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Summary

| have studied different aspects of Active Galactic Nuckg&b () and of the Cosmic X-
ray background (CXB) using data from the Burst Alert TelgmedBAT) on board the
Swiftmission. BAT, which is currently performing the most semsitall-sky hard X-ray
survey ever, will provide the first unbiased census of the Afddulation. The first three
Chapters give an overview of:1) the interconnection of AG &€XB, 2) the working
principles of coded mask telescopes and the different ingagigorithms employed and
3) theSwiftmission.

In Chapter 4, | describe an imaging reconstruction algoritteveloped on the basis
of the Maximum Likelihood (ML) method which allows to readmetstatistical limit of
the survey. The test bed application is a 90x9Cdegion of the sky which BAT had sur-
veyed to 1 Ms (at the time of this study) and which was used aget for a campaign of
optical spectroscopic identification of BAT selected AGNrésent all the details about
ML method implementation, survey data processing, souetection and source iden-
tification. Chapter 5 reports the details of the ESO camp#ogmptical spectroscopic
identification of BAT selected AGN. Even though it is not paftthis thesis work it is
reported here for completeness of discussion.

In Chapter 6, a method to extract accurate X-ray spectralf@&Ad sources is pre-
sented and the detailed spectral analysis of all sourcesided. | investigated the ca-
pabilities of BAT to detect the photoelectric cut-off usikigown Compton-thick AGN.
The Chapter ends with the derivation of the extragalactiz@count distribution, with
its comparison with previous measurements and with a dssmusabout the statistical
properties of the source sample.

In Chapter 7, | derive, using BAT survey data, a new measuneofehe CXB spec-
trum in the 15-150 keV energy band. This measurement religb® modulation of the
CXB signal caused by the Earth when it transits in the BAT fadldiew. Using a detailed
Earth’s emission model (based on observations and Monte Sanulations), the CXB
and the Earth’s emission spectra are derived without anyngsson on their spectral
shape. The Chapter presents the detail of the Earth moeedttlysis of the systematic
errors and the comparison of the CXB and Earth’s spectrapréhious measurements.
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Introduction

1.1 Active Galactic nuclei

“ Active galactic nuclei (AGN) constitute a somewhat vaguagfined class of objects. It
is well possible that most galaxies have nuclei and thatelzes active in the sense that
there is an energy source in addition to the thermonuclears inside the constituent
stars. Something is called an AGN if this activity is “sulmdial” (Woltjer, 1990).

The observational studies of AGN started almost a centuoyveith the work of Fath
(1908) who, first, recognized in the spectrum of one galaxXg(CNL068, six emission
lines. In 1943, Carl K. Seyfert, noted in the spectra of appty “normal” spiral galax-
ies strong emission lines signaling the presence of prwtzed gas (Seyfert, 1943); he
stated that these nuclei are invariably luminous and timeisgion lines are wider than the
absorption lines in normal galaxies.

Other classes of objects, together with the “Seyfert” galgxare today part of the AGN
family, among them are: Radio galaxies, Quasi stellar abjE@SOs, radio-loud/-quiet),
Blazars and Low lonization Nuclear Emission-Line RegiddBIERS). They are all char-
acterized by the fact that their energy output is not relé&bedrdinary stellar processes.
The different observed properties of such objects are tegplained in the framework of
the AGN unification model (Antonucci, 1993). The model isdzh®n galaxies hosting
super-massive black holes €13°M.,, SMBH) which actively accretes from a disk radi-
ating from the optical to X-ray energies. In proximity of t8®BH there are two gaseous
regions with different velocities: the Broad-Line Regi®LR) and the Narrow-Line Re-
gion (NLR). The BLR with an electron density of at leastifn—3 (deduced by the
absence of broad forbidden emission lines) and a typicalglasity of 3000-10000 km/s
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extends from 0.05 pc, for Seyfert 1 galaxies~td.pc for luminous quasars. The NLR
has lower gas density and velocity £t6cm~2, 300-1000 km/s), but can be much larger
than the BLR since no clear variation of the narrow lines isarted in objects undergo-
ing large continuum variation. The NLR has been resolvedhénOptical, for close-by
Seyfert galaxies (e.g. NGC 1068), showing dimensions of3@D pc (see Kraemer &
Crenshaw, 2000).

Figure 1.1: Schematic picture of an AGN, with collimated radio jets gsag along
the axis of a thick torus of dust and gas. Depending on ofiiemigthe torus hides or
reveals the luminous continuum emission from the centpésmassive black hole
and its surrounding accretion disk. Relativistic beamifthe jet radiation generates
an aspect-dependent appearance along the same axis (Uagddhi, 1995).

A fundamental ingredient of the AGN unification model is thhegence of an obscuring
torus of gas and dust that prevents infrared through utiteiirom penetrating some lines
of sight, in particular hiding the BLR. The presence of poesi obscuring torus has been
recently confirmed by mid-infrared observations of the aactegion of NGC 1068 (Jaffe
et al., 2004). The last item of the unification paradigm isghesence of a relativistic jet
formed within~100 Schwarzschild radii of the SMBH and extending outwacaddns
of kpc. A simplified picture of the AGN unification scheme ipoeted in Fig. 1.1. The
inherently axisymmetric model of AGN implies a radicallyffdrent AGN appearance
at different aspect angles. In practice, AGN of differeneptations will be assigned to

3
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different classes. Geometrical considerations (deriwethb opening angles of ionizing
cones described in section 1.1.1.2), indicate that theengdees 1/4 of the sky and thus
the fraction of obscured sources predicted by the unifiedreehis 75% of the total AGN.

Below, we briefly discuss the observational evidences wélgiport the unification model.

1.1.1 Observational evidence supporting the unified scheme
1.1.1.1 Super-massive black hole

Soon after the discovery of powerful radio galaxies and grsgast was argued that their
power was ultimately gravitational in origin as nuclear atoimic processes are just too
inefficient. The main arguments in favour of the presenceldéek hole are:

e rapid variability, with timescales as short as 1 min in lawninosity Seyfert galax-
ies has been observed (Kunieda et al., 1990); the assotigttétravel time across
the source can be as small as the Schwarzschild radius-dfG M, black hole.
The characteristic variability timescale increases royglith the luminosity of the
AGN;

¢ the luminosity of an average quasar, assuming a 1% efficiehtiyermonuclear
processes, requires that®18l ., be packed into a volume size not larger than the
solar system; in this case the gravitational binding woeldtamparable (or greater)
than the nuclear energy source and the end state is a SMBH,(F&&1). Moreover,
accretion onto a SMBH with 70° M., meets the basic requirements of energy and
variability;

e many of the brighter flat spectrum radio sources have beemrstmexhibit super-
luminal expansion; superluminal expansion is expectednwhatter is moving at
relativistic speeds;

e in some galaxies the velocity dispersion of stars withinribeleus has been mea-
sured. A dynamical determination of the mass gives valu#isemange 19-8M,
(e.g. the mass determination of the SMBH in our own galaxylpced by Eckart
et al. 2004);

e HST observation of M87 directly proved the existence of adlggrotating disk of
ionized gas (feeding a SMBH); the measured velocities asgreement with the
disks being Keplerian and they require the presence of a Skt et al., 1994).
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1.1.1.2 Broad and Narrow Line Regions

The characteristic spectral feature of Seyfert 1-1.5 anddbtine radio galaxies (BLRGS),
as opposed to Seyfert 2 and narrow line radio galaxies (NL.i®Gheir broad permitted
H | emission lines; however the broad-line spectra of AGNvshayreat deal of diversity
in terms of relative line strengths and profiles. It is assditinat the lines are Doppler-
broadened and their widths (full width half maximum, FWHMually range from 500
to 10* km/s with typical values 0£5000 km/s. The strongest observed lines are the hy-
drogen Balmer-series lines FHN6563, H3 A4861, H/A4340), hydrogen Ly A1216, and
prominent lines of abundant ions (MgAR798 C I111A1909 and C IVA1549). Emission-
line fluxes vary with time in a way that is highly correlatedtiwwthe continuum fluxes,
which argues convincingly that photoionization by the calrgource drives the emission
lines and that a large fraction of the recombination emissigginates in clouds that are
optically thick in the ionizing continuum. If the broad-&rwidths reflect purely thermal
motions, the gas temperature would e 0° K; clearly some other broadening mecha-
nism is required, and this is usually attributed to différ@nDoppler shifts due to bulk
motions of individual-emitting clouds. The absence (orextely weakness) of forbidden
lines (O 111 A\4363,A4959,A5007), explained as collisional de-excitation of i%g level

in O™+, gives a lower limit for the electron density of %bn 3.

The equivalent width of the Ly line allows to estimate how much of the continuum emis-
sion is absorbed by the BLR (Peterson, 1997) and thus theingvactor (f=Q2 /4m) of
the BLR which results to be- 10%.

Evidence of circumnuclear obscuration comes from spectanjpnetry of Type 2 objects
(Antonucci & Miller, 1985). The polarization is likely praded by a population of elec-
trons above the SMBH in the torus (see later). Tran (2001 jdawd that at least 35% of
Type 2 objects have broad emission lines like Type 1 in podakiight.

Unlike the BLR, the electron density in the NLR is low enougiattmany forbidden
transitions are not collisionally suppressed. A wide \tgrge ionization states are present
in narrow-line spectra. Both low-ionization lines (e.g.,| @6300) and high-ionization
lines (e.g. O 1lIA4959,A5007) are strong. The [O INBO07/H3 flux ratio is usually
larger than 3 and the FWHM for narrow emission lines fallshia tange 200-900 km/s.
The presence of anisotropic continuum emission can baedérom the extended narrow-
line regions, sometimes tracing ionizing light cones, seedirect imaging of many
nearby Type 2 AGN. High resolutioAST images of NGC 1068 (Evans et al., 1991)
in the light of [O Ill] show evidence for an ionization conetiwviapex at an obscured nu-
cleus.In this and other cases the conical shape suggests that asumdasnuclear source
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with quasar-like luminosity is photoionizing gas in theasxded narrow-line regio(Urry
& Padovani, 1995).

1.1.1.3 Relativistic beaming

When an emitting plasma has a bulk relativistic motion redato a fixed observer, its
emission is beamed in the forward direction (in the obsefraame) as a direct conse-
guence of the transformation of angle in special relativithe detection of more than
40 blazars, at- 100 MeV energies, by thEGRETexperiment on board thEompton
Gamma-Ray Observato(CGRO, von Montigny et al., 1995) is a confirmation of the ex-
istence of relativistically beamed radiation. In sevetakhrs, the observed high-energy
gamma-rays are highly variable, on time scales of a few ddgsaschi et al. (1992), us-
ing the variability to constrain the source dimension, hetvewn in a model independent
way that the true blazar luminosity must be much smaller tharobserved one and this
can be explained as relativistic beaminglagss = &*L whered is the Doppler beaming
factor. It is interesting to note that &iGRETblazars are radio-loud. Even though it is
possible that radio-quiet AGN are below the detection sieitgiof EGRET OSSE(on
board CGRO) Seyfert 1 spectra show a steep cut-off in cdninasadio-loud objects.
Thusiitis likely that gamma-ray and radio properties areatated and in turn are closely
associated with relativistic beaming. In AGN usually onlgitle of the jet (approach-
ing) is seen; in microquasars both jets are seen, with expaispeeds and brightness
differences consistent with relativistic beaming.

1.1.2 AGN appearance in the Optical and at X-rays

In this section we mainly focus on the observational opticel X-ray properties of radio-
guiet AGN. The radio-loud AGN are similar to radio-quiet AGas shown table 1.1), but
are likely characterized by an extra component, i.e. a gyti@n-emitting jet which,
when seen at small angles, allows the sources to be detddiggha(gamma-ray) ener-
gies.

In the AGN unification model, schematically reported in &abll, Seyfert 1s and BLRGs
are distinguished from their opposites, Seyfert 2s and N&Rfy the orientation of the
obscuring torus. If the torus is seen face-on, the view ofciatral regions is unob-
structed and the observer sees the BLR detecting the bromgiemlines; in this case
the observer will identify the AGN as a Seyfert 1. In case theeover’s line-of-sight
is closer to edge-on, the central regions, and thus the BtdRnat seen directly and no
broad emission lines are detected. The observer wouldifglass AGN as a Seyfert 2.
The typical AGN optical spectra are shown in Fig. 1.3. Forf&e\2 galaxies, a natural



Chapter 1. Introduction

guestion arises: if the torus is highly opaque, why is the A€Ntinuum visible? The
key ingredient that make the torus model viable is an adtilicomponent, namely a
“scattering medium” that lies above the hole in the torugl acatters the nuclear light
to an observer in the disk plane. A confirmation to this modehes from the detec-
tion of weak broad emission line in the optical spectrumjnear polarized light, of the
Seyfert 2 galaxy NGC 1068 and other sources (Antonucci &avijliL985). A polarized
spectrum can result from scattering or reflection of the AG@Ntimuum either by dust or
by electrons. The polarization of the NGC 1068 continuum aselength independent,
which indicates that the scattering particles are elestrather than dust. Thus, it is very
likely that Seyfert 2 galaxies (which show such polarizedcspum) have hidden BLRs.
These observations confirm thatleast somé&eyfert 2 galaxies are intrinsically similar
to Seyfert 1s.

Line flux ratios are often used to distinguish Seyfert gaaXrom other type of emission-
line galaxies. The most commonly used is the [QB007]/H3 flux ratio; unfortunately
the criterion that [O 111}/H3 >3 for AGN is not robust since this flux ratio is also typical of
low metallicity H Il regions. Baldwin et al. (1981) have shothat various type of emis-
sion line spectra can be distinguished using two pairs @kslirthe relative strengths of
various lines are a function of the shape of the ionizing iooiim. Fig. 1.2 demonstrates
how LINERSs can be distinguished, using the “BPT” diagrami@Bén et al., 1981), from
normal H Il regions and AGN on the basis of the [O [lI}tand [N 1l]/Ha flux ratios.

Table 1.1: AGN unification scheme.

Radio Properties Face-On Edge-On

Radio Quiet Seyfert 1 Seyfert 2
QSO

Radio Loud BL Laé FR I?
BLRG NLRG

Quasar/OVV FR 112

1 BL Lac objects and optically violent variables (OVV) are aiyireferred to as blazars

2 FR | and FR Il (Fanaroff & Riley, 1974) are radio galaxies safminto two different luminosity classes (low and high
luminosity respectively)
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Figure 1.2: Left Panel: The top panel shows the nuclear flux of the Seyfert galaxy
NGC 1068 while the bottom panel shows the linearly polaritted (Miller et al.,
1991). The broad Bl line, in polarized light, points in favor of a hidden BLR and
thus to the fact that Seyfert 2 galaxies are intrinsicaliyikir to Seyfert 1. Right
Panel: Diagnostic diagram for emission-line galaxies. The vaitaxis is the [O IlI]
A5007/H3 flux ratio and the horizontal axis is the [N IN6583/Hx flux ratio. Both
ratios are based on lines close in wavelength and are thienefddening independent.
The open circles are for H Il regions and similar sources Wwhi@ clearly ionized by
hot stars. The solid line separates AGN from H Il region-likgects. Adapted from
Veilleux & Osterbrock (1987).

1.1.2.1 The high energy emission

The origins of X- and gamma-ray emission in AGN is not conmglieunderstood. In
many models, the X-ray emission is produced by inverse-GomfC) scattering of
lower-energy photons by more energetic electrons. The hbdesa is that the UV/optical
continuum from the accretion disk is up-scattered (in ey)ehy IC scattering off hot
(possibly relativistic) electrons in a corona surroundimg disk, a process commonly re-
ferred to as “Comptonization” of the input spectrum. Howetlee origin of the electron
population is still a matter of debate. At X-ray energies, MGpectra are character-
ized by a power-law with a photon index 6f1.9 which is consistent with a saturated
pair-production model (i.e. all gamma-rays convert intec@ion-positron pairs). In ad-
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Figure 1.3: Optical spectra of different members of the AGN family; a®mparison
a spectrum of a normal galaxy is shown on the bottom left dahegraph. Spectra
have all been shifted to rest frame wavelength for ease opeoson. Adapted from
Keel (1983) and Owen et al. (1990).

dition to the basic power-law, AGN usually show other comgras. At low energies,
<2 keV, absorption from heavy elements is often detectedc(ieei et al., 1985). These
are primarly K- and L-shell ionization edges from Fe, Mg, &id S. By assuming solar
abundances, the equivalent hydrogen column densitiessageto produce the observed
absorption are of order 10?2 cm~2. The strength of the absorption can vary with time,
leading to the deduction that these are 'warm absorbees’they have ionization fronts
that are variable in position within the absorber.

In the soft X-ray range< 2 keV) many AGN show a steep rise in the spectrum towards
low energies (Turner & Pounds, 1989). This is referred tosadt“excess”. Its origin

is not yet clear; it has been argued that this feature is thapg@anized Wien tail of the
UV/optical emission from the putative accretion disk (re¢e to as blue bump).

At higher energies (E10 keV), AGN X-ray spectra rise above the typical power-law
spectrum; this is usually attributed to inelastic scatigof high-energy photons off low-

9
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energy electrons (Compton electrons) perhaps in the amerdisk itself. At least one
emission line, Fe K, is clearly detected. The observed widths of the khe often
corresponds to velocities of 10*km/s (Mushotzky et al., 1995); in one extreme case,
MCG-6-30-15, the K line has a width of 19km/s and is apparently gravitationally red-
shifted, which argues strongly in favour of an origin neaMB%l (Tanaka et al., 1995).

logN,=21.6

E xF(E) |arbitrary units|

D_Dl 1 IIIIII| 111 LN 11 1 1181l 1
0.1 1 10 100 1000

E [keV]

Figure 1.4: AGN spectra with different level of absorption. Solid linem top

to bottom: NH = 0 (i.e. unabsorbed AGN), logNH = 21.5, 22.5,5224.5,> 25.

A primary power-law with photon index 1.9 and cut off energy £ 200 keV is
assumed. The reflection “hump” around 10 keV and the Eeelhission line are
visible. Adapted from Gilli et al. (2006).

The one here described, and shown as the upper curve in Bigs the typical spectrum
of an unabsorbed AGN, i.e. the spectrum which an observeldigae if his line-of-sight
does not intersect the torus. If the observer’s line-ofspasses through the torus, photo-
electric absorption starts to suppress the X-ray emisgi@namount of absorption being
determined by the angle relative to the obscuring torus bSoded AGN appear, usually,

10
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in the Optical as Seyfert 1 galaxies whereas absorbed ownegdshppear in the optical
as Seyfert 2; this is not a one-to-one relation as 10% of ®eY/fgalaxies have absorbed
X-ray spectra and a few Seyfert 2 objects seem to be unalisorbe effect of absorption
on the AGN spectral template is shown in Fig. 1.4; for a Comgtock AGN (see dis-
cussion in section 1.2.7) the absorbing column density sroér 1¢42°H-atoms/cm
and the< 10keV emission is suppressed to a small fractior2fo) of its original flux.
These objects are clearly best detected and studied s ttfekeV band.

1.2 The X-ray background

1.2.1 Early history

The goal of one of the first X-ray experiments, flown on a messilitside the Earth at-
mosphere, was detecting fluorescent X-rays produced oruttee burface since it was
believed to be the strongest source (Giacconi et al., 196&2ead, it achieved two major
discoveries: the detection of the first X-ray point-like smi(Sco X-1) and of a diffuse
isotropic, and thus extragalactic, X-ray emission whicls\wabsequently referred to as
the X-ray background (XRB). Since the discovery of the XRBporigin was discussed in
terms of two alternative interpretations: the truly di#usypothesis (e.g. hot intergalactic
gas) and the discrete source hypothesis. The first imp@teps towards the understand-
ing of the XRB have been done with the first all-sky surveys (/) and ARIEL V,
Giacconi et al. (1974); McHardy et al. (1980)) at the begigrof the seventies. The high
degree of isotropy revealed by these surveys led immedgiatekalize that the origin of
the XRB has to be extragalactic and that in the discrete sdwypothesis the number of
sources contributing to the XRB has to be very large-(NPsr—1, Schwartz & Turner
(1988)). At the beginning of the eighties two different seftsmeasurements led additional
fire to the debate between supporters of the discrete sonttditiuse hypotheses. On
the one hand, the excellent HEAO-1 data showed that in theygmange 3-50 keV the
shape of the XRB is very well fitted by an isothermal bremsdinrag model correspond-
ing to an optically thin, hot plasma with KT of the order of 48k(Marshall et al. 1980).
Moreover, it was shown by Mushotzky (1984) that essentialllfhe Seyfert 1 galaxies
with reliable 2-20 keV spectra{ 30 objects, mostly from HEAO-1 data) were well fitted
by a single power law with an average photon index of the oodldr.65, significantly
different from the slope of the XRB in the same energy randees€ two observational
facts were taken as clear “evidences” in favour of the déftreermal hypothesis. On the
other hand, the results of the EINSTEIN deep survey showatdaihout 20% of the soft
XRB (1-3 keV) are resolved into discrete sources at fluxek@brrder of a few 10'%erg
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cm2s~1 (Giacconi et al. 1979, Griffiths et al. 1983). A large fractif these faint X-ray
sources have been identified with Active Galactic Nuclei BBGThe final resolution of
the controversy came from the incredibly neat result oleinith the FIRAS instrument
on board COBE: the absence of any detectable deviation frpor@black body of the
cosmic microwave background set an upper limit on the doution of an uniform hot
intergalactic gas to the XRB af 104 (Wright et al., 1994).

1.2.2 Deep X-ray surveys
1.2.2.1 ROSAT observation of the Lockman Hole

Having the COBE data definitely eliminated the possibilityan important contribution
of diffuse gas emission to the XRB, the important questiong@ddressed subsequently
was: what are the sources that are responsible for the aubXRB?

The good angular resolution and sensitivity of the Posifiensitive Proportional Counter
(PSPC), in the 0.1-2.4keV band, aboard ROSAT have allowedtend to significantly
lower fluxes the deep imaging studies first performed with&IEIN.

The deepest ROSAT image has been obtained by Hasinger £988B)(in the direction of
the Lockman Hole, characterized by an extremely low nelilydfogen column density.
These data have been used by Hasinger et al. (1993), togatheadditional data from
26 other shallower ROSAT exposures, to obtain the log N - Log/&ion shown in Figure
1.5. The total number of sources used in the constructioraaatysis of the log N - log S
relation is 661 and they cover a range of more than two dedadles. The main resultis
that at least 60% of the XRB emission is resolved into (detdcsources above 1éPerg
cm2s~1 (and up to 85% above 18%erg cm2s~1 considering the fluctuation analysis
results). Optical identification of the sources in the LoekniHole revealed that a fraction
as high asv 85% of the detected objects are AGN (Lehmann et al., 2000k Sttowed
without any doubt that AGN are the dominant population amttvegX-ray sources at this
flux and the main contributors to the XRB emissions.

1.2.3 AGN evolution from Deep X-ray surveys

Recently, deep X-ray surveys with ti@handraand XMM-Newtonsatellites (Brandt et
al., 2001; Alexander et al., 2003; Hasinger et al., 2001jalgeded by multiwavelength
campaigns (e.g. GOODS, Giovalisco et al., 2004) providedrsd crucial information
on the evolution of the AGN populations. The important reBoin the two deepest X-ray
fields, the Chandra Deep Field North (CDFN, observed for 2 &tg) the Chandra Deep
Field South (CDFS, observed for about 1 Ms) is constitutethbyresolution of the XRB
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Figure 1.5: Integral source count distribution from the ROSAT obseaorabf the
Lockman Hole (Hasinger et al., 1993). The solid line is theSRD distribution
while the dot-dashed line is the source count distributromfthe Einstein Medium
Sensitivity Survey (EMSS, Gioia et al., 1991). The dottezbaait lower fluxes shows
the 90% confidence region from fluctuation analysis perfarméhe Lockman Hole.

into single sources, mostly AGN, at a level between 80% ar¥d @8ickox & Marke-
vitch, 2005) in the 0.5-8 keV band. These surveys providelarost complete census
of the accretion history of matter onto super-massive blextks through cosmic epochs.
However, the most interesting outcomes go well beyond tmeodeaphic characteriza-
tion of the extragalactic X-ray sky. Indeed, the physical amolutionary properties of
the AGN population are now revealing how they formed and Hwey are linked to their
host galaxies. A striking feature is tli®wnsizing or anti-hierarchical, behavior of the
nuclear activity: the space density of the brightest Sé¢ytfand QSO peaks at> 2 while
the less luminous Seyfert 2 and 1 peakat 1 (Hasinger et al., 2005). This is clearly
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shown in Fig. 1.6, where the number density of more lumino@HNAQSOs) peak earlier
in the history of the universe, while the low luminosity arlater. An analogous behavior
is presently observed in the cosmic star formation histatyfow redshift star formation
is mostly observed in small objects (e.g. Kauffmann et &Q4), while at redshift 2 or
higher, star formation activity is observed also in masgakaxies withM,, ~ 101M,
(Daddi et al., 2004).
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Figure 1.6: (a) The space density of AGN as a function of redshift in défe |u-
minosity classes and the sum over all luminosities withllpg> 42. Densities from
the pure luminosity evolution and luminosity-dependemisiliy evolution models, as
defined in Hasinger et al. (2005), are overplotted with shitids. (b) The same as
(a), except that the soft X-ray emissivities are plottedead of number densities.
The uppermost curve (black) shows the sum of emissivitiedl ilnminosity classes
plotted. Adapted from Hasinger et al. (2005).

“These new results paint a dramatically different evoluigrpicture for low-luminosity
AGN compared to the high-luminosity QSOs. Obviously, the, raigh-luminosity ob-
jects can form and feed very efficiently rather early in theverse. Their space density
declines by more than two orders of magnitude at redshifisvb@=2. The bulk of the
AGN, however, has to wait much longer to grow with and showecirte of space density
by less than a factor of 10 at redshifts below drielasinger et al., 2005).
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As a consequence, half of the total black hole mass densgyaseumulated at red-
shift z < 1. This is consistent with the most recent results from XRBI&s. After
the deep Chandra and XMM surveys have revealed the redssiiftodtion of the ob-
scured sources that most contribute to the XRB (Alexanded.e2001; Barger et al.,
2002; Mainieri et al., 2002), the newest synthesis modedsnstd suggest that indeed
a substantial fraction of the locally measured mass dewosispper massive black hole
(SMBH) (maybe up to 50%) was accumulated in (obscured) &/mv-mass AGN (with
M < 108M.,) at z< 1 (see e.g. Gandhi & Fabian 2003, and references therein).

1.2.4 Fitting the XRB and population synthesis models

A major liability of the discrete source model has been tipetéral paradox” as summa-
rized by Boldt (1987):

“While the majority of the extragalactic sources detecteth wieHEAO 2 Einstein Ob-
servatoryare probably AGN, the broad band continuum of the brighteégcs as mea-
sured withHEAO 1 exhibit spectra quite different from that of the XRB; the&NAexhibit
power-law spectra with a photon index of 1.7, apparentlyejmehdent of classification
and luminosity. Such power-law fails to fit the XRB specttumhich in the 2-10 keV
range can be approximated with a power-law with photon irafeix4.

The main problem connected with the spectral paradox waastiemption that the AGN
spectra are described by a single power law from 3 to 100 kefWv8rtz & Turner (1988)
were among the first ones to show that AGN spectra which terfidtten with energy,
integrated through redshift with reasonable assumptionthe cosmological evolution,
could provide an adequate fit to the shape of the observed X&tB 3 to 100 keV. Their
assumption was confirmed few years later by the GINGA obsens (2-30 keV); in-
deed, Pounds et al. (1990) and Nandra (1991) have shownnoimgly that the typical
spectrum of Seyfert 1 galaxies shows a flatteningHd keV, with respect to the observed
power law slope in the range 2-10 keV. Such flattening has beerpreted either as a
partial coverage of an underlying X-ray power law continunmas reprocessed emission
(reflection) from thick relatively cold matter, possiblyam accretion disk. This discov-
ery led a number of groups to construct models for fitting tiRBXpectrum with various
combinations of AGN spectra (see, for example, Morisawéd €1890) and Fabian et al.
(1990)). Although gualitatively in agreement with the aleshape of the XRB in the
energy range 3-100 keV, these first models have been showa hetable to fit satisfac-
torily the position and the width of the peak of the XRB spentr(Zdziarski et al., 1993).
It must be said, however, that such early models assumeadrgstrenhanced reflected
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component, much larger than (today) observed in Syl gaaxie

A different approach based on the X-ray properties of the A@Nied scheme was sug-
gested by Setti & Woltjer (1989). By playing with reasonablasses, sizes and incli-
nation angles of the tori, whose existence was confirmed by ét&ervations (Jaffe et
al., 1993), they demonstrated that is possible to reprothie&XRB spectrum requiring
that the number of absorbed sources (Sy2) is approximagelgl ¢o the number of unob-
scured ones. However, it was shown that almost equally gé®tbfthe XRB spectrum
can be obtained under significantly different assumptionthe source spectra and evo-
lution; thus as pointed out by Zamorani (1994), a good fit @XRB spectrum does not
mean that the synthesis of the XRB is understood.

Comastri et al. (1995) were among the first ones to produc-amssistent model for
the synthesis of the XRB which successfully fits the XRB speuatin the 3-100 keV
range; they start from the observed soft X-ray luminosityction (XLF, Boyle et al.
(1993)) and under the assumption that the shape of the XLFeaoldtion of absorbed
objects is the same as that of unabsorbed ones (i.e. ghaidtributiondoes nodepend
on luminosity) derive the best fit parameters, essentiaiynodel Ny distribution, which
reproduce the observed XRB spectrum. Their model, whicerdehes that the fraction
of absorbed objects is 75% of the total AGN, is also able toadyce a set of other ob-
servational constraints like the ROSAT logN-logS and rédtidistributions (Hasinger et
al., 1993) and the redshift distribution of the HEAO-1 A-2rgde (Piccinotti et al., 1982).

It is only with the availability of sensitive and highly comepe surveys, performed mainly
with ASCA Chandraand XMM-Newtonthat fine modeling of the AGN properties can
start. Ueda et al. (2003) derive the hard XLF (HXLF, above ¥)keombining a set of
highly complete surveys which cover 5 decade in flux down to'3€rg cnt2 s~1. Main
results of their work is that the fraction of absorbed AGNreases with X-ray intrinsic
luminosity, as shown in the left panel of Fig. 1.12, and tiat ¢volution of the HXLF
of all AGN is best described by a luminosity-dependent dgresiolution (LDDE, i.e.
luminous AGN evolve faster at high redshift) of the form:

d(D(Lx,Z) o d(D(Lx,O)
dlogLx  dlog Lx

e&(z Lx) (1.1)

where,
(1+2P  [z<z(Lx)],

o(ze) [ ][22 z(Lx)] 2

e(z,Lx) = {
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and

Z?: (LX > La),
Ze(Lx) = { z (t—ﬁ)a (L <Ly, (1.3)

with Ly andz, fixed at 44.6 and 1.9 respectively.

In equations 1.1 and 1z, Lx) is the evolution factor whose cut-off redshiff the red-
shift above which the evolution terminates, is a functioduohinosity Lx as expressed
in 1.3. Their finding that the the cut-off redshi#ft increases with luminosity, translates
into a ratio of the peak spatial density to that of presentwhich is smaller for AGN
with Log Lx <44.5 than for more luminous AGN as also shown in the Fig. loénfr
Hasinger et al. (2005). Their fit to the XRB spectrum suggbstpresence of roughly an
equal number of Compton-thick AGN of Logd¥24-25 as those with LogiN=23-24 in
agreement with the distribution of Risaliti et al. (1999 alissed in section 1.2.6.

La Franca et al. (2005), using an even larger sample, exten&#iXLF up to z=4 con-
firming most of the results from Ueda et al. (2003): the LDDBdngor of the HXLF and
the decrease in the ratio of obscured AGN with luminosity. rédwer, they are able to
determine the increase of the number of obscured sourchsedshift; this dependence
which is shown in the right panel of Fig. 1.12 was also regecdihfirmed by Tozzi et al.
(2006).

On the other hand Treister & Urry (2005), after correctinggelection effect, find that
the simple AGN unification scenario, which assumes thatuestAGN outnumber the
unobscured ones by a factor 3 and that this ratio does notwidinuminosity nor red-
shift, reproduces the XRB spectrum well. They also show #hlatminosity-dependent
Ny distribution allows an equally good fit to the XRB spectrund aflow an estimate of
the number counts in the 2-10 keV band which is in very gooeéament with present
observations.

Gilli et al. (2006) recently presented a new modeling of tHeBXbased on a slightly
different approach with respect to the past. Given all tlser@dpancies among different
measurements of the XRB spectrum (see discussion in seécd), they optimize their
model in order to be able to reproduce the robust and edtadlisbservational data like
the logN-logS and luminosity functions in both the 0.5-2 kawd 2-10 keV ranges and
then they verify a posteriori the resulting XRB spectrum. sk®wn in Fig. 1.7, they
adopt the soft-XLF (SXLF, 0.5-2 keV) from Hasinger et al. 980 as the XLF of unab-
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Figure 1.7: X-ray luminosity functions adapted by Gilli et al. (2006)reg&n data-
points are the Ueda et al. (2003) HXLF; the red solid line esSXLF from Hasinger
et al. (2005) converted to the 2-10 keV band. The dotted askeathlines refer to two
different models where the ratio of obscured and unobscdoed not depend and
depends on the luminosity respectively (as discussed ing&dl., 2006).

sorbed AGN and the HXLF, 2-10 keV, from Ueda et al. (2003) asathe for unobscured
andCompton-thin (Log Ny <24) AGN; the difference between the HXLF and the SXLF,
converted to the 2-10 keV band, provides the XLF of Compton-AGN. The fit to the
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source counts in the 0.5-2 keV, 2-10 keV and 5-10 keV bandegigee the absorption
distribution which is shown, for comparison together wither Ny distributions, in Fig.
1.8. They find, in agreement with Ueda et al. (2003) and Ladaat al. (2005), that the
obscured to unobscured AGN ratio decreases from 4 (8 ineu@ompton-thick AGN)
at low luminosities to 2 at high luminosities. The fit to the BRpectrum, shown in Fig.
1.9, allows to constrain the number of Compton-thick AGMhértvise undetermined); in
agreement with Risaliti et al. (1999) they are found to bewaserous as the Compton-
thin ones. The uncertainty on this number, however, follolesely the uncertainty on
the overall normalization of the XRB spectrum at 30 keV, thaisce the HEAO-1 A-2
XRB spectrum (as used in Gilli et al. (2006)), is found to ©&0% lower than more
recent determinations (see section 1.2.8) the number ofp@mthick sources could be
a factor 2 larger. The number of the expected Compton-thickces at the flux levels
of the CDFS (Tozzi et al., 2006) and Swift and INTEGRAL hardax-surveys (Mark-
wardt et al., 2005; Beckmann et al., 2006; Bassani et al.6Rafe consistent with the
observations.

1.2.5 Resolving the XRB

However, quoting the resolved fraction of the XRB in thelO keV band is somewhat
misleading. Indeed, in a recent study Worsley et al. (20086)v&d that the three deepest
X-ray surveys, the XMM-Newton observation of the Lockmanlé&JcCDFS and CDFN
(Hasinger et al., 2001; Giacconi et al., 2002; Alexandet.eR03) point to a significant
reduction in the resolved fraction of the XRB at the hardestrgies. This is also shown
in Fig. 1.10, which reports the resolved fraction of the XR&, these 3 surveys, as a
function of energy; in particular, above 5 keV, the resolfradtion can be as low as 50%.
The spectral analysis of the missing fraction (differeneesMeen the total and resolved
part) is consistent with the spectrum of highly obscured A&M could be evidence of
the large population of heavily absorbed objects which laoeight to account for the 30
keV peak of XRB intensity(Worsley et al., 2005). The saméiarg conclude that the
most plausible population would be of objects at redshkifd.5 — 1.5, with unabsorbed
luminosity of 1#3erg s'1, but heavily absorbed by column densities~o6 x 10?3 H-
atoms cr.

This finding opens again the issue of the resolution of the XiRBuiring the presence
of a still undetected population of strongly absorbed AGkhatlerate redshift, as can be
inferred from the spectral shape of the missing XRB.
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Figure 1.8: Ny distribution from Gilli et al. (2006) model as compared thartdis-
tributions from previous works. The number of objects infellg bin is normalized
to the total number of Compton-thin (21og<24) AGN. Shaded areas refer to lower
limits to Ny. Adapted from Gilli et al. (2006).

1.2.6 Absorption distribution

According to the so-called unified model (Antonucci, 1998 same engine is at work in
all AGN. The difference between type 1 and type 2 AGN are bedrsolely to orientation
effects: our line of sight to the nucleus may (type 2) or maty(typpe 1) be obstructed by
optically thick material, perhaps distributed in a tordigaometry. Knowing the amount
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Figure 1.9: Left Panel: The XRB spectrum and the predicted contribution of
Compton-thin AGN from Gilli et al. (2006) model. The differeXRB measurement
are explained on the left. The red solid line shows the coution of unabsorbed
objects while the blue solid line shows the contribution &Mwith Log Ny=22-24.
Right Panel:Same as previous panel, but including also the contribati@ompton-
thick AGN (black line). Both figures were adapted from Gilliad. (2006).

of obscuring gas in Seyfert galaxies is important to undeiding the physical properties
and the nature of the putative torus. It is, in fact, the gagoynaf the dust torus which
determines the amount of obscuring material along the gbssiline of sight to the cen-
tral X-ray-emitting regions. If we assume that all AGN hakie same geometry, then it
is only the properties of the torus that determine the olezkabsorption distribution in
the AGN population as a whole. A typical zeroth-order apphoa to speculate that this
characteristic geometry is independent of the luminositine central engine, and has
not evolved over cosmological time-scales. Thus, meaguhia AGN absorption distri-
bution, becomes a crucial test for the validity of the AGNfigal scheme as in this case
the fraction of absorbed objects to the total populatiorxfgeeted to be 3/4 and to be in-
dependent of redshift and luminosity. The first instrumeihie to derive a measurement
of the absorption distribution, in the 2-10 keV band, wereA@EL A-2 and EXOSAT
(Piccinotti et al., 1982; Turner & Pounds, 1989). In the EXXSample, which include
the HEAO-1 A-2 sample, absorption is found+n50% of the sources, thus denoting ei-
ther a problem with the unification scheme or, as proven,latbias against the detection
of absorbed sources. The reported distribution, as all theramnes we will describe,
is bimodal with a threshold between absorbed and unabsatedes usually fixed at
Ny = 10%2H-atoms cn?; the unabsorbed sources are also usually reported in gesinlg
bin as their absorption is often comparable or less thantikeration taking place in our
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Figure 1.10: The fraction of the total extragalactic XRB intensity regl by simply

summing the fluxes of sources in the CDFs and XMM-LH. CDF-N @mf--S data
are shown as the black and grey crosses respectively; the ¥ithlare shown with
diamonds. Adapted from Worsley et al. (2005).

own galaxy and X-ray instruments are not sensitive enoughdasure with precision
very low column densities.

Things improved dramatically with the advent of t@dandraand XMM-Newtontele-
scopes. In particular, the deep field observations of theioam Hole (Mainieri et al.,
2002) and the CDFS (Tozzi et al., 2006), with their high coetgress (100% and 99%
respectively), both find that 75% of the AGN population shows absorbing column den-
sities> 1072atoms cn1? in excellent agreement with the unified scheme. Fig. 1.1vsho
the absorption distribution for the extragalactic soumetgected in the CDFS; the distri-
bution steeply increases withyq\l peaking at Log N ~ 23, and bridges smoothly with
the Compton-thick population. However, as pointed out by3My et al. (2005), even the
deepest survey, in the 2-10 keV band, are likely missing@ibma of sources due to large
obscuration. Indeed, the fraction of Compton-thick sosifoeind in the XMM-Newton
observation of the Lockman Hole and in the CDFS are very wiffeas reported in table
1.2. The only way to remove such observation bias is to perforaging studies at higher
energies,> 10keV, where the effect of source obscuration is less sevidte BAT and
ISGRI telescopes on board tiavift (Gehrels et al., 2004) and INTEGRAL (Winkler et
al., 2003) missions respectively are surveying the hardysky (> 15keV) to compara-
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Figure 1.11: Left Panel:Intrinsic Ny distribution for the AGN detected in the CDFS
corrected for incompleteness and sampling-volume effee{i et al., 2006); the
dashed line is a lognormal distribution with= 1.1. The figure shows a continuity
between the class of Compton-thin and Compton-thick ssuiRght Panel:Lumi-
nosity vs. absorption and absorption distribution fromBAF high latitude survey
(Markwardt et al., 2005).

ble limiting fluxes with different purposes. In such energgge, the decrease in flux due
to Ny ~ 10%*H-atoms cm? is only ~ 4% and becomes 30— 40% for Ny ~ 10?°H-
atoms cn2. Thus, such instruments are well suited to probe the Comiptick AGN
population. The preliminary results from the BAT high late survey (Markwardt et
al., 2005) and from the INTEGRAL surveys (Beckmann et alQ@®assani et al., 2006;
Sazonov et al., 2006) show that the fraction of absorbedsasiclose to 65%, somewhat
lower than the 75% required by the unified scheme and thatalédn of Compton-thick
sources can be as high as 10% even though a large scattes vialh¢ is present as testi-
fied by the results summarized in table 1.2.

1.2.6.1 Luminosity and redshift dependence of the fractionf X-ray absorbed AGN

As already discussed, the AGN unification model explainghallobserved phenomenol-
ogy of the detected AGN as due to an orientation problem wtrereharacteristic ge-
ometry is independent of the luminosity of the central eagand has not evolved over
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Table 1.2: Absorption distributions from different instruments/gaes.

Reference Completeness % Abs. % C-thick Band Instrument
(keV)

Mainieri et al., 2002 100% ~75% 0 0.5-7 XMM

Tozzi et al., 2006 99% ~75% 5% 0.5-7 Chandra

Markwardt et al., 2005 95% ~64%  ~10%  15-200 Swift-BAT

Beckmann et al., 2006 100% ~64% ~10%' 20-40 INTEGRAL

Sazonov et al., 2006 90% ~50% ~1%  17-60 INTEGRAL

Bassani et al., 2006 77% ~65% ~14% 20-100 INTEGRAL

Ueda et al., 2003 96% <55% ~25% Samplé

1 Some care must be used when quoting statistical resultsthiedfNTEGRAL survey as the impact of observations aiming at
specific sources is not addressed (e.qg. it is not a truly dgiéous survey)

2 The sample in Sazonov’s work consists of 66 of which 7 areentitled; if these sources are all Compton-thick the fractio
of such population would be 10%

3 The authors merged several samples, detected with differ@muments, into a larger one

cosmological time-scales. Following Hasinger et al. (3004 call the original version
of the unification schemstrong

Several independent measurements (Ueda et al., 2003;g¢asinal., 2004; La Franca et
al., 2005; Barger et al., 2005; Markwardt et al., 2005) shavapparent decrease in the
fraction of absorbed sources with intrinsic X-ray lumirtgsiThis trend is clearly shown
in the left panel of figure 1.12. The reason behind it is ndifuhderstood and for some
time it was claimed that such trend was due to a selectionteffece supposed high red-
shift obscured AGN are difficult to detect. Barger et al. @0@ave recently reported that
this dependence of ratio on luminosity still pertains at fedshift where selection effects
are not important. Fabian (1999) proposes a model for thedtion of galaxy bulges
and central black holes in which young spheroidal galaxeée®ta significant distributed
component of dusty clouds, which account for the absorptiornhis model, the central
black hole emits a slow wind which eventually becomes pawerfiough to eject the cold
gas from the galaxy, so terminating the growth of both blagle land the galaxy (unless
a merging event does not bring fresh gas from the outsidegicBldy, quasars would un-
dergo a major obscured growth phase during which the bulk@™RB is created and
then a briefer unobscured phase after the gas is ejectedexistence of the obscured
growth phase find confirmation in the recent works of La Fragtca. (2005) and Tozzi
et al. (2006) which show a dependence (increase) of the AGNrbbd fraction with red-
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shift as shown in right panel of Fig. 1.12.
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Figure 1.12: Left Panel: Fraction of absorbed AGN with Log N> 22 to all AGN
with Log Ny < 24 as a function of luminosity from Ueda et al. (200B)jght Panel:
Fraction of absorbed AGN (N> 10%2atoms cnm?) to total as a function of redshift
for sources detected in the CDFS (Tozzi et al., 2006). Gneangles are from Ueda
et al. (2003).

All these elements show a breakdown of gtengunification model.

Nevertheless, we must mention two (very) recent studies{Dw. Page, 2006; Wang et
al., 2006) of the absorption distribution of AGN in the CDr8th Chandraand XMM-
Newtonrespectively, which show thatthere is little evidence that the absorption distri-
bution is dependent on either redshift or intrinsic X-raynimosity” (Wang et al., 2006);
thus the previously reported trends were given by seleetfiil@cts. Both studies agree that
the fraction of obscured AGN is 75% of the total populatioonsistent with thestrong
unification models.

On the other hand, recently developed population syntihesdels (i.e. Gilli et al., 2006)
requires both dependences of the absorption distributemtsbift and luminosity) to suc-
cessfully reproduce the observational evidences and th® &iRission. Moreover, the
BAT high latitude survey¥$ 15 keV, and thus unbiased towards absorption, Markwardt et
al., 2005) shows a weak anti-correlation of column dengsity iatrinsic luminosity (see
left panel of Fig. 1.11). It is thus clear, that studies in th&0OkeV band will help under-
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standing whether thetrongAGN unification model is correct or AGN properties do not
just depend on orientation, but also on luminosity and/dsnéft.

1.2.7 Compton thick AGN

Most of the AGN in the local universe are obscured in the X{vapd by large amounts
of gas and dust, which prevent the observation of their muaenission up to energies
that depend on the amount of intrinsic absorption. If thea}(-obscuring matter has a
column density which is equal to or larger than the inverstnefThomson cross-section
(Ny > o{l ~ 1.5 x 10?* cm~2), then the source is called, by definition, "Compton thick”.
The cross-sections for Compton scattering and photo&leasorption have approxi-
mately the same value for energies of order 10 keV, which eaconsidered as the low
energy threshold for probing the Compton thick absorptegime. Indeed, if the column
density does not exceed a value of ordef>ldn—2, then the nuclear radiation is visible
above 10 keV, and the source is called mildly Compton thidk.Htgher column densities
(heavily Compton thick), the entire high energy spectrumiaen-scattered by Compton
recoil and hence depressed over the entire X-ray energgrdig presence of Compton
thick matter may be inferred through indirect argumentshsas the presence of a strong
iron K line complex at 6.4-7 keV and the characteristic reitetspectrum (see lower
spectrum in Fig. 1.4).

Studying, and first of aldetecting the Compton-thick AGN population has today be-
come a major interest for several reasons:

e Most of the population synthesis models (Comastri et alQ5]1Jreister & Urry,
2005; Ueda et al., 2003) predict that Compton-thick AGN (Npg>24) provide a
significant contribution to the bulk of the CXB emission-aB0 keV (Marshall et
al., 1980);

¢ Analysis of the “unresolved” fraction of the XRB in the 0.2-keV band (Worsley
et al., 2005) shows that its spectral shape is consistehthat which would be ex-
pected from a population of faint, heavily obscured AGN haittrinsic absorption
columns of~ 10%3-10%* located at redshift- 0.5 — 1.5;

¢ Risaliti et al. (1999), using an hard X-ray selected samplgptical identified Sy2
limited in [O Il1] flux, have shown that, at least in the locahlJerse, there are as
many Compton-thick sources (Log4N> 24) as Compton-thin objects (22Log
Ny < 24);
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e the absorbed luminosity eventually will be reemitted in faeinfrared (far-IR),
making Compton thick sources potential contributors toldimg wavelength back-
ground (Comastri et al., 2004);

e accretion in the Compton thick AGN may contribute to the lddack hole mass
density.

Moreover, the study of such objects can provide useful hitsigbout the validity of the
AGN unification scenario. For example: fast changes in th@yXeolumn density ad-
vocate rather for matter closer to the Broad Line Region (B(RRvis et al, 2004); cor-
relation of the presence of “dust lanes” (as revealed by M&TZ2) with large column
density (23<Log Ny < 24) is interpreted as due to the large covering fraction efghs
associated with the dust lane, with respect to the compeetcale, Compton-thick torus
(Guainazzi et al., 2005); X-ray spectra of highly obscuréaNAoften show a soft excess
(~1 keV) which is generally unobscured suggesting an origigas structures, which
extend beyond the material responsible for the obscurafitilte nuclear continuum.

Even though there are good arguments in favor of the existefisuch population,
only an handful £10) of Compton-thick objects was successfully detectedchenpast.
The main problem arises from the fact that Compton-thicktenatith column density
> 1.5 x 10?%atoms cm? suppresses the intrinsic nucleus fluxto2% of its original
value in the 2-10 keV band thus making difficult the detectidsuch objects even for
sensitive instruments lik€handraand XMM-Newton Indeed in order to be detected by
such state-of-the-art telescopes, Compton-thick soumees be very bright (and thus lo-
cal, 0.1, e.g.: NGC 1068, the Circinus galaxy, etc.) or must begit redshift; in the
latter case, the photo-electric cut-off moves into the &0 thanks to source redshift.
This is confirmed by the recent study of Tozzi et al. (2006)chhslaims a detection of
14 Comtpon-thick objects (5% of the total extragalactic gienin the CDFS. The fact
that the mean redshift of the Compton-thick sample is 1.8axthie mean redshift of the
whole sample isv 1.1 can be explained in terms of absorption bias. In fact Compto
thick sources must be at high redshift in order to be detdaygdhandra in the 2-10 keV
band. However, the same authors admit that the typical ktgraoise of the CDS sample
makes it difficult to efficiently select Compton-thick soescon the basis of the shape of
the X-ray spectrum and thus a fraction up to 2093 (sources) of the CDFS Compton-
thick sample might be spurious.

Unfortunately, the most efficient energy range to searciiidaly Compton thick sources
is just above the highest energy accessible to the past aagkpt generation of satel-
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lites with imaging capabilities for faint limiting fluxes.sfA consequence, the search for
Compton thick sources has been limited, so far, to the raditibright fluxes accessible
to the high energy detectors onboard BeppoSAX and RiQdenastri et al., 2004).

Thus, our knowledge of the Compton-thick AGN population igsthy limited to those
few (~10), bright, objects detected by the PDS instrument on bBapbhoSAX (Matt et
al., 2001; Comastri et al., 2004).

The SwiftandINTEGRALsatellites with their coded mask hard X-ray detectors, BAd a
ISGRI respectively, have a chance to shed light on the ptiegesf this population.

1.2.8 The challenging measurement of the XRB spectrum

Exact determinations of the XRB spectrum are difficult main¢cause instruments at-
tempting such a measurement were expressly designed (Ainchtead) for the study of
point-like sources and not for the imaging and/or spectpg®f diffuse sources. For
such instruments, the XRB radiation is just part of the ovéackground against which
point-like sources have to be detected. Thus, the measuntarhthe XRB spectrum re-
lies on the capability of discriminating such component agall the other background
components (often unknown) which in general have very chigeatures. Moreover, as
already mentioned, most telescopes were never calibratbdiifuse sources and thus
the transformation from raw detector counts to source pisatelies on response matrices
which were optimized for (and from) the study of point likeusces. Thus, it is not sur-
prising that different measurements, sometimes with threesastrument, produce results
which differ by 10-20% in normalization.

Unfortunately, as already shown in the past sections, @oipnl synthesis models rely on
the XRB measurement to estimate the properties of the differlasses of AGN by as-
sessing their contribution to the XRB spectrum. In paricuthe paucity and differences
of the XRB measurements around the bulk of the XRB emissi80 &V make complex,
if not impossible, to understand the contribution of Conmgtioick sources to the overall
background spectrum.

The discussion about the historical and most recent XRB anmeasents is reported in
the following sections.

1.2.8.1 HEAO-1 measurement

TheHigh Energy Astronomical Observatory (HEAOMatteson et al. (1978) was specif-
ically designed for a broad band measurement, 3-300 ke\h)eoXiRB spectrum. The
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observatory was equipped with 4 different instruments;bfead band measurement of
the XRB spectrum was obtained as a set of three partialljlameing measurement per-
formed with different instruments. They are described mftillowing paragraphs.

The Cosmic X-Ray Experiment, A-2,Rothschild et al. (1979) consisted of six mechan-
ically collimated multi-anode gas proportional countezastive in the 3-50 keV range;
the experiment was designed in such way that even anodes swi @angle which was
the double than the solid angle of odd anodes. Since theimstit response to the XRB
is supposed to increase linearly with the subtended soligeawhile the instrumental
background should not, the difference between the sign#ieneven and odd anodes
gives a direct measurement of the XRB. Marshall et al. (1988@p produced the XRB
measurement using the A-2 experiment, report thateheality of internal backgrounds
was verified prior to launch’and that there was no evidence indicating an imbalance in
orbit. Moreover, the high energy detectors had a veto laperva the X-ray detecting
volume which allowed to reduce the particle-generated gpaknd by a factor 100.
Only data without point sources in the field of view (FOV) aramniing more than 20
away from the galactic plane were used. Moreover, veto legtes were used to exclude
periods of high particle background like the South Atlatiomaly (SAA).

The Hard X-Ray and Gamma-Ray instrument, A-4 consisted of three separate de-
tectors: a low energy, a medium energy and a high energy tdetexspectively called
LED, MED and HED. More in detail, the A-4 was made of 7 Nal/Cphbswich” de-
tectors collimated with a thick Csl active anticoincidesteeld and optimized to cover
different subranges over the 13 keV-10 MeV total range. @rd al. (1999) used only
LED data, 13-180 keV, to perform the measurement of the XR&tspm. The LED was
equipped with a 5 cm thick CsI(Na) movable crystal which ddalbck the various aper-
ture so that intrinsic detector background could be sepdriibom celestial signal. The
authors selected only “good” events, events which did nedpce a signal in the Csl(Na)
part of the phoswich and in the anticoincidence shield, aitad periods close in time
to SAA passage. After correcting for gain variations aneassg the emission from the
blocking crystal, the difference between unblocked andk#d data yields essentially
the XRB emission.

Kinzer et al. (1997) produced a measurement of the XRB sp@ctiver the 80-400 keV
band using the MED detectors in a similar way as done by Gretbal (1999).

The overall measurement performed by HEAO-1 thus extewnds &to 300 keV as shown
in the left panel of Fig. 1.13. The figure shows nicely whateiferred to as the “peak”
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Figure 1.13: Left Panel: Spectral intensity of the XRB as measured by several in-
struments on board HEAO-1Right Panel: Spectrum of the X- ang-ray diffuse
background from 3 keV to 100 GeV. Data below 400 keV are fromABEL while
above this energy are from Comptel and EGRET respectivély.data were fit with

a simple model described in Gruber et al. (1999).

of the XRB emission at 30 keV. The intensity of the XRB at thieegy is confirmed by
the overlapping measurements of the A-2 and A-4/LED insé&mis on boardHEAO-1
(Marshall et al., 1980; Gruber et al., 1999). However, asttity (Marshall et al., 1980),
a 10% systematic error of the intensity of the XRB at 10 ke\hisimsic in the data. As
shown in section 1.2.4, population synthesis models recuisubstantial population of
Compton-thick AGN to explain the intensity of the XRB pedh,$ the exact knowledge
of the XRB spectrum has today become a way to constrain théeuand properties of
this class of objects which are otherwise unconstrained.

The right panel of Fig. 1.13 shows that tHEAO-1measured XRB spectrum smoothly
joins the Comptel and EGRET measured diffysey background (Kappadatah et al.,
1997; Kniffen et al., 1996).

1.2.8.2 Scatter in XRB normalization

Several instruments have measured the XRB emission oVeratit energy ranges and
with different techniques. As already shown, an accurad@dbband measurement was
obtained with the large FOV collimated spectrometers abbltAO-1, numerous other
measurements were performed with focused imaging telescdp noted by Barthelmy
et al. (2000) for small FOV instruments liIRMM-Newtonor Chandrg cosmic variance
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can account only partially for the scatter of the XRB measumnets; the large observed
scatter, visible in Fig. 1.14, is probably due to systemertiss-calibration problems and
incorrect background subtraction. A recent reanalysiBEAO-1A-2 data (Revnivtsev et
al., 2005) shows that the MED and HED detectors give a recgilypconsistent measure-
ment of the XRB intensity in the 2-10 keV band and that assgrmicommon template for
the Crab nebula spectrum (used as celestial calibratiowes)the XRB intensity would
be 17% larger than what reported by Marshall et al. (1980 duthors also scaled, when
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Figure 1.14: XRB spectrum as measured by the RXTE/PCA and other instrtamen
(see Revnivtsev et al., 2003 and references therein).

information were available, the XRB measurements by the b&ttween the original Crab
flux (as measured by each single instrument) and the flux fr@cémmon template they
used. The corrected XRB measurements are in good agreentbra maximum devia-

tion of 20. All these facts point in favor of the “cross-calibratiossue which may affect
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the measurements of the XRB.

1.2.8.3 The INTEGRAL measurement of the XRB emission

Early in 2006 thdNTEGRAL(the Inter nationalGamma-RayAstrophysicd_aboratory;
Winkler et al., 2003) observatory performed a series of 30dservations with the Earth
disk crossing the FOV of the instruments; the modulatiorhefdaperture flux due to the
Earth disk was used to derive the spectrum of the XRB. The g@aéhwas to determine
the XRB spectrum from 5 to 100 keV, thus across the XRB “ pe&l80akeV, where the
only previously existing measurement was the one perforoyddEAO-1

The approach used in thdTEGRALobservation is similar to the one used by HieAO-

1 experiment with the difference that Earth disk is used taiglér block the FOV as the
movable 5 cm thick Csl crystal was usedHiEAO-1 The main, not-subtle, difference
between the two approaches is that the Csl shuttetHAO-1was an “active” detector
thus, in combination with the main instrument, it allowed @asurement of the leaked ra-
diation, whereas the Earth disk is used as a passive scrdatsa@amission is not directly
measured.

The INTEGRALmeasurement is performed through the assessment of altoacid
components. The authors selected periods when: 1) the A@mission was not ob-
served, 2) the dark side of the Earth was in the FOV insteais dfiy-side 3) the Galactic
Ridge (and compact source) emission gave a negligibleibation. During the Earth
observations, the recorded flux can be described as a faraftienergyE and timet as:

F(E,t) = C(E) — Sxre(E)[1 - A(E)]Q(t) + Satm(E)Q(t) (1.4)

whereC(E) is the sum of all background termSyrg(E) is the XRB emissionA(E) is

the fraction of the XRB which is reflected by the Earth atmasphalbedo)Satm(E)

is the Earth emission and(t) is the solid angle subtended by the Earth. Since the at-
mospheric and XRB emission are modulated by the same quan(ti}, they cannot be
easily discriminate, thus in each the flux becomes:

F(E,t) = B(E) — Seann(E)Q(1). (1.5)

Churazov et al. (2006) used the observed light cuR@s,t) in each energy bin and the
known effective solid angl€(t) subtended by the Earth in the FOV of each instrument
the to derive thégan(E) counts spectra (i.65=4tn(E) convolved with the effective area
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and the energy redistribution matrix). Then, theyHith(E) counts spectra with a 2-
component model where the first component is the XRB templatetrum from Gruber
et al. (1999) (plus a fixed multiplicative term which takewiaccount the Earth albedo)
and the Earth X-ray emission template spectrum from Sazehal: (2006b). The best
fit, shown in Fig. 1.15, yields the normalization of the twe@sfal templates.

Thus, TheINTEGRALobservation can be regarded as a measurement of the XRB nor-
malization andhot as a determination of the XRB spectrum as the spectral sHape o
XRB is assumed to be the same as the one determined by Grudde(199).

CXB spectrum measured by INTEGRAL
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Figure 1.15: Left Panel: XRB spectrum measured BNTEGRAL The dashed line

shows the analytic approximation of the CXB spectrum by @rwdt al. (1999). The

solid line shows the same spectrum with the best fit normadizabtained by Chu-

razov et al. (2006). The thick dotted line shows the bespitctrum of the Earth at-

mospheric emission Sazonov et al. (2006Right Panel:XRB spectrum as observed
with the PDS instrument on board BeppoSax compared to prsvieeasurements
(see Frontera et al., 2006 and references therein.)

1.2.8.4 The BeppoSax measurement of the XRB emission

A similar observation of the XRB, as the one performedMYEGRAL was done by the
Phoswich Detection SystgADS) on board thBeppoSasatellite Frontera et al. (1997).
The authors performed a ON-OFF measurement using the ddeko$ithe Earth as a
shutter to occult the XRB radiation. The difference speuat{ue. ON-OFF spectrum) is
fitted, as in Churazov et al. (2006), with a 2-component madwre one is the assumed
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spectral shape of the XRB (the one determined by Gruber €1299)) and the second
is the assumed spectral shape of the Earth atmosphericiemid$e best fit yields the
normalization of the two spectral components. BeppoSaxesults, shown in the right
panel of Fig. 1.15, are in full agreement with tHEAO-1XRB spectrum Gruber et al.
(1999) and discard an higher normalization of the XRB speatr

TheBeppoSaxneasurement is thus in contrast with tNEGRALobservation.

1.3 Current picture

In the previous sections it has been shown that it is reasenalbelieve that most of
the XRB radiation, above 2 keV, is the glow emission of manyNAGhe most sensitive
X-ray surveys (Brandt et al., 2001; Alexander et al., 200&8siHger et al., 2001) have re-
solved below 8 keV a relevant@80%) fraction of the XRB into extragalactic sources. Itis
also established that luminous AGN form and feed efficieratiier early in the Universe
while the bulk of the AGN population peaks at redskiftl (Ueda et al., 2003; Hasinger
et al., 2004).

On the other hand, the picture is not yet complete. The aisabfthe resolved fraction
of the XRB as a fraction of energy(12keV) shows that the unresolved component is
consistent as being the emission of a yet undetected pogpulathighly absorbed AGN;
such AGN should be characterized by having column densiti#&?* cm~2 and a space
density peaking at redshift below 1 (Worsley et al., 2005).

The AGN unification model predicts that 3/4 of all AGN are alogdd. Even though a
great wealth of X-ray data are nowadays accessible, only adeveys (Dwelly & Page,
2006; Wang et al., 2006) report a result consistent with thiéad model; the puzzling
circumstance is that the first sensitive X-ray surveys atgeg> 15keV (Markwardt et
al., 2005; Beckmann et al., 2006) and thus “absorptionasdad”, claim that the fraction
of absorbed sources 48 65% of the total AGN population.

Very recent spectral analyses of the highly complete suivélye CDFS shows that the
fraction of absorbed sources dasst vary with either luminosity or redshift (Dwelly &
Page, 2006; Wang et al., 2006) in contrast with previousmdgiUeda et al., 2003; La
Franca et al., 2005; Barger et al., 2005). However the nepagsilation synthesis models
need such dependences (Gilli et al., 2006; Treister & Urd@5) to successfully repro-
duce the observational constrains.

Population synthesis models predict that Compton-thickNAf&/e a substantial contribu-
tion to the bulk of the XRB emission around 30 keV (Ueda et20Q3; Treister & Urry,
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2005; Gilli et al., 2006); a [O I11] selected sub-sample dnafinrom a hard X-ray selected
sample of Seyfert 2 galaxies shows that, at least in the lagilerse, Compton-thick
AGN are as numerous as Compton-thin ones (Risaliti et aQ9)19This is in contrast
with the few~ 10 Compton-thick AGN known (Comastri et al., 2004) and thesof14)
recently claimed (Tozzi et al., 2006). Again what is puzglie that> 15keV surveys are
“just” detecting previously known (the few ones) Comptbick AGN (Markwardt et al.,
2005; Beckmann et al., 2006; Bassani et al., 2006; Sazoraly, @006).

The normalization of the XRB spectrum as measured by HEACa$ wmecently ques-
tioned by many authors (e.g. see Revnivtsev et al., 200 200 references therein). In
particular the intensity (and position) of the peak of theB<gpectrum is used by pop-
ulation synthesis models to constrain the density of Comjtihick AGN; the two recent
(and only ones after HEAO-1) measurements of the XRB peakalization are not con-
sistent with each other (Churazov et al., 2006; Fronter&,2@06).

Gilli et al. (2006) in their XRB modeling also add that in casfean higher XRB nor-
malization it is difficult to match the XRB spectrum withoublating other constrains, in
particular the source counts.

It is thus clear that new sensitive observations of the hardysky ¢~ 15keV) are needed
in order to determine the fraction of obscured AGN and thespmiensity of Compton-
thick objects and to constrain their contribution to the X&Bission. In the next chapters,
we will try to address such problems.
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Imaging at high energies

Photons in the energy range 10-200 keV are usually called Karays from gamma-
ray astronomers and gamma-rays from the X-ray communityhi&tenergies where the
Compton scattering does not quite take over the photoaledisorption, the dichotomy
arises by the fact that both classical X-ray focusing tegphes and Compton telescopes
are difficult to use. This energy range, at the overlap of theaxd gamma-ray energy
bands, is, still, the undisputed reign of coded mask detecto

Here, we briefly discuss the techniques currently used tgéntlae X-ray (from 0.1 keV
to 200 keV) sky, focusing in particular on coded mask detsctée also discuss the
factors which determines the sensitivity of an instrumertt show that the instrumental
background has the largest weight in it. The componentseobthital background which
are discussed in details at the end of this chapter are rélaft@rwards for the measure-
ment of the Cosmic Diffuse X-ray background (see Sectiomd)far the calibration of
the MEGA Anticoincidence system reported in Appendix A.

2.1 X-ray focusing telescopes

In order to detect X-rays for energies100 keV, the detector absorbing material is usually
chosen to ensure that photoelectric absorption is the domhaffect. This is done so that
all the incident energy is initially deposited at a pointle tetector; this makes possible
the precise determination of incident energy and eventilmtaThe information carriers
(electrons, holes, photons, or phonons) liberated by tloéogihectric interaction are then
collected to determine at least, if not all, one of followipgrameters: interaction loca-
tion (imaging), energy (spectrometry), polarization @& thcident X-rays and arrival time.

Techniques for imaging can be broken down into two broadgcaies. The first involves
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the use of mechanical collimators that restrict the fieldietwto a narrow portion of the
sky or modulate the source flux from the object of interestrimeaner that is sky-position
dependent. The second one involves focusing optics, alkipttoal astronomy, where X-
rays can be easily reflected. The former techniques whiaksdzck to the earliest days
of X-ray astronomy are not anymore in use, except for the odseded mask detector
discussed later.

Focusing optics represent a major step in sensitivity sihceoncentrating the source
photons to a small area on the detector plane the backgreueduced by many orders
of magnitude, and a point is quickly reached where the olasiervbecomes limited only
by the statistics of the source photons themselves (pHototed). In addition, the abil-
ity to focus X-rays permits the use of small high-performadetectors, such as CCDs or
calorimeters, which are not usually available in large a#igurations.

2.1.1 X-ray mirrors

X-rays mirror can be realized because X-rays can undergtyrtesal external reflection
from surfaces at very small “grazing” angles. Away from amga@ption edges, it is
approximately given by:

0. = (41roA%n)%> (2.1)

whererg is the classical electron radius,is the electron density ankl the X-ray

wavelength (Aschenbach, 1985). The largest critical angte therefore obtained at low
X-ray energies (long) and with dense, and thus heavy, reflectors as shown in Fiylire
which gives grazing incidence angles as a function of enfengyifferent elements. When
these conditions are met then the phenomenon of total eltesflection can be used to
construct X-ray mirrors as focusing and imaging devicesweéler, as the grazing angles
are typically only a degree or so, the effective reflectirepas very small. Nevertheless,
by careful design, including nesting of the reflecting scefg large effective area can be
obtained, bringing a vast increase in sensitivity and ingggdity over non-focusing in-
struments.

Very high angular resolutions, at the arc sec level, have lagbieved with grazing in-
cidence X-ray optics used in conjunction with a positionsstive detector in the focal
plane. In a typical X-ray telescope (see Aschenbach, 1988 feview), reflections from
two surfaces are used to form an X-ray image. In the case aeWdype-1 mirrors, the
incoming photons are first reflected by a parabolic mirroricwitoncentrates off-axis

37



Chapter 2.

Imaging at high energies

1.0

0.1

0.01

0.1

0.01

1

Figure 2.1: X-ray reflectivities versus energy for several materials grazing angles
(from Zombeck, 1990). Energy (x axis) is shown in keV at the amd wavelength
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rays into an annulus, and then by a hyperbolic mirror, whighgs the annulus to a point
in the focal plane. To increase the effective collectingaseveral pairs of parabolic and

1.0

hyperbolic mirrors can be nested as shown in figure 2.2.

The two presently flying X-ray observatories, Chandra andkMewton, both adopt a
Wolter Type-1 configuration, using respectively 4 and 58eagsnirrors. The main dif-
ference is that the optics of XMM-Newton were designed ireordaximize the effective
area over a wide range of energies, with particular emplasige region around 7 keV.
Thus, the mirror system had to utilize a very shallow grazangle of 0.5 in order to

provide sufficient reflectivity at high energies.

Future planned mission like XEUS and Constellation-X will sise Wolter Type-1 mir-

rors.
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Figure 2.2: Schematic drawing of nested X-ray mirrors.

2.1.2 X-ray detectors

An X-ray photon interacting with the detector medium ulttelg liberates charges, and
these provide the means to measure the event. In some dsiéatocharged particles are
collected directly to generate an electrical signal at tinpuat of the detector; whereas in
calorimeter detectors, for example, the absorbed energjyeoihcident photon causes a
small temperature increase of the absorber material, andettmperature change is con-
verted, via a thermometer, into an electrical signal. R#lgas of the detector type, each
photon interaction generates a discrete electrical sighaih is amplified and processed
by the detector electronics to obtain information aboutpiaperties of the incoming ra-
diation (intensity, energy, direction and arrival time).

Most of state-of-the-art X-ray detectors use Charge-aulavices (CCDs) based on
semiconductor materials. The advantage of semiconduot@sother solid materials
for detecting radiation is the ease with which informati@nr@rs (in this case electrons
and holes) can be formed by the absorption of radiation. Tost important feature of
CCDs is the method of storage and information retrieval etebns and holes when the
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device is exposed to radiation. The produced charge (pleatoens) are stored in the
depletion region of a metal insulator semiconductor (MI&paxitor, and CCD arrays
simply consist of many of these capacitors placed in closgipnity. Voltages, which are
static, during collection, are manipulated during readowguch as way as to cause the
stored charges to flow from one capacitor to another, progithe reason for the name of
these devices. The very low noise, high efficiency, and bt usability, from Optical
to X-ray, made CCDs one of the most used detector in astronbigyire 2.3 shows that
the quantum efficiency (ratio of incoming photons to storbdtpelectrons) of modern
CCDs is particularly high at X-ray energies. In particulaaick-side illuminated CCDs
approach a quantum efficiency of 100%. The X-ray telescopeard XMM-Newton and
Chandra use CCDs as their detectors (Marshall et al. (2@@&pay et al. (2004)).
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Figure 2.3: Quantum efficiency for a typical thinned, back-side illuatied CCD
from the X-ray to the optical spectral regions. From Janesial. (1988).

2.2 Coded mask detectors

Focusing of high-energy radiation is so far technicallysfbke only for photon energies up
to about 10 keV through grazing incidence reflection (Astlaeh, 1985). This method
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can provide a very good angular resolution, i.e. down to @c&ac which is the value
reached by the High Resolution Camera (HRC) aboard Chamdressgkopf et al., 2002).
The collecting area is optimized through the use of nestaiigg incidence mirrors. The
field of view (FOV) is limited by the grazing incidence to abdudegree, but can be
enlarged by using a special configuration of the mirrors lftter-eye’ telescopes, As-
chenbach 1985). At higher energies than 10 keV, focusingssiple in limited ways
(very narrow field of views and narrow passbands) throughweldiffraction lens (Hal-
loin, 2004) or (very long focal lengths, million of km) thrgh diffraction-limited phase
Fresnel lenses (Skinner et al., 2003).

In all the previous techniques it exists a near one-to-omeespondence between pho-
ton arrival directions and the positions at which the phstare detected in the focal
plane, though the correspondence is never perfect.

However, imaging with photons of any energy above 50-100 ked up to the GeV
range involves indirect techniques. In the hard X-ray denfabove 10 keV), these indi-
rect techniques have one common signature: the directitmedhcoming rays is, before
detection, encoded; the image of the sky has to be recotetirby decoding the obser-
vation afterwards. It is apparent that this method of praaysky images is a two-step
procedure, in contrast to the direct or one-step imagingemore of focusing techniques.
These alternative techniques are referred to as multipgebechniques. Another impor-
tant difference in any astrophysical applications betwsah types of imaging concepts
is that in multiplexing techniques an imaged point sourgeeeiences the noise of all pho-
tons detected over the whole detector while in focusingriggles are only the photons in
a small part of the detector. Thus, for equal collecting sitba sensitivity of a focusing
instrument is always better than that one of a multiplexuraent.

Two types of multiplexing techniques are generally usedpteral and spatial multiplex-
ing (Caroli et al., 1987).

A straightforward example for the temporal multiplexingasscanning collimator
when the direction of a collimator is moved across a part efgky which contains an
X-ray point source, the number of counts per second thattectil as a function of time
has a triangular shape. The position of the maximum of tlaagte provides the posi-
tion of the source along the scanning direction and the heigtme triangle provides the
flux of the source. A second scan along another direction tetegpthe two-dimensional
position determination of the source. More scans may bessacg if the source is ex-
tended or when there are more sources in the FOV of the caimAs an example, the
UHURU and HEAO-1 satellites used this technique (Forman.etl878; Wood et al.,
1984) . Temporal multiplexing techniques in principle dd need a position-sensitive
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detector, contrary to spatial multiplexing techniques.

Detectors based on spatial multiplexing techniques arellyseferred to as coded mask
telescopes. In these instruments a coded aperture (i.¢ateavpith areas that are trans-
parent or opaque to photons in a certain energy range) istaseddulate (coding phase)
the incoming celestial radiation. A position sensitiveedédr, whose spatial resolution,
matches roughly the mask pattern grid size is used to reberdnbdulated signal. Ide-

ally, the mask pattern is designed in such a way that eaclts@tdifferent positions in

the FOV cast a unique shadow onto the detector plane. Thaigi¢ldent directions can

later be reconstructed from the count rates recorded ingtectbr. Figure 2.4 shows the
working principle of a coded mask telescope.
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Figure 2.4: Working principle of a coded mask detector in the presencewof
sources.

As shown in figure 2.5, typically two FOVs can be distinguilie a coded mask in-
strument:

¢ the fully coded field of view (FCFQOV) where all the source edtin arriving at the
detector plane is modulated by the mask (the radiation i%d€8ded)

¢ the partially coded field of view (PCFOV) where only part oé thource radiation
is modulated by the mask and the rest is uncoded<{@¥ding fraction<100%);
in this part of the FOV the instrument looses its ability ofed#ing sources as soon
as the coding fraction approaches zero.
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Both sensitivity and angular resolution depend on the umsént geometry, in fact the
sensitivity is proportional to the opening fraction (fiact of opaque and transparent mask
elements) while the angular resolution is given by the rafia transparent element and
the distance of the mask above the detector pléhe- @rctg(H /L) of figure 2.5). So,
decreasing the mask element size without modifying the iogeinaction would achieve
an increase in angular resolution and no change in the tgdes®ensitivity. Practically the
best angular resolution is constrained by the minimum dsioen(and thus by its cost) of
a single detector; in fact the pixel detector must have acneparable (or smaller) than
the typical mask element in order detectthe shadowgram mask edges.

PCFOV. kcrov | FCFOV ;PCFOV
! [ !,
: I ' [
A S i A
t i Dy !
\ e LA
1 H i |
L] ¥
i i f
§ ; ]
k| H
i H
I i i
1 1 i
] i
L] i r
\ i f
! b
1 N i 7
1 b P
L] ]
] Y |
i i f
1] i 8
1 ]
i i
§| H
i ¥
- D, ~

Figure 2.5: Schematic drawing of a coded mask telescopg.abd Dy are respec-
tively the dimensions of the detector plane and the mask,tHeigypical dimension

of a mask element an@ is the angular resolution.

2.2.1 Coding phase

In coded mask telescopes, the sky image is thus encoded metsiewhich in mathemat-

ical terms translate into:
C=M=xS+B (2.2)
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wherex denotes the convolution operafgIC is the information recorded in the detector
plane,Sis the sky distribution to be imagehl| the mask transmission function aBdhe
(signal-independent) detector background. The maskrrasson function is, ideally,
made up of zeros (opaque elements) and ones (transpanerands).

In order to derive the original sky imadgg one needs to deconvolve the recorded in-
formation using a suitable decoding functibn

A

§=D+«C=D*(M*S)+D*B (2.3)

Equation 2.3 shows that the quality of the image reconstmatepends on the choice
of the aperture (M), the decoding function used (D) and omptioperties of the detector
background noise.

In order to obtain a good image reconstruction, the maslepathust be optimized.
Beyond the requirement that for each incident direction shadow pattern must be
unique, it is important that the similarities between patebe as poorest as possible;
otherwise the discrimination between the two correspandirections becomes difficult
in the presence of statistical and / or background noise.

The best choice of aperture design and decoding functiohesohe which produces
D «M = d and withD % B as small and uniform as possible.

2.2.2 Point spread function and autocorrelation function

The point spread function (PSF) of an imaging instrumenefned as its response to a
point like source. Independent on the type of the instruptbetideal PSF is a Kronecker
o function. Clearly, for coded mask telescopes the instrualétSF depends on both the
instrument design and the decoding algorithm used. On thizary the Autocorrelation
Function (ACF, defined as the correlation of the mask pattetin itself) depends only
on the aperture geometry and it is preferred to the PSF wheypaong different mask
designs. As for the PSF, an ideal mask design has an ACF deimoivith ad function.

The ACF is calculated either assuming the mask to be unifathopaque or all open)
outside of the coded field, or by assuming the mask pattere tefetitive (cyclic ACF).
Cyclic ACFs are particularly useful in determining the aweristics of mosaiked mask

The convolution operator defined here is of the form:

(AxB)i; Z ZAk,I Blik).(j+1)
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patterns. For a rectangular magkwith m x n elements, the basic and cyclic ACFs are
defined as follows:

m—(i-1)n—(j—-1)
ACF: A = z Z Mk7|M(i+k)7(j+|) (2.4)

n
CyclicACF: A = Z MM (i1 kymodm(j+1)modn (2.5)

Most of mask patterns have not flat ACF side-lobes which taa@snto high frequency
noise in the reconstructed image. These side-lobes cartteméld by applying a balanced
correlation as introduced by Fenimore & Cannon (1978). énlthlanced correlation the
maskM is multiplied not with itself but with a slightly modifietM’. The modification
depends on the open fraction of the mask

m—(i—1)n—(j—1)
k=1 =1
1 for Mjj=1
where M = D for M= 0
1-p |7J -

The ACF function (or better its side-lobes) gives a meastitbeinherent noise of the
coded aperture; this kind of noise is usually referred toagbng noiseand thus the coded
mask design must be optimized in order to reduce it.

As already pointed out by Wunderer (2002), titadancedACF is closer to the PSF than
to the ACF, since the modified ma#k’ can already be considered (and actually is) a
decoding algorithm.

2.2.3 Aperture design

The mask pattern has a great influence on the performanceocoffeal @perture telescope.
The simplest kind of coded aperture is the pinhole cameralangrinciples of imaging
via a simple hole has been known to Chineses from the fifthucg®C. The philosopher
Mo Ti (later Mo Tsu) was the first to our knowledge to record themation of an in-
verted image with a pinhole or screen. Here we present, onchogical order, the mask
patterns used in the past and nowadays. Comprehensiverseaimut mask patterns and
their properties are presented in Wunderer (2002) and iolGaral. (1987).

2.2.3.1 Pinhole camera

The pinhole camera, when used as a coded mask, provide®atddtinction as ACF, but
a very low signal-to-noise ratio (S/N) due to the small odikbel light; the latter problem
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can be avoided enlarging the pinhole size at the expenseedrtbular resolution. The
idea behind the random pinhole camera (later random code#)nsto increase the
open area of the plate, while preserving the angular raésaluy placing many duplicate
pinholes at random in the plate. The random character isssacgto have an ACF as
close as possible to&function.

2.2.3.2 Fresnel Zone Plate

Fresnel zone plates have first been suggested by Mertz & Y(@LO8R), motivated in
particular by the possibility to reconstruct the imageshaitt the need for computers.
They suggested replacing the lens of a normal camera (blagieg by a large coarse zone
plate, intended to cast clear shadows, not to focus the imgpradiation. Several sources
in the field of view of the instrument result in an overlaid doagram. To reconstruct
the image, the “photographic result” should be demagnifisth $hat the individual zone
plates in the recorded photography act as lenses and haidated lengths for visible
light. When the demagnified photographic plate is illumétiteach individual Fresnel
plate shadow acts as a lens and thus forms an image of thaatgenerated it.

Even though this type of coded aperture has not found a pteuiglh energy astronomy it
was implemented successfully in X- apday tomographic imaging (Ceglio et al., 1977).
The pattern arrangement is such that the resulting oveealbmission is~50%. The
ACF exhibits a central peak surrounded by a series of concédobes as shown in figure
2.6. These lobes can be reduced by using suitable filteraimiques.

2.2.3.3 Random mask

A natural extension of the pinhole mask is the random pinhgplerture. Independently
proposed by Dicke (1968) and Ables (1968), this apertursistsof a large number of
randomly spaced pinholes having an overall transmissib%. Invented as a natural
consequence of the pinhole camera which has ideal imagiabddies (the ACF is a
perfectd function), but suffers greatly from a conflict between resioh and sensitivity,
a random pattern allows to increase the sensitivity maiitgithe original angular res-
olution. The autocorrelation of this aperture, as showngaorg 2.6, consists of a large
central peak surrounded by pronounced side lobe structmesying of many point like
sources can cause these side-lobes to produce spuriousipeha& background.

2.2.3.4 Non- and Uniformly-redundant arrays

While seeking aperture designs whose ACF present flat siges| Golay (1971) intro-
duced a class of coded apertures with nearly perfect imagipgbilities, known as non-
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redundant arrays (NRA's). In such a masks the vector separaétween any two holes
must occur once, and only once throughout the entire mask. AQF is then a single
peak with no side-lobes up to a certain @gvhere the maximum distance between any
two holes is 3). Thereafter the ACF fluctuates between 1 and 0. The diséayarof
NRA is that it can never have many transparent holes (tymipahing fraction of 10%)
and this affects severely the sensitivity. For these reatitese apertures have not found
use in high energy astronomy.

By contrast a class of arrays which has been successful iny-gay astronomy is that
based on cyclic difference sets (CDS) (Baumert, 1969). Aicddference sef\(N, M, )
is a sequence dfl residues, modulus N, such that for any residyé 0(mod\N) the con-
gruence:

& — 6; = p(modN) (2.7)

admitsA solution pairs &, d;) with o andd; in A. To each difference set it is possible
to associate a binary sequerngeof lengthN, whereina; takes the value 1 ifbelongs to
A and 0 otherwise. A simple example of a finite difference sét(i54,2) = {0,1,2,4}
and the corresponding mask would be 1110100. In this exaf{f@le, 2) means that the
4 members of the set give (¥ different possibilities to form any of the number from 1
to 7-1 by compiling two numbers from the set.

The cyclic ACF of the binarnp; sequence has always a central peak of heljland
perfectly flat side-lobes as shown in figure 2.6. The namiéormly redundantarray
comes from the fact that the vector distance between ang logleurs exactly times.

The opening fraction of such mask is always giverA\BiX and so it can be very close to
50%. Rectangular masks can be generated from a one- dimah€DS either by filling
the rows or columns of a matrix one after another with the 1-d@3knelements or by the
method of the extended diagonal, provided that the leNgththe CDS can be factorized
into a product of two (mutually prime) integers which willvgithe length and width of
the mask.

2.2.4 Decoding techniques

Coded mask telescopes encode the sky radiation and thusctbreled information needs
to be decoded in order to derive the original sky image. Hexgiwe an overview of the
different decoding techniques that can be applied to thgéwa@convolution problem for
coded mask instruments.
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2.2.4.1 Inversion problem

If we write eq. 2.3 using matrices instead of employing thevetution operator, we
get that the deconvolution problem can be solved if we findntiagrix D = M~L. This
obviously requires that the mask patterns originates asmugular matrix (i.e., the rows
of theM are linearly independent). The noise in the reconstructedje is, as shown by
Caroli et al. (1987)p? O Tracg MMT)~1, thus the desired property bf is that its entries
have large values. This will produce small valuesvin® which will minimize also the
background ternM 1B which otherwise tends to dominate. The inversion problem ca
still be solved if the matriXM is singular or not square (as most of the cases) by use of
the so-calledjeneralized invers@Penrose, 1955). Unfortunately the conditions of having
large entries itM and its non-singularity cannot be guaranteed and thislatassin both
statistical and background noise to be amplified in the reitooted image when such
method is used.

2.2.4.2 Cross - Correlation

The simplest deconvolution method is obtained using a matrfwhich is the aperture
itself) which satisfies both conditions at the same time:

D«M=9%6 and DxB=0 (2.8)

This can be achieved using the balanced ACF presented in&dnzhis case, ACF and
PSF coincide and this technique is usually referred toaitshed filtering This technique
is optimal with respect to the treatment of quantum noisé vblh result in systematic
errors (coding noise) if the PSF does not have flat side-I{Besboom et al., 1998)

2.2.4.3 lterative methods

Iterative decoding algorithms are used to determine theceadistribution without a de-
coding matrix or functiorD. These try to solve the sky vectSiby an iterative search for
the solution that is most consistent with the detector datanitial guess (model) of the
sky distribution; is folded through the instrumental response function (IRFnodel

the expected count rat€ which would result from the sky mod&). The iterative al-
gorithm compares the expected count ralgsvith the measured or@ and determines

a new estimatél. By successive iterations, these algorithms find a valué ofhich
yieldsG; in good agreement witBy. The success of any iterative procedure depends on
the method adopted to updafeto §. 1 using the difference betwedh andC and the
method to measure the “goodness of fit” betwE€eandC.
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Maximum Likelihood (ML) looks for the sky modefthat makes the obtained mea-
surement most likely. The ML estimate therefore is tBavhich maximizes the likeli-
hood:

M

£(§) = rlP(measurementIgivensIS/) (2.9)
=
M _ -G
= e (2.10)
1

where eq. 2.10 assumes Gaussian statistics, and thereéoselution is determined by
x2. Often, the logarithm of (called log-likelihood LL) is maximized instead bfitself.
The ML method can be applied to Poissonian as well as Gaustsiistics. We want also
to point out that in the absence of noise the ML solution isnfalty the same as the one
determined by cross-correlation.

The Maximum Entropy (MaxEnt) adds an a-prior knowledge about the problem to
respect to the ML method. In particular the information whis usually added is of
smoothnes§.e. the actual sky distribution is smooth). The problendefermining the
optimumSthus can be reformulated as minimizing:

A= Al(éy siata) + h-Az(é, és,mootﬂ (2.11)

whereA is a measure of “distance” of the different source maps. Tuoéce ofh deter-
mines the relative weighting of the two opposite criterigpeffect agreement with the
measured data and smoothness (note that for ML the probldmces ta\ = Al(é édata)

). AZ(Q ésmoou) can be interpreted as a penalty function which takes laryeesavhen-
ever the sky map is not smooth.

In the Maximum Entropy method entropy is a measure of the rarrobdistinct ways
a certain system (i.e. of particles or sky pixels in différetates) can be constructed.
Maximizing entropy is equivalent to determining the salatwhich can be realized in
the greatest number of distinct ways, given our constrégBesensee, 1993).

In MaxEnt eq. 2.11 becomes:

QS =hs(9—-£(9 (2.12)

where. (S) is given by eq. 2.10.
Old MaxEnt algorithms started &tinf (prior source distribution) and computed the so-

A

lution which maximized)(S) for lower and loweh until the remaining discrepancy from
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the datac (S) was equal tdN, the number of data points (fgf). Thus, onéSon the maxi-
mum entropy trajectory is the optimum solution (Lucy, 199%¢wer MaxEnt algorithms
find a probability cloud of possibl§, centered on a8 which lies on the maximum en-
tropy trajectory, representing the multitude of solutitimst are feasible considering the
constraints of equation 2.12.

MaxEnt methods are known for producing the flattest sky ithstion compatible with
the data which make them suitable tools for analyzing diffesnissions (Strong, 2003).
Conversely they are not optimum for point source search.

2.3 Sensitivity

An instrument’s sensitivity is defined as the minimum detbld source fluxy, at a
given significance (usuallyd, during an observation timAT. Thus, the sensitivity
is a fundamental parameter to describe the instrumentfonpeances. The minimum
detectable flux is defined as:

Cg/IIN
EXp(G: (p> 'AEff(ev (p>

F'Mg, @) = [ph/cn?y (2.13)
whereC¥'N is the minimum number of source counts to obtain a signifidatection,
Exp(6, ) is thenetexposure and\q¢¢(0, @) is the effective area (at the source position
8, ) The source counts are usually computed as an integral (o gemerally as a sum)

under the instrumental PSF:

Cs= / /PSF(G,(p,A) .5(6,¢) - d6 dpdA (2.14)
A

whereS(0, @) is the intensity profile of the imaged object aAds the detector area
where its counts are spread. Assuming the object is a paintspand its intensity profile
can be expressed 89, ) = K- 3(0, @) (with K andd being a constant and tRdunction
respectively), the previous equation simplifies to:

CS:K-/APSF(A) dA (2.15)

If we refer to the simple case of one source and backgroued,ttie total number of
counts and the error on the source counts can be expressed as:

Cr = Cs+GCg (2.16)

032 = 0%+403=Cr+Cg=Cs+2Cp (2.17)
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whereCr is the total number of count€g ? is the background counts awg g are the
errors on the different components. If we define the signifiezof the detection as:

Cs Cs
-N=__ > 2.19
Ocs VvCs+2Cp ( )

then it can be shown that the minimum number of source coeqtdned to achieve ao

detection is:
CMIN _ n(n+/n?+8Cg)
S 2
It is thus clear that the sensitivity of an instrument deeon the background level

and scales] /Cg. Focusing instruments, as opposed to non-focusing, ctrates the
source photons onto a small part of the detector area so tkgtmaund term of eq. 2.19
is small. Conversely, coded mask detectors spread the \sbakee counts on the detec-
tor plane and so the whole detector background must be @mesidvhen computing the
source significance.

(2.20)

Eq. 2.14 is equally applicable to focusing and non-focugasgcoded mask) telescopes.
The near one-to-one correspondence between photon alireeations 0, ¢) and position
coordinates in focusing telescopes means that, for a gzei, ¢the functionPSH0, @, A)
has a compact peak in instrumental coordinateg (

Since the net exposure time is actually:

Exp(6,@) = AT —1xC (2.21)

whereAT is the duration of the observation (also caltedtimg andt«C is the dead-time
correction (see section 2.3.2 for a discussion), the ingtnt's sensitivity can be finally
expressed as :

VCs

(AT —1%C)-Act£(0,9)

Hence, it is clear that while designing an instrument, soate must be used in order
to minimize the foreseen detector background and maxinuote the effective area and
the net exposure time. Moreover, all quantities descriliexv@ depend on energy, thus
the sensitivity itself is a complex function of the energytloé incoming radiation. In
the following sections, we briefly discuss the factors whtdély a role in determining
an instrument’s sensitivity. In particular we will focus tme background describing in
details the background components of a space mission.

F'im @, ) O (2.22)

2the background counts are summed over the same detectaviaeeathe source counts are computed
so in general:

Cs = /AB(A) .dA (2.18)
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2.3.1 Effective area

The simplest definition of effective area comes directlyrfrequation 2.13; it is in fact
defined such that the total number of photons received byétectbr in timedt from a
point source of unit intensit@in direction (0, @) is S- Ac11(0, ®)dt. The effective area is
thus the instrument’s response to the incoming radiatiahtas a direct measurement of
the goodness of the instrument as dictates the total sigrtattbd from the source. As
equation 2.13 shows, the sensitivity improves with theease of the effective area. In
general, each type of instrument has its definition of effecrea; a common (at least to
focusing X-ray and coded mask telescope) definition can be:

Act1(0,09) = Ageon{&(p) “€q- h'simage' €trans (2.23)

whereAgeon( 8, @) is the geometrical area of the detector (e.g. the CCD fordingutele-
scopes)gq is the quantum efficiency of the detecting device (e.g. seedi@.3),h is
usually referred to as the concentration factpsage is the efficiency of the imaging re-
construction algorithm employed (if any) aggans is the transmission through support
structures. The (quantum) efficiency is defined as the pibtyabf detecting an event
(i.e. recording of an electrical signal) if it has taken @and thus it is always lower than
(albeit, for modern CCDs, very close to) 1.

Focusing telescopes adopt reflecting mirrors to concenteatiation and this means that
the concentration factdr can take large values{ 1) as reported in table 2.1. Hence, the
dimensions of the CCDs are dictated only by the size of the EDve imaged and they
do not play a role in the determination of the effective aleadeed, for focusing optics,
the producBgeony his equal to the area of the mirror assembly. Moreover, fomusptics
form, directly, an image in the focal plane, where the CCDl&gd, and thus no image
reconstruction algorithm has to be employed; thus for systesngimage= 1.

In contrast, coded instruments are designed without refgor refracting) optics. Pho-
tons entering the aperture may strike the detector andrfpallg) be recorded or they
may be stopped by intervening material. Hence, for codedkrdagectors the concen-
tration factorh is always 1 (i.e. not concentration is taking place). Thecigfficy of the
image reconstruction takes also into account that partefttector is blocked by the
opaque elements of the mask; typical values for this effayieare ~ 50%. Moreover,
the mask support elements contribute to partially stop titeming radiation making
rans < 1. Thus, the mask makes possible the formation of an imadpe @iost o> 50%
of the incoming source flux.
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As already noted, all the quantities presented here have-suttie dependence on en-
ergy.

Table 2.1: Concentration factors for focusing X-ray telescopes.

Mission Einstein (HRI) ROSAT (HRI) ASCA Chandra
Concentration factor 310 2x10° 2x10° 9x 10
Reference (2) (2) 3) 4)

reference: (1) Giacconi et al. (1979), (2) Trimper (1983))noue (1993), (4) Weisskopf (1987).

2.3.2 Deadtime

The dead time is the time during which the detector is “caoiteg the information relative
to an event and is insensitive to new detections. When iadigasses through a semi-
conductor it generates pairs of electrons and holes; if éneicnductor is fully biased
the electrons drift, following the electric field, towardgetanode while the holes drift in
the opposite direction. The dead time can thus be definecdsrh the detector needs to
collect and extract (read-out) the information carrierg.(¢he electrons collected at the
anode).

State-of-the-art semiconductor detectors have very sitealll time and the real final dead
time correction is dictated by other factors. As an examipéepixel detector of the two
coded mask telescopes BAT and ISGRI (Barthelmy et al., 208Brun et al., 2003) on
board the Swift and INTEGRAL missions respectively haverailgsir event processing
time (sum of charge drift time and read-out time)~ofl10Qus. From real flight data,
we estimated that the dead time correction (see equatidr) foR BAT is always very
small; indeed considering a mean module (assembly of 16e®thes, see section 3.2 for
details) rate of 100 Hz and a dead time: 10Qus, we get that the dead time correction is
roughly 1% of the total observing time. On the other handhendase of ISGRI, the final
dead time arise from the coincidences applied with the Aaincidence system (ACS),
the PICSIT camera (Labanti et al., 2003) and the calibragmgce; thus the overall dead
time for ISGRI is 24% (Lebrun et al., 2003).

2.3.3 Background in space

The background of any space-borne hard gamma-ray institusiéighly complex and
contains many individual components (Gehrels et al., 1992)vill always be high in
relation to the true source counts and so its suppressionagsessity. Indeed, as we saw
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in equation 2.22, the background level directly affectsitisrument’s sensitivity.

The position of the spacecraft with respect to the Earticedfthe level of contributions
of all the component. The Earth, though not the originatoKoind gamma-ray flux,
supplies a flux via Cosmic Ray (CR) interactions with its aspteere providing a Low-
Earth Orbit (LEO) mission with a highly time dependent seuot background. Indeed,
the Earth can “shadow” the detector from CRs while the Eantirégnetic field can both
shield the instrument from CR interactions and pool chaggaticle into radiation belts
like the Van Allen belts and the South Atlantic Anomaly (SAA)

The background components can be split into two types, theophnduced background
and the non-photon (Cosmic Ray) induced background. Th@Rgmay be responsible
for most background radiation it is easier to break it down the forms of flux as they
reach the instrument. The various sources of backgroungaoes(for a X-/gamma-ray
mission) will be described here in some detail in the follogvsections.

2.3.3.1 The Prompt Cosmic Ray Background

This source of background is due to spallation effects atleret CRs on the material of
the spacecraft. A single energetic proton can pass stréighiigh or interact creating
hundreds of secondary interactions resulting in numercigaxhma-rays.

Whether the prompt cosmic-ray component of the backgrowmdimbates or is even sig-
nificant will depend on the orbit of the instrument. The Earthagnetic field plays an
important role in determining the flux of CRs reaching thecggaaft. Indeed, for a given
position in the Earth’s atmosphere, the magnetic field presvparticles below a certain
energy reaching a certain depth in the atmosphere. Thismimi cut-off energy can
be derived from the Rigidity (B which measures how easily a charged patrticle is de-
flected by the magnetic field expressed in gigavolts (GV) pmieon (momentum per
unit charge). From the values of rigidity, known at each pointhe orbit, the cut-off
energy can be derived as:

Ec=(0.938 + R%)%°-0.938 (GeV). (2.24)

The rigidity of the spacecraft’s position plays a large padetermining the CR spectrum
incident on the spacecraft as all particles below the caérgy will not reach that po-
sition in the orbit. Since the rigidity varies during the speraft’s orbit, the background
will modulate accordingly.

The prompt CR background can be partially shielded by usm@dive veto system;
any coincident counts by charged particles in the veto aadidtector will be ignored.
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However should a count in the detector be delayed from the s@int because the in-
cident CR left material in an excited state (with half-lisgder than microseconds) then
the resultant radiation from this decay cannot be veto-é@od so constitutes a form of
background.

2.3.3.2 The Delayed and Secondary Cosmic Ray Background

The delayed component of the CR background can be fully stoled only when the
spacecraft is in orbit. The spacecraft receives a CR flux lwtactivates” (interacts and
excites) its materials. Therefore the delayed componeboils slowly varying, highly
specific to the instrument and builds up asymptotically awach longer time scale than
any prompt CR background.

The secondary CR background is the component resulting@Brmteractions with ma-
terial outside the detector, producing photons and leptats® this component is highly
specific to the spacecratft.

2.3.3.3 Solar flares

Solar energetic particles can be classed as “impulsive'goadual” (Klein & Trottet,
2001). The impulsive particles are a result of flares and vatly the solar cycle. Typ-
ically the impulsive flux has high electron and proton fluxagh Helium fluxes, an en-
hanced heavy element ratio and a low ion intensity. The grigolarticles are a result of
Coronal Mass Ejections (CMES). These mass ejections pecaisbhock-wave in the solar
corona and in the interplanetary space accelerating ctig@icles. These ejections are
dominated by protons and evolve over timescales of days. #suece of background
each flare is different in spectra and evolution.

2.3.3.4 Magnetospheric trapped particles

Magnetospheric particles consist of protons and electitmatsare constrained by the local
magnetic field in the same way a “magnetic bottle” is used tfine energetic plasma
(van Allen, 1958). The two Earth’s radiation belts are paped by fluxes of energetic
particles. The inner belt is compact and extends to aboud &40 above the Earth’s
surface and is filled by dense fluxes of energetic protons. otiter belt is less stable
and contains a variety of ions (mostly protons) and elestrmihmuch lower energy. It
extends from about 20,000 to 27,000 km above the Earth’sseirf The population of
this outer belt fluctuates wildly, interacting with magmedtorms while being populated
by the variable tail of the magnetosphere. Unlike the otbasttuent types of CR these
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are confined to specific areas around the Earth and so neediooldyconsidered if the
instrument is passing through the belts directly. Due tonthteire of the magnetic field
surrounding the Earth, the southern hemisphere has antatoemnin the magnetosphere
called the South Atlantic Anomaly (SAA) and can be a majorsewf background for
instruments in low Earth orbit. Moreover, after each SAAgaage, instruments experi-
ence a delayed self-radiating background due to radicadteay (mainly gamma arfd
decays) as a consequence of the sharp increase of proton flux.

During SAA passages the spacecraft experience a sharp ateciron flux as well. These
electrons do not cause a delayed component, but will prodseeondary component as
well as a prompt component due to processes such as Brehligsgya

2.3.3.5 The X-ray background

The X-ray background, which has already been extensivelyudised in details in section
1.2, is one of the major background components for hard Xeraeriments. The XRB
is the integrated emission of many AGN. As instrument safigiimproves then the res-
olution of these sources becomes achievable; for hard Xastguments with a-arcmin
resolution and mCrab sensitivity, the XRB remains a straackround component.

The XRB is isotropic unless the Earth is shadowing the spaftedts spectrum has been
measured by several instruments in the past (see sectiprblitzone of the best broad
band measurement has been performed by HEAO-1,; the folgpanalytic approximation
was suggested by Gruber et al. (1999):

7.87TE02% E/4113 3 - E < 60 keV
0.0259E /60) 55+
0.504(E/60)~1%81  E > 60keV
0.0289E/60)105

SKre(E) = (2.25)

whereSxrg(E) is in units of keV/keV cm? st sr 1,

Given this spectral shape (see also Fig. 1.13), the XRB éwniss usually the dominant
background component up to 30-40 keV, then its spectrumrbescteeper (changing
from a power law with photon index of 1.4 to a power law withéxd.4) and its contri-
bution becomes less important.
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2.3.3.6 Atmospheric Albedo Gamma radiation

The Earth’s atmosphere is a strong source of radiation. Ci&claes, primarily protons,
interact with the atmosphere producing X-/gamma-raysoB&0 MeV the main source
can be attributed to bremsstrahlung radiation from seagrelactrons from CR interac-
tions while above this energy the main source is the decayesbms.

The flux that an instrument observes from the Earth’s atmagpharies with the space-
craft’s position and the direction that the instrument igging. this is due to the amount
of atmosphere that the instrument views and not due to nagtibhnal component of the
albedo emission. As the emission is secondary to the CosayarRReraction, the flux is
isotropic from each unit volume of atmosphere, but deptreddpnt.

Since the Earth’s magnetosphere modulates the CR flux ascéidarof position, the
same kind of modulation is observed in the Albedo component.

Recently, Sazonov et al. (2006b) have performed extensiveations to determine the
Earth’s atmosphere emergent photon spectrum (in the X+#ftmnay energy range) due to
CR bombardment of the atmosphere. They found that the emgogeton spectrum due
to mono-energetic protons (but it is also a good approximndtr positrons and electrons)
can be described as:

d C

dl\é/ - (E/44keV) >+ (E/44keV)14 kev™* (2.26)
where C depends on the primary particle energy. The spextdifferent proton energies
are plotted in left panel of Fig. 2.7. Since the emergenttspkshapes are barely sensitive
to the primary particle’s energy, the integration of equat?.26 over the CR spectrum
affects only the normalization. The emergent atmosphdratgn spectrum for different
values of cut-off rigidities (R is shown in the right panel of Fig. 2.7.

2.3.4 Example of active background suppression: MEGA ACS

Since in the gamma-ray energy range the fluxes from astraasources are generally
much smaller than the instrumental background, it is necgds make every effort to
suppress the orbital background in order to achieve theskesitivity. In Appendix A, we
present in details the calibration of the Anticoincidengst&m (ACS) of thévledium En-
ergy Gamma-ray AstrononfiMEGA) prototype. The calibration shows the good overall
performances of the MEGA ACS. In particular, with a low enetigreshold of~70 keV
and a very good uniformity of the response over the entifasame expect a suppression
of up to 99.3% of the orbital background.
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Figure 2.7: Left Panel: Emergent atmospheric spectra in the X-ray to soft gamma-
ray range for different energies of incoming cosmic prot@alsels near the curves).
The dashed lines show the analytic approximation for th8@%-keV range given

by equation 2.26. This approximation breaks down at low@ranergies E 400
MeV (Sazonov et al., 2006bRight Panel:Simulated spectra of Earth’s atmospheric
emission due to CR bombardment fay R0.5 GV and R = 15 GV (upper and lower
curves respectively). The dashed lines show the correspgpdedictions based on
equation 2.26 integrated over all zenith angles. For a metaildd discussion see
Sazonov et al. (2006b).
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The Swift Gamma-ray burst mission

Here we give a brief overview of the Swift mission. In partasywe focus on the Burst
Alert and the X-ray telescopes as most of the results predentthe next chapters are
based on these instruments.

3.1 The Swift mission

The Swift satellite, launched by NASA in November 2004, is @timwavelength obser-
vatory dedicated to the study of Gamma-ray bursts (GRBsrébkekt al., 2004). It is
equipped with 3 instruments to detect and study GRBs and #fi@rglow. GRBs are
flashes of gamma-rays with durations from fractions of a seédo hours occurring at
random position in the sky. Swift employes a, large FOV, cbhehask telescope to detect
and localize GRBs with a precision of 1-4 arcmin. After thedbdetection, the spacecraft
autonomously repoints itself (in approximately 25—-75 sels) to bring the burst location
within the FOV of the narrow-field X-ray and UV/optical tetepes (XRT and UVOT
respectively) to observe the afterglow emission. Thankisstthree instruments, Swift
can provide redshifts and multi-wavelength lightcurvesthe duration of the afterglow.
The main scientific goals of the Swift mission are:

e determine the origin of gamma-ray bursts;

classify GRBs and search for new types;

determine how the blastwave evolves and interacts withuhesndings;

use GRBs to study the early universe;

perform the first sensitive survey of the hard X-ray sky.
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Swift measurements are of great interest for the scientincraunity and all data are
available to the public via the internet as soon as they aregssed.
Two years after the launch, Swift achieved the detectior @00 GRBs and studied in
detail the afterglow emission for many of those. In the nextisns, we summarize the
properties of the three instruments.

3.2 The Burst Alert Telescope

The BAT is a sensitive, large FOV, coded mask aperture dastida provide critical GRB
triggers and accurate (1 to 4 arcmin) positions. BAT emp@yendom mask (see section
2.2.3.3 for a discussion) with a 1.4 sr FOV (half coded). Tinergy range is 15-200 keV
for imaging, with an uncoded response extending up to 500 WéMin several seconds
of detecting a GRB, BAT determines an initial position, dies whether the burst merits
a spacecraft slew and, if so, sends the position coorditatég spacecraft.

Coded

Aperture
Mask

38 ..".l-.l1 !"

Graded-Z
Shield

1
1
b

Optical
Bench

Module
Control Box

b1t § LI
o I I

Power

Radiat
N Supply Box

BAT Detector Array

Figure 3.1: Left Panel: Schematic drawing of the BAT. BAT has a FrD-shaped
coded aperture with 5x5 mfpixels. The 32768 CdZnTe elements form a 1.2 x 0.6
m? sensitive area. The Graded-Z Fringe Shield, which is ndy firawn, reduces the
background due to cosmic diffuse and Cosmic-ray generatesseon. Right Panel:
The BAT detector module (DM). Two sub-arrays of 8x16 pieaase(not shown) of
CdznTe tile the top surface of the DM. The ASIC and all the reatlelectronic is
stacked under the CdzZnTe layer (credit NASA/GSFC).

In order to study bursts with a variety of intensities, dimas, and temporal structures,
the BAT must have a large dynamic range and trigger capasilitMoreover, as GRBs
appear at random positions in the sky, the BAT was designbdue a large FOV in order
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to monitor a large fraction of the sky. The Swift pointingetitions are optimized so that
each day BAT monitors 80% of the sky; the strategy of obsematliso favours night sky

regions so that ground observatories can follow-up on GR&glbws. As a result of

the large FOV and the observing strategy, the BAT is curyesutveying the hard X-ray

sky (15-200 keV) to unprecedented sensitivities reachibtignCrab in 1Ms of exposure
(Markwardt et al., 2005).

Table 3.1: BAT Instrument properties.

Property Description

Aperture Random coded mask
Detecting Area 5200 cfn

Detector CdznTe

Detector Operation Photon counting

Field of View 1.4 sr (half coded)

Detection Elements 256 module of 16x8 elements
Detector Size 4 mmx4 mmx2mmm
Telescope PSF 22 arcmin

Energy Range 15-200 keV

3.2.1 Instrument description

The BAT telescope consists of a plane with 32768 CdZnTe (G¥Xgl detectors and a
random mask, hosting 54000 (5x5x1 mrd) lead tiles, 1 m above the detecting area. A
schematic view of the BAT is shown in the left panel of Fig..3.1

Groups of 128 detector elements are assembled into 8 x 1gsarach connected to
128-channel readout Application Specific Integrated GQisc(ASICs). Detector mod-
ules, each containing two such arrays, are further groupeights into blocks (see right
panel of Fig. 3.1). This hierarchical structure, along vttie forgiving nature of the
coded aperture technique, means that the BAT can tolerati®$ls of individual pixels,
individual detector modules, and even whole blocks witHosing the ability to detect
bursts and determine locations.

The D-shaped coded aperture is made-&4000 lead tiles randomly mounted on a 5 cm
thick composite honeycomb panel which is maintained by aum structures (visible
in Fig. 3.1) 1 m above the detector plane. Because the laryeréquires the aperture to
be much larger than the detector plane and the detector arw uniform due to gaps
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between the detector modules, the BAT coded-aperture usesipletely random, 50%
open-50% closed pattern, rather than the commonly usedismiy Redundant Array
pattern. The mask has an area of 2% wielding a half-coded FOV of 100 degreest0
degrees, or 1.4 steradians.

A graded-Z fringe shield, located both under the detectan@land surrounding the
mask and detector plane, reduces background from the Botrosmic diffuse flux and
the anisotropic Earth albedo flux by95%. The reduction of K X-ray from the shield
itself is also desirable. A graded-Z shield, therefore,kgdyy providing materials with
decreasing atomic numbers toward the detector in order dorblthe K X-ray photo-
electrically and emit a secondary X-ray of lower energy. Fhesld used on the BAT
instrument is composed of layers of Pb, Ta, Sn, and Cu, whiehhacker nearest the
detector plane and thinner near the mask.

A figure-of-merit (FOM) algorithm resides within the BAT fligsoftware and decides
if a burst detected by the BAT is worth requesting a slew maeehy the spacecraft. If
the new burst has more “merit” than the pre-programmed ohtiens, a slew request is
sent to the spacecraft. Uploaded, rapid-reaction positiwe processed exactly the same
as events discovered by the BAT. The FOM is implementedeadntin software and can
be changed either by adjusting the parameters of the cucrgatia or by adding new
criteria.

3.2.2 Burst detection

The burst trigger algorithm looks for excesses in the detemunt rate above expected
background and constant sources. It is based on algoritleredaped for the HETE-2
GRB observatory, upgraded based on HETE-2 experience. [§batam continuously
applies a large number of criteria that specify the pretthaskground intervals, the order
of the extrapolation of the background rate, the duratiothefburst emission test inter-
val, the region of the detector plane illuminated, and theggyrange. The BAT processor
continuously tracks hundreds of these criteria sets sanatiusly. The table of criteria
can be adjusted. The burst trigger threshold is commangdaiging from 4 to 11 sigma
above background noise with a typical value of 6.0-6.5 siginkey feature of the BAT
instrument for burst detection is its imaging capabilitplléwing the burst trigger, the
on-board software checks for and requires that the triggegesponds to a point source,
thereby eliminating many sources of background such as etagjpheric particle events
and flickering in bright galactic sources. Time-stampingeénts within the BAT has
a relative accuracy of 100 microsec and an absolute acctmatythe spacecraft clock
of ~200 microsec. When a burst is detected, the sky locationraedsity are immedi-
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ately sent to the ground and distributed to the communityugh the Gamma-Ray Burst
Coordinates Network (GCN) (Barthelmy et al., 2000).

3.2.3 The hard X-ray survey

While searching for bursts, the BAT performs an all-sky hérchy survey and monitor
for hard X-ray transients. The BAT accumulates on boardadeteplane maps every 5
minutes, which are then included in the normal spacecrifttetry stream. These expo-
sures are then used to build the survey. Some of the resaitstfie BAT high latitude
survey (Markwardt et al., 2005) were already discussed iap@r 1, but they will be
summarized in the next paragraph.

The analysis of the first 3 months of data shows that BAT is aitea instrument for
surveying the hard X-ray sky. Indeed, BAT reachesaénsitivity of 2 mCrab inv700

ks being already-5 times more sensitive than the last hard X-ray survey pador by
HEAO-1 (Levine et al., 1984). The extragalactic sampleudek 54 sources and a com-
pleteness level 0£90%. The derived absorption distribution is bimodal wit®&4f all
AGN showing column densitiesN>10%? cm?. The absorption also shows a weak anti-
correlation with intrinsic luminosity with a turn-over abh(Lx) = 43.5 erg/s; sources
above this luminosity are mostly unabsorbed. Markwardl.g2805) conclude saying:
“based on these data, we expect the BAT catalog to ha280 AGN and reach fluxes of
less than 101 erg cm2 s~1 over the entire sky

3.3 The X-ray Telescope

Swift's X-Ray Telescope (XRT, Burrows et al., 2000) is desid to measure the fluxes,
spectra, and lightcurves of GRBs and afterglows over a wideuhic range covering
more than 7 orders of magnitude in flux. The XRT can pinpoinBSR 5-arcsec accu-
racy within 10 seconds of target acquisition for a typicalBs&d can study the X-ray
counterparts of GRBs beginning 20-70 seconds from bursbdésy and continuing for
days to weeks. The XRT is a focusing X-ray telescope with achf0effective area, 23
arcmin FOV, 18 arcsec resolution (half-power diameter, HRIDd 0.2-10 keV energy
range. The XRT uses a grazing incidence Wolter 1 telescofeets X-rays onto a CCD.
The X-ray mirrors are the units built, qualified and caliledh{twice at MPE’'s PANTER
facility) as flight spares for the JET-X instrument on the @pem-X mission while the
CCD is a copy of the EPIC-MOS instruments on the XMM-Newtossion.

The XRT supports three readout modes to enable it to covedythamic range and
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Table 3.2: XRT Instrument properties.

Property Description

Telescope JET-X Wolter 1

Focal Length 3.5m

Effective Area 110 crh@ 1.5 keV

Telescope PSF 18 arcsec HPD @ 1.5 keV

Detector EEV CCD-22, 600x600 pixels
Detector Operation Imaging, Timing and Photon-counting
Pixel Scale 2.36 arcsec/pixel

Energy Range 0.2-10keV

Sensitivity 2x 10~ erg/cnt/s in 10 ks

rapid variability expected from GRB afterglows, and autmoosly determines which
readout mode to use. Imaging Mode produces an integrategeimmeeasuring the total
energy deposited per pixel and does not permit spectrossopyill only be used to po-
sition bright sources. Timing Mode sacrifices position mfation to achieve high time
resolution (2.2 ms) and bright source spectroscopy thraagid CCD readouts. Pho-
toncounting Mode uses sub-array windows to permit full sjagéand spatial information
to be obtained for source fluxes ranging from the XRT serisitlimit of 2 x 10714 to
9x 10 0 erg cn2 s 1. Table 3.2 summarizes the instrument’s properties.

The XRT is also used to follow-up on BAT survey sources to iaetee their soft X-ray
counterpart; given the 5 arcsec accuracy, XRT observationsuccessful in identifying
the optical counterpart of the BAT sources (e.g. Tuelled.e£@05a, 2005b and Kennea
et al., 2005).

3.4 The UV/Optical Telescope

The UltraViolet and Optical Telescope (UVOT, Roming et &000) is a diffraction-
limited 30 cm (12" aperture) Ritchey-Chretien reflectomsve to magnitude 24 in a
17 minute exposure. The optics used for Swift UVOT are thenfligpares from the
XMM-Newton Optical Monitor (OM). The detectors are copigst@wo micro-channel
plate intensified CCD (MIC) detectors from the XMM-Newton Qdésign. They are
photon counting devices capable of detecting very low Sigvals, allowing the UVOT
to detect faint objects over 170-650 nm. The design is abtgérate in a photon count-
ing mode, unaffected by CCD read noise and cosmic ray everttseoCCD. The UVOT
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can autonomously determine the spacecraft drift usingegstiars in the FOV. The UVOT
design includes the XMM-Newton OM 11 position filter wheelfiant of the detectors.
The two grisms can be used to obtain low resolution specttheobrightest bursts with
mB< 17. The UVOT, with a 17x17 arcmfrFOV and a PSF full width at half maximum,
of 2.0 arcsec, can locate the GRB position with sub-arcessggon.

Ground observations of GRBs have shown that optical aftergltypically decline in
brightness ast1 to t-21. Therefore, rapid response is required to observe these cou
terparts and determine their redshift while they are stigitt. The UVOT, with UV
capability which is not possible from the ground, enablesigd based observations by
providing rapid optical images of the GRB field so that anyiegtor IR counterpart can
be quickly identified and studied. Stars in the FOV of the UM@®vide an astrometric
grid for the GRB field.

UVOT has so far provided accurate (sub-arcsec) positiang¥gout of 203) GRBs .
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BAT extragalactic X-ray Survey - I
Methodology and X-ray Identification

M. Ajello, J. Greiner, G. Kanbach, A. Rau and A. W. Strong
abstract

We applied the Maximum Likelihood method, as an image reitoason algorithm, to
Swift/BAT survey data. This method was specifically desajteepreserve the full statis-
tical information in the data and to avoid the usual mosaiglof many exposures with
different pointing directions, thus reducing systematroes when co-adding images. We
reconstructed, in the 14-170 keV energy band, the image ky aegion which BAT sur-
veyed with an exposure time ef 1Ms (at the time of this study). The investigation is
partly motivated by a campaign for optical spectroscopyiiifieation of BAT-selected
extragalactic objects (Rau et al., 2007). The best seitgitivour image is~ 0.8mCrab
or 19x 10 erg cnt2. 61 hard X-ray sources are detected above the fkgel; of
these, only 12 were previously known as hard X-ray sourcd$keV). Swift/XRT ob-
servations allowed us to firmly identify the counterparts X6 objects, while 2 objects
have Einstein IPC counterparts (Harris et al., 1990); intaafdto those, we found a likely
counterpart for 13 objects by correlating our sample withttite ROSAT All-Sky Survey
Bright Source Catalog (Moges et al., 1999). 19 objects afaistdentified. Analysis of
the noise properties of our image shows that5% of the area is surveyed to a flux limit
of < 0.9 mCrab and that systematic noise is negligible. This sthdws that the coupling
of the Maximum Likelihood method to the most sensitive, sk surveying, hard X-ray
instrument, BAT, is able to probe for the first time the harday-sky to the sub-mCrab
flux level.

The successful application of this method to BAT demonesr#éitat it could also be ap-
plied with advantage to similar instruments like INTEGRARIS.
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4.1 Introduction

More than 40 years after its discovery, the nature of the GoXnnay Background (CXB)
is still debated. X-ray observations, interpreted in thietert of CXB population synthe-
sis models based on unified AGN schemes, (Comastri et al5; X598 et al., 2001),
explain the CXB spectrum using a mixture of obscured and scumed AGN. According
to these models, most AGN spectra are heavily absorbed,land 85% of the radiation
produced by super massive black hole accretion is obscyrellist and gas (Fabian &
lwasawa, 1999).

Deep soft X-ray surveys (0.5-2.0 keV) were able to resoleentlajority & 80%) of
the Cosmic X-ray Background (CXB) flux into discrete sourfidasinger et al., 1998).
However the resolved fraction decreases with energy, bebtl360% in the 6-8 keV band
(Giacconi et al., 2002; Rosati et al., 2002) and even lesgeab8 keV; the missing CXB
component has a spectral shape that is consistent with datimpuof yet undetected,
highly obscured AGN (see Worsley et al., 2005).

It is important to realize that highly obscured objects aggedtable in X-rays only
above 10 keV. Moreover, most of the energy of the CXB is emigiund 30 keV (Mar-
shall et al., 1980) and the exact nature of the source paopulegsponsible for the back-
ground at these energies is unknown primarily because dbtheensitivity of previous
X-ray telescopes operating above 15 keV.

All these reasons together motivate more sensitive obsengof the hard X-ray sky.

The Burst Alert Telescope (BAT) (Barthelmy et al., 2005), lwoard the Swift mission
(Gehrels et al., 2004), launched by NASA on 2004 November&lffesents a major im-
provement in sensitivity for X-ray imaging of the hard X-rglyy. BAT is a coded mask
telescope with a wide field of view (FOV, 12& 9(° partially coded ) aperture sensitive
in the hard X-ray domain (15-200 keV). BAT’s main purposedddcate Gamma-Ray
Bursts (GRBs). While chasing new GRBs, BAT surveys the hardysky with an un-
precedented sensitivity. Thanks to its wide FOV and its fpognstrategy, BAT monitors
continuously a large fraction of the sky (up to 80%) every.dAiready after one year
the all-sky exposure ranges from 0.3 to 1.5 Ms reaching atsatysof ~ 1 mCrab. This
is more than ten times better than the previous hard X-ragkallsurvey performed by
HEAO-1 (Levine et al., 1984).

Coded mask telescopes are, until the advent of next geoetzrd X-ray focusing optics,

the only instruments able to image the sky in the hard X-rapaia. Objects in the FOV
cast part of the mask pattern onto the detector plane. Siecsgources’ signal is coded by
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the mask onto the plane this phase is also referred to asgptimse. Thus, a decoding
procedure is required in order to reconstruct the origikgisage. A variety of methods
can be used to reconstruct the sky image in the case of a caalddaperture (see Skinner
et al., 1987, for a general discussion on reconstructiomaoas). Among them, standard
cross correlation, via FFT transforms, of the shadowgrath avdeconvolution array (the
mask pattern) is the most often used. Generally, sky imageskaained for each obser-
vation (when the attitude is stable and constant) then angtlocedure (i.eg.: resampling
and reprojecting) is needed in order to assemble the finajesavith different pointing
directions into the final all-sky image.

We here describe the application of an alternative methadhwvas designed to avoid
some of the disadvantages of the standard mask unfoldihgitpee. The primary goal

is to increase the detection sensitivity, since most of ttieagalactic sources are very
faint in the hard X-ray band. Thus their detection is chajleg and requires sensitive
techniques.

This study has been developed in the framework of a campaigoptical spectroscopy

analysis of a sample of “hard X-ray selected” extragalasigrces aimed at identifying

new Sy2 galaxies. This paper discusses the method usediwstaact the survey image

and presents the source catalog. A second paper (Rau €@), @escribes in details the
optical campaign and the source identification processathé spectral analysis and the
statistical properties of our sample of sources are digclissAjello et al. (2007).

The structure of the paper is as follows. In Section 4.2 wasgmedetails of the Max-

imum Likelihood method that was developed to analyze the Bafa. In Section 7.3, we

describe the analysis steps performed and we present angslithe results of our image
reconstruction algorithm. The last section summarizesdhbelts.

4.2 Spatial Model Fitting

We apply “spatial model fitting”, as described in Strong et(@005), to directly recon-
struct the survey image from the raw detector data. “Spat@del fitting” means that a
number of sky distributions, which constitutes the moded farward -folded through the
full instrumental response in order to generate a modelshgahm. Shadowgrams are
then fitted in the full data space in order to get the most gotesky distribution given the
model. The actual search for unknown sources is then reldbgenoving a source probe
in a grid over the sky. It is worth noting that no other stepsjraage mosaicking, are
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required at the end of this process. This method was, inifacnted with the goal of re-

ducing systematic errors and noise e.g. the noise relatidmndividual short images and
the systematics when co-adding noisy images in the mosagkiocedure. This leads to
an improvement in sensitivity over other methods, in patéicreducing systematic errors
from background variations and resampling. The full infation in the data is preserved
and correctly treated in a statistical sense.

The likelihood is the probability of the observed BAT dataegi the model. For our
case it is defined as the product of the probability for eatcbader of each observation:

L=T] pij- (4.1)
1jk
where .
6, j'|J<k e Yk 42)
- _
i Mijic!

is the Poisson probability of observingy counts in pixeij, during thek-th observa-
tion, when the number of counts predicted by the mod8ljis

The model is a linear combination of components; in the sasiptase of 1 non vari-
able source and 1 background component for each obseryvatoget:

Bijk = Co X (A® S0%), + ¢y x Bijk (4.3)

where(A® S0:%) s the convolution of the detector responag#nd a source of unit flux
(9 at the sky positiom, & and thug A® 5“0750)”.( yields the prediction of counts from
a unit flux source at the sky positian, dg in detectori j, during observatiok; Bjjx is the
background prediction for pixe] in observatiork andcy andcy’s are the parameter we
want to estimate.

In this first application, the background model comprisesghch observation, of an
empirical model (i.e. a 2 dimensional quadratic functiamikr to the one used by the
tool batcleanas described in section 4.3.1) and of the model shadowgranad! foright
sources (see also section 4.3.1). The actual fit to the bagkdris performed only once
and during the source search the normalization of the whatkdround is allowed to
vary. We verified that such variation was less than®L0n the future, our method will
allow to test more complex and physical background modeds (kffuse emissions).
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4.2.1 Parameter model estimation

The parameter values are found by maximizing the likelihfuwdttion, or, which is the
equivalent, maximizing its logarithm:

%nijkln(eijk) - %eijk] : (4.4)

whereA\ is the vector of the parameters. This translate into theoig set of equa-

dinL i
oA, 0N

tions: SinL
n Nijk )
—— =S (A2 [ ==X —1], 4.5
e =2 i (5 5)
dinL nijk )
B 1), vk 4.6
aCk % ijk <9|]k ( )

which allows to estimate all parameters simultaneously.
This set of equation can be solved only numerically and weusirey a modified Newton
algorithm in order to find the solution.

4.2.2 Source significance

In the case of a single source component, the source sigriéazan be estimated using
the likelihood ratio test. For this application, the nullpoghesis is that no point source
exists at the position under consideration and the backgrouodel can explain all the
data. The alternative hypothesis is the converse. Two maatians have to be done in
order to calculate the likelihodd, of the background (null hypothesis) and the likelihood
of both source and background for the alternative hypostigsiThe test statistics:

Ts=—2(InLg—InLy) (4.7)

is expected, from Wilks’s theorem (Wilks, 1983), to be asyatipally distributed as
x% in the null hypothesis because of the additional paramétlealternative hypothesis.
Thus, the significance of a detection can be addressed as:

©1
S= | Sxi(xdx (4.8)
Ts

which, after changing variables, become:
© o= y2/2
—/ g (4.9)
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Equation 4.9 is exactly the integral of the standard norrsatidution frostl/ %10 00 and
so the significance of the detection is:

T&%6 = /—2(InLo — InL1)0 = no. (4.10)
Hence, by definition, the significance fluctuations must Is¢rithuted as a normal Gaus-
sian if everything is done correctly.

4.2.3 Method implementation

In case of large detector counts, the likelihood maximirats equivalent to thg? min-
imization, with the advantage that tlyé problem can be solved faster analytically. We
have verified that in the case of large detector counts age lawmbers of observations
the two solutions are very similar and from now on we usexthsolution.

The algorithm used is a parallelized implementatiostliffit (Strong et al., 2004) used
for INTEGRAL-SPI data analysis. Parallelization was netdecause of the size of the
problem we are dealing with. The typical execution time mekt compute the analyti-
cal x2 solution scales withfwhere n is the number of data points to fit (i.e.: number of
BAT detectors, 32768, multiplied by the number of obseorad). A single minimization
with 2600 observations takes nearly 90 s; the total execuiine to generate a map of
450x 450 pixel would be~200 days. This time has been reducedttb days using an
average of 15 CPUs. We want to remark also that it is the firg that such an approach
is applied to a problem of this large size.

As shown in equation 7.4, our model is a linear combinationliierent components

which can be specified at the input of the program. This alleeslily to handle more

than one source, to include source variability in the anslgad to test different back-
ground models at the cost of a longer computational time th@ganalysis which will be

presented in the next sections, we have used the ability sinfitltaneously all sources
found. In fact, after source candidates have already begrfdahe simultaneous fit yields
the best parameters (significances and fluxes) for all of tesirallows us to discard spu-
rious detections. When the analysis is based on a large mohbleservations correlation
(“cross-talk”) between sources is negligible.

4.2.4 Instrumental response

As shown in equation 7.4, the first part of the model represtrgt source component (or
components if more than one) and this is given in the mostlsifigpm by a point like
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source at positiomg, dg in the sky, forward-folded with the instrumental respongée
have used a large set of Crab observation8Q00) to developed a parametrized diagonal
full instrumental response which enables us to predict #peeted counts (essentially
the termA® S0:% of equation 7.4) from a unit flux source as a function of enemg
position in the field of view (FOV). To improve the speed of tuele the full instrumental
response was pre-computed over a 6 arcmin pitch grid in tredenBAT FOV.

To conclude, in Fig. 4.1 we show the imaging reconstructegadilities of our approach;
two closeby faint sources, LMC X-1 and PSR B0540-69.3, aart} detected in-2600
observations. The good angular resolution of BAT is alse@mneed by our imaging re-
construction algorithm, in fact the two sources are sepdrhy just 25(for comparison
the BAT Point Spread Function (PSF) iS22

Figure 4.1: Image of LMC X-1 (right) and PSR B0540-69.3 (left) clearlyseated.
The pixel size is &ind the map is about:11 ded.

4.3 Analysis

In this section we describe the application of the Maximuikelihood method to recon-
struct the image of- 1/8 of the sky using 8 months of BAT data.

4.3.1 Data selection and screening

We used 8 months of data, from April 2005 (when BAT data becpauiic) to November
2005. In order to secure optical follow-up with a dedicatédeyving campaign at La
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Silla, Chile in January 2006, we selected only observatwitis angular separation less
than 45 degrees fom the zenith (RA=105 degrees, DEZSdegrees).

-
A
204 T~

Ny '

-60 —

DEC (deg)

60 80 100 120 140
RA (deg)

Figure 4.2: Exposure map, corrected for telescope vignetting, of theesufield
presented in text after data screening. Contours spacdibDddslare also shown. The
inner contour is for exposure greater than 900 ks.

Swift-BAT survey data are in the form of 80 channels detegtane histograms (DPH)
with typical exposure time of 300s.
In order to have a suitable clean dataset as input of the mgagiconstruction algorithm
described in section 4.2, preprocessing must be carriedrotiie raw survey data. This
preprocessing phase accomplishes two different goalsath)gliality is monitored along
the processing and 2) the very bright sources detectedglesich single observations are
localized and inserted in the background model of the inggecoonstruction algorithm.

All the pre-processing was carried out using the latesti@via version of the Swift
software contained in the HEASOFT 6.0.3. Below we reportrthme of the tools used
during our pre-processing.

For each DPH, our preprocessing pipeline, does the follgwjerations:

1. data are rebinned in energy channels according to theaff@et map generated on
board paterebir)
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. the DPH is integrated along the energy axis, between 14 ahHeV, and a detector

plane image (DPI) is generateobtbinevy

a detector quality mask is created, where hot and coldpa® masked out (
bathotpi®

. an empirical background model is fitted to the DiRdt€leart)

. the DPI and the background model are input to a FFT decotigal algorithm

which generates the sky imadeaffftimage

. source detection takes place on the sky image and a catdlogll sources detected

above S/N> 60 is createdlfatcelldetect

. a model for each detected source (using its measuredinates) is created and it

is added to the background model of step 4

. steps 4 to 7 are repeated until no new sources are detecéesingle 300 s obser-

vation.

In order to have the cleanest dataset possible we have dgpli€ on the quality of the

data.

During the steps above data are screened on the b#sisfolowing conditions:
lock of the star tracker and pointing stability

spacecraft being outside of the South Atlantic Anomaly ($AA

BAT array rate<18000 counts/s

exposure being larger than 200 s

reducedy? of the background fit.1.5

> 90 detected sources must be within a distance of 0.1 deg fronoarkisource
otherwise they are thought to be spurious or transient. Hservation is flagged
for a later analysis, but not inserted into the final dataset.

In table 4.1, we have listed the fraction of exposure whiatejected if a single data
quality cut is applied to the data used for this analysis.tRercurrent dataset; 34% of
the overall exposure time was rejected because the datatideet one or more of the
above mentioned criteria.

lthe empirical background model built-in in batclean fits adpatic function plus a series of models

which take care of detectors edge effects for a total of 1drpaters. The user is also free to include sources

or different background models.
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Table 4.1. Fraction of rejected data

TYPE FRACTION
Star tracker lock 9.7%
Pointing stability 17.4%
Outside SAA 10%
Exposure> 200 s 7%
Others <1%
All conditions 34 %

If any of the previous conditions was not satisfied the okeéa was not included
in the final dataset. All observations passing the filteringgda are input of the imaging
reconstruction algorithm described in section 4.2.

After processing and screening the data according to theeatyderia the final dataset
includes 2671 observations (see Fig. 4.2 for the exposupg.ma

All sources detected during the preprocessing phase &ed listable 4.2 along with
their identification, their maximum and total significanoerfputed as the sum of the
squared of significances), and the number of detectionsdiBtxgbution of the offsets of
sources in table 4.2 from their catalog counterpart is teyldn Fig. 4.3. The same graph
shows the extremely good location accuracy of BAT which tles@®5% of all sources
within 2.2 radius.

In order to understand the dependence of the offset on theeaignificance, we have
analyzed all Crab Nebula detections and determined thafiet varies with significance
accordingly to

OFFSET=0.43 +5.74/SIN [arcmin. (4.11)
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P(<n)

arcmin

Figure 4.3: Black solid line is the distribution of the offsets of sowsaeported in
table 4.2 from their catalog position. Red and Blue soligdirmre the detections of
Crab and Vel X-1 respectively, while the black dashed linthescumulative distri-
bution of all detections. 90% and 95% confidence limits anadii of 1/8 and 22

respectively.
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4.3.2 Imaging reconstruction

The 2671 DPIs along with their background model (createtegt 4 in section 4.3.1) are
input of the imaging reconstruction algorithm. For thislgees we have used 1 parameter
for the source component and we have allowed the normalizafithe background com-
ponent to vary in each observation leading to a total of 2G#apeters. The map is built
in small segments of 65 ded. A pixel size of 12 was chosen as the best compromise
between computational time and the resampling factor oP®BE (- 2 in this case). The
significance image is shown in Fig. 4.4.

DEC (deg)

0: 00

-20: 00

-40: 00

-60: 00

4h 5h 6h 7h 8h 9h 10h
RA (deg)

Figure 4.4: Significance map of the 90x90 degurveyed area. Circles mark all
sources above 4dpresented in Tab. 4.4.
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Table 4.2. Sources detected during data screening

RA DEC S/IN(max) TOTAL S/N # detections Type ID

(32000) (32000)

19.1746  -73.4559 16.9 47.7 22 HXB SMC X-1

58.8665 +31.0270 8.3 8.3 1 HXB V* X Per

83.2654 -66.3567 11.5 35.0 17 HXB LMC X-4

83.6265 +22.0079 126.9 1505 581 PSR Crab

84.7121 +26.2949 90.5 195 61 HXB 1A 0535+26

94.2964  +9.1199 8.7 12.6 3 LXB V* V1055 Ori
117.2030 -67.7483 8.0 30.0 15 LXB  EXO 0748-676
135.5234  -40.5565 139.3 917 888 HXB Vel X-1
152.4996 -58.2222 13.7 38.8 18 HXB  GRO J1008-57
170.2396 -60.5556 50.2 161.7 79 HXB Cen X-3
176.9183 -61.9794 8.9 8.9 1 HXB V*V830 Cen
186.6980 -62.7649 98.0 401 284 HXB GX 301-2
201.4286 -43.0056 8.8 12.6 2 Sy2 CenA
235.5705 -52.3704 12.2 14.4 2 HXB V*QV Nor
243.0916 -52.4028 16.1 40.7 19 LXB H 1608-522
2449860 -15.6526 255 76.0 24 LXB Sco X-1
247.9922 -48.8173 8.8 11.5 2 HXB IGR J16318-4848
250.2720 -53.7497 8.9 19.6 6 LXB H 1636-536
251.4481 -45.6088 13.1 21.8 6 LXB GX 340+0
255.1860 -41.6435 27.0 38.9 8 HXB  EXO 1657-419
255.9813 -37.8334 50.2 98.3 22 HXB V* V884 Sco
256.4394 -36.4345 12.1 13.2 2 LXB Sco X-2

aNote that the significance of the detection depends on theesdtensity, exposure and on the
position in the FOV. The “TOTAL S/N” was computed as the sunthef squared significances in
each observation.
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4.3.3 Setting the significance threshold

There are several approaches in order to derive the bedicigee threshold. Consider-
ing that the Maximum Likelihood method leads to perfectlynsyetric Gaussian, normal,
noise in the reconstructed image, the most straightforwaedis setting the threshold as
the absolute value of the lowest negative fluctuation. Is tlise, since the negative fluc-
tuations are given by noise, one should expect no falsetilmteabove this threshold.

As it can be seen in the significance distribution reporte&igm 4.6, no negative
fluctuations larger thar4.3 are found. If we take into consideration the number ofdrial
and the normal Gaussian distribution we get that al®y > 4.5 we expect a number
of false detections of 0.7. We also made a Monte-Carlo siiaulaenerating a large
number 1000) of sky images with Gaussian noise. We then countedh@lexcesses
above the 4.5 level and found out that the number of expected false detecil.01, in
agreement with the previous finding. A contamination of ample of sources by only
1 spurious detection was judged to be the best compromigebetdetection sensitivity
and sample corruption. Hence we decided to fix the thresloaidbo.

10°

10

10

10

Figure 4.5: S/N distribution.The continuous line is an overlaid Gaassvitho = 1.

4.3.4 Noise properties and Sky coverage

The sky coverage is, for a given survey, the distributiorhefgurvey’s area as a function
of limiting flux. The knowledge about the sky coverage is igatarly important when
computing the number-flux relation (also known as LogN-LagSribution). We leave
the derivation of the number-flux relation to a separate pgello et al., 2007), but we
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are interested in deriving the sky coverage here as it bongsal information about the
sensitivity and noise properties of the survey.

The sky coverage as a function of the minimum detectable Ry is defined as the
sum of the area covered to flux§s< Fmin:

N
Q(<Fmin) =) A fi < Fuin (4.12)

where N is the number of image pixels afyds the area associated with each of them.
We have followed two procedures to compute the sky coverbgersurvey area:

e the ML method produces a flux map and an error map as outpueditting pro-
cedure. In order to get the sky coverage we multiplied theremap by the S/Ny
=4.5 and then counted the area as in Equation 4.12;

¢ usingbatcelldetectve computed the local (flux) image variance using an encircle
area whose radius was 30 pixels. This map is a true reprémentd the noise in
our image. Again, we multiplied this noise map by our detactthreshold of 4.6
and then counted the area as in Equation 4.12.

The sky coverage computed in both ways does not present@mificant differences
testifying that the error computed by the ML method is vengel (if not the same) as the
real noise term of the sky image.

In the left panel of Fig. 4.6 we report the sky coverage of thére area and for the
extragalactic portion of the sky (selected imposibg> 15°). As it can be seen from the
sky coverage;>>75% of the surveyed area is sensitive to fluxe8.9 mCrab and all of it

to fluxes<1.8 mCrab. The limiting sensitivity in our image is a bit lékan 0.8 mCrab

(or 1.9<10 erg cnr?s™1).

The analysis of the image noise properties as a function pbgxe time (reported in
the right panel of 4.6) shows that the survey sensitivityesid T~%° denoting absence
of large systematic errors. We then compared our surveytséiydo recent results from
the BAT and INTEGRAL-ISGRI hard X-ray surveys (Markwardtatt, 2005; Bassani et
al., 2006). In order to perform the comparison, we transéatrie sensitivities provided
by the authors in different bands to sensitivities in a comipand (20-100 keV); the com-
parison, which is shown in table 4.3, is done taking into aoteither the S/Ny used by
the authors in their work and using a commanéqguivalent sensitivity. The main result
is that for 1 Ms of exposure, our survey is the most sensititeethree.
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Figure 4.6: Left Panel: Sky coverage as a function of minimum detectable flux
for SIN=4.5 in the 14-170keV band. As it can be seen 75% of tineeyed area is
covered to 1 mCrab. The dashed red line is the sky coveragé|for 15°. Right
Panel: Pixel 50 sensitivity threshold as a function of exposure time. Thkdashed
line is the fit to data points corresponding to the functidn®Crat T /100ks) 95,

4.3.5 Source detections and fluxes

Source detection on the reconstructed image is a strargfefd process since a signif-
icance map as well as a flux map is output to a file. All not-nleaghring pixels which
meet the criteriot®/N > S/Nry are identified and a fit with the instrumental point spread
function (thebatcelldetectool is used here) is done in order to determine the most accu-
rate source position. Contrary to other wavelengths whezentegral of the PSF yields
the source intensity, for coded mask detectors it is the R&k palue which gives the
intensity of the source.

4.3.6 Detected sources

We have detected 61 hard X-ray sources in our survey. Folilesetsources are residuals
caused by imperfect modeling (and inclusion in the backggdaunodel) of bright sources
which are detected in individual DPHs. These 4 sources (LM@,XEX0 0748-676,
Vel X—1 and V' V1055 Ori) are still detected in the reconstructed imagd &itS/N of
20-40.

For the remaining 57 serendipitous objects detected altwvd .t detection, we have
reported source locations and observed fluxes along withtégative ID in tables 4.4.

We have correlated our sources with the ROSAT All-Sky SumBeight Source Cata-
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Table 4.3. Sensitivities of different hard X-ray surveys.

Instrument Ref. SINy  Sensitivit? Equivalent & Sen$
(@1Ms [mCrab]) (@1Ms [mCrab])

INTEGRAL Bassani et al., 2006 5. 0.8 0.8

BAT Markwardt et al., 2005 55 1.3 1.2

BAT this work 4.5 0.74 0.82

aThe sensitivity is computed by considering the noise-eMposelation provided by
the authors (e.g. Fig. right panel of 4.6) multiplied by th&l54 they used to detect
sources.

bSensitivities are computed assuming $4N5 for all instruments/surveys.

logue (Voges et al., 1999) in the same way as in Stephen eR@06§. In Fig. 4.7, we
report the number of BAT sources which have at least one ROsaifce within a given
radius. Also, to understand the contribution of chance@dances to these associations,
we performed a Monte Carlo simulation using B® positions randomly distributed in
our field. Due to non-uniformity in the distribution of ROSAbDurces, the probability of
a chance association increases slightly towards negatl&c@c latitudes. Taking into
account the highest density of ROSAT sources (di0® <b< —20°), we get from Fig.
4.7 that using a radius of 30@or the identification of our sources will yield a probabjlit
of chance coincidence of 0.015 (1 wrong identification oNerdhe same figure yields
also information about the BAT point spread function logataccuracy (PSLA), as the
BAT uncertainty in the position dominates the ROSAT errohu3, assuming that the
ROSAT position is the “true” source position and considgrmly the ROSAT associa-
tions, we fitted an inverted gaussian to the curve of Fig. gee (Fig. 4.8) and derived
that 95% and 99% of all spatial coincidences are withirl &Rl 5 respectively. Thus,
using a 5radius for source identification yields the best comprorb&t@een probability
of finding the BAT counterpart and chance coincidence. lossurprising thak50%
of our sample is correlated with the ROSAT catalog since @lettric absorption might
play an important role. Thanks to this approach we managiektaify 30 of our sources.
These sources are generally the brightest of our sampléagavere already detected by
previous observatories (Macomb & Gehrels, 1999).
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Figure 4.7: Probability of finding at least one ROSAT source within a givadius
for our source sample of table 4.4. The thick solid line isgh&bability for the real
sample while the thin line is the expected contribution cdrate coincidences. The
inset shows a closeup view of the chance coincidence curibdaegion of interest
(200" < R <300'); dashed line is the distribution ford40° <b< —20°, while the
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Figure 4.8: Gaussian fit to the curve of Fig. 4.7. The PSLA at 95% and 99%i-con
dence is respectively 3.and 5.
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Figure 4.9: Offset of the detected sources as a function of their sigmifie. The
red solid line is the fit to the data with the function Offset H&B +11.13/(S/N).
The blue dashed line is the fit te 30 deviations from the previous fit and gives the
maximum expected offset for a given significance.

Using the same 300error radius, we searched for spatial coincidences between
sources and both the HEAO-1 catalog of high energy sourcedr(e et al., 1984) and
the 2nd INTEGRAL-IBIS catalog (Bird et al., 2006). We fourtat 2 sources were
already detected in hard X-rays by HEAO-1 and 7, includirgpahe previous 2, by
INTEGRAL. All these 7 sources were already detected at loargynby ROSAT. Two

additional sources, 3C 227 and V* BG CMi have an Einstein 1BGn¢erpart (Harris et
al., 1990). 3C 227 was also detected during a long (11 ks) REFEFPC observations
(Crawford & Fabian, 1995).

Some of the new sources can be identified using the narrowXiefy telescope (XRT)
on board Swift. With its % position accuracy XRT is able to pinpoint the source counter
part in less than 2 ks. We requested and obtained 3 followsprehtions of our targets
(J0732.5-1330, J0823.3-0456 and J0918.6+1617) and thiseal us to firmly identify
the counterpart of those sources (Ajello et al., 2006). Osberces (e.g. J0916.4-6221,
J0519.5-3240, J0505.8-2351 and J0920.8-0805 ) were ausémw XRT as part of the
ongoing effort of the BAT all-sky survey (Tueller et al., ZH)8; Kennea et al., 2005). We
also searched the Swift archive for XRT observations cagdte fields of our sources.

A total of 17 sources can be firmly identified thanks to XRT. Tesults of all the iden-
tification efforts using X-ray catalogs and XRT, are reporite table 4.4. Details of all
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sources identified using XRT are given case-by-case in thieseetion.

Using the sources with a known X-ray counterpart, we reporEig. 4.9, the sources’
offsets from their catalog position as a function of sigmifice. A fit to the data shows that
the offset varies with S/N as Offset = 0.065.1.158/(S/N). Moreover, from the same plot
we expect that for a.80 detection the maximum offset bé;ghis is in perfect agreement
with what is shown in Fig. 4.8.

The offset derived for a Xsource from the previous relation and from equation 4.1 (i.
the same 16 source is detected in the single 300 s sky image) isahd 1 respectively.
Thus, we can affirm that our survey analysis preserves the lgoation accuracy of BAT.
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Table 4.4. Detected hard X-ray sources

SWIFT NAME R.A. DEC Flux SIN Exposure ID Offset Type CatalBgs  XRT position (ref.)
(J2000)  (J2000) (10! cgs) (100 ks) (arcmin)

J0405.8-4345 61.4522  -43.7520 2.24 45 903 e

J0407.6+0336 61.9178 3.6517 4.21 5.2 330 3C 105.0 4.7 Sy2 0704.2, +03 42 23

J0418.6-1847 64.6653  -18.7978 2.23 4.8 743 e e

J0426.4-5710 66.6021  -57.1775 2.02 45 803 1AXG J042536%7 3.5 Syl R

J0433.1+0520 68.2982 5.3374 7.0 10.4 316 3C*120 1 Syl R

J0446.2-3537 715631  -35.6275 2.36 45 939

J0447.8-4112 71.9631  -41.2020 3.84 5.4 935 e e

J0451.6-0349 72.9205 -3.8240 3.73 4.9 416 MCG -01-13-025 0.9 Sy1.2 R

J0505.8-2351 76.4674  -23.8666 2.62 7.2 816 SWIFT JO50848-2 1.7 Sy2 X 050545.4-235117.0 (1)

J0510.8+1631 77.7224 16.5265 7.37 4.7 231 CSV 8150 25 Syl.5 R

J0514.0-4003 78.5146  -40.0558 5.02 10.4 934 4U 0513-40 0.8 LXB R

J0516.0-0007 79.0096 -0.1332 7.6 6.1 373 QSO B0513-002 25 QSO-Syl R

J0517.1+1633 79.2839 16.5605 3.80 5.8 233 e . S

J0519.5-3240 79.8844  -32.6720 4.78 8.2 909 ESO 362- @ 018 11 Syl.5 R, X 051935.5,-323922 (1)

J0519.7-4545 79.9460  -45.7557 4.48 5.3 904 Picfor A 15 Syl R e

J0522.6-3625 80.6581  -36.4233 3.65 4.7 927 ESO 362-6021 4.6 BLLAC R, X 052257.9,-36 27 29

J0528.0+1435 82.0246 14.5874 6.04 5.1 251 e

J0529.4-3247 82.3541  -32.7965 5.15 10.9 904 V* TV&Col 13 CV-DQ* R

J0534.5-5801 83.6470  -58.0200 1.8 5.6 800 V* TWAPic 21 Ccv R, I

J0539.0-6406 84.7717  -64.1148 2.10 6.6 726 LMC3X-3 21 HXB R

J0539.5-6943 84.8917  -69.7210 4.48 8.4 681 LMC3X-1 14 HXB R, I

J0539.9-6919 84.9878  -69.3230 6.30 8.1 681 PSR B0543-69.3 14 Pulsar R, I

J0539.9-2842 84.9953  -28.7029 5.68 4.6 858 PKS 053%-286 25 QSO R, X 053954.1,-283954

J0550.8-3215 87.7165  -32.2610 3.40 6.1 883 PKS 0548-322 24 QSO R, X 055040.4,-3216 15

J0552.1-0727 88.0411 -7.4554 32.04 33.7 477 NGC 2110 0.4 Sy2X 0552 11.5-07 27 24

J0558.0-3822 89.5237  -38.3799 3.62 6.7 913 LEDA 78476 2.8 Syl R e

J0640.0-2553 100.0031 -25.8931 2.54 5.3 793 ESO 490G 26 25 Sy1.2 R, X 06 40 11.8, 2553 41

J0722.6-0931 110.6593  -9.5224 1.84 4.8 778 e e

J0727.5-2406 111.8951 -24.1039 1.9 5.3 850
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4.3.7 XRT observations

J0407.6+0336.XRT observed this source field for 7 ks on Jul 11, 2006. The dely
tected object, RA(2000)= 04 07 16.2 Dec(2000)=+03 42 24.8pincident with the Sy2
galaxy 3C 105.0 and distant 4ffom the BAT position. It is the first time that 3C 105.0
is detected in X-rays.

J0505.8-2351.XRT observed this source field for 3.2 ks on Aug. 20, 2005. Qg
source is detected within the BAT error box at RA(200)=05 6%4Dec(2000)=-23 51
16.8 coincident with the Sy2 galaxy 2MASX J05054575-23%11Bhis object was al-
ready identified as the BAT counterpart in Tueller et al. &80

J0519.5-3240A 7ks XRT observation was performed on Nov. 26, 2005. In th& X&ld
only two objects are detected. The brighter one at RA(200®)t9 35.5 Dec(2000)=-32
39 22.4 is only 1.4from the BAT position. The fainter one is detected at RA(260%

19 25.8 Dec(2000)=-32 42 32.3 and it is only@ @etection. The bright source is asso-
ciated with the nearby Sy1.5 galaxy ESO 362- G 018 (also textdry ROSAT as 1RXS
J051936.1-323910). ESO 362- G 018 was already identifiedeaBAT counterpart by
Tueller et al. (2005b).

J0522.6-3625.XRT observed this field for 899 s in May 26 2005. Only one sousce
detected at RA(2000)=05 22 57.8 Dec(2000)=-36 27 29.7 afrbs® the BAT position.
The XRT source is coincident with ESO 362-G021 a BL Lac obgdietady detected by
ROSAT and XMM at lower energies and by BeppoSAX in hard X-ré9enato et al.,
2005).

J0539.9-2842 A XRT observation of 14 ks took place on Dec. 8, 2005. A fainirse

is detected at RA(2000)=05 39 09.3 Dec(2000)=-28 41 01.Bobent with the z=3.1
QSO PKS 0537-2843 and distant 2ffom the BAT position. The QSO was discovered
in X-rays by the Einstein observatory (Zamorani et al., 2381 then studied by ROSAT,
ASCA and lately by XMM. The BAT detection in hard X-rays is tfiest to date.

J0550.8-3215A 9ks XRT observation took place on May 21, 2005. A very brigiiirce
is detected at RA(2000)=05 50 40.4 Dec(2000)=-32 16 15&uli2.4 from the BAT
position. The XRT source is associated with a well known &ld@KS 0548-322 already
detected in hard X-ray (see Donato et al., 2005). The blaz&en the BAT counterpart.
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Table 4.4 (contd)

SWIFT NAME R.A. DEC Flux S/IN Exposure ID Offset Type CatalBgs XRT position (ref.)
(J2000) (J2000) (20 cgs) (100 ks) (arcmin)

J0728.6-2604 112.1626  -26.0696 1.87 4.7 851 V*V441%Pup 35 HXB R

J0731.5+0955 112.8752 9.9214 3.30 5.9 578 V* BG CMi 1.3 CcVv E

J0732.5-1330 113.1328 -13.5037 1.85 5.9 820 SWIFT JO7B233- 11 Ccv X 07 3237.8,-1331 07 (3)

J0739.6-3144 114.9127 -31.7496 2.77 6.2 846

J0759.9-3844 119.9822  -38.7422 4.90 6.0 804 IGR J07592-384 0.5 Syl2 R,IX 075941.2,-38 4357

J0804.2+0507 121.0552 5.1203 4.1 8.4 736 UGC 8203 1.9 Sy2 R, X 08 04 05.4 +05 06 49

J0811.5+0937 122.8750 9.6214 2.26 4.6 700 Rd e

J0823.3-0456 125.8271  -4.9401 3.23 8.1 846 SWIFT J08265Z-0 2.0 Sy2 X 08 23 01.0, -04 56 02 (3)

J0834.6+0217 128.6574 2.2926 3.32 54 780 e

J0835.3-4510 128.8308 -45.1771 17.1 22.7 705 Vela®PSR 0.4 PSR R,I,H

J0837.1-3912 129.2970 -39.2024 4381 4.6 753

J0838.4-3559 129.6151 -35.9976 4.01 55 791 FRL 1146 0.7 SyR, |

J0839.8-1214 129.9556  -12.2467 243 5.8 866 3C¢206 0.4 QSO R

J0844.9-3531 131.2411 -35.5313 2.97 5.0 780

J0847.4+1219 131.8676  12.3243 1.9 6.5 672

J0854.7+1502 133.6828  15.0371 5.58 51 646

J0902.4-2418 135.6084 -24.3074 2.36 4.6 800 e

J0917.2-6221 139.112 -62.359 2.07 45 830 LEDA 90443 29 SyX 09 16 08.9, -62 19 29.6

J0918.6+1617 139.6505  16.2987 33 6.7 610 MRK 0704 25 Sy1Rg X 09 18 25.9, +16 18 20(3)

J0920.3-5512 140.0753 -55.2135 9.57 15.6 612 4U 09%9-54 1.2 LXB R,ILH o

J0920.8-0805 140.2134  -8.0872 3.03 6.4 742 MCG -01-24-012 2 2 Sy2 X 09 20 46.0, -08 03 21 (2)

J0923.3+1024 140.8256  10.4112 2.72 4.9 660 e e e

J0945.9-1421 146.4060 -14.3007 5.09 5.5 621 NGC 2992 15 Syl9 R, X 094542.1,-1419 34

J0947.6-3056 146.9151 -30.9388 18.01 22.8 611 ESO 434- & 040 0.6 Sy2 R, I, X 09 47 39.8, -30 56 55

J0947.7+0725 146.9447 7.4191 5.58 4.7 581 3C 227 0.4 Syl ¢ ER

J0957.0-5847 149.2537  -58.7979 2.56 4.9 545 e

J0959.3+0550 149.8280 5.8338 27 45 526 e e e

J0959.5-2251 149.8805 -22.8561 7.80 10.8 566 NGC 3081 1.8 Sy2 R

aSource identified thanks to its proximity to a ROSAT Brighuge with the method described in the text.

bCatalogs and Instruments used to identify the source: R#RQ&talog, I= INTEGRAL catalog, H= HEAO-1 catalog, E= Eiest IPC catalog, X= XRT observations.

d3C 227 was detected in a long (11 ks) ROSAT-PSPC observaizrasvford & Fabian, 1995).
€Source J0811.5+0937 has a ROSAT counterpart, IWGA J081933+ reported in the WGA catalog (White et al, 1994).

J081132.4+093403.

References. — (1) Tueller et al. (2005); (2) Kennea et al0$20(3) Ajello et al. (2006);

Thisirse coincides with RX
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J0552.1-0727.During 9 ks of exposure on Apr. 8, 2006, XRT detects a brightrc®
located at RA(2000)=05 52 11.5 Dec(2000)=-07 27 24.2. Theobls coincident with
the well known Sy2 galaxy NGC 2110 and its position is only @way from the BAT
detection. The detection of NGC 2110 in the 3-20 keV band byfRXRevnivtsev et al.,
2004) and the presence of no other source in the XRT field sdberidentification of
NGC 2110 as the BAT counterpart.

J0640.0-2553.During 2.8 ks of observation on Mar. 23, 2006, XRT detecty amle
bright source at RA(2000)=06 40 11.8 Dec(2000)=-25 53 4dibaident with the Syl
galaxy ESO 490- G26 (already detected in soft X-rays by RO&ARX J064011-25536).
The source position is 2.8istant from the BAT detection.

J0732.5-1330, aka SWIFT J0732.5-133XRT observed this field for 4 ks on Apr. 28,
2006. Only one source is detected in the XRT field at RA(2000)32 37.7 Dec(2000)=-
13 31 08.6. This source is coincident with an USNO B1 star 2873%4-133109.0. The
source was already identified as the BAT counterpart by éjetlal. (2006). Follow-
up measurements in the optical determined that this soaraenew intermediate polar
(Wheatley et al. 2006 and references therein).

J0759.9-3844XRT observed the field of this source for 7ks. Three sourceslaarly de-
tected. The brightest of them is located at RA(2000)=07 52 ®&kc(2000)=-38 43 57.9
being only 0.5away from the BAT position while the remaining two are distaore than
10. The brightest object is coincident with the INTEGRAL soutGR J07597-3842 and
with the ROSAT source RX J075942.0 -384359. The fact thabthg source within 4
from the BAT position is also detected by INTEGRAL in hard 2s (den Hartog et al.,
2004) makes this source the BAT counterpart. The probaklecésion with an IR point
source IRAS 07579-3835, and a 1.4-GHz radio counterpartS8l¥rchive) makes the
case for a AGN nature of the object. This source was identi#fgedeing a Sy1.2 galaxy
during a recent optical spectroscopy followup (Masettilel2D06b).

J0823.3-04560nly a single faint source is detected by XRT during 1.2 ksxpiosure on
Jan. 6, 2006. The source is located at RA(2000)=08 23 01 D86j2-04 56 02.5 and 2
away from the BAT detection. The object is coincident witk tfalaxy FAIRALL 0272
and was already identified as the BAT counterpart by Ajellalet(2006). An optical
follow-up showed that the source is a Sy2 galaxy (Masetti.c@06a).

J0918.6+1617. SWIFT J0918.5+1617, aka SWIFT J0918.5+1618, is anothercsou
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found thanks to our algorithm (Ajello et al., 2006). DuringX®T followup of 0.6 ks,
the only detected source is located at RA(2000)=09 18 25c¢§dD€0)=+16 18 20.8 and
coincident with the galaxy Mrk 704. Mrk 704 was previouslyeatged in soft X-rays by
ROSAT (Schwope et al., 2000). In a recent optical followine, galaxy was found to be
a Syl (Masetti et al., 2006a).

J0920.8-0805.A XRT observation of 8.5 ks took place on Dec. 10, 2005. Onlg on
source is detected in the entire field. Its position, RA(2609 20 46.0 Dec(2000)=-
08 03 21.8, is coincident with the Sy2 galaxy MCG-01-24-0td distant 2.2from the
BAT position. This object was already identified as the BATim@rpart by Kennea et al.
(2005).

J0945.9-1421An XRT observation of 11 ks took place on Jul. 8, 2006. The colyrce
detected inside the BAT error box is located at RA(2000)=992.0 Dec(2000)=-14 19
33.7. The source is coincident with the Sy1.9 galaxy NGC 2892is distant 1/5rom
the BAT detection. The source was already detected in softys-by ROSAT as 1RXS
J094541.9-141927.

J0947.6-3056 XRT observed the source field for 10ks on Dec. 9, 2005. Onlylwight
source is detected at RA(2000)=09 47 39.8 Dec(2000)=-306556 &oincident with the
Sy2 galaxy ESO 434- G 040 and distant only @rdm the BAT position. The galaxy was
also detected in hard X-ray by INTEGRAL (Bird et al., 2006).

4.4 Conclusions

We have presented an application of the Maximum Likelihoethod as a deconvolution
technique used to reconstruct the sky image when dealirgangbded-mask instrument
like BAT. The main difference with other image reconstrantalgorithms, such as the
standard cross-correlation technique, is that a sky Higtan model is forward-folded
through the full instrumental response and fit to the detqaeme counts in order to de-
rive the most probable sky image. This is realized in a sistge and thus, no image
mosaicking is required. This study was motivated prindyplay the capabilities of ML
to: 1) preserve the full statistical information in the datal 2) to reduce the systematic
errors connected to mosaicking techniques which otheroadstbannot avoid. This leads
to an improvement in sensitivity over other methods.

Moreover, this study is motivated by the needs to use seasitiaging techniques for
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the study of the hard X-ray sky. Although deep soft X-ray sys/(0.5-2.0 keV) were

able to resolve the majority of the CXB emission into disersburces (Hasinger et al.,
1998), only a minor fraction of the CXB above 8 keV is resolyérsley et al., 2005).

Furthermore, the bulk of the CXB radiation is emitted aro®@keV (Marshall et al.,

1980) and the exact nature of the source population redpenfair the background at
these energies is unknown because of the low sensitivity@fipus X-ray telescope.
Since the BAT coded mask detector, on board the Swift missepresents a major im-
provement in sensitivity for X-ray imaging of the hard X-raly, we used BAT survey
data as a test-bed for our ML imaging algorithm.

This study was also performed in the framework of an optipaicsroscopy campaign
aimed at identifying BAT-discovered extragalactic harday-objects (Rau et al., 2007).

The results presented in the previous sections can be supethas follows:

After screening our dataset for bad data, the final surveygérabtained using the ML
method presents a perfect gaussian normal noise. Giverirttensgion of our map and
the noise features, we expect 1 spurious source above aatidetthreshold of 4.
Above this threshold, we detected 61 hard X-ray sourcesy Ohivere previously known
as hard X-ray emitters (previously detected by INTEGRAL &AD-1). 49 are new
sources detected by BAT due to our superior image recotigtnumethod.

The correlation of BAT sources with the ROSAT catalog shdvesdaxtremely good loca-
tion accuracy of the BAT instrument which is also preservgdlr algorithm. Also it is
worth noticing that only< 50% of our sources are correlated with the ROSAT catalog;
this is most probably due to the presence of photoelectgorgition in some of the new
BAT sources. The analysis of the limiting flux as a functiorerposure, presented in the
right panel of Fig. 4.6, shows that our analysis has nedéglystematic errors and that
BAT can achieve, in the future, a sensitivity of 0.5 mCrabhwdMs of exposure (if sys-
tematics remain at this level). The sky coverage shows it @f the survey is covered
to flux < 0.9 mCrab and all of it to fluxes: 1.8 mCrab.

All of this makes this analysis one of the most sensitive syswever performed in the
hard X-ray domain.

The optical spectroscopy identification of the new souraces @ discussion about the
statistical properties of our sample are left to separapersa(Rau et al., 2007; Ajello et
al., 2007).
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Chapter 5

BAT extragalactic hard X-ray Survey -
II: Optical Follow-up of Unidentified
Sources

A. Rau, J. Greiner, M. Salvato and M. Ajello
Abstract

We present the search for optical counterparts of 19 uniiehsources detected in the
BAT extra-galactic hard X-ray survey (BEXS; Ajello et alQ@7a). For three BEXS
sources, possible associations with Seyfert 2 galaxies-#02598+ 0.00006 0.0696+
0.0002 and Q1220+ 0.0002 were found. Two of these are new detections, while ting th
was classified using available SDSS spectroscopy. In additie detected one candidate
X-ray Bright Optically Normal Galaxy at= 0.282+0.001. Three out of the four sources
show indications for (at least) a modest amount of extimabiodomination by host galaxy
emission. No plausible candidate counterparts could betifce for the remaining 15
BEXS sources to a limiting magnitude Bf= 18. We present the field charts, spectra and
their analysis.

5.1 Introduction

Extra-galactic hard X-ray surveys are a prime key for rasglthe origin of the Cosmic
X-ray Background (CXB) above-68 keV. Population modeling (e.qg., Gilli et al., 2006;
Treister & Urry, 2006) predict that the main contributionsas from heavily obscured
(logNy > 24 cnm?), so-called Compton-thick, Active Galactic Nuclei (AGN)bserva-
tional evidence of these sources is scarce, though.
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A small number of wide angle hard X-ray surveys have beeropadd in the past
(Levine et al., 1984; Revnivtsev et al., 2004; MarkwardtlgtzD05; Bassani et al., 2006;
Krivonos et al., 2007). However, the relative fraction ofnf@aon-thick sources among
the local AGN population eluded a convincing constraint &0 fWhile Bassani et al.
(2006) found that 14-7 % of 62 AGN detected withNTEGRALwere Compton-thick,
a three times smaller frequency was found among 44 AGN d=teeith the Burst Alert
Telescope (BAT, Barthelmy et al., 2005) onboard Bwift satellite (Markwardt et al.,
2005).

In a recent paper (Ajello et al., 2007a, AGKO7 hereafter) presented the methodol-
ogy and source catalog for the BAT extra-galactic hard Xsuayey (BEXS). This survey
is based on image reconstruction of-1470 keV BAT all-sky data using the Maximum
Likelihood method. Here, 61 hard X-ray sources were dedesithin an area of 90by
90, centered on RAJ200Q = 105’ and De¢J200Q = —25°. Two thirds of these ob-
jects were associated with X-ray sources detecteROBAT INTEGRAL HEAO-land
SwiftXRT. However, 19 new detections remained without ideratfan and classifica-
tion. Here, we present the results of a dedicated opticatBdar candidate counterparts
of these unidentified sources, performed at the 3.6-m ESO T™®hnology Telescope
(NTT) in La Silla, Chile.

5.2 Target Selection

The positional uncertainty for a given BEXS source is prapoal to its Signal-to-Noise
ratio (S/N) in the 14- 170 keV band as:

rear = 30.36 /N~ 12 (5.1)

(dotted line in Figure 9 of AGKO7). Within a typical error cle (few arcmin radius)
several tens to hundreds optical sources can be found tatamfjnrmagnitude oR ~ 21
(see for example Figure 5.2). It is immediately clear thairaglete optical spectroscopic
identification of all these sources is unfeasible.

Generally, the number of possible counterparts can be asedesignificantly by
follow-up observations at soft X-rays.@— 10 keV), where the sky is scant of sources
and high-resolution imagers are available (e.g., the X¥edgscope onboar@wif). This
has been successfully demonstrated for a number of prdyidesected BAT sources
(Tueller et al., 2005; Kennea et al., 2005; Ajello et al., @0@nd 17 BEXS sources
(AGKO7). However, Compton-thick objects may evade detectt soft X-rays because
of their large photoelectric absorption. Here, searcheshieir host galaxies at optical

98



Chapter 5. BAT extragalactic hard X-ray Survey - II: Optical Follow-up of Unidentified
Sources

wavelengths offer more reward.

For our identification program, we settled on selecting thecally brightest extended
sources within a given BEXS error circle as targets for spscbpy. This approach re-
qguires accurate understanding of the chance coincidemdzbpility of having unasso-
ciated galaxies in a BEXS error circle. The probability,usssg that the surface dis-
tribution of galaxies is uniform and thus follows a Poissastrébution (i.e., we ignore
clustering of galaxies) is given by

Pm = 1 — exp(—IEar TPm) (5.2)

wherepn, is the mean surface density of galaxies brighter thmrfound usingHubble
Deep Field number counts presented in Madau & Pozzetti (2008 resulting proba-
bilities for R-band AB-magnitudes of 16, 17 and 18 are presented in Figre/%e find
that chance coincidence is significant andriger =5’ (S/N=4.6) andR= 16,17 and 18
reaches 20 %, 70 % and 95 %, respectively.

Keeping this in mind, we selected candidates for 8 out of hedidentified BEXS
sources. For the remaining cases (see Table 5.1) no tatggziisle for our campaign were
found and more accurate localizations will be required.

5.3 Observations, Data Reduction and Spectral Analysis

Observations were performed with the ESO Multi-Mode Insteat (EMMI) at the NTT

in January 2006. The low dispersion (RILD) and medium disijoer (REMD) modes
were used with grism #5 (instrumental line width FWI=H\4.5,&) and grating #8 (FWHM-=
4R), respectively. In order to minimize contamination by thast galaxy over a possible
AGN component, we used & Xlit, centered on the nuclei of the target galaxies. Data
were reduced with customized IRAFoutines and flux calibrated using observations of
the standard stars LTT2415 and LTT3218 (Hamuy et al., 1993 spectra of extra-
galactic targets are corrected for Galactic foregrounhetion according to the Schlegel
et al. (1998) maps.

In total, 10 spectra at the positions of 8 unidentified BEX8rees were obtained
(see Table 5.2 for a summary). For each target the redshftdetermined through the
identification of prominent features, typicallyoi HB, [Oll] and [OIll] in emission or
Ca H+K, Mgl and Nal in absorption. Line centroids and fluxesev@easured by fitting

LIRAF is distributed by the National Optical Astronomy Obsapries, which are operated by the As-
sociation of Universities for Research in Astronomy, Inmder cooperative agreement with the National
Science Foundation.

99



Chapter 5. BAT extragalactic hard X-ray Survey - II: Optical Follow-up of Unidentified
Sources

a Gaussian profile (or multiple Gaussians in case of blended)l A lower limit of the
source intrinsic extinction can be derived using the deergrhetween two Balmer lines,
e.g. Hx and H3. Here, we assumed the interstellar redding curve given terGwck
(1989) withR= 3.1 (R=Ay/E(B—V)) and predicted ratios of éh/HBo = 3.1 and 2.85
for Seyfert 2 and H Il region galaxies, respectively.

The large majority of our targets are extra-galactic. Fes#) spectral classifications
were performed by comparing with the spectro-photometiasaf galaxies by Kennicutt
(1992). Different types of emission line galaxies (HII, lHR, Seyfert) were discrimi-
nated using flux ratios of observed lines. Here we used theadtats of [OIlII)/HB vs
[NII}/H a, [SHI}/Ha and [Ol}/Ha as discussed in (Kewley et al., 2006).

5.4 Results

Below we compile the results of the spectral analysis fotatjeted BEXS source. A
summary and emission line fluxes are given in Tables 5.3 atd Bor each source,
a finding chart, which indicates our spectroscopy targets adlhcataloged sources, is
available in Figure 5.2. The spectra are presented (Fig@)eahid the association to the
hard X-ray sources discussed. Finding charts for the 11 B&{(f8ces without extended
bright optical candidates can be found in Figure 5.4 (abéalanline).

J0447.8-4112

Source A shows unresolved emission fror3, HOIII], Ha, [NIl] and [SII] at z=
0.0183+0.0001 (Figure 5.3a). The line ratios and widths are typicabio H Il region.
No intrinsic extinction in addition to the Galactic foregrad value of E(B-V)= 0.02
is required to fit the Balmer line ratio. NarrowpHand [Olll] emission together with
Ca H+K in absorption are also detected for source B 0.0886+ 0.0001, Figure 5.3b).
The ratio of [Olll)/HB excludes a Seyfert classification. However, as furthertitiemg
features are shifted outside the spectral coverage, a moueae classification could not
be achieved. Whether one of the two targets is associatédtingthard X-ray emission
remains undecided.

J0739.6-3144
This low-Galactic latitude fieldl (= 246°3 & b = —4°7) contains only one bright ex-
tended candidate, source A (Figure 5.2b). Its spectrum sinonmerous narrow emission
lines (Balmer series, [Olll], He, [NII], [Sill] az = 0.02598+ 0.00006, Figure 5.3c) and
the line ratios and velocity widths (FWHM ~ 800 km s1) suggest this to be a pre-
viously unknown Seyfert 2. The Balmer line decrement is &iast with no extinction
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in addition to the Galactic foreground value of E{B)=0.612. However, extinction in
a patchy absorber can not be excluded. The source was aksttetetvith IRAS and
NVSS* and is a good candidate counterpart for the BEXS source. \Wethat, while
there is no known variable Galactic object in the field, arelated TXS radio detection
exists (square in Figure 5.2c).

J0811.5+0937

Source A is a cataloged NVSS radio source, which is locatsidérthe 1error circle
of the ROSATX-ray detection 2RXP J081131.9+093434 (Figure 5.2c). Tperisum
(Figure 5.3d) shows a single unresolved emission line {jJ@id Ca H+K, g-band and
Mgl in absorption £ = 0.282+0.001). H3 and [Olll] are not detected. The relative
strength of [Oll] and [Olll] indicate a low ionization levelvhile the H3 emission may
be hidden by stellar absorption. AsiHies outside the covered wavelength, no accurate
galaxy classification could be achieved. The associatiah aviradio and X-ray source
indicates that Source A is a likely counterpart for the BEX&edtion. However, the
apparent lack of activity in the optical spectrum suggest ite an X-ray Bright Optically
Normal Galaxy (XBONG; Comastri et al., 2002). XBONG, as tlene indicates, are
galaxies with a large nuclear X-ray-to-optical luminogi#&io and no tracers of nuclear
activity in the optical spectrum. This can be caused by angtstellar continuum diluting
the optical nuclear emission or a strong obscuration. ARMEAThardness ratios (0.1—
2.4keV rate 035+ 0.04 counts s') do not indicate strong absorption, we consider a
host dilution more probable.

J0834.6+0217

We observed the two brightest extended sources in the figgdr@5.2d). Source A
(R = 18.8) shows unresolved emission of [Oll] BHand [Olll] together with Ca H+K in
absorption az = 0.2003=+ 0.0005 (Figure 5.3e). The [Olll}/B ratio excludes a Seyfert
classification. However, the lack of further diagnostiebrmake a more accurate iden-
tification impossible. The second source @B+ 181) has Ca H+K, g-band and Mgl in
absorption az = 0.2611+ 0.0006, resembling a typical early type galaxy (Figure 5.3f).
Neither source A nor B show spectral indications for agtiviGiven also their optical
faintness, we suggest that they are most likely chance ici@ince events unrelated to
the BEXS source (see also Figure 5.1). We note, that an NV&S saurce (square in
Figure 5.2d) without detected optical counterpart is ledanside the BEXS error circle.

°Note, however, that the Schlegel et al. (1998) extinctidnemare not precise at low Galactic latitudes.
3Infrared Astronomical Satellite

4NRAO VLA Sky Survey; (Condon et al., 1998)

STexas Survey of Radio Sources; (Douglas et al., 1996)
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J0854.7+1502
The field contains a single resolved source (A, Figure 5.2@ghvis also detected
by 2MASS . Its spectrum shows representative narrow emission lidBs[OII1], [Sill],
Ha, [NII], [Sll] at z=0.06964+0.0002, Figure 5.3g) and line ratios typical for a Seyfert 2.
The intrinsic extinction derived from thed4H flux ratio is E(B-V)=1.3+0.1 (Ny =
7.5+ 0.4 x 1%t cm2), indicating a significant amount of obscuration. An asaticn
with the BEXS detection is likely.

J0902.4-2418
Source A is a cataloged 2MASS source and shows Ca H+K, g-idgband Nal
in absorption az = 0.0608+ 0.0002 (Figure 5.3h). Furthermore, an NVSS radio source
is located in the field (Figure 5.2f). No promising countetfgar the BEXS source was
identified.

J0957.0-5847

This BEXS source is located at low Galactic latitudle=(282°0 & b= —3°2) in a
region with significant foreground extinction, E{B/)=1.3. Source A (Figure 5.29) is
the suspected Galactic variable star NSV 4682 (Kukarkin.etl881). The spectrum
resembles that of an F2IV-V star, showing Balmer, Ca H+K ard INes in absorp-
tion (Figure 5.3i). This classification is also in agreemeith a previously obtained
spectroscopic typing (Buscombe, 2001). The apparent tmegls suggests a distance of
approx. 200pc. As NSV 4682 has no prior detection in X-ray@$RT upper limit of
1.5x 10%%erg s'1 at 200 pc), it must either have exhibited a recent phase ivityatr is
unrelated to the BEXS source. Indeed, the large foregroutidation in the field may
veil a background AGN.

J0959.3+0550

The only source (A, Figure 5.2h) brighter thB= 18 was found to be a Galactic
star of late G or early K type (Figure 5.3)). In addition, twataloged sources exist in
the field; one NVSS radio source without optical counterjraside the BEXS uncer-
tainty region and one galaxy with spectroscopy providedeySloan Digital Sky Survey
(SDSSY located slightly outside the nominal error circle (offS&8). The spectrum of
SDSS J095857.43+054942.1 shows [Oll], [OllIlrHNII] and [S11] in emission together
with Ca H+K in absorption at = 0.1220pn0.0002. The line ratios and red continuum
shape suggests this to be a Seyfert 2 with either significaimogion or host domination.
We note that the Balmer line ratio (Hflux and H3 limit) does not require additional

62—Micron All Sky Survey; (Skrutskie et al., 2006)
’http://cas.sdss.org/dr4
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intrinsic extinction. However, attenuation in a patchyabgr remains a possibility. We
consider this galaxy a good candidate counterpart for thé®B&ource, although its po-
sition is marginally outside our nominal uncertainty regio

5.5 Discussion and Conclusion

In the BAT extra-galactic hard X-ray survey, 19 out of 61 &% had no known op-
tical counterpart or classification. Here we reported on NsSpEctroscopic observa-
tions of candidate counterparts for eight of these sourtetvo cases (J0739.63144,
J0854.7+1502), previously unknown Seyfert 2 galaxies wieseovered inside the BEXS
error circle. One of those, J0854.7+1502, shows indicatfona moderate intrinsic ex-
tinction of Ny ~ 7.5 x 10?2cm~2. A third source (J0811.5+0937) shows evidence for
being an X-ray Bright Optically Normal Galaxy, a claim whighsupported by a radio
detection and the tentative association witR@SATposition. Finally, a Seyfert 2 was
found slightly outside the nominal BEXS position of JO959)350 in the SDSS Data
Release 4. A joint analysis of the X-ray and optical projsrtf the four newly identified
sources, together with the 42 identifications presented@K®@7, will be presented in a
forthcoming paper (Ajello et al., 2007b).

No plausible counterparts were revealed for four fields sjiectroscopic observa-
tions and for the eleven unidentified BEXS sources withoighir(R < 18), extended
objects in the field. This lack of candidate counterpartsaipprox. 1/4 of all BEXS
detections can arise from a number of reasons. Four soureéscated at low Galactic-
latitude with foreground extinction exceeding, A= 4. Here, the counterpart may be a
new variable Star or binary system which recently increasexttivity and was not de-
tected previously with, e. gROSAT Alternatively, the Galactic absorption may conceal
the optical light of the X-ray emitter. Next, the hard X-rayigsion can arise from low-to-
high-redshift AGNs and QSOs with inconspicuous opticalterparts. Indeed, previous
extensive optical identification programs showed that aiBgant X-ray source fraction
is associated with faint galaxies or lies at high-redskefy(, Comastri et al., 2002). We
also note that seven unidentified BEXS sources have nosedaadio detections, poten-
tially Blazars, in their error circle. Blazars typically ye&faint optical counterparts and
are nearly impossible to identify in arcminute-sized eboxes.

Intrinsic obscuration is another factor which can lead taraorrect classification
based on the optical spectra alone. Depending on the lewdsufuration, the spectrum
may resemble a type | (low nuclear extinction) or type Il AGNoderate nuclear extinc-
tion) or even be completely dominated by the stellar emisBam the host galaxy (high
extinction or low optical nuclear brightness). It is themef challenging to optically iden-
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tify heavily obscured AGN in large error circles. Indeedc@ate soft X-ray and/or radio
position, as in the case of the candidate XBONG J0811.5+(88Wital for a successful
identification.
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Table 5.1: Unidentified BEXS sources without candidate counterpants @ptical
spectroscopic observations.

D@ RA(J2000) Dec(J2000) BAT SANrgar ¢ Comd
J0405.8-4345 04:05:48.5 —43:45.07 4.5 5 (1)
J0418.6-1847 04:18:39.7 —18:47:52 4.8 B8 (1)
J0446.2-3537  04:46:15.1 —35:37:39 4.5 5 (1)
J0517.1+1633 05:17:08.1  16:33:38 58 /93 (2)
J0528.0+1435 05:28:05.9  14:35:15 51 /54 (1)
J0722.6-0931 07:22:38.2 —09:31:21 4.8 B8 (1)
J0727.5-2406 07:27:34.8 —24:06:14 5.3 B8 (1)
J0837.1-3912 08:37:11.3 —39:12:09 4.6 n (1)
J0844.9-3521 08:44:57.9 —35:31:53 5.0 5 (2
J0847.4+1219 08:47:28.2  12:19:27 65 /43 (1)
J0923.3+1024 09:23:18.1  10:24:40 4.9 64 (1)

aBEXS Identifier in the form Swift Ixxx...
b 14—170keVSwifiBAT Signal-to-Noise ratio from P1.
¢ positional uncertainty derived using Equation 5.1.

d(1): no candidate counterpart found at the BAT position; éjded to source list after the spectroscopy
campaign.
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Table 5.2: Observation Log.

ID SIN® rgar  #° RA(J2000) Dec(J2000) Offset Setup Exposure
[ [l [s]
J0447.8-4112 54 42 A 04:47:33.6 —41:14:33 4.5 RILD/Gr5 2500
B 04:47:37.2 -—-41:14:50 4.0 RILD/Gr5 2500
J0739.6-3144 6.2 3.6 A 07:39:44.7 -31:43:.04 2.3 RILD/Gr5 3300
J0811.5+0937 4.6 50 A 08:11:30.9 09:33:51 3.4 RILD/Gr5 %680
J0834.6+0217 5.4 42 A 08:34:44.7 02:19:16 1.7 RILD/Gr5 %580
B 08:34:39.8 02:16:46 0.5 RILD/Gr5 300
J0854.7+1502 5.1 4.4 A 08:54:29.6 15:01:35 3.6 REMD/Gr8 x6@0
J0902.4-2418 4.6 5.0 A 09:02:30.7 —24:14:.01 4.6 RILD/Gr5 2300
J0957.6-5847 49 46 A 09:56:46.0 —-58:48:33 2.8 RILD/Gr5 %100
J0959.3+0550 4.5 51 A 09:59:22.5 05:50:17 0.9 RILD/Gr5 %500

414170 keVSwiffBAT Signal-to-Noise ratio from P1.
bidentifier for candidate counterparts
Coffset between source and center of BEXS position

dRILD/Gr5: Red Imaging and Low Dispersion Spectroscopy wgitlsm#5 (0.83(’\ pxI~1); REMD/Gr8: Red
Medium Dispersion Spectroscopy with grating#8 (0&7iexI 1)

Table 5.3: Identifications of candidate counterparts

ID # z Alternative Name Classification
J0447.8-4112 A  0.018%0.0001 ESO 304G020 HI

B  0.0886+0.0001 non-Sy NEL&
J0739.6-3144 A 0.02598:0.00006 IRAS 073783136 Sy 2
J0811.5+0937 A 0.2820.001 2RXP J081131.9+093434 I0/Sb pec, XBONG
J0834.6+0217 A  0.20@30.0005 non-Sy NEL&

B  0.26110.0006 early type

J0854.7+1502 A  0.06960.0002 2MASX J08542969+1501362 Sy 2
J0902.4-2418 A  0.06080.0002 2MASX J090230682414020 early type
J0957.6-5847 A - NSV 4682 F2IV-v
J0959.3+0550 A - G/K star

2 0.1226£0.0002  SDSS J095857.43+054942.1 Sy 2

aNarrow Emission Line Galaxy, line ratios inconsistent wiiyfert galaxy
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Table 5.4: Emission line fluxes

ID # Emission line fluxes in 10*%erg s cm—2
[OIA3727  H3  [ONJAS007 [OIA6300  Hx  [NIJA@6583 [SIN(6717/31)

J0447.8-4112 A - 2.0:0.2 2.4-0.2 - 4.6£0.2 1.4+0.2 2.9+0.3

B - 2.9+0.2 3.2£0.1 — - - —
J0739.6-3144 A - 1#2 220+20 14+1 110+10 54+2 60+1
J0811.5+0937 A 420.4 <1 <08 - - - -
J0834.6+0217 A 320.1 1.3:0.1 1.2+0.1 - - - -
J0854.7+1502 A — 340.1 331 — 40+1 28+1 2241
J0959.3+0550 2 240.2 <1 10+1 - 3.4:0.5 4.4:0.3 3.4:0.4

08 -

0.6 -

04

02 -

rpar larcmin]

Figure 5.1. Chance coincidence probability for a galaxy wih< 16 (solid line),

R < 17 (dotted),R < 18 (dashed) or a quasar (dot-dashed) at any brightnesswithi
a given BAT error circle of sizegar (Equation 5.2). Galaxy densities are derived
from number counts presented in Madau & Pozzetti (2000). qutsesar density was
retrieved from SDSS DR5 (Adelman-McCarthy et al., 2007).
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J0447.8-4112 | .

Figure 5.2: Digitized Sky Survey based images of the 8 unidentified BEXS apti-
cal spectroscopy. Each image i$ %222 and North is up and East to the left. The big
circles mark the BEXS positional uncertainty. Small ciscéd squares shdrROSAT
X-ray and radio positions, respectively. Spectroscopyeis are marked with letters
and unobserved cataloged sources are labeled by numberé\: SO 304-G020;
(b) - A: IRAS 07378-3136, 1: TXS 073%316; (c) - A: 2RXP J081131.9+093434,
NVSS J081130+093350; (d) - 1: NVSS J083423+021755;
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Figure 5.2: Continued. (e) - A: 2MASX J08542969+1501362, 1:
NVSS J085452+150321; () - A: 2MASX J09023063414020, 1:
NVSS J090231241810. (g) - A: NSV 4682, 1: 2MASX J0956586%846128,

2: HD 302446, 3: TYC 86102316-1; (h) - 1: NVSS J095914+054528, 2:
SDSS J095857.43+054942.1
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counterparts for unidentified BEXS sources. Swift ID andshefd are given in the top
right of each panel. Prominent emission and absorptios bme marked and labeled.

(*): detector artifact.
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Figure 5.4: (for online version) Same as Figure 5.2 for unidentified BEXS
sources without optical spectroscopy. Cataloged souroegegported. (a) - 1:
APMUKS(BJ) B040414.65435644.0, 2. APMUKS(BJ) B040418.5235737.2;
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1: NVSS J083711391242, 2: 2MASX J08370849B909571; (i) -

1: 2MASX J084508183535202, 2: 1RXS J084521-B53048; (j)

- 1:  NVSS J084726+121951, 2: NVSS J084729+122111; (k) - 1:
NVSS J092320+102552, 2: SDSS J092324.57+1022%4-0(519).
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Chapter 6

BAT extragalactic X-ray Survey - IlI:
X-ray Spectra and Statistical Properties

M. Ajello, J. Greiner, G. Kanbach, A. Rau, A. W. Strong
Abstract

In this last of a series of three papers based on a test fiekie&wiff BAT hard X-ray
survey, we present a method to extract accurate X-ray spémtithe whole sample of
detected sources. The analysis of their colors shows tima¢ &6 the non-Galactic BAT
sources may be highly absorbed. In order to test the capyabilBAT of detecting and
sampling the photoelectric cut-off, we investigate the swad spectra of the candidate
Compton-thick objects compared to BAT spectra of well knd@dampton-thick objects.
We find that BAT is a uniquely sensitive instrument for theed¢ibn of new Compton-
thick sources. We derive the differential flux-number rielafor the extragalactic sources
in the 14-170keV band. The data are best described by a dawewith a slopea =
2.58+0.26 and a normalization of 0.0287 AGN deg(or 1185 AGN all-sky) above a
flux level of 10 lerg cnt2 s 1. The integration of the cumulative flux per unit area
leads to the conclusion that BAT resolves 1-2% of the X-ragkgeound emission in
the 14-170keV band. 21 extragalactic sources abavdé&tection limit constitute a 90%
complete sample. In this sample, we find that: 63% of the tbpe absorbed by column
densities N\ > 10??H-atoms cm?, 20% of the AGN are radio-loudy 33% of the Seyfert
galaxies are type-1, and highly-luminous highly-absoi®&® could constitute a fraction
of 5-15% of the total AGN population.
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6.1 Introduction

There is a general consensus that the cosmic X-ray backg(@XB), discovered more
than 40 years ago (Giacconi et al., 1962), is produced bgiated emission of extra-
galactic point sources. The deepest X-ray surveys to dage800 ks XMM-Newton
observation of the Lockman Hole (Hasinger, 2004), the 1 Mar@a Deep Field South
(Giacconi et al., 2002) and the 2 Ms Chandra Deep Field Nétgxander et al., 2003),
showed that the detected X-ray sources account virtuatl§®% of the CXB emission
below 2 keV and that this fraction dramatically decrease5{%) above 6 keV (Worsley
et al., 2005). Optical spectroscopy of these sources shtvaethe vast majority of them
are identified as being Active Galactic Nuclei (AGN) withfdifent degrees of obscura-
tion (Szokoly et al., 2004).

Population synthesis models, in the context of the AGN uthitireeory (Antonucci, 1993),
explain the CXB spectrum as the emission of AGN with variawel of obscuration and
at different redshifts thus confirming partially the obsgiwnal findings (Comastri et al.,
1995; Gilli et al., 2001). According to these models, mostM&pectra are heavily ab-
sorbed, and about 85% of the radiation produced by supelveddack hole accretion is
obscured by dust and gas (Fabian & Iwasawa, 1999).

Notwithstanding all the advances in the field a major questemains. Worsley et al.
(2005) determined that the fraction of the resolved-irdarses CXB emission decreases
with energy being only~50% at 10 keV. They also showed that the unresolved compo-
nent is consistent as being the emission of a yet undeteofadation of highly absorbed
AGN:; such AGN should be characterized by having column diessi 10?4 cm=2 and a
space density peaking at redshift below 1. Furthermoregxistence of such population

of Compton-thick AGN is required by population synthesisdels (Comastri et al., 1995;
Treister & Urry, 2005) to reproduce the peak of the CXB enoissaat 30 keV (Marshall

et al., 1980). In synthesis, much evidence points towarglgxistence of Compton-thick
AGN while only a handful of them is known and studied.

Very recent X-ray spectroscopy of the sources detectedalfCDS (Tozzi et al., 2006),
shows that 14 sources (5% of the total sample) are likely ©@drapton-thick AGN. This
number is in agreement with the expectations from the masintepopulation synthesis
model (Gilli et al., 2006). Nevertheless, only10% of the original source flux is seen
in the Chandra band if a Compton-thick source is at z=1; maedhe reflected com-
ponent (by a cold medium) starts to contribute, at the let/€P6 of the original flux, to
the observed spectrum. However, the same authors (Tozkzj 2086) admit that, given
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the typical signal-to-noise of the CDS sample, it is extrigrdédficult to efficiently select
Compton-thick sources on the basis of the shape of the Xgagtaum and that a con-
tamination of 20% in the Compton-thick sample is thus likely

Thus, the best and most accurate detections of Comptok-$loigrces rely on the ex-
act determination of the photoelectric cut-off, which fack objects is in the hard X-ray
band ¢ 15keV). These elusive objects have, so far, been missedigecd the difficul-
ties of performing sensitive imaging of the hard X-ray sky.

The Burst Alert Telescope (BAT) (Barthelmy et al., 2005), lwoard the Swift mission
(Gehrels et al., 2004), launched by NASA on November 20, 2@ptesents a major im-
provements in sensitivity for X-ray imaging of the hard Xrsky. The reader is referred
to Ajello et al. (2007) for details about the BAT survey.

We have applied an innovative image reconstruction algorio 8 months of survey BAT
data (Ajello et al., 2007); our survey coverg000 ded reaching a limiting sensitivity of
< 0.9 mCrab. This makes it one of the most sensitive survey evéonpeed in the hard
X-ray domain. We detected 61 hard X-ray sources of which 5@\esviously unknown
as hard X-ray emitters. In the framework of a campaign focspecopical identification
of new hard X-ray selected AGN, we identified 3 new extragataspurces (Rau et al.,
2007).

The paper is organized as follows. In section we present #thad to extract the spectra
of our sources and we summarize the results of the spectabisasin table 6.1; the details
of the spectral analysis are reported in the Appendix 6.5 alse use the source spectra
to build a color-color plot which is used to understand themproperties of the source
populations comprised in the sample. Moreover, we disdusgvtidences for a popula-
tion of newly detected Compton-thick sources. In secti@) @e apply the V/\jax test

to better determine the significance at which the sampletohgalactic sources becomes
complete. Such sample is then used to derive the numberdlatian and the results are
compared with previous measurements in hard and soft X-rafie section ends with
a discussion about the statistical properties of thesélected extragalactic sample (90%
complete). Finally, we discuss the BAT results in sectiagh @hroughout this work we
useHg = 70km s Mpc~1 (h7g =1), k = 0, Qmatter=0.3 andA\o=0.7 and the luminosities
are giveninergsth1.
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6.2 Spectral analysis

We have derived, for all our source candidates, a 6 channelgg spectrum in the 14-
195keV range. The energy channels used are (in keV): 14-223® 30-47, 47-71,
71-121, 121-195. Each spectrum is obtained as a weightedgevef the source spectra
of all observations where the source is in the field of view.pamticular, the averaged
source count rates in the i-th energy chani®),and their errorg;, are given by the
following equations:

(6.1)

wherer j is the source count rate in the j-th observationis the weight used and the sums
extend over all observations which contain the source. gJia inverse of the count rate
varianceV; as a weight, the previous equations simplify to:

= LoV 1
R - 6.2
SV O S, (62

6.2.1 Rate variation as a function of off-axis angle

The detected count rates strongly vary with the positiolmefiource in the FOV; a source
at the far edge of the partially coded FOV (PCFOV) can expege decrease in rate of
a factor 2 (depending also on energy) when compared to itx@rate.

The standard Swift-BAT imaging software corrects for getiinal off-axis effects
like cosine and partial coding (vignetting) effects; it islypwhen the response matrix
is generated (todbatdrmgen that other effects like detector thickness and effectrema
variation are taken into account.

Since in equation 6.2 we are averaging over spectra at @iffgrositions in the FOV, we

need to take into account the variations in the rates pratbgethe detector response.
In order to do so, we have analyzed a series of more than 1049 @servations. For
each of our 6 energy channels we made a polynomial fit to thb Gx& as a function

of the off-axis angle, and derived a set of corrective coeffits. These coefficients are
then used to correct the rates of each source spectrum intortl@nsform them to the

equivalent on-axis rates.

The variation of the Crab rates as a function of position @RV is reported in Fig. 6.1.
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Figure 6.1: Crab rates in the 14-22 keV band as a function of the tangetieodff-
axis angle. When the Crab is 50ff-axis the detected count rate ax€80% lower
than the on-axis count rate. The solid line is a polynomidbfthe rates.

6.2.2 Residual background contamination

In order to extract a source spectrum from survey data (im fof Detector Plane His-
tograms, DPH) the user must first produce a mask of weightd @tmaskwtimyfor
the source position and then use this mask to extract thetddteounts from the ar-
ray (toolbatbinevj. The weights are chosen such that the resulting spectratneiady
background-subtracted. This is an implementation of thedard mask weighting tech-
nique calledbalanced correlationFenimore & Cannon, 1978). The automatic back-
ground subtraction works as long as the noise in the arragtisufid not correlated with
the mask pattern. These conditions are not always satisigd amall background con-
tamination can arise.

The total background contamination for the case of the Csab 2% when compared
to the Crab on-axis rate in the 14-195keV band. Thus, thisatnimation does not pose
problems for strong sources. However, it becomes releeariof the spectral analysis of
faint objects with intensities afmCrab.

In order to correct for this residual background contamamgtwe fit thebatcleanback-
ground model to each energy channel in order to create a bmakg prediction for each
of them. Convolving these background predictions with tlaskof weights generated for
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the source under analysis yields the residual backgrountdwich the mask weighting
technique did not manage to suppress.

6.2.3 Spectral fitting results

The final source rates in theh energy channel are computed as:

SiLo(rj—bj)-K(E,8) - 1)V
SiLo V]

whereb; is the residual background ter{(E,8) is the parametrized instrumental
response as function of the energy channel and the off-wg'keano\/j’ is the rate vari-
ance which takes into account both the uncertainty in thé&dracind correction and the
parametrization of the response. The weighted averagexdrspeis then input, together
with an on-axis response matrix, to XSPEC 11.3.2 (Arnau@g) or spectral fitting.

R = (6.3)

We looked in the archives fd8wift XRT and ASCA observations of our sources. We
found that 20 of our sources had at least one observatioe isdft X-ray band carried out
by one of the previous two instruments. For all these soukgegointly fit XRT/ASCA
and BAT data. The results of this combined analysis are tegan details for each source
in Appendix 6.5.

Table 6.1 shows the results of the spectral fitting while tingle spectra are reported
in figures 6.9, 6.10, 6.11, 6.12, 6.13, 6.14, 6.15, 6.16, &rV6.18 .
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Table 6.1. Spectral parameters
NAME RA DEC Type z r/E[KT]? Lx Ny MODEL INSTR.
(J2000) (J2000) (10%ergs?)  (10%2atoms cn?)
PSR B0540-69.3 84.9878  -69.3230 Pulsar 1.5+0.21 pow B
LMC X-1 84.8917  -69.7210 HXB 2.5+028 pow B
LMC X-3 84.7717  -64.1148 HXB 2638 pow B
SWIFT J0917.2-6221  139.112  -62.359 Syl 0.057 a7t 33.7 1.2322 bb+wabs*pow B
SWIFT J0957.0-5847  149.2537  -58.7979 NSV 4682 2.6+0.8 pow B
V* TW Pic 83.6470  -58.0200 cv 13.571%6 brem B
1AXG J042556-5711  66.6021  -57.1775 Syl 0.104 6852 79.0 0 pow B, A
4U 0919-54 140.0753  -55.2135 LXB 36.2°15° bremss B
Pictor A 79.9460  -45.7557 Syl 0.035 R e 7.4 012+3:997 wabs*pow B, A
Vela PSR 128.8308  -45.1771 PSR 1.4703 pow B
SWIFT J0405.8-4345  61.4522  -43.7520 3.8+21 2512 %10 wabs*pow B
SWIFT J0447.8-4112  71.9631  -41.2020 25+07 = pow B
4U 0513-40 785146  -40.0558 LXB 2.1+0.3 pow B
SWIFT J0837.1-3912  129.2970  -39.2024 = 20733 - - pow B
IGR J07597-3842 119.9822  -38.7422 Sy1.2 0.04 3% 21.5 0.64 wabs*pow B, X
LEDA 75476 89.5237  -38.3799 Syl 0.0338  .0253/0.2575:%8 7.7 227541 wabs*(pow+ga)+bb B, A
ESO 362-G021 80.6581  -36.4233  BlLac  0.05534 .7£0.038 23 01+0.017 wabs*pow B, A
FRL 1146 129.6151  -35.9976 Syl 0.031578 13548 9.2 pow B
SWIFT J0446.2-3537  71.5631  -35.6275 2.16+05 pow B
SWFIT J0844.9-3531  131.2411  -35.5313 16+0.7 pow B
V* TV Col 82.3541  -32.7965  CV-DQ* = 282184 = bremss B
ESO 362- G 018 79.8844  -32.6720 Syl5 0.0126  .57§07/3.7°5L 1.9 <0.01 wabs*(pow+bb)  B,X
PKS 0548-322 87.7165  -32.2610  BlLac 0.0690 7875053 53.0 Q04 0.02 wabs*pow B, X
SWIFT J0739.6-3144  114.9127  -31.7496 Sy2 0.0259 861320 2.9 >2° pow B
ESO 434- G 040 146.9151  -30.9388 Sy2 0.00848 7513517 0.13+2:511 2.9 15+0:028 wabs*(pow+ga)+bb B, A, X
PKS 0537-286 84.9953  -28.7029  BLAZAR 3.1 3B 1.8e5 <001 wabs*pow B, A
V* 441 Pup 112.1626  -26.0696 cv 6.8 brem B
ESO 490- G 26 100.0031  -25.8931 Syl1.2 0.02485 034 6.8 0.320% wabs*pow B, X
SWIFT J0902.4-2418 1356084  -24.3074 o 3351 150 (fixed) pow B

saliadoid [eansnels pue ei1oads Ael-X (||| - AeANS Ael-X onoefebenxs 1yg |9 Jaideyd



Chapter 6. BAT extragalactic X-ray Survey - lll. X-ray Spectra and Statistical Properties

6.2.4 Color-color plot

In order to understand the mean properties of our sampleun€ss, we have defined two
hardness ratios HR1 and HR2 as follows:

l30_105— 1|
HR, — 130-195 14—30, (6.4)
l14-195
loo_30—1
HR, — 12230~ l14-22 (6.5)
l14-30

wherelzg_195 IS the sum of the count rates between 30 and 195 keV. The regdagos
are normalized to the range -1 and +1R; gives hints about the steepness of the spec-
trum where hard and soft spectra are characterized by val®and< 0 respectively.
On the other hand{ Ry, being the difference between the first 3 energy channgisats

the presence of large absorption for positive values. Theness ratios plot is shown in
Fig. 6.2. In the same figure we indicate also the loci occupiedources with a power
law index in the range 1.0-3.5, or a bremsstrahlung spectharacterized by a temper-
ature in the range 5-35keV or with an absorbed power law medal photon index 2
and absorbing column density in the range Log(&R3-25. A few things can already be
derived by the study of the hardness ratios. Galactic ssumekich are usually charac-
terized by steep X-ray spectra and are not detected by BATghtdnergies, havelR,
values< 0 andHR; < 0.2; so they have unabsorbed and soft spectra as expected. From
the same plot it also follows that Sy2 galaxies have genehatder X-ray spectra than
Syls (larger values dfiRy).

An interesting result is that there are 7 objectsl& > 0.3 whose spectrum potentially
requires large absorption. All of them are new source detkeloy BAT with the method
presented in Ajello et al. (2006). Three of the objects, 3063144, J0823.4-0457
and Mrk 704, have a spectroscopic identification as Sy gada(d type-2 and a type-1.5
respectively). Sources J0844.9-3531, J0902.4-2418,@4@bJB-4345 lie at galactic lat-
itudes|b| > 14° and so their nature is unlikely to be galactic. The sourc3@b1435
lie instead in the galactic plane. The combined XRT-BAT $peu reveals that SWIFT
J0823.4-0457 and Mrk 704 are absorbed respectively by aoggdrcolumn densities of
2.1 and 1.410?3atoms cn?.

6.2.5 Absorption in hard X-rays

Since a few sources might be heavily absorbed, we decidedstigate the capability of
BAT of detecting the absorption cut-off in known Comptomckhsources. Thus, we have
produced the averaged spectrum of two well known and stu@aedpton-thick sources:
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Table 6.1 (contd)

NAME RA DEC Type z r/E[KT] Lx Ny MODEL INSTR.
(J2000)  (J2000) (10%ergs?)  (10%2atoms cm?)

SWIFT J0727.5-2406  111.8951 -24.1039 --. 1.612%1 . . pow B
SWIFT J0505.7-2348  76.4674  -23.8666 Sy2 0.0350 981 11.0 53732 wabs*pow B, X
NGC 3081 149.8805  -22.8561 Sy2 0.0798 .71218/0.57+3%° 1.2 6022 wabs*(pow+ga) +bb B, A, S
SWIFT J0418.6-1847  64.6653  -18.7978 - . 25728 . pow B
NGC 2992 146.4060 -14.3007  Syl.9  0.00771 2055 0.78 015303 wabs*(pow+ga) B, A X
SWIFT J0732.5-1331  113.1328  -13.5037 cv. o 234037 . pow B
3C 206 129.9556  -12.2467 QSO 0.1976 458 2.6e2 > 5P wabs*pow B
SWIFT J0722.6-0931  110.6593  -9.5224 . - 2123 - pow B
MCG -01-24-012 140.2134  -8.0872 Sy2 0.01964 9P 3.8 681l wabs*pow B, X
NGC 2110 88.0411  -7.4554 Sy2 0.007789 73 4.4 38018 wabs*(pow+ga) B, A X
SWIFT J0823.4-0457  125.8271  -4.9401 Sy2 0.023 NG 4.0 212787 wabs*pow B, X
MCG -01-13-025 72.9205  -3.8240  Syl.2  0.015894 894 1.8 <0.02(1) pow B
QSO B0513-002 79.0096  -0.1332 QSO 0.0327 9mg8es3 11.0 <001 pow B
SWIFT J0834.6+0217  128.6574 22926 - - 1.541032 = e pow B
3C 105.0 61.9178  3.6517 Sy2 0.089 61012 1.2e2 310783 wabs*pow B, X
UGC 4203 121.0552  5.1203 Sy2 0.01349 05430317538 1.7 151%52 wabs(pow+ga)+bb B, A, X
3C 120 68.2982  5.3374 Syl 0.0330 .8@"594/0.27755%8 21.2 0 wabs*pow-+bb B, A
SWIFT J0959.3+0550  149.8280  5.8338 - - 1913 - - pow B
3C 227 146.9447  7.4191 Syl 0.0858 31542 34.4 >1° pow B
SWIFT J0811.5+0937  122.8750  9.6214  XBONG  0.282 2853 272.6 108 pow B
V* BG CMi 112.8752  9.9214 cv 1.34'34 pow B
SWIFT J0923.3+1024  140.8256  10.4112 106372 brems B
SWIFT J0847.4+1219  131.8676  12.3243 2407293 e brem B
SWIFT J0528.0+1435  82.0246  14.5874 .- 3.7+32 2r29x 10 wabs*pow
SWIFT J0854.7+1502  133.6828  15.0371 Sy2 0.0696 3787 26.5 >0.5P pow B
Mrk 0704 139.6505  16.2987 Syl.5 0.0292 36507 7.8 146755 pcfabs*(pow+ga) B, A, X
CSV 6150 77.7224 165265  Syl.5 0.0178 23% 4.6 pow B
SWIFT J0517.1+1633  79.2839  16.5605 - 3177017 pow B

aPhoton index and/or plasma temperature for the model, figean column “Model”, to fit the data.

b |_ower limit on absorption estimated through the non detecty ROSAT.

CProposed identification in Rau et al. (2007).

dOrder of magnitude of the absorption estimated imposingtiieaextrapolated source flux match the ROSAT-PSPC cougs.rat

References. — References: (1) Gallo et al. (2005).
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Figure 6.2: Plot of HR1 and HR2 hardness ratios. The solid line is the ddou
sources with power law models with photon indexes in the3lrange and no ab-
sorption. The dot-dashed line is the locus of sources withtgphindex of 2.0 and
variable absorption in the range Log{) 23-25. The dashed line is the locus for
sources with a bremsstrahlung spectrum with temperatorégirange 5-35keV. In
the upper left corner the typicallo error for a ® source is shown.

the Circinus galaxy and NGC 4945 (Fig. 6.3). Both spectranateonsistent with a pure
power law model X% > 5) and require large absorption in order to produce a good fit.
The model used for the Circinus galaxy is an absorbed powemadel with a cut-off
at 56 keV and photon index of8. The absorbing column density is8315 x 10?*atoms
cm 2 (90% confidence level).

In the case of NGC 4945 a simple absorbed power law model étdata well yielding a
photon index of 1.9 and an absorbing column density.8f 35 x 10?*atoms cm2,

All the fit values are in line with those presented in a recBltBGRAL analysis (Soldi
et al., 2005), with the important difference that, in the BNGRAL analysis, the absorb-
ing column densities are fixed at the values reported irglitee and not estimated from
the INTEGRAL data themselves. This is mainly because thedoergy response of
INTEGRAL-ISGRI stops at 20keV not allowing for an estimateasorption in the
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range of 18* — 10?° atoms cn2.

On the other hand, the BAT low energy response extends dowd keV allowing the
detection of the photo-electric cut-off in the hard X-rayndathus BAT is a very sensi-
tive and unique instrument for detecting Compton-thickrees in the hard X-ray domain.

The spectral analysis and the hardness ratio distributiow ®vidences for the existence
of a population of heavily absorbed, potentially Comptbitk, sources. Since all those
sources have a low S/N (i.e. they are close to our detectioi))itheir spectra do not
allow for an estimate of both the column density and the photdex at the same time.

CIRCINUS Galaxy NGC 4945

“ o
o[ 7 =}
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Figure 6.3: BAT photon spectra of two well known Compton thick sourcese t

Circinus galaxy and NGC 4945, respectively on the left anthenright. Both spectra

show, clearly, spectral curvature at low energy due to ghhsor by Compton-thick

matter.

In order to study in more detail the properties of our sampleamdidate Compton-
thick sources, we have divided the extragalactic sourcesgmted in Tab. 6.1 (bold face)
into three groups: Syl, Sy2 and absorbed sources. From thgrSyp we have removed
Mrk 704 as the detailed spectral analysis, presented iftogegi5, shows that this is not
a typical Syl object and is likely a Compton-thick object.eTthree Sy2 objects which
show large absorption in the BAT spectrum are present in dngpte of the candidate
Compton-thick sources and not among the Sy?2.

The spectra of the three classes of objects are shown in feigdrehe spectra were nor-
malized to a power law model with photon index of 2.2 (the miealex of Syl objects,

see below), in figure 6.4 to better highlight the relativdfatdnces. Sy2 objects have
harder spectra than Syls and candidate Compton-thickesopresent spectral curvature
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in the lowest energy channels due, most probably, to akisarpyy Compton-thick mat-
ter. We plotted in Fig. 6.5 the confidence contours gf &hd photon index for the fit to
the stacked spectrum of candidate Compton-thick sourees; though, a clear correla-
tion between photon index andyNs present, the stacked spectrum is consistent with a
Compton-thick source atd3CL.

10

1 e e e @ i
: —— I
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20 30 40 50 60 7080 100 200
keV

Figure 6.4: Stacked spectra of Syl (dots), Sy2 (squares) and candicatgtGn
thick (triangles) objects normalized by a power law modehwphoton index of
2.2. The y axis reports arbitrary intensity units. As clgathown, Sy2 objects have
an harder spectra than Syl galaxies. Compton-thick carediddow a strong de-
crease in flux in the first channel hypothetically due to pkedaxtric absorption from
Compton-thick matter.

The spectral properties of the three classes are summarizéab. 6.2. The photon
index of Seyfert objects is in the range of 2 even though tdexrof Sy2 is a bit harder
(1.9) than the one for Sy1 (2.2) in agreement with the halregso plot of section 6.2.4.
BAT-detected Sy2s show absorption in the range-dft?® atoms cm? which even if it
is not well constrained is statistically required by the fihe candidate Compton-thick
sources have a steeper photon index than 2 and require arpis®f ~ 10°° atoms
cm~?; the F-test of the absorbed power law model, with respedtasimple power law
model, yields a probability of 0.03 of the absorption moaebé spurious. We also note
that the stacked spectrum of the candidate Compton-thigices looks very similar to
the one of the Compton-thick source NGC 4945 shown in figuBe 6.
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Figure 6.5: 68%, 95% and 99% confidence contours for photon index andlygdr
column density for the fit to the stacked spectrum of Comptack candidates.

Table 6.2. Spectral parameters for Syl, Sy2 and candidatg@a-thick sources.
Errors are 90% confidence level.

CLASS Photon index N

(10**atoms cn?)

Seyfert 1 2.20.1
Seyfert 2 1.940.1 0.6+0.5
Absorbed  2.75% 1073

6.3 The hard X-ray extragalactic sample

The extragalactic sample was derived from the catalog tegan table 2 of Ajello et al.
(2007) considering only objects di > 15° and not spatially associated with the Large
Magellanic Cloud. These sources are the ones highlightbdlohtext in table 6.1. Here
we describe the main properties of the sample.

6.3.1 Completeness of the sample

In order to compute the AGN number-flux relation it is necegsahave a complete and
unbiased sample of sources. Because of the inhomogenetus nathe survey expo-
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sure map, we applied in Ajello et al. (2007) a significancetliather than a flux limit to
define our sample. Now we want to test our extragalactic sarfgplcompleteness (i.e.
we want to find a significance limit which ensures that all otg@bove a given flux limit
have been included). Here we are using the yw4{¥ method (Schmidt, 1968) to test for
incompleteness. In this test V stands for the volume whezethect has been detected
and Wuax is the accessible volume in which the object, due to the flont lof the sur-
vey, could have been found. In case of no evolutonV yax > = 0.5 is expected. This
method can only be applied to samples complete to a wellekfsignificance limit. It
can therefore also be used to test the completeness levebofiple. Thus, we performed
a series of V/\{jax -tests with the BAT extragalactic sample as a function ofiicance.
For a significance limit below the true completeness leveaitlof the sample, the V/Max
returns a value less thdW/V vax )true Which would be the true test result for a complete
sample. Above the completeness limit vV yax ) values should be distributed around
(VIV max )true Within the statistical uncertainties.

The V/Vuax is computed for each source ésl%/(otesléF))‘3/2, whereF is the sources
flux, OF is the Io statistical uncertaintygiest is the significance level we are testing for
completeness (and thus the teomsdF is the limiting flux of the sky region where we
detected the source), and the expone8t2 comes from the assumption of no evolution
and uniform distribution in the local universe. TH/V yax ) is computed as an average
of all sources detected with SiNoest. For a given mean value = (V/Vyax ) andn
sources, the error ofV/V vax ) can be computed as (Avni & Bahcall, 1980):

Om(N) =4/ M (6.6)

The results of the test are shown in Fig. 6.6. We find a constoe for significances

> 4.50. The deviation from the expected 0.5 value is insignificaihg less than 1

We also remark that for completeness we are referring to éise dignificance threshold
above which all sources above the correspondent flux lineitirecluded in the sample.
Furthermore, given the small redshift of the sample (setme6.3.3) the hypothesis of
no evolution is justified. Above the 4dbthe sample contains 32 objects. 19 objects are
classified as Seyfert galaxies and 4 as blazars. The rergdrane unclassified (i.e. they
miss soft X-ray and/or optical identification). The idem#iion completeness of such
sample is quite low (73%). Given, the cut on galactic lag(¢tb|> 15°), the contamina-
tion due to Galactic sources (among the unidentified) objeaxpected to be negligible.
Indeed, in this energy band, 15 keV, the chance probability that an high latitude source
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is not an AGN (i.e. it can be a galaxy cluster) is low.
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Figure 6.6: V/V yax as a function of detection threshold for our sample of exiagy
tic sources. The dashed line is the expected value (0.5) dongplete sample in an
homogeneous distribution. The solid line shows the medrvadge for S/N> 4.50.

6.3.2 Extragalactic source counts

We have used the sky coverage, fior> 15°, presented in figure 9 of Ajello et al. (2007)
to assess the source counts distribution of the serendgpéxtragalactic objects detected
in the survey.

The cumulative source number density can be computed as:

Ns
N(>S) = .;Qi. [deg?| (6.7)

whereNs is the total number of detected sources in the field with flgresiter than
S andQ; is the sky coverage associated to the flux ofithsource.
The cumulative distribution is reported in Fig. 6.7. In artle parametrize the relation,
we performed a maximum likelihood fit to the unbinned differal counts. We assumed
a simple power-law model of the form:

_dn =AS], (6.8)

n(S)_d—S_

where A is the normalizationy is the slope an;1 is the flux in unit of 101 erg cm2
s~1. The maximum-likelihood fit is required since binning oumgde of sources would
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result in an unacceptable loss of accuracy in the fit resiMtsreover, the normalization
A is not a parameter of the fit, but it is obtained assuming thatnumber of expected
sources from the best fit model is equal to the total observedber. The Poissonian
error on the total number of sources provides a reliablenedé of the error on A.

In the 14-170keV band the best fit parameters are: 2.58+ 0.26 and A=0028
deg 2. The source count distribution is thus consistent with aEmclidean function
(a =5/2), but the best fit gives a slope which is slightly steepesnour data we derive
a surface density of extragalactic objects(287+ 0.48) x 10~? deg? (or 1185+200
AGN all-sky) above the limiting flux of 106 erg cm2 s~ 1,

This corresponds to an integrated fluxe6 x 1012 erg cn? s~1 deg 2 or ~1.5% of the
intensity of the hard X-ray background in the 14-170 keV gpdsand above 1011
ergcn?s 1,

We can compare the surface density of extragalactic otfieatsl by BAT, above 10'erg
cm 2 s~1, with previous measurements by converting the BAT fluxestt@oenergy
bands assuming a power law spectrum with photon index of 2.r&sults of such com-
parisons are shown in Tab. 6.3. The BAT surface density iggreement with all the
reported measurements, except for the case of the 0.5-2-dfik@V surveys. Indeed,
such surveys, at limiting fluxes of 18! erg cnm2 s~1, are biased with respect to the de-
tection of absorbed sources. It is also worth noting thatéoent XMM measurement of
the 5-10keV source counts distribution (Cappelluti et20Q7) is in perfect agreement
with our estimate.

10*

L]
10°

S [erg cm? s

Figure 6.7: Extragalactic cumulative source count distribution in 170 keV
band. The solid line is the fit described in the text.
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Table 6.3. Comparison with previous results

Instrument Ref. Energy AGN densky BAT density (this work

keV 102 deg 2 102 deg 2

INTEGRAL-ISGRI 1 20-40 0.480.08 0.410.068

INTEGRAL-ISGRI 2  100-150 0.180.006 0.140.029

HEAO-1 A2 3 2-10 1.20.2 1.64+0.15

RXTE PCA 4 8-20 0.56:0.06 0.65+0.11

XMM 5 05-2 0.14+0.01 1.3+0.2

XMM 5 2-10 0.95t+0.06 1.6+0.15

XMM 5 5-10 0.63t0.4 0.4£0.07

3AGN densities from different surveys above #derg cn2s1.

bThe BAT AGN density was converted to the native energy banth@fmeasure-
ment we are comparing it with.

References. — (1)Beckmann et al., 2006; (2) Bazzano etQ0§;43) Piccinotti et
al., 1982; (4) Revnivtsev et al., 2004; (5) Cappelluti et2007
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6.3.3 Statistical properties

As already discussed, the completeness of the sample afesodetected above 4.5
quite low (73%) and in order to derive solid statistical pedjes for the BAT extragalactic
objects we consider here only those sources detectedbatlevel. This additional cut
leaves us with a sample of 21 sources with 2 optically unifladsobjects and a com-
pleteness 0f>90%. This sample includes 6 Syl, 10 Sy1.9-2, 1 Syl1.5, 1 QSOland
Blazar. For additional clarity this sub-selected samplghigwn in Tab. 6.4. Excluding
the radio-loud objects, the median redshift of the sampled21 (mean is 0.031) giving
a median luminosity of 1%%erg s'1 (mean is 16°8) in the 14-170keV band. Assum-
ing 10?2 atoms cn? as the threshold between absorbed and unabsorbed objediagw
that intrinsic absorption is present#63% of the sample. This result is consistent with
the high latitude BAT survey (Markwardt et al., 2005) and iIRE EGRAL extragalactic
survey(Bassani et al., 2006).

In Fig. 6.8 we show the intrinsic column density of the soares a function of
unabsorbed luminosity in the BAT band. Excluding the lowsnits on the absorption,
we see a weak anticorrelation of luminosity and absorptide. also note the presence
of a rare very luminous (L~ 10%*® erg cm2) highly absorbed (N ~ 10?%atoms cm?)
type-2 QSO. If the lower limits on the absorption will be comfed, the total fraction of
such objects will be in the range 5-15%.

i 7
45.5:— — —:
g 45; o o {
S r * ]
—~44.5— —]
> - R — —
. © 7]
g 44:— [¢] o [¢] {
= C o B
2 - oo o ]
S 43.5— o —]
C o ]
C o o ]
43; o 7:
425 coovvnl v vl el ol m wl
10 10%° 102 102 1022 102 10% 107

Figure 6.8: Luminosity, in the 14-170 keV band, vs. intrinsic column signfor the
50-selection of the extragalactic sample. The blazar is iggkéd with a black star.
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Table 6.4. Extragalactic 50 sample.

NAME Type z Radio-loud Fx Lx N ref
(10Mergenm?2sl) (10%ergs?l)  (10Patoms cnT?)

Pictor A Syl 0.035 Y 3.18 7.4 0.12 1
LEDA 75476 Syl 0.0338 N 4.45 10 1.8 1
ESO 362- G 018 Syl.5 0.0126 N 4.78 1.9 <0.01 1
PKS 0548-322 BLLac 0.0690 Y 3.40 53.0 0.04 1
ESO 434- G 040 Sy2 0.00848 N 19.1 2.9 1.5 1
SWIFT J0505.7-2348 Sy2 0.0350 N 2.93 11.0 6.3 1
NGC 3081 Sy2 0.0798 N 10.0 1.2 60 1
NGC 2992 Sy1.9 0.00771 N 5.90 0.78 1 4
3C 206 QSO 0.1976 Y 2.43 2.6e3 >5 1
MCG -01-24-012 Sy2 0.01964 N 3.03 3.8 6.8 1
NGC 2110 Sy2 0.007789 N 33.6 4.4 3.8 1
SWIFT J0823.4-0457 Sy2 0.023 N 3.23 4.0 16.2 1
QSO B0513-002 Syl 0.0327 N 7.40 11.0 0.02 3
SWIFT J0834.6+0217 3.32
3C 105.0 Sy2 0.089 Y 5.4 1.0e3 31.0 1
UGC 4203 Sy2 0.01349 Y 4.20 1.7 20.5 1
3C 120 Syl 0.0330 Y 8.30 21.2 0 1
SWIFT J0847.4+1219 1.9
SWIFT J0854.7+1502 Sy2 0.0696 N 5.58 22.5 >0.5 1
Mrk 0704 Syl 0.0292 N 4.13 7.8 > 14.6 1
1AXG J042556-5711 Syl 0.104 N 2.99 79.0 0 1

References. — References: (1) this work; (2) Lutz et al. 420(8) Gilli et al. (2001)
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6.4 Discussion

We have used the BAT X-ray survey to study key properties efitical (z0.1) AGN
population. Our survey is based on the 14-170keV fluxes argdetually sensitive to
AGN with column densities up to IN~ 10?° atoms cm2. Indeed, for a typical source
with photon index of 2, the decrease in flux for column deasitf Ny ~ 10?4 atoms
cm2 is only ~ 5% and~ 25% for column densities 0fNy ~ 10%° atoms cni2. Thus,
we can affirm that this survey is relatively unbiased witlpees to photoelectric absorp-
tion.

Most of the population synthesis models (Ueda et al., 200&ister & Urry, 2005;
Gilli et al., 2006) predict that Compton-thick AGN (Logi\>24) provide a significant
contribution to the bulk of the CXB emission at 30 keV(Maikeaal., 1980). Although
studies of the local Universe (e.g. Risaliti et al., 1999éahown that Compton-thick
objects should be as numerous as moderately obscured AGN#NGL<24) and thus
roughly 1/3 of the total AGN population, only a handful of ieesources are known
(Comastri, 2004) . The density of Compton-thick objectsdaty practically unknown
and the only constraints are provided by population syigrasdels trying to match the
intensity of the CXB peak at 30keV (e.g. Gilli et al., 2006).owkver, given the nu-
merous assumptions (X-ray luminosity function and evoluf absorbed objects) such
constraints appear loose. Thus, the detectionesi Compton-thick objects is a major
test for the validity of models synthesizing the CXB radiatin terms of integrated AGN
emission. Gilli et al. (2006) estimate that the expectedtiva of Compton-thick objects
at limiting fluxes probed by BAT and INTEGRAL~ 10 terg cnm? s71) is ~ 20%.
However the measured fraction of detected Compton-thig&add by these instruments
is, so far, close to, or less than, 10% (Markwardt et al., 2@8@&kmann et al., 2006).

Contrary to other hard X-ray surveys (Markwardt et al., 2@&ckmann et al., 2006;
Sazonov et al., 2006) which have not detected new Compiock-AGN, this work shows
that BAT, thanks to its low-energy response, is a uniguehsgie instrument for de-
tecting new Compton-thick sources. We have verified thelwéifyaof BAT of sampling
the photoelectric cut-off by deriving the spectra of two wmgand bright, Compton-thick
sources (Circinus galaxy and NGC 4945). The BAT spectrahiese sources show a clear
spectral curvature at low energy which allows a reliableveste of the absorbing column
densities (consistent with what was reported already iditature). On this basis, we
select, among our sample 61 sources, 7 candidate Comptnstburces. The stacked
spectral analysis confirms that the averaged spectrum siéxgdsnce for absorption by
Compton-thick matter N ~ 10?° atoms cnm?. Due to the low completeness of our extra-
galactic sample (73%), itis not possible to estimate thetifva of Compton-thick sources
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relatively to the total population of AGN. If the 3 Comptamidk candidates (out of the
7) which lie at|b| > 15° will be confirmed in future soft X-ray observations we would
conclude that the fraction of Compton-thick objects-i$0%. However, for a definitive
solid estimate we must wait for the optical identificatiorabifthe sources to be complete
and for sensitive observations in tkelOkeV regime to confirm the objects’ nature.

The best power-law fit to the extragalactic source countsibligion yields a slope
of 2.58+0.26 which is a bit steeper than, but consistent with, an Eaalddistribution.
From the best fit, we derive a surface density of AGN of 28748 x 10 2deg 2 above
the flux limit of 10-terg cnm2 s~1; this estimate is in very good agreement, when con-
verted to the 20-40 keV band, with the recently derived seaaunts distribution based
on INTEGRAL data (Beckmann et al., 2006). NeverthelesskBemn et al. (2006) find a
slope of 1.66-0.11 which is also consistent with our measurement, but isisigrsteeper
than the 1.5 Euclidean value. Even though this could be daentm-perfectly computed
sky coverage, the authors suggest that the distributiorGNig\in the local Universe may
not be isotropic because of local clustering of sources {beglocal group of galaxies).

The BAT source count distribution resolves only 1-2% of thBdnto extragalactic
sources; nevertheless as it is unbiased with respect toglusoit can give important in-
formation relative to the fraction of obscured sources Wiaie missed by deep 10keV
surveys because of absorption. The extrapolation of the #AiFce count distribution to
the 2-10 keV band assuming an unabsorbed spectrum withiphatex 2 yields a surface
density of AGN of 1.6-0.15 x 10-?deg 2 above 10lerg cnt? s~1; while the surface
density as extrapolated to brighter fluxes by XMM (Cappebttal., 2007) and as pre-
dicted by the model of Gilli et al. (2006) is 0<102deg 2. The factor~ 2 more sources
BAT sees can be explained in term of absorption. Indeed, itake into account the
absorption distribution derived for BAT AGNs by Markwardta. (2005) (thus assuming
that 65% of all AGN are absorbed with a mean column densityoét &toms cn?) we
get a surface density 0.8®.04 x 10-2deg 2 which is consistent with the XMM extrap-
olation and the model prediction.

Our 50 selected sample, whose completeness38%, shows a ratio of absorbed to
total AGN of 68_%% which is in agreement with measurements in similar bandskM
wardt et al., 2005; Beckmann et al., 2006). Our sample doeshmaw anti-correlation
between intrinsic luminosity and absorption as claimed riwardt et al. (2005) and
Bassani et al. (2006), but this could be due to the small éxticthe sample used here. A
relevant fraction £20%) of the detected AGN is radio-loud. Our sample also casepr
1 (and possibly up to 3 considering the ROSAT lower limits ba absorption) highly
luminous highly absorbed QSO.

acknowledgments

137



Chapter 6. BAT extragalactic X-ray Survey - lll. X-ray Spectra and Statistical Properties

MA acknowledges N. Gehrels and the BAT team for hospitaMy,Capalbi for assis-
tance during Beppo-SAX and Swift-XRT data analysis and Nop@éluti for useful dis-
cussions on the source count distribution derivation. Tésearch has made use of the
NASA/IPAC extragalactic Database (NED) which is operatgdhe Jet Propulsion Lab-
oratory, of data obtained from the High Energy AstrophySicgence Archive Research
Center (HEASARC) provided by NASA's Goddard Space Flighhteg of the SIMBAD
Astronomical Database which is operated by the Centre den&smastronomiques de
Strasbourg, of the Sloan Digital Sky Survey (SDSS) manageithd Astrophysical Re-
search Consortium (ARC) for the Participating Institusaand of the ROSAT All Sky
Survey maintained by the Max Planck Institut fur Extragstrische Physik.

138



Bibliography

Ajello, M., et al. , 2006, ATel, 697

Ajello M., et al., 2007, in preparation

Alexander, D. M., Bauer, F. E., Brandt, W. N., et al. 2003, A6
Antonucci, R. R. J., 1993, ARA&A, 31, 473

Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Dataalysis Software and
Systems 'V, ed. G. H. Jacoby & J. Barnes (San Francisco: ASP), 1

Avni, Y., &, Bahcall, J. N., ApJ, 235, 694

Barthelmy, S. D., et al. 2005, SSRv 120, 143

Bassani, L., Molina, M., Malizia, A., et al., 2006, ApJ, 685
Bazzano, A., et al., 2006, ApJ 649, 9

Beckmann, V., et al. 2006, ApJ, 652, 126

Bird A. J., et al. 2006, ApJ 636, 765

Bolton J. G., etal. 1975, Aus. J. Phys. Ap. Suppl. 34,1
Cappelluti, N., et al. 2007, ApJS NNN

Comastri, A., et al. 1995, A&A, 296, 1

Comastri A., 2004, in Barger A. J., ed., Astr. Space Sci..l\bt. 308, 245
Crawford, C. S., & Fabian, A. C., 1995, MNRAS, 273, 827
den Hartog, P.R.,et al. 2004, ATel, 261, 1

Donato, D., et al., 2006, A&A 433, 1163

139



Bibliography

Fabian, A. C., lwasawa, K., 1999, MNRAS 303, 34
Fenimore, E. & Cannon, T., 1978, Appl. Opt. 17, 337

Gallo, L. C., Lehmann, I., Pietsch, W., Boller, Th., Brinknma W., Friedrich, P. & Grupe,
D., 2005, MNRAS, 365, 688

Gehrels, N., et al. 2004, ApJ 611, 1005

Giacconi, R., Gursky, H., Paolini, F. R., Rossi, B. B. 196Ry#® Rev. Lett., 9, 439
Giacconi, R., et al. 2002, ApJS 139, 369

Gilli, R., Maiolino, R., Marconi A., et al., 2000, A&A, 355,86

Gilli, R., et al. 2001, A&A, 366, 407

Gilli, R., Comastri, A. & Hasinger, G., 2006, submitted to A&astro-ph/0610939
Giommi, P., etal. 1991, ApJ 378, 77

Grandi, P., et al. 2006, ApJ, 642, 113

Gotz, D., et al. 2006, A&A, 448, 873

Guainazzi, M., Matt, G. & Perola, G. C., 2005, A&A, 444, 119

Hasinger, G., et al. 1998, A&A, 392, 482

Hasinger. G. 2004, Nuc. Phys. B Proc. Supp., 132, 86

Jonker, P.G. et al. 2001, ApJ, 553, 335

Kennea, J. A., et al. 2005, ATel, 677, 1

Levine, A. M., et al. 1984, ApJS, 54, 581

Lutz., D., Maiolino, R., Spoon, H. W. W., et al. , 2004, A&A, &1465

Macomb, D.J., Gehrels N., 1999. ApJS, 120, 335

Malizia, A., et al. 2002, A&A, 394, 801

Masetti N., et al. 2006, ATel, 735, 1

Masetti, N., L. Morelli, E. Palazzi, et al. 2006, astro-ps8394

140



Bibliography

Markwardt, C. B., Tueller, J., Skinner, G. K., et al 2005, Adt., 633, L77
Marshall, F. E., et al. 1980, ApJ, 235, 4

Norton, A. J., et al. 2000, MNRAS, 312, 362

Piccinotti, G., et al., 1982, ApJ 253, 485

Rau, A., et al., Paper-2

Revnivtsev, M., et al., 2004, A&, 418, 927

Risaliti G., Maiolino R., & Salvati M., 1999, ApJ, 522, 157
Rosati, P., et al. 2002, ApJ, 566, 667

Sazonov, S., et al. 2006, in press, astro-ph/0608418
Szokoly, G., Bergeron, J., Hasinger, G., et al. 2004, Ap3S, 271
Schwope A., et al. 2000, Astron. Nachr. 321, 1

Schmidt, M., ApJ, 151, 393

Skinner, G. K., et al. 1987, Ap&SS, 136, 337

Slowikowska, A. et al., 26th Meeting of the IARE (2006), 8
Soldi, S., Beckmann, V., Bassani, L., et al., 2005, A&A, 4431
Sowards-Emmerd D., et al., 2004, ApJ, 609, 564

Steiner, J. E., et al. 1984, ApJ, 280, 688

Stephen, J. B., et al. 2006, A&A 445, 869

Strong, A. W., et al. 2004, A&A 411, 447

Strong, A. W, et al. 2005, A&A 444, 495

Revnivtsev et al. 2006, A&A 448, L49

Tozzi, P., Gilli, R., Norman, C., et al., 2006, A&A, 451, 457
Treister, E. & Urry, M., 2005, ApJ, 630, 115

Tueller, J., et al. 2005, ATel, 668, 1

141



Bibliography

Tueller, J., et al. 2005, ATel, 669, 1

Ueda Y, Akiyama M, Ohta K, Miyaji T., 2003, ApJ, 598, 886
Voges, W,, et al., 1999, A&A, 349, 389

Wheatley P.J., et al. 2006, ATel, 765, 1

Wilks, S.S. 1938, Ann. Math. Stat., 9, 60

Worsley, M.A., et al. 2005, MNRAS 357, 1281

Zamorani, G., et al. 1981, ApJ, 245, 357

142



Bibliography

6.5 Notes on individual sources

We report a brief description of the source spectra for alV,n& interesting, sources
found in this analysis. All quoted errors are 90%.

PSR B0540-69.3s a young rotation-powered pulsar recently detected uf@ te¥ also
by INTEGRAL (Gotz et al., 2006; Slowikowska et al., 2006heTPulsar is detected in
BAT up to 200 keV and it is spectrum can be modeled as power lifvpinoton index of
1.5+0.21.

LMC X-1 is a well known black hole candidate. It is detected up to 200 with a
steep photon index of. 2+ 0.2. The flux is a factor 2 lower than the one measured by
INTEGRAL (Go0tz et al., 2006), suggesting variability.

LMC X-3 is high mass X-ray binary (HXB). The BAT spectrum is consisteith a
power law whose photon index is 2461.

SWIFT J0917.2-6221is a new hard X-ray source. We analyzed a 7 ks XRT observa-
tion of this source. The XRT and BAT data are well fit by an absdrpower law model
whose photon index is.27"9-3, and absorbing column density of 32 atoms cm2. A
clear excess is present at energidskeV and this can be well described as a black body
component peaking at 0.13 keV.

J0957.0-5847s a new hard X-ray source detected in Ajello et al. (2007) BA& spec-
trum can be modeled as a power law with photon index of 2018 in the energy range
14-200 keV.

V* TW PIC is a cataclysmic variable of the DQ Her type (Norton et alQ®0 The
BAT spectrum is best fitted by a bremsstrahlung model withasmpl temperature of
135722 keV. The flux of 5.5¢10 *%erg cn2 s71 in the 20-40keV band is a factor 2
lower than the one reported in a recent INTEGRAL measurel(t&itiz et al., 2006) sug-
gesting variability.

1 AXG J042556-5711(also known as 1H 0419-577LB 1727, 1ES 0425-573 and IRAS
F04250-5718) is a radio-quiet Seyfert galaxy which has ludeserved over recent years
by ASCA, ROSAT, BeppoSAX and recently also by XTE (Revnivtseal., 2006). The
ASCA and BAT data are well fit by a simple power law model withofan index of
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1.6+0.02; the source is not detected above 70 keV.

4U 0919-54 detected at very high significance, is a LXB also known todpoe X-
ray bursts (Jonker et al., 2001). Its spectrum is charae@drby a steep photon in-
dex of 235+ 0.25, alternatively a bremsstrahlung model with a plasma &atpre of
36.2+18keV yields a bettex?.

Pictor A is a radio-loud Syl galaxy initially detected in X-ray by tBENSTEIN ob-
servatory. The spectrum is characterized by a hard powepleiton index of 16 +0.26
extending up to 200 keV. A recent analysis of Beppo-SAX datafdi et al., 2006) in the
2-10keV band finds the same photon index of 1.6. The extrépolaf the BAT flux to
the 2-10keV band is in very good agreement with the Beppo-8Adysis, thus pointing
in favor of an unbroken power law spectrum extending from 2a0 keV.

ASCA data are available for this source and a joint BAT-ASQAd&termines that this
source shows an absorption level aR & 10%tatoms cn? slightly in excess of the galac-
tic one ( 4x 10?%atoms cn1?).

Vela PSRhas a spectrum consistent with a power law whose photon isdiex+0.2.

J0405.8-4345s a new hard X-ray source detected in Ajello et al. (2007). tAcfiBAT
data with a simple power law model does not yield satisfgatesults (reduceyg? >2.2).

A bremsstrahlung model with a temperature of fits the dat@b@f >1.6).

The best model fitting the data is either an absorbed powewittwa high energy cutoff
and photon index fixed at the typical AGN value of 2 or alteiedy a very steep (photon
index of 3.8%7) absorbed power law. In both cases the source is obscured by-a
tremely large column density of 232 x 10?%atoms cm2. The F-test for the absorbed
power law model, to respect the simple power law model, gielghrobability of 3% of
the absorbed model to be spurious.

J0447.8-41132s a new hard X-ray source detected in Ajello et al. (2007.sfitectrum
can be modeled as a simple power law with photon index afQ.5.

4U 0513-40is a low mass X-ray binary detected in X-rays by EXOSAT (Gionah
al., 1991). The BAT spectrum can be fit by a single power law@hadhose photon index
is 2.1+0.3.

J0837.1-3913s a new hard X-ray source detected in (Ajello et al., 200%.spectrum
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can be modeled as a single power law with a photon index af@4

IGR J07597-3842is a source first detected by INTEGRAL in the VELA region (den
Hartog et al., 2004). 1t was identified as being a Sy1.2 (Meskdl., 2006b). This source
was also observed by XRT and when jointly fitting XRT and BATeadae get that the
best fit is an absorbed power law with photon index &-0.05 and column density of
6.4 x 10%tatoms cnm?.

LEDA 75476, also known as 3A 0557-383, EXO 055620-3820.2 and CTS B31s01
a Syl galaxy. The BAT spectrum is consistent with a power lasdehwith photon index
of 2.0+£0.4. The ASCA and BAT are well fit by an absorbed power law mod#hwho-
ton index of 1.2-0.05 and absorbing column density 2337 x 10°%atoms cm?. A
clear excess below 2 keV is detected in the ASCA data anddhi®e modeled as a black
body component with a temperature 0R8'533keV. A Fe Ky line is also required by
the fit (F-test yielding a probability of the line being spurs of 10°8) and its equivalent
width is 0.132 keV. The reducegf of the overall fitis 1.1.

ESO 362-G021is a BL Lac object. ASCA and XRT data are available for thisrseu
The best fit to ASCA, BAT and XRT data is an absorbed power lath whoton index
of 1.7+0.03 and column density of.@+ 0.1 x 10°1atoms cnm? which is larger than the
galactic absorption in that region of the sky30?%atoms cn1?).

FRL 1146 is a Syl galaxy detected in hard X-ray by INTEGRAL (Bird et 2006).
The BAT spectrum is characterized by a power law with photatex of 215+ 0.42
extending up to 200keV. The flux is in agreement with the INRAR measurement.
FRL 1146 was also detected in the ROSAT all-sky survey at Liais, considering the
extrapolation of the BAT power law to the ROSAT band yietd® counts/s so it is very
likely that the source in unabsorbed.

J0446.2-3537s a new hard X-ray source detected in Ajello et al. (2007).e BAT
spectrum is consistent with a power law model with photorexn215+ 1.1.

J0844.9-3531is a new hard X-ray source detected in Ajello et al. (2007).e BAT
spectrum is consistent with a power law model with photoreinti66+ 0.7.

TV Col is a DQ Her type cataclysmic variable already detected atawd hard X-
rays. A power law fit to the BAT spectrum does not yield accelgtaesults instead a
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bremsstrahlung model with a plasma temperature ¢t 28.5keV fits the data well.

ESO 362- G 018s a Sy1 galaxy detected at hard X-ray by BAT (Tueller et &I0%). The
BAT spectrum is consistent with a power law model with phatatex of 18+0.2, how-
ever when jointly fitting BAT and XRT data the best fit is the safra power law model
(photon index 1.5:0.03) and a black body component with a temperature-6D3 keV.
The source is unabsorbed.

PKS 0548-322is a well known blazar already detected in hard X-rays (seeXam-
ple Donato et al., 2006). For this source, Swift-XRT dataase available in the range
0.2-10keV. A joint spectrum of XRT and BAT data with an abstipower law model
yields a photon index of.Z8+ 0.03 and an absorption of 410%° atoms cm? slightly
in excess of the galactic one.

J0739.6-3144is a newly discovered hard X-ray source (Ajello et al., 200@cently
identified as a Sy2 galaxy (Rau et al., 2007). A simple powerfieto the BAT spectrum
yields a photon index of. 78+ 0.5. However the reducegf is 1.46. If we try an absorbed
power law model, both column density and the photon indexatevell determined. If
we fix the photon index in the range of 2, we get a column dewsity 10?° atoms cn?.
We also estimated the lower limit on the absorbing columrsifgrconsidering the non-
detection by ROSAT: this limit is- 2 x 10?2 atoms cm?.

ESO 434-G 040s a known Sy2 galaxy recently detected in hard X-rays alst\GyE-
GRAL (Bird et al., 2006). A joint fitto ASCA, XRT and BAT data i an absorbed power
law model yields a photon index of 253318 and a column density of 14.026x 1072
atoms cn?. A clear excess below 2 keV can be modeled as a black body azenpwith

a temperature of @372312. An Iron Ky line, with an EQW=8%"3, is also detected.
The probability of the line being spurious4s10~14,

PKS 0537-286at z=3.1 is one of the most luminous high-redshift quasaicoBeized

first as a radio source (Bolton et al., 1975) it was discovémed-rays by the Einstein
observatory (Zamorani et al., 1981) and then studied by RQO3&CA and lately by

XMM. The BAT detection in hard X-rays is the first to date, haeethere is a claim that
PKS 0537-286 be the MeV counterpart of the EGRET source 363132940 (Sowards-
Emmerd et al., 2004). A joint spectral fit to XRT and BAT datagals an exceptionally
hard spectral slope of 1.350.1 and a Fe I line redshifted at- 1.4 keV.
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V* V441 Pup is a high mass X-ray binary where the companion was opticdénti-
fied as a Be star. The BAT spectrum is very steep and it canrdathétted by a power
law with a photon index of 4:51.5 or by a bremsstrahlung model with a plasma temper-
ature of 68 £ 5keV.

ESO 490-G 26is a Syl.2 galaxy. We have analyzed XRT data for this sourchenV
we perform a joint XRT-BAT fit we get that the source spectruam be described as a
power law with photon index of 1.7240.1 and an intrinsic, in addition to the galactic,
absorption of 240.5 x 10?1 atoms cn?.

J0902.4-2418has a spectrum not consistent with a simple power law mogdeb(2.4).
Trying a fit with an absorbed power law model we get that the@®is obscured by
Compton-thick matter (being the probability of this obsation to be spurious 10%) and
has a steep photon index of 3.3. Freezing the absorbing cotiensity at 1.5x<10%
atoms cnm? yields an error on the photon index#:0.8.

J0727.5-2406has a spectrum consistent with a power law model with phatdex of
1.6+0.4.

SWIFT J0505.7-2348 also know as XSS J05054-2348 (Revnivtsev et al., 2006) was
identified as a Sy2 galaxy by Rau et al. (2007). When combibatg XRT and BAT data

for this source we get an intrinsic, rest frame, absorptioh.®-+1.3 x 10%2 atoms cn?

and a photon index of 1.9215.

NGC 3081lis mis-catalogged in SIMBAD as Syl galaxy. In fact the aldée6dF spec-
trum shows clearly that this object is a Sy2 object. We hawayaed BeppoSax-MECS
and ASCA data for this source. The best fit is a sum of a blacl lbochponent, peaking
at 0.6 keV, an absorbed power law with column density 6065 x 10?3 atoms cn1? and
photon index 1.743.38 and an Iron line of equivalent width (EW) of 24157 eV.

J0418.6-1847s a new source of Ajello et al. (2007). The BAT spectrum issistent
with a power law model whose photon index is 2/545.

NGC 2992is a Sy 1.9. The best fit for combined XRT and BAT data is an diesbr
power law with photon index of 1.2600.05 and intrinsic hydrogen column density of
1.5%0:37 » 1071 atoms cnv2. We also detected the presence of an unresolved Ak
whose equivalent width is.82"3%keV in agreement with an old Beppo-Sax measure-
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ment (Gilli et al., 2001) where the reported column densit{i 10?2atoms cn?.

SWIFT J0732.5-1331was detected for the first time by BAT in hard X-rays (Ajello et
al., 2006a). It was then identified as a new intermediaterf@Vdneatley et al. 2006 and
references therein). The BAT spectrum is consistent witbvagp law with photon index
2.3+0.3.

3C 206is a narrow line, radio loud, QSO detected for the first timehard X-rays
(>20keV). The BAT spectrum when fitted with a pure power law mgilees a reduced
X% > 1.5. We tried a fit using an absorbed power law model and we gobtophindex
of 3.4728 and an absorbing column density aP8.S x 1074 atoms cm?. The F-test
yields a probability of the absorption being fake 008. 3C 206 was detected by the
ROSAT PSPC with 0.37 ct$ during the all-sky survey (Voges et al., 1999); if we use
the BAT power law spectrum and we extrapolate it to the 04lk&V band, we get that
an intrinsic absorbing column density of at leastl®?? atoms cm2 is required to match
the observed ROSAT count rate. Lawson & Turner (1997) repaietection of 3C 206
by GINGA in the 2-10 keV; even though they quote the sourcestarimbscured, the min-
imum absorbing column density needed to match, by extréipalaf the BAT fit, the
observed GINGA count rate is 10?2 atoms cni2. Thus, 3C 206 is a candidate highly
obscured QSO.

J0722.6-0931s a new hard X-ray source detected by BAT (Ajello et al., 2008 spec-
trum is consistent with a power law with a photon index of'Z:3".

MCG -01-24-012is a Sy2 galaxy already detected in hard X-rays by BEPPO-3AX

izia et al., 2002). When fitting both XRT and BAT data we gettttiee spectrum is
consistent with an absorbed power law whose photon indeX3410.14 and intrinsic
absorption is @+ 0.5 atoms cm?.

NGC 2110is a well known Sy2 galaxy. The BAT, ASCA and XRT data can beyit b
an absorbed power law model with photon index gf-£ 0.2 and hydrogen column den-
sity of 3.879-18 x 10?? atoms cn?. We also detected an unresolved Fg df equivalent
width of 15582 eV.

SWIFT J0823.4-0457s a source detected for the first time in hard X-rays by BAT asd

sociated, during an XRT follow-up, with the galaxy FAIRALI2D2 (Ajello et al., 2007).
An optical follow-up showed that the source is a Sy2 (Magttl., 2006a). XRT and
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BAT data are best fit by a highly absorbed power law. The phistdex is 1767241 and

the absorbing column density is 212 fatoms cm?.

MCG -01-13-025is a Sy1.2 (in NED, but Syl in SIMBAD) galaxy detected in soft X
rays by ROSAT (Moges et al., 1999). The BAT spectrum is cdestsvith a power law
with photon index of 1879 23 and it extends up to 200 keV.

QSO B0513-002s a Syl galaxy. The BAT spectrum can be fitted by a power law wit
photon index of 1.860.4.

J0834.6+0217s a new source detected by BAT (Ajello et al., 2007). The BRAEG
trum is consistent with a power law whose photon index is ®3.

3C 105.0is a Sy2 galaxy. The BAT and XRT data can be fitted by an absqbegr law
model with photon index of 1.*_683% and hydrogen column density of 3:8 x 10?3 atoms
cm 2,

UGC 4203is a Sy2 galaxy. We have analyzed ASCA and XRT data for thiscgou
The best fit to ASCA, XRT and BAT data is an absorbed power lawlehavith photon
index of 207043 and Ny=15.1"$18 x 1072 atoms cm? and a black body component with

a temperature of 870 0keV. Moreover we detected the presence of an Iron line whose

equivalent width is 0.885 % keV.

3C 120is a Sy1 galaxy. This source was observed by ASCA. The best ASICA and
BAT data is an absorbed power law model with absorption cbest with the galactic one

and photon index.80" 557 and a black body component with a temperature 2700 9ac.

J0959.3+0550s a new source detected in Ajello et al. (2007). The BAT speatis
consistent with a power law model with photon index of%:8

3C 227is a Syl galaxy and also a Radio galaxy. The spectrum is noffisignt above
70keV. Below this energy itis consistent with a power law laf photon index B7"J 82,
This source was detected at a level of 0.016¢tis a 11 ks long ROSAT-PSPC obser-
vation (0.1-2.4 keV) (Crawford & Fabian, 1995). In order tatoh the ROSAT observed
count rates, the extrapolation of the BAT power law to the-8.4 keV band requires an

absorbing column density of at leask1L.0?2 atoms cnm2.

149



Bibliography

J0811.5+0937s a new BAT source detected in Ajello et al. (2007). The BAE&pum

is consistent with a power law with photon index 02223, Rau et al. (2007) identified
RX J081132.4+093403 as possible counterpart. Opticaltiss®opy revealed that this
source is a candidate X-ray Bright Optically Normal GalaX8ONG). If we extrapolate
the BAT power law to the ROSAT-PSPC energy band (0.1-2.4 ked/yet that, in order

to match the observed 0.086.004 ct s'1, the source is required to be absorbed by an
intrinsic column density in the range-N= 10?2 — 10?3 H-atoms cnm?.

V* BG CMi is a well known intermediate polar. The BAT spectrum is cetesit with a
power law with photon index of 1.347.

J0923.3+1024s a new X-ray source detected in Ajello et al. (2007). The BAEctrum
is not consistent with a power law model. Instead we got a divadth a bremsstrahlung
model with a plasma temperature of.60} 3°keV.

J0847.4+1219s a new X-ray source found in Ajello et al. (2007). The bestdiBAT
data is a bremsstrahlung model with plasma temperature.of%%gkev.

J0528.0+1435s a new source found in Ajello et al. (2007). The BAT spectrcam-
not be fitted by a simple power law mocbeﬁgd > 2.7). If we use an absorbed power law
model we get a photon index of 3.72 and a column density of3-3 x 10?6 atoms cm
with aszed = 1.1. The F-test yields a probability of 11% of the absorbed rmtalbe
spurious.

J0854.7+1502s a new hard X-ray source detected in (Ajello et al., 2000 menti-
fied in Rau et al. (2007) as a Sy2 galaxy. It has a very flat spctvhich can be modeled
as a power law with photon index34+0.7. A lower limit on the absorbing column
density of 5<10?1 atoms cn? can be derived by the non-detection of this source in the
ROSAT all-sky survey.

Mrk 0704, or SWIFT 0918.5+1618, is another source found thanks toatgorithm
(Ajello et al., 2007). During an XRT followup, the galaxy M4 was found as the
BAT counterpart. Mrk 704 was previously detected in softays by ROSAT (Schwope
et al., 2000). In a recent optical followup, the galaxy wasnid to be a Syl (Masetti et
al., 2006a). We have analyzed ASCA, XRT and BAT data for tbisrse. The best fit
to the three datasets is a a partial covering model whereaveriag fraction is 0.5 and
the power-law photon index is 1.38%". The source is highly absorbed with a column
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density of 1.43% x 10?3 atoms cm?. We also detected an Iron line whose equivalent
width is 160eV.

However the spectral slope is very hard if compared to the&photon index 2 of
other BAT AGN; moved by this consideration we also tried aecfbn model (pexrav

in Xspec) with photon index and energy cutoff fixed at the Ug@N value of 1.9 and
300 keV respectively. We got that the model fits the data wedl the source is required
to be completely reflected thus being a Compton-thick objembger and more sensitive
soft X-ray observations will clarify the real nature of tim$riguing object.

CSV 615Q also known as IRAS 05078+1626, is cataloged as Sy1 in Sirmbdas Sy1.5
in NED. The BAT spectrum can be fitted with a power law with ghroindex of 2.15-0.2.

J0517.1+1633s a new hard X-ray source (Ajello et al., 2007). The BAT spattis
best fit by a power law model with photon index of 37§7.
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Figure 6.9: Folded spectra and best fit models as described in the teomn Faft to
right and up to bottom the spectra are for: PSR B0540-69.3CL¢1, LMC X-3,
LEDA 90443, J0957.0-5847 and"\TW Pic.
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Figure 6.10: Folded spectra and best fit models as described in the texn Feft to
right and up to bottom the spectra are for: 1 AXG J042556-5410919-54, Pictor
A, Vela PSR, J0405.8-4345 and J0447.8-4112.
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Figure 6.11: Folded spectra and best fit models as described in the texn Feft to
right and up to bottom the spectra are for: 4U 0513-40, JA83912, IGR 07597-
3842, LEDA 75476,, ESO 362-G021 and FRL 1146.
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Figure 6.12: Folded spectra and best fit models as described in the texn Feft to
right and up to bottom the spectra are for: J0446.2-353744083531, V TV Col,
ESO 362-G018, PKS 0548-322 and J0739.6-3144.
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Figure 6.13: Folded spectra and best fit models as described in the texn Feft to
right and up to bottom the spectra are for. ESO 434-G018, P 286, V V441
Pup, ESO 490-G26, J0902.4-2418 and J0727.5-2406.
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Figure 6.16: Folded spectra and best fit models as described in the texn Feft to
right and up to bottom the spectra are for: J0834.6+0217,@01 UGC 4203, 3C
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Chapter 7

Swift/BAT measurements of the X-ray
background and Earth’s Atmospheric
Spectra

M. Ajello, D. Willis, J. Greiner, G. Kanbach, and A. W. Strong

7.1 Introduction

There is a general consensus that the cosmic X-ray backg@XB), discovered more
than 40 years ago (Giacconi et al., 1962), is produced bgiated emission of extra-
galactic point sources. The deepest X-ray surveys to dasifiger, 2004; Giacconi et
al., 2002; Alexander et al., 2003) have shown that up to &ilgyul00% of the< 2 keV
CXB radiation is accounted for by Active Galactic Nuclei (Nf5hosting accreting super-
massive black holes (SMBHS).

However, the fraction of CXB emission resolved into AGNslawexs with energy (and
with the efficiency of X-ray mirrors) being: 50% above 6 keV (Worsley et al., 2005)
and the unresolved component is consistent as being thesiemisf a yet undetected
population of highly absorbed AGN; such AGN should be chiaréed by having column
densities~ 10°4 H-atoms cm? and a space density peaking at redshift below 1 (Worsley
et al., 2005). Such population of Compton-thick AGN is ingdlby population synthesis
models (e.g. Comastri et al., 1995; Treister & Urry, 2003ti &i al., 2006) to explain the
peak of the CXB emission at 30 keV (Marshall et al., 1980).

Thus, an accurate measurement of the CXB spectrum in the&s0%el energy range
is important to assess and constrain the number density mifp@m-thick AGNs. Such
measurements are complicated by the fact that instrumensstise in this energy range
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are dominated by internal detector background and are sigmed to measure the CXB
spectrum directly (excluding HEAO-1). The typical appro&to produce a®@N— OFF
measurement, where the difference betweernNeand theOF F pointings cancels the
internal background component.

The HEAO-1 measurement of the CXB spectrum in the 13—-180 kege was ob-
tained by blocking the aperture with a movable Csl crystdsoAhe Earth disk can be
used to modulate the CXB emission. This approach is behmdettent CXB flux mea-
surements performed by INTEGRAL and BeppoSAX (Churazou.eP806a; Frontera
et al., 2006). However, since the Earth is a powerful sourbau X-rays theON — OFF
measurement is contaminated by the Earth’s emission. Witlsput knowledge of the
Earth’s emission the two components cannot be disentangled

Here we report about th8wiffBAT measurement of the CXB and Earth’s spectra
in the 15-150keV range. We use the Earth occultation tectengimilarly to the IN-
TEGRAL and BeppoSAX measurements. The main differenceds we develop an
Earth’s emission model, based on observations and confioyedMonte Carlo simu-
lation, which allows us to disentangle the two spectra withmior knowledge of their
spectral shapes.

The structure of the paper is as follows. In Section 7.2 wegnethe details of the
observations. We also derive a rate-rigidity relation wahie fundamental both for sup-
pressing the background variability due to Cosmic Rays JGRs to characterize the
Earth model. In Section 7.3 we present the details of thehBaoccultation episodes
undergone by BAT and the Earth’s model. In Section 7.5 weudis¢he results in com-
parison with previous observations. The last section sumzesour findings.

7.2 Observations

The Burst Alert Telescope (BAT) (Barthelmy et al., 2005), lmyard theSwift mission
(Gehrels et al., 2004), launched by NASA in 2004, represantgjor improvement in
sensitivity for X-ray imaging of the hard X-ray sky. BAT is aded mask telescope with
a wide field of view (FOV, 120x 90° partially coded ) aperture sensitive in the hard X-
ray domain (15-200 keV). BAT’s main purpose is to locate Ga¥Ray Bursts (GRBS).
While chasing new GRBs, BAT surveys the hard X-ray sky withuaprecedented sen-
sitivity. Thanks to its wide FOV and its pointing strategyABmonitors continuously a
large fraction of the sky (up to 80%) every day.

The Swift flight constraints impose that the pointing direction beeaist 30 above
the Earth’s horizon. Nevertheless, due the extent of the BAY, it may happen that the
Earth disk occults a substantial portion (up to 30%) of it.rbtaver, the BAT survey data
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contain episodes of large occultations (up{60%) by the Earth when the spacecraft was
in safe mode.

We use 8 months of BAT data which constitutes a well chareeérdataset of BAT
survey data (see Ajello et al. 2007 for details) to study tifiler@nt components of the
BAT background. Our aim is to derive the BAT background speutin the infinite-
rigidity approximation. We then use all occultation epissdas described in Section 7.3,
to derive a measurement of the CXB and the Earth’s atmossipecra.

7.2.1 The BAT background

The BAT background is highly complex and structured; it &xisivariability dependence
on either orbital position and pointing direction. BAT eropés a graded-Z shield fringe
shield to suppress the in-orbit background. The fringeldhiecated around and below
the BAT detector plane, reduces the isotropic cosmic difflisx and the anisotropic Earth
albedo by~95% (Barthelmy et al., 2005). The two main background coreptsare the
CXB emission and the cosmic ray induced (prompt and delayacgrounds.

The CXB spectrum in the 3-400 keV range is based on HEAO-1 ddta following
analytical approximation was suggested by Gruber et a@q}L9

Soxe(E) = 7.877E0-2% E/4L13 3<E <60keV
T 00259(E) %0 +0504(E) tP+00288(E) T E > 60kev
(7.1)

WhereScxg(E) is expressed in units of keV crd s™1 sr-1 keV—2. Given the large FOV
(~1.4sr), the CXB is the dominant background component in BATar~50-60 keV.

The prompt CR background is due to spallation effects oflieici CRs on the mate-
rials of the spacecraft; since the Earth magnetic field matduhe flux of incident CRs
at any point of the orbit, such background component is ebepeto vary with the cut-off
rigidity R (i.e. the minimum energy an incident charged particle masthn order to
reach a position in the Earth’s magnetic field). The delayedponent is caused by the
excitation of the materials by the incoming CR flux. The dethgomponent varies slowly
and usually builds up asymptotically with time. Due to théuna of the magnetic field
surrounding the Earth the southern hemisphere has an ataenin the magnetosphere
called the South Atlantic Anomaly (SAA). During each SAA page, BAT experiences
a sharp increase in count rate due to the increase of theemictR flux and a delayed
background due to de-excitation of the spacecraft maserial

In order to discriminate the various components of the BATkigaound, we have
correlated the BAT whole array rate (in each energy chanméharmalized by the num-
ber of working detectors) with several orbital parametérke final goal is to derive a
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“steady-state” BAT background which is unaffected by abitariations.

7.2.1.1 Data cuts

Our aim is to determine a rate-rigidity relation in order xtrapolate the BAT array rates
in the infinite rigidity case; this allows to suppress thelkgagound variability due to the
prompt and delayed CR components.

We start excluding all observations where sources withatgmnoise ratio (S/N)
greater than 8 are detected. & 8ource produces an increase in rate of less than 0.5% in
a typical 300 s observation; thus all point-like source®Wwehis limit give a negligible
contribution to the background level.

The next step is to eliminate all observations whose expgosome is less than 300 s.
The rates show a clear anti-correlation with exposure tonexposures below 300 s with
an increase of a factor3 in the rates for few seconds of exposures. Exposures below
300s are usually the result of a truncated exposure. Expssue generally truncated
because: 1) BAT detects a GRB or 2) BAT enters in the SAA and datuisition is
suspended. For both reasons, data of truncated exposerex@uded by the present
analysis because not representative of the average BATlaakd.

Everytime the spacecraft exits from the SAA, BAT experienaedecay in the rate
due to de-excitation of spacecraft materials. As showngn Fil the rates come to their
normal level after~5600s after each SAA passage. We thus exclude all obsargatio
taken within~5600 s of an SAA passage.

The BAT rates show also a correlation with the angle betwieeistin and the pointing
direction. The correlation starts at angie$20° and decreases with energy disappearing
at 70— 80keV. All these observations are at elevation angles (ELYy, angle between
the BAT pointing direction and the Earth horizon)-o#45° — 65° and thus given the large
FOV, itis well possible that the Sun illuminated Earth lim#ib the BAT FOV. Therefore,
all these observations are excluded from the present asalys

The BAT effective area at 200 keV reduces to 1/5 of its peak value at 50 keV; more-
over, at these energies the fringe shield becomes parttialigparent. Thus, it is possible
to use the last energy channels as “particle” detector toitmotmne background level of
the instrument (i.e. these channels do not yield much inébion on any celestial signal).
We found that imposing that the rate of the last energy chaifd keV-6.5 MeV) be in
the range 10—-20 ct$ eliminates roughly 1% of the observations which are owlierll
the correlations here verified.

After these cuts, we find that the rates in each energy chal@oeéase as a function
of the cut-off rigidity R-. We modeled this behavior with an exponential and a constant
(Rate= C + e"Fc) and fitted this model to each energy channel. The constantQeof
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every fit provides an estimate of the BAT rate in the infinigadity extrapolation. The
distribution of thea values, shown in left panel of Fig. 7.3, has a mean of -0.34aand
RMS of 0.04 in perfect agreement with previous measuren{éntsof et al., 1976).

The BAT spectrum obtained extrapolating the rates of eaelnggrchannel is shown
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in the right panel of Fig. 7.3. The BAT spectrum shows a cl@aa bt 59 keV most
probably due to the radioactive Americium source used ondofoa calibration purposes.
The bumpiness between 60 and 100 keV is given by numerougsflcence emission lines
from the fringe shield (see Willis 2002 for details).
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Figure 7.3: Left Panel: Distribution of thea values. The mean of -0.34 is in good
agreement with measurements from Imhof et al. (19 Right Panel: BAT back-
ground spectrum extrapolated in the infinite rigidity case.

7.3 Earth occultation

The Swift orbital constraints impose that the BAT pointing directiom always at least
30° away from the Earth horizon. This is requested because thé Eabright in the

Optical and X-rays and it can damage the UV/Optical telesd@p/OT) and the X-ray

telescope (XRT). On May 31, June 12 and July 28, 2005, thetSpé#cecraft entered
into safe-mode because the of star tracker loss of lock.feme@de operations, the XRT
and UVOT telescopes are closed, but BAT still takes data. Sgseecraft remains in
sun reference pointing until a recovering operation conaedrfrom the ground brings
Swiftback to its normal status. In the timespan between the safterand the recovering
operation, the satellite uses the magnetometers and theesisor to derive the pointing
direction. At least in the occasions mentioned aBotlee Earth passed in the BAT field
of view (FOV). Fig. 7.4 shows the BAT pointing directions thg the deep occultation
episodes described here. As the Earth occults partiallf-@¥ BAT registers a sharp
decrease in rate due to occultation of the CXB emission. iBhespecially valid below

A few episodes of Earth occultation were found in BAT data, seme did not pass the criteria ex-
plainedin Sec. 7.2.1.1
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Figure 7.4: Pointing directions for the occulted observations. Marges vary
linearly with the occulted FOV fraction. Occultations vdrgm 0.1% to~ 60%. In

order to avoid contamination of the CXB signal from the GataRidge emission,
we used only occultation episodes lait>20°.

40 keV where the CXB radiation dominates above the Earth spimeric components.
Left panel of Fig. 7.5 clearly shows the drop in rates causethb occulting Earth;
between 18—-20 keV the rates drop of a factor 3.5 wh&®% of the BAT FOV is occulted
(as shown in the right panel of 7.5).

Thus, the Earth occultation can be used to measure the CXBsamiby means of
the depression caused in the BAT rates. Such approach wasexeral times in the past.
Recently this technique was adopted to derive a measureshém CXB normalization
at hard X-rays with INTEGRAL and Beppo-SAX (Churazov et 2006a; Frontera et al.,
2006).

Unfortunately, the Earth is not only a passive occulter,aisib an active emitter. The
Earth is a powerful source of X- and gamma-rays due to cosayic lbombardment of its
atmosphere (see Petry et al., 2005). This radiation is lystgérred to as Albedo and it
is discussed briefly in the next section.

168



Chapter 7. Swift/BAT measurements of the X-ray background ad Earth’'s Atmospheric
Spectra

0.016

0.014

0.012

0.010

Rate @ 18-20 keV [ct/s/det]

0.006

Bl Lo b b b i I o

0.004

- L L e b e e b e e e
-20 0 20 40 60 80 100
Elevation [deg]

AT T T T[T T T [ TTT[TTT [ TTT[TTT1T1 g
AN AR AR RN RARRRRRN RS

-
N
o

Figure 7.5: Left Panel: BAT rate, in the 18-20keV range, as a function of the
elevation angle above the Earth horizon. For E£80-60, BAT starts to experience
Earth occultations. The decrease in rate is expected tdivagrly with the occulted
solid angle if Earth emission is negligible. Note that thiggh is not a light curve as
each data point is a separate (in time) 300 s observaRgght Panel: Example of
deep Earth occultation of the BAT FOV. The black area is tiggoreof the BAT FOV
which is completely occulted by the Earth during the 300 sokstion; the lighter
gray is the un-occulted part of the FOV, while the region itween the black and the
lighter gray is partially occulted due to the spacecraft mgwn the 300 s.

7.3.1 Atmospheric Albedo Gamma-rays

The atmospheric Albedo flux is produced by cosmic ray intesas in the Earth’s at-
mosphere. Pionisation of atmospheric nuclei by the indideamic ray flux leads to the
production of muons, nuclear fragments, and other hadrerghawn in the schematic
reported in left panel of Fig. 7.6. Gamma-rays above 50 Me/moduced directly by
the decay of mesons while below at X-ray energies the mairceaan be attributed to
bremsstrahlung radiation from secondary electrons frosmioray interactions.

Moreover, the Earth atmosphere reflects, via Compton ictiera part of the CXB
and of the discrete X-ray source radiation.

Measurement of the X-ray Albedo radiation are reported ihwietz & Peterson
(1974) in the 1-100keV energy range and by Imhof et al. (19#®)ve 40keV. The
Albedo spectrum measured by Schwartz & Peterson (1974)saowt-off below 30 keV,
probably due to self-absorption of the radiation emittemhfrthe inner layers of the at-
mosphere and a progressive flattening around 40 keV. AbokeMthe Albedo emission
decrease consistently with a power law with photon index-©f4-1.7. The power-law
behavior is also confirmed by Gehrels (1992). However thelatesnormalization of the
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observed Earth spectrum depends on the altitude and tleatich of the satellite’s orbit.
A recent Monte Carlo simulation of the hard X-ray emissiothefEarth’s atmosphere

(Sazonov et al., 2006) shows that the emerging X-ray phqieatsum is barely sensitive

to the energy of the parent cosmic ray particle and can beridedcby the following

formula:
C

(E/Eg)'++(E/Ep)"2
whereC is a constant. The authors determine farandl"; the values of -5.5 and 1.4
respectively and foEy, the value of 44 keV.

f(E) = (7.2)
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Figure 7.6: Left Panel: A schematic illustration of the generation of gamma-rays
due to cosmic rays bombardment (adapted from Shaw et al.) 2R@ht Panel: The
zenith angle distribution of the 1.5-10 MeV atmospheriedlibgamma ray flux at an
altitude of 42 km and at local rigidity of 4.7 GV, taken fromtanfelder et al. (1977).

Itis worth noting that since the Earth’s atmospheric congmtielepends on the cosmic
ray flux, its intensity is expected to be modulated by the lEamagnetosphere in the
same way as the parent cosmic ray flux. The effect of the Eamlaignetosphere (and
thus of rigidity) on the Albedo emission are clearly showrthia analysis of Shaw et al.

(2003).

7.3.2 Method of analysis

The rateR(E); measured at the ener@yby BAT in a 300 s observation, during which the
Earth is in the FOV, can be described as:

R(E)i = I(E)i — Qi - R(E)cxs+ Qi - R(E)garth (7.3)
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where the subscriptrefers to tha —th observationQ; is the solid angle occulted by
the Earth andR(E)cxs andR(E)earth are the CXB and the Earth emission respectively.

Equation 7.3 shows the “degeneracy” problem which limigsEarth occultation tech-
nique when used to determine the CXB emission. Indeed, tlxsuned depression of the
rates with respect to the normal level are a measuremeng dliffierence of the CXB flux
and the Earth’s atmospheric emission. The studies of Churetzal. 2006 and Frontera et
al. 2006 “solve” this problem deriving the “difference” gpim (i.e. the spectrum of the
difference between the CXB and Earth emissions) by meagtii& depression in each
energy channel. The difference spectrum is then fitted with components, the CXB
and the Earth, whose spectral shapes are assumed to be Khloug).the fit determines
the normalizations of the two components.

Here, our aim is to solve the degeneracy problem by assegwmdjfferences of the
CXB and Earth signatures in each energy channel and thusrdgdirectly the two spec-
tra.
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Figure 7.7: Rate-rigidity relation at 90 keV (left) and at 170 keV (rigfar occulted
observations (EL¥ 30°). Rates were extrapolated in the infinite rigidity case gsin
the relations determined from the unocculted data. Thelwesicorrelations with
rigidity are due to the enhanced Albedo emission in regidtamrigidity. Note that
different observations (data points) suffer from differiavels of occultation. Errors
are statistical plus systematic.

A signature of the Earth’s atmospheric emission is its dafi@n with rigidity. This
effect is present at all energies, but most noticeably &b kigergies where the Albedo
component dominates over the CXB flux. Fig. 7.7 shows sucescaxculted observa-
tions whose rates were extrapolated in the infinite rigidige show a residual correlation
with rigidity. Since the unocculted data do not present sesidual correlation, we at-
tribute this to enhanced Albedo emission. The amplitudéisfdorrelation is in perfect
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agreement with what was derived also by Shaw et al. (2003).

Measurements of the Earth’s Albedo emission in gamma-rays (Schonfelder et
al. 1977) show that a large fraction of the Albedo emissiame®s from the limb (i.e. the
atmosphere layers in the direction of the Earth’s horizoseas from the satellite, see also
Fig. 7.6). A recent analysis of EGRET, 35 MeV-10 GeV, datdr{Pet al., 2005) shows
that the limb is much brighter than the internal part of thekdiConsidering the 300—
1000 MeV radial profile in Petry et al. (2005) (which yielde thest compromise in terms
of signal and point spread function size), we see th&d% of the total emission comes
from zenith angles in the range 188.20°. Thus,~70% of the total Earth’s emission
originates within the firstv500 km of the Earth disk (as seen from a satellite in Low
Earth Orbit, LEO).

This is also confirmed by detailed Monte Carlo simulationshi@ 15-200 keV en-
ergy band (Willis, 2002). Thus, we decide to split the cdmttion of the Earth emis-
sion into two components: the limb and the disk emission. [ithb is limited within
5878 kmx R <6378 km and the disk within & R <5878 km. We also note that our
model is insensitive to small variations%0 km) of the limb and disk sizes.

The complete model which we use to explain the observed categ, in each energy
channel, as a function of local rigidity and different Eacimponents, can be described
as follows:

RE.Rc)i = I(E)i—Qi-R(E)cxe+
+ |QH™ K+ QP (1K) | RE)eann f(Re)  (74)

whereQ; = QUMb QDisk js the total “effective” solid angle (see below) occulted by
the EarthK and(1—K) are the fractions of Earth emission radiated by the limb &ed t
disk, f(Rc) is the rate-rigidity function determined by unoccultededandR(E)cxs and
R(E)garth are the CXB and the Earth components.

The observations we are dealing with are generally nonigoots and thus the changes
in the instrument configuration (e.g. number of working d&ies) must be taken into ac-
count. We do this computing exactly the “effective” solidgnocculted by the Earth for

each observation. This is defined as:
_ Np .
Qi = Zij-(l—ATijaC) -V (7.5)
=
whereNp, is the total number of sky pixelsﬁTjFrac is the fractional exposure tirhea
sky pixel of solid anglaw; is unocculted ants}’ji is the vignetting affecting that sky pixel
during thei-th observation.

2The fractional exposure time is the fraction of the exposime the sky pixel is unocculted. Thus, it
varies from 0 to 1 for completely occulted and unoccultee|sixespectively.
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Hence, the final fitting model is a function of three varialges g(QP'sk QLMb R.)
and the Least-Square fit to each energy channel yields delyattae 3 components: the
instrumental, the CXB and the Earth components. In our @itprocedure, besides the
requirement that all three parameters are constrained tmiaegative, the parameters
are left unbound. Fig. 7.8 shows a fit example. The typicalicedx? of every fit is
~1500/1700 and so it is generally very good.

0_020 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

Rate @ 18-20 keV [ct/s/det]

L ginRas LA b D ﬁ%ﬁ%ﬁm | |:
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fraction of occulted FOV

Figure 7.8: Fit example for the 18-20 keV energy channel. The green esoas the
best fit to the data. The red crosses shows the occultatitve @XB, while the brown
and the purple crosses show the emission from the limb andiskeespectively. The
solid line is an analytical function used to derive the aditialues of the fitting routine.

The conversion from the detector count space to source plspace has necessarily
to take into account the non-diagonal response of BAT. Th& B#ponse is based on
ground calibrations and observations of the Crab nebula.ablopted Crab spectrum, as
derived by the use of the standard BAT response, is descatietN/dE = 10.3 E~2128
photons cm? s 1 kev—1.
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However, it is not strictly correct to use a response for aplike source when deal-
ing with a diffuse source like the CXB. The development ofrstesponse, which requires
extensive Monte Carlo simulations of the instrument penfamces, is outside the scope
of this work. Until a proper response will not be generatad theasurement has to be
considered preliminary. We also remark that such probleenountered by all mea-
surements of CXB emission using the occultation technigonenithe Earth is occulting
a substantial part of the FOV.

7.4 Analysis of the Errors

7.4.1 Rate Variation

The rate-rigidity graphs (examples are shown in Fig. 7.8)\s& scatter in the rate around
the best fit which is generally larger than the rate statibdorors. These scatters are most
probably due to other effects which are not considered mdhalysis. The pointing di-
rections, the solar cycle, the spacecraft orientation végipect to the Earth and the Sun
can be the reasons for the observed scatter in the rate® thmscatter is limited in am-
plitude (less than 10%) we modeled the distribution of tretsecs as a Gaussian. The 1
width of this distribution gives for each energy channel stineate of the total (statistical
plus systematic) error of the extrapolated rates. Thig @wastitutes the baseline error
of this analysis and it is propagated throughout all thehfensteps.

The left panel of Fig. 7.9 shows the ratio between the totletror and the ex-
trapolated rate as a function of energy. Notwithstandimgf#tct that the systematic rate
variation dominates the statistical errors, the total reiscstill small when compared to
the rates (extrapolated to infinite rigidity) and it reacitssminimum in the 30—40 keV
range.

7.4.2 Errors connected to unprecise attitude determinatio

Analysis of sources detected during safe-mode pointinga/stihat the attitude differs
from the nominal pointing direction by 2—3 degrees. Theaife solid angle, computed
in Eq. 7.5, is a slowly varying function for degree of occtitia. As shown in the right
panel of Fig. 7.9, the fractional effective solid angle caalpproximated, in the 0.4-0.8
range, by a straight line with a slope of 0.010 d&g This means that an error of (at
most) 3 degrees in the attitude determination translatesaim uncertainty 0£3% in the
determination of the portion of BAT FOV which is occulted. i$ladditional systematic
error is taken into consideration in the analysis. We alde timat the total error is still
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dominated by the systematic error due to the scatter of tes.ra
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Figure 7.9: Left Panel: Fractional 1 sigma error as a function of energy. The frac-
tional error is the 1 sigma error (computed in the way descriin the text) divided

by the rate in each energy channilght Panel: Variation of the fractional effective
solid angle as a function of elevation.

7.5 Results of the analysis

In this section we present the main results of the analybis:aXB and the Earth’s at-
mosphere spectra. In order to avoid contamination by Gal&itige emission we used
only occultation episodes #| >20°. To verify our results we also derive the “differ-
ence” spectrum in a similar way to Churazov et al. (2006a) Ematera et al. (2006).
All spectra include systematic errors due to residual ratetion as described in 7.4.1,
systematic errors due to unprecise attitude determinatndrsystematic errors due to the
uncertainty in the instrument’s response. All quoted ariame 90% confidence for one
interesting parameter.

7.5.1 The X-ray Background Spectrum

The CXB spectrum is shown in Fig. 7.10. As a first test we fitted E1 for the CXB
spectral shape. Only the normalization of the function whsvad to vary. We found
that our CXB spectrum is in excellent agreement with the HEIA@easurement and that
the normalization of the two spectra agrees within 0.7%. W tinat the CXB intensity
in the 20-50keV band is 6.1#D.07 erg cmt2 s~ 1 sr 1 The observed flux near the peak
of the CXB spectrum at 29keV is 42.4 ké¥m=2 s ! keV~1 sr1. We find that the
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Figure 7.10: CXB spectrum fitted with the function suggested by Gruberlet a
(1999). The normalization of the fit is in perfect agreemeithwthe HEAO-1 mea-
surement. The reduced of the fit using Gruber et al. (1999) formula, with normal-
ization as the only parameter, is 38.37/55.

shape of the CXB is well described by Eg. 7.1. Tab. 7.1 shoestdmparison of our

measurement with past measurements of the CXB intensit@siilar energy bands. The
discrepancy between the BAT and the INTEGRAL measuremerit8%b) is compatible

with the different Crab normalizations adopted by the twainmments.

Fig. 7.11 shows a compilation of the X- and gamma-ray diffoaekgrounds from
keV to GeV energies. With respect to the work of Gruber et #90), we use SMM
(MeV) data (Watanabe et al., 1997) and a revision of COMPTEA.BGRET data (Wei-
denspointner et al., 2000; Strong et al., 2004). In padicuhe new analysis of EGRET
data shows that the range of validity of the Gruber et al. 9 98mula (Eq. 7.1) is now
restricted to 3keW E < 1 MeV.

We find that a good description of the available data in the\2ke& MeV range is
achieved using a jointly smoothed double power-law of thienfo
2 dN 2. C

= dE T (E/Es) s (E/En)

[keV2photons cm?s 1srkev-1]  (7.6)
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Figure 7.11: BAT CXB spectrum compared with previous results. The dasineds
the best fit to 2 ke E < 2000keV as reported in the text.

The best fit, shown in Fig. 7.11, yields the following paraengt(and I errors):
C=1(9.334+0.72) x 1072, = 1.294+0.018,, = 2.85+ 0.015 andEg = 29.79+ 1.1

7.5.2 Analysis of the Earth spectrum

The Earth spectrum derived by our analysis is shown in Fid2.7 We used Eq. 7.2
as a model to fit the data. The best fit parametgfs=(45.60/57) ard; = —4.0713,
Eg =334 13keV, I =173 andC =5.87532x 102 phenr2 st keV1sr .

The BAT Earth’s spectrum is marginally consistent with thewtdation performed by
Sazonov et al. (2006). In particular our data are not cagisistith an high-energy photon
index (") of 1.4.

The satelliteDSO-3and BeppoSAXlew in Low Earth Orbits (LEOs) aSwift, but
with different inclinations (33 and £ respectively). The BAT Earth’s spectrum is com-
patible (within the large error bars of those two missionghiwhe measurements obtained
by these two satellites (Schwartz & Peterson, 1974; Frargeal., 2006). It is worth not-
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Table 7.1. Comparison with previous results

Instrument Ref. Energyband cR lexg? lcxg this work  BAT Crab Fluy
keV
HEAO-1/A2+A4 1 20-50 9.92 6.06+0.06 6.10:0.07 9.75
HEAO-1/A2 2 20-50 NA 5.606:0.3 6.10+0.07 9.75
RXTE 3 15-20 3.72 2.360.02 1.810.02 3.30
BeppoSAX 4 20-50 9.22 5.890.19 6.106:0.07 9.75
INTEGRAL 5 20-100 17.6 ~10.459 9.50+0.10 16.4

aCrab flux quoted by the authors expressed in®lph cnt2 s 1 kev—1

bIntensity of the CXB quoted by the authors infkeVZ cm2s 1 sr1kev?

®Gruber et al. (1999) do not report about the adopted Cralirspechowever the HEAO-A4 spectrum
of the Crab Nebula can be describediat/dE = 8.76 E-2%75 photons cm? s~* keV~?! (Jung, 1989).

dAuthors do not give an exact measurement of the CXB flux, bpontethat their measurement is
~10% higher than the Gruber et al. (1999) spectrum.

References. — (1) Gruber et al. (1999); (2) Marshall et @8Q); (3) Revnivtsev et al. (2004); (4)
Frontera et al. (2006); (5) Churazov et al. (2006a).
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Figure 7.12: BAT Earth’s spectrum and best fit (solid line) as comparecdatst mea-
surements. References are shown in the legend. The dasjwiangles) from
Gebhrels (1985) are a fit to trdownwardgamma-ray flux at 5 g cnf over Pales-
tine, Texas. The measurements from Imhof et al. (1976) wenected to take into
account the correct CXB emission (details are in the text).

ing that we derived (as BeppoSAX and OSO-3) the Earth intgnsing different orbital
positions and thus averaging over magnetic latitude. Maeas generally the Earth
comes at large angles in the FOV, we do not observe the upvlaed@ but the albedo
emerging at different zenith angles. This also seems coefirby the similarity of our
spectrum with thelownward gamma-ray flux measured over Palestine, Texas (Gehrels,
1985).

In the case of the polar-orbiting satellit®72-076B Imhof et al. (1976) found that
above 40keV the photon spectrum is consistent with a poswerwith index ranging
from 1.34 to 1.4 depending on the latitude scanned. Theisareaent is based on the
difference between pointings towards the atmosphwevf) and pointing towards the
sky (Up). In order to derive the Albedo spectrum the authors sum KB €mission to
theDown-Upspectrum (see Eq. 5 in Imhof et al. 1976 for details). For tk8 @mission,
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they use the measurement from Pal (1973) which describeSXBephoton spectrum as
dN/dE = 25E~21. This formula differs in the 40-200keV range in both norroation
and photon index from the HEAO-1 CXB spectrum. Thus, we abec the Imhof et
al. (1976) Albedo spectra taking into account the diffeemnbetween the Gruber et al.
(1999) and the Pal (1973) CXB spectra. After the correcttbe,two (equatorial and
polar) Albedo spectra are consistent with a power-law whps#on index is~1.7 and
are in excellent agreement with the BAT Albedo spectrum.

Since RXTE flies in a similar LEO orbit (height of 580 km and°28clination) as
BAT we can use the BAT Earth’s spectrum to predict the emisgidhe 15—-20 keV band
(which is neglected in the analysis of Revnivtsev et al. 2003e expected flux from
the Earth results in 2.460.5 x 10~° erg cn? s~1sr-1. Thus, the difference between the
RXTE and the BAT CXB spectra, in the 15-20keV, is compatibfeef correcting for the
different Crab normalizations) with Earth’s emission.

7.5.3 Analysis of the difference spectrum

In order to verify our results, we derive the “difference®sfrum as derived by Churazov
et al. (2006a) and Frontera et al. (2006). This spectruneidifference between the CXB
and the Earth emission. It is readily derived from Eq. 7.3 as:

R(E)i = 1(E)i — Qi - [R(E)cxa— R(E)eart] (7.7)

whereQ; is the solid angle occulted by the Earth during ittt observation. The fit to
each energy channel produces the difference spectrum shéwg 7.13. As in Churazov
et al. (2006a), we fitted the difference spectrum with two porrent models: 1) the CXB
spectrum as determined by Gruber et al. (1999) and 2) thé Earission approximated
by Eq. 7.2 as suggested by Sazonov et al. (2006). Thus, thelfisythe normalization of
the two components. Freezing the photon indexes of Eq. #2adnd 1.4 respectively (as
suggested by Sazonov et al. (2006)) gives an unacceptaikt feduced? > 10). The
fit does not improve even if we take into account the fractib@XB emission reflected
by the Earth’s atmosphere as suggested by Churazov et @61§20

We, thus, decided to leave as additional variables of thiedt4 index of Eq. 7.2. The
best fit ((?=55.65/53) yields a steep photon index= 1.95+ 0.15. The fit residuals are
shown in Fig. 7.13. The normalization of the CXB, as derivexhT the fit, is consistent
with the CXB spectrum derived in Sec. 7.5.1.
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Figure 7.13: Difference spectrund = Rcxg— Rearth With the best fit model. The
CXB was modeled using the Gruber et al. (1999) formula welg thre overall nor-
malization is left free to vary. The Earth spectrum is appr@ated with Eq. 7.2 as
suggested by Sazonov et al. (2006) except that the higlpephioton index(2) is
left free to vary.

7.5.4 Checks on the solution

We repeated the analysis for different values of khparameter of Eq. 7.4. Since the
Earth occultation technique is highly sensitive on the lEanbdel used, we expect that
variations of thek parameter will reflect on the goodness of the solution. Theaggen-
eral consensus that the spectral shape of the CXB is wellibedcby Eq. 7.1. Thus,
we can assess the goodness of our solution in terms of daviatim the canonical CXB
spectrum using the reduced of each fit using Eq. 7.1 as model (with only the nor-
malization as parameter). Results are shown for clarityign ¥.14. It is apparent that
the onlyK values which yields an acceptable solution are those inahga~0.7 with

a surprisingly narrow allowed range. The 0.7 factor is ineagnent with the Comptel
and EGRET measurements (Schonfelder et al., 1977; Pe#ly, @005). As soon aK
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departs from 0.7, the Earth model becomes inadequate tefadbultation profiles and
this translates in a CXB spectrum which deviates from th@omal one consistent with
earlier measurements.

1 1 1 I 1 1 1 I 1 1 1 1
(964 0.66 0.68 0.7 0.72 0.74 0.76
Limb emission fraction

Figure 7.14: Reducedy? of the fit to different CXB spectra obtained varying the
fraction of limb emission. The solid line is a smooth line nenting datapoints.

7.6 Conclusions

BAT is the first instrument after HEAO-1 to measure the spautof the CXB in the
15-150keV range. This measurement takes advantages oakepesodes of CXB flux
modulation due to Earth’s passages in the BAT FOV. We devalsimple Earth’s emis-
sion model based on COMPTEL and EGRET observations of thi#n'Eaklbedo. The
model, which is also based on a detailed Monte Carlo sinaragllows us to investigate
the shape of the CXB and Earth’s spectra. We find that the BAllthe HEAO-1 CXB
spectra are in excellent agreement. Additionally, we yetie value of the CXB flux in
the 15-100keV range adopting an approach similar to the ecently used by INTE-
GRAL and BeppoSAX (Churazov et al., 2006a; Frontera et &8062. This procedure
confirms our previous result.
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Remarkably, this study also shows that all the availablesonesnents in the 10 keV
range agree with the BAT CXB spectrum after correcting féfedent Crab normaliza-
tions and residual Earth’s emission. The new analyses of BOBL and EGRET data
(Weidenspointner et al., 2000; Strong et al., 2004) showttheaformula suggested by
Gruber et al. (1999) for the diffuse X- and gamma-ray backgds is only valid in the
< 2MeV energy range.

Our study also derives the Earth’s Albedo spectrum averagedmagnetic latitude.
The BAT spectrum is in agreement with all the previous obetgons performed by satel-
lites flying at similar LEO orbits. This work shows that therte&s spectrum declines at
energies>40 keV as a power-law with photon index#fL.7 and not as 1.4 as previously
thought. A re-analysis of the measurements performed bypletal. (1976) is in perfect
agreement with the BAT Earth’s spectrum. The good agreearaong all the available
measurements allows to use the BAT Earth’s spectrum togiredckground contribution
from the Earth for other instruments.
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Conclusions and Outlook

Conclusions

In this work | have developed a new method to detect and aeahezhard X-ray sources
revealed by Swift-BAT and studied different aspects of tlesi@ic X-ray background
(CXB). In the current understanding the CXB radiation aifem the integrated emis-
sion of all the Active Galactic Nuclei (AGN) present in theillgrse. Current evidence
points toward the existence ofyat undetectegopulation of highly obscured (Compton-
thick, Ny > 1.5 x 1074H-atoms cm?) AGN. These sources are normal AGN viewed at
an angle such that our line of sight passes through a denseptGo-thick, torus which
absorbs most of the emitted radiation below 10 keV. The dgn$such AGN is inferred
from population synthesis models which try to reproduceititensity of the CXB (in
particular around 30 keV).

In this thesis, | investigated the density of such a popoatif Compton-thick AGN by
direct detection of such objects in the 15-200 keV bandizedll) by imaging techniques
and then 2) by spectral and statistical analysis of the tedesource sample; and finally
3) performing a new accurate measurement of the CXB backdrepectrum.

Surveys at> 10keV can provide an unbiased census of the AGN populaticeshe
emitted radiation is, above this energy, unaffected by wizon. Unfortunately, the
impossibility (at present) of focusing hard X-rays limitegtly the sensitivities of such
surveys. The launch of the Burst Alert Telescope (BAT) handX detector, on board the
Swiftmission, has opened a new window on the hard X-ray sky. Theaapons that it
would provide the first sensitive all-sky survey in the 1828V band are being fulfilled
day-by-day. In order to take the maximum advantage from thE &urvey | developed
an imaging reconstruction algorithm based on the Maximukelihood (ML) method
which allows to reach the statistical limit of the survey.eTML approach preserves the
full statistical information in the data and allows to redule systematic noise connected
to image mosaicking techniques which other methods canad.aThe first part of the
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thesis is centered around the implementation of the ML ntktAdis method is used to
reconstruct, in the 14-170keV band, the image of a 90x98 degjon of the sky which
BAT surveyed to~ 1 Ms of exposure. The study was conducted in parallel to a eamp
for optical spectroscopic identification of BAT-selectediragalactic objects.

The full analysis of the noise properties of the image shdwas this survey is the most
sensitive for a given exposure time and that systematicensisegligible. 61 hard X-
ray sources are detected above theddtbreshold and only 12 of them were previously
known as hard X-ray emitters. Monte Carlo simulations shioat &it most 1 out of the
61 source candidates is a spurious detection. | showedh@aiorrelation of our source
sample with the ROSAT-PSPC (0.1-2.4 keV) All-Sky SurveygBtiSource Catalog pro-
vides reliable counterparts for 30 objects. This also desitite presence of photoelectric
absorption in at least half of the samp&wift XRT observations (0.1-10 keV) allowed to
firmly identify the counterpart for additionally 7 sources.

In the second part of the thesis a method to extract accuraég Xpectra for all the
detected sources is presented and an analysis of theisgisbperties of the sample is
performed. Whenever archival data from sensitive soft Xedaservations (ASCASwift
XRT and BeppoSAX) were available, | produced a joint fit totswfd hard (BAT) X-ray
data. Analysis of the X-ray colors shows that the populattb@ompton-thick sources
may represent a fraction as high as 20% of the total AGN pdipuala In order to sup-
port this claim with observational data, | performed a stacK-ray spectral analysis of
the 3 classes of emission line AGN detected in our surveyfedey (Syl), Seyfert-2
(Sy2) and candidate Compton-thick objects. This analysisals that: Sy2 sources have
harder spectra than Syl objects and show evidence of meddrabrption along the line
of sight (N ~ 10?3 H-atoms cn2); on the other hand the stacked spectrum of candidate
Compton-thick sources shows evidence, in the lowest engdrggnels (14-22 keV) , of
photoelectric absorption by Compton-thick matter. In orteexclude that instrumen-
tal effects or systematic errors were biasing the analysigracted the spectra of two
bright well known Compton-thick sources (the Circinus ggland NGC 4945). These
two spectra are not only in agreement with previous obsemnst but clearly reveal the
Compton-thick nature of the sources. The photoelectrieoffupresent at low energy
(E<30keV), in the spectra of these known sources, is very sinalthe one found in the
stacked spectra of candidate Compton-thick sources. Thigsanalysis shows that BAT
is currently the only operational instrument which can edveew Compton-thick objects
by detection of the photoelectric cut-off. The fraction afr@pton-thick sources is, from
this analysis, bound in the range 10-20%; the determinafitite exact value must await
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sensitive soft X-ray observations to confirm the nature efgburces. Proposed XMM-
Newton observations of 7 candidate Compton-thick sourca® wccepted and will be
performed in 2007.

The<VIV uyax > test additionally shows that the significance threshold fieedetecting
sources was correctly set. The sample of sources deteceadfenam the galactic plane
(|b| > 15°), is used to construct the cumulative source count digtahyalso known as
logN-log$S relation). This shows that the AGN density, abfiuges of 1011 erg cn1?

s 1, is 0.0287 deg? and that the AGN spatial distribution is in agreement with Eu-
clidean distribution. Moreover, at the current flux limitof2 x 10 1terg cnt2s~1, BAT
resolves only 1-2% of the CXB emission into AGN in the 14-1&0Jland. In order to
resolve a bigger portion of the CXB emission in point souyas would need an in-
strument able to probe, in the hard X-ray band, fluxes of tdermof~ 10 13erg cm 2
s~L. This kind of measurement has to wait for the next generatidvard X-ray missions
like eROSITA or Simbol-X. In the meantime, important infation can be derived from
the statistical properties of hard X-ray selected AGN. A-salmple of 21 extragalactic
sources which is 90% complete (i.e.: 90% of the sources hHaweaa optical classifica-
tion) can be used to derive statistically solid quantitifise analysis shows that the BAT
AGN sample is truly local (mean redshift is 0.031) and that(22/18) of Seyfert galaxies
are of type-II. Intrinsic absorption is present4n63% of the AGN; this is lower than the
75% predicted by the Unified AGN model, but in agreement widvipus measurements.
Highly luminous highly absorbed QSOs, which are thoughtive gn important contri-
bution to the CXB emission, were never found in large numbetke past. This survey
suggests that the fraction of these objects could be in the2+ange of the total popula-
tion. However, the uncertainty on this value is given by tieklof sensitive observations
in the 2—-10keV range which does not allow to derive a solidrede of the absorption
for 3 QSO candidates.

The last part of the thesis is devoted to derive a new speatfutime CXB emission
in the 15-150keV range frol8wiffBAT data. This measurement is of interest because
the intensity of the CXB peak at30keV is the only observational evidence used to
constrain the density of Compton-thick objects. Moreottes, last measurement of the
CXB spectrum in hard X-rays dates back to 1988d many authors have recently ques-
tioned its correctness. Measurements in hard X-rays arergiiy difficult as presently
flying instruments do not have a simple way to discriminageGXB radiation from other
components of the instrumental background. Thus, the &/gipproach is to produce

3Revised analyses of the same data were performed morelgecent
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an ON-OFF measurement where the difference betweenQNeand theOFF pointings
cancels the instrumental background. For wide field of viel@dcopes, the observation
of the Earth provides a suitab@®@FF pointing. Unfortunately, above 10 keV the Earth is
a powerful emitter of X-rays due to Cosmic Ray bombardmentsodtmosphere. This
severely limits this technique since an assumption on hgté of spectra (the CXB and
the Earth’s emission) has to be made. This is the techniqoted in the recent (2006)
measurements of the CXB emission performed by the INTEGRAd the BeppoSAX
satellites. Both measurements test the normalization®fdKB spectrum, but not its
spectral shape. In this thesis, BAT data are used to deres€¥B and Earth’s spectra
using the Earth occultation technique. The difference betwthis measurement and the
previous ones is that a detailed Earth’s emission modeles &3 disentangle the two
(CXB and Earth’s) spectra without prior knowledge of theaestral shapes. The Earth
model is based on well known observational facts. In padrcut is well known that
the Earth’s limb is brighter (in X-/gamma-rays) than thetcalnpart of the Earth (disk).
Moreover, the Earth’s X-ray flux is expected to correlatenweint-off rigidity as the parent
Cosmic Ray flux does. Both effects (bright limb and modulatd the Earth’s flux with
rigidity) are present in BAT data and thus they can be usetacacterize the Earth model.
This analysis is also based on a thorough knowledge of thedBBital background and of
its variability along the orbit. The resulting CXB spectrisnn excellent agreement with
the previous HEAO-1 measurement; moreover, all recent uneasents are in agreement
with the BAT one when taking into account instruments’ irtalibrations and neglected
Earth’s emission. Thanks to this approach, BAT is the onstrument after HEAO-1
able to produce a measurement of the CXB spectral shapeethdionfirmation of the
goodness of this study comes from the analysis of the EaXtn&sy spectrum. The BAT
spectrum is the best measurement of the Earth emission thXxaays. The very few
measurements available (some date back to 1970) are allréemgnt with the BAT
spectrum. My analysis shows that the Earth’s X-ray spectlaniines above 40keV as
a power law with photon index of 1.7 instead of 1.4 as commobeljeved. This finding
is independently confirmed by a re-analysid 67 2-076Bsatellite data which constitutes
the only good-quality Earth’s data (excluding BAT). Thegimial author’s measurement
was biased by the use of a wrong CXB spectrum; when using ttieatdCXB spectrum
the1972-076Bmeasurement is in excellent agreement with the BAT speatanfirming
the 1.7 power law spectrum at high energy. All this confirme this dual analysis (the
CXB and Earth’s emission spectra) is one of the most seaséwer performed in this
energy range.
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Outlook

This study represents a step towards the understanding ofritssing” AGN popula-

tion. Whether there are enough Compton-thick AGN to expil@unresolved fraction
of the CXB depends primarily on the detection of new objettse new Compton-thick
candidates found in this study may account for the “missragtion” of Compton-thick

AGN (10% is the observed fraction while 20% is what is preaticby theory). How-

ever, an answer to such a delicate question needs alwaysigpeindent confirmation. |
thus proposed and obtained, as part of the INTEGRAL key pirogres, a 6 Ms INTE-
GRAL observation (3-300 keV) of the North Ecliptic Pole (NEPhis observation should
not only produce the deepest and most sensitive hard X-ragreation to date, but its
primary goal is to constrain, in a very well studied extragét region, the fraction of
Compton-thick sources.

A survey always unveils all kind of different objects. Amotige most interesting
ones found in this work, | can report about the high redshiizBrs. Blazars are part of
the AGN family, but have a jet of matter moving at relativisspeed pointing towards
us. The emission process which explains the observed Btaaperties is, probably, In-
verse Compton scattering of low energy photons off relstiwielectrons. This produces
a spectrum which peaks at MeV-GeV energies. The objectshadrie detected by BAT
lie at high redshift & 1) and have their peak emission redshifted into the the BAFgn
band (15-200 keV). Given the high redshift (and other prigpelike radio-emission, etc.)
Blazars constitute, in the BAT survey, a completely difféngopulation with respect to the
Seyfert-like AGN. A proposed 1 Ms INTEGRAL observation oétimost luminous high
redshift gamma-loud Blazar ever discovered has been apgrawd partially performed.
This observation has not only the goal of understanding ticelaration mechanism of
such powerful class of objects, but also to study the meapepties of Blazars detected
in the BAT survey. Indeed, Blazars which are thought to poeduost of the extragalactic
background at MeV-GeV energies, constitute a fractionectos10% of the total AGN
population detected in the BAT survey. This fraction is, @gent, equivalent to the frac-
tion of Compton-thick sources and thus its contributionite €XB emission should be
evaluated in the future.

It is also worth to mention that the effort to identify the Hgwetected objects of this
work will continue. This will provide new insights on the soa populations detected by
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BAT. In particular, 1 do expect, considering the source taes and X-ray colors, that a
relevant fraction of the unidentified sources be of Galaatigin. As this work shows, a
good fraction of them could be Cataclysmic Variables (CVE)is is today of extreme
interest as some authors claim that the Galactic ridge Xenaigsion is not truly diffuse,
but produced by millions of low luminosity objects (in patlar CVs).

Though it is always a blind guess to estimate the long-terrfopeances of an in-
strument (background-dominated) like BAT, there are goqeketations that after three
years BAT will have acquired a deep quite uniform exposurthefwhole sky. Consid-
ering the density of AGN, as determined by this work, and amegosure of 2 Ms,
the BAT extragalactic catalog should count more than 500c&su With such statistics
BAT can pose tight constraints on the number of Comptorktbigects, the shape of the
absorption distribution and the anticorrelation of lunsitg and absorption.
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Calibration of the MEGA ACS

In Section 2.3 we have studied how the instrumental backgtptine dead-time and the
effective area affect the instrument’s sensitivity. Simtehe gamma-ray energy range
the fluxes from astronomical sources are generally muchlsntalan the instrumental
background, it is necessary to make every effort to supgressrbital background to
achieve the best sensitivity. Background suppression eaachieved using passive or
active shielding. In passive shieldings, the suppressiarbtained through absorption
of radiation and charged particles in the materials of theldimg. The active systems
use scintillator materials coupled to photo-multiplieysietect charged particles; once a
background event is detected a veto signal is issued to blecklata acquisition. Two
similar instruments, BAT and IBIS (on board tBsviftand INTEGRAL missions), em-
ploy a passive and active system respectively. Most clalsgamma-ray telescopes like
COMPTEL or EGRET (Schonfelder et al., 1993; Kanbach et1#188) on CGRO have
been equipped with large anticoincidence systems madastipkcintillators in the form
of domes surrounding the detector units.

Here, we describe the calibration of the Anticoincidencgey (ACS) planned to be
used during a balloon flight for the MEGA prototype. Such gtigdalso of interest be-
cause the Gamma-ray Large Area Space Telescope (GLAST,d3wn2004), planned to
be launched in October 2007, employes a similar ACS to sspythe orbital background.

Al MEGA

TheMedium Energy Gamma-ray AstronofWfEGA) instrument is a telescope sensitive
in the 0.4-50MeV energy band (Kanbach et al., 2004). MEGAeisighed as a suc-
cessor of COMPTEL and EGRET (low energies) in order to fill Hegere sensitivity
gap between the operating and scheduled hard X-ray and gaiaymaissions. Fig. A.1
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Figure A.1: Schematic drawing and working principle of MEGA.

shows the design and the working principle of the MEGA tedgsc In the 0.4-50 MeV
energy range, MEGA exploits the two dominating interactimechanisms for gamma-
rays: Compton scattering and Pair creation. To fulfill thisgose best, MEGA has two
detectors: a tracker, consisting of double-sided silidop sletectors, and a calorimeter,
consisting of highly segmented CslI(Tl) bars. In case of Ctmmjnteraction the tracker
measures the vertex position, energy and momentum vectioe @lectron while the scat-
tered photon interactions are recorded in the calorimEtem the positions and energies
of the correctly sequenced interactions the incident phadicection is computed from
the Compton equation. The primary photon’s incident diogcts either constrained to
an “event circle” (untracked primary electron) or to an “ewarc” as shown in A.1. Since
the electron scattering direction occurs preferentiadigpendicular to the direction of the
electric vector of the incoming photon, MEGA can also be wused polarimeter.

In the case of pair production, the incident photon convettsan electron-positron
pair in the tracker. The momenta of the pair particles areked and determine the
incident photon direction. The total energy is given by tb&ltdeposit in the tracker
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and/or in the calorimeter.

As a proof of concept a prototype of the MEGA telescope has lbedt and fully
calibrated (Zoglauer, 2005; Andritschke, 2006). The pxgie tracker contains 11 layers
with 3 x 3 arrays of 50Qum thick silicon wafers, each 6 6 cn? in size and fitted with
128 orthogonal p and n strips on opposite sides. A typicaiggnesolution of 15-20 keV
full-width-half-maximum (FWHM), a position resolution @0um and a resolution time
of ~1ps was achieved. The prototype calorimeter consists of 2Quiasedeach with an
array of 10x 12 Csl(Tl) scintillator bars of cross-section<® mn?. The upper side
modules are 2cm deep, the lower side wall 4cm, and the botdarimeter is 8 cm
deep. Depending on type, the energy resolution of the ca&iéar varies between 40 and
100 keV for 0.5-1.3 MeV photons.

Figure A.2: Photograph of a model of the MEGA prototype inside the opessure
vessel. The upper part of the ACS is shown on the table. Thok Iblaxes attached to
the ACS are the EGRET PMTSs while those on the table are the Elaictronic Box
(MEB) and the Low Power Control (LPC).

A photograph of the prototype detector integrated on a rodwsport structure, which

allows to transport and handle the telescope in beam tebrai@ns and on a balloon
payload, is shown in Fig. A.2.
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A.2 Anticoincidence Shield

The MEGA prototype is equipped with an Anticoincidence 8h{&CS) to suppress the
background generated by the impact of charged cosmic raiysther energetic particles.
The ACS surrounds completely the tracker and the calorirmetEhe upper part of the
ACS comprises 4 panels while a single flat panel is placediotile tracker. The ACS has
a base with an area of 62525 mnt and height of 620 mm. It is made of 0.5in plastic
scintillator plates (Bicron BC 412) with a maximum emissigavelength of 434 nm and
a refractive index of 1.58. Light collection is achievedangh wavelength shifting fibers
which are glued internally with a pitch of 1 cm. The fibers dre Bicron BCF-92 which
shift the emission peak to 492 nm and yield a decay time-ef2.7 ns. The fiber assem-
bly is shown in the left panel Fig. A.4 where the bundling of fibers onto the PMT
attachments is visible. The right panel of the same figurevsteodrawing of the MEGA
prototype surrounded by the ACS. The photo-multipliersegiPMTs) are spare units
from the EGRET satellite project (Kanbach et al., 1988). &letronic boxes are also
flight spare modules from EGRET, one is the Main Electronix BdEB, responsible
for the pulse forming) and the other is the Low Power Contt®1¢). The signals from
the PMTs are summed for the upper ACS unit (PMT 1-4) and fotawer plate (PMT
5-6) separately. These 2 vero signals are fed into the MEG#cznce unit where the
upper signal is treated as an absolute veto. The lower péditesignal can be enabled or
ignored by commanding the coincidence unit. This is donedeioto avoid the self-veto
of high-energy pair creation events. A schematic of the A@Steonic is shown in Fig.
A.3. The use of the fibers favours the uniformity of the reg@oaver the whole ACS

command |nter‘rac_eI o
to coincidenc
veto signals electronics
—

power (28V)

PMT1 PMT2 PMT3 PMT4 PMTS PMT6 MEB LPC

| ‘ ‘ ‘ ‘ ‘ output signals | l

command interface

power supply

Figure A.3: Schematic of the ACS electronic (Andritschke, 2006).

surface. This solution was adopted after the experiende thé EGRET ACS. Indeed
the EGRET ACS (which did not use fibers and achieved lighectibn through internal
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Figure A.4: Left Panel:View of the (uncovered) upper part of the AGSight Panel:
Technical drawing of the MEGA prototype surrounded by theSAC

light reflection) observed a sharp variation in energy thoés as a function of hit posi-
tion. This is clearly shown in Fig. A.5 where the energy thiad varies of a factor 20
with the distance from the PMT. This variation is mostly daertternal light absorption
and reflection loss over a long path.

A.2.1 Uniformity measurements

We measured the uniformity of the response of each ACS faoe nleasurement was per-
formed moving &33Ba radioactive source (37.7 MBq) over each ACS panel withehpi
of 2.5 cm. At each point, we measured the count rates regasterthe PMT connected to
the ACS face being tested. Each measurement was correctidu fenvironmental back-
ground. The radioactive source was collimated using a 5 ek thad collimator with an
approximate solid angle of 0.003 sr. Figure A.6 shows thegset the experiment.

In the energy range of interest G0 keV),133Ba emits gamma-rays after an electron
capture with the following energies (and probabilities):k&V (34%), 276.4 keV (7%),
302keV (18%), 356.01keV (61.9%), 383.85keV (9%). Befordqrening the measure-
ment we verified that there was no leakage of gamma-raysdhrthe lead collimator.
We checked this by monitoring the registered count rate ametibn of the collimator
distance from the ACS. We determined that the radiationitgathrough the collimator
was negligible as the count rate remained stable from 2 cri torb

Fig. A.7 and A.8 show the result of our measurements for theeupnd lower part
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Figure A.5: EGRET-ACS energy threshold as a function of the distance fitoe
base where the PMTs are located. Datapoints are from G. Kar{(pavate commu-
nication).

Figure A.6: Experimental setup for the uniformity measurement.
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Figure A.7: Background-subtracted count rate as a function of beantiposlnits
are ct/s. The most sensitive regions of the ACS are gendhaise located closely to
the PMTs geropositions of theRowsandColumnsaxes).

of the ACS respectively. There is a noticeable increaseditbaty in the regions close

to the PMT positions due to a better light collection. Thdadd#nces of the registered
rates between different faces is consistent with the déeveesnsitivities of the 6 PMTSs.
We verified this measuring cosmic ray (CR) events with the 6TBMttached in turn to

the same plastic scintillator.

In order to take into account the different PMTs sensi@gtive divided the detected
rates by the mean rate value of each ACS panel. The overafibdison is shown in
Fig. A.9. The uniformity over the whole ACS surface is extedyngood as 68% of all
measurements are within 15% of the mean rate value of eaeh fdowever, we must
note that the real ACS performances will be even better. eSihe plastic scintillators
are internally connected, some light can pass from oneikkafat to the next one and
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Figure A.8: Bottom panel of the ACS read out by the left-hand PMT (left)l dime
right-hand PMT (right). Units are ct$.

generate a signal. Here this effect could not be noticed aseve reading only the PMT
connected to the face on which we were performing the measne

A.2.2 Inefficiency measurements

The orbital background level an instrument will experiedepends on the capability of
the ACS to reject CR events. Thus, it is important to assesA@S inefficiency (i.e. the
number of undected events divided by the total number ofteyen

We set up a muon telescope using three scintillators/PMTlsarway shown in Fig.
A.10 (pictures are shown in Fig. A.11). Between the lower BNMe used a 5 cm thick
lead plate to improve the overall efficiency for muons ang stay low-energy secondary
or shower particles. The total number of detected eveniséndpy the triple coincidence
of the muon telescope. The number of ACS detected eventses by the coincidence
of the ACS and muon telescope signals. We assessed the nofimerkground events
(most probably given by air showers) displacing the intetiae PMT so that muons
(which travel straight) could not trigger the telescopee Efficiency measurement could
only be performed for the upper part of the ACS as the lowetr\was already mounted
inside the pressure vessel and there was no space left fartimguhe muon telescope.

After correcting for background events, we derived thefioieihcies shown in Tab.
A.1l. Thus, the inefficiency vary in the range 0.1-0.7%. Agame must note that the
different values of inefficiency are due to the different PMised.
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Figure A.9: Distribution of all uniformity measurements (Fig. A.7 andBAdivided
by the mean rate of each ACS panel to take into account therelift sensitivities of
the PMTs. The dashed line is a Gaussian fit to the distribufitie 10 width is 0.15.

Table A.1: ACS inefficiencies.

Face A FaceB FaceC FaceD
Inefficiency 0.0068 0.00488 0.0036 0.0017

A.2.3 Energy Threshold measurements

In order to derive the energy threshold of the ACS, we peréatiaset of 3 measurements
to calibrate the energy in the detector. The first measuremas done to evaluate the
spectrum of the background while the other two were performith 133Ba and®/Co
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Figure A.10: Schematic of the muon telescope setup. A CR air-shower doaild
exchanged for a muon if secondary particles are detectetl three PMTs at the
same time.

radioactive sources. The spectra taken with the radicasturces are shown in Fig.
A.12. The presence of a background line at high energy (stergiwith*°K) also allowed
us to evaluate the non-linearities of the calibration. Tédatron used to calibrate the ACS
is a quadratic fit to the energy-channel relation shown in Kid3.

Once the ACS has been calibrated the energy threshold canrbputed and this
results to be around 70 keV. The energy resolution of the AJ$0d, being 44.18 keV
and 63.215keV (FWHM) at 356 and 122 keV respectively.

A.3 Conclusions

The calibration highlighted the good performances of th&AThe capability of the ACS
to reject up to 0.993 of the particle background influencesctly the final sensitivity of
the instrument. Thanks to the use of wavelength shiftingdilthe efficiency is expected
to vary only slightly over the whole ACS surface (with respedts mean value).

201



Appendix A. Calibration of the MEGA ACS

Figure A.11: Muon telescope set-up for the inefficiency measurementté@lascope
consists of three PMTs. The upper one is shown on the leftl parike the the lower
PMTs are shown on the right. To reject events originated fydaergy secondary
particles we inserted a 5 cm thick lead brick between the om@t PMTSs.
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Figure A.12: 133Ba (upper panel) artiCo (lower panel) spectra. The feature around
2200 ADC channels is consistent as being emission fromemvienta°K. The red
solid line is a fit to the data.
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