (2009). The latest results from CANGAROO-Illalsdicate the presence of
an extended source of VHEray emission from the vicinity of the pulsar, although thes
trum and morphology of the emission vary considerably ddpgnon the method used for
background subtraction (Enomoto et al. 2009). For exanmipiegrating within 1.0 of the
pulsar position and using an ON-OFF background method (see %2.2), they find a Crab
Nebula-level integral flux. In this chapter, we present nddBE\tata on PSR B1706&4 and
G 343.1-2.3 which was obtained during H.E.S.S.’'s 2007 observalticarapaign.

3.2 H.E.S.S. observations and analysis

The section “The H.E.S.S. telescope array” has been inaaited into Chapter 1.

3.2.1 VHEy-ray observations

The region of interest, which includes PSR B17@8 and SNR G 343-42.3, was observed
with the full four-telescope H.E.S.S. array in 2007. Theesbations were dedicated to
search for VHEy-ray emission from the pulsar and were therefore takewabblemode
centered on its position in the radiaxhgy = 17'09"42.73, 000 = —44°2908.2’; Wang
et al. (2000)). In this observation mode, the array is pairtitevard a position fbset from
the source of interest to allow simultaneous backgrourichaibn. Observations of 28-min
duration were taken, alternating betwedfsets of+0.7 in declination and right ascension.
After standard quality selection (Aharonian et al. 2006agimove dataféected by unstable
weather conditions or hardware-related problems, thé ltegatime of the dataset is15 h.
The zenith angle of the observations ranges fromt@@0, with a mean of 24 We only
use data from the 2007 observations of PSR BXAd6 because at that time the full four-
telescope array was in operation along with the centrag¢stergger system, resulting in a
higher sensitivity compared to earlier observations in0(®haronian et al. 2005e) when
H.E.S.S. was in its commissioning phase, with only two tees and no central trigger
(see also Sect. 3.5).
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3.2.2 Analysis methods

The dataset was analyzed using the Hillas second momenbdhéttillas 1985) and the
H.E.S.S. standard analysis described in Aharonian et@D6&). Fory-hadron separation,
hard cutswere used, which require a minimum of 200 photoelectrores o be recorded
per EAS image. Compared standard cut80 p.e.), this relatively strict requirement results
in better background rejection and an improved angulardu@ea but also in an increased
energy threshold (560 GeV for this dataset). The time-depenoptical response of the
system was estimated from the Cherenkov light of single mypassing close to the tele-
scopes (Bolz 2004). Threeftirent background estimation procedures (Berge et al. 2007)
were used in this analysis.

For 2D image generation, thisng background metho(Berge et al. 2007) was used with
a mean ring radius of 0.85 Since this method includes an energy-averaged model éor th
camera acceptance to account for thiéedent dfsets of the signal and background regions
from the camera center, it was not used for spectral extractl hereflected region back-
ground methodBerge et al. 2007) was instead used to measure the flux frompulsar
position.

Since the observations of PSR B1 738l were performed iwobblemode (see Sect. 3.2.2),
half are actually pointed inside the extended emission HE®S J1708443, which was not
known to exist at that time. Therefore, for spectral extoacfrom extended regions which
also enclose the pointing positions of the telescopes, élskground was estimated using
the ON-OFF background metho@erge et al. 2007), wherefesource (OFF) data taken is
taken from extragalactic regions of the sky whereya@ay sources are known. To match the
observing conditions between on-source (ON) and OFF dadwo observations had to be
taken within six months of each other and at similar zenitgjilesm TheON-OFF background
methodwas also used for the analysis of Vela Junior (Aharonian.&Gfl5h). The normal-
ization between ON and OFF observations (Berge et al. 2003 calaulated from the total
event number in the two observations, excluding regions wignificant VHEy-ray sig-
nal. The background is thus normalized in an approximatety-shaped region (depicted in
Fig. 3.4) with inner radius 1:0and outer radius 2:5excluding a small region which over-
laps the known source HESS J17@20 (Aharonian et al. 2008a). With this background
normalisation, the analysis is obviously only sensitiva tocalized excess gfrays but not
to emission which would be more or less uniform across theeeHtE.S.S. FoV.

3.3 Results

Two different circular regions were definadpriori in order to reduce the number of trials
during a search for statistically-significant VHEray emission. Since other IACTs have
reported point-like emission from the pulsar position, @fig¢hese regions, hereafter Re-
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gion A, is centered at this position and has a radius ofQ.#dich is the standard radius
used to search for point sources in the H.E.S.S. standalgsemarhe second region, here-
after Region B, is identical to the region referred to as Raglio arcin Aharonian et al.
(2005e); it is centered at the approximate apparent cehtbeaadio arc ¢,pp0 = 17"08",
d2000= —44°16'48"; as defined in Aharonian et al. (2005€)) and has a radius 6f lhv@rder
to enclose the entire radio structure.

No statistically-significant emission is observed from thdsar position (Region A);
therefore, an upper limit of 14.8 excegsay events is calculated at a 99% confidence level,
following the unified approach of Feldman & Cousins (1998)riRegion B, however, a
clear signal is detected with 543 excessays and a significance of 760 The measured sig-
nal corresponds to a flux13% that of the Crab Nebula above 0.6 TeV. Table 3.2 summarizes
the event statistics for Regions A and B.

Figure 3.1 presents an image of the VhiEay excess in the°2x 2° region around the
source, smoothed with a Gaussian of width 0.69 reduce statistical fluctuations. The
smoothing radius is chosen to be on the same scale as the.8l.pd@nt-spread function
(PSF; 68% containment radius0.1°), so that resolvable morphological features are largely
maintained. The emission clearly extends beyond the PSEhwshdepicted in the lower left
inlay of Fig. 3.1. Figure 3.2 shows the number of excess sweithin the emission region
along with their statistical errors, in quadratic bins dfT® width, without smoothing. This
figure demonstrates that the current statistics do not perrdetailed study of the source
morphology. However, the lack of a significant VHEray excess at the position of the
pulsar is clear in both figures.

The centroid of the new H.E.S.S. source is determined bwditthe unsmootheg-
ray excess image with a radially-symmetric Gaussian pr@file ¢o e‘rz/(z‘fz)) convolved
with the H.E.S.S. PSF (0.07or this analysis). The centroid of the best fit iSagbogo =
17'08™115 + 17° and o000 = —44°20 + 4 (€ ~ 34306°,b ~ —2.38). The pointing preci-
sion of the H.E.S.S. telescope array i$' ZGillessen et al. 2005), which adds an additional
systematic uncertainty. The combined errors are refleatéitki size of the cross in Fig. 3.1.
Consequently, the new VH=ray source is designated HESS J17083. The fit also gives
the source’s intrinsic Gaussian width= 0.29° + 0.04°:.

Spectral analyses were performed for two regions, Region Wiclwwas introduced
above, and Region C, which is centered on the centroid (i.et-fivgmsition) and has a
radius of 0.71 (see Table 3.2). The size of Region C represents369%0 enclosure of the
excess, chosen as a compromise between an optimal signaisi ratio and independence
of source morphology. Both regions are indicated by dashetksiin Fig. 3.1. From Re-
gion A, an integral flux limit ofF (> 0.6 TeV)< 3.3x 10°* ph cnT? s™* was derived with a
99% confidence level according to Feldman & Cousins (1998yramg that the underlying
vy-ray spectrum follows a power law with photon indéx 2.5, an index close to that of the
Crab Nebula (Aharonian et al. 2006a). This upper limit cqroesls to~1% of the flux of
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Figure 3.1: Image of the VHEy-ray excess (in units ofy-rays arcmin?) from
HESS J1708443, smoothed with a 2D Gaussian with a width= 0.10. The blue-to-
red color transition is chosen to reduce the appearancatfres which are not statistically
significant. The white cross is located at the best-fit pmsiof the center-of-gravity of the
emission and its size represents the statistical erroreofith The small and large dotted
white circles, labeled A and C, respectively, denote theoregused for spectral analysis.
The a priori defined Region B, from which the detection significance wasutatied, is
represented by a dotted green circle. The three regionsuammarized in Table 3.2. The
position of the pulsar PSR B17084, at the center of region A, is marked by a square. The
inset (bottom-left corner) shows the point-spread fumctibthe H.E.S.S. telescope array for
this particular dataset, smoothed in the same manner axtles®image. Radio contours
of constant intensity, as seen at 330 MHz with the Very Largey(VLA), are shown in
green. The radio data were smoothed with a Gaussian of widtf0.03. The local maxi-
mum in the radio contours at the center of the image is lardeé/to PMN J17084419, an
extragalactic object seen in projection (see Sect. 3.4.3).



N
(o]

CHAPTER 3. VHEy-RAY EMISSION FROM PSR B170644 & SNR G 343.£2.3

S S5 -1 01119 1|6
< 110l 91013111111
5 |25 16| -3 | 13 ,-1€ 9l 12| 4
‘; 1] iof13]1 9 | 11| 10
O I 19o]s]s /fh\f 209 -6
5-44°00 — [ 10| 10| 10 |/1 1Y 11]10] 10
= L o | 6 qT i& Q% 1| 10
O 9o | 100 | 13| 10\ 10| 11
o —| 6] 5 1A 27 )%} @ 23
Q | 9] 10 &0( 13 /ﬁ) 1 11
oar] | -5 | 28 | \JNR0 |30 6 | 10
447307 | 4 ﬁ\ 9 Q\u \3 10| 10
L | 16 | Y| 7 -3\@;’% 4 | -6
0] 10f 991 10| 9
121312/ 7137T11| 3|3
- |10l 910 9l 13|10 9] 10
g500L | 8| 112 0]6|-5]-4]4
o fitof,t0] 9 fatfof,9]i10],
17"12™  17™0™ 17"08™ 17"06™ 17"04™

Right Ascension (J2000)

Figure 3.2: Gamma-ray excess in quadratic bins of 0.Wvi8th. The upper number in
each bin is the excess summed within this bin, and the lowetbew is the corresponding
statistical error. The blue contours correspond to a sneabéxcess of 0.14, 0.17, and 0.21
y-rays arcmin?, taken from Fig. 3.1. The red-rimmed bin is centered on thsguyosition.
Note the diferent field-of-view used in the two figures.

the Crab Nebula in the same energy range.



Region Center Radius JN  Ngg o’ Excess Significance Integral flux 0.6 TeV)
@2000 62000 (] [o] [ph cm? s7]
A 17'09"42.73 -44298.2' 010 71 717 0.11 -9.4°32 -1.0 <33x10%
B 1708" -441648° 0.60 3180 2483 1.06 543 7.0 =6.5x 1012
C 1708"118 4420 0.71 4243 3425 1.06 61% 6.8 =69x 1012

Table 3.2: Event statistics for Regions A, B, and C. The centdrtha radius of each circular on-source (ON) region is givendlumns
2-4. For Region A, the background was extracted frdfrsource (OFF) regions in the same field-of-view, while for Reg B and C, it
was estimated from observations of separate OFF regions.t@the smaller extent of Region A, more OFF regions could e, ushich
resulted in a smaller normalization faci@rthan for Regions B and C. The number of events in the ON and OEgration regions,
and Ny, respectively, are given in columns 5 and 6. The significdnokimn 7) was calculated following the approach of Li & M&§B).
The integral flux (or UL thereof) for each region is given iduwan 8. Note that the statistics presented here were olotdinen a dataset
comprised only of observations in 2007, which does not ayewith the one used in Aharonian et al. (2005e).
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The energy spectrum of the entire source is extracted fronioRe&g. Within the large
integration circle, 615 excessray events were found, corresponding to a statisticalifsign
cance of 6.8 (pre-trials). The dterential spectrum (Fig. 3.3) is well-described by a power
law ¢ = ¢ (E / 1 TeV)™ with a spectral photon indeX = 2.0 + 0.1 + 0.25ys and a flux
normalization at 1 TeV oo = (4.2+0.8sart 1.0y9 X 1072 cm? st TeVL. The integral flux
F(1-10 TeV)= 3.8 x 1012 ph cm? st is ~17% of the Crab Nebula flux in the same energy
range. The extracted flux points from the extended emissidintiae fitted power law are
shown in Fig. 3.3. The results presented above have beestchesked, using an indepen-
dent calibration of the raw data and an alternative anatfs. The cross-checks included
a spectral analysis using theflected region background meth{8erge et al. 2007), which
requires observations to be centered outside of the eraissgion and thus used only half
of the available dataset. All cross-checks confirmed thegny results within the stated
statistical uncertainties.

The most recent observations and analysis by CANGAROO-$ib give an indication
of extended emission in the vicinity of PSR B1788! (Enomoto et al. 2009). However,
their results dter significantly from those given in this chapter. For examphe mor-
phology of the VHEy-ray excess reported by Enomoto et al. (2009), using an OR-OF
background technique, is that of a source centered roughlyeapulsar position, as op-
posed to HESS J176843., whose centroid is clearlyffeet from the pulsar. Furthermore,
CANGAROO-III measures a Crab Nebula-level integral flux (abavTeV) within 1.0 of
the pulsar, which is inconsistent with th&8% Crab flux measured by H.E.S.S. in the same
energy range. The fierence is possibly due to the exact methods used for baakg)sub-
traction; in the H.E.S.S. analysis, the OFF data are noz@@lio source-free regions of the
ON data, because the background can vary significantly digpgon the observing condi-
tions.

3.4 Origin of the VHE y-ray emission

While a superposition of a relic PWN created by PSRBEA6and SNR G 34342.3
cannot be excluded, each of these objects individuallyccaatount for the observed VHE
vy-ray emission. The possible associations with HESS J4488. will be discussed in the
following sections and both leptonic and hadronic scesawiidl be considered.

3.4.1 Arelic nebula from PSRB170644

The pulsar PSR B170814, which has a high spin-down luminosiy= 3.4 x 10°® erg s,
IS energetic enough to power the observed ViEay emission, which has a luminosity
between 1 and 10 TeV df, ~ 9.9 x 10*3(D/ 2.3kpcy erg s*. The apparent conversion
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HESS J1708-443: Spectrum
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Figure 3.3: Diterential energy spectrum of HESS J17@83, extracted from Region C (see
Table 3.2). The solid line shows the result of a power-law Tihe error bars denote &-
statistical errors. The bottom panel shows the residuateepower-law fit. Events with
energies between 0.6 and 28 TeV were used in the determingaititne spectrum, and the
minimum significance per bin is&.

efficiency from rotational energy tg-rays in this energy range can be defined as

L
€110 Tev = —= (3.2)
E

and for this case is0.3%, compatible with theficiencies £ 10%) of other VHEy-ray
sources which have well-established associations with P@&Ignt 2007). The projected
size of HESS J1708443 corresponds to a physical size~df2 (D / 2.3 kpc) pc (68% con-
tainment radius). These characteristics suggest a pesagsociation between the VHE
v-ray emission and the PWN of PSR B1738!, similar to other PWN/HE associations,
e.g. Vela X (Aharonian et al. 2006b) and HESS J18P%/ (Aharonian et al. 2006f).

In a leptonic scenario, the VHfzradiation originates from accelerated electrons which
up-scatter ambient photons to VHjf=ray energies via inverse Compton (IC) scattering.
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Compared to the size of the PWN in the radio (radids5) (Giacani et al. 2001) and the
“bubble” nebula seen in X-rays (radiugl.8) (Romani et al. 2005), the VHE-ray PWN
(sometimes referred to as a TeV PWN) would be a facterldf larger. Similar dierences in
size have been observed in other TeV PWN associations, e §SHE325137 (Aharonian

et al. 2006f), and can be explained by th&eatient energies, and hence cooling times, of the
electrons which emit the X-rays and VHErays. Assuming the magnetic field is uniform
and that the average wind convection speeds in/they and X-ray emitting zones are both
constant and similar, Aharonian et al. (2005i) estimatea#fie of sizes

1 1
RY B 2 EkeV 2
A 2
Rx 10uG Erev) (3-2)

whereEey is the mean energy in X-rays (2 keV) akeky is the mean energy in VHE-rays
(0.9 TeV). However, in contrast to the PWN of PSR J1:82834, where a magnetic field
strengthB = 10 uG was inferred from X-ray observations (Gaensler et al. 2088mani
et al. (2005) estimate a magnetic fiedddas strong as 148° 4G within the 110 radius
X-ray PWN of PSR B170644, assuming the spectral break between the extrapolation o
radio and X-ray spectra is due to radiative cooling of etawdr In such a high magnetic
field, electrons that emit keV X-rays have comparable eesrtp those that emit Tey-
rays and therefore have comparable cooling times as wells,Tihe TeV PWN should be
approximately the same size as the X-ray PWN, i.e. it shoutgappoint-like considering
the ~5 H.E.S.S. PSF. Furthermore, given that the ratio of X-ray #E}-ray energy flux
is determined by the energy density in magnetic fields anéi@et photon fields (only the
cosmic microwave background (CMB) is considered here),

F
— ~0.1(0.1B_g) 2, (3.3)
Fx

whereB = 10°°B_g G (Aharonian et al. 1997), the observed X-ray flg= 3.3x10 3 erg cn? 52
at Exev = 1.2 keV (Becker et al. 1995) can be used to predictytfray flux (de Jager &
Djannati-Atad 2008)F, at

Etev = 167EeyB; = 1.4 TeV (3.4)

assuming the value dB estimated by Romani et al. (2005). This results in a predicted
F,(1.4 TeV) = 1.7 x 10*® erg cnm? s7%, well below the level observable by H.E.S.S. Con-
versely, the absence of VHferays from the compact nebula (c.f. H.E.S.S. UL from Region
A in Sect. 3.3) can be used together with to calculate a lower limit on the magnetic field
using Eq. 2. The resulting limiB > 2.5 uG, is consistent with the magnetic field estimated
by Romani et al. (2005).

One way to reconcile the fierence in emission region size and the high flux of the VHE
y-ray emission is to assume that the size of the X-ray PWN isanlyngoverned by the ex-
tent of the highB-field region and that the magnetic field decreases by a lagerfbeyond
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Figure 3.4: Large field-of-view (FoV; 5:X 5.1°) VHE y-ray image of the region containing
HESS J1708443. The Gaussian-smoothed € 0.10) VHE vy-ray excess from Fig. 3.1 is
shown in color. The white contours indicate the intensityhef 330 MHz radio emission
detected with Very Large Array (VLA) observations (see dlsogreen contours in Fig. 3.1).
The dotted white box represents the FoV covered by the VLA kadions. Outside of this
region, green contours indicate the lower-resolution 23 @Gdio continuum data (Duncan
et al. 1995) taken with the Parkes telescope; these obgersdiave a half-power beamwidth
of ~10.4. This image also shows the approximately ring-shaped magged for normalizing
the background in th©N-OFF background methgdee Sect. 3.2.2); this region is delimited
by the large dashed white circles, excluding the known TaY¥eHESS J1702420 located
toward the Northwest. The Galactic plane is also locateétdwhe NW and is indicated by
a thick black dotted line.

the X-ray PWN. The electrons can then escape from the Bifjeld region and, by accumu-
lating over a significant fraction of the lifetime of the patsform a larger nebula which is
visible only in VHE y-rays. The synchrotron cooling time of electrons that ugitec CMB
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photons to energies, is given by

Toynon = 40z 4(?#6) () oy (35)
In the 140uG field inside the X-ray PWN, the cooling time of up-scatteriet&ons produc-
ing 1 TeVy-rays is~40 yr. Assuming a dominantly advective, rather th&tudive, transport
process, the average flow speed needed to drive electrangteopulsar position to the edge
of the X-ray PWN ( =~ 110”) within 40 yr is Q1 (D /2.3kpc) c. The implied flow speed
is reasonable following the arguments of Kennel & Coronifi§4), although their model
considers the case of the symmetric Crab Nebula, which istetityi a simplification of the
asymmetric PWN considered here. If the magnetic field withanX-ray PWN was much
higher than 14Q.G in the past, when most of the electrons were emitted, theatsns on
the flow speed would become more stringent. However, in theBdield region outside the
X-ray PWN, the synchrotron lifetime increases. Even for amedig field strength of 10G,

a value about three times as large as the interstellar magdredd, the cooling time of the
aforementioned electrons is about 8 000 yr, almost half@ttiaracteristic age of the pulsar
(17500 yr).

This relic TeV PWN scenario does not, however, explain thenasgtric morphology
of HESS J1708443, in particular its fiset from the pulsar location, nor does it explain
the lack of detectable VHE-ray radiation from the location of the pulsar itself, asgugn
that the pulsar and X-ray PWN are embedded in an extendedd$helic electrons. Such
asymmetries have been observed previously in other TeV PWNs, HESS J1718385,
HESS J1809193 (Aharonian et al. 2007a) and HESS J1:8P57 (Aharonian et al. 2005i,
2006f). These asymmetries could be accounted for in two ways direct result of a high
proper motion of the pulsar or as a result of a density gradetne ambient medium. The
density gradient could lead to an asymmetry in the reverseksbf the supernova, or it could
lead to a diferent expansion velocity for the Te}ray emitting electrons (Blondin et al.
2001; van der Swaluw et al. 2001). Simulations by van der Gwak al. (2001) demonstrate
that a displaced PWN can indeed be well-separated from isapulThese explanations
are in principle applicable to the case of HESS J183; however, the pulsar's measured
scintillation velocity, less than 100 km’s renders the first explanation unlikely. The latter
explanation favors a TeV PWN which idteet toward a low density region. The available
H I line emission data (see Fig. 3.5 and the subsequent sg¢stiggest that this might be
the case, although it is not clear given the complex H | molqgino

In the preceeding discussion, it was assumed that the pldsainantly accelerates elec-
trons. If a considerable fraction of the accelerated pasiare instead hadrons (e.g. Horns
et al. (2006); Amato et al. (2003); Bednarek & Bartosik (2008)¥ constraints imposed
by the large magnetic field within the X-ray PWN are removeda Imadronic scenaria?
mesons are produced by inelastic interactions betweeneaated protons and the ambient
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gas; they then decay, emitting VHEray photons. In such a scenario, the VhHtay emis-
sion would trace the distribution of the target materialeThight radio arc, interpreted by
Bock & Gvaramadze (2002) as the compressed outer boundahe dbtmer wind-blown
bubble, could act as such a target due to its enhanced dethgitgby also explaining the
spatial coincidence with the H.E.S.S. source. Since thpriateraction time is long com-
pared to the age of the pulsar, and assuming that the escapetohs from the region is
suficiently slow, all protons accelerated since the birth of phésar can contribute to the
v-ray emission. However, to account for the high luminosityhe VHE y-ray emission,
the pulsar must have a high rotational energy and mitisiently convert rotational energy
into proton acceleration. The total energy in acceleratetbps\W, in the energy range 10—
100 TeV which is necessary to produce the obsetvealy luminosityL, can be estimated
from the relation

W,(10--100 TeV)~ 7, x L,(1-~10 TeV), (3.6)
where
. ~5><1015( A )_15 (3.7)
v cm3 '

is the characteristic cooling time of protons through #eroduction channel. The total
energy within the entire proton population

of N Y[ D ?
We(tot) ~ 3 x 10* (crrr3) (2_3 kpc) erg (3.8)
is then estimated by extrapolating the proton spectrum dowinGeV assuming the same
spectral shape as the VHEray spectrum, i.e. a power law with ind&x= 2.0. Assuming
that a fraction; of the pulsar’s rotational enerdy, is converted into the energy within the
proton population

We(tot) = nErot (3.9)

then ,
n D _ Py 2
=~ .2 1( ’ 1

(crrr3) 0 (2.3 kpc) T \1Tom (3.10)

where )
2r)° |
Erot = ( 2) P2 (3.11)

andl ~ 1 x 10* g cn? is the moment of inertia of the pulsar. For a distaite 2.3 kpc
and an éiciencyn = 0.3, the initial rotation periodP, has to be as small as 6-12 ms for
the ambient medium density to be in the ramge 1-5 cnt3. Although pulsars are thought
to be born with initial periods which are considerably sbothan their present periods, the
initial rotation period implied for PSR B176@4, in the above hadronic TeV PWN scenario,
is even smaller than that of the Crab pulsar, the only case fiich\P, is well-determined
(19 ms) (Manchester & Taylor 1977).
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Figure 3.5: The grayscale image shows the intensity of H & kmission in units of
K km s, measured by the Parkes radio telescope during the SouBaactic Plane Sur-
vey (SGPS) (McClure-Gfiiths et al. 2005). The intensities are integrated in the wgloc
range-13.79 km s! to —21.21 km s? (shown as a shaded region in the velocity profile
in Fig. 3.6), corresponding to a n¢ar kinematic distance of 1.6—-2.3 kpd 3.0-13.7 kpc.
Contours of the Gaussian-smoothed= 0.10°) VHE vy-ray excess are shown in blue. The
red contours depict the intensity of the radio emission memkby the Very Large Array
(VLA) at 330 MHz (see also Fig. 3.1). The radio data have beeoathed witho- = 0.03.
The white circle illustrates the integration region for tleocity profile shown in Fig. 3.6.

The hadronic PWN scenario is further disfavored by condsain the proton escape time.
Under the common assumption that the protdfudion codicient is energy-dependent, i.e.

D(E,) = Do (E, / 10 GeVy , (3.12)

with a power-law index ~ 0.5, whereDy is the difusion codicient at 10 GeV, one can
estimateD, required to contain protons with enerfy = 100 TeV within a certain distance
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Figure 3.6: Velocity profile of H I line emission intensitytegrated over the region enclosed
by the dashed circle in Fig. 3.5. The velocity resolution i880km s!. The kinematic
distance, shown in red, is derived from the velocity usirgg®@alactic rotation curve of Fich
et al. (1989).

of the pulsar aftet = 7, since the dtusion radius

Rair = 2+/D(E)t (3.13)

for timescales less than the proton energy loss tiree,r,. This containment region can be
estimated to have an angular size~@f.7°, which is the approximate distance between the
pulsar and the farthest significant VHEay emission. At the assumed pulsar distance, this
region would have a physical size of 2B { 2.3 kpc) pc. The required fiusion codicient

Do ~ 3.4x 107 (D / 2.3 kpcy cn?s L is found to be prohibitively low by a factor of 10-100
and can only be reconciled by assuming a very weak energyndepeey¢ < 0.2.
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Figure 3.7: Image showing the intensity of the radio emissiasured by the Very Large
Array (VLA) (Frail et al. 1994) at 330 MHz in the vicinity of FEB1706-44, smoothed
with a Gaussian of widtlir = 0.03. The observations have a half-power beamwidth of
0.03 x 0.015. The radio arc of the partial shell-type SNR G 343213 is clearly visible as
well as the difuse emission both inside and outside the arc. The white aontmrrespond

to a smoothed VHE excess of 0.14, 0.17, and §-2ays arcmin?, taken from the image in
Fig. 3.1. The horizontal stripes visible at Dec-44°40 and Dec= -43°47.5" are imperfec-
tions which resulted from the joining of data to form the finadle-field image (Frail et al.
1994). The bright point source at the center of the radio eiad®MN J17084419, likely

an extragalactic object seen in projection (see Sect.)3.4.3
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3.4.2 Supernova remnant G 343.42.3

The VHEy-ray source HESS J176843 is partially coincident with the bright radio arc and
the surrounding diuse emission of the SNR, visible in the 330 MHz observatiokertavith

the VLA (see contours in Fig. 3.1 and Fig. 3.7). The centrdithe H.E.S.S. source is con-
sistent with the apparent center of the bright radio asgeh= 17"08", 5-000 = —44°16'48";

as defined in Aharonian et al. (2005e). The extension of th& YyHay excess (68% con-
tainment radius: 0.29+ 0.04) is compatible with the the radius of the radio sheld(27)

fit by Frail et al. (1994) using VLA observations at 90 cm. TH&®containment radius
(0.72; used for spectral extraction) of theray excess completely encloses the radio shell,
whose approximate boundary was estimated at a radiv® @2 by Romani et al. (2005)
using ATCA (Australia Telescope Compact Array) observatian$384 MHz (Dodson &
Golap 2002). Thus, while the majority of the VHEray emission is located within the radio
shell, emission from the shell itself cannot be excludede Bulow statistics in the current
VHE dataset, no further conclusions can be made regardimghrotogical similarities. No
significant VHE emission was detected from the spatialligreded, dfuse emission visible
farther to the Southeast of the bright radio arc, seen inaverésolution 2.4 GHz continuum
radio data (Duncan et al. 1995) shown in Fig. 3.4, althoughoffset-corrected exposure in
this region is very low (between4 and 10 h) since all the H.E.S.S. observations were cen-
tered near the pulsar. Thisfilise radio emission was interpreted by Bock & Gvaramadze
(2002) as originating from the eastern half of the expan@hgRr shell, propagating into a
low-density region.

Similar to the potential association with the PWN of PSR B8 both leptonic and
hadronic scenarios will be considered for VHEay production. The leptonic scenario
sufers from the non-detection of the SNR at X-ray energies. THE& Y-ray spectrum is
hard and extends up to 20 TeV, assuming IC scattering in teei8bn regime, the electrons
which up-scatter CMB photons to 20 TeV have an energy-&® TeV. For a reasonable
magnetic field strength of pG, these electrons would emit synchrotron photons with an
energy of~1 keV, i.e. photons within the detectable energy range obaiX-ray telescopes.
Unfortunately, this prediction cannot be tested becauseXtnay UL calculated by Becker
et al. (1995) usinfROSATwas derived from a relatively small part of the shell; norggant
UL on the X-ray flux from an extended region within 0.@f the H.E.S.S. source can be
derived (W. Becker, personal communication) due to its l@gension and the vicinity of
the luminous low-mass X-ray binary (LMXB) 4U 170840 (Becker et al. 1995), whose
stray light may be obscuring fiuse X-ray emission from the SNR. It is also possible that
the X-ray emission is inherently weak and cannot be detedtexdto the relatively high
interstellar absorption (Becker et al. 1995).

In the hadronic scenario, synchrotron radiation is exkotdy from secondary electrons,
and the lack of X-ray detection can easily be accounted fasufing a total energy of
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10! erg is released in the supernova explosion, an accelerefticiency ofe = 0.15 and

a distanceD = 2.3 kpc, an average proton densityrof 1.5 cnt® — a value slightly larger
than the average Galactic ambient density — ti@ant to explain the previously estimated
(Sect. 3.4.1) energy content Wh(tot) ~ 3 x 10*° erg within the proton population.

Given the various scenarios that have been proposed toietp&aorigin of the bright
radio arc, there are manyftirent possibilities as to how the SNR could be associatdd wit
HESS J1708443. In one scenario, the SNR G 343213 is expanding symmetrically into
the interstellar medium (ISM), and the intensity variaavhich form the radio arc are due
to local density dierences in the ISM. An association between the SNR and trsapul
PSR B170644, a controversial scenario which is still debated in theamwinity (see e.g.
Bock & Gvaramadze 2002; Romani et al. 2005), would make the Sfther old,0(10 000
yr), and place it in the late Sedov-Taylor phase, or, momrgyikn the radiative phase. If the
SNR is in the radiative phase, the ambient material sweptyupd SNR should be visible
in CO or H | data. Unfortunately, no high-resolution CO dataublicly available at the
moment, but there is evidence for a ring-like structure i Ith | line emission survey of
the Parkes telescope, as shown in Fig. 3.5. The structuests/isible in the velocity range
~-13.79 km s! to —21.21 km s corresponding to a near kinematic distance of 1.6—
2.3 kpc/ 13.0-13.7 kpc (Fig. 3.6). The near distance is compatibile thie pulsar distance
(2.3 kpc). A rough estimate of the mass of the H | structuréraeked from the circular
region in Fig. 3.5, is-6 x 10°* M. Assuming radial symmetry, this corresponds to an original
density of the swept-up mass of a few protons rmomparable to the density requirements
imposed by the observegiray flux. The bright radio arc and the VHEray emission
spatially coincide with only one half of the H | shell-likerstture. This morphology could
arise because of the additional dependence of the radiog/aay emission on the target
density, which is likely larger closer to the parent MC.

The H | shell has a radius 6f0.4°, which, assuming a distance bf= 2.3 kpc, corre-
sponds to a physical radius efl6 pc. Following the approaches of @icet al. (1988) and
Truelove & McKee (1999) and further assuming an age of 17 008 $0 M, progenitor star,
and an energy release of°t@rg, the ambient density necessary to explain the size of the
H I shellisn ~ 0.7 cnT? and the resulting shock velocity 1400 km s*. Following Ptuskin
& Zirakashvili (2005), the maximum proton energy attaireais thenO(10 TeV), likely too
low to explain the observed TeV emission, which extends upOdeV. The spectral en-
ergy distribution (SED) ofy-rays produced in the interactions of mono-energetic pi®to
(and subsequent decay of pions) drops sharply beyond rpdéb of the original proton
energy (see e.g., Kelner et al. 2006). Therefore, the paretn population giving rise to
the observed VHE/-ray emission should extend up to about 100 TeV, a limit whech as
the example calculation above illustrates — increasinglycdlt to explain as the age of the
system increases. Indeed, theay emitting SNR shells which have been unambiguously
identified so far, such as RX J17133946 (Aharonian et al. 2007c) and RX J08524622
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(Aharonian et al. 2007d), are much younge2 000 yr).

The aforementioned constraints are removed if the SNR @lgifinst into a bubble blown
by the progenitor star’s wind into the ISM. Due to the low dgngside the wind-blown
bubble, the velocity of the expanding shock is much highan tinticipated and protons can
be accelerated to very high energies. When the shockfronhesahe outer boundary of
the wind-blown bubble, the high-energy protons are rel@asenteract with the dense en-
vironment outside of the bubble and produce ViHEays in the process. In this scenario,
first proposed by Bock & Gvaramadze (2002), the bright rad@isrcreated by the for-
mer boundary of the wind-blown bubble which has been overtdky the expanding SNR
shockfront. The fiset of the pulsar position from the center of the radio arcsauw hinder
the association between the SNR and the pulsar, since tigermtor star, whose wind has
produced the bubble, can have traversed the bubble’s bouddéang its evolution, before
it became a supernova. The constraints on the \WHRy production imposed by the large
implied age of 17 000 yr do not apply in this case since thegm®nhow interacting within the
dense ambient medium to produgeays could have been accelerated in the past, when the
SNR shock velocity was still high. However, this would reguan extremely low diusion
codficient Oy ~ 2 x 10?° cn? s™?), similar to the case of the hadronic PWN scenario (see
Sect. 3.4.1).

This discussion of a putative association between HESSJUAB and the SNR G 343-2.3
is based on the assumption that the SNR and the pulsar PSR BAZ¥0&re created at the
same time. If this assumption proves to be wrong, then vétg Is known about the SNR.
The age estimate using a Sedov-Taylor model is about 5 00dgAdam et al. 1993; Nicas-
tro et al. 1996). The younger age would further ease the prateeleration to energies
beyond 100 TeV.

To summarize, the radio emission from SNR G 3428, which may originate from the
interaction of the SNR with an ambient MC, is partially cootent with HESS J1708443,
suggesting a plausible association which could accounatféeast part of the VHE-ray
emission observed. However, the putative associationsdeet the SNR and the pulsar or
between the SNR and the shell-like structure discovered istigest that the SNR is in a
later evolutionary stage than other SNRs previously-deteict the VHE regime.

3.4.3 Other nearby celestial objects

There are other celestial objects nearby, i.e. within thisgion region of HESS J176843,
notably the LMXB 4U 1705440 (Forman et al. 1978) and the radio source PMN J12289
(Wright et al. 1994). The LMXB is a well-studied type 1 burgt8Srtajno et al. 1985) located
at 000 = 17"08M54.46 andd,goo = —44°6'7.35’ (Di Salvo et al. 2005), i.e. it isféset from
the centroid of the VHE emission by 0.25Considering this fiset and the extended nature
of the VHE y-ray source, an association is highly unlikely since an Xhimary would ap-
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pear point-like to H.E.S.S. Theoretical predictions for &k-ray emission from LMXBs
focus on those with relativistic jets (microquasars); 4037440 does not exhibit jets. Fur-
thermore, no LMXBs have been detected in the ViHEay regime, despite the extensive
coverage of the H.E.S.S. Galactic Plane Survey.

The radio source PMN J1708419 is located atsggo= 17"08™30° andd,gpo= —44°1907”
(Wright et al. 1994). The local maximum in the radio contour¢ha center of Fig. 3.1 is
largely due to this very bright point source, clearly visilnh the 330 MHz VLA radio im-
age (see Fig. 3.7). Although its position is compatible with centroid of the H.E.S.S.
source, an association between the two is unlikely giversgeetrum of the radio source.
Using data from the VLA (at 330 MHz and 1.4 GHz), Molonglo Gaia Plane Survey
(MGPS; cataloged as J17082841823 at 840 MHz, and Parkes-MIT-NRAO (PMN; cata-
loged as PMN J17084419 at 4.8 GHz), we derive a spectral index= —0.81 + 0.08 in
the radio domain, consistent with the valwe= —0.9 derived by Frail et al. (1994) over a
narrower range in frequency, from 330 to 840 MHz. The steegtsal index suggests that
PMN J1708-4419 is extragalactic, since Galactic point-like souraestgpically compact
H Il regions, for which the radio spectral index is posititeerefore, it is unlikely to be
associated with the extended emission of HESS J3488. Upon a deeper inspection of
this source using high-resolution unpublished ATCA raditad®odson & Golap, personal
communication), this bright source can be further resolaéal two sources. However, the
spectral indices above were calculated on the basis of whgeit as a single unresolved
source, because this is the way that the low-resolutiororauliveys detected them.

In order to quantify the contribution any putative, unresal point source could make
to the flux observed from HESS J170843, one can compare the symmetric 2D Gaussian
curve of a point source to that of the extended H.E.S.S. sourhis demonstrates that any
single unresolved point source could not account for moae 6% of the total flux from
HESS J1708443.

3.5 Comparison with H.E.S.S. 2003 dataset

This section appeared as an appendix in the published paper.

3.5.1 Recalculation of upper limits using the 2003 dataset

In its commissioning phase, the H.E.S.S. IACT observed tg®nearound the energetic
PSR B170644 between April and July 2003 (Aharonian et al. 2005e). Nidawe for
statistically-significant VHEy-ray emission was found at the pulsar position nor from a
region encompassing the partial shell-type SNR G 343.3. Upper limits (ULS) to the
integral flux were published in (Aharonian et al. 2005e). irttegral flux now measured by
H.E.S.S. (see Sect. 3.3) is not compatible with those allyi#published ULs, a discrepancy
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which motivated a re-analysis of the 2003 H.E.S.S. datasehis region, using the current
H.E.S.S. software.

Although H.E.S.S. is currently an array of four IACTS, it waseoating as a two-telescope
array from February to December 2003. The 2003 observatimided a dataset with a
livetime of 14.3 h, an average zenith angle-@6°, and an energy threshold, estimated from
Monte Carlo simulations, 0£350 GeV. Fory-hadron separatiorstandard cutsvere used,
which require a minimum of 80 p.e. to be recorded per showagan

Integral flux ULs were calculated from thraeoriori defined circular regions: &tandard
point-like (¢ = 0.14°) region centered at the position of PSR B1788, aCANGAROGIike
region @ = 0.22°) also centered at the pulsar position, ariRlealio arcregion centered at the
apparent center of the SNR G 343213 (w2000 = 17"08™, 62000 = —44°16'48"; as defined in
Aharonian et al. (2005e)), with a radi@s= 0.60° in order to completely enclose the complex
radio structure. ThH€ANGAROQegion is disregarded for the remainder of this re-analysis
because its sole purpose was to compare the H.E.S.S. ratbulhevoriginal CANGAROO-|
detection, which has since been rescinded (Yoshikoshi €089), and focus primarily on
the Radio arcregion (equivalent to Region B; see Sect. 3.3), which is vamjilar to the
region from which extended VHE-rays are now detected (Region C; see Sect. 3.3).

Background subtraction was performed using the Ring BackgrtMethod (Berge et al.
2007) in both the original and revised analysis. The exawtrirand outer ring radiinner
andrqer respectively, used in the original analysis were not docust however, the inner
ring radius is typically chosen to be slightly larger thae tin-source (ON) region (radius
6 = 0.60°) and the normalization factar = 1/7 (the ratio of the ON to f5-source (OFF)
area). Therefore, for the re-analysis, the inner ring dsuchosen to be 0.65which,
given a, leads toryuer = 1.35°. The number of events in the ON and OFF regidNgy
and Norr, respectively, is found to match those given in Aharoniaal €2005€) to within
8% (see Table 3.3), demonstrating that the ring parametlagted in the re-analysis are
approximately equal to those in the original analysis. Nolusion region was placed on
the now known-to-exist source, HESS J17@83, i.e. the source is not excluded from OFF
regions. In practice this has a negligiblfegt, since there is little-ray emission from
HESS J1708443 beyondinner = 0.65° from its centroid.

The UL (99% confidence level using Feldman & Cousins 1998) eniitegral flux
from the Radio arcregion (Region B) was originally found to d&(> 0.35 TeV)< 5.8 x
107*? ph cnT? s71, equivalent to~5% Crab, assuming the spectrum is described by a power
law with a spectral indeX’ = 2.5 (Method Ain Aharonian et al. 2005e). An alternative
UL, F(> 0.50 TeV)< 3.5x 1012 ph cnt? s71, also equivalent te5% Crab, was calculated
using a methodMlethod B described in detail in Aharonian et al. 2005e) which made no
assumptions concerning the source spectrum. These ULb@amnsn Fig. 3.8, where they
are compared to the revised calculation (usvtethod A of the integral flux UL, plotted as
a function of threshold enerdy. The revised UL is clearly higher (less stringent) than the
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Figure 3.8: Integral flux upper limits (ULs) from tHeadio arcregion encompassing both
PSR B170644 and SNR G 34342.3. The red points represent the previously-published
integral flux ULs from Aharonian et al. (2005e) using the 2B0B.S.S. dataset. The black
solid line is based on a revised calculation of the UL usirggghme dataset.

one published in Aharonian et al. (2005e). For example, ikegral flux above 0.35 TeV
is F(> 0.35 TeV)< 9.7 x 1072 ph cnT? s71, equivalent to 9% Crab and above 0.50 TeV is
F(> 0.50 TeV)< 7.6 x 1012 ph cnT? s71, equivalent to 12% Crab, again assumihg 2.5.
See Table 3.3 for a summary and comparison of the eventtgtatsd other analysis pa-
rameters from both analyses.

The use of two-telescope data resulted in a lower sengitithe time but would not
have had any negative impact on the original determinatiobls from the vicinity of
PSR B170644. H.E.S.S. currently uses a stereo trigger implementétediardwarelevel
to select extended air showers (EASs) simultaneously tetdny at least two telescopes
(Funk et al. 2004). However, from February to July 2003, wtienoriginal observations
of PSR B170644 were carried out, it used arff-dine triggering mode, since the central
hardware trigger had not yet been installed.stftwarestereo mode, each recorded EAS
receives a time stamp via a GPS (Global Positioning Systémokc The time stamps are
then used in thefliine data analysis to identify EASs which were observed imadence
by the two telescopes. The use of a software stereo triggale wot as ficient as the
hardware stereo trigger currently in use, is not expectéwwe contributed significantly to
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Aharonian et al. (2005e) Re-analysis

F(> 0.35TeV) (cn?s?) <5.8x 1012 <9.7x1012
Non 4746 5095
Norr 13688 14730
@ 0.346 0.343
Excess 11 38
Significance 0.1 0.50
Finner > 0.60° 0.65
I outer unknown 1.35

Table 3.3: Event statistics and background parametershahalyses of th®adio arc
region around PSR B176@4 and SNR G 343:42.3. Row 1 gives the integral flux upper
limits (99% confidence level) from both analyses. The nundfezventsN in the circular
(radiusé = 0.6°) on-source (ON) and ring-shape#t-source (OFF) regions are given in
rows 2 and 3, the normalization facter(the ratio of ON to OFF area) in row 4, excesses
and significances (according to Li & Ma (1983)) in rows 5 andriq the ring parameters in
rows 7 and 8. The statistics and upper limits presented here wbtained using the 2003
H.E.S.S. dataset only.

the discrepancy between the original ULs and the new results

After investigating various possible reasons for the @pancy, it remains unknown why
the previously-determined ULs were so low, leaving humaorer undocumented changes
in the analysis software used at the time as possible exjasalt is important to note that
many other published results based on data taken duringSEBES commissioning phase
have been subsequently confirmed by the full four-teleseopy with a hardware trigger,
e.g. observations of RXJ17123946 (Aharonian et al. 2007¢) and Sgr@\haronian et al.
2009b).

3.5.2 Compatibility between detected flux and 2003 upper limits

The upper limits calculated in the previous section caneadibectly compared to the new
H.E.S.S. results, based on the 2007 dataset (presentedtin3ss), because they assume a
spectral indeX” = 2.5 and alow energy threshold. The new Viay source, HESS J170843,
has a much harder spectral indéx 2.0+ 0.1ga+ 0.25s. Furthermore, the minimum energy
threshold of the H.E.S.S. array has increased due to thetrefte of the IACT mirrors di-
minishing from 2003 to 2007, which reduces the array’s ghiti detect faint EASSs initiated
by lower-energy-rays.

A re-analysis of the 2003 dataset, using the current H.Es®f8vare and assumirig=
2.0, yields a flux upper limit (99% confidence levélj> 0.6 TeV)< 6.3x 1072 ph cnt? s,
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equivalent to~13% Crab, for Region B. Analysis of the 2007 dataset shows attatiy-
significant signal from Region B;(> 0.6 TeV)~ 6.5x107'2 ph cnt? s7%, equivalent to-13%
Crab. These two flux values are statistically compatibleggihe typical uncertainties in the
measured flux normalizatiora:(~20%) and spectral index(~0.2).

Furthermore, the new analysis results for HESS J+4d8 (Region C), based on the
2007 dataset, have been confirmed using an independentadiaitaiton and analysis chain,
and the cross-check analysis is also compatible with theepted results.

3.6 Summary

H.E.S.S. observations of theray pulsar PSR B170614 have led to the detection of an
extended ¢ = 0.29° + 0.04°) source of VHEy-ray emission, HESS J176843, in the
Galactic plane. Its energy spectrum is well-described bywep law with a photon in-
dexI' = 2.0+ 0.1+ 0.25ysand a normalization at 1 TeV @b = (4.2 + 0854 £ 1.0sy9) X
102 cm 2 st Tev!. The corresponding integral fll(1-10 TeV)= 3.8 x 107*?ph cnt?s*

is roughly 17% of the Crab Nebula. The possible associatibht=SS J1708443 with an
offset, relic PWN of PSR B170&!4 and with the partial shell-type SNR candidate G 343.3
have been discussed using additional radio and H | line emnistata. Given the extended
nature of the TeV source and the limited statistics, it isegcif the emission is associated
with the PWN, located at the edge of the H.E.S.S. source, dr thid SNR, in which the
pulsar is thought to be embedded. Based on energetics andth wieaformation at other
wavelengths, neither interpretation can be excluded stitinie; furthermore, the possibility
remains that both sources contribute to the total obsertei}ray emission. High-spatial-
resolution CO mapping of this region would improve our untirding of the molecular
environment and might help to identify a preferred MWL coupéet to HESS J1708443.
Deeper exposure in the TeV regime would also provide vitigtics and enable more de-
tailed morphological and spectral studies.



Chapter 4

Discovery and multiwavelength study of
the unidentified VHE y-ray source HESS J1502

This chapter focuses on an enigmatic source of MHfays, HESS J1503-582, which has
been challenging to associate with a counterpart at lower giest despite a comprehensive
search of multi-wavelength archival data and dedicated X@hservations with two X-ray
satellites. The discovery was first published by Renaud, tGarel Chaves 2008. This
chapter is based loosely on those preliminary results beiatimalysis and interpretation has
evolved considerably in the last two years. As a result, | taeeoughly re-written, re-
structured, and lengthened the text, and it incorporateargdr and more recent H.E.S.S.
dataset. | have performed new morphological and spectralym®es which are shown in the
figures and described in the text. These new analyses alsalrawnew VHEy-ray source
candidate nearby. Furthermore, the multi-wavelength dis@n has also been expanded;
for example, it now includes a section on GgVay counterpart candidates discovered by
FermjLAT and a comparison with a recent VERITAS non-detection ofladden-velocity
wing. The ChlcAGO team has provided Chandra data and analykis.Chapter represents
a paper draft which will soon undergo internal review in the EBES. Collaboration prior to
being submitted to a journal.

Abramowski, et al. I.E.S.S. Collaboration?
in preparationRenaud, M., Goret, P., &haves, R.C.G(H.E.S.S. Collaboration)

AIP Conf. Series (Proc. of the 4th Intl. Mtg. on High Energy GaamnRay Astronomy)
2008, 1085, 281

1Corresponding authors: R.C.G. Chaves and M. Renaud; Bittgron-H.E.S.S.) authors: ChiIcAGO Team
and A. Bamba
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Abstract

Context The extended H.E.S.S. survey of the inner Galgky £ 60, |b] < 3°) in the
very-high-energy (VHE; E 100 GeV) domain has led to the discovery of numerguay
sources, many of which do not have obvious counterparts\arienergies.

Aims We aim to reveal the nature of newly-discovered ViHEay sources, and to under-
stand the mechanisms responsible for VjAEy production.

Methods The latest data from the on-going H.E.S.S. Galactic Plam®ey are used, in
addition to data obtained in 2009 during a dedicated ob&ervaampaign of the region-of-
interest, and the standard H.E.S.S. analyses are perfonoeder to investigate morphology
and spectrum. Newhandraobservations are analyzed to probe the region-of-inténest
complimentary energy domain and constrain the level of Xemraission which could be as-
sociated with the VHEy-ray emission. An extensive search of archival multi-wawagth

data is also conducted in order to identify potential corpads at lower energies.

Results A new source of VHE-rays, HESS J1503-582, has been discovereghgly= 15'03"315 + 16°,
d32000= —58 14 + 2" with a statistical significance 6f7 . Itis extended (0.16+ 0.02 g5+ 0.03 gyy)
with respect to the H.E.S.S. point spread function (9.@nd its spectrum is well-fit by a
power-law dMdE« E™" in the 0.8-10TeV energy range, with a photon inblex2.3+ 0.2at+ 0.2st
and an integral flux equivalent t6€5% of the Crab Nebula above 1TeV. The source is
found to be partially coincident with a forbidden-velociyng, FVW 319.8-0.3, revealed

in H 121 cm line radio emission, three fai@handrapoint sources discovered during recent,
follow-up X-ray observations aASCAsource AX J150436-5824, and a GeMay source
detected byFermi. Additionally, a nearby VHE/-ray source candidate has been serendip-
tiously detected, also coincident withHFarmisource.

ConclusionsThe potential associations of HESS J1503-582 with the F&¥Ngndrasources,
andor Fermi source are discussed, in light of the new observationaleed in the keV
through TeV energy regimes. However, HESS J1503-582 remaiidentified pending
more detailed analyses and dedicafazakuobservations recently performed in August
2010.

4.1 Introduction

A significant fraction of the known Galactic VHray sources do not appear to be associ-
ated with objects that are known to be potential sources dEYHays, such as supernova
remnants (SNRs) and pulsar wind nebulae (PWNe). This is induggtto the diiculty of
identifying extended (i.e. on the order of tens of arcmirm)rees at lower energies which
may be related to the typically large (i..0.2) VHE sources. Furthermore, the archival
multiwavelength data available is often incomplete, reggidedicated observations with
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other telescopes. Although current imaging atmosphericélikev telescopes (IACTS)
have reached sensitivities and angular resolutions whiehuaprecendented compared to
their predecessors, many faiptray sources are still flicult to physically associate with
phenomena at lower energies. Instruments in these otheaidsr(e.g. radio, infrared, X-
rays) usually feature angular resolutions at sub-arcraihatcsecond scales, often coupled
with relatively small fields-of-view (FoVs) compared to HES. (FoV~5°), thus hindering
them from revealing large-scale structures. To make nsatterse, most catalogs of poten-
tial VHE sources are known to be biased and incomplete, an@iesd by that of Galactic
SNRs (Green 2009). Therefore, some sources may show up inytél images while
going unnoticed in other observational windows.

In this chapter, H.E.S.S. observations and data analysisebf these “dark”, or uniden-
tified, sources, HESS J1503-582, are presented. Its prepare given, together with the
findings of an extensive search for potential counterparchk as SNRs, energetic pulsars and
PWNe, star-forming complexes, H Il regions and Wolf-Rayet (WR)ss Results from new
observations with th€handra X-ray Observatorgf the nearbyASCAsource AX J150436—
5824 are also shown. Preliminary results were published mate et al. (2008a) based
on a much smaller H.E.S.S. datase50% of the currentfective exposure); furthermore,
Chandraobservations were not yet available at that time. Findflg, VHE y-ray source’s
possible associations with a forbidden-velocity wing (FV&\tharacteristic structure seen
in 21 cm H | line emission) or with nearby X-ray sources areestigated.

4.2 Observations and analysis

4.2.1 VHE y-ray observations

The H.E.S.S. telescope array is described in Chapter 1.

The region-of-interest was first targeted in March 2004 asgédd.E.S.S.’s observational
program on TeV PWN candidates, in this case the nearby MSt325Aharonian et al.
2005g). The region was observed regularly until March 20@8ewn the auspices of the
extended H.E.S.S. Galactic Plane Survey (Chapter 2). Dediseobblemode observations
of HESS J1503-582 were also scheduled<a6 h in June—July 2009 after leotspot or
source candidate, became evident in the survey datasdtisloliservation mode, the array
is pointed towards a positiorflget from the source of interest, which allows simultaneous
background estimation within the FoV (Berge et al. 2007). éetionruns of 28-min
duration were taken, alternating betwedfsets of+0.7° in declination and right ascension
from the preliminary source position.

The final dataset includes all observations performed vhitbe or four telescopes and
offset less than 2:0from the nominal source position, for a total live-time of 85 The
relatively strict cut on the maximunfiget is necessary to minimize the exposure gradient in
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the FoV due to observations of the heavily-exposed MSHEIS Since the average ruffget

is 1.2 +£ 0.5, the dfset-corrected live-time is45 h at the position of HESS J1503-582, after
correcting for they-ray acceptance across the camera FoV. The zenith angley (ZAhe
observation runs range from 3tb 46> with a mean of 37+ 2°.

The dataset was selected using standard quality critefiar@hian et al. 2006a) to re-
move data fiected by hardware-related problems but with relaxed cutweather-related
criteria (e.g. the system trigger rate), in order to ret&i@ maximum amount of usable
data for source discovery purposes. However, spectral/sisavas performed on a lim-
ited dataset, obtained using the standard, stricter weatheria and by selecting only runs
where the full four-telescope array was operational, tausnghe highest data quality and
reduce systematics. This spectral dataset comprises ¥&-tirhe of observations and has
similar ofset and ZA distributions.

4.2.2 VHE y-ray analysis methods

The dataset was analyzed using the Hillas second momenbdhéttillas 1985) and the
H.E.S.S. standard analysis described in Aharonian et @D6&). Fory-hadron separation,
hard cutswere used, which require a minimum of 200 photoelectrores o be recorded
per EAS image. Compared standard cut80 p.e.), this relatively strict requirement results
in better background rejection and an improved angularu@ea but also in an increased
energy threshold (0.8 TeV for this dataset).

Two different background estimation procedures (Berge et al. 20678 wsed in this
analysis. For determining the source detection signifieama for 2D image generation, the
ring background method/as used with an inner ring radii&= 0.70and outer ring radius
R,=0.92. The area of this ring (the OFF-source region) was chosdntbat the ratio of the
OFF area to the ON area wag. For this analysis, the on-source region (ON) was defined
a priori as a circle of radiug = V0.05°, one of the standard source search radii employed in
the H.E.S.S. GPS, in order to avoid additional trial factehen determining the statistical
significance of the source detection.

Since the above method includes an energy-averaged madilef@amera acceptance
to account for the dilerent dfsets of the signal and background regions from the camera
center, it was not used for spectral extraction. Téfeected region background methoes
instead used to measure the spectrum. The time-dependgdl spsponse of the system
was estimated from the Cherenkov light of single muons pgss$ose to the telescopes (Bolz
2004). In both background methods, known sources and soanchdates are excluded from
OFF regions.

Two independent data analyses, namely the Hillas (Hofmaah €999) and Model+
(de Naurois & Rolland 2009) methods, were used to generatgasiand spectra. The anal-
yses not only use tferent techniques foy-ray-hadron separation but also use data which
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were indepedently calibrated. Both give results which aly ftonsistent within statisti-
cal errors. In this paper, results obtained with the printdilas method are preferentially
shown.

4.2.3 X-ray observations and analysis methods

4.2.3.1 ASCAand Chandra

The X-ray source AX J150436-5824 was discovered during8@AGalactic Plane Survey,
which studied the inner region of the Galactic plard¥ < ¢ <63 and|b| < 0.4°) in the
energy band 0.7-10 keV with a spatial resolution’afSugizaki et al. 2001). Due &SCAs
poor spatial resolution, the vast majority of the 163 disred ASCAsources, including
AX J150436-5824, are unidentified.

To address this problem, some of the unidentified sources hagn re-observed with
Chandraand XMM-Newton utilizing their sub-arcsecond resolution to reveal thearty-
ing X-ray source(s), often in combination with multi-wagebth observations (Gelfand &
Gaensler 2007; Gaensler et al. 2008; Kaplan et al. 2007; érengt al. 2009). Spurred
by these #orts, the ChlcAGO (Chasing the IndentificationABCAGalactic Objects) sur-
vey was proposed to systematically follow-up unidenti#esICAsources wititChandraand
XMM-Newton(Anderson et al. 2006). X-ray observations of the field acbAX J150436—
5824 were taken witlChandraon 6 June 2009 starting at 20:40:09 UTC (Obs ID: 10508).
Data were collected with the Advanced CCD Imaging Spectron{&€lS) operating in
faint mode, for a total exposurk.,,,=4.36ks. A search for point sources was carried out
using the CIAG source detection algorithwavdetect.

4.2.3.2 Suzaku

Suzakuwbservations were proposed (PI: A. Bamba; Cols: R.C.G. Chavé3 &t eesponse
to AO-5 in order to search for an X-ray counterpart of HESQ31582 and investigate
its possible identification with a FVW. The proposal was ated for 100 ks of exposure,
with 50 ks on HESS J1503-582 and 50ks in an adjacent field frbimhato estimate the
background.

TheSuzakwbservations in the 0.5-8.0 keV energy range were carriedrob—6 August
2010, exposures of 51.4 ks centered at (RA,De¢P25.9130, —58.2332) (approximate
center of HESS J1503-582) and 51.6 ks centered at (RAD25.4141, -58.3766), an
adjacent region used for background estimation. The ohtens were performed in full-
window mode with spaced-row charge exchange, and the sthisdeeening criteria used
by the Suzakueam was applied. The images were corrected for vignettiayexposure

2CIAO: Chandrds data analysis system (Fruscione et al. 2006)
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variations usingkISSIM and XISEXPMAPGEN. Spectral analyses of detected point-like and
extended sources are underway.

4.3 Results

4.3.1 Discovery of HESS J1503-582

A new source of VHE/-rays, HESS J1503-582, was detected with a (pre-trialsstal sig-
nificance of~7 o, confirming the preliminary discovery published by (Renaual €2008a).
This corresponds to a significance of 5.@&fter conservatively accounting for all trials in-
volved, including e.g. the size of the survey search grid (#ra2). The signal consists of
254 excesg-rays integrated over a circular ON-source regiér (V0.05 ded) centered at
the peak significance.

The unsmoothed exposure-corrected excess is weljtridf = 1.15) by a radially-symmetric
Gaussian profile= ¢q e‘rz/(z‘fz)) convolved with the H.E.S.S. point spread function (PSF;
68% containment radius of 0.07or this analysis). The new source is found to have an in-
trinsic size (68% containment radius) 0:1#60.02 s+ 0.03 55, and its centroid is located
at @ 30000= 15'03M31° + 16%a, 032000= —58°14 + 2. There is an additional systematic er-
ror of 20” introduced by the uncertainty in the pointing precisionligsen et al. 2005).
The source is therefore considered extended since itssgeater than the H.E.S.S. PSF.
An image of the VHEy-ray excess in a2x 2° region around HESS J1503-582 is shown
in Fig. 4.1, smoothed with a Gaussian of width 0.18reduce statistical fluctuations. The
smoothing radius is chosen to be roughly on the same scaleead.E.S.S. PSF so that
resolvable morphological features are largely maintained

The spectrum of HESS J1503-582 was extracted from a circe¢aon with a radius
0=0.3. The spectral extraction region (depicted in Fig. 4.1) ese$~90% of the excesg-
rays from HESS J1503-582 and is chosen such that it is ealhenidepedent of the source
morphology yet retains a high signal-to-noise ratio. Witthe integration circle, 230 excess
v-rays were found in the energy range 0.8—-10 TeV, correspgrtdia statistical significance
of 6.90 (pre-trials). The dterential spectrum can be fitq{/ ndf=0.58) by a power law
¢=¢o(E/1TeV)" with a spectral photon indeX=2.2+ 0.2+ 0.2y and a flux normal-
ization at 1 TeV ofpo = (1.4+ 0.3yar% 0.4s) x 1072cm 2 s TeV-2. The integral flux above
1TeV is~1.0x 102 phcnt? s, which corresponds t65% of the Crab Nebula flux in the
same energy range. Thefi@irential flux points from HESS J1503-582 and the fitted power
law are shown in Fig. 4.2. The above results are all compatililh the preliminary ones
based on a50% smaller dataset and published by Renaud et al. (2008a).
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HESS J1503-582

1FGL J1503.4-5805¢

Galactic Latitude (deg)

IFGL J1510.8-5804¢
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320.5 320 319.5 319 318.5
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Figure 4.1: H.E.S.S. image of the VHEray excess, smoothed with a Gaussian profile of
width 6/ v3)=0.13, centered on HESS J1503-582. The black cross is placed sotinee
centroid, and its size reflects the uncertainty in the cé&hposition. The black circle (radius
0.16) reflects the source’s intrinsic size. The keV-GeV couratdrpandidates, including
AXJ150436-5824 and FVW 319:8.3 and the detecte@handraX-ray sources, are also
shown. Finally, the Galactic plane is depicted as a whitéeddine. The bright source in
the lower left corner is MSH 15-52.

4.3.2 A new faint TeV source candidate

In the course of observing HESS J1503-582, a fairdy source candidate was serendipi-
tously detected thanks to the increased exposure in therrggissible because of H.E.S.S.'s
large FoV. The TeVhotspot visible in Fig. 4.1, is located to the East of HESS J1503-582
at roughly @00~ 15'10"35%, 630000~ —58°49. It is very faint and cannot be statistically
confirmed, with a significance of only5o pre-trials. Further morphological and spec-
tral analyses are currently not possible due to the lowstiedi There are no energetic
pulsars nor SNRs spatially coincident with this hotspoty@lgh its position is compatible
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HESS J1503-582: Spectrum

- ¢,= (11203, £0.3 )x 10" em? s
_ 10_12 — F = 2.3 i O‘2stat i- O’3syst
" - F(> 1 TeV)= 4% Crab
IE‘: =
) -
Z 1002
= =
£8 n
<
> B
© oM
— B 1 1 1 I 1 1 1 1 1 1 1 1 I
N
: ! !
5= b { . .
@ K 1 1 1
E }
~ > -0.5F +
=
< -1 . .

1 10
Energy [TeV]

Figure 4.2: Diferential energy spectrum of HESS J1503-582 from 0.8 to 10&evacted
from a circular region with radiug@=0.3. Events with energies between 0.8 and 10 TeV
were used in the determination of the spectrum, and ther@west on the minimum signif-
icance per bin. The error bars denote Hatistical errors. The solid line shows the result of
a power-law fit to the data points, and the residuals of thedishown in the bottom panel.

with an unidentified high-energy (HE > 100 MeV)y-ray source discovered ermyLAT,
1FGL J1510.85804¢ (Abdo et al. 2010). Given the already-high exposure at théation
(~67 h live-time), confirming the detection at a level of-§post-trials) with H.E.S.S. is
likely not feasible in the near future.

4.3.3 Discovery of threeChandrapoint sources

An X-ray source was found in the vicinity of HESS J1503-582gshe SIMBAD database,
while searching MWL catalogs for potential counterpartse ASCAsource AX J150436—
5824 (Sugizaki et al. 2001) idfget from the TeV centroid by O’But within the extended

3The designator “c” indicates that this source is potentietinfused with interstellar ffuse GeV emission
or is a spurious detection; therefore, its location may reotdbiable.



4.3. RESULTS 75

emission, in particular within the & significance contour. Due to its high column density
Ny =1.29x 10?2 cm? and hard photon indekK = 1.44 in the 2-10keV band, this source
was tentatively classified as a cataclysmic variable (CVyi&ki et al. 2001). While cat-
acylsmic variables are prolific emitters of keV X-rays, tlag not known nor expected to
emit much higher-energy Tey-rays. Nonetheless, its tentative classification as a CV mer-
ited further investigation with higher-quality X-ray olgations.

To that endChandraobservations were performed (Sect. 4.2.3) by the ChlIcAG@nTea
and analyzed in cooperation with the H.E.S.S. Collaboratidhree X-ray point sources
were discovered within’df AX J150436-5824, using th&lAO source detection algorithm
wavdetect. Their properties are summarized in Table 4.1. No otheifsigimt sources were
detected in th€handraFoV (~0.4°), which encompasses the centroid of HESS J1503-582.

The faintest source is comprised of only eight counts, dihwe keV. It appears to be
associated with an ordinary star, 2MASS J150458824582, ruling out an association
with the H.E.S.S. source.



Table 4.1: Properties of thr&ghandraX-ray sources detected in the vicinity HESS J1503-582.

Source (CXOJ) R.A. Dec Counts Counts Counts Count Count Count
(J2000.0)  (J2000.0) (0.3- (2— (0.3-8 Rate Rate Rate
2keV) 8keV) keV) (0.3- (2-8keV) (0.3-
2keV) 8keV)
150430.9-582411 15:04:30.996-58:24:11.38 38 107 145 8.72 cnts24.54 cnts!33.26 cnt st
150413.5-582507 15:04:13.544-58:25:07.50 17 32 49 3.9cnt's 7.34cnts! 11.24cntst
150451.1582458 15:04:51.14158:24:58.36 8 0 8 1.8cnts Ocnts? 1.8cnts?

9.

Z¢8S—®Ilf SS3H 40 AANLS HLIDONITIAVN-ILTNIN ANY AHIAO0DSIA 7 d31LdVHD
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Neither of the brighter sources appears to have a countengae near-infrared 2MASS
(Two Micron All Sky Survey) Point Source Catalog (Skrutskieaé 2006), in the optical
DSS2 (Digitized Sky Survey 2) atlas, or in the infrar@ditzefGLIMPSE survey catalog.
The two point sources are clearly unresolved in@teandradata, with no evidence of sur-
rounding extended emission. However, the short exposusé k&), combined with the high
angular resolution, makes it unlikely that any of th&uke emission seen withSCAwould
have been detected. Given the low number of counts, ifficdit to fit the spectra of either
source with any confidence. Figure 4.3 shows the spectrum @ {60430.9582411,
which has the larger number of counts of the two sources yéib¢y? = 0.7) with a power-
law model. Similarly inconclusive fits result from Raymondy#h and Mekal models. The
lack of statistics (counts) prevents any conclusions torbevd from the spectra.
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Figure 4.3: Top. Spectrum of CXO J150430-%82411 (black circles) fitted with a power
law (red line;y? = 0.7). Bottom Residuals of the power-law fit.

4.4 Discussion

4.4.1 Association with a forbidden-velocity wing

The search for traditional counterparts of Galactic TeVrses, such as SNRs, PWNe, or
HMXBs, did not reveal any likely candidates. However, Kang &K(2007) recently pub-
lished a catalog of 87 extended and faint radio structurtesctid through the 21.cm H | line
in the Southern Galactic Plane Survey (SGPS) and L#eimgeloo Survey (LDS) data.
These structures, forbidden-velocity wings (FVWSs), appsavinglike features of line emis-
sion in (¢, v) diagrams, i.e. they are present at velocities forbiddethbycanonical Galac-
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tic rotation curve in limited spatial regions over velocéxtents of more thar20 kms?.

Among them, FVW 319.80.3 (Fig. 4.4), marked with the highest detection rank bydi&n
Koo (2007), is spatially coincident with HESS J1503-582uyh with an éfset of~0.1°, as
shown in Fig. 4.5 (left). This FVW appears in the H | line imagtegrated betweer123
and-98 km s?, two velocities which are not permitted by the canonicala@tt rotation
curve (e.g., Fich et al. 1989) along this line-of-sight (g, right).

This FVW does not coincide with any known objects that coudrésponsible for its
large velocity, e.g. SNRs, nearby galaxies, or high-vejocibuds. Most of the detected
FVWs are located fé the Galactic plane, and their atypical latitude distribntlead Kang
& Koo (2007) to discuss possible origins. For instance, jogsly unknown (“missing”),
old SNRs in the radiative phase could be the most likely caatdg] as in the case of the
discovery of the SNR associated with FVW 190121 (Koo et al. 2006). To investgiate
this, the SGPRTCA H | data (McClure-Grftiths et al. 2005) have been inspected to search
for any shell-type dfuse emission in the velocity range of FVW 3193, since ATCA
features a better angular resolutionq’) than Parkes~ 15). No shell-type structure was
found (Fig. 4.5), but the low ATCA sensitivity of 1.6 K renders the identification of faint
and extended emissionfhicult.

It has been proposed that VHErays may be emitted from OB associations following
hadronic interactions of cosmic rays in the collectivelatehinds of massive O and B stars
(Torres et al. 2004; Domingo-Santarti@a& Torres 2006) In fact, six VHE-ray sources,
TeV J20324131 (Cygnus OB2), HESS J164858 (Westerlund 1), HESS J102375 (West-
erlund 2), HESS J1303%31 (Cen OB6), HESS J1614818 (Pismis 22), and HESS J184®18
(W 43), have so far been investigated in the context of smsitznarios (Aharonian et al.
2005a; Ohm et al. 2010; Aharonian et al. 2007b, 2005d, 2006¢dyes et al. 2008b, respec-
tively). Some of the proposed models (Torres et al. 2004) afso predict that the TeV
v-ray source would be weak or undetectable at loweay energies (MeV-GeV), leading
to an intriguing possibility for associations betweenlatetlusters (or stellar associations)
and dark sources such as HESS J1503-582. Furthermorepirttal models considered by
Torres et al. (2004), no coincident EGRET source is expegtbdh is consistant with the
case of HESS J1503-582.

The strong stellar winds from early-type OB stars or WR staay @&iso be linked to
FVWs due to their ability to sweep up the ambient medium intseszable shells which
may not follow the bulk Galactic rotation (Kang & Koo 2007hdeed, Kang & Koo (2007)
find that the joint activity of stellar winds and SN explossdinom massive stars in nearby
(< 4kpc) and powerfull(,ing > 10°” erg s*) OB associations could produce fast-moving neu-
tral hydrogen gas detectable at the sensitivity level ottiveent H | surveys and be respon-
sible for as many o£15% of the unidentified FVWs. However, after consulting théaGlac
O-star catalog of Garmany et al. (1982) and tHeGalactic WR catalog of van der Hucht
(2001), no O-type stars or WR stars were found withirofLFVW 319.8+0.3 which match
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Figure 4.4: The forbidden-velocity wing FVW 319.8.3 as seen at radio wavelengths. Its
(¢-v) and p-v) profiles are presented at the bottom and to the right, réispgc The central
image is integrated over the kinematic velocity range iatdid by thick black lines in the
position-velocity profiles. The minimum and maximum valaéghe contours in the inte-
grated map are in units of Kkmand noted on the left and right side of the FVW name
at the top, respectively. The profiles are cut at the longitmdthe latitude of the FVW. The
contour levels in the profiles are at brightness temperatoi®.1, 0.2, 0.4, 0.7, 1, 2, 5, 10,
30, 50, and 100 K. From Kang & Koo (2007).

these criteria (Kang & Koo 2007). A recently updated cataib@alactic OB associations
by Mel'Nik & Dambis (2009) was also checked, but no known OBasations were found
within 1° of FVW 319.8+0.3. Such a large search radius precludes the existence albtve
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Figure 4.5:Left panels SGPS-Parkes (top) and SGRBCA (bottom) velocity-integrated
(between-123 and-98 kms!) images of the H | line emission centered on FVW 310:3.
H.E.S.S. significance contours are shown in black from 3 dowith steps of . Right
panels Velocity profiles of H | intensity integrated over the whiguare region shown in
the left images. The red curve represents the canonicat®atatation curve according to
Fich et al. (1989) at the position of FVW 319.8.3. The velocity range of the images on the
left are marked by blue dashed regions.

counterpart candidates from the vicinity of HESS J1503-&8®ell, to the extent to which
the catalogs are considered complete.

Old and isolated SNRs, with an age greater than the onset cidiaive phase 4x10%y
(Cioffi et al. 1988), are not expected to accelerate multi-TeV @agtiany longer, mainly
because of the very low shock speed (Ptuskin & Zirakash@05). However, Yamazaki
et al. (2006) suggest that the TeV to X-ray flux ratio mighngigantly increase as an SNR
ages, which could account for the large number of unidedt¥EIE y-ray sources which



4.4. DISCUSSION 81

are dark at lower energies, including in X-rays.

Old SNRs have, in fact, already been detected in the VHE dgreagnw 28 (HESS J186:233)
(Aharonian et al. 2008f), with an estimated age in the rangel® x 10°y. However, in this
case, the emission is likely associated with the interaatioW 28 with nearby molecular
clouds, which are not present near HESS J1503-582. Anodiser, the originally unidenti-
fied H.E.S.S. source, HESS J1 7317 (Aharonian et al. 2008a) is now thought to be asso-
ciated with a recently-identified shell-type SNR, G 353&, that is~ 3 x 10%y old.

The VERITAS Collaboration recently reported the non-detectif VHE y-rays from an-
other FVW, located in the northern sky, after 18 h of goodhtyiabservations (Holder &
for the VERITAS Collaboration 2009). The observation campaigs motivated by the ini-
tial report of discovery of HESS J1503-582 emission fromdinection of FVW 319.80.3
(Renaud et al. 2008a), which suggested that some FVWs migtesent old, undiscovered
SNRs, still capable of emitting-rays in the VHE domain. The target, FVW 19821, has
a clear shell-like morphology (Koo et al. 2006) in the raditieh appears to support this hy-
pothesis and make it an ideal candidate for follow-up olzerms with an IACT. However,
VERITAS found no evidence for VHE-ray emission and set fairly stringent flux ULs at
the level of<1% Crab. Nevertheless, FVWs are not currently well-studied/idually nor
well-understood as a class. There is a great diversity inplessible progenitors, so it is not
possible to draw any conclusive parallels between FVW 0D.Pand FVW 319.80.3 and
HESS J1503-582.

4.4.2 Association with X-ray counterparts

There is no clear evidence forftlise X-ray emission in the region, which might have pro-
vided evidence for an undiscovered PWN in the vicinity of HB$503-582. Unfortunately,
the search was hindered by the low statistics inGhandradataset. As a result, the nature
of the two brighter X-ray sources discovered remains unknow

Deeper observations of AX J150436-5824 withandrg XMM-Newton or Suzakuare
needed to determine whether tAB CAsource in the vicinity of HESS J1503-582 is indeed
a CV, as originally classified by (Sugizaki et al. 2001), or ¢e & there is any indication
of extended X-ray emission, unresolved A$CAand the recenthandraobservation. The
latter could provide evidence for the existance of a hitheridetected PJRWN system;
the TeV emission discovered by H.E.S.S. might then be intéed as a relic nebula from the
past evolution of the putative PSR (de Jager & Djannatir2008).

Analysis of a recent and relatively deep exposure of thisoregsingSuzakuhas just
begun and will hopefully reveal the keV-energy environmainand around the position of
HESS J1503-582.
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4.4.3 Association with a GeVy-ray source

The centroid of HESS J1503-582 is notably compatible wittuaidentified high-energy
(HE; E> 0.1 GeV)y-ray source discovered dyermi, 1FGL J1503.45805¢ (Abdo et al.
2010), as can be seen in Fig. 4.1. The GeV source is detecte@\wignificance (herd,S
value, as defined in Abdo et al. 2010) level of 7.3. Interggyirthe case for association with
HESS J1503-582 goes beyond a position coincidence. Thewmeaf 1FGL J1503.45805¢
in theFermienergy range follows a power law with a spectral index.2620.11. By extrap-
olating the MeV-GeV spectrum to the TeV regime, it is foundtttine broadband emission
can be described by a single power-law component extendiagfive decades in energy,
providing spectral evidence that HESS J1503-582 and 1F&0314-5805c could be physi-
cally associated. However, since the original analysis@Fermisource may beféected by
uncertainties in the éiuse background model (see footnote), a dedicated and tarefly-
sis of 1IFGL J1503.45805¢c must be performed. Such an analysis may also benefitthe
increasedrermiexposure since the 1FGL catalog was originally published.

4.4.4 Association with PSR J1502-5828

The pulsar PSR J1502-5828/anchester et al. 2005) liesfeet from the centroid of HESS J1503—
582 by ~0.2. The pulsar has a characteristic age-288 kyr, a distance estimated to

be D=8.2kpc (Cordes & Lazio 2002), a spin peri®tk=668 ms, and a spin-down flux
E/D?2=7.1x10°(D/8.2 kpc)2 ergsikpc2. No PWN has been observed in raditi,

or in the GeV domain Kargaltsev & Pavlov (2010). These prigpemake PSR J1502-5828

a very poor candidate for harboring a TeV PWN, although it lkasmtly been considered as
such by Kargaltsev & Pavlov (2010). In particular, it wousjuire a conversionfiéciency

from rotational pulsar energy tgrays on the order of 1000%, i.e. theray luminosity is a

factor of~10 larger that the spin-down luminosity. On this alone, PER02-5828 and any
hypothetical relic PWN it might harbor can be ruled out as axepart to HESS J1503-582.

4.4.5 Other counterparts

No additional counterpart candidates were found in oth&alags of potential VHE/-ray

emitters, such as Galactic SNRs (Green 2009), H 1l regiondia et al. 2003), star-
forming complexes (Russeil 2003) and WR stars (van der Huc@L)0Archival radio
images from Molonglo at 843 MHz, ATCA at 1.4 GHz, Parkes at 2Hz(Gand Parkes-
MIT-NRAO (PMN) at 4.85 GHz, as well as the infrared images frbi8X (at 8.28, 12.13

4The designator “c” indicates that this source is potemtiadinfused with interstellar ffuse GeV emission

or is a spurious detection; therefore, its location may reatdbiable.
SATNF Pulsar Catalogue version 1.4xtp: //www.atnf.csiro.au/research/pulsar/psrcat
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and 14.6um ®) andSpitzefGLIMPSE' (at 8um &) were also inspected to search for hints of
diffuse emission coincident with FVW 319:.8.3, but no such emission was found. Finally,
the clear extended nature of the H.E.S.S. source (Pstfongly disfavors an extragalactic

(e.g. an active galactic nucleus) origin of the VhiEay emission.

4.5 Conclusion

Despite extensive multi-wavelength analyses, includeg@handraobservations, the recently-
discovered HESS J1503-582 remains unidentified; it doeappmar to emit significant ra-
diation at lower energies and is therefore one of the mogneaic, “dark” sources yet
observed by H.E.S.S.. The most plausible counterpartteredahe FVW 319.80.3 seen

in radio or a faint putative X-ray source (e.g. a PB®/N system) which lies below the
sensitivity limit of current X-ray observations.

The fact that FVWs have excessive emission at high velocilias are forbidden by
Galactic rotation models indicates that there should beesassociated dynamical phe-
nomena (Kang & Koo 2007), e.g. the expanding shell of a misSINR or the combined
stellar winds of an OB association. However, no supportvigesce for these scenarios,
besides the positional coincidence of FVW 31D& and HESS J1503-582, could be found
in archival data. If FVW 319.80.3 is in fact an old, missing SNR, then the detection of VHE
v-rays from it would imply that SNRs remairtisient particle accelerators for much longer
than commonly believed.

The GeVy-ray source 1FGL J1503-46805c discovered biyermiis not only positionally
coincident with HESS J1503-582, but also spectrally coibfgatsuggesting that a single
power law can describe the broadband MeV-TeV emission. Theabhexistence of the
GeV source must be confirmed with more data and an dedicatdgs#s) since it may be
in fact be an artifact resulting from uncertainties in thekgaound model employed by
Fermi. Alternatively, HESS J1503-582 may turn out to belong tdangest class of VHE-
rayemitters, that associated with PWNe; deep X-ray obsenshave been recently carried
out with Suzakuo explore this possibility in the hopes of identifying HEE%03-582.

6Seehttp ://irsa.ipac.caltech.edu/data/MSX
"Galactic Legacy Infrared Midplane Survey Extraordinaire
8seehttp://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE
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Chapter 5

Discovery of HESS J1832084, a TeV PWN
candidate

This chapter presents the discovery of V4Ey emission from the vicinity of pulsar PSR J188827
using H.E.S.S. observations. The combination of a smaddsieV emission region, rela-
tively old age of the pulsar, and moderate spin-down lumigagiallenge the conventional

TeV PWNe scenario. A paper based on this chapter is curremghyaparation within the
H.E.S.S. Collaboration, and preliminary results are praserere.

Abramowski, et al. [I.E.S.S. Collaboration
in preparation

Abstract

Aims The goal of this chapter is to present the discovery of acsoaf VHE y-rays recently
detected by H.E.S.S. and to investigate its nature throbgkreations at lower energies. In
particular, its potential association with the positidyraloincident pulsar PSR J1832827

is addressed.

Methods The H.E.S.S. IACT array observed PSR J1:83227 and its vicinity for anféec-
tive exposure o&25 h from May 2004 to August 2010. The dataset comprises ohisens
from the on-going Galactic Plane Survey, observations aflneW 41 (HESS J183487),
and, more recently, dedicated observations to confirm thecealetection and increase the
level of statistics available for analysis. Standard \WHEy analysis methods are performed
in order to determine the statistical significance, morpgg| and spectrum of the source.
Archival radio, infrared, and X-ray data are used to seaochpbtential counterparts. The
TeV source characteristics are compared to the pulsar gregpand evaluated in the context
of a putative TeV PWN scenario. The probability that the posél coincidence between
the pulsar and the VHE-ray source is due to chance is estimated.

Results The VHE y-ray source HESS J183P84 is detected with a post-trials statistical

85
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significance o~50. The emission is marginally extended with respect to the 5iE PSF
(~5), in contrast to the vast majority of Galactic TeV sourceschlare typically an order
of magnitude larger. Its spectrum in the VHE domain is welbfita power law with a rel-
atively steep photon indek = 2.8 + 0.345: + 0.25ys.  The integral flux from the source is
~ 6.7 x 102 cm2st above 0.38 TeV, equivalent te0.7% of the Crab Nebula flux. There
are no SNRs nor high-mass X-ray binaries (HMXBs) in the vigjriut the centroid of the
TeV emission is compatible with the location of the pulsaRR$832-0827. However, the
conversion #iciency required for the moderately energetic PSR J38827 to power the
vy-ray luminosity is~56%, large compared to other known TeV PWNe. The combinafian o
relatively old age of the PSR J1832827 (~1C° yr) and small size when viewed at TeV ener-
gies (less than or similar to the H.E.S.S. PSK6pc at the distance of the pulsar) challenge
the conventional PWN scenario, as does the lack of an edtadlBWN at lower energies;
however, an analysis of archival radio and infrared dateatsvthe presence offtlise struc-
tures which are under investigation. Although HESS J1&®82 remains formally unidenti-
fied, the chance positional coincidence between PSR 3827 and HESS J183P84 is
ruled out at the-2.40 level.

5.1 Introduction

The on-going survey of the Galactic plane in the VHE domaitheyH.E.S.S. IACT (Chap-
ter 2) has revealed a large population~@0—-30 VHEy-ray-emitting PWNe (Gallant 2007;
Gallant et al. 2008; Mattana et al. 2009a; Kargaltsev & Ra@@10), which may account
for more than a third of all known Galactic TeV sources. Thesealled TeV PWNe rep-
resent the largest Galactic VHE source class and shareasikely properties. In particular,
virtually all of them are extended in the TeV domain with resjpo the H.E.S.S. PSF%’)
and are associated with highly energetic and very youngmijlge. pulsars with spin-down
luminositiesE > 10*®erg cnt2s ! and characteristic ages < 50 000 yr. Many of them are
also significantly @set from the pulsar with which they are presumed to be agsakithis
offset is usually interpreted to be a result of inhomogeneitigse nearby intestellar medium
(ISM), the pulsar kick velocity, aridr the long cooling time of the electrons responsible for
the VHEy-ray emission.

Galactic VHEy-ray sources are as a whole significantly extended, with artiandful
of notable exceptions, most of those belonging to thmy binary source class. In this
chapter, we report the recent discovery of a unique Gala@4E y-ray source that is both
relatively small in size and appears to be associated withtgpical pulsar counterpart,
PSR J18320827. When viewed in the context of the currently-known papah of ener-
getic pulsars with TeV PWNe, this discovery challenges ouretu understanding of TeV
PWNe (e.g. Gaensler & Slane 2006; de Jager & Djannati-2088).

The energetic pulsar PSR J183B27 (also PSR B182®8) was discovered by Clifton
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& Lyne (1986), with a period® = 647 ms, during a high-frequency (1.4 GHz) radio survey
for young pulsars at the Jodrell Bank Observatory. After meag its spin-down period,
the characteristic age

7. = P/(n-1)P (5.1)
for the pulsar was found to be 160 000 yr (Clifton et al. 1992)eve the braking indem is
assumed to be the canonical value of three. The braking ihds)only been measured for
a handful of pulsars (for a review, see Johnston & Gallowa§9)9due to the diiculties
of measuringv(the second derivative of the rotation frequency). Howgvehnston &
Galloway (1999) have developed an alternative method ftomating n of moderate-aged
pulsars which circumvents the need for long, phase-cordetiining solutions and find
n=25=+0.9in the case of PSR J183R@827; thereforer. ~ 210 000 yr.

The pulsar PSR J1832827 is moderately energetic, with a spin-down luminosity o
E = 9.3x 10%ergs! (Taylor & Cordes 1993). The pulsar’s distanDevas constrained to
the relatively narrow range 4.4—6.1 kpc using Very LargeaifVLA) radio observations of
absorption and emission features in the neutral hydrogehQHcm line) spectra (Frail &
Weisberg 1990; Frail et al. 1991) along with the Galactiation curve of Fich et al. (1989).
The distances estimated from the pulsar's observed disperseasurédM = 301 cnt3pc
(e.g. Frail et al. 1991) is 4.75kpc (Taylor & Cordes 1993) arRb4pc (Cordes & Lazio
2002), depending on the model used for the Galactic digtobwof free electrons, and is
in good agreement with those found using the kinematic niethr the analyses in this
paper, we adopt the latter distance, where the H.E.S.S. 8%k Containment radius) of
0.07 (~5) corresponds to a physical size of 6 pc and the pulsar’s épim flux E/D? =
4 x 10%%2ergstkpc™.

Zou et al. (2005) calculated an upper limit to the transveedecity of PSR J18320827,
V; < 410 km s, which only poorly constrains the distance over which thisaucould have
traversed from its current position during its lifetime td@in 0.78 (a physical distance of
67 pc at the distance of the pulsar).

Minter (2008) searched for hydroxyl (OH) absorption in tivection of PSR J18320827
with the Green Bank Telescope and found none after 10 h ofriaieg time. In other
sources, OH absorption has been observed to arise in thradgtig between a molecular
cloud and SNR or H Il region, so it has the potential to serva amrker for the presence of
hadronic interaction; however, its non-detection for #gsl ~94% of the pulsars surveyed
suggests that OH absorption toward pulsars is rare or bélewdtection threshold of surveys
with current radio telescopes (Minter 2008).

Thisy-ray pulsar candidate was not detected by EGRET (Energetitn@zaRay Experi-
ment;E > 100 MeV) nor OSSE (Oriented Scintillation Spectrometerd&ixkpent; 20< E <
500 keV), onboard th€ompton Gamma Ray Observat¢yGRQO. McLaughlin & Cordes
(2000) reported an upper limit & < 1.9 x 1032 erg s'kpc™ in the OSSE energy range ver-
sus a predicted fluR pregictea = 9.1723% x 10P*erg st kpc™ (assumingd = 4.75 kpc, Taylor
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& Cordes 1993). It also does not belong the growing class of &e&y-emitting pulsars
detected byrermi (Abdo & for the Fermi LAT collaboration 2009).

It is not the first time that PSR J183@827 has been considered as a candidate for TeV
v-ray emission. The HEGRA (High Energy Gamma Ray Astronomy) |1A@Ry, the pre-
decessor of H.E.S.S., selected the pulsar as a target iariysseirvey of the Galactic plane
since it fulfilled the criteriaD < 10kpc,P < 1s, andr. < 10°yr (Aharonian et al. 2002).
After 2.3 h of observations in 1997-1998 with a 4-telescapayathey published an upper
limit F9%(E > 1.4TeV) < 1.0 x 10 cm?s?, equivalent tos75% of the Crab Nebula
flux (Aharonian et al. 2002). Deeper observations of thigaawere not possible due to
HEGRA’s location in the northern hemisphere (Canary Islandgjch severely limits the
visibility of the inner Galaxy. Even when visible, the unalable large zenith angle re-
sults in a correspondingly high energy threshold. The MA@W2ajor Atmospheric Gamma
Imaging Cherenkov) IACT also observed the region around P8823D827 during 20 h of
observations of the nearby SNR W 41 (G 23033) in 2005 (Albert et al. 2006). Evidence
for ay-ray excess at the location of the pulsar can be seen in tlei8 Fwhich shows VHE
v-ray images for three fferent energy threshold& (> 250, 360, and 590 GeV). There is
a suggestive excess at the pulsar location, in particutaE fo 360 GeV, where the statis-
tical significance approaches o; there is no mention of thisotspotin their publication,
presumably because it is below their detection thresholldgiA et al. 2006).

5.2 VHE vy-ray observations and analysis

5.2.1 H.E.S.S. observations

H.E.S.S. (Chapter 1) observed PSR J183327 and its vicinity over a six-year period from
May 2004 to August 2010. The dataset comprises observdtiomsthe on-going Galac-
tic Plane Survey (Chapter 2), observations of nearby W 41 GHHES834-087), and, more
recently, dedicated/obblemode observations to confirm the source detection andasere
the level of statistics available for analysis. The latteservations wereftset 0.7 from the
position of PSR J18320827 (r2000 = 18"32"37.025, 62000 = —08°27'3.64"). The maximum
offset for both observations and individual events to be iregdlid the analysis is setto 3.0
After selecting only observations where the full four-sglepe array was in operation and
after applying standard quality selection (Aharonian eP@06a) to remove datdtacted by
unstable weather conditions or hardware-related prohlémegotal live-time of the dataset
is ~59 h. Many of these observations are significantfget from PSR J18320827, result-
ing in a mean fset of 18 + 0.6°. Since the acceptanceerays diminishes as a function of
distance from the camera center, the total live-time resltcean dfset-corrected féective
exposure o~25h. The zenith angle (ZA) also varies from observation teeotation and
has a mean of 27 11°. The ZA strongly influences the minimum energy thresholdcvh
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is a relatively low 0.38 TeV for this analysis.

5.2.2 Analysis methods

The dataset was analyzed using the Hillas second momenbdhéfhillas 1985) and the
H.E.S.S. standard analysis described in Aharonian et @D6@). Fory-hadron separation,
hard cutswere used, which require a minimum of 200 photoelectrores o be recorded
per EAS image. Compared standard cut¢80 p.e.), this relatively strict requirement results
in better background rejection and an improved angulardu@ea but also in an increased
energy threshold (0.38 TeV for this dataset). The time-ddpet optical response of the sys-
tem was estimated from the Cherenkov light of single muonsipg<lose to the telescopes
(Bolz 2004). Two diferent background estimation procedures (Berge et al. 200/@ wsed

in this analysis to determine suitable OFF regions.

For 2D image generation and morphological studiesritigebackground metho(Berge
et al. 2007) was used with an inner ring radius offGadda = 0.04. Since this method
includes an energy-averaged model for the camera acceptaraccount for the tlierent
offsets of the signal and background regions from the camernarcénwas not used for
spectral extraction. Theflected region background meth{Blerge et al. 2007) was instead
used to measure the flux from the putative source.

A circular ON region was used to search for statisticalyagiicant VHEy-ray emission,
centeredh priori at the position of PSR J183P827 and with a radius of 0.10which is the
standard radius used to search for point-like sources iHtBeS.S. standard analysis. The
same region was used for spectral extraction.

The morphology was investigated by fitting the unsmoothedy excess image with
a radially-symmetric Gaussian profile & ¢oe/@) convolved with the H.E.S.S. PSF
(0.07 for this analysis), within 0.3of the pulsar position (to avoid the emission from nearby
W 41). The centroid and size-(the width of the Gaussian) of the source are then determined
from the best fit.

5.3 Radio observations and analysis

Due to the positional coincidence between HESS J1882 and PSR J1832827 and the
fact that a large fraction of VHE-ray sources are identified as PWN, archival radio data
were obtained from online repositories in order to searclafpreviously-undetected radio
PWN around PSR J1832827.



90 CHAPTER 5. DISCOVERY OF THE PULSAR WIND NEBULA CANDIDATE HESHL832-084

5.3.1 330MHz

MAGPIS (The Multi-Array Galactic Plane Imaging Survey) isreeta-survey which com-
prises observations at multiple frequencies and from pieltielescopes; the bulk of the
data are radio observations with the NRAO (National Radio gxeimy Radio Observa-
tory) VLA. Data at 328 MHz was acquired in FITS (Flexible Inea@ransport System) for-
mat from the MAGPIS website The data is from a26-min observation performed on 2
September 2001 with the VLA in the C configuration as part ef @alactic Plane Survey
at 90cm (Helfand et al. 2006). The data were reduced using’ ik®l size and have a
relatively poor resolution ok 70”. More precisely, the HPBW (half-power beamwidth)
is defined by a beam major axBMAJ = 66’, minor axisBMIN = 45’ , and position
angleBPA = 0.0°. This archival data has been previouSlyEANed using the standard
software package for radio data calibration and analysiBSAAstronomical Image Pro-
cessing System). AIPS is further used to determine thenaltégx density at this frequency
with the tasksFITLD, JMFIT, andTVSTAT. Since the noise (rms) in the image is not con-
stant across the FoV, the noise (i.e. flux density error) iasueed only in the vicinity of the
PSR J18320827 were there are no other visible sources.

53.2 1.4GHz

Four archival datasets are available at 1.4 GHz, from MAGRI$SS (NRAO VLA Sky
Survey), and the feelsberg telescope.

The first MAGPIS dataset comprises a she®0-s snapshot observation taken on 23
December 1983 by Dickey et al. (unpublished) with the VLAhe B configuration. This
so-calledold GPS 20 cndata has been re-processed and re-published several imses s
most recently by White et al. (2005), who also use an autonsierte detection algorithm
to search the newly reduced images for compact radio sowitedlux densities having
significances greater than or equal to &.5The catalog does not contain any such sources
within 0.1° of PSR J18320827. The radio maps are sensitivity-limited to a threshadld
~14 mJ and stlier from highly variable levels of noise along the plane. Bgi#d sources are
known to be severely undersampled by high-resolution drapshservations (White et al.
2005) such as these, which makes them unsuitable for saegridrian extended radio nebula
in the vicinity of PSR J18320827.

The second MAGPIS dataset comprises more recent and higladity observations at
1.4 GHz (Helfand et al. 2006). taken with the VLA in multiplerdigurations in 2000—2001
for a total duration o~30 min. The archival data have been reduced using pix2l size,
have a relatively good resolution 86", and have been pr&EANed. The resulting HPBW
is defined byBMAJ = 6”7, BMIN = 57, andBPA = 0.00°. The “human eye-brain detec-

Ihttp://third.ucllnl. org/gps
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tion system” was used in conjunction with the aforementibagtomated source detection
algorithm to search for discrete point sources arftlige extended sources (Helfand et al.
2006).

Reduction and analysis of the NVSS anfiidisberg datasets at 1.4 GHz is ongoing and
will serve both to cross-check the MAGPIS-derived resuftd 80 provide a complemen-
tary view oweing to dierences in resolution and sensitivity between telescopysand
observations.

5.3.3 2.7GHz

Archival observations from thefielsberg telescope in 2000 have been retrieved but not yet
CLEANed. Hforts are underway to reduce and analyze this dataset.

5.34 5GHz

Two archival datasets are available at 5 GHz, both from MA&PI

The first MAGPIS dataset is from the so-cal@&S 6 cm Epoch dbservations on 23 June
1989 at 4.86 GHz with the VLA in the C configuration. These deta@e been reprocessed
by White et al. (2005), similar to what was done for the oldec®0observations. Likewise,
these data consist of high-resolution but short-durati@pshot observations, which renders
the data problematic for all but the most compact radio ssi(klelfand et al. 2006). The
resulting catalog of high-probability sources does notatany discrete sources within 0.1
of PSR J18320827 (White et al. 2005). The radio maps are sensitivityttohio a threshold
of ~3mJ.

The second MAGPIS dataset is from the so-caltéS 6 cm Epoch 8bservations on
15 March 2005 at 4.86 GHz with the VLA in the B configuration. eTtiata have a 0/6
pixel size and a very high resolution ef2”. More precisely, the HPBW is defined by
BMAJ = 2", BMIN ~ 2” andBPA = 0.00°. This data also dters from its short duration
and high-resolution, rendering it unsuitable for the asislpf difuse emission. No bright
point sources are visible within the vicinity of PSR J188827.

5.4 Infrared observations

Analysis of the region around PSR J188B27 using archival infrared data has also recently
begun. In general, infrared observations, used in combimatith radio observations, can
provide vital information on the nature of HESS J188B84, since they can be used tdfdr-
ential thermal from non-thermal emission for potential mi@uparts. As a first step, 24n
MIPSGAL data has been retrieved from MAGPIS in FITS formad arsually inspected
for evidence of any extended structures which could be &ssocwith PSR J18320827
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andor HESS J1832084. MIPSGAL is an infrared survey of the Galactic plane gdime
Multiband Infrared Photometer instrument onboard3ip&zer Space Telescape

5.5 X-ray observations

No sensitive X-ray observations in the vicinity of PSR J183227 exist. ROSATobserva-
tions cover this region but unfortunately do not reveal alm¢aource. This is perhaps not
surprising since there is significant intestellar absorpin this direction of the sky (Ebisawa
et al. 2005), which, combined with the presence of ViAEay emission, would suggest a
relatively hard spectrum for any putative source in the X-damain. Such a hard source
would be dificult for ROSATto detect in its narrow 0.1-2.5keV energy range. Therefore,
X-ray observations which utilize the improved sensitiatyd broader energy ranges of the
current generation of X-ray telescopes are needed to gyopeestigate the presence of
an X-ray counterpart to HESS J183284 and PSR J1832827. To that end, observations
with Suzakuvere proposed in response to AO-5 (PI: Ghkofer, 2009), motivated by the
marginally point-like nature of the VHE-ray emission and its positional coincidence with
an atypical pulsar counterpart. The observations weregueddor 20 ks of Priority C obser-
vations, which have a50% chance of occuring before March 2011.

5.6 Results

5.6.1 VHEvy-rays

A signal is detected with 75 exceggays in the point-like ON region, corresponding to a
a pre-trial statistical significance ef7 o. After conservatively accounting for the trials in-
volved in the search for new sources using the H.E.S.S. GR 8¢ post-trial significance is
found to be~5 ¢, confirming the excess as a new source of VHEays. Figure 5.1 presents
an image of the VHEy-ray excess in the°x 1° region around the source, smoothed with a
Gaussian of width 0.06o reduce the appearance of statistical fluctuations. Ttu#rnng
radius is chosen to be approximately equal to the H.E.S.B.(@87; 68% containment ra-
dius) so that resolvable morphological features are \g@silbhe emission appears to be only
marginally extended when compared to the PSF, which is texpin the lower right corner
of Fig. 5.1.

The best-fit centroid is located @jo00= 18"32M38%+ 58, + 5§ystand6 12000= —8°2548" +
72 star+ 12 syst (€ ~ 2329°,b ~ 0.30°) and, consequently, the new VHfray source is
designated HESS J183@84. The pointing precision of the H.E.S.S. telescope aga@’
(Gillessen et al. 2005), which adds an additional systematcertainty. The combined
errors are reflected in the size of the cross in Fig. 5.1. Tlaively poor quality of the fit
(x?/ndf = 1.4) is likely due to contamination of the signal from nearby Wahdor nearby
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Figure 5.1: Image of the VHEy-ray excess (in units ofy-raysarcmin?) from
HESS J1832084, smoothed with a 2D Gaussian with a width- PSH 3 = 0.06°. The
blue-to-red color transition is chosen to reduce the agmear of features which are not sta-
tistically significant. The black cross is located at thetiigposition of the center-of-gravity

of the emission and its size represents the combined statiand systematic errors of the
fit. The position of the pulsar PSR J1832827 is marked by a green square. The inset in the
bottom-right corner shows the H.E.S.S. PSF for this pddrodataset. The bright source to
the southeast is W41.

diffusgunresolved emission and is under investigation. The bedsfitreturns the source’s
intrinsic Gaussian widtlr = 0.04° + 0.01°g5 = 0.02°55;, Only marginally extended beyond
the H.E.S.S. PSFo(= 0.07°).

The diferential energy spectrum is well fit/ndf = 1.0) by a power lawp = ¢o(E/1 TeV) T
with a relatively steep spectral photon indéx= 2.8 + 0.3, + 0.25y5; and a flux normal-
ization at 1 TeV ofpy = (3.5 + 0.7sat + 0.7¢ys) X 1003 cm?s 1 TeV-L. The integral flux
F(> 0.38TeV) ~ 6.7 x 10 cm?s™, equivalent to~0.7% of the Crab Nebula flux in the
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Figure 5.2: Diferential energy spectrum of HESS J18884, extracted from a point-like
region centered on PSR J183B27. The solid line shows the result of a power-law fit,
and the bottom panel shows the respective residuals. The lmars denote & statistical
errors. Events with energies between 0.38 and 10 TeV werkingke determination of the
spectrum, with no constraint on the minimum significancelper

same energy range. The extracted flux data points from thensafginally point-like emis-
sion and the fitted power law are shown in Fig. 5.2.

The spectral analysis presented above has been crossdheskng an independent cal-
ibration of the raw data and an alternative analysis chaiiclnhises the powerfidodel++
method fory-hadron separation (de Naurois & Rolland 2009). The crossichconfirm the
primary results within the stated statistical uncertaisiti The discovery-level significance
is also verified by the cross-check, although a cross-chetikeanorphological analysis is
pending.
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5.6.2 Multi-wavelength

In the field around PSR J183R827, there appears to be weak, point-like, radio emisdion a
328 MHz centered at the pulsar position (Fig. bet). Fitting the radio continuum emission
with a Gaussian confirms its point-like nature with respecthe HPBW (0.019) and
yields a best-fit position of o000 = 18'32M36.8° + 2.25_. anddj000 = —8°27'16" + 34" g
with a position angle of 138+ 90° with respect to the Galactic plane. This position is
compatible with the location of PSR J1832827. The best-fit ellipse is shown in Fig. 5.3
Left, superimposed on an image of the radio continuum emissibe fllix density (integral
intensity)S is measured to be 10+ 7.8 mJ at 328 MHz, and the result has been confirmed
by an independent analysis. The source appears to be raéfadr iw this short-duruation
observation and is, as a resulttfaiult to resolve from the background, which is additionally
non-uniform across the FoV of the observation. The statext & therefore conservatively
large.

The pulsar PSR J183P827 is itself detected at 1.4 GHz (Fig. 9v8ddle) and listed in
the MAGPIS Galactic Discrete 20 cm Source Catalog (Helfaadl 006) as G 23.27199.29805,
with an integral flux density of 4.38 mJ. fuse emission is also seen in the vicinity of the
pulsar and is detected in the MAGPIS Galactid¢f@se 20 cm Source Atlas (Helfand et al.
2006) as G 23.2558).2917, with an integral flux density of 334 mJ over a squaggre
1.7 x 1.7 which encloses the majority of thefflise source but not the discrete emission
from the pulsar itself, which is 1’ offset from the center of theftluse region.



Figure 5.3: Multi-wavelength radio and infrared view in tieinity of HESS J1832084 and PSR J1832827. The FoV of each panel is
approximately ®@2° x 0.22°. In all panels, the green square indicates the location & A8320827. The cyan circles are centered at
the best-fit centroid of HESS J183284 and are equal in size to the H.E.S.S. PSF (68% contaimaéiuis). Left VLA radio continuum
observations at 328 MHz. The white ellipse is centered gptisition of the detected point-like radio source and is enusize to the HPBW

of the observationdMiddle: VLA radio continuum obserations at 1.4 GHz. The white regta shows the region from which afldise radio
source was detecteRight Spitzerinfrared observations at 24n showing an extended infrared structure.
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A first glance at the infrared data froBpitzerat 24um reveals the presence of a bright,
arc-like, extended region of infrared emission (Fig. Righf), coincident with the dfuse
radio emission at 1.4 GHz, the pulsar, and the H.E.S.S. saaatroid.

5.7 Discussion: H.E.S.S. as a TeV PWN

We investigate here whether the VHEray emission observed by H.E.S.S. could be ex-
plained by a leptonic scenario where the observadys originate from accelerated elec-
trons which up-scatter ambient photons to ViiHEay energies via IC scattering (see e.g. de
Jager & Djannati-Ata2008). In this scenario, the VHfzrays of HESS J183284 would
originate in a PWN associated with PSR J186227.

5.7.1 Energetics

An important criterion when considering the associatioradfHE y-ray source with the
putative PWN of a pulsar is the apparefii@encye for converting that pulsar’s rotational
energy into VHEy-rays, defined as

€= 47TD2F0.3_30Tev/E. (52)

Based on the spectral analysis presented in the previousrsdtie extrapolated integral
energy fluxFos s0tev = 1.1x 10712 TeV ent? s, Thus, for the putative association between
PSR J18320827 and HESS J183D84 the requiredféiciency ise ~ 55%, which is consid-
erably larger than thefleciencies found for most confirmed or candidate TeV PWNe (@alla
2007; Gallant et al. 2008, e.qg.), for whiehs 10%. The largest knownfigciencies (Gal-
lant et al. 2008) are 7% for the established PWN HESS J482% of PSR B182313 and
11% for the PWN candidate HESS J1 7320 of PSR J17024128. However, the apparent
efficiency only reflects the trudieiency if it is assumed that the emitting particle lifetimes
are short compared to the evolutionary timescale of the PWall§@t 2007). The electrons
responsible for the VHE/~-ray emission may have been injected during earlier phakes o
the PWN evolution, when the pulsaswas larger; therefore, the apparefit@ency may
overestimate the trudieciency.

5.7.2 Age

While relatively young compared to the population of pulsara whole (median agel @ yr),
PSR J18320827 is older, by a factor of3 or more (see e.g. Kargaltsev & Pavlov 2010),
than most of those pulsars known or suspected to be assbeidte VHE y-ray sources
via their PWNe. The oldest pulsar which is thought to be assediwith a PWN candi-
date is PSRJ19%3011 (and the TeV emission presumably HESS J3902), for which
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7¢(n = 3) = 170000 yr, and a few other cases exist witfn = 3) > 50000yr. Interest-
ingly, PSR J18320827 is one of only a handful of pulsars for which the brakindexn
has been (indirectly) measurad£ 2.5+ 0.9; Johnston & Galloway 1999); nonetheless, the
uncertainty in this parameter remains large and a brakidexmas large as 3.4 can be acco-
modated, which would imply a corresponding characteregie as young as 130 000 yr. It

is also possible that the characteristic agaself substantially overestimates the true age of
the pulsar, e.qg. if the pulsar’s initial spin period was oslightly less than its current value
or if then was larger in the past (Manchester & Taylor 1977).

5.7.3 Particle lifetimes

As a PWN evolves and expands over time, its magnetic fieldgiinea expected to decrease
as a result of the expansion. The lifetime of the TeYay-emitting electrons with energy
Erev is dependent on this decreasing magnetic fig2lgl (de Jager & Djannati-Atia2008) as

1 1
7(E) ~ 100 kyr (5.3)
1+ 051224 VEtev

This suggests that for very weak magnetic fields, the lifetiof these 1 Te\y-ray-
emitting electrons could approaetil00000yr. The steep spectrum of HESS J18B4
also fits this scenario, where higher-energy electrons avbale already cooled, but lower-
energy electrons persist. For example, 0.38 Jedy-emitting electrons could radiate for as
long as~160000yr. Although the magnetic field strength in this casenfortunately un-
known, these patrticle lifetimes are marginally compatibith the age of PSR J183D827.

5.7.4 Size

Since the VHEy-ray source coincident with PSR J1831B27 is observed to be marginally
point-like with H.E.S.S., this sets an upper limit to theesaf the presumed TeV PWN at
~6pc. The size is compatible with that of other TeV PWNe, whildistributed over a
rather wide range of values, from a few parsces to as larges@pc (e.g. Kargaltsev &
Pavlov 2010). However, based on the presumably long paittfetimes ¢10°yr), a larger
extended TeV PWNe would naively be expected, unless the adrgtiffusion speed of the
electrons is restricted to< 60 km s on average, e.g. by a dense ambient medium.

5.7.5 MWL evidence

The firm identification of HESS J183P84 as a TeV PWN depends on the detection of a
PWN at lower energies, e.g. in radio, infrared, or X-rays.

The identification of an extended radio source (e.g. Fig.\Bi&dle) as a radio PWN
hinges significantly on its having a flat radio spectral ingex~ 0 to —0.3) (Gaensler &
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Slane 2006). While diiuse radio continuum emission in the vicinity of PSR J1:83227
and within HESS J1832084 has been detected at 1.4 GHz in archival observations; a d
termination of the spectral index necessarily requires tta flux density be calculated at
several frequencies. Unfortunately, the bulk of the amhiadio data are high-resolution
shapshot observations from Galactic surveys and are unfly not suitable for the de-
tection of difuse emission, althougHferts continue to extract as much information as pos-
sible from the available data. Although the radio source #6828 MHz radio observation
(Fig. 5.3Left) partially coincides with the diuse source seen at 1.4 GHz, the poor resolu-
tion of the observation is not ficient to resolve the discrete emission from the pulsar from
any putative extended emission; furthermore, a compamddhe measured flux density
S(v = 328 MHz) = 10.4 + 7.8 mJ with the ATNF-cataloged flux density (9.4 mJ) at a similar
frequency (400 MHz) suggests that this emission is mostlgaonpletely from the pulsar
itself. Since analyses are still ongoing at 2.7 GHz and 5 Ghizonly evidence at present
for a radio PWN is from the 1.4 GHz observations, and thifude radio source cannot be
differentiated from an H 1l region until, e.g. the spectral inteatetermined.

A quick look at the archival 24m infrared data fronBpitzerhas revealed the presence
of a bright, extended, arc-like structure which is posiéilbyn compatible with the H.E.S.S.
centroid, pulsar location, and thefldise radio source. Infrared emission alu@d is typi-
cally due to stocastically-heated, very-small dust grédrSGs). Point-like objects at this
wavelength are typically very old, cool stars which are sunded by a shell composed of
VSGs, while extended emission is often associated witls gtathe process of forming, i.e.
very-young proto-stellar objects which are still gravaatlly contracting. However, in-
frared PWNe may also emit at this wavelength, as in the case5#.1®.3 (Temim et al.
2010), where 24m emission is visible as aftiise shell just outside of the radio and X-ray
PWNe. A comparison with infrared emission at other wavelesigletected wittSpitzeris
underway to follow up this interesting discovery and its licgttions for the identification of
HESS J1832084 as a PWN.

5.7.6 Chance coincidence

Given the unlikely characteristics (namefy E/D?, andt.) of PSR J18320827 in light
of the current population of known TeV PWNe, we evaluate ttabability that the spatial
coincidence between PSR J188827 and HESS J183P84 is due to a chance alignment.
There are 179 pulsars in the ATNF Pulsar Cataidganchester et al. 2005) for whidh >
9.3x10*ergcn?s, the spin-down luminosity of PSR J1832827, and which are located
within the region surveyed by the extended H.E.S.S. Gal&ttine Survey (Chaves & for the
H.E.S.S. Collaboration 2009), i.e. a Galactic longitddetween-85> and 60 and latitude
b > 3°. Using a binned likelihood analysis, the latitudinal diaition of these pulsars

2y1.40,http://www.atnf.csiro.au/research/pulsar/psrcat
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can be fit (equivalent?/ndf = 37.9/24 ~ 1.6) by a Gaussian with a meanlat= —-0.16°
and width 0.77. The pulsars are then randomly redistributed? iand according to the
Gaussian irb, and it is determined whether or not a pulsar is at a distange0.13 (the
H.E.S.S. PSF plus the statistical uncertainty in the cefjtfoom PSR J18320827; this is
repeated 100 000 times. It is thus estimated that the chanbalplity P that a pulsar within
the H.E.S.S. GPS as energetic as PSR J48827 is by chance spatially coincident with
HESS J1832084 isP = 0.014 or 1.4%. This is considered highly unlikely at th2.4-o
level and, therefore, it is argued that PSR J18B227 is likely to be physically associated
with HESS J1832084.

5.8 Conclusions

The VHE y-ray source HESS J183P84 is detected with a significance ebo0 and the
emission is found to be marginally point-like with respeetthe H.E.S.S. PSF§), in
contrast to the vast majority of Galactic TeV sources. lescaum in the VHE domain is
well fit by a power law with a relatively steep photon indéx 2.8 + 0.3t5:+ 0.25ys. The
integral flux from the source is 1.1 x 10*2cm2s! above 0.38 TeV, equivalent tal% of
the Crab Nebula flux and compatible with an earlier upper Im#asured by the HEGRA
IACT array.

The centroid of the discovered TeV emission is compatiblé wie location of the pul-
sar PSR J1832827. However, the apparent conversidiicency required for the moder-
ately energetic PSR J183@827 to power the~-ray luminosity is~56%, quite large com-
pared to other known TeV PWNe. The relatively old age of thes@ul-10°yr) and its
small size when viewed at TeV energies (similar to the H&.£SF) also challenge the
conventional PWN scenario, as does the lack of a known PWN a&rl@nergies; how-
ever, a comprehensive analysis of archival radio and iefralata reveals the presence of
positionally-coincident dfuse structures which are under investigation. In order itthéu
study this unique source and search for a PWN associated 8ihJP8320827, X-ray
observations witlfSuzakuare pending and dedicated radio observations will be pexhos
Although HESS J1832084 remains formally unidentified, a chance positional cioience
between PSR J183D827 and HESS J183D84 can be ruled out at the2.40- level.



Chapter 6

Discovery of VHE y-ray emission from the
direction of W43

This short chapter presents the H.E.S.S. discovery of wdgnéed VHEy-ray emission
from the direction of the radio complex W 43, which is also arfnsitarburst” star-forming
region. Recently, a Fermi Bright Source was also discovemetheé vicinity. Preliminary
results appears here, with minor changes and updates, asopiy published (reference
below). The introduction and description of the H.E.S.S®s@bpes is omitted since it has
already been presented in Chapters and 1, respectively.

Chaves, R.C.G, Renaud, M., Lemoine-Goumard, M. & Goret, P. (H.E.S.S. Coltaton)
AIP Conf. Series (Proc. of thé™ntl. Mtg. on High Energy Gamma-ray Astronomy),
2008, 1085, 372

Abstract

The extended H.E.S.S. Galactic Plane Survey has resultdteidiscovery of numerous
VHE y-ray emitting sources. One of the most recent discoverig&iSS J1848018, which

is detected with a post-trial significance of over SHESS J1848018 is found to be signifi-
cantly extended with respect to the H.E.S.S. point spreaction (~0.1°) and has a complex
morphology. An extensive search for multi-wavelength d¢egmarts (from radio to X-ray)
has found it to be in the direction of, but slightlyfget from, the star-forming region W 43,
which hosts a giant H Il region (G 30-8.2), a giant molecular cloud, and the Wolf-Rayet
star WR 121a in the main stellar cluster. If HESS J183B3 is indeed associated with W 43,
it would be only the second known case, after WesterldndPVHE y-ray emission asso-

'Recently,Fermi detected a GeV pulsar coincident with the TeV emission oleseby H.E.S.S. in the
direction of Wd 2, which calls into question its previous itication as a star-forming region and suggests a
more standard interpretation as a PWN.

101
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ciated with a star-forming region. We report on the detdilthis new detection, including a
comprehensive analysis of the multi-wavelength data atigr@vailable.

We first present the preliminary results of the observatwinieh resulted in the detection
of HESS J1848018 with H.E.S.S.. We then give an overview of the multi-wewngth data,
which suggest an association between HESS J28248 and the star-forming region W 43.
Finally, we briefly consider a possible hadronic origin foe tVHE y-rays due to cosmic
ray interaction with a giant molecular cloud (GMC) found iretBoston University-Five
College Radio Astronomy Observatory (BU-FCRAQO) Galactic Ringv&y (GRS) of**CO
by Jackson et al. (2006). This relatively high-resolutionvey overlaps a large portion of
the H.E.S.S. GPS region abolle- 18 and has revealed a plethora of molecular clouds
distributed along the plane of the Galaxy. These molecutards are potential counterparts
to VHE vy-ray emitters, since they could serve as target materiatdsmic rays, thereby
producing the VHE photons that are detected from sourcedHkSS J1848018.

6.1 H.E.S.S. Observations & Analysis
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Figure 6.1: H.E.S.S. image, from the extended H.E.S.S.dBal@lane Survey (as of Spring
2008; for more recent images, see Chapter 2), of the cord=tagaificanced = 0.22°) in the
region of the Scutum-Crux spiral arm tangdnt 33° + 3° (Vallée 2008)). HESS J184818
is in the center of the image.

The region of interest (see Fig. 6.1) was first targeted dutive original H.E.S.S. GPS
(Aharonian et al. 2006d). A hotspot of excess ViHEays was detected, and the region was
then scheduled for additional targeted observations inua&ug007. The combined data set
was processed using the standard Survey analysis (a rikgdoand region with a radius
of 0.8 and hard cuts, which require a minimum of 200 photo-elestqmer shower image
for y-ray selection), as described by Aharonian et al. (2006atg @ with a larger on-source
region of radiug.; = 0.3, which is better suited to this very extended source. An &xce
with a pre-trial significance of over & was discovered at,(b) ~ (31.0, —0.16), namely
HESS J1848018.
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Figure 6.2: H.E.S.S. image of the Gaussian-smoothied ©.30/ V3 = 0.17°) y-ray excess
(in units ofy-ray arcmin2) centered on HESS J184818, whose peak significance reaches
over 9o (pre-trials). The black circle denotes the source’s isidmms size of 0.32 0.02,

the white dashed circle denotes the°Or&dius region used for spectral analysis, and the
white dashed line indicates the location of the Glactic plafhe black cross represents the
approximate uncertainty in the source centroid. The locadf WR 121a is marked in green
while the recently discoverdeermiBright Source OFGL J1848-®138 (Abdo et al. 2009b)

is marked in magenta, with the size of the circle represgritie uncertainty in the source
position (95% confidence level). The bright VHEray source, HESS J184629, in the
bottom-right is the supernova remnant Kes 75 (H. E. S. S. Gotktion: A. Djannati-Atai

et al. 2007).

After selecting only runs with 4 telescopes which also phssstandard quality criteria
(in order to remove dataffected by variable weather conditions or hardware issuks), t
data set has a live-time ef50 h at the position of HESS J184818. Two independent data
analyses, namely the Hillas (Hillas 1985) and Model Combif®dnethods, were used to
generate sky maps and spectra. Both analyses give consesetis. In the following, only
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Figure 6.3: Diferential energy spectrum of HESS J18888 between 0.9 and 12 TeV.
The coordinates (J2000) of the spectral extraction regrencantered on the fit position,
(I, b) ~ (31.0, —0.16), and the extraction region has a radius of°0.9he data points
are fit with a power law with photon inddx = 2.8 + 0.2 and a normalization at 1 TeV of
(3.7 + 0.455) x 10°2cm?st TeVL. Its integrated flux above 1 TeM2 x 107*2cm2s™,
corresponds to roughly 8% of the flux from the Crab nebula. Biseduals are also shown
in the bottom panelErratum The originally published integrated flux value was incotre

those obtained with the Hillas method are shown. Sky mamgs(lB.1, 6.2) were produced
with the Ring Background method for background subtractidmilenthe spectrum (Fig. 6.3)

was generated using the Reflected Region Background methode(Bewg. 2007). The

discovered excess was found to be significantly extendddre#ipect to the H.E.S.S. point
spread function+0.1°), with an intrinsic rms size of .82 + 0.02, after fitting the excess

with a 2-dimensional Gaussian.
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Figure 6.4: Left BU-FCRAO GRS velocity-integrated (85 to 95 knisimage of*CO
emission centered on HESS J18488. H.E.S.S. significance contours are overlaid in white
at 5, 7, and 9 (pre-trials). The position of WR 121a is marked by a cyan gianRight
Velocity profile of 3CO intensity, integrated over the region delineated by thitendguare

in the left panel. The red curve represents the canonicaldBalrotation curve according to
Fich et al. (1989) at the position of HESS J18488. The velocity range used to produce
the image on the left corresponds to the blue, dashed region.

6.2 Search for Multi-wavelength Counterparts

6.2.1 WR121a

While searching multi-wavelength catalogs, from radio teaX; in the vicinity of HESS J1848)18,
no obvious counterparts were initially found. For exampiere are no energetic pulsars
(Manchester et al. 2005) nor supernova remriaf8dIR) (Green 2006) within 035 How-

ever, upon inspection of thell " Catalogue of Galactic Wolf-Rayet Stafgan der Hucht
2001), WR 121a (also W 43 #1) was found gt = (30.77, —0.03), offset from the cen-

troid of HESS J1848018 by~0.2 but well within its region of extended emission. WR 121a

is located at a distance ef5.3 kpc (van der Hucht 2001) and is spectrally classified & th
WN7 subtype, characterized by extreme mass loss rates (Blaiml&99). Its spectrum also
hints at the existence of a possible binary companion, ithduobservations are needed to
confirm this.

2see theATNF Pulsar Catalogueversion 1.33, available atttp://www.atnf.csiro.au/research/

pulsar/psrcat
3see Green'Satalogue of Galactic SNRavailable ahttp://www.mrao.cam.ac.uk/surveys/snrs
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6.2.2 W43

A more detailed search at the position of WR 121a reveals itadsociated with the promi-
nent star-forming region W 43 (Russeil 2003), which is opiycabscured but visible in the
radio as the Giant H Il region G 30-8.2 (see e.g. Liszt et al. 1993) as well as in the in-
frared, e.g. wittMidcourse Space ExperimérfMSX) observations and in thgpitzer Space
Telescops Galactic Legacy Infrared Mid-Plane Survey Extraordiea(GLIMPSE). The
near-infrared observations reveal three separate dussemisources in the dense, young,
stellar cluster at the center of W43 (Blum et al. 1999). Twolwfse sources have been
identified as O-type supergiants, while the third has beentified as the aforementioned
WR121a. The W43 star-forming complex is located along thetetCrux spiral arm
tangent at a distance of 6+20.6 kpc (Russeil 2003).

6.2.3 Molecular Clouds

In addition to hosting WR 121a and the Giant H Il region G3@&2, W43 also con-
tains ~10° M, of molecular gas (Liszt 1995) which can be seen in BU-FCRAO GRS ob
servations of thé3CO line. This GMC is evident on a velocity-integrated (85 tck@bs)
image of'3CO emission centered on HESS J1808&8 (Fig. 6.4). The average kinematic ve-
locity corresponds to a distance-@5 kpc, when adopting a standard Galactic rotation curve
(e.g. Fich et al. 1989). The GMC is quite extended, with araagpt size 0~0.5’, and its
centroid is spatially coincident with, butfeet (~0.3’) from, the centroid of the extended
VHE y-ray emission from HESS J184818.

Dense GMCs can provide afffective target for cosmic rays, which can produce VHE
y-rays fromn®-meson decays followingp collisions in the ambient gas of the cloud (Aha-
ronian 1991). The spatial coincidence between HESS JA@UB and the entire W 43 star-
forming region, including the GMC, has prompted an on-goind a-depth look into a
variety of potential models which might account for the alisd VHE y-ray emission, as
well as the @fset between W 4BWR 121a and the centroid of HESS J18488. A similar
offset is also observed between the position of the massive-Réjét binary WR 20a in
Wd 2 (Aharonian et al. 2007b) and the VHEray emission believed to be associated with
this young stellar cluster.

6.3 Conclusions

The H.E.S.S. IACT array is veryflicient at revealing new, faint, and extended sources of
VHE y-ray emission. Among them, HESS J184A8 is noteworthy in that it is quite ex-

4available ahttp://irsa.ipac.caltech.edu/data/MSX
Savailable ahttp://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE
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tended (with an rms size 0.3°), it is located in the direction of the Scutum-Crux spiral
arm tangent, and it appears to be associated with the starAg region W 43, which en-
compasses the Giant H Il region G 3682, the Wolf-Rayet star WR 121a, and a GMC.
The association with W 43, if confirmed, would make HESS J1848 only the second
known VHEy-ray source to be associated with a star-forming regioer &d 2 (Aharonian
et al. 2007b). Additional observations in the region arotti€SS J1848018 are under-
way in 2008, which could help better resolve the true morpgplof the source. While
the observed source extension argues against a singlersfiarof the observed VHE-ray
emission, the emission scenarios which may account foMHIE y-ray emission are still
under investigation.
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Chapter 7

Deep TeVy-ray observations of the youngest
Galactic SNR G 1.9+0.3 with H.E.S.S.

This focus of this chapter is on potential VHEray emission from the unique supernova
remnant G 1.90.3, recently identified as the youngest in the Galaxy, andlioh H.E.S.S.
has significant exposure due to the Galactic Plane Surveycdsérvations of the nearby
Galactic Center. A paper based on this chapter is currentlgrgparation:

Abramowski, et al. fI.E.S.S. Collaboration

in preparation

Abstract

Context The age of the shell-type supernova remnant (SNR) 6A.®was recently de-
termined to be onlyw150yr, establishing it as the youngest SNR discovered irGlaxy.
SNRs represent one of the most prominent classes of verydmghgy (VHEE > 0.1 TeV)
y-ray sources, but little is known about the potential ViEay emission from SNRs in such
an early stage of evolution.

Aims The goal of this chapter is to investigate whether or not SNR%0.3 emits VHE
v-rays at a level detectable by the current generation of iimgagtmospheric Cherenkov
telescopes (IACTs) and to combine multi-wavelength obsema with observations in the
VHE domain to constrain the physical properties of G:DSB.

Methods The H.E.S.S. IACT array has deeply observed the region afkharound G 1.80.3
over a more than six-year period spanning 2004-2010, kadyed to the H.E.S.S. Galactic
Plane Survey’s extensive and continuing coverage of thebgdaalactic Center, itself well-
studied in the VHE domain. Standard VHEay analysis methods are performed in order
to determine the level of VHE-ray flux detected from G 1490.3. The flux (or upper limit
thereof) can then be compared to other MWL observations oStHR and to theoretical

109
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expectations.

Results Unprecedently deep observations of SNR GtD.8 with the H.E.S.S. array have
resulted in a conservative measurement of the upper linkit 989% confidence level) to the
integral VHEy-ray flux above 0.26 TeV of.3x 10 13cm2s%, equivalent to~0.15% of the
Crab Nebula flux (o~1.5 mCrab) in the same energy range and assuming a speceal ind
I'=25.

ConclusionsDespite H.E.S.S.’s exceptionally long exposure of G-0.8, the young SNR is
not found to be emitting an appreciable amount of VJ4Eys in its current phase of evolu-
tion, in agreement with both hadronic and leptonic modealpésticle acceleration in SNRs.
The resulting UL allows certain SNR properties to be coms¢i@d, in particular its distance,
which is found to be larger thanb.7 kpc if one assumes a hadronic scenario for particle ac-
celeration. Predictions for the expecteday flux suggest that a detection of SNR G403

in the VHE domain will also require deep observations witnfiiture, next-generation CTA
Observatory.

7.1 Introduction

Supernova remnants (SNRs) represent the aftermath of thent/end final stages of stellar
evolution, where fast-moving ejecta propagate outwarchftbe center of the supernova
explosion, in the process sweeping up and shocking the amimatter. Observations of
SNRs in the very-high-energy (VHEE > 0.1 TeV) y-ray domain are especially important
because these shock waves are thought to be sites of cognficRa acceleration (see e.g.
Drury et al. 1994).

Current catalogs of SNRs (Green 2009) are unfortunately ipbetay they stfer from
observational selectiorffects which have made itfiicult to detect faint SNRs close to the
Galactic Center (GC) as well as young but distant SNRs (see egn@991). In 1984, ara-
dio survey using the Very Large Array (VLA) at 4.9 GHz seaxtha some of these missing
SNRs and discovered G %0.3 (also G 1.8¥0.33), identified as an SNR based on its shell-
like morphology and non-thermal radio emission. G:3 was found to have a surface
brightness ~ 7 x 1002°Wm2Hz tsr? (at the reference frequency of 1 GHz) (Green &
Gull 1984), less than those of Tycho and Kepler's SNRs, butifsogintly larger, by a factor
of ~20, than that of SN 1006. Its steep radio spectral index wasddo be comparable with
that of other known shell-type and historical SNRs. The Ve in the intensity of the
radio emission around the nearly-circulad’-diameter shell was reminiscent of Kepler’'s
SNR (Green & Gull 1984). G 1.3 had the smallest angular size ever measured for a
SNR, already suggesting a young agé0® yr andor a far distance. It was first included in
Green’s Catalogue of Galactic Supernova Remnants in 1998.

Recent studies have identified G £®3 as the youngest supernova remnantin the Galaxy,
using observations at both X-ray (Reynolds et al. 2008) adib r@reen et al. 2008) wave-
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Figure 7.1: A composite image of X-ray (orange) and radiadpbldata from NASAs
Chandra X-ray Observatorgnd the NRAO Very Large Array, respectively, showing SNR
G 1.9+0.3. These images are overlaid on a 2MASS infrared imagehwgtiows stars in the
vicinity (yellow and white). Credit X-ray (NASA/CXC/NCSUS. Reynolds et al.); Radio
(NSHNRAOQO/VLA /Cambridg¢D. Green et al.)

lengths (Fig. 7.1). The&Chandra X-ray observations permit a measurement of the col-
umn densityNy, which suggests G 149.3 lies close to the GC at a distance~&.5 kpc
(Reynolds et al. 2008). Although there is still uncertaimythis distance estimate, it is a
significant improvement over the estimate~0f32.8 + 13.1 kpc obtained using thE — D
relation (Case & Bhattacharya 1998). This distance estimatddisuggest that the SNR
actually lies outside of the Galaxy, demonstrating thatitiheD is unreliable for the case
of SNR G 1.9-0.3. The new distance estimate, combined with the increaaegular size
observed from 1985 to 2007-2008, implies a mean physicalsaaf ~2 pc and a mean
expansion velocity o£12 000 km st. It also allows an age 6f150 yr to be determined, al-
though the true age may be lower if the SNR shock wave waveridergone deceleration.

With a putative age of150yr, this young, shell-type SNR can serve as a unique as-
trophysical laboratory for investigating the multi-waeegth (MWL) properties of young
SNRs. Observations infllierent energy regimes can provide valuable information Gierdi
ent aspects of the structure and evolution of SNRs. Numeilweistype SNRs have been
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observed to emit VHE-rays, including RXJ1713:73946 (Aharonian et al. 2007c), Vela
Junior (Aharonian et al. 2007d), RCW 86 (Aharonian et al. 2p08cd the two historical
SNRs Cas A £300yr old Aharonian et al. 2001) and SN 1006 (1006 yr old Acetral.
2010a). A preliminary detection of a third historical remtd’ycho’s SNR (440 yr old), has
also been recently announced (VERITAS). However, it is nbkpewn whether an SNR as
young as G 1.80.3 would emit VHEy-rays already at such an early stage of its evolution.
This chapter presents a thorough overview of the MWL obsemsitof G 1.9-0.3, in-
cluding an analysis of deep observations performed by HE&hd a comparison with both
previous upper limits (ULs) in the VHE-ray domain and with theoretical predictions.

7.2 Multi-wavelength observations

7.2.1 Radio observations

SNR G 1.9-0.3 has been observed in the radio domain numerous timesdiigrent in-
struments and at multiple frequencies (e.g. Green & Gull4iZ®onematkermani et al.
1990; Becker et al. 1990; Gray 1994b; Kovalenko et al. 1994;dlas et al. 1996; Con-
don et al. 1998; LaRosa et al. 2000; Yusef-Zadeh et al. 2004 Btoal. 2004; Green et al.
2008; Reynolds et al. 2008; De Horta et al. 2008nt&z & Rodrguez 2009), even before
its identification as an SNR (Clark & Crawford 1974; Caswell etl8l75; Altenhdf et al.
1979; Douglas et al. 1980; Reich et al. 1984). These mulgjtieacy radio continuum ob-
servations can be used to constrain the SNR'’s radio speottek, although care must be
taken to use observations which are approximately conteanpous since many of the flux
density measurements are not consistent. The latest de&tion of the spectral index is
as = 0.62+ 0.06 (Green et al. 2008). Furthermore, a comparison of sifiglgiency ob-
servations from dferent epochs has demonstrated that GQ.9's brightness is increasing
as it ages (Green et al. 2008). A study using observatioms 6 epochs from 1988 to
2007 at the same frequency (843 MHz) and using the same dplegtMolonglo Observa-
tory Synthesis Telescope; MOST) has shown the flux densibetocreasing at a rate of
1.2252%6 yr !, suggesting that the SNR has been undergoing magnetic fightifization
during this period (Murphy et al. 2008).

One of SNR G 1.90.3’s rare properties is that the brightness of the radissiomn from
its shell is bipolar in nature, a property which only a hahdaftiSNRs share, including
SN 1006 (Fulbright & Reynolds 1990). This bipolar symmetryparticularly strong in
G 1.9+0.3 (Fig. 7.1), suggesting that the processes which prodeleévistic particles in
the SNR are themselves asymmetric (Fulbright & Reynolds 199bis would have obvi-
ous implications for the distribution of any related VHEay emission from the SNR shell,
but unfortunately the current size of the SNRL(2) and the angular resolution of current-
generation IACTs like H.E.S.S~§’) precludes any morphological studies.
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In addition to the radio continuum observations, obseovatiof specific radio emission
lines have also been performed. Observations of the H | 21rmimseon line toward SNR
G 1.9+0.3 did not reveal the presence of a high-velocity H | shebdk& Heiles 1991).
Such shells are expected only for older SNRs, e.g. those ipriéssure-driven snowplow
phase, and its non-detection in the case of G-Q.9 is consistent with early estimates of the
SNR’s age (400-1000 yr Green & Gull 1984) as well as recennestis ¢150yr, e.g. Green
et al. 2008). Additionally, a signal from the 1720 MHz emissline typically attributed to
a hydroxyl OH(1720 MHz) maser was observed; however, thegmee of a maser was not
confirmed by follow-up interferometric observations, sesfing that the emission is thermal
in nature and comes from extended, heated gas with a teapefi< T < 40K (Green
et al. 1997).

7.2.2 Infrared observations

Since the interstellar medium (ISM) is optically thin in tinérared (IR), observations in this
energy regime are able to detect thermal emission from SN&s &uJarge distances and in
areas of the Galactic Plane which are otherwise obscurgdi@ar the Galactic Center. The
IR emission (radiation losses) from dust grains which arepwip by an expanding SNR,
or which condense out of SNR ejecta, may be large enougffigctdéhe rate at which a SNR
evolves (Dwek 1981; Graham et al. 1987). However, radidtigses in the IR appear to
be negligible in the case of G }9.3, which was not detected in the IR during two surveys
of Galactic SNRs by thénfrared Astronomical SatellitdRAS) (Arendt 1989; Saken et al.
1992). Upper limits to the IR flux density were set at 2.0 Jy/i2, 1.8 Jy (25um), 45.0 Jy
(60um), and 270.0 Jy (100m) (Arendt 1989). The total IR flux was found to be less than
7.7x10°%ergs*cm2 (Arendt 1989).

7.2.3 X-ray observations

SNR G 1.9-0.3 was first detected in the X-ray domain by thR8 CA Observatorgluring

a survey of the GC region and cataloged as AX J17437D9 (Sakano et al. 2002). It was
observed several times from 1995 to 1999 in the 0.7—10 ke beaflux Fx was found to be
30x 10 3ergcnt?st and, although not resolved dueASCAs limited angular resolution,
its apparent size in X-rays was constrainectd.5’, in agreement with its size in the radio
(Sakano et al. 2002). The hydrogen column denbltywas estimated to be very high,
~ 10x 10?2cm?, ruling out a close distance.

More recent X-ray observations with ti@handra Observatorjrave resolved the shell-
like structure of G 1.90.3 (Fig. 7.1) and provided the first evidence for the SNR’saegmon
after X-ray images were compared to radio images taken 18iee(Reynolds et al. 2008).
The observations have also allowed a more accurate measotr@ithe column density,
5.5 x 10%?cm 2. The X-ray spectrum is featureless and well-described bynatsotron
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model with an exponential cutfo(Reynolds et al. 2008). With a purely synchrotron spec-
trum in the X-ray domain, G 1:£0.3 belongs to the smalh(= 5) class of X-ray-synchrotron-
dominated SNRs.

7.2.4 VHEy-ray observations

The HEGRA system of stereoscopic IACTs was the first to obseNR & 1.9+0.3 in the
VHE vy-ray domain during its survey of the Galactic plane (Ahaaonet al. 2002). The
SNR is not visibile at favorable zenith anglesA) from HEGRA' location in the north-
ern hemisphere (Canary Islands, Spain); however, they didrab it for a very short du-
ration of 1.0 h with a minimum energy threshold of 4 TeV. Theay signal had a statis-
tical significance of-0.20-, and an upper limit (UL; 99% confidence level) was reported,
F(>4TeV)=190x 10 cm?s?, equivalent to~8.7 CraB.

Further observations with the current-generation IACT B.BE. have also been performed
and are presented in the next section.

7.3 H.E.S.S. observations and analysis methods

For more information on the H.E.S.S. telescope array, ez Chapter 1.

Due to deep exposure of the nearby Galactic center (GC) regtoraway (Aharonian
et al. 2004), an unprecedented 219 h of H.E.S.S. obsergaiiwa-time) are now available
within 3.0° of SNR G 1.9-0.3 in the H.E.S.S. Galactic Plane Survey dataset (Chaptéh2)
observation dates span a six-year period from March 200drte 24010 and use the standard
guality selection (Aharonian et al. 2006a) to exclude olet@yns performed during poor or
variable weather conditions. This dataset is one of theekrgver used to search for a VHE
vy-ray signal from a source candidate.

The extensive dataset permits very strict data qualitycsel® for example, since many
of the observations are centered near the GC itself andfisigmily ofset from G 1.90.3,
only those centered within I.6f G 1.9+0.3 are retained, in order to reduce the mean angular
offset and avoid any potential systematiieets due to G 1:80.3 being in outer regions of an
overlapping H.E.S.S. FoV. The dataset is further resttitdebservations which use the full
4-telescope H.E.S.S. array, such that the final live-timt@tlataset amounts to 68 h and has
a mean @set~1.2°. The relatively small meaéi;a= 20° also results in a correspondingly
low minimum energy threshold of 0.20 TeV for individualays and a threshold of 0.26 TeV
for the cumulative analysis.

The flux UL reported by Aharonian et al. (2002) was normalimethe Crab Nebula flux measured by
HEGRA. It has been rescaled to the Crab Nebula flux currengigsured by H.E.S.S. (Aharonian et al. 2006a),
in order to facilitate direct comparisons.
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Gamma-hadron separatiq€hapter 1) is performed with the Hillas method (Hillas 1985)
andstd cuts which require each extensive area shower (EAS) image te hAavntegrated
intensity of at least 80 photoelectrons (p.e.) in order fdo ibe be included in the dataset.
Compared tdhard cuts(200 p.e.), this relatively loose requirement allows thgusion of
fainter EASSs, in order to probe the lower-energy part of ti#Ey-ray spectrum. The time-
dependant optical response of the IACT system was estimabed the Cherenkov light
created by single muons passing close to the telescopesZBody).

Thereflected background meth@Berge et al. 2007) was used to measure the flux from
ana priori determined test region (ON region) which was positionedhatapparent SNR
center as observed in radi®sogo = 17'48"45%, 6000 = —27°10 (Green & Gull 1984). Since
SNR G 1.9-0.3 has a diameter 6f1’ when observed at both radio and X-ray wavelengths,
and since the H.E.S.S. PSF (68% containment) is much laxdér diameter), the test region
from which the signal was measured (ON region) was definedmsla with radius 0.1, the
standard size used to search for point-like sources with$4SE. Both ON and background
(OFF) regions are identical in size and have identi¢Bdais from the camera center, such
that they are fiected by the radially-varying-ray acceptance in the same manner and are
therefore appropriate for spectral analysis. Nearby regwath known VHEy-ray emission,
including the dituse emission near the GC, were excluded from OFF regions &r ¢od
avoid contaminating the background estimation.

7.4 H.E.S.S. results

7.4.1 Upper limit

Despite a deep exposure, no statistically-significant \jHfay emission is detected from a
point-like region coincident with SNR G 149.3. The analysis uses events ranging in energy
from 0.20 TeV to 51 TeV. The number of ON events, = 1240, the number of OFF events
Norr = 35015, and the ratio of the OFF to ON region areas?g (@ = 0.036). There is thus

a negative excess 6f33.5y-ray events, resulting in a statistical significance-0t9¢ (Li

& Ma 1983).

The results can be used to derive an upper limit (UL) to thegral VHE y-ray flux F
above a given energy threshdig, with a 99% confidence level (CL; Feldman & Cousins
1998). This derivation requires an assumption on the s@uspectral slope (photon index;
I'). Figure 7.2 shows the dependencyF> E;) on Egy, beginning with the minimum
energy threshold of 0.26 TeV and assuming a Crab Nebulafiketsal index” = 2.5. In
this case, the upper limit is found to BE > 0.26 TeV) < 2.5 x 10 ¥ cm? s, equivalent
to 0.15% Crab or 1.5mCrab in the same energy range. In prathiess is only a weak
dependence on the assumed spectral index; for exampleniagdt = 2.0 lowersF(> Ey,)
by ~19% while assumin@’ = 3.0 increases$ (> Eg) by ~16% (with respect to assuming
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SNR G1.9+0.3: Upper limit
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Figure 7.2: Integral flux upper limits (ULs) from a pointdikregion centered on SNR
G 1.9+0.3, as a function of energy threshdtdn the VHE y-ray domain.

I'=25).

The spectral analysis has been cross-checked using theatite Model++ method for
v-hadron separation (de Naurois & Rolland 2009) as well as dapendent calibration
of the raw data and quality selection criteria. The resgltipper limit is a less stringent
F(En > 0.26 TeV) < 7x 10 cm?s™t. This diference is being investigated and may be
related to the negative significance of the signal measufréd:annot be resolved, the more
conservative value will befficially adopted by H.E.S.S.. In the meantime, the prelimjnar
value found with the primary analysis is used throughou thiapter.

7.4.2 Comparison with previous upper limits

In order to compare the newly-derived VHEray flux UL to that first reported by HEGRA,
the H.E.S.S. UL is derived above the same energy threshdtE&RA and assuming an
indexI" = 2.5. The H.E.S.S. UL is thuB(Ey, > 4 TeV) = 2.2x 10 cm2s?, equivalent to

1% Crab. Compared to the early HEGRA UL of 8.7 Crab (spectral imdsyumed unknown),
the new H.E.S.S. UL is nearly four orders of magnitude lowore stringent). This signifi-
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cant improvement in sensitivity is not surprising since 1%.5. has a superior sensitivity and
since the live-time has also increased by a factor 4.

The first H.E.S.S. survey of the inner Galaxy+30°; Aharonian et al. 2006d) also pro-
vided an rough estimatef the UL to the integral flux above 0.20 TeV in the latitudirahge
|b| < 1.5° and averaging over all longitudes surveyed.

The earlier 2004 dataset has a live-time of only 25 h at th&ipnsof SNR G 1.9-0.3,
using the same quality selection described in the previesian. A re-analysis of this
limited dataset, again using the same procedure describibe iprevious section, results in
an upper limit (99% CLF (Ey > 0.26 TeV) < 4.8 x 103 cm2?s2, equivalent to 0.3% Crab
(3 mCrab) in the same energy range. Therefore2 &-fold increase in live-time has resulted
in a flux UL which is approximately two times lower (more sgant).

7.5 G1.9+0.3 in the context of VHE y-ray emission scenar-
l0S
7.5.1 Hadronic scenario

The H.E.S.S. UL on the-ray (E > 0.26 TeV) flux from G 1.9-0.3 can now be compared
to predictions of the/-ray flux. In any putative hadronic interactiong, mesons would be
created when cosmic-ray (CR) ions accelerated in the SNRieodlith the ambient thermal
gas, producing-ray photons during the resulting decay. Drury et al. (1994) (hereafter,
DAV94) predict the expecteg-ray luminosity above 100 MeV from such a hadronic inter-
action, which can then be scaled as follows to the H.E.S.&ggrrange after taking into
account the observed parameters of G-0.3.

Standard first-order Fermi shock acceleration in the tegicpa limit predicts a syn-
chrotron photon indexs = 0.5 for strong shocks, although steeper indices are typically
observed in young (historical) SNRs. In the case of G-0.8, Green et al. (2008) mea-
sureas = 0.62 + 0.06 using contemporaneous radio observations at 1.45 a6d>H& and
assuming the flux density scales with the frequenaoyas

S oy, (7.2)

This value agrees well withs = 0.65 + 0.02 inferred by Reynolds et al. (2008) based on
a model fit of X-ray observations wit@handraand under the assumption that the radio
flux originates from the same population of electrons thadpces the X-rays flux, i.e.
as is the radio-to-X-ray photon index (before steepening)owver, some archival radio

2N.B.The point-source sensitivity in Aharonian et al. (2006d¥weported for a 6.3 detection, compared
to the 99% confidence levels (2r) used in this paper.
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observations exhibit steeper indices, see e.g. LaRosa €04l0), which are diicult to
reconcile.)

The synchrotron index is an important observable paransatee it is related to the-
ray production rate via the parent CR momentum distributio8MNRs, which is assumed to
follow

f(p) o p~. (7.2)
For extreme relativistic energies, the CR particle momenhdax

ap = 205+ 3. (7.3)

Scaling appropriately Eqns. 6—9 of DAV94, the expeatedy flux is then:

. J(_BEATeV) V(B By \(d )
F(> B) » 44x10° (%(> 100 MeV) (TeV) ’ 10°*erg/\ kpc (

) cm st

(7.4)
wheregq, is they-ray emmisivity normalized to the CR energy densitys the fraction of
total supernova (SN) explosion eneigyy which is converted to CR energyijs the distance
to G 1.9+0.3, andhis the hydrogen atom density of the interstellar medium (JSAdlopting
ap = 4.2 givesq,(> 1 TeV) = 4.9 x 10 andq,(> 100 MeV) = 0.58 x 10~ (from values
tabulated in DAV94) and implies that thefi#irential energy spectrum inside the SNR scales
roughly asE—22.

Direct measurements of the ambient gas density around4®B%re unfortunately com-
plicated due to its proximity to the GC, where measurementseH | 21-cm line become
saturated due to the strong radio continuum emission fr@rG@ region. Measuments of
molecular matter iR?CO are also hindered by the prohibitively large kinematitagise am-
biguity close to the GC. However, the ambient gas densitgn be estimated by assuming
that the SN that produced G %0.3 was of Type la, which, although not certain, is supported
by the high inferred shock velocity = 12 000 km s* (Green et al. 2008), the absence of a
visible pulsar wind nebula (PWN) at the center of the SNR, aadtlateral symmetry of the
X-ray synchrotron emission and spectrum (Reynolds et al8R0d0the temporal evolution
of the forward shock velocity follows a Type la model expatenprofile (Dwarkadas &
Chevalier 1998), then an ambient density 3.6 x 102 cm~3 matches the SNR’s inferred
v and aget = 150yr (Green et al. 2008), for a distande= 8.5kpc, Esy = 10°terg, and
ejecta mas$/e; = Mch. This density is roughly consistant with the hot phase ol &t and
similar to values found for other SNRs (McKee & Ostriker 1977)

The expected-ray flux above the same energy threshdd>(0.26 TeV) as the H.E.S.S.
observations, is then

cnm3

2 2
F(E > 026 TeV)~ 05 x 10" ( . 05) 5500 =) ems (7.5)
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equivalent to 0.03 mCrab, adopting a rough estimate for thecfmefficiency,d = 0.05.
This is significantly lower than even the new, stringent, I3.5. UL of 1.4 mCrab, here
calculated assuming a photon indéx= 2.2 for direct comparison. However, it must be
noted that there are non-negligible uncertainties in mdlyeoparameters which lead to this
prediction, not the least of which is the unknowfi@encyd and the large dependency on
the distancel (itself assumed for many of the other parameters suchaelt). Still, it is
clear that unless the SNR is significantly closer than the &Cuflikely possibility due to
the large column densityy observed in X-rays; Reynolds et al. (2008)), the expegtealy
flux lies well-below the sensitivity of current-generati®CTs and thus remains a challenge
for the future CTA (Cherenkov Telescope Array) ObservatoryXCbnsortium 2010).

The H.E.S.S. UL can be used to calculate an upper limit tortit@ent gas density around
G 1.9+0.3 based on the above flux prediction, such tiatc 8.5 x 102cm 3. Due to the
SNR'’s age and shock velocity, it is safe to assume that itligrsthe free expansion phase
of SNR evolution and has not yet reached the Sedov-Tayl@glhe onset of which would
be nominally associated with affieiencyd ~ 0.1. This leads to a loose UL on the ambient
densityn < 8.5 x 10~ cm2 which is in agreement with the density derived above using
the exponential ejecta profile of Dwarkadas & Chevalier (399%his in turn can be used
to estimate an UL on the mas4s, swept-up by the SNR. Since the shock velocity is very
high and the SNR is very yound)s,, must be much less than the SN ejecta nigswhere
Mej ~ 1.44 M, for a Type la SN. If the SNR is spherically symmetids,, < (4/3)rr3nmy,
wherer = 1.9pc is the current radius of the SNR amg is the mass of a Hydrogen atom
(proton). This suggests thit,,, < 0.6 My, compatible with a Type la scenario.

Recently, hadronic predictions ferray emission from G 1:80.3 have been revisited by
Ksenofontov et al. (2010) in the framework of the non-linkeuetic theory of cosmic ray
acceleration in SNRs, under the assumption that &A.®is the result of a Type la SN
near the GC. This framework also incorporates the gas dymaafithermal plasma, and
assumes that the plasma physics responsible for the tehgepandence on the magnetic
field amplification can be extrapolates to such an early exmnary phase (Ksenofontov
et al. 2010).

Ksenofontov et al. (2010) find that the best model-fit suggens SN is current 80 yr old,
compatible with the 150 yr upper limit determined assuminglaceleration has occurred.
This recent model predicts a VHEray flux F(E = 0.26 TeV) = 9x 10 Tev-tcm2s,
approximately three orders of magnitude lower than the i&E.ULF(E = 0.26 TeV) <
1.2x 102 Tevtcm?s? (99% CL; assuming” = 2.2). Furthermore, Ksenofontov et al.
(2010) note the strong dependence of this prediction onittarte

F o dt (7.6)

which arises since the flux is not only proportional to thdaatise, but also to the column
density, shell radius, and velocity, which are themsel&s @ependent on the distance. This
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allows the H.E.S.S. UL to be used to constrain the distan&Nfe G 1.9-0.3 tod > 5.7 kpc
at a 99% confidence level, ruling out nearby distances.

7.5.2 Leptonic scenario

The VHE y-ray UL can also be compared to predictions from a purelyoleipot particle
acceleration models as well. For this comparison, a siredlifine-zone synchrotron self-
Compton (SSC) model (e.g. Aharonian et al. 1997) is adoptedyevblectrons are accel-
erated after inverse-Compton (IC) scattering on the cosmacawave background radia-
tion (CMBR) and nearby radiation fields. The interstellar cgdtiand infrared radiation
fields (ISRFs) in the vicinity of the GC are considerably str@nthan those in the solar
neighborhood and are adopted from recent estimates byrRartd. (2006). In particle
the energy density of infrared radiation & 248um; E = kT = 0.005eV) from dust
scattering is~1.3 x 10° eV m~3 while the energy density of optical radiation £ 620 nm;
E = kT = 2.0eV) from ambient starlight is 8 x 10° eV m3 (Porter et al. 2006).

The electron spectrum is assumed to follow a power law witexgonential cut-fiy

Qe(E) = QoE e &/Fm= (7.7)

where the electron luminosi®,, the electron spectral indéx and the electron exponential
cut-of energyE. ot are adjustable parameters in the model. HoweverCtendraX-ray
observations of G 1:00.3 can be used to determine the electron ¢tieoergy (Reynolds &
Keohane 1999) since

Ecutar = 39E./2 .B2/* TeV (7.8)

rolloff

whereE,q o 1S the roll-df energy of the fitted synchrotron X-ray photon spectrum Bagd
is in units of 1QuG. Thus an energi..or = 94 TeV is adopted as in Reynolds et al. (2008).
The synchrotron emission is then calculated based on tlienessmagnetic field.

The SSC model is fit to the broad-band spectral energy disioib (SED; Fig. 7.3)
of SNR G1.90.3 assumingd = 85kpc. The parameters are adjusted in order to fit
the radio and X-ray measurements of SNR G-0.8 as well as UL constraints in the in-
frared and VHEy-ray domains. The best fit is obtained for the following pasters:
Qo = 4x 10%2ergs?, 6§ = 2.3, Ecur = 94 TeV, andB = 10uG; however, these values
do not represent a unique solution and other combinatiompeassible. Furthermore, the
H.E.S.S. UL appears to contradict the prediction for IC arois in they-ray regime. A
stronger assumed B-field would supress the IC peak but reswtsynchrotron peak which
is not consistant with the observed radio and X-ray fluxe® ilbompatibility of this model
with the H.E.S.S. UL is likely due to the oversimplificatiohtbe SSC model employed, e.g.
the electron spectrum may be better represented by a brakeerpaw as is the case for
some SNRs. Further investigation into a leptonic model wihitshall observational data is
underway.
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Figure 7.3: Spectral energy distribution of SNR GHA0B with a recent VLA radio (Green
et al. 2008) measurement, (approximadjandraX-ray (Reynolds et al. 2008) measure-
ment, and the H.E.S.S. upper limit. A simple synchrotroifi-Geimpton model was fit to
the data, where inverse Compton scattering is consideredanget field composed of the
cosimc microwave background radiation, starlight, andatazh from dust. The upper limit
in the IR domain (Arendt 1989) is out of the range of plottedrgy fluxes and is not con-
straining.

7.6 Conclusions

Until recently, Cas A was the youngest known SNR in the Galait) an age 0f~340yr
and a positive detection in the VHEray domain (Albert et al. 2007a). Recent observations
of G1.9+0.3 have shown it to be significantly youngerl60 yr), begging the question of
whether this small, young, shell-type SNR is also a hekay emitter. Deep H.E.S.S. ob-
servations of the nearby Galactic Center and from the H.EGafctic Plane Survey have
provided an unprecendented dataset with which to investity@ VHEy-ray emission from
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an SNR at the very early stages of its evolution. Prelimiremglysis has yielded an UL
(99% confidence level) to the VHizray flux (above 0.26 TeV) at1.5 mCrab.

This stringent UL is approximately four orders of magnituower than that previously
reported by HEGRA. The dynamic range of almost four orders agmitude between this
new UL and the strongest VHjzray sources observed so far (e.g. AGN outbursts exceeding
10 Crab) highlights both the instrumental capabilities oEI$.S. as well as the scientific
potential of the large datasets which have resulted frorarsgears of regularly observing
the Galaxy.

The H.E.S.S. UL can be used to set constraints on the ambeasitgd around SNR, its
efficiency in converting SN energy to cosmic-ray energy, itsmesig field, and, importantly,
its distance, which, assuming a hadronic origin of¥lrays, must be greater than or similar
to 5.7 kpc. Predictions based on hadronic models are stlbnders of magnitude lower than
the H.E.S.S. UL, suggesting that a detection of SNR GQ.3 in the VHE regime is out of
the reach of the current-generation of IACTs and remains kectuge for the next-generation
Cherenkov Telescope Array (CTA).



Chapter 8

A search for VHE counterparts of Galac-
tic Fermi bright sources and MeV to TeV
spectral characterization

This chapter presents the first study performed to identi#fygble VHEy-ray counterparts
of FermjLAT-detected Galactic Bright Sources, based on spatialspeattral data publicly
available at the time. It appears here, with minor typogragathichanges, as published (ref-
erence below). The bulk of the paper was written by P.H.T. Taravé lcontributed in par-
ticular to the VHEy-ray side of the analysis and to a substantial revision ofrttauscript,
relating to both interpretation and language.

P.H.T. Tam, S. Wagner, O. Tibolla, B.C.G. Chaves
Astronomy& Astrophyiscs2010, 518, A8

Abstract

Very-high-energy (VHEE > 100 GeV)y-rays have been detected in a wide range of astro-
nomical objects, such as pulsar wind nebulae (PWNe), supanmmnants (SNRs), giant
molecular cloudsy-ray binaries, the Galactic center, active galactic nu@&N), radio
galaxies, starburst galaxies, and possibly star-formaggons. At lower energies, observa-
tions using the Large Area Telescope (LAT) onboBedmi provide a rich set of data that
can be used to study the behavior of cosmic acceleratorgiM#éV to TeV energy bands.
In particular, the improved angular resolution of curretéscopes in both bands compared
to previous instruments significantly reduces source ofuand facilitates identification
of associated counterparts at lower energies. In this papgmprehensive search for VHE
vy-ray sources that are spatially coincident with GalaBeBemyLAT bright sources is per-
formed, and the available MeV to TeV spectra of coincidentrses compared. It is found
that bright LAT GeV sources are correlated with TeV sourgespntrast to previous studies
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using EGRET data. Moreover, a single spectral componentse@able to describe the
MeV to TeV spectra of many coincident GENV sources. It has been suggested {hedy
pulsars may be accompanied by VHtEay emitting nebulae, a hypothesis that can be tested
with VHE observations of these pulsars.

8.1 Introduction

Our understanding of the very high-energy (VHE>EOO GeV) sky has greatly improved
during the last few years, thanks to the high sensitivity wfrent imaging atmospheric
Cherenkov telescopes (IACTs), e.g., H.E.S.S., MAGIC, and VEBBITThey typically cover
the energy range 0f100 GeV up to several tens of TeV, and provide an angularugsal
of ~ 6. This allows spectral and morphological studies of theotagitypes of VHE sources:
pulsar wind nebulae (PWNe), supernova remnants (SNRs), gialgcular cloudsy-ray
binaries, the Galactic center, active galactic nuclei (AGBidio galaxies, starburst galaxies,
and possibly star-forming regions. See Aharonian et aD&8)for a review of the field in
2008, with more recent updates given by the H.E.S.S. (Chavesthe H.E.S.S. Collabora-
tion 2009), MAGIC (Zanin & for the MAGIC collaboration 200%9nd VERITAS collabora-
tions (Ong et al. 2009; Weinstein & for the VERITAS Collabooat2009). However, many
of the sources have not yet been identified at other waveiengtg., nearly a third of the
Galactic H.E.S.S. sources have no firm identification, andamy cases, there are multiple
plausible counterparts while in others, no viable courgggphave been identified.
Gamma-ray observations of Galactic sources can help us solwmber of important
astrophysical questions, including (1) the physics of gmdsPWN, and SNR; and (2) the
origin of cosmic rays. Our Galaxy contains several cosmiekcators, where particles
are accelerated to highly-relativistic energies (up teeast 1&* eV). The origin of cosmic
rays is still not well known, largely because of the lack akdtional information of these
particles. These very energetic particles can be tracddnatur Galaxy by a combination
of nonthermal X-ray emission angiray emission via leptonic (such as inverse Compton
scattering of electrons, Bremsstrahlung and synchrotmiatian) or hadronic (via the decay
of charged and neutral pions, due to interactions of eniergatirons) processes. Therefore,
observations of-rays at energies100 MeV can probe the sources of particle acceleration.
The Large Area Telescope (LAT), onboard tFermi Gamma-ray Space Telescopeo-
vides the best information of the nonthermal sky in the epeagge from 20 MeV to 300
GeV. The point-source sensitivity of LAT is10-8 phcnt?st above 100 MeV in one year
of survey-mode observations (Atwood et al. 2009), whichnioeder of magnitude better
than that of its predecessor, the Energetic Gamma Ray Expetifelescope (EGRET). Its
angular resolution is 026 above 1 GeV, which is particularly important for identifgiy-ray
sources with multi-wavelength counterparts and revedheg nature (Atwood et al. 2009).
As an important step towards the first source catalog, the ¢#\Rboration has published
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a bright source list (BSL) that includes 205 sources, desaghaith the prefix OFGL, using
data taken during the first three months of observations ¢Adichl. 2009b). Among them,
121 sources are identified with AGN and one with the Large Magie Cloud. Most of
the remaining 83 sources are believed to have originatedrimwn Galaxy. It is natural to
investigate which of them also have been detected at eserfj GeV.

The search for VHE counterparts of LAT sources is importanttie following reasons:

1. it aids the identification of the true nature of the LAT sms through their VHE coun-
terparts;

2. for pulsars, it helps us to identify their VHE-emittingugae;

3. it may provide us with broad-bandray spectra, thereby better constraining the emis-
sion mechanisms (e.g. distinguish between hadronic anargpscenarios).

Funk et al. (2008) compargray sources in the third EGRET (3EG) catalog (Hartman
et al. 1999) and the 22 H.E.S.S. sources known at the timenaltle region off = —-30° to
30°, b = —-3° to 3 (Aharonian et al. 2006d). They do not find any spatial coti@habe-
tween the two populations. Though some coincidence casdewand, the authors conclude
that these few cases can be explained by coincidence. Howbeaeks to the capabilities
of EGRET, this study dters from the following limitations. (1) The sensitivity oGRET
is lower than that of LAT. The lack of photon statistics leadgoorly constrained spec-
tral indices and the spectra terminag#0 GeV at the upper end for a typical source. (2)
EGRET sources are only localized at degree scales, which ¢ meeater than the angu-
lar resolution of IACTs. The second point is the instrumengason, which explains the
weak correlation of EGRET and H.E.S.S. sources (Funk et 8i8R0These shortcomings
are now largely overcome by the enhanced performance of WM&F BGRET. In addition
to the above caveats, they do not consider the extensioredfHE y-ray sources in their
analysis. As such, the full potential of this search has eenlrealized for very extended
sources like the SNR RX J1713.3946, as pointed out by Tibolla (2009). After the launch
of LAT, one largely benefits from the increased LAT angulaotfation over previous stud-
ies. As noted in Atwood et al. (2009), EGRET could not distisguhe GeV emission
of RX J1713.73946 from 3EG J17143857, while the capabilities of LAT allow study of
individual sources in this region, which contains three ViHEay sources (See Fig. 1 in
Aharonian et al. 2008e).

The water Cherenkov detector MILAGRO covers the energieyeabd TeV, and its
angular resolution can reaghl°. Using MILAGRO, a search foy-rays from the Galactic
LAT BSL was performed by Abdo et al. (20099g). They find that 1drses (of the selected
34) show evidence of multi-Tey-ray emission at a significance 8f3c-, although most of
the source candidates cannot be established as firm detectian individual basis (Abdo
et al. 20099g).
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In this paper, a search for VHE counterparts of all the presii@alactic sources in Abdo
et al. (2009b) and Abdo & for the Fermi LAT collaboration (2)0s performed, with spa-
tial coincidence as the primary criterium for associatidhe extensions of the VHE-ray
sources are taken into account, and the search is not linatdee H.E.S.S. Galactic plane
survey region. The broad-band MeV to TeV spectra of cointdideurces are then presented.

8.2 Search for spatial coincidence

8.2.1 TheFermi and VHE catalogs

Abdo et al. (2009b) present 205 point-like sources that wietected at or above the 10-
o level in the 0.2-100 GeV band, based on three months of cdiseng (August 4, 2008
— October 30, 2008). The list is not flux-limited, and so is notform. The following
information is given for each source: its position, posiibuncertainty (95% confidence
level, C.L.), significance, flux in two energy bands (100 Me\&4V and 1-100 GeV), and
any evidence of variability over the above-mentioned krin addition, Abdo et al. (2009b)
assign the source class for each source, as welrag and lower energy association (if any).
Those sources that are classified as extragalactic (all A@&Nlege Large Magellanic Cloud)
are not considered in this work.

The remaining source list contains 83 sources, compristhgatligX-ray pulsars, 15
pulsars newly discovered by the LAT, two high-mass X-rayabies (HMXBs), one globular
cluster (47 Tucanae), 13 SNRWVN candidate's and 37 sources without obvious counter-
parts at lower energies (among them the Galactic centerp &bdl. 2009b). Abdo & for the
Fermi LAT collaboration (2009) presents the first LAT pulsatalog. Those 16 pulsars that
are not present in the above BSL are also included in this sttltgrefore, most of the LAT
bright sources considered in this work should be Galactarigin.

There are more than 50 VHzray sources as of Fall 2009 (Aharonian et al. 2008g;
Chaves & for the H.E.S.S. Collaboration 2009; Zanin & for the ®I& collaboration 2009;
Ong et al. 2009; Weinstein & for the VERITAS Collaboration 2D08alactic sources sum-
marized in the above publications are used in the searcloiocidence in this work. There-
fore, our comparison is only based on published sources.VHte y-ray source positions
and source extensions in this work have been taken from tirespmnding publications
shown in Tables 8.2.1, 8.2, and 8.3. At higher energies, tHeARRO collaboration re-
ported evidence of multi-Tey-ray emission from several LAT source positions (Abdo et al.
2009g). Only those source candidates with a significancatgréhan & are regarded as
TeV sources here and are included in this studlyith several tens of known sources in both

Ipossibly associated with SNR or PWN, but the emission may doone unknown pulsars
2For example, HESS J183305 (Djannati-Ataet al. 2008) with only a significance of 4rCbut included
in Abdo & for the Fermi LAT collaboration (2009) as a countarpof LAT pulsar PSR J1833L034, is not
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the GeV and TeV bands, a systematic cross-correlation staiclype conducted.

considered here.
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Table 8.2: OFGL sources with coincident MILAGRO source, Without plausible coincident reported VHEray sources. See Table 8.2.1

for the nomenclature.

LAT source Class I b error

©) ) O

MILAGRO source [ b extension references

) ¢ 0

OFGL J0634.61745 PSR 195.16 4.29 0.0
OFGL J2020.83649 PSR 75.182 0.131 0.0¢

4 MGRO C3 1953 3.8 13  Abdo etal. (2009g)
50MGRO J201937 748 0.4 ~0.1  Abdo etal. (2009g)
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Table 8.3: OFGL sources with a possibly coincident VitEay source. See Table 8.2.1 for I_i;
the nomenclature. X
LAT source class I b error | VHE y-ray source association I b extension reierences
0 © €O ) m
OFGL J1814.31739 SNRPWN 13.05 -0.09 0.19| HESSJ1813178 G12.80.2AXJ1813-178 12.81 -0.03 0.04 o 1
OFGL J1634.94737 Unid 336.84 -0.03 0.08| HESS 11634472 337.11 0.22 0.11 1
OFGL J1741.43046 Unid 357.96 -0.19 0.2 | HESS J1744302 358.4 0.01 ? 2
OFGL J1746.62900 Unid 359.99 -0.11 0.07| HESS J1745290 Sgr A¥G359.95-0.04 359.94 -0.04 PS 3
OFGL J1836.:0727 Unid 2456 -0.03 0.22| HESS J1837069 25.18 -0.12 72x3 1
OFGL J2021.54026 PSR 78.23 2.07 0.06VER J2019-407 v Cygni SNR? 78.33 254 0.%09.11 4
OFGL J2229.66114 PSR 106.64 2.96 0.08 VER J2227%608 106.35 2.71 0.Z0.18 5

Notes. @ These recent source discoveries are preliminary and they have bbéshpd in the
referenced conference proceedings only.

References. (1) Aharonian et al. (2006d); (2) Tibolla et al. (2009); (3) Aceralef(2010b); (4) We-
instein & for the VERITAS Collaboration (2009); (5) Acciari et al. (2@)9
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8.2.2 Level of spatial coincidence

To quantify the level of spatial coincidence, the followsgheme is employed. Létbe the
distance between a centroid position best fit by LAT and tls¢-becentroid of a nearby VHE
vy-ray source. The radius of the 95% confidence region for the $&urce is the uncertainty
on the centroid position of the given LAT source, which isitgtly ~ 021. Most VHE y-ray
sources are extended, with a typical size df© 0:5. Lete be the sum of the radius of the
95% confidence region and the size of the VitEay source.

For each LAT source, if a VHE-ray source was found whede- e < 0, the source pair is
classified as a spatially coincident case (i.e. cateyoryes). Given the possible extended
nature of many LAT bright sources, a categéryfor possible) is defined for pairs where
0 < d-e < 0.3 so that the sources seen by LAT and the VHE instruments niaalc
overlap, and are possibly coincident cases. If no reportaf Y-ray source was found with
d - e < 0.3°, the LAT source falls into the coincidence lewkfor no), i.e., no coincidence
with any VHE y-ray source. If there are several nearby ViHeay sources, only the closest
VHE y-ray source would be considered.

8.2.3 Spatial coincidence of GeMeV pairs

In the search, 24 coincident cas¥sgmong them two are coincident with MILAGRO source

only) and 7 possibly-coincident cas@ are found. The results are presented in Tables 8.2.1,

8.2, and 8.3. No reported VHf=ray sources are found in the remaining 68 sources.
According to the nature of the LAT sources, the results anersarized as follows:

1. Eight LAT pulsars are spatially coincident with a soure¢edted using IACTSs, which
may be the VHE-emitting PWN. There are two additional puldbheg are possibly
coincident with an IACT source. Two others have a MILAGRO deupart, but have
not yet been detected by IACTSs.

2. Among the 13 SNRPWN candidates in theermiBSL, more than half (7) are spatially
coincident with a VHEy-ray source, and another one is a possibly coincident case.
The seemingly high fraction of coincidence is partly due &itdr coverage of the
inner Galaxy region, where most SWRNVN candidates are located. This results in a
generally better sensitivity for this class of sources tluarother classes.

3. The two HMXBs listed in the BSL (OFGL J0243-8113/LS | +61 303 and
OFGL J1826.31451/ LS 5039) are both found to be spatially coincident with a VHE
y-ray source, identified with the same corresponding binary.

4. Five of the 37 unidentified OFGL sources are spatially adient with a VHEy-ray
source. The number increases to nine if possibly coincidasgs are included.
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In addition, we are aware that a new VHE source near PSR JBITY was announced
in an oral presentatidn but it has not been published with any written referenceuo o
knowledge. Given that the best-fit centroid and extensiorewet given, we do not treat it
as an entry in our samgle

With such a large number of coincident cases, the relatipnsétween the GeV and
TeV sources is explored. In the next section, thay spectral energy distributions (SEDS)
are constructed for those coincident and possibly coimti@e\/TeV source pairs with
published VHE spectrum.

8.3 Thevy-ray spectral energy distributions

8.3.1 Construction of power-law spectra in the LAT energy range

Abdo et al. (2009b) provide photon fluxes and respectivergiirotwo energy bands: low
energy (100 MeV-1 GeV) and high energy{100 GeV). Since photon spectra are not given
in the BSL, we attempt to estimate the spectra of individualees.

Assuming that a single pure power law represents the spadtrthe LAT energy range,
the photon flux in the low (183-10° MeV) and high energy (£8-10° MeV) bands, respec-
tively, are given by

1
F23 = kf E_rdE (81)
0.1

and

100
Fas = k f ETdE, (8.2)
1

whereE is measured in Ge\l] is the photon index, ankl the normalization at 1 GeV.
Both k andT" can be calculated from these two expressions. Using théahblailux errors
(AF23 andAF3s), uncertainties ik andI” (Ak andAT’) are obtained by error propagation. The
spectra are then constructed in the form of “bowties”. Fosthwherd-,3 is given as a 2r
upper limit, the calculatefl can be treated as an upper limit, and the reconstructedrapect
can be seen as the “softest possible” power-law spectrapdiver-law spectra are plotted
from 100 MeV up to a certain maximum ener@max (< 100 GeV), which is defined by
requiring that the photon spectrum abdyg., contains 10 photons over the three months of

3See http/cxc.harvard.ediedg'snrO9pregDjannatiAtai Arachev2. pdf
4In the first LAT catalog, that can be found at httfermi.gsfc.nasa.ggssg¢dataaccesgat/1yr_catalog,

the authors claim that there is an association of the LAT aWFGL J1119.406127 with a VHE source,
designated HESS J114614, which may be the same VHE source.
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observations This results in a range of values féf,., from ~3 GeV to 100 GeV. The single
power-law assumption does not hold in general. Given th&dorinformation available in
the BSL, such an assumption should be seen as a very rougtagstiraf the source spectra
and it is used in this work for a visual GEWV spectral comparison. A cutfdetween the
GeV and TeV bands has been measured for several sourcedimmgcpulsars. Therefore, we
also plot the best-fit spectra when a detailed LAT spectruemadable in the literature (Vela,
Crab, Geminga, PSR J17884, and LS 1+61 303). For the cases of OFGL J061#2234
and OFGL J1746:62900, the double power-law spectra derived for 3EG JB2238 and
3EG J17462851, respectively, by Bertsch et al. (2000) are also showodmparison.

8.3.2 The MeV-TeV SEDs

The sources considered here are those QWEE pairs with spatial coincidence leve¥s
andP and with VHE spectral information available in the litensuFor HESS J1923141
where only a VHE flux is given, a typical spectral index is assd. In addition, there are
two pulsars for which a MILAGRO candidate counterpart isomtgd but there is no VHE
v-ray detection using IACTs (see Table 8.2).

The SEDs of the 28 cases in the energy range from 100 MeYltdeV are depicted
in Figs. 8.1 to 8.9. Systematic errors in spectral indices rormalization are not shown,
which for TeV spectra are20% for most sources and for GeV spectra ag®—-30% (the
latter inferred from flux estimation systematics in Abdole2809b). An overall inspection
of the SEDs immediately shows that single power laws from [Z@¥ to ~10 TeV cannot
describe most GeV-TeY-ray spectra. This is not surprising given the large rangehwton
energy (i.e. five orders of magnitude), as no photon spedtmm any emission mechanism
is expected to be unbroken for such a broad energy span. Thexample for which a pure
power law may still work is OFGL J1836-D727/ HESS J183%069, which is a possibly
coincident pair P). The most common board-band behaviors are a fiidt@nergies below
~100 GeV (dominating in the pulsar class) and a spectral bpeakeen the LAT and the
VHE bands (dominating in the unidentified LAT sources).

The SEDs of the LAT source classes including pulsars, W candidates, and uniden-
tified y-ray sources are presented in this section. k81 303 and the Galactic center region
are discussed in Sects. 8.4.5 and 8.4.6, respectively.

8.3.2.1 Pulsars

Figure 8.1 shows the four-ray pulsars known in the EGRET era, Fig. 8.2 shows the four
radio pulsars first detected jnrays by LAT, and Fig. 8.3 shows the three new pulsars after

Susing the LAT on-axis fective area above 1 GeV of8000 cn? and a mean on-axis exposure of
~1 Ms (Abdo et al. 2009b)
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Figure 8.1: MeV to TeV spectra of four EGRET pulsars and theappsed nebulaeUp-
per left Crab (OFGL J053462201). The pulsar (dotted line) and nebula (dashed-dotted
line) spectral components are those reported in Grondin &edralf of theFermi-LAT Col-
laboration (2009). The VHE spectra are taken from Aharomtial. (2006a), and the
MILAGRO measurement at 20 TeV is shown (Abdo et al. 200@pper right Geminga
(OFGL J0634.61745). The pulsar spectrum (dotted line) is the one repont€klik & on
behalf of theFermiLAT Collaboration (2009). The triangle denotes the uppeitlreported
in Finnegan & for the VERITAS Collaboration (2009), and the MIERO measurement at
20 TeV is also indicated (Abdo et al. 200D)ower left Vela (OFGL J0835.44510). The
dotted line represents the Vela spectrum as shown in Abdta é2G09f), while the neb-
ula component is constrained by the two triangles joinedhgydashed-dotted line. The
curved VHE spectrum is taken from Aharonian et al. (200&bjver right PSR B170644
(OFGL J1709.74428). The dashed-dotted line denotes the two power-laneirsectra
derived in Gargano & on behalf of theermi-LAT Collaboration (2009). Both LAT energy
spectra (though élierent above 3 GeV) are consistent with the photon flux in ti®0-GeV
band of this source (Abdo et al. 2009b). The VHE spectrumkertdrom Hoppe et al.
(2009).
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Figure 8.2: MeV to TeV spectra of the four radio pulsars firstedted iny-rays by LAT.
The spectra below 300 GeV are taken from Abdo & for the Fermi téllaboration (2009).
Upper left The VHE spectrum is taken from Aharonian et al. (2008gpper right The
VHE spectrum presented in Aharonian et al. (2007a) is shdWa.two curves represent the
upper and lower limits of the spectrum, taking measuremeatsinto accountLower left
The flux at 35 TeV is taken from Abdo et al. (2009d)ower right The flux at 20 TeV is
taken from Abdo et al. (2007) and the VHE spectrum is takemfAzciari et al. (2009a).

a blind search for pulsations in the LAT data (Abdo et al. 200Besides the Crab, ndfe
pulse emission is found in the LAT data of the other 10 pulssuggesting that most of the
emission from pulsars seen with LAT is pulsed and comes fimrptlsars themselves. On
the other hand, extended regions are seen at energies dfb@eY in these 10 cases (except
for the Crab, which appears point-like to all IACTs). Their Viekission £100 GeV) is
unpulsed, and for many of them (e.g. Vela X) this emissioreHasen attributed to PWNe,
although in some cases other possibilities exist to exglanVHE y-ray source (e.g. a
spatially coincident SNR).

The SEDs of the pulsars mainly depict the pulsed componetitarLAT energy band
and the unpulsed component in the VHE band. Previous olismrgasuggest that the emis-
sion below and above100 GeV mainly comes from two fierent emission regions, e.g.
pulsed emission from the pulsar magnetosphere and unpetaesion from the PWN. It
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Figure 8.3: MeV to TeV spectra of the three new pulsars discayin a blind search for
pulsation in the LAT data. The spectra below 300 GeV are téieen Abdo & for the Fermi
LAT collaboration (2009).Upper left The VHE spectrum is taken from Aharonian et al.
(2006e).Upper right The VHE spectrum presented in Djannati-Atai et al. (208&hown,
together with the coincident MILAGRO source flux at 20 TeV (et al. 2007)Lower left
The VHE spectrum is the one presented in Aharonian et al.5@0@vhile the MILAGRO
flux at 20 TeV is also shown (Abdo et al. 2007).
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can be seen that (1) a cuffonust exist between the LAT “bowties” and the corresponding
VHE spectra (with the notable exception of the Crab), whidateisionstrated with a detailed
spectral study of pulsars (e.g., Abdo & for the Fermi LAT ablbration 2009); (2) the en-
ergy output at GeV energies is at least an order of magnitigleehthan in the VHE band.
This indicates that, for the pulsar population presentdtigisection, the PWNe radiate less
energy than the-ray pulse emitting regions.

However, the power-law derived LAT spectra are not alwaysdg@presentations of the
reported spectra for individual sources. This is demotedrin Fig. 8.1 where both the
“bowtie” spectra and the derived spectra in Abdo & for therkidrAT collaboration (2009)
are shown. In all the other cases, only the spectra as pessenfAbdo & for the Fermi LAT
collaboration (2009) are depicted.

8.3.2.2 SNRPWN candidates

The SEDs of those OFGL sources classified as SN\ candidates are shown in Figs. 8.4
and 8.5. The GeV-TeV spectral connection varies among tinesg in this class. The TeV
spectra are not simply the power-law tails of the GeV speciifzere are cases where the
extrapolation of the LAT “bowtie” to TeV energies is at least order of magnitude higher
than the measured VHE flux level (e.g. the spatially cointidese OFGL J1801-2327

/ HESS J1801233, a cut-ff occurs between the two energy bands), while for another co-
incident case (OFGL J1834-8841/ HESS J1834087), the power-law extrapolation to
the VHE band is below the measured VHE level and a secondrgpecimponent above
~200 GeV is needed to explain the TeV excess.

There is only one case (OFGL J061¥2234) where a broken power law describes the
LAT spectrum better than a single power law. The “bowtieshick are deriveda priori
from power laws, may be closer to the real spectra comparedetease of pulsars. If
that is the case for OFGL J180%8327/ HESS J1804233 and OFGL J1923:1411/
HESS J1923141, a spectral break may occur at energies in the largelyploved energy
range of 10-100 GeV for these two souftes

8.3.2.3 Unidentified LAT sources

The SEDs of those OFGL sources without obvious countermaesshown in Figs. 8.6
and 8.7. There is so far no published spectra of this LAT sowlass. For the case
of OFGL J1839.60549/ HESS J1841055, the spectrum may span froni00 MeV to
~80 TeV, with a possible break within or close to the “energp’gat ~60-500 GeV. If
the GeV and TeV sources are indeed associated, they mighasess a group of “dark

5The LAT spectrum for OFGL J1801-@327 is the softest possible power law, while the HESS J1923
spectrum is derived assuming a power-law inflex 2.8.
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accelerators” which have a broadray spectrum. All SEDs are consistent with the as-
sumption that a spectral break exists between the two erfeggs, except for the case of
OFGL J1805.32138/ HESS J1804216, a spatially coincident cas¥)(

8.3.3 Comparison of the flux and photon indices in the GeV and TeV
energy bands

A comparison of the flux levels in the GeV and TeV energy bandsdincident GeYTeV
sources (category) is depicted. Figure 8.10 shows the photon flux in the 100 Md\GeV
band plotted against the one in the 1-10 TeV band (derivedrdicy to Sect. 8.3.1). For
most sources, the photon flux in the 1-10 TeV bdAd;gTey, is about 16° to 10°° the flux
in the 0.1-1 GeV band. Figure 8.11 shows the photon flux in #i0Q@ GeV band plotted
against that in the 1-10 TeV band. For most sources, photarirflthe 1-10 TeV band,
F1_107ev, IS @bout 106 to 107° of that in the 1-100 GeV band.

Figure 8.12 depicts the photon indices in the 0.1-100 Ge\d lekrived according to
Sect. 8.3.1 against the photon index in the 1-10 TeV bandarthe seen that the TeV
spectra are similar to or harder than the GeV spectra for smstes, i.e. & (I'1_107ev —

Io1-100cev) S 1.

8.4 Notes on selected sources

Although detailed analysis of the LAT data for each indiatisource is beyond the scope of
this paper, some comments on the following sources are given

8.4.1 Crab pulsar and nebula

The Crab pulsar and nebula are among the best-studied novahedjects in the sky. The
pulsed emission above 100 MeV and up-ttD GeV is clearly detected with LAT. Two strong
peaks are seen in the phase histogram. A spectral fit of tlseg@mission using a power
law with an exponential cutfbgives a cut-€ energy of~8.8 GeV (Grondin & on behalf of
the Fermi-LAT Collaboration 2009). There is evidence of pulsed emissip to~25 GeV,
as measured using the MAGIC telescope (see Fig. 8.1, Alil 088). The flux reported
by MAGIC is consistent with the exponential cuffa the spectrum measured by LAT.

Evidence of unpulsed emission was already present in the HGRE (de Jager et al.
1996). The LAT measurement of this component can be well fialsingle power law
with ' ~ 1.9 up to~300 GeV. This unpulsed spectrum agrees well with the VHE tspec
measured by the IACTs MAGIC, H.E.S.S., and VERITAS (Grondin &kwhalf of the
FermiLAT Collaboration 2009). In particular, there appears toabdeviation from a pure
power law in the MAGIC spectrum belowl100 GeV (Albert et al. 2008).
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8.4.2 \Vela pulsar and Vela X

The Vela pulsar is the strongest persistent GeV source aadhedirst target of LAT obser-
vations. The complex pulse profile is dominated by two peakis &/pronounced “bridge”
between them. The phase-averaged spectrum, which is iedlgethe pulsed emission, can
be described well by a power law with an exponential dtitab ~2.9 GeV. The &-pulse
emission is much weaker, and a 95% C.L. upper limit of the phfitox of 1.8x 10 'cm™? st

is derived at the pulsar position in the 0.1-10 GeV band (shimwFig. 8.1, Abdo et al.
2009f).

To the south of the pulsar, an extended ViHEay source spatially coincident with the
Vela X region, HESS J0835155, has been detected. The observations represent the first
measurement of an SED peak in a VhiEay source (Aharonian et al. 2006b). The power
law with exponential cut fit of this PWN is reproduced in Fig. 8.1. An analysis of the
Vela X region does not establish a nebula component basdukedirdt three months of LAT
observations (Lemoine-Goumard et al. 2009).

8.4.3 Geminga

The Geminga pulsar is the first known radio-quyetay pulsar in the sky (Bertsch et al.
1992). See Fig. 8.1 for its SED. While EGRET data are well fit byngle power law
up to 2 GeV (but shows evidence of a cuf-above 2 GeV; Mayer-Hasselwander et al.
1994), the cut-fi energy is determined to be2.6 GeV using the first seven months of LAT
data (Celik & on behalf of thé&ermiLAT Collaboration 2009). There appears to be an
excess at20 GeV when compared to the fit with a power law with exponéotigoff. The
reason may be the low statistics dfeets of the fitting method, but it might also indicate a
separate and harder spectral component (Celik & on behdiediarmiLAT Collaboration
2009). There is as yet no evidence of unpulsed emission.

Evidence of multi-TeV emission around the pulsar was regbirt the MILAGRO survey
of the Galactic plane (Abdo et al. 2007) and in the search fatAGRO counterparts of
Fermisources (Abdo et al. 2009g), using a point source analysiSat(post-trial) signif-
icance levels. Assuming that the emission is extended, igmfisance increases to @3
at the position of the pulsar. If the detection is real, thee sif the MILAGRO emission is
~226. At a distance of only250 pc, this extent is similar to more distant PWN (Abdo et al.
20099). On the other hand, VERITAS observations resulte® idatection but rather a 99%
C.L. flux upper limit (above 300 GeV) of 1012 cm2 s, assuming point source emis-
sion from the pulsar (Finnegan & for the VERITAS Collaborat®09). Although IACTs
suffer from reduced sensitivity when observing very extendedcso(which scales a&*
with 6 being the extension), observations of Geminga with IACTscaueial for verifying
the MILAGRO claim and helping us to understand $heay emission from Geminga.
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8.4.4 PSR B170644

Gamma-ray pulsations from PSR B178B! were discovered by EGRET,; the observations
revealed a triple-peaked pulse profile but no evidence ofilgepd emission (Thompson
et al. 1996). More recently, the pulsar was also detectelgelbmyLAT as the bright source
OFGL J1709.74428. The phase-averaged spectra measured by EGRET and &Abtdr
described well by a broken power law (up to 30 GeV, in the cdsleeolL AT spectrum). The
break energy measured by LAT is 3 GeV, while in deriving theREJF spectrum, it is fixed
at 1 GeV (Thompson et al. 1996; Bertsch et al. 2000). The LATqdaw index steepens
from a value of~1.9 (below 3 GeV) to~3.3 (above 3 GeV), as shown in Fig. 8.1. This
spectrum and the power-law spectrum derived using the rdetlascribed in Sect. 8.3.1 are
both consistent with the photon flux in the 1-100 GeV bandntepdn Abdo et al. (2009b).

The discovery of an extended source of VHE emission in thawycof PSR B1706-44
was recently reported by H.E.S.S. (Hoppe et al. 2009). Thestairce is quite hard( ~
2.0), more so than the high-energy part of the pulsar spectrTine. VHE y-ray emission
might be related to a relic PWN of PSR B1738! andor to the SNR G343:12.3 (Hoppe
et al. 2009).

See also Chapter 3.

8.45 LSI1+61303

LS |1 +61 303 is the first X-ray binary where periodieray emission has been detected at
both GeV (Abdo et al. 2009c) and TeV energies (Acciari et @03; Albert et al. 2009).
Its SED is shown in Fig. 8.8. The “bowtie” looks nicely contextto the measured VHE
spectrum, but a cutfbenergy at~6 GeV is reported (Abdo et al. 2009c). Furthermore,
the timing measurements in both the GeV and TeV bands shawhi@aaximum emission
occurs at dierent orbital phases, namely, close to periastronfd0 GeV emission and
close to apastron for VHE emission. This suggedtednt emission mechanisms in the two
bands, as noted in Abdo et al. (2009c).

8.4.6 Galactic center Region

The Galactic center is among the richest and most complaéanggn the Galaxy, owing
to the large number of possible sources and tifigcdity of correctly modeling the fluse
emission due to cosmic-ray interaction with the local molacclouds. This problem is ex-
tremely relevant at GeV energies, as demonstrated by EGRESur@ments. The discovery
of new VHE y-ray sources close to the Galactic center is important fathshg the role of
diffuse Galactic emission versus the emission from resolvetasin this region (Tibolla
2009).
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One GeV source, OFGL J1746-P900, is detected with a significance ofd3t the
neighborhood of the Galactic center. The best-fit positmrOFGL J1746.62900 is R.A=
17'46"1’4, Decl= —-29°0'18” (J2000) with a 95% C.L. error radius of gAbdo et al.
2009b). The H.E.S.S. Collaboration also reports a deteofiarsource towards the Galactic
center, localized at R.A. 17'45"39/6+ 0’4 (stat}: 074 (sys), Deck —29 022" +6” (stat)+
6” (sys) (J2000; Acero et al. 2010b). Based on the proceduregideddn Sect. 8.2.2, the
OFGL J1746.62900/ HESS J1745290 pair falls into the category of possibly coincident
cases. With better photon statistics, one of the fundarhguaéstions that the LAT can hope-
fully address is whether the GeV and TeV sources are indesgthip coincident.

The spectra of OFGL J1746-@900 and HESS J174290 are shown in Fig. 8.9. The
spectra in the two bands do not appear to be described byla pmger law, and there seems
to be an order-of-magnitude drogkan the energy range10-100GeV. Although detailed
analysis of the LAT data is beyond the scope of this papes,dimple inspection does not
indicate that they are from the same emission componeii(aih large uncertainties due
to systematics in this region do not permit stronger conghssat this time). For reference,
the broken power-law fit of 3EG J1748851 (Bertsch et al. 2000) is also shown in Fig. 8.9.

8.5 Discussion

In this work, the first comparison of the GeV and VhiEay sources after the launch of LAT
is presented, which takes the advantage of the significamgyoved LAT angular resolution

and sensitivity compared to EGRET. Below are a list of prelamyresults drawn from this

work:

1. With the better localization and morphological inforioat of VHE y-ray sources
compared with OFGL sources, the nature of the LAT sources Imedyetter revealed
through their VHE counterparts. Table 8.2.1 lists the piébounterparts of some
VHE y-ray sources that are coincident with OFGL sources. For pigRlESS J1804216
may be related to W 30, which may help in understanding thereaif the unidentified
source OFGL J1805-2138.

2. Results of several LAT-detected pulsars show dig-at energies 1-10 GeV, similar
to the assessment of Funk et al. (2008) for EGRET-detectesaipsystems. Therefore,
a VHE counterpart£0.1-10 TeV) of a LAT pulsar most likely represents the associ
ated PWN, with a shell-type supernova as a viable alternafi@s is particularly
important for those new pulsars discovered by LAT. The VHHrtterparts coincident
with the six LAT pulsars may be the associated PWN, althoulgéraxplanations (e.g.
shell-type SNR) are also possible. The question of wheth@cayy-ray pulsars are
accompanied by VHE-emitting nebulae can be tested by oingetivemn in the VHE
domain.
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3. Through broad-bangtray spectra of SNRs, one may in principle distinguish betwee
hadronic and leptonic scenarios. A study of RX J1733946 using five years of
simulated LAT observations (Atwood et al. 2009) shows that énergy flux level
for the hadronic scenario ftlers by around a factor of two from that for the leptonic
scenario and that a spectral break may be more prominenhéolatter. The SNR
sample shown in Figs. 8.4 and 8.5 do not seem to support etiegrario, although
it is too early to draw any conclusion based on the three-mORGL dataset. If a
hadronic scenario is found to be more viable, this would sugpe current hypothesis
that shell-type SNRs are cosmic-ray sources.

4. Previous studies did not reveal a strong correlation eetvthe GeYTeV populations.
Reimer et al. (2008) list 16 H.E.S.S. sources without copates from the 3EG cata-
log. Among them, new associations are found in the presadysind are presented
in Table 8.4, thanks mostly to the discovery of new GeV saiggh LAT. Reimer
et al. (2008) also present 11 sources in the 3EG catalog withd=.S.S. counterpart.
Among them, OFGL J1709-4428 (the OFGL counterpart of 3EG J17#42439; Abdo
et al. 2009b) is now found to be associated with HESS J1488, a source discovery
reported in Hoppe et al. (2009).

5. All spatially coincident GeV and TeV pairs during the EGREfR are essentially
consistent with one single spectral component (see Fig§. ilFunk et al. 2008).
With the significantly enhanced sensitivity of LAT, new t&as between the GeV and
TeV spectra are apparent in the SEDs. The SNR candidate OF&I43#-0841 and
the unidentified OFGL J1805-2138 (and their likely VHE counterparts) represent the
first examples for which the G¢VeV spectrum cannot be treated as a single emission
component. A similar conclusion is reached by Abdo et alO&) for an HMXB
(LS 1+61 303), based on the light curves and spectral incompétibfithis source in
the two bands.

6. Abdo et al. (2009g) consider a probability that many unidied LAT sources are
extragalactic, so as to explain the low rate of finding caleat MILAGRO emission
among the unidentified LAT sources. This idea might also arpthe nondetection
of VHE counterparts of a majority of the unidentified LAT soes. On the other
hand, the extended nature of all the five spatially coindideses (HESS J102375,
HESS J1804216, HESS J1844055, HESS J1843033, HESS J1848018; if proved
to be real association) would exclude an extragalactigrodfithe corresponding LAT
sources.

7. Although VHE observations only cover a small part of thelielsky, they do cover the
majority of the inner Galaxy, e.g., the H.E.S.S. telescdza® surveyed the region of
| = -85"t0o 60°, b = —3° to 3 (Chaves & for the H.E.S.S. Collaboration 2009). In this
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Table 8.4: H.E.S.S. sources which have a coincident OFGkcsdout do not have a 3EG
counterpart as in Reimer et al. (2008)

H.E.S.S. sources OFGL sources coincidence level
HESS J1616508 OFGL J1615.65049 Y

HESS J1634472 OFGL J1634.94737
HESS J1745290 OFGL J1746.62900
HESS J1804216 OFGL J1805.32138
HESS J1834087 OFGL J1834.40841
HESS J1837069 OFGL J1836.40727

U <X < T T

region, there are 4Eermibright sources. Among them, 16 are found to be coincident
with a VHE counterpart. This fraction-@/5) is higher than for EGRET where about
1/4 of the EGRET sources (in a smaller region) are found to hawareident VHE
counterpart (Funk et al. 2008). Moreover, the number rigealt(out of 41) if pos-
sibly coincident cases are included and the fraction besd0&0. The LAT radii of
the 95% confidence region are in general much smaller thaB@&RET error boxes,
which further strengthens the case of a higher fraction &F.[Even though the VHE
extension is taken into account in this study (but not in Fenkl. 2008), the typical
extension is of the same order as the LAT positional uncdrés. A breakdown of the
number of coincidence cases for each source populatioreiaflve-defined region
of the H.E.S.S. Galactic Plane Survey is shown in Table 8.5.

8.6 Conclusion

In this work, we searched for VHE counterparts of each Gal&seV source in the OFGL
catalog (Abdo et al. 2009b), based on spatial coincidenbés Study benefits significantly
from the increased LAT angular resolution and its betteissigity over previous instru-
ments.

Compared to the EGRET era, not only are there more coincidents® (improvement in
guantity), but improvements in quality also start to emekyéh the much better sensitivity
of LAT, weaker sources are detected that were unknown in GRET era. New relations
between the GeV and TeV spectra are revealed. A single gpecimponent is unable to
describe some sources detected at both GeV and TeV enefgiesspectral components
may be needed in these cases to accommodate the SEDs, w¥itdEHlux is higher than
a power-law extrapolation from GeV energies.

A high fraction ofFermi bright sources are found to be spatially coincident with a&VH
vy-ray source. This shows that a common GBEX source population exists, a conclusion
that is in stark disagreement with Funk et al. (2008) in wit€RET data are used.
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Figure 8.4: MeV to TeV spectra of four SMRWN candidate OFGL sources. Spectra at
>100 GeV energies are taken from Albert et al. (2007b) (MAGDI616+225), Aharonian
et al. (2006d) (HESS J161608), Aharonian et al. (2008e) (HESS J1#B85), and Aha-
ronian et al. (2008f) (HESS J1806233). The broken power-law spectrum (dashed-dotted
line) derived for 3EG J06172238 is taken from Bertsch et al. (2000). The flux at 35 TeV at

the position of OFGL J0617+2234 is that given in Abdo et al. (2009g).

Table 8.5: Number of coincidence cases for each source gibpuiexcluding extragalactic

sources) in the region= —-85° to 60, b = —3° to 3.

spatially
LAT Source class OFGL sources coincident cases
pulsars 10 4
SNR/PWN candidates 11 6 (7)
Unidentified sources 19 5(9)
TotaP 41 16 (21)

Notes. @ The numbers in brackets include possibly coincident ca@e& including LS 5039
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Figure 8.5: MeV to TeV spectra of three SNRVN candidate OFGL sources. Spectra
at >100 GeV energies are taken from Aharonian et al. (2006d) G1E8313178 and
HESS J1834087). For HESS J1923.41, an assumed photon index of 2.8 is used in deriv-
ing the spectrum using the flux given in Fiasson et al. (2089, the flux at 35 TeV is that
given in Abdo et al. (2009g). There is evidence of a steejgeabove several GeV (Abdo

et al. 2009e).
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Figure 8.6: MeV to TeV spectra of four unidentified OFGL sas.cSpectra at100 GeV en-
ergies are taken from Aharonian et al. (2007b) (HESS J4B828), Aharonian et al. (2006d)
(HESS J1634472 and HESS J186416), and Tibolla et al. (2009) (HESS J17&8D2).
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Figure 8.7: MeV to TeV spectra of three unidentified OFGL sear Spectra at100 GeV
energies are taken from Aharonian et al. (2006d) (HESS J&3Y), Aharonian et al.
(2008a) (HESS J184155), and Chaves et al. (2008b) (HESS J182B3). The flux at
35 TeV at the position of OFGL J1848.6138 is the one given in Abdo et al. (2009g).
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Figure 8.8: MeV to TeV spectra of the two X-ray binaries in €#GL catalog. The phase-
averaged exponential cutf@pectrum in the GeV range of LS+61 303 (eft) is taken from
Abdo et al. (2009c¢). That of LS 5039 is taken from Abdo et &d0@d). Spectra at100 GeV
energies are taken from Albert et al. (2009) (for a partiagghof LS +61 303 during which
VHE emission is detected) and Aharonian et al. (2006g) (far phases of LS 5039). The
flux at 35 TeV for LS 1+61 303 is that given in Abdo et al. (2009g).
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Chapter 9

Conclusions and outlook

The H.E.S.S. Galactic Plane Survey continues to observ&#taxy since its inception in
2004. The massive 2300 hr dataset now represents a temoihise in exposure compared
to the first published results. The exposure is in generalhnaeeper, with some regions
reaching a point-source sensitivity on the order of 0.1%efG@rab Nebula flux. These deep
observations permit the detection of faint sources, thailéet study of bright sources, and
the derivation of stringent upper limits (ULs) from soure@endidates. The youngest Galactic
supernova remnant (SNR), G £@.3, is an example of the latter, where an UL~d1.1%
Crab can now be set in the VHEray domain on this unique shell-type SNR.

Not only has the depth of the H.E.S.S. GPS been increasedslagatial coverage has
also been improved. In many regions, the survey now spawe tilve latitudinal range pre-
viously covered, out to Galactic latitudes of approximatel- 4°. The survey strategy has
not remained static; in fact, it has evolved considerabbrdkie last six years and currently
focuses on achieving a more uniform sensitivity across tlie$HS. GPS. This strategy aims
to facilitate upcoming source population studies and agwobe the few remaining regions
of the plane which are visible to H.E.S.S. but still largeheuplored. A point-source sen-
sitivity of ~2% of the Crab Nebula flux has already been achieved along rhts plane,
and etorts will continue in 2011.

The H.E.S.S. GPS continues to reveal new sources of Viidys in the Galaxy by iden-
tifying source candidates which are then typically scheddbr targeted observations. The
sources discovered recently are generally faint, prengradvanced VHE/-ray analyses
such as investigations of energy-dependent morphologyhelt-kke morphology. They
also tend to be challenging to firmly identify with phenomedower energies. Archival
multi-wavelength data — from radio to infrared, X-rays, &V y-rays — are thoroughly
exploited. Additionally, dedicated observation time igeof sought on complementary tele-
scopes to complete the MWL picture available for the regibmtzrest, in hopes of provid-
ing additional information for understanding the physicature of the VHEy-ray source.
Discoveries such as HESS J15@82, HESS J1832084, and HESS J184818 fall into

153
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this category of newly-revealed sources which elude firmtifieation. Nonetheless, these
new sources are remarkable in the sense that they have gdoeiddence for intriguing
counterpart scenarios.

In the case of HESS J150882, a spatial coincidence was initially found with a peauli
forbidden-velocity wing H | structure. However, new datanfr FermyLAT reveals an-
other possible counterpart at GeV energies which is sgct@mpatible with the H.E.S.S.
source. Still more recently, the first deep X-ray observetiof this region was performed
with Suzakupromising to reveal the X-ray environment around the H&.Source. HESS
J1832-084 is another interesting source whicltsts from a scarcity of counterpart possi-
bilities — with the exception of an energetic pulsar coimagpwith the centroid of the small
VHE y-ray emission region. Strangely, this pulsar is not paldidy energetic and is also
fairly old compared to other pulsars typically associatethWHE y-ray sources via their
pulsar wind nebulae (PWNe). If the positional coincidenagoisdue to a chance alignment,
then this discovery would put considerable constraints e PWNe models. Recently,
radio and infrared analyses have revealed unknown stegtgincident with the H.E.S.S.
sources; these will be further investigated with both raudtid X-ray observations in the con-
text of a putative PWN scenario. HESS J180&8, in contrast, is a very large extended
source of VHEy-rays with no clear substructure in a highly complex regimcated along
one of the Galaxy’s spiral arm tangents. The W 43 “mini-stesti region, which harbors an
extreme Wolf-Rayet star and othefBstars, is nearby and is coincident with a giant molec-
ular cloud (GMC). Although the GMC could in principle providetarget for cosmic rays
and be connected to the observed ViHEys, there is a morphological mismatch between
the GMC and the H.E.S.S. source which iffidult to account for. In contast, the identifica-
tion of some sources ffiers from source confusion. For example, HESS J+4d8 is in the
vicinity of both a very energetic pulsar (with known radialaX-ray PWNe) and a shell-type
supernova remnant, two well-established ViEay source classes, yet it remains uniden-
tified even in with the availability of high-quality MWL obseations. Such a source may
benefit from deeper VHE-ray observations, which would enable more advanced agslys

Galactic observations with H.E.S.S. continue to reveal aewinteresting-ray sources
and advance the quickly maturing field of VHEray astronomy. The H.E.S.S. GPS pro-
vides the foundation for this astronomy with a dataset ofreo@ndented size and quality.
Observations with other telescopes at lower energies gupplmissing clues vital to the
efforts to identify the nature of these new discoveries. Inygarimid-2012, H.E.S.S.-II will
become operational, with the addition of a fifth and vergdaCherenkov telescope to the
existing array, permitting more sensitive studies of Gidasources, particularly at lower
energies around50 GeV. And, in the near future, the next-generation Cherefiktescope
Array (CTA) promises to open up the VHzray window on the Galaxy like never before,
with major improvements to all telescope properties, idelg substantial improvements in
sensitivity and angular resolution. Galactic VHEay astronomy is well-poised for contin-
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uing the established trend of rapid discoveries and for avipg our understanding of the
Galaxy at the highest energies.
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Appendix A

H.E.S.S. Galactic Plane Survey: Supple-
mentary material

Supplementary figures and tables related to the H.E.S.SaBP&esented in this appendix.
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Figure A.1: Image showing the pre-trials statistical sigance in the H.E.S.S. GPS region,
divided into four panels. The significance is correlatedr@eircular region of radiug =
0.22, the standard size used to search for extended YH&y sources. The significance
is truncated in the image above @50 increase visibility, and the color transition (from
blue to red) is set at 74 pre-trials significance, which (conservatively) corresp®to~5 o
post-trials significance. Maps such as this are used tolséarevidence of new VHE-ray
sources. For version of this plot with labels identifying®5.S. sources, see Fig.2.5.
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Figure A.2: Image showing the pre-trials statistical sigance in the H.E.S.S. GPS region,
divided into four panels. The significance is correlatedr@a@oint-like circular region of
radiusé = 0.10°, and is truncated in the image abovedl® increase visibility. The color
transition (from blue to red) is set at @4pre-trials significance, which (conservatively) cor-
responds te-5 o post-trials significance. Maps such as this are used tolséarevidence
of new VHEy-ray sources. For version of this plot with labels identfyH.E.S.S. sources,
see Fig.2.6.
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Appendix B

Is the patch size distribution of vegetation
a suitable indicator of desertification pro-
cesses? Comment

Aside from my primary research in astrophysics, | have apexl a side interest in the

of spatial patterns in vegetation, which appear to follow polae/s in some circumstances.
Ecologists also deal with problems similar to those facedysprists, e.g. how to properly
fit power-law distributions in an unbiased manner. This Aglepresents a recent paper on
this subject as published in:

S. Kéfi, C.L. AladosR.C.G. Chaves Y. Pueyo, & M. Rietkerk
Ecology in press

With ongoing climate change, the search for indicators ahinent ecosystem shifts is
attracting increasing attention (e.g. Sfibeet al. 2009). Recently, the spatial organization
of ecosystems has been suggested as a good candidate foarsurnflicator in spatially
structured ecosystems (Rietkerk et al. 2004&fitet al. 2007a; Guttal & Jayaprakash 2009).
Arid ecosystems are well known for the spatial organizatibtheir vegetation cover, which
is often characterized by clumps of vegetation in an othewiare soil matrix. Two recent
studies revealed that the distribution of the vegetatidalpsize can be described by a power
law over a wide range of environmental conditions in aridsystems (kefi et al. 2007a;
Scanlon et al. 2007). Furthermore, deviations from powess léo truncated power laws
(TPLs) were observed under high grazing pressures, leddinige hypothesis that such
deviations could be used as indicators of approaching tiession in Mediterranean arid
ecosystems (Kfi et al. 2007a). We use here the same terminology a€fndf al. (2007a)
and Maestre & Escudero (2009), where a TPL refers to a powewlth exponential cutfd,
i.e., such that
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N(S) = CS7 exp(S/S.), (B.1)

with N the number of patches of si& C a constanty the scaling exponent (positive),
andS. the patch size above whidk decreases faster than in a power law. This hypothesis
now needs to be tested with additional field data, beforentiEaconfidently used as a tool
to monitor degradation in Mediterranean arid ecosystems.

In arecent study, Maestre & Escudero (2009) (hereafterrexfeo as ME09) aimed to test
this hypothesis with data from 29 steppes located on a fagradient in southeast Spain.
In all of their sites, the patch size distribution was fouatbé better described by a TPL than
by a power law. Relating the scaling exponents of these TPksitvariables, the authors
concluded that (1) the patch size distribution was not tliyaelated to desertification but
rather that (2) vegetation cover should be used to monitsertiéication. We argue in this
comment that the analyses of MEO9 do not allow them to drava §am conclusions, for
the following two reasons. First, because all of their sitese characterized by TPLs, the
authors looked only at the scaling exponents the TPLs to compare the degradation level
of the sites. However, the exponenof the TPLs was not proven to vary with degradation
in a consistent manner, and therefore the analyses of MEGf@dallow them to conclude
that vegetation cover is better related to degradation gaoh size distribution. Second,
although the vegetation cover is often a simple, easy-éondicator of degradation, the au-
thors do not take into account the increasing amount of gimai literature that suggests
vegetation cover in arid ecosystems is likely to respond dilsaontinuous way to gradual,
external changes (Rietkerk et al. 1996; Lejeune et al. 19899f®r et al. 2001; Von Harden-
berg et al. 2001; KEfi et al. 2007b). Even though strict proofs of discontinuassitions are
difficult to obtain in the field (see e.g. Sdfex et al. 2001; Sclader et al. 2005) (deMenocal
et al. 2000; Foley et al. 2003, but see also e.g.[), the hitggh ahirreversible degradation
and the low restoration success of many dry degraded argasS{eding et al. 2004; Pueyo
& Alados 2007; Sluiter & de Jong 2007; Pueyo et al. 2009) sagg®at hysteresis com-
monly occurs in these ecosystems, which is one of the mairpoosents of discontinuous
transitions (Beisner et al. 2008). When a discontinuousitianss about to occur, modeling
studies have shown that the vegetation cover alone simm@g dot provide information on
the proximity to desertification.

The categorization proposed byé&Ket al. 2007a) is a qualitative one in that it does not
provide a quantifiable distance to extinction: a shift (mej) from a pure power law to a TPL
suggests that an ecosystem is degrading and approachidggksification threshold. The
sites studied by MEQ9 are all described by TPLs. Among shesacterized by similar patch
size distributions, Kfi et al. (2007a) do not propose any criteria to distinguisiorg sites
of varying degradation; currently, such criteria are splatking. In an attempt to compare
the degradation levels of their 29 sites, MEQO9 investigateahges in the scaling exponent
of the TPLs among the fierent sites. This was not part of the hypothesis formulayedédi
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etal. (2007a). Itis an interesting approach, but it imgi@assumes that varies consistently
with the level of stress, which has not been proven to be the.da fact, in the data analyzed
by Kéfi et al. (2007a), there does not appear to be any consistaation ofy among sites
characterized by dierent stress levels (i.e., grazing pressures). For examitleincreasing
grazing pressure (from medium to high) the absolute valoé the TPL decreases in the
data from Spain but increases in the data from Morocco an@derésee Fig. 1 in &fi

et al. 2007a). The lack of a clear relationship betweamd the stress level could very well
explain why MEOQ9 find thay is not related to the perennial cover. It is noteworthy tha t
result is in agreement with previous studies on steppesmiied byStipa tenacissiman

the arid Mediterranean region. For example, it has been shibat the spatial distribution

of S. tenacissimas not clearly related with its abundance (see Table 1 in édaet al. 2006).
Furthermore, the exponemtalone does not provide a complete description of the shape of
the TPL,; the location of the cufi) S, cannot be ignored. Indeed, the latter describes where
the deviation from power law behavior begins, and it is ti@gidtion which was proposed to
be linked to the level of degradation ireK et al. (2007a). Thus, we doubt whetheis the
correct parameter to investigate. Further theoreticaleandirical work is needed in order

to identify the parameters which are best correlated to tfess level and which therefore
should be monitored.

Another concern regarding the analysis of MEQ9 is that, witeng TPLs to their data,
they find a negative (i.e., a positive slope of the TPL) in the vast majority ofithstes
(22 of 29 sites listed in MEQ9: Table 1 and 7 of 8 sites illustdain MEQ9: Fig. D1), in
stark contrast to the positive (i.e., a negative slope of the TPL) observed b#fiket al.
(2007a). A TPL with a negativg can be understood as follows: the number of patches
N(S) actually increases with siz& until some intermediate path size is reached, at which
point N(S) begins to decrease. Thus, in MEQ9s distributions, it is room for smaller
patches to be less abundant than patches of intermediateFiz this reason, a TPL does
not appear to be the most appropriate model to use to fit ttee ddite distributions found
by MEQ9 actually suggest the presence of a dominant spaiiéé,scontrary to the scale
invariance observed by &fi et al. (2007a). Indeed, some arid areas are charactdrized
regular vegetation patterns (Rietkerk & van de Koppel 20@8gre patch size distributions
do not follow power laws but instead reflect a characteris#itch size (or a range of patch
sizes). Manor & Shnerb (2008) developed a promising mod&hvtan reproduce both the
irregular patterns described by power law distributiond e regular patterns characterized
by a dominant spatial scale. They showed how the relatiength of competition and
facilitation can drive the type of pattern that emergesprairfacilitation favors irregular
pattern formation while strong competition favors reguydatterns. In systems characterized
by regular patterns, it has been suggested that the shalpe pétterns can be used to gauge
the level of degradation, with spot patterns being the lasbtdcur before desertification
(Rietkerk et al. 2004). Further research is needed to deterihthese findings can indeed
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be applied to the sites studies by MEQ9. More generally, wehairrently lacking is a robust
way of characterizing the spatial organization of ecosystesince, depending on the type
of patterns (which emerge fromftirent underlying ecological mechanisms), the indicators
that need to be monitored may vary.

Before patch size distributions can be used as a monitormigrteystems characterized
by irregular patterns (e.g., using aerial pictures or Bsemages), many technical issues
need to be addressed and further tests need to be conduttiedigid. From a practical point
of view, the patch size distribution is indeed a more congpéd tool than the vegetation
cover. Among others, there are issues with the binning ofdtta and the fitting of the
mathematical functions.

Traditionally, data is binned when visualizing frequendggtiibutions (Newman 2005;
Bauke 2007; White et al. 2008; Clauset et al. 2009). When the datiaitaned into bins of
equal sizes (so-called linear binning), the right-hane sifithe distribution is often noisy:
the largest elements are rare, and, therefore, each biainsranly a few elements which
creates large variations in bin counts among bins (Newm#&®;2Bauke 2007). This is a
concern when dealing with patch size distributions, sineeave especially interested in the
behavior of the putative power law in the area around theektrg.e., the rarest, patches. To
decrease the noise in the right-hand tail of the distrilmytiogarithmic binning is typically
employed, where the bins in the tail of distribution recawere elements than with linear
binning. Various techniques have been proposed to estithateptimum bin size (e.qg.,
Sturges rule, Scotts rule, and the Freedman-Diaconis, allestrive to achieve a reasonable
balance between the number of bins and the number of elemesdash bin. However, these
techniques do not always yield consistent results, whickemghe choice of binning fairly
arbitrary. A better way of plotting the data is to use the clative distribution function,
which does not involve the binning of the data (Newman 2005kBa2007; White et al.
2008).

After binning the data, a linear fitting of the log-log transhed data is typically per-
formed using least squares regression (Newman 2005; BaOke @hite et al. 2008; Clauset
et al. 2009). Fitting methods based on binning and leastreguagression are widely used
in ecology and in other fields to fit models to data and to edérttze scaling exponents of
frequency distribu- tions. White et al. (2008) recently destoated that such methods give
biased results and therefore cannot be relied upon. Whiketh@mses are dangerous with
regards to estimating the scaling exponent of a distribytianned-based methods can also
lead to diferences in the determination of which distribution bestfissdata. For example,
a data set that is best described by a power law using a ginesida could be best described
by a TPL when using a fferent bin size.

Independently of the way the data are plotted, a reliabkrradtive to least square linear
regression is to use fitting methods based on maximum lidetirestimation (MLE) to ex-
tract the scaling exponent of the frequency distributionl{iStein et al. 2004, e.g.,). White
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et al. (2008) showed that MLE is the single most accurate otefibr estimating the scaling
exponents of frequency distributions. Currently, MLE isikalde for the pure power law
distribution (Goldstein et al. 2004; Newman 2005; Bauke 20 not for the TPL distri-

bution as defined here, which limits the application of MLEH@s particular case for now,
but is a promising line of future research.

In conclusion, although looking at the vegetation covettiistae most straightforward
and practical way of assessing the “health of an arid ecesysthere are cases where the
cover may fail to predict desertification. Theoretical $t#sdncreasingly suggest that ecosys-
tems which include facilitation may respond to gradual xechanges in an abrupt, rather
than gradual manner (e.g., Lejeune et al. 1999; ffehet al. 2001; Von Hardenberg et al.
2001; Rietkerk et al. 2004; &i et al. 2007b). Desertification then occurs in suddensshift
where ecosystems switch from an unknown vegetation cowdadert (e.g., deMenocal et al.
2000; Foley et al. 2003). In these cases, the vegetatiorr eamdd not be a suitable indica-
tor of proximity to shifts and, therefore, other indicataesed to be further developed so that
they can be used in addition to the cover. The patch sizaldistyn may, upon validation,
be such a complementary indicator since it is hypothesiaedork along both continuous
and discontinuous transitions to desertificatiorefjiet al. 2007a). We would like to stress
that we do not contend that the patch size distribution igi@biedicator than the vegetation
cover, and we do in fact support the continued use of the as/armeans of gauging an arid
ecosystems health. However, since the cover may not workéases (e.qg., if the system is
likely to undergo a discontinuous transition), we reiteridite need to explore additional (ei-
ther alternative or complementary) indicators of degriadago that more robust and reliable
early-warning systems can be implemented.
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