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Abstract

This thesis presents long-term X-ray and TgYvay observations from 2000 to 2006 of three TeV
blazar type Active Galactic Nuclei (AGN): Mrk 421, Mrk 501néiH1426+428. Standard emis-
sion models for TeV blazars predict correlated and highlyaide X-ray and TeWe-ray radiation
from accelerated electrons in a jet orientated along owr @ihsight. By using a large sample
of near simultaneous observations, this thesis examintesi{pal flux and spectral correlations be-
tween the X-ray and TeY-ray energy bands. Joint nightly observations of Mrk 42 hwliie X-ray
instrumentRXTEPCA, and at 0.5-10 TeVY-ray energies with the Whipple 10 m telescope during
periods ranging from a week to 6 months revealed complicdtigth amplitude flaring. Spectral
variability was investigated for the rising and decay pkasilarge isolated day timescale flares.
Generally, the X-ray and TeY-ray spectra hardened with increasing integral flux, butresistent
spectral evolution was not shown between individual flafdssorption of the Te\Vy-ray energy
spectrum by the extragalactic background light (EBL) wasemed for. During a large flare in
March 2001, tentative evidence was found for a highly cuiméthsic TeV y-ray energy spectrum
peaking at 0.85- 0.22 TeV simultaneous to a curved X-ray spectrum peakinglgt2 0.19 keV.
RXTEPCA and Whipple 10 m campaigns on Mrk 501 and H1426+428 sheigaificant X-ray
spectral variability, however the Te\tray integral flux remained near the detection limit of the
Whipple 10 m. The broadband 0.6-20 keV X-ray spectrum of the\3 blazars was investigated
with XMM-NewtorandRXTEPCA observations.

In addition to simultaneous day timescale variability, lwge sample of Whipple 10 m ob-
servations from 2000 to 2006 allowed for a detailed studyngttermy-ray variability. For Mrk
421, a weak correlation with large spread is shown for theppei 10 m integral flux above 0.6
TeV andRXTEASM X-ray rate on month timescales. From 2001 to 2006, Mrk &@% recorded
by the Whipple 10 min a low flux state of 27% of the integral fleorh the Crab nebula supernova
remnant. In July 2005, the MAGIC telescope recorded largé jreay flaring in Mrk 501 by a
factor > 3 of the Crab nebula flux. This high flux state occured aftenitiepple 10 m observ-
ing period on Mrk 501 in June 2005, and so could not be verifietthis work. The detection of
H1426+428 at TeW-ray energies by the Whipple 10 m in 2001 is confirmed in thiskywbow-
ever the source was not detected again by the Whipple 10 maoSerear period. The detailed
study of TeV blazar X-ray ang-ray variability in this work highlights the need for highrsstivity

observations to better resolve complicated and unprduettaring states.
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Preface

The aim of this thesis is to expand on previous blazar vdiglstudies by measuring the X-ray
and TeVy-ray flux and spectrum of three TeV blazars over a long-terred period. This preface

is intended to clarify the thesis organization and contgrexamining each chapter:

e Chapter 1 The discovery and early investigations of blazar type Axiwalactic Nuclei
(AGN) are reviewed in order to provide a general context &©ThV blazar results presented
in chapters 5-7. Pioneering work toward the accepted blaaarework of relativistically
beamed jet emission is highlighted, concluding with an wesy on current leptonic and

hadronic emission models and characteristic blazar sgemtergy distributions (SEDS).

e Chapter 2 Current X-ray satellite observatories are introduced, thed performance com-
pared. Data reduction methods are described fortB80 hours ofRXTEPCA data and

>200 hours oiXMM-Newtordata analyzed in this thesis work.

e Chapter 3 After an overview of air shower physics and the imaging atohesic Cherenkov
technique (IACT) of TeWe-ray telescopes, operations with the Whipple 10 m teleseope
described. Gain calibration and a large setyafiy air shower and detector simulations

generated in this work are discussed.

e Chapter 4 The Whipple 10 m telescope data reduction methods develop#ds work
are described in detail. The flux and energy spectrum of ttab @ebula was measured
from 2000-2006 with the Whipple 10 m telescope to test thdyaisaprocedures on long
timescales, since the Crab is a bright non-variable caldmwaource at Te\y-ray energies.
The Whipple 10 m results on the Crab nebula were shown to agitea systematic errors

to recent results from other IACy¥-ray telescopes.

e Chapter 5Long-term TeVy-ray flux and spectra results of Mrk 421, Mrk 501, and H142@+42
are presented from the600 hours of Whipple 10 m observations. The TeV energy spectr
of Mrk 421 was measured over a large range of flux states, withak correlation of spectra
hardening at increasing flux levels. The energy spectrumm301 and H1426+428 were

also measured and corrected for absorption by the extretgalzackground light (EBL).

e Chapter 6 Joint RXTEPCA and Whipple 10 m observations of TeV blazars from 2001
2006 were investigated for variability on day timescalegve® observing campaigns on

Mrk 421 ranging from a week to 6 months displayed conflictiragifig behavior between

Vii



the X-ray and TeVW-ray energy bands. In particular, simultaneous X-ray and 3pec-

tral evolution during the rising and decaying phase of daescale flares differed signifi-
cantly between observing periods. Mrk 501 was observed awetlux state in June 2004,
with little variability shown in the X-ray band. Stronger &y variability was shown for

H1426+428 over the period of March to June 2002.

Chapter 7 Three key aspects in TeV blazar studies are addressed,dyami the results
in chapters 5 and 6. First, the X-ray and TeAfay flux states from simultaneous obser-
vations are shown to be weakly correlated, contradictireyipus claims of a strong flux
correlation. Second, SEDs of the three blazars are consttugith past measurements,
and are discussed in the framework of the Synchrotron Seffy@on (SSC) model. Third,
long-term X-ray and TeW-ray flux variability is compared between the three blazénse
immediate conclusion from this large sample of TeV blazaeotations is that higher sen-
sitivity observations with better temporal sampling aredd to disentangle the variability

timescales of TeV blazars.
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Chapter 1

The Blazar Class of Active Galactic

Nuclei

Increasingly large surveys of over3@alaxies reveal that only a small percentage contain strong
non-thermal activity in their core (Hao et al. 2005). Thedstof Active Galactic Nuclei (AGN)
began in 1943 when Seyfert detected nuclear emission Im#icores of 12 galaxies (Seyfert
1943). A small class of AGN termed BL Lac objects were discedten the 1970s with variable,
highly polarized, and nearly featureless continuum erorssi the radio and optical bands. These
unique observational properties were interpreted withiftamework of relativistically beamed
synchrotron emission emerging from the base of a centrallygped jet oriented along our line
of sight (Blandford and Rees 1978). Showing similar indarag of beaming effects, but differing
in the relative strength of emission lines, BL Lac objectseneintly classified with flat spectrum
radio quasars (FSRQs) as blazars (Angel and Stockman 19B6)detection of rapig-ray vari-
ability in the blazar 3C 279 by EGRET onboard th&ROsatellite, and hour timescale variability
detected in Mrk 421 at energies above 0.5 TeV by the Whipple IPound based telescope pro-
vided strong evidence of relativistic Doppler boosted ainis (Maraschi et al. 1992; Punch et al.
1992). A characteristic spectral energy distribution ($EW blazars was constructed with two
broad components extending over a continuum emission faalio toy-ray energies. The energy
output in the first SED component (attributed to synchrotradiation) was shown for powerful
blazars to peak in the infrared to optical band, while for lominosity blazars the synchrotron
peak is located at UV to X-ray energies (Fossati et al. 1998ag location of the second peak
in the SED is closely correlated to the synchrotron peakg@nend for low power blazars is ex-
pected to lie in the GeV and TeV band. A growing populationlazbrs have been detected at TeV

energies (termed TeV blazars), and demonstrate rapid fldisjectral variability. Drawing from a

1



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Sc NGC 5457(M101)  E5 NGC 4621 (M59)

Figure 1.1: Optical images with the Mt. Wilson 100 inch telgse from (Hubble 1926). Shown
(left) is the spiral galaxy M101, and (right) the elliptiagdlaxy M59.

large sample of over 6 years of X-ray and Tg¥ay observations, this work investigates long-term
variability in the TeV blazars Mrk 421, Mrk 501 and H1426+4ZBhe purpose of this chapter is
mostly twofold: first, to provide an overview on the progresade in the observational study of
blazars using an historical approach, and second, to altiiescurrent status and interpretation
of X-ray andy-ray observations of TeV blazars. Section 1.1 reviews sgkebighlights from a
century of galaxy observations and interpretation thad eathe discovery and classification of
blazars in the center of certain elliptical galaxies. Sgttl.2 provides an updated description

blazars detected at TeV energies.

1.1 Historical Background to Blazar Studies

Evidence for distant galaxies beyond our own was first gfeglown in 1925 by Edwin Hub-
ble when he resolved Cepheid stars with high apparent Iiégistin M31 and M33 using the
Mt. Wilson 100 inch (2.5 m) telescope (Hubble 1925; Trimb@3). The Hubble sequence of
galaxy morphology was soon constructed based on opticajemaef elliptical, spiral, and irregu-
lar galaxies (Hubble 1926). Figure 1.1 shows Hubble’s apiimages of (left) the nearby spiral
galaxy M101, and (right) the elliptical galaxy M59. Many yedater in 1943 Seyfert published
the first sample of 12 galaxies with nonstellar like actii§eyfert 1943). In some cases, the
galactic cores were nearly as bright in optical light as theére galaxy, showing broad emission

lines exclusively in the nuclei. The study of these pecud@iaxies developed with the advent of

2



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Figure 1.2: (Left) Polarized optical image of M87 taken ingta 1956 with the 200 inch Hale
telescope from (Baade 1956). Shown (right) is a Hubble Spatescope (HST) image of the jet
and inner region of M87 from observations in 1998 by Birettale (Hubble Heritage Project).
Note for scale, the 2.4 kpc long optical jet imaged by HST teates within the inner part of the
elliptical galaxy (Sparks et al. 1996). The full size of M&#iot clearly defined, since beyond the
effective radius R~ 7 kpc of surface brightness more thafi0* globular clusters are believed to

extend out to a radius 30 kpc (Wu and Tremaine 2006).

radio astronomy in the late 1940’s, which opened a new winttomonthermal emission (Shields

1999).
Synchrotron Radiation in M87 (1956)

In 1950, Alfven and Herlofson proposed the newly discovesgutchrotron process could explain
nonthermal and highly polarized emission in radio obsémat assuming the sources contain rel-
ativistic electrons in magnetic fields (Alfven and Herlaisk950). The total powd? per frequency

w of synchrotron emission from a relativistic electron in agnetic fieldB is given by:

~ V/3e*Bsina

P(.y) = F(g)’ _ 3y’eBsina

27TMeC2 Wk “ 2meC

wherey is the Lorentz factore andm are the charge and mass of an electranis the angle
between the magnetic field and electron veloaitys the speed of light, anE(%) includes a
modified Bessel function with the critical frequenay (Wiedemann 2003). Synchrotron radia-
tion is partially polarized due to the perturbation of etectield lines as the electron is accelerated.

Key evidence for synchrotron emission in galactic coresecémom optical observations by Baade

3



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

and Minkowski, who identified the bright radio source Vir Aside the massive elliptical galaxy
M87 (Baade and Minkowski 1954; Mushotzky 2004). Two cluemigal to the nucleus of M87
being the source of the radio plasma: first, the nucleus swdaionized gas, and second, the
radio source coincided with a bright narrow 1 kpc long optjeg(first detected in 1917 by Curtis)
emanating from the core (Curtis 1917; Ferrarese and For8)2@Dllow-up observations of the
jet in M87 revealed that the optical continuum is polarizeldpwing clear signs of synchrotron
radiation (Baade 1956). Figure 1.2 (left) shows Baade’anm#d image of M87 with the 200 inch
Hale telescope from 1956, and (right) the jet in M87 from higholution optical observations

with the Hubble Space Telescope (HST) from 1998.
Insights from the Powerful Quasar 3C 273 (1964)

The revised Cambridge 3C survey identified 328 strong raglimces, many of which are known
by their 3C number (Bennett 1962). Radio observations of B&wzith the Parkes 210 ft telescope
during moon occults revealed two components, one centaread X8 mag “star” (the nucleus of
3C 273), and the other separated by 20 arcsec showing anogmiged radio spectrum (Hazard
et al. 1963). The second component was found to coincideamithptical jet pointing away from
the “star” (Shields 1999). Greenstein and Schmidt condlatdetailed study of 3C 273 and 3C
48, calculating a mass 6§10 Mg in the nucleus of 3C 273 to account for thel° year energy
lifetime implied by the jet (Greenstein and Schmidt 1964as argued this mass was needed to
confine the line emitting gas, which would disperse quickiy éxpanded at the observed speeds
of 100 km/s (Shields 1999). Rees offered a relativistic nhtalexplain the strong radio variabil-
ity seen in 3C 273 (Rees 1966). Section 1.2 describes therdunterpretation of a supermassive

black hole powering large scale jets in the core of certativaelliptical galaxies.
Optical Quasar Surveys (1960's)

Throughout the 1960's quasars were discovered in the dftzoal as blue point like objects with
redshifted broad emission lines and strong variable caantim(Collin 2006). The Mt. Wilson and
Palomar observatories carried out systematic searchegutsars, with 44 sources reviewed in
detail (Sandage 1965). In Armenia, Markarian undertookctes for sources with a strong ultra-
violet continuum, discovering 1515 galaxies in total (Maikn 1969). A review of this discovery
period of galactic nuclei was presented by Burbidge in 187@hich he catorgorized the nuclei
from both normal galaxies, and from “galaxies with highlyiae or explosive nuclei” (Burbidge
1970).

Fanaroff and Riley Classification of Radio Galaxies (1974)




1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Important galactic surveys were also undertaken in theorbdind during the late 1960’s. The
Cambridge One Mile telescope mapped radio emission fromsdf8fces comprising the 3C com-
plete sample with 23 arcsec resolution at 1.4 GHz (Macdoetll. 1968; Mackay 1971). Fa-
naroff and Riley examined these observations, togethdr avisubset of 57 sources at 6 arcsec
resolution, and divided 31% of the sources into two distolasses (now known as FR 1 and FR |l
type radio galaxies) based on their morphology and radiogpdwanaroff and Riley 1974). The
primary class distinction was distance of the “hot spotsthia jets to the galactic core. Fanaroff
and Riley also discovered a sharp total luminosity divideveen the classes. Nearly all low lumi-
nosity radio galaxies were brighter toward the inner pathefjet (FR 1), while most FR 1l sources
showed high luminosity. Physical reasons for the FR I/llidBvare currently still under debate

(Ghisellini and Celotti 2001).
Synchrotron Self-Compton Model of Quasar Emission (1974)

In two successive papers Jones et al. first developed (pypand then applied (paper 2) a Syn-
chrotron Self-Compton (SSC) model with the aim of determgnihe magnetic field strength and
angular size for 10 known variable synchrotron emittingsgra (Jones et al. 1974a; Jones et al.
1974b). Theoretical predictions of the angular size retindsource parameters, such as the ratio
of Compton and synchrotron fluxes, based on radio energytrsipeaneasurements and X-ray
flux upper limits fromUhuru. The derived angular size of the SSC emitting region shovegedig
agreement with high angular resolution Very Long Base Lmerferometry (VLBI) radio esti-
mates from (Kellermann et al. 1971). Two highly variablerses BL Lacertae and OJ 287 (now
known to be blazars) indicated relativistic motion, proingtJones et al. to argue for relativistic
beaming of a closely aligned patrticle jet to the line of sightong two other possibilities for the
observed rapid variability (Jones et al. 1974b). Obsewwaili insights into BL Lacertae and clas-

sification schemes for similar objects are described below.
Classification of BL Lacertae type Objects (BL Lacs) (1976)

In 1974 Oke and Gunn determined the redshift and energylaiton of the elliptical galaxy BL
Lacertae, which hosts a strongly variable nonthermal rusc(®ke and Gunn 1974). The nucleus
was first observed in 1929, thought to be a variable star ii,184d in 1969 polarization and vari-
ability were found both by optical and radio observationsffhheister 1929; Andrew et al. 1969;
Visvanathan 1969; Beckmann 2001). Figure 1.3 (left) shdweoptical spectrum of BL Lacertae
in Jan. 1970 from the total galaxy emission, and from a camkeed annulus revealing the ther-

mal absorption features of the elliptical galaxy. The tekctrum from Oct. 1973 is also shown




1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

A
10000 9000 B0OCO 7000 €000 5000 4000 3000
T 1T 1 T T 1T T 1 T T T T T

BL Lac
= Observations
— Fitted Model

(3)

log f,

LOG POLARIZED FLUX (ergs sec” cmi® Hz™')
g

= 3C279 o (Kinman,Elvius)
® 3C345 o (Kinmon}

v 3C446 ¥ (Kinman)
a3C454.3

= BL LAC

. (- L |
=270 -265 -26.0 -25.%
LOG TOTAL FLUX lergs se¢' emiZHZz")

Figure 1.3: (Left) Optical spectra of BL Lacertae from (OkalaGunn 1974). Spectra labeled (1)
and (3) are from Jan. 1970 with the 5 m Hale telescope, (1)iddtal galaxy emission, and (3)
the core removed annulus of the elliptical galaxy. The tofatical spectrum from Oct. 1973 is
shown in (2). (Right) OpticaB wavelength polarized flux versus totlcontinuum flux from BL

Lacertae and four other sources with similar optical proper(Visvanathan 1973).

as an example of the optical flux variability observed in Blceédae. On the (right) in figure 1.3
is shown the optical polarization level of BL Lacertae anc fother sources. A small number
of elliptical galaxies were soon identified as hosting BL &dae type objects (BL Lacs) in their
nuclei based on their variable and nearly featureless apspectrum, including the Markarian
galaxies Mrk 421 and Mrk 501 (Ulrich 1973; Veron and Veron 89Khachikian and Weedman
1974). In total, 30 BL Lacs (8 with known redshift) were idiéetl based on similar optical and
radio behavior, more specifically: strong variability, higolarization, a nonthermal continuum,
and in the optical spectrum a lack of clear emission linesi(S¢t al. 1976). It's important to
note at that time the only BL Lac detected at X-ray energies Mgk 421 by the Ariel V satellite
(Ricketts el al. 1976).

A Core Located Supermassive Black Hole and Relativistic Jd8eaming in Blazars (1978)

In 1977 Rees outlined theoretical arguments for accretiun a supermassive black hole in mod-
eling a mass concentration ofé.010° Mg within a region of< 1 pc at the core of quasars (Rees
1977). Osterbrock investigated observational supportfemodel of a rotating disk of broad-line
emitting gas outside and around the black hole accretidn(@sterbrock 1978). The same year
Blandford and Rees supported the theoretical model ofividat beaming to explain the con-

tinuum emission seen in BL Lacertae-type galactic nuclé&riBford and Rees 1978). Although

6



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

stationary synchrotron emission could produce the gelyasbterved high polarization and power
law spectra, the high optical luminosity and strong vatigbsuggested synchrotron emissions re-
gions are seen moving relativistically downstream to withifew degrees of the observer, the
same conclusion as (Jones et al. 1974b). Blandford and Reepradicted that BL Lacs are the
beamed counterparts to the base of jets found in radio gelaRingel and Stockman reviewed the
collected optical and radio observations of BL Lacs, prangthe use oblazar, coined first by
Spiegel, to merge the separate classifications for BL Ladsraniable polarized quasars based on

the relativistic beaming model (Angel and Stockman 1980).
Radio to X-ray Multiwavelength Study of Mrk 501 (1978)

The study of X-ray emission in blazars was established viollg the launch of NASA's three
High Energy Astrophysical Observatories (HEAQOS) in thraecessive years: HEAO-1 in 1977,
HEAO-2 in 1978 (renameéinsteinafter launch), and HEAO-3 in 1979. The second BL Lac
detected at X-ray energies was Mrk 501 from HEAO-1 obsemwsti(Schwartz et al. 1978). A
large multiwavelength campaign on Mrk 501 used contempmas radio, infrared, optical, ul-
traviolet, and X-ray (HEAO-1) observations to sample thetcmum spectrum over 8 decades in
energy and build a reliable Spectral Energy DistributioB [ with which to test emission models
(Kondo et al. 1981). Reasonable agreements were foundtfarel synchrotron or Synchrotron
Self-Compton (SSC) model for the radio to X-ray SED. Kondalefavored the SSC model, im-
plying that the optical to X-ray emission is from Comptontsedng. The current interpretation
for Mrk 501 is synchrotron radiation over the radio to X-rayeegy range, with inverse Compton

emission at gamma-ray energies.
Distinguishing Radio and X-ray Selected Blazar Samples (B®)

In 1986 Maraschi et al. compiled flux values for 75 blazarsoled in the X-ray, radio, and opti-
cal bands (Maraschi et al. 1986). Twelve blazars first disoey at X-ray energies were defined as
“X-ray selected”, while the other 62 blazars termed “raditested” were discovered by radio and
optical surveys taken from (Angel and Stockman 1980). Thpritya of X-ray flux values were
from Einsteinobservations, detailed in (Schwartz and Ku 1983). All 12a¥-selected blazars
showed a lack of strong emission lines in the optical spettritting the BL Lac classification.
Maraschi et al. constructed broadband spectral indicesdagt the radio, ultravoilet, and X-ray
band, revealing that X-ray selected blazars on averageaaggpdlatter in the UV to X-ray energy
range with lower radio luminosities than the radio selecanhple, indicating the SED peak is at

higher energies for the X-ray selected blazars. This stuichetl at a blazar sequence based on the
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Figure 1.4: Gamma-ray lightcurves for the blazars 3C 278) @d Mrk 421 (right). The 3C 279
y-ray flux measurements are from EGRE¥(Q(1 GeV) during June 1991 (Kniffen et al. 1993).
The Mrk 421 lightcurve shows the Whipple 10 yrray rate ¢0.35 TeV) during 15 May 1996
(Gaidos et al. 1996).

total SED shape (limited by selection effects), detailethatend of this section.
Gamma-ray Variability in 3C 279 and Mrk 421: Evidence for Jet Beaming (1991-1996)

The first blazar detected gtray energies was 3C 273 I§0OS-Bin 1976 (Swanenburg et al. 1978).
In 1991, NASA launched the Compton Gamma-Ray Observa®@@RO carrying 4y-ray instru-
ments. The EGRET instrument @GROdetected 3C 279 in a viable high flux state at energies
>0.1 GeV, with flux doubling timescales &2 days during a period of 12 days (Hartman et al.
1992; Kniffen et al. 1993). Figure 1.4 (left) shows the EGRET.1 GeV flux measurements of
3C 279 during June 1991. Maraschi et al. applied a Synchrdgdef-Compton (SSC) model to
demonstrate that with this assumed framework for the IRR-tay emission, the high luminosity
and rapidy-ray variability in 3C 279 offered strong evidence for ralettic beaming toward the
observer (Maraschi et al. 1992). The primary constrainhioe$SC model was that fgrrays to
escape a spherical source (of radius R), the optical degthitgoroductiont,, must be less than
or equal to unity. The 2 day-ray variability Aty,s was used with relativistic beaming assumptions
to define the size of the emission region R by the Doppler faktand speed of light, such that
R = ¢ Atgps 0. Using this relation, a source compactness can be defined as:

_ 3 ®LopsOT

Atopgmec?

whereL qpsis the observeg-ray luminosity,or is the Thomson cross section, amglis the electon

mass. The the optical deptl, is directly proportional to the source compactn&€sfor example

8
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at 511 keV wherer,, ~ §60. Applying the optical depth limit, a Doppler beamidg> 6 was

estimated in 3C 279 from the derived source compactness.

Mrk 421 was the first BL Lac detected gray energies in 1992 by EGRET (0.05-5 GeV),
and at energies-0.5 TeV by the Whipple 10 m telescope (Lin et al. 1992; Puncél.etl992).
EGRET detected a power-lawray spectrum for Mrk 421 with a photon indéx= 1.96+ 0.14 in
the 0.05-5 GeV band. No flux variability was found in the EGREWhipple 10 m detections,
however Mrk 421 was in a relatively loyray flux state at the time (Schubnell et al. 1996). In
May 1994, the Whipple 10 m observedsaay flare in Mrk 421 with a flux doubling timescale of
~2 day during a large X-ray flare measured by ASCA (Kerrick efl895; Takahashi et al. 1996).
During 1995 and 1996 Mrk 421 was at a stable mediamay flux level, until May 1996 when
two rapid y-ray flares were observed by the Whipple 10 m (Buckley et ab61%aidos et al.
1996). Figure 1.4 (right) shows the Whipple 10ymnay rate for events-0.35 TeV from Mrk 421
during 15 May 1996. At hours 4-5 the dramatic rise and falk€flan they-ray rate by a factor
>10 implied a doubling timescale ef15 minutes. Using the pair production opacity arguments
described above, a Dopper fac®r> 10 was derived for Mrk 421 from the 15 May 19%9&ay
flaring event (Celotti et al. 1998). Whipple 10 m observadiaf Mrk 421 from 2000 — 2006 are

presented in chapters 5 and 6, showing rgpidy flaring from multiple years.
Extensive X-ray and TeV Gamma-ray Study of Mrk 501 (1995-198)

The second blazar detected at energi€s3 TeV was Mrk 501 from observations during 1995
with the Whipple 10 m telescope (Quinn et al. 1996). The HEGIh&renkov telescope 1 (CT1)
confirmed the Whipple 10 m detection, with a detection-Gf5 TeV y-rays from Mrk 501 during
1996 (Bradbury et al. 1996). Then, in March 1997 the Whipf@leiland HEGRA system detected
a sustaineds-ray flux increase by a factor of over 15 relative to the 199&cavery flux level
(Catanese et al. 1997; Aharonian et al. 1997). Rapidy flares were detected from March to
October 1997 by CAT, HEGRA, and the Whipple 10 m triggeringa¥-observations witlRXTE
andBeppo-SAX{Lamer and Wagner 1998; Pian et al. 1998; Aharonian et al9498haronian
et al. 1999b; Aharonian et al. 1999c; Djannati-Atai et al99:9Quinn et al. 1999). Figure 1.5
(left) shows X-ray and/-ray flux and spectrum measurements of Mrk 501 flBNTEPCA and
HEGRA system observations during 2 Apr. to 21 Jul. 1997 (Kxamski et al. 2000). The X-ray
flux level varied by a factor of 3 during time-scales-et day, while the TeV flux varied by a factor
of 30 over short time-scales 6f15 hours. The X-ray and TeV flux levels from near simultaneous
observations £6 hours) showed significant correlation over the large rainguxes. A clear

hardening of the 3-25 keV X-ray spectrum with increasinga}lux was also evident, indicating

9
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Figure 1.5: X-ray ang-ray observations of Mrk 501 during 1997. (Left) (a) RXTE PTB keV
flux and (c) HEGRA system 2 TeV flux, both in 1% erg cn2 s71. (b) RXTE PCA 3-25 keV
and (d) HEGRA 1-5 TeV power law indices (Krawczynski et al0o@0 (Right) Beppo-SAX 0.1—
200 keV and CAT 0.3-13 TeV spectrum from 16 Apr. 1997 (redyl from low flux (LF) data in
1997 (blue) (Djannati-Atai et al. 1999). The 16 Apr. CAT fluweasurement is shown (right) by

an asterisk in panel (c).

a shift in the first peak of the energy spectrum to higher aasr@>100 keV). Figure 1.5 (right)
shows the X-ray and TeV spectrum of Mrk 501 during Apr. 1993@ imgh flux (red) and low flux
state (blue) from Beppo-SAX and CAT observations. The Te®cspm showed a shift in the
peak energy te-0.8 TeV with increasing flux level. Absorption of Tejrays by pair production
interactions with extragalactic background light (EBL)sa@ot corrected for in the TeV spectrum
(the EBL is discussed in section 1.2). The highly sampledi)Xand TeV observations of Mrk
501 in 1997 allowed for detailed interpretations of relistic beaming in a jet (Krawczynski et
al. 2000). The large shift in X-ray peak energy with modebétey flux variation excluded the
scenerio in which only a changing doppler facfoaccounted for the variability. Both X-ray and

y-ray data were used to constrain a lower limit on the doppetiofeof & > 6.3.
The Blazar Sequence (1998)

Drawing from a total sample of 126 radio and X-ray selectextzéis, Fossati et al. constructed a
spectral energy distribution (SED) from archival flux measnents at radio to X-ray energies for

117 sources (Fossati et al. 1998a). EGRET detections on Biédelected blazars at 100 MeV
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Figure 1.6: (Left) Average spectral energy distributio®&EDs) binned according to radio lumi-
nosity using a total of 126 blazars taken from 3 samples gf redio selected BL Lacs, 2-Jy radio
selected FSRQs, and X-ray selected BL Lacs fibimsteinsurveys (Fossati et al. 1998a; Kuhl
et al. 1981; Perlman et al. 1996; Wall and Peacock 1985). Thaétcal fits to the SEDs are
intended to guide the eye, and were calculated from a cornidinaf power law and log-parabolic
models, as described in (Fossati et al. 1998a). (Right) &@aBed color-color diagram show-
ing the radio to optical effective spectral indexo versus radio to X-ray inderry for the total
blazar sample. The data points are color coded accordirftgtedtimated peak energy in the first
component of the SED. The thick line is the color-color rielaship derived from simulated SEDs.

Figures from (Fossati 1998Db).

allowed for a detailed study of the SED properties ug4@y energies. Figure 1.6 (left) shows
the average blazar SEDs binned according to radio lumipdsitwith an analytical function to
guide the eye. Two peaks are present in each of the SEDs, vgtiomag correlation between
the energy position of the first and second components. €if6 (right) shows a color-color
diagram of radio to optical effective spectral indexo versus radio to X-ray inde&gryx using the
full blazar sample. The diagram demonstrates the technigad to estimate the peak energy in
the first component of the SED (interpreted as the synchigieak), with the points color coded
according to the estimated peak energy. Recently, theityatitla simple blazar sequence in which
most powerful blazars have low energy synchrotron peakstested using large well defined
samples with relatively high sensitivity (Padovani 200The clear correlation shown in Fossati
et al. between radio power and synchrotron peak energy ievident in the recent samples.
Selections effects are considered the main determininmrfac the correlation seen in (Fossati

et al. 1998a). However, targeted seaches for high lumibsitzars with high synchrotron peak
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energy in the X-ray band revealed only “intermediate” typezhrs of relatively low power with

synchrotron peaks below 0.1 keV for all but one of the stuthledars (Padovani 2002). This result
lends tentative evidence for the physical basis of a blagquance, despite the need for further
observations with a larger sample of blazars. The curresitipll population of detected blazars
with synchrotron peak energies at X-ray energies, and se8&D peak at GeV to TeV energies

is discussed in section 1.2.

1.2 Properties of TeV Blazars

In the previous section, the discovery of blazar type objéttthe nucleus of massive elliptical
galaxies was reviewed. Here, a short overview is providedhencurrent status on blazars ob-
servations and interpretation. First, standard theaktimodels on the relativistically beamed jet
emission in blazars are outlined, following from the higtal introduction of the work by (Jones

etal. 1974a). The discovery of TeV emission from a growinmbar of blazars is outlined. Mod-

ifications to the measurgdray energy spectrum of TeV blazars by absorption procesgeghe

extragalactic background light (EBL) are discussed.

Synchrotron Self-Compton Processes and Other Competing Bzar Models

The highly polarized and variable radio and optical emisgibblazars suggests the origin of the
continuum radio to X-ray component in the spectral energtrithution (SED) is from a population
of synchrotron radiating electrons moving in a magnetiafigithin a jet oriented along our line
of sight (Jones et al. 1974a; Jones et al. 1974b). In the $gtmoh Self-Compton model (SSC),
the accelerated electrons produce both the low and higlygeemponents of the SED. Under the
simplest scenario, a single homogeneous region emits podheotron and inverse-Compton radi-
ation, assuming that the synchrotron photons act as “sdemtdps for inverse-Compton scattering
by the relativistic electrons (Ghisellini et al. 1996). Ayhly correlated quadratic relationship is
expected between the flux variability in the X-ray (synctony and TeVy-ray (inverse-Compton)
bands, given by the ratio of the luminosities¢/ILs = us/ug, where y is the energy density of
synchrotron photons, andgus the energy density of the magnetic field. This implies thatl
L2, since 4 0 Ls (Takahashi et al. 1996). Alternative models explore the gasere external seed
photons are responsible for inverse-Compton scatterifchworiginate outside of the emitting
region, either in the broad line region, or accretion disc@unding the supermassive black hole
(Sikora et al. 1994; Dermer and Schlickeiser 1994). Theadled external Compton models pre-

dict a much less correlated variability between the syncbnoand inverse-Compton components,
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Figure 1.7: Spectral energy distribution (SED) of PKS 2B83-from Oct. to Nov. 2003 (Aha-
ronian et al. 2005c¢). Simultaneous optical (ROTSE), X-RXTE), and TeVy-ray (H.E.S.S.)

observations are fit by a hadronic model (solid line), andpaoleic Synchrotron Self-Compton
(SSC) model assuming a common origin for the optical and Kemaission (dotted line), or if
the optical emission is from a larger jet region (dashed)lidechival data is shown in grey, with

bowtie spectra for the EGRET observations.

since variations in the external photon intensity couldseguray flares without an increased flux
at low energies (Krawczynski et al. 2004). A third emissiond®l also attributes synchrotron ra-
diation to the low energy end of the SED from nonthermal etexs, but accounts for high energy
emission by proton induced cascades and synchrotron i@diadm accelerated protons (Miicke
et al. 2003; Mannheim 1998). In this model, secondary gagifrom the proton induced cascades
undergo synchrotron radiation, emitting in the X-ray bahte contribution of this secondary syn-
chrotron emission is relatively small compared to synalmoemission from “primary” electrons,
hence the X-ray and TeY-ray emission are not expected to be highly correlated is fitsime-
work. Figure 1.7 shows the SED of the TeV blazar PKS 2155-3@dtérnatively by three models.
Simultaneous optical, X-ray, and Tej¢ray observations from Oct. to Nov. 2003 were fit either
by a hadronic model (Mucke et al. 2003), or two forms of thEdaic SSC model in (Katarzynski
et al. 2003). In the SSC model, the optical emission is eiissumed to have the same origin as
the X-ray emission, or to originate in a large component efjét. Neither leptonic, nor hadronic

model was well constrained by this typical blazar SED.
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Figure 1.8: X-ray flux versus radio flux from a collection o&bérs surveys (distinguished by the
marker color and style). Currently known TeV blazars areeautided. The 6 known TeV blazars
in 2002 are shown by black points, with the range of measuradyXluxes indicated. Figure

adapted from (Costamante and Ghisellini 2002).

Discovery of TeV Emission in Blazars

A growing sub-class of blazars are termed TeV blazars dussiodetection at Te-ray energies.
The term TeV blazar was first applied when only three blazits (421, Mrk 501, and 1ES
2344+514) were known to emit Tejray radiation (Tavecchio et al. 1998). Table 1.1 lists the 1
currently known TeV blazars, and the year of discovery at ®a€rgies. Of the six TeV blazars
detected before 2004, four were detected first by the Whipplen, as discussed in section 1.1
for Mrk 421 and Mrk 501. The rapid discovery of TeV blazareaf2004 coincides with the start
of operations of two highly sensitive imaging atmospherleefenkov telescopes: H.E.S.S. and
MAGIC (see section 3.1.3). Three of the five Northern TeV aftazdiscovered by H.E.S.S. and
MAGIC (1ES 0229+200, Mrk 180, and BL Lac) were observed presly by the Whipple 10 m,
but only upper limits could be derived on the integral fluxa®0.3 TeV (Horan et al. 2004). The
selection criteria for selecting candidate TeV blazarsgamerally based on a high radio and X-ray
flux, following from results in (Costamante and Ghisellifi(2). The expected blazar sequence
of spectral energy distributions (SEDs) suggests thatcesuwith peak synchrotron energy in the
X-ray band will have a second peak at GeV to TeV energies (setoa 1.1). The requirement
for a high radio flux in addition to a high X-ray flux appears otar-intuitive, as this implies a

lower synchrotron peak energy. Costamante and Ghiselfferex the interpretation of a high
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Source r.a. dec. az Discovery References
(hhmmss) (dd mm ss) (Year) (Tele.)
Mrk 421 1104 27 +381232 0.031 1992 Whipple Pun92
Mrk 501 16 53 52 +394537 0.034 1996 Whipple Quio6
1ES 2344+514 234704 +514218 0.044 1998 Whipple Cat98
1ES 1959+650 1959 59 +650855 0.047 1999 TTA Nis99
PKS 2155-304 2158 52 -301332 0.116 1999 Mark6 Cha99
H1426+428 14 28 32 +42 4021 0.129 2002 Whipple Hor02

PKS 2005-489 2009 25 -484954 0.071 2005 H.E.S.S. AhaO5a
PG 1553+113 155543  +111124>0.25 2006 H.E.S.S. AhaO6a
1ES 1101-232 11 03 37 -232930 0.186 2006 H.E.S.S. AhaO6b
H2356-309 2359 07 -303741 0.165 2006 H.E.S.S. Aha0O6c
PKS 0548-322 0550 40 -321618 0.067 2006 H.E.S.S. Hof06
1ES 0347-121 0349 23 -115927 0.188 2006 H.E.S.S. AhaO7a
1ES 0229+200 023248 +201716 0.139 2006 H.E.S.S. AhaO7b
1ES 1218+304 122121 +301037 0.182 2006 MAGIC AlbO6a
Mrk 180 113626 +700927 0.045 2006 MAGIC Alb06b
BL Lac 220243 +421640 0.069 2007 MAGIC AlbO7b
1ES 1011+496 101504 +492601 0.212 2007 MAGIC Alb07c

Table 1.1: TeV blazars detected as of November 2007. Theagiarations in 2004 of the more
sensitive H.E.S.S. and MAGIC IACT telescope systems is@ghioy a horizontal line (see section
3.1.3) Notes: (a) A lower limit on the redshift for PG 155381df > 0.25 is quoted, however a
redshift> 0.74 is consistent with recent studies of the EBL (see texddtails). (b) Listed are the
IACT telescope systems which first discover each TeV blaRaferences: Pun92: (Punch et al.
1992), Qui96: (Quinn et al. 1996), Cat98: (Catanese et 88YLNis99: (Nishiyama et al. 1999),
Cha99: (Chadwick et al. 1999), Hor02: (Horan et al. 2002)a@%a (Aharonian et al. 2005a),
AhaO6a: (Aharonian et al. 2006a), Aha06b: (Aharonian e2@06b), Aha06c: (Aharonian et al.
2006¢), Hof06: (Hofmann et al. 2006), AhaO7a: (Aharoniaale007a), Aha07b: (Aharonian
et al. 2007b), AlbO6a: (Albert et al. 2006a), Alb06b: (Albet al. 2006b), Alb07c: (Albert el al.
2007c).
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1.2. PROPERTIES OF TEV BLAZARS

radio flux corresponding to an increased energy density @ gdotons in the framework of the
Synchrotron Self-Compton (SSC) model (Costamante ande@ihi2002). Figure 1.8 shows the
X-ray flux versus radio flux for a large sample of blazars. Alt bne of the known TeV blazars
fit into the upper region of high X-ray and radio flux, denotgdabdashed line. As seen in table
1.1, increasingly more distant blazars have only recerglgnbdetected by H.E.S.S. and MAGIC
at TeV y-ray fluxes a factor of>10 lower than the approximate baseline flux of Mrk 421 (see
references in table 1.1). By comparing the luminosity okatbwn TeV blazars, itis shown that the
closer Mrk 421 and Mrk 501 are indeed relatively weak TeV &mst (Wagner 2006). Besides the
intrinsic source strength, observations of the Tyekay flux and energy spectrum from blazars are
significantly affected by absorption from the extragalattackground light (EBL), as described

below.

Absorption of TeV y-rays by Interactions with the Extragalactic Background Light

TeV y-ray emission from blazars is attenuated by pair produdtideractions with photons from
the extragalactic background light (EBL) (Gould and Scbkret®67). At energies above 1 TeV,
y-rays interact primarily with the infrared component of tBBL with wavelengths> 1 um, while
y-rays with energy below 1 TeV with EBL photons in the nearanéd to ultraviolet band. Figure
1.9 shows the spectral energy distribution of the EBL frof@m to 1 mm. Direct measurements
are indicated by data points, which were significantly affdcby foreground emission from in-
terplanetary dust (Hauser et al. 1998). Lower limits on tBd Etrength are from the integrated
light of galaxies using a stacking procedure from obseovatiwith the Hubble Space Telescope
(HST) and Spitzer (Dole et al. 2006). The optical depth far peoduction by the EBL1(E, z)

is derived from the SED of the EBL. The intringjeray source energy spectrum is estimated with

knowledge of the optical depth by:

The observed-ray spectrum is softened due the EBL, with a reduction inititegral flux level.

A recent set of models were developed for the evolution ofEBé&, which predicted the optical
depth as a function of energy and redshift, and are freelifadla (Kneiske et al. 2004). Figure
1.9 (bottom) shows a set of three models from (Kneiske et @42 In the “Low IR” model,

the infrared star formation rate is assumed to be at the Idéiwdlrfrom sub-mm galaxy number
counts, while for the “Low SFR” model star formation is assthalecline rapidly with increasing
redshift. Both of these assumption lower the EBL absorptibfieV y-rays from relatively close

blazars. Figure 1.10 (left) shows the mean free patpr@lys under 4 EBL models. Figure 1.10
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Figure 1.9: (Top) Spectral energy distribution of the egédactic background light (EBL) from 0.1
pmto 1 mm, taken from (Dole et al. 2006). Lower limits on the EBlx from Hubble Space Tele-
scope (HST) and Spitzer measurements of integrated galagtit are shown by black and blue
arrows. The pink line of upper limits on the EBL strength ameni constraints by H.E.S.S. as-
suming the intrinsic energy spectrum of TeV blazars havewepdaw photon indeX” < 1.5

(Aharonian et al. 2006b). (Bottom) are shown model fits toEB&. spectral energy distribution,
with a “Best fit” model shown by a thick solid line, a “Low IR” ndel by dot-dashed line, a “Low

SFR” model by a thin solid line (Kneiske et al. 2004).

(right) shows the optical depth using these 3 models for eceowith redshift z = 0.031 (Mrk 421),
and z = 0.129 (H1426+428). The “Low SFR” model is shown to htheclowestr (E, z) of the 3

models from 0.1 to 5 TeV. This relatively low level of EBL alpgtion is roughly consistent with
recent upper limits placed on the strength of the EBL by olz&ms of the distant (z = 0.186)
TeV blazar 1ES 1101-232 by H.E.S.S. (Aharonian et al. 2008kgsuming that the intrinsic
TeV y-ray energy spectrum of 1ES 1101-232 have a power law phoidexi < 1.5, the EBL

strength was restricted to only a factor of a few above thesloimits from integrated galactic

light. Figure 1.10 (right) shows the mean free pathyefys under 4 different EBL models, all
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Figure 1.10: (Left) The optical depthto the EBL versus source energy for sources with redshift
z = 0.031 (Mrk 421), and z = 0.129 (H1426+428) calculated gidrmodels from (Kneiske et
al. 2004). An optical depth of 1 is indicated by the blue ddslme. The EBL absorption term

exp(t(E,z)) applied to the Tey-ray energy spectrum is also shown versus energy. (Left)lMea

L : 3C273 (790 Mpc)

Mkn 501 (170 Mpc) |
L = Arp 220 (77 Mpc)

MB7 (16.75 Mpc)

Cen A (3.5 Mpe)

free path ofy-rays for 4 models of the EBL in (Aharonian et al. 2002b).

assuming a relatively high level for the EBL. In this worketbptical depttr (E,z) from the “Low

SFR” model is used to correct the measured energy spectum \Whipple 10 m observations,

with results in chapters 5-7.
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Chapter 2

X-ray Instrumentation and Data

Reduction Methods

Cosmic photons with X-ray energies (0.1-100 keV) are alebhigh in earth’s atmosphere. X-

ray astronomy began in the 1960s with rocket experiment sarce then all major X-ray obser-

vatories have been satellite based. Section 2.1 providesratgstory and performance overview
of past and current X-ray observatories. This chapter isiged on presenting the instrumenta-
tion and reduction methods applied to observations WXTE(section 2.2), ancKMM-Newton

(section 2.3). X-ray observations and analysis resulteithesis are described in chapter 6.

2.1 Introduction to Past and Current X-ray Observatories

The first X-ray satellite mission was NASAdhuru launched in 1970 (Giacconi et al. 1971).
Uhurucompleted the first X-ray all sky survey, detecting 339 sesiia the 2—20 keV energy band.
Several successive NASA X-ray observatories followedughwmut the 1970s: Ariel V (1974—
1980), HEAO-1 (1977-1979), HEAO-2 (renamé&thstein 1978-1981), and HEAO-3 (1979-
1981). Einsteincarried on board the first imaging X-ray instruments: thetHResolution Im-
ager (HRI) with an angular resolutions of 2 arcsec, and thaging Proportional Counter with a
1 arcmin angular resolution and two orders of magnitudeeiase in sensitivity over past X-ray
instruments (Giacconi et al. 1979). The first European Spamncy (ESA) X-ray observatory
was EXOSAT (1983-1986) which carried on board two Low Eng@@5-2 keV) imaging X-
ray instruments with 18 arcsec angular resolution (de Kettal. 1981). The field of X-ray
astronomy matured rapidly with the launch ROSAT(1990-1999) ASCA(1993-2001) RXTE
(1995—present) anBeppo-SAX1996—2002).ROSATalone discovered over 150,000 new X-ray

sources (Voges et al. 2000). From this generation of exparisy onlyRXTEis still in operation.
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2.1. INTRODUCTION TO PAST AND CURRENT X-RAY OBSERVATORIES

RXTE

RXTEcarries on board three non-imaging X-ray instruments: tr@p@tional Counter Array
(PCA), the High Energy X-ray Timing Experiment (HEXTE), atite All-Sky Monitor (ASM)
(Bradt et al. 1993). Th&XTEPCA instrument is comprised of 5 PCU detectors covering the
2-60 keV energy range with an energy resolutior~df8% (E /AE ~ 5.5) and total effective
area of 5200 crhat 6 keV (Jahoda et al. 1996; Jahoda et al. 2006). High en@@200 keV)
X-rays are detected by HEXTE at a comparable energy resalai 15%, but with much lower
sensitivity than PCA (see section 2.2) and (Rothschild.et298). PCA and HEXTE both have a
1 degree field of view. ThRXTEASM scans nearly 80% of the sky during every orbit, providing
long-term X-ray rate monitoring o£350 sources in the energy band of 1.2—10 keV (Levine et al.
1996). X-ray point sources are identified in the wide ®0 degree ASM field of view by shadow
patterns in the slit masked detector. The systematic uaioéres in the ASM rate are large (5%),
and only relative flux estimates are available for long (rhdithe-scale) monitoring. A further

description of theRXTEobservatory and data reduction techniques are in sectin 2.

Chandraand XMM-Newton

Two very powerful imaging X-ray missions were launched 839 ESAs XMM-Newton and
NASA's ChandraObservatory.Chandrafeatures a High Resolution Mirror Assembly (HRMA)
of four nested grazing-incidence X-ray mirrors with a fotahgth of 10 m (Weisskopf et al.
2000). Mounted on the HRMA are two insertable grating systetime Low Energy Transmission
Grating (LETG) which intercepts 0.08-2 keV photons, ancHigh Energy Transmission Grating
(HETG) consisting of Medium Energy Gratings (MEG, 0.4—4 kewid High Energy Gratings
(HEG, 0.8-8 keV). In theChandrafocal plane are the Advanced CCD Imaging Spectrometer
(ACIS) and the High Resolution Camera (HRC). ACIS coverstinergy range 0.1-10 keV with an
angular resolution of 0.5 arcsec and effective mirror afe@00 cn? at 1 keV. HRC ha€handra’s
largest field of view (3@ 30 arcmin) and a high angular resolution of 0.4 arcsec. Batruments
have a dedicated detector to read out the high resolutioctrepdispersed by one of the sets of
transmission gratings: ACIS-S reads out HETG spectra, &@43 reads out LETG spectra. The
E / AE resolving power of HETG is 1000 at 1 keV.

Proving a complimentary missioxMM-Newtonoffers high sensitivity imaging and spec-
troscopy (Jansen et al. 2001XMM-Newtoncarries on board three grazing-incidence mirror
modules in a co-axial arrangment with a 7.5 meter focal lenlgtounted on two of the three mir-
ror modules are fixed Reflection Grating Assemblies (RGAdrvbeflect 58% of the total X-ray

light. At the focus of each of the three X-ray telescopes istipaed one of the three European
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X-ray Instrument Launch Ene. Range Ang. Res. Eff. Area
(year) (keV) (arcsec) (ch

RXTEPCA 1995 2.0-60 - 5260
ChandraACIS 1999 0.1-10 0.5 800
XMM-NewtonEPIC 1999 0.2-15 6 2100
INTEGRALIEM-X 2002 3.0-35 — 400
SWiftXRT 2004 0.2-10 18 110
SuzakuXIS 2005 0.2-12 120 1200

Table 2.1: Performance comparison for broadband X-rayunstnts from all currently operating
X-ray observatories. Effective areas are combined forimséents with multiple detectors (see
text): RXTEPCA (5 PCUs) XMM-NewtonEPIC (MOSHMOS2+PN), SuzakuXIS (4 XISs).

Note: effective areas are at 1 keV, except for (a) where tfezife area is at 6 keV.

Photon Imaging Camera (EPIC) instruments. The EPIC MOSM{D82 detect the non-deflected
X-ray light from the two RGA equipped mirror modules, whiteetthird mirror module and EPIC
PN instrument comprise the third X-ray telescope. The P&unsent covers the energy range of
0.2-15 keV with a large effective area (1400%at 1 keV) and moderate energy resolution (k&/

~ 20-50). Both MOS and PN instruments have a field of view of 30 arcmin, with an angular
resolution of 6 arcsec. In addition to EPIC are the ReflecGoating Spectrometer instruments
(RGS1 and RGS2) comprised of the two RGAs and RGS Focal CanfR@S covers the 0.3-2.5
keV band with an energy resolution RAE of 100-500. Th&XMM-NewtornEPIC instrumentation

and data reduction methods are outlined in section 2.3.

INTEGRAL, Swift, and Suzaku

Three other important X-ray and saoftray observatories are currently taking data: the ESA and
NASA built International Gamma-ray Astrophysics LaborgtlNTEGRAL launched in 2002,
the NASA Swift Gamma-ray Burst Explorer launched in 2004, and the Japansfpace Explo-
ration Agency’s (JAXAs)SuzakuX-ray Observatory launched in 2005. On bodRkiFrEGRALIs

the JEM-X non-focusing imaging microstrip gas chamber X-datector with an energy range of
3-60 keV (Winkler et al. 2003). Thewiftmission is dedicated to the study of gamma-ray bursts,
although proposals for pointed target of opportunity (TQ®3}ervations are granted (Gehrels et
al. 2004). The focusing X-ray Telescope (XRT) on bo&ift offers good angular resolution

with a point spread function of 18 arcsec, but relatively brafiective area of 110 cfat 1.5
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2.2. THERXTEOBSERVATORY

Rossi X-ray Timing Explorer

ASM

Figure 2.1: Diagram of thRXTEObservatory. Visible are the five PCA proportional counteits.
(PCUs). To the left are the two HEXTE cluster detectors. Atftlont of the spacecraft is the ASM

instrument. Diagram from (Rothschild et al. 1998).

keV. Suzakucarries three X-ray detectors on board: the X-Ray Spectren{¥RS), which is now
inoperable, the X-ray Imaging Spectrometer (X1S), and thedX-ray Detector (HXD) (Kunieda
et al. 2006). XIS is comprised of 4 CCD detectors (XISO-XI8@)ering the 0.2-12 keV energy
range with a large combined effective area of 1208 cfine non-imaging HXD covers the energy
range 10-600 keV. Table 2.1 compares the performance ofibewal X-ray instruments from all

currently operating X-ray telescopes.

2.2 TheRXTEObservatory

The NASA built Rossi X-ray Timing ExperimenRXTE observatory was launched in December
1995 and is currently fully operational. Figure 2.1 showsagthm of theRXTEspacecraftRXTE
has a circular low-earth orbital period 6f90 minutes with an apogee of 580 km and perigee of
560 km. The three non-imaging X-ray instruments on boardtlzeePCA, HEXTE, and ASM
(introduced previously in section 2.1). PCA and HEXTE botvéna 1 degree Full Width at
Half Maximum (FWHM) beam, while the ASM features a very wided® degrees FWHM field
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Figure 2.2: Combined effective area of RXTEPCA instrument from all 5 Proportional Counter
Units (PCUSs) from all 3 xenon layers (solid line), and frome first layer only (dashed line). Only
2 of the 5 PCUs are operational for nearly all observatioosf2000 to 2006, and only the first
xenon layer is used in data reduction. Hence, the effecte® ia roughly the dashed line reduced

by a factor of 2/5 £2100 cn? at 6 keV for 2 PCUs). Figure from (Jahoda et al. 1996).

of view. The ASM consists of three proportional counter Siag Shadow Cameras (SSCs)
mounted on a motorized rotation drive (Levine et al. 1996@d&ed light curves for all X-ray
sources are publicly available at the ASM Products Databesetained by MIT and GSFRXTE
ASM Data Products)RXTEHEXTE is designed to complement PCA observations by cogerin
the high energy 20-200 keV band with an energy resolution58b IRothschild et al. 1998).
HEXTE contains eight Phoswich (NaCsl) detectors arranged in two clusters. The effective area
of HEXTE at 50 keV is 1200 cfq HEXTE has a relatively poor sensitivity, requiring a®lskc
exposure to detect a source at 1 mCrab’(@®aller X-ray flux than the Crab nebula supernova
remnant). No HEXTE data is used in this thesis due to the &ligishort exposuresg 2.5 ksec)
yielding low significances (1-&) even for bright Mrk 421 observations (see chapter 6). The

remainder of this section overviews the PCA instrumentaéind data reduction procedures.

2.2.1 RXTE PCA Instrumentation

The RXTEPCA consists of five large proportional counter units (PCdiesigned for high timing
and modest spectral resolution of relatively bright X-ravixes (Jahoda et al. 1996; Jahoda et al.

2006). Each PCU is constructed of a 1 degree FWHM collimatpropane filled “veto” volume,
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and three layers of xenon filled counters. The nominal eneagge is 2—60 keV with an energy
resolution (E /AE) of ~5.5. Figure 2.2 shows the effective area for all 5 PCUs coathihowever
for nearly all observations from 2000 to 2006 only 2 PCUs (PCGlud PCU2) are operational,
so the actual effective area is reduced by roughly a fac®(22100 cn? at 6 keV for 2 PCUs).
The PCU gains are monitored continuously wittparticles from &**Am radioactive source on
board. The primanRXTEPCA data mode is Standard-2, which reads out a 129 chanrathsme
individually for each layer of each detector with an evergotation of 16 sec. Standard-2 is
the only PCA data configuration used in this thesis. Belowni®eerview of RXTEPCA data

reduction methods.

2.2.2 RXTE PCA Data Reduction

Reduction oRXTEPCA data is highly standardized due to the well tested aratlgldocumented
FTOOLS and XANADU set of software tools (together named H&8swhich are developed and
maintained by NASA's High Energy Astrophysics Science ArelResearch Center (HEASARC
2007). All RXTEPCA data in this thesis are from the HEASARC public data &elaind was
reduced using FTOOLS 5.3. The full PCA data reduction chainggfFTOOLS utilities is:

1. xtefilt generate an updated filter file

2. pcabackestgenerate modeled background files

3. maketimegenerate a list of Good Time Intervals (GTIs)
4. saextrct extract light curves and spectra

5. pcarsp generate response matrices (RSP)

Run xtefilt and Determine Which PCUs were Operational

Each stage is discussed here. First, withxtedilt tool an observation filter file is created from
so-called “housekeeping” information stored in the dathiae. The filter file is examined to
determine which PCUs were operational. For nearly all olzgems presented in chapter 6 it
was found that only PCUO and PCU2 detectors were operatiuradg the entirety of each ob-
servation. For-10% of observations PCU3 and (or) PCU4 were also turned oriakin data,
however only PCUO and PCU2 are combined here at a loss otiségdo ensure a uniform re-
sponse. A further requirement is that only the top xenonrlés/ased from each PCU to achieve a

high signal-to-noise ratio.
Run pcabackesto Model the Background

Since PCA is a non-imaging instrument, the background mestubtracted based on an a pri-
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ori model. The model uses a parameterization of the varyiermal, diffuse sky, and parti-
cle backgrounds from blank sky observations. The FTO@t&backestool produces synthetic
background data by fitting the model files to the spacecratftiastrument conditions at the time
when data was taken. PCA background models are availablerifgint or faint sources<(40
counts/sec/PCU). The faint model pbkgd cmfaintl7.eMv20051128.mdl was applied to all data.
Figure 2.3 shows the faint modeled background and energstrsipe of Mrk 421 from 19 April
2004 in a high flux state (92 cts/sec/PCU). At energies abOuee¥ the Mrk 421 flux falls below
the PCA sensitivity, and a good agreement between the fainte model and observed back-

ground is evident, even for this bright state.
Run maketimeto Filter the Data

The PCUOQ, PCU2, and synthetic background data are filtedemhiog a standard set of conser-
vative cuts. First, the spacecraft must have a minimum gtevangle of> 10°. Second, all data
is rejected during the South Atlantic Anomaly (SAA) passaghen the increased particle flux
raises significantly above the nominal background levetabsmalso rejected up until 30 minutes
after the peak in the SAA level. The third and fourth critesi@ that the detector pointing offset
must be< 0.02, and the electron contamination level must be less thanihé FTOOLSmake-
timetool uses the selection criteria to produce a list of Goodelintervals (GTIs) of good quality

data.
Run saextrctto Extract Light Curves and Spectra

Light curves and spectra of both the filtered on-axis X-ragres and synthetic background are
extracted bysaextrctwithin the defined Good Time Intervals (GTIs). The FTOOILeR script
automates the filtering, background modeling, and dataetktn once the list of observations,
operational PCUs, xenon layers, background models, ardtg®i criteria are defined. Due to the
large number oRXTEPCA observations, theex script was used for all data processing in this
thesis. For several observations the results frerbatch processing were compared with results

from carrying out each FTOOLS task seperately, and weredaare in excellent agreement.
Run pcarspto Generate the Energy Response for each PCU

A calibration database (CALDB) of indexed files is providgdHlEEASARC to generate the time
dependent PCU energy responses. ptarspscript creates an ancillary response file (ARF) and
redistribution matrix function (RMF). The ARF accounts tbe detector windows and collimator

response, while the RMF corrects for redistribution of gimoénergies across different channels.
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Figure 2.3:RXTEPCA spectrum of Mrk 421 (black) and modeled background (beddpre sub-
traction from a 35 min exposure during 19 Apr. 2004. Mrk 42%h®wn in a high flux state (92
counts/sec/PCU).

2.3 TheXMM-NewtonObservatory

The European Space Agency (ESA) X-ray Multi-MirrgdNIM-Newtorobservatory was launched
in December 1999, and is currently fully operational. Sads Newton is honored in the name for
his study of spectroscopy. Figure 2.4 shows a diagram oXt#&1-Newtonspacecraft with the
three mirror modules on the left and the focal plane EPIC Xinatruments on the rightXMM-
Newtonis in a highly elliptical 48 hour orbit inclined at 4Go the equator, moving between a
perigee of 7000 km and a southern apogee of 114,000 km (Jahsén2001). This orbital path
allows for ~40 hours of nearly continuous observations outside ear#tugation belt from the
total 48 hour orbitXMM-Newtorcarries on board three Wolter grazing-incidence mirror oied

in a parallel axis configuration with a 7.5 meter focal lengtie total length oiXMM-Newton
is 10 m). Each module consists of 58 gold-coated nested mpjrthe largest mirror diameter
being 70 cm. The nested design is used to maximize the e#estea of grazing incidence optics
by filling the front aperture with very thin (0.5-1.1 mm) nurs seperated by 1 mm. Wolter
telescopes enable X-ray imaging using two grazing incidefitections, first at a parabolic mirror,
and second at a hyperbolic mirror. The t¥dM-Newtonmirror modules for the EPIC MOS1
and MOS?2 detectors have Reflection Grating Assemblies (RG#sch reflect 58% of the total
light focused by the mirrors. For each RGA one RGS Focal CarntiRFC) is located along the
dispersion direction. Each RFC consists of a linear arra MOS CCD chips and has an E

| AE resolving power of 100 to 500 over the energy range 0.3—2\b Klo RGS data has been
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XMM-Newton

RGS
EPIC-pn
EPIC-MOS

Figure 2.4: A diagram of th&XMM-Newtonobservatory. The mirror modules are shown on the
left, with Reflection Grating Assemblies (RGAs) mounted wo ©f the three mirror modules.
The focal plane EPIC and RGS X-ray instruments are on thd.rigihe two EPIC MOS are
identifiable as cylinders with green horn radiators. The®PN instrument is shown by a light
blue box below the MOS detectors, and the RGS detectors avendxs small cubes in the lower

detector module. Diagram adapted from (Jansen et al. 2001).

analyzed in this thesis work, due to the smaller energy ramgeroughly one order of magnitude
smaller effective area compared with the EPIC PN instrumigiure 2.5 shows the effective area
of the PN, MOS, and RGS instruments. The PN effective ardaeisargest ever for an imaging
X-ray instrument. In addition to the EPIC and RGS X-ray instents, XMM-Newtonalso has a
co-aligned 30 cm optical/UV telescope, the Optical Mon{foM). The OM is a sensitive CCD
detector providing imaging with a1 arcsec angular resolution and spectroscopy over the wave-

band 180 to 600 nm. No OM data has been analyzed in this thesis.

2.3.1 EPIC Instrumentation

EPIC refers to three instruments: the MOS1 and MOS2 (Metall©$emiconductor) CCD in-
struments, and PN (P-doped N-doped semiconductor) CCERuimsint. PN consists of 12 CCDs
of equal size (%1 cm) built on a single wafer. The back illuminated PN CCDsdeK-rays by
interactions with the silicon atoms, creating electrond holes in numbers proportional to the
energy of the incident photon. The electrons are capturgubtential wells, and then transferred
to readout nodes. MOS1 and MOS2 are equivalent arrays of 7SJ€&xh CCD is 2.52.5 cm

in size). Both MOS and PN instruments have a field of view ok 30 arcmin, with an angular
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Figure 2.5: Effective areas of theMM-NewtonEPIC instruments (PN in black, MOS in blue),
and the RGS instruments (RGS first (green) and second (pidk) dispersions). Figure from the
XMM-NewtonJser Handbook a{MM-NewtonSOC).

resolution of~6 arcsec. The instruments cover nearly the same energysdRde 0.2—-15 keV,

MOS: 0.2-12 keV). The instrument configurations are desdritrelow.

MOS and PN Operating Modes

A range of operating modes are available for each obsenvaltiothis thesis, only results from PN
observations in Large Window, Small Window, and Timing modee presented, primarily due to

systematic considerations described here, and in sect®rTBe full list of standand modes are:

e (MOS and PN) Full Frame (FF): all pixels in all CCDs are reat(et97% field of view)

e (MOS) Large Window (LW): 306300 pixels in the central CCD are read out

e (PN) Large Window (LW): 198& 384 pixels from the inner half of the 12 CCDs are read out
e (MOS) Small Window (SW): 100100 pixels in the central CCD are read out

e (PN) Small Window (SW): 63 64 pixels from the CCD at the focal point

e (MOS and PN) Timing (T): One dimensional (X-axis) imagingrfr the focal point CCD

Photon Pile-up and Out-of-Time Events

Operating mode are chosen based on source charactenstits field of view. For bright point

source targets, such as Mrk 421, imaging mode observatidfes from two instrumental effects:

28



2.3. THE XMM-NEWTONOBSERVATORY

photon pile-up and out-of-time events. Photon pile-up o&gthen more than one X-ray photon
hit the same CCD pixel during the frame integration time (68 for PN in Full Frame mode).
Instead of recording each photon, one X-ray is recorded thig¢hcombined energy of multiple
X-rays. This results in an artificial hardening of the souspectrum and overall loss of flux.
Photon pile-up is reduced in imaging modes by removing therigore of the bright point source.
The MOS instruments are more affected by pile-up than PN lfayperating modes. FF mode
has the highest pile-up factor, followed by LW and SW moddke-& is best avoided with PN
observations in Timing mode (only point sources with flux3.8x 107 erg cnt? s1 over 2-10
keV suffer pile-up). This flux level is higher than the largescorded X-ray flux for Mrk 421 (and
for the other 2 fainter TeV blazars in this thesis).

Out-of-time events occur in PN and MOS imaging modes whemayphotons are registered
during the CCD read out time. These events get assighed aywkpixel value (RAWY), and are
visible in the image as a strip of events running from the selwcation to the edge of the camera.
Figure 2.6 shows Full Frame mode images of Mrk 421 from MOS8 (&ft) and PN (top right)
observations. The fraction of out-of-time events is highiesPN Full Frame observations (6.3%),
and is evident in figure 2.6. The main effect of out-of-timemts is broadening of line features in
the source spectrum. Out-of-time events can be identifiddsabtracted from images or spectra,

but have a small effect for sources with a continuum spectrum
Optical Filters

A choice of three seperate optical filters (thin, medium, #ndk) a made for each observation
depending on the brightness of the target X-ray source irofiteal energy band. The X-ray
effective areas of the PN and MOS instruments are reducetiebfilters at low energies (0.6-2
keV) by ~30%. The effective area is further reduced with increasifigaxis angle to the X-ray

source, however all observations analyzed here are pourtes centered at the focal point, or

with a small offset (2 arcmin).

2.3.2 EPIC Data Reduction

The XMM-NewtonScience Analysis System (SAS) developed and maintainedeb@dtience Op-
erations Center (SOC) at ESA is used forXdMM-Newtondata reductionXMM-NewtonSOC).
All data in this thesis (listed in chapter 6) is from the pat{iMM-NewtorScience Archive (XSA)
at theXMM-NewtonSOC. Only data from the PN instrument in SW, LW, and Timing e®dre
presented in this thesis. Final spectra results from MO& @& not used in this analysis primarily

due to the larger effect of photon pile-up and smaller efffecarea compared with PN. The PN
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Figure 2.6: XMM-NewtonMOS1 (left) and PN (right) Full Frame images of Mrk 421 from 14
Nov. 2002 (MOS1) and 7 June 2003 (PN). Mrk 421 has been olbdrtienes in FF mode with
the PN instrument (as of Feb. 2007) for calibration purpasiéls a square mask of 2010 pixels
removed in the core of the point spread function to reducequhpile-up. The bright strip running

from the source to the edge of the camera in the PN image is dutrof-time events.

Full Frame observations are not analyzed because of theathaskibration mode (see figure 2.6).
Therefore, this section only outlines the data reductioRMNfimaging and Timing mode observa-

tions.
Calibrating Photon Event Files

The XMM-NewtonScience Archive contains Observation Data Files (ODF) dpdlife Process-
ing Subsystem (PPS) calibrated data for each observatioe ODF consist of uncalibrated X-ray
photon event lists and “housekeeping” data. The PPS datavilpd by theXMM-NewtorSurvey
Science Center (SSC) and consists primarily of event fildshwlvere automatically pre-processed
after data taking with a standard “pipeline” set of SAS taigl Current Calibration Files (CCFs).
The SAS and CCF are continually revised, so for consistenisyrecommended to pre-process
the data directly from the ODF with the newest version of SA8 &CF. All data reduction here
uses SAS 6.5 and CCF current up to Nov. 2006. Three steps\aigédd in calibrating PN event
files. First, the taskifbuild is run to create a CCF Index File (CIF), which determines titeo$
CCF needed for each observation. Secamfingestis run to inform the ODF summary file of
the set of CCF and housekeeping data. Themthaincombines several SAS tasks, including bad

pixel rejection, to generate a calibrated PN event file.
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Filtering Event Files

The SAS toolevselectis used for filtering PN event files, as well as generating iesadight
curves, and spectra. The standard filtering selectionsrasvent patterns, quality flags, and en-
ergy range. The event pattern refers the number and pattgrixals triggered for each event.
The pattern values are: 0 for single pixel events, 1-4 fobtopixel events, and 5-12 for triple
and quadruple pixel events. Only single and double patteznts (0—4) are selected in this work.
Quality flags are encoded in the event file with values definethé event condition, such as hot
pixels. The most conservative criteria (flag0) is used here. Finally, only events in the energy

range 0.2—-15 keV are selected.
Defining Source and Background Regions in the Image

After filtering the event filegvselects run to generate an X-ray image of the active CCDs. Figure
2.7 shows PN images of Mrk 421 in the SW mode (top left) and Aignmnode (top right). In
imaging modes, a circular region containing the sourcetmpread function PSF) is determined
from the image. Using the selected source region, a filtevedtdile is generated witevselect

In PN Timing mode the CCDs are read out in a continuous modleahts are out-of-time), and
so Y-pixel values (RAWY) for all events are evenly spreadalahg the instrument. A rectangular
region is selected that contains the source along the X-g@&WX) direction and all RAWY
pixels in the active CCDs. In both Timing and imaging modhs, tiackground region is selected

far from the source region to avoid contamination, as shawfigure 2.7.
Correcting for Possible Photon Pile-up

Possible photon pile-up is investigated by running epatplottool over the source region event
file. Figure 2.7 (bottom left) shows thepatplotoutput for a 45 arcsec radius circular region cen-
tered on Mrk 421 in SW mode (image top lef@patplotdisplays the energy dependent fraction of
single and double pixel events compared with a predictedeiiod no pile-up. The higher than
expected fraction of double events (and decrease in sinvglet® is a clear sign of pile-up. By
chosing a core removed annulus pile-up is significantly cedu Figure 2.7 (bottom right) shows
the epatplotoutput for the same SW mode Mrk 421 observation, but from &viena source cen-
tered annulus with a radius of 10—45 arcsec. €patplotpile-up plot for Timing mode data is
not shown here since the single and double events agreeheeadkpected model, evident of very

little pile-up.

Generating Light Curves, Spectra, and Energy Responses
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Figure 2.7:XMM-NewtornPN Small Window (top left) and PN Timing (top right) imageshdfk

421 from 1 June 2003 (SW mode) and 9 Nov. 2005 (Timing mode}. S¥d mode, the source
region is an annulus with a radius 10-45 arcsec centered &m4Rlt. The bottom plots show
the energy dependent fraction of single (red) and doubleejhpixel events from the SW mode
observation. Photon pile-up is evident by divergence ofsihgle and double pixel events from
model predictions for no pile-up (red and blue lines). Shdlattom left) is the 45 arcsec radius

circular region of Mrk 421, and (bottom right) the 10-45 acsnnulus region (core removed).

Light curves and spectra are extracted from the source ackbbzund filtered event files using
evselect After generating a source spectrum, the source pixel arealculated wittbackscale
using corrections for bad pixels. The step is repeated ferbidckground spectrum. For Small
Window operating modes of bright sources, such as Mrk 42inalls-3% fraction of the source
X-ray flux will contaminate the background region, resugtim a slight systematic effect to the
background subtracted flux and spectral shape. Comparitiggliaund regions, a maximum 5%
systematic effect was found on the power law index and nomatadn parameters. Nexarfgen

is run to create an ancillary response file (ARF) consistihgnergy dependent vectors defining
the effective area, filter transmission, and quantum efiigyeof the instrument. The CIF frowif-
build selects which calibration files (CCF) are used for each easien. Finally,rmfgenis run to
generate a redistribution matrix function (RMF), proviglithe energy response. Spectral analysis

methods and results are presented in chapter 6.
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Chapter 3

Ground Based Gamma-ray Detection

Cosmic gamma-rays (0.1 MeV t9100 TeV) are absorbed high in earth’s atmosphere, requiring
either balloon or space based satellite observations fecddetection. Space basgday as-
tronomy began in the 1960s with small experiments, inclgdixplorer-11, the first satellite to
detect cosmigi-rays (Kraushaar and Clark 1962). Four important past,gmtesand upcoming
satellitey-ray missions are: the Compton Gamma-Ray Observa@®&RO (1991-2000)|NTE-
GRAL (2000—present)AGILE (2007—present), and the Gamma-ray Large Area Space Tpkesco
(GLAST (launch 2007). The EGRET instrument on bo@@ROcompleted the firsy-ray sky
survey at energies above 100 MeV, discovering 2#ay sources (Hartman et al. 1999INTE-
GRALhas twoy-ray instruments (SPI and IBIS) covering the energy rangkelsto 10 MeV. The
first census of IBIS detectiornis100 keV has yielded 49 sources (Bazzano et al. 20B6ILE,
launched in April 2007, features a very compact design tectve 30 MeV to 50 GeV energy
range with the GRID instrument (Tavani et al. 2006). FinaByASTis scheduled to launch in
October 2007 and will carry the LAT instrument sensitivenir@0 MeV to 300 GeV, offering a
factor of >30 better sensitivity to EGRET for a 2 year sky survey (Geshagid Michelson 1999).

Detecting y-rays with Energies Above 10 GeV

At energies above 10 GeV the relatively large (0.8 mifective area of th&LASTLAT instru-
ment still yields low photon statistics even for strong s@$: For example, the bright Crab nebula
supernova remnant with a steady 10 GeV fluxdfo—1° erg cn2 s~1 will require a~1 day ex-
posure for a 5 detection GLASTLAT Team). TheGLASTLAT upper energy limit is the highest
of any space basegray instrument. This chapter introduces the indirect ciede of 0.01-100
TeV y-rays with ground based telescopes using the Imaging AthesgpCherenkov Technique
(IACT).
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3.1 Imaging Atmospheric Cherenkov Technique

Detection of>700 GeVy-ray emission from a cosmic source (the Crab nebula) wasafitieved
by the Whipple 10 m telescope from observation in 1986 to 1888e 9o level using the newly
developed Imaging Atmospheric Cherenkov Technique (Weekal. 1989). IACT telescopes
image the induced Cherenkov radiation from large air sheween y-rays interact with air
molecules high in earth’s atmosphere. Section 3.1 outlihegphysical properties of air show-
ers, followed by an introduction to the detection princgpbnd performance of past and current
IACT telescope systems. Section 3.2 describes the tedharidaobservational operations of the
Whipple 10 m telescope. Lastly, calibration proceduressamilations for the Whipple 10 m are

presented in section 3.3.

3.1.1 Air Showers

A steady isotropic flux of high energy protons and heavy riu¢gladronic cosmic rays) collide
with Earth’s atmosphere where the particles interact withrainding air molecules, producing
cascades of secondary particles and photons known as aweshoThe majority of secondary
particles in air showers travel faster than the speed ot liglkair and emit Cherenkov radiation
detectable from the ground. Air showers are also formed wtigim energyy-rays or electrons hit
the atmosphere causing electromagnetic showers. Badly and hadron initated air showers are

described below.
y-ray Initiated Air Showers

Gamma-rays with energy.E>> 1 MeV (twice the electron rest mass) incident on earth’'s atmo
sphere interact with atomic nucleus at a height of 15-30 kovalsea level, almost exclusively
producing electron-positron pairs. The secondary elast@nd positrons from pair production
each emit ong/-ray via bremsstrahlung (due to deflection from atmospheuviclei) within one
radiation lengthX® = 37 g cm? (300 meters at sea level). These secondarglys then pair
produce within a radiation lengtd! = 9/7 - X&. Figure 3.1 (top left) shows a simple cascading
interaction model fory-ray initiated showers based on (Heitler 1954). The numibgratticles

in the shower grows exponentially, while the average enpegyparticle decreases exponentially.
The lateral spread in the air shower is primarily from smaljle Coulomb scattering of the elec-
trons or photons off nuclei, resulting in a narrow cone otipgér paths along the shower axis. The
maximum number of particles is reached when the averag&lgaenergy falls below a critical

energy (E ~ 81 MeV in air) where the loss of energy per unit length by breimahlung falls be-
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primary cosmic ray

Figure 3.1: Simulated air showers initiated by either atYI&fTeV y-ray or (right) 1 TeV cosmic
ray proton using CORSIKA (Heck et al. 1998). The first intéi@t height is fixed at 30 km
above sea level for both simulations. All particle paths stvewn, including particles below the
threshold energy to induce Cherenkov radiation. Electpasjtron, and photon tracks are shown
in red, muon tracks in green, and hadron tracks in blue. Theehcore appears black because
of the large density of particles tracks. CORSIKA simulati@and images are courtesy of Fabian
Schmidt (CORSIKA Images). Shown above the simulated shoamer schematic diagrams for

either (top left)y-ray or (top right) cosmic ray initiated showers, courte$yeirdre Horan.
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low the loss of energy per unit length by ionisation. The hewf shower maximum and number
of particles depends on the primapray energy E. For example, a 1 TeV-ray initiated shower
has a first interaction height 6§25 km, a shower maximum at8 km above sea level, and a total
of ~10* particles. Figure 3.1 (left) shows a detailed simulationafd TeVy-ray air shower using
CORSIKA (described in section 3.3.2).

Hadron Initiated Air Showers

High energy cosmic ray particles produce hadronic showegrstitong inelastic scattering from
an air nucleus. In this first interaction mostly pions (90%g ereated, but also kaons and other
light particles. About 1/3 of all generated pions are ndytians (77°) which decay almost in-
stantly into two photons. These photons create electrogtagaub-showers by pair production
and bremsstrahlung interactions in the same manng#rag initiated showers. The other 2/3 of
pions are chargedi*) and have a lifetime of 2.8.0~8 s before mainly decaying into muons¥).
During thert* lifetime interactions with air nuclei may occur, resultimghadronic sub-showers
of nuclei, protons, and neutrons. Muons in hadronic showéien penetrate to the ground, but
may also decay into electrons and neutrinos. Figure 3.1r{gbp) shows a diagram for the first
interaction and resulting pion products in a hadronic stroB&own below the diagram in figure
3.1 is a CORSIKA simulated air shower initiated by a 1 TeV cosray proton. Compared with
y-ray air showers, the larger lateral extent and inhomodgméhadronic showers is due primarily
to high fluctuations in hadronic interactions and the lorapswverse pion paths resulting in sub-
showers over a large area. Also, hadronic showers devebsgicto the ground thayray showers
due to the larger number of secondary particles and the tdmagronic interaction lengti? at

GeV and TeV energies.

Cherenkov Light in Air Showers

Air showers contain a large number of particles with velesitexceeding the speed of light in air,
which depends on the pressure at varying heights abovevaga@Gherenkov photons are produced
in coherent wave-fronts when relativistic charged pagtipblarize the surrounding atmospheric
molecules (Jelley 1958). The number of photons emitted pigdengthx and wavelengtiA can

be calculated using the Frank-Tamm equation:

dN , 1 1
axar 2 5 [1_ an()\)z}

whereaq is the fine structure constaiz s the particle’s chargeg = v/cis the ratio of the particle’s

velocity v to the speed of light in a vacuum, and(A) is the wavelength dependent refractive in-
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Figure 3.2: Cherenkov light spectra from vertical air shosvaitiated byy-rays from 0.05-0.5
TeV energies. The solid lines show the Cherenkov spectrdnaigit of 10 km, while the dashed

lines show the absorbed spectra at 2.2 km above sea levakeRigm (Wagner 2006).

dex. Figure 3.2 shows several example Cherenkov spectravestical y-ray air showers near the
height of maximum emission (10 km), and at 2.2 km above sed\gvere atmospheric absorption
is evident in the UV band, primarily due fodependent Rayleigh scattering off air molecules. The
Cherenkov light is emitted in a narrow cone with Cherenkoglar, ~ 0.5-1.5 between the
Cherenkov light and patrticle track. The minimum energy oédiple to emit Cherenkov radiation

in a medium is given by Fin = YminMoC2, Whereymin is the minimum Lorentz factor, anal, is

the particle’s mass. Due to the linear dependencen@f &1 the particle’s mass, electrons emit
most of the Cherenkov light in air showers, with F > 22 MeV for electrons, [, > 4.6 GeV

for muons, and Ein > 40 GeV for protons (Rao and Sinha 1988). yamy initiated showers, the
Cherenkov photon density is roughly a constant fractiorhefgrimaryy-ray energy, and forms

a nearly uniform light pool on the ground due to the near amsCherenkov anglé; of emis-
sion. A typical 1 TeVy-ray initiated shower generates a light pool-e£00 photons m? on the
ground within a radius of 120 m during a time-scale of 10 nguFe 3.3 (left) shows a CORSIKA
simulated light pool from a 0.3 TeY-ray air shower at 2300 m above sea level (the height of the
Whipple 10 m telescope). Figure 3.3 (right) shows the sitedl&Cherenkov light density from a
0.5 TeV cosmic ray proton initiated air shower. MultipleHigoools from several sub-showers are

evident, covering a large total lateral area.
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Figure 3.3: Simulated Cherenkov light density (frat 2300 m above sea level from verticaf (O
zenith angle) air showers initiated by (left) a 0.3 Tgfay, and (right) a 0.5 TeV cosmic ray

proton. CORSIKA simulations and images are courtesy of Gdviaier.

3.1.2 Detection Principles of IACT telescopes

Ground based Imaging Atmospheric Cherenkov Technique T)A€lescopes track-ray sources
in the sky using a large steerable dish of segmented mirrdfs avfast camera at the focus to
record the induced Cherenkov light from air showers. IACmeaas typically consist of-300
pixels of photo-multiplier tubes (PMTs) each having@.1° diameter. A large>2.5’ field of view

is needed to fully contain Cherenkov images from TeV y-ray initiated air showers, particularly
for extendedy-ray sources. IACT telescopes detect the faint rapid Clkereflashes above the
noise level from the night sky background (NSB) with naneosekctime-scale event triggers. For
example, the Cherenkov flash from a 1 Tg\fay is a factor~5 brighter than the NSB during
a clear moonless night when collected by&0 m diameter dish in-0.1° size pixels over an

integration window o~20 ns.
y-ray Selection and Reconstruction

IACT telescopes discriminate betwegwray and cosmic ray initiated air showers based on the
characteristic uniformity of Cherenkov light density oretground, as shown in figure 3.3. For
non-verticaly-ray air showers, the elliptical Cherenkov light pool psimt the direction of the
primary y-ray, identifying these images from the large backgrounigdatiopic fragmented cosmic
ray showers. Since the number of Cherenkov photons in a stisvpeoportional to the number

of shower patrticles, the primamyray energy is reconstructed from the Cherenkov image #itygn
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Figure 3.4: A montage of images showing the basic detectiokiple of IACT telescope systems.
Shown (top left) is a CORSIKA simulategray air shower from figure 3.1 with the Cherenkov
light yield represented by a blue cone. Shown (bottom righthe H.E.S.S. system of 4 IACT
telescopes, described in section 3.1.3. Shown (top rigbtlCaerenkov images of a simulated 7
TeV y-ray air shower from each of the 4 H.E.S.S. cameras supesatponto one camera, adapted
from (Berge 2006).

and shower core location relative to the telescope. Thetdféearea of single IACT telescopes is
very large 10° m? at 1 TeV), and is determined by the efficiency of detectingr€hieov light.
Using a single IACT telescope, the angular position of iaoid/-ray is not directly measured,
and is estimated based on the characteristic shageaaf Cherenkov images from simulations.
Section 4.2 describes in detalil thrgay reconstruction methods applied to the single Whipgle 1
m telescope. The basic detection principles pioneered twttWhipple 10 m are used in modern
IACT telescope arrays. Stereoscopic arrays use a numb&Qir telescopes arranged100 m

apart with a~100 ns coincidence window for event triggers from each telps to reconstruct
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Figure 3.5: Photographs of currently operating 1A@Tay telescope systems. Shown are the
(top) VERITAS and (middle) H.E.S.S. phase | four telescogsesns. The bottom panel shows
(far left) the MAGIC phase | telescope, (middle left) 1 of 4 BEAROO-III telescopes, (middle
right) TACTIC, and (far right) the Whipple 10 m telescope.

stereo events, which greatly reduces the background. &drshows the basic principle pfray
reconstruction. The Cherenkov light pool fronyaay shower in this stereoscopic observation is
recorded at a different viewing angle with each telescop®iging a geometric measurement of

the source direction by the intersection point of image axes

3.1.3 Pastand Current IACT y-ray Telescopes

This section presents an overview on the history and cugtaniis of IACT telescopes. Figure 3.5
shows photographs of all currently operating IACT telessopThe first IACT telescope was the
Whipple 10 m telescope, built in 1968 atop Mt. Hopkins, Ariap USA, with the first imaging
camera installed in 1982 (Weekes et al. 1989). Currentlly foperational, the Whipple 10 m
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Telescope(s)  Location Start M@r. FOV E.Res€ E.ThY Seng
(yea) (m) (deg) (%) (TeV) d/vhn)
Whipple 10 m  Arizona, USA 1968 10 2.6 32 0.4 5
TACTIC Rajasthan, IN 2000 A35 3.4 40 1 1
CANG.-llI Australia 2004 4«10 4.0 29 0.6 2
H.E.S.S. Namibia 2004 413 5.0 19 0.2 28
MAGIC LaPalma, ES 2004 17 3.5 22 0.1 20
VERITAS Arizona, USA 2007 412 3.5 20 0.3 28

Table 3.1: Performance of current IACT telescope systenasedN (a) Telescopes of mirror diam-
eter (m) are listed as tele. num.m (b) Energy resolution. (d) Energy threshold. (e) Sengjtior
Crab nebula observations (for CANGAROO, 2 of 4 telescopesiaed). References: Whipple 10
m (this work), TACTIC (Dhar et al. 2005), H.E.S.S. (Aharamiet al. 2006a), CANGAROO-III
(Enomoto et al. 2006), MAGIC (Wagner et al. 2005), VERITASd#a et al. 2007).

has a lower energy threshold 6f0.45 TeV and energy resolution of 31% (see section 4.4 for
details). Generally, the upper energy limit for IACT telepes is determined by low statistics
from y-ray sources with steep spectra, which for the Whipple 10 m28 TeV. Over the energy
range of 0.45-10 TeV, the Whipple 10 m sensitivity for obaéions of the Crab nebula is5
o/vhr, as determined in section 4.5. Table 3.1 compares the peafuze of the Whipple 10 m
telescope with other currently operating IACT telescopstays. Following the Whipple 10 m,
the HEGRA Cherenkov telescope 1 (CT1) started observatiof992 at La Palma, Spain, with
an energy threshold of1 TeV (Mirzoyan et al. 1994). In 1996, the HEGRA system of fivé 3
m telescopes started stereoscopic observations (Dauml&i9d). The HEGRA system achieved
an energy threshold of 0.5 TeV, energy resolution of 10-2804, sensitivity for the Crab nebula
of 16 a/v/hr (Puhlhofer et al. 2003). Both the HEGRA system and CT1 stdgpking data in
late 2002. Two IACT telescopes were built in Australia dgrthe 1990’s, the CANGAROO 3.8
m telescope (1992-1998), and the Mark 6 telescope (1999)Z6lara et al 1993; Armstrong
et al. 1999). Since 2004, the CANGAROO-III array of 4 IACTetstopes is currently taking
observations. From this generation of experiments, twemlACT telescopes are noted here:
CAT (1996—2003) in France, and TACTIC (2000—present) indriBarrau et al. 1998; Dhar et al.
2005).
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Figure 3.6: Photographs of the Whipple 10 m telescope. SHdgimt) is the camera at the focus.

Modern IACT Telescope Systems

H.E.S.S., MAGIC, and VERITAS represent a new class of higisiity IACT telescope sys-
tems. H.E.S.S. phase | is an array of four 13 m telescopes iithi@, southern Africa. Each
H.E.S.S. phase | camera contains 960 pixels fof &edd of view. H.E.S.S. features an energy
threshold of~0.2 TeV and sensitivity for the Crab Nebula of 28v/hr (Aharonian et al. 2006a).
Construction has started on a large 32 m tall by 24 m wide ¢efes positioned in the center of
the H.E.S.S. array for combined phase Il observations vkighfour 13 m telescopes starting in
2008 (Vincent et al. 2005). MAGIC is located at La Palma, B@aid started operations in 2004
with a single 17 m telescope (phase I), while constructios began on a second 17 m telescope
for stereoscopic observations in phase Il (Mirzoyan et @05). VERITAS is an array of four 12
m telescopes at the Whipple site in Arizona, USA and hasestduil operations in Spring 2007
(Holder et al. 2006; Kieda et al. 2007). The VERITAS sentiitifor Crab nebula observations is
~28 a/v/hr over the energy range of 0.3-10 TeV.

3.2 The Whipple 10 m Telescope

The Whipple 10 m telescope is located on Mount Hopkins, Ari&zdJSA at an altitude of 2312
m. The site is run by the Smithsonian Institute’s Fred LaweeWhipple Observatory (FLWO).
VERITAS and several large optical telescopes are alsoddcaear the site, which offers clear

skies, low wind, and low humidity for a large fraction of madess nights. The Whipple 10 m
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is run by the VERITAS collaboration, which consists of ovérimembers from the US, Canada,
UK, and Ireland. Figure 3.6 (left) shows a photograph of thayle 10 m telescope taken during
Dec. 2004. In this section, an overview is given of the Wheplld m instrumentation, with further

details in (Kildea et al. 2007).

3.2.1 Telescope Mount and Optics

Built in 1968, the Whipple 10 m telescope has an altitude-azénuth positioner, which drives
a steel optical support structure (OSS) balanced by leadtepmeights. Four steel arms support
a cylindrical focus box containing the camera within a foglane of 7.3 m. The Whipple 10 m
telescope has a slew speed ofgker second, and tracking resolution of 0.0Bupported by the
OSS is the 10 meter diameter optical reflector consistingdofrirror facets in a Davies-Cotton
design (Weekes et al. 1972; Davies and Cotton 1957). Usiagidsign off-axis aberrations are
reduced, although photon arrival times are spread out®ys. The mirrors are 61 cm wide and
hexagonal in shape, with a thickness of 1 cm. A front coatingnodized aluminum was applied
to the mirrors for optimal reflectivity in the blue to UV rang€he peak mirror reflectivity at 310
nm is 85% with a gradual degradation over time due to enviemal effects. The mirror point
spread function (PSF) is measured by a CCD camera at ther adritee dish, which images a
bright star projected in the focal plane. The measured FWHBI 13 for the PSF is larger than
the 0.12 diameter of each camera pixel. The mirror alignment procesiand PSF measurements

are described in (Kildea 2002; Schroedter 2004).

3.2.2 Camera

Since 1982 the Whipple 10 m the camera has had four major degravith the current camera
installed in 1999. Figure 3.6 shows a photograph of the atigamera mounted in the focus box.
The inner camera consists of 379 photo-multiplier tube (PpiXels with 0.12 diameter, giving

a total circular field of view (FOV) of 2.6 The outer ring of 111 (0.25diameter) PMTs were
removed in 2003, and were not considered in this work. Ligines are placed in front of the
inner PMTs to shield the PMT photo-cathodes from backgrdigid and to reduce photon losses
from gaps between pixels. The PMT quantum efficiency is 20&6 the blue to UV region with a
1-2 ns response. High voltage to the PMTs is supplied by thimkiles mounted on the telescope
counterweights. Coaxial cables send the analog PMT sigodle electronics room, where the
signal is AC-coupled to a ten-times amplifier. After thisgeathe signal is split equally between
the trigger system and readout system. Figure 3.7 showsighal path through a schematic

diagram for the 331 of 379 pixels contained in the triggetesys
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Figure 3.7: Schematic diagram of the Whipple 10 m signal path

3.2.3 Trigger System

The trigger system is used to select Cherenkov events and events containing only the night
sky background (NSB) plus electronic noise. In the first sfage signal in each pixel passes
through constant fraction discriminators (CFDs). If thepdifred PMT signal exceeds a deter-
mined threshold, then the CFD outputs a 10 ns wide pulse to &ahultiplicity trigger and a
pattern selection trigger (PST), as shown in figure 3.7. Withwindow of 8 ns, the multiplicity
trigger requires a coincidence of any 2 or 3 pixels to triggdrile the PST requires 3 or 4 adjacent
pixels. The PST subdivides the inner 331 pixel camera ingrlapping groups of 19 pixels, so
that a pattern of 3 or 4 adjacent pixels is fully containechimitat least one group (Bradbury and
Rose 2002). Figure 3.8 shows the trigger rate versus CF3Hhbte using either a 2-fold coin-
cidence for any pixel, or 3-fold adjacent pixel trigger asasgred in Oct. 2001 by pointing the
telescope at 0zenith. At low CFD threshold values, fluctuations in the NSBnihate the trig-
ger rate. For nearly all observations since 2000, a 3-fojdcat pixel trigger is used with CFD
thresholds ranging from 32—-36 mV. The threshold level wasrdened by the transition point

where the trigger rate becomes stable and is no longer NSBnadbeal.

3.2.4 Readout System

For each event passing the trigger system, an output pudeaigo coincide with the delayed PMT
signal reaching each channel's charge analog-to-digitaverter (QADC). The PMT signals are
delayed by~120 ns via coaxial cables. Once receiving an event triggper, QADCs integrate

each PMT signal for 20 ns. The integrated signal intensitgd®rded in digitial counts (dc) and
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Figure 3.8: Whipple 10 m trigger rate versus CFD thresholthaasured in Oct. 2001 at @enith
using (empty circles) the multiplicity trigger for any 2 jis, or (filled circles) the PST set for 3
adjacent pixels. A CFD threshold of 34 mV was used for obgEma during 2001 to 2002, shown
by the dashed line.

sent to a list processor. Events are stored in the list psocesith their GPS time stamp until the
aquisition software reads them out. The entire readoutga®takes-0.4 ms, during which time
the camera can not respond to further trigger signals (teesydead-time). During observations,
the typical event rate is 10-30 Hz, resulting in a very londdgéme of 0.5-1.4%. Figure 3.9 shows
the system dead-time as evident by the smallest time differdetween consecutive events. A
CAMAC bus system transfers the event data to a Data Acquis{fDAQ) computer, which also
records the telescope elevation and azimuth. Furtherlgetfaihe readout system are in (Rose et
al. 1995a).

3.2.5 Telescope Operation

The duty cycle of IACT telescopes is typicallg10% due to the general requirement of clear
moonless nights for high quality observations. Since migbnlis a few orders of magnitude
brighter than Cherenkov light, the Whipple 10 m normallyyooperates when the moon (and sun)
are below the horizon. Operations during partial moonligkte tested with the Whipple 10 m,
made standard for the HEGRA CT1 telescope, and have redssely studied with MAGIC (Pare
et al. 1991; Kranich et al. 1999; Albert el al. 2007a). Aduliticonstraints on the Whipple 10
m and VERITAS duty cycles are annual storms that pass thr@ogithern Arizona in August,

causing operations to stop in July, and resume in Septenileach year. Figure 3.10 shows the
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Figure 3.9: Whipple 10 m system dead-time~00.4 ms shown by the shortest time between
consecutive events. Shown (right) is the same distributibort at longer time differences on a

logarithmic scale.

total number of moonless hours available to the Whipple ©h e&ght during 2006, and the actual
number of hours taken for observations. Poor weather a¢tsdanthe main fraction of observing
time lost, with a small amount~3%) lost to due to telescope failures and engineering. The
weather is monitored by the observer on a continual basikjding wind speed, temperature, and
relative humidity readings. Section 3.2.6 describes tradityucriteria used to reject observations

during poor conditions.

Observation Modes

Observations with the Whipple 10 m are conducted in eithEraakingor ON/OFFmode. In the
ON/OFF mode, the telescope tracks the source centered fretti@f view for 28 minutes (ON),
and then two minutes later re-tracks a corresponding skipmefpr 28 minutes with equivalent
declination, but offset by 30 minutes in right ascension FPH his mode allows for direct back-
ground substraction of cosmic ray events in the ON obs@mwatiThe Tracking mode is defined
by taking an ON observation of 10 or 28 minute exposure witltamesponding OFF sky obser-
vation. Due to the small field of view with the Whipple 10 m camat is not practical to use
a so-called wobble mode. During wobble mode observatioad#tkground is determined from
offset pointings which contain both the source position lackground sky regions in the camera.
All Crab nebula observations in this work were carried ouON/OFF mode (see section 4.4),
while 83% of the selected TeV blazar observations in thiskwegre taken in Tracking mode (see

section 5.1). The method for selecting the best OFF runsaoKiing data is described below.
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Figure 3.10: Whipple 10 m observing efficiency during 2006eTotal hours spent oberving each
night is represented by the aqua (filled) distribution, wit number of available observing hours

each night shown by the black (empty) distribution.

3.2.6 Data Quality and Background Sky Field Selection

Datais first selected according to the observing conditeomstelescope performance noted during
operations. The weather conditions are graded continigilthe observers on a subjective scale
of A, B, or C weather, with A weather defined for clear visityililow humidity, and low winds, B
weather for light cloud coverage, and C weather for significdoud coverage. Only observations
during A and B weather are used in this thesis. Additionale small fraction of observing
runs with malfunctioning telescope tracking, trigger, eadout systems are rejected based on the
observer’'s notes. The main criterion for run selection & shability of the telescope event rate.
Figure 3.11 shows for example the event rate from Crab nadgarvations in March 2003 during

B weather, and in January 2006 during A weather conditiorte Variable rate in the B weather
observation is evident by a larger RMS spread in event rat8@sec. bin. In this work, a quality

cut on the event rate RM8 1.5 Hz is used.

Background OFF Data Selection

Appropriate background OFF sky regions were best match&dhitking mode observations based
on the zenith angl® and observation time in Modified Julian Day (MJD) of each raltofving
a simple matching routine introduced in (de la Calle Pér@é232. In this method, a score is

calculated for all possible pairs of Tracking and OFF runsspay data quality cuts, with the
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Figure 3.11: Whipple 10 m event rate from Crab nebula obsens Shown (left) in black
circles is the event rate at 14enith during 5 Jan. 2006 in A weather, and from 25 Mar. 2003 at
29 zenith in B weather (brown). The lower event rate in the 2008eovation is due both to the
larger zenith angle and lower detector efficiency (see fi@uid). On the (right) are shown the
event rate distributions. The RMS spread in the 2003 observes > 1.5 Hz, resulting in the run

being rejected.

lowest score representing the best match:

MJDon — MJDOFF| + OoN — @OFF|

Score= |
WmID Wo

The weights were optimized to give the lowest spread in tintkzenith angle from a large sample
of data, withwyyp = 1 andwg = 2. Each selected OFF run was required to be taken within §€ da
before or after the Tracking run, with a difference of lesantlL0 in zenith angle. Differences
in NSB levels between Tracking (ON) runs and OFF runs wereected for in data reduction
by adding artificial noise (see section 4.1). For the largepa of over 600 hours of TeV blazar
observations presented in chapers 5 and 6, a total of 83% e afaihrce observations were taken in
Tracking mode. The OFF data used in this work was drawn frootad sample of 458.3 hours of

data passing quality cuts, and is futher detailed in se&iari.

3.3 Whipple 10 m Calibration and Simulations

This section describes the applied calibration methods detdiled simulations generated for
Whipple 10 m observations. Section 3.3.1 outlines the nreasent techniques used to calibrate

the intensity of recorded Cherenkov images. Section 3.8stribes the sample of air shower
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and detector simulations used extensively in the data texuand energy reconstruction routines

implemented in this work for Whipple 10 m data.

3.3.1 Pixel Intensity Calibration

The image intensity of Cherenkov events measured by IAGEtelpes is affected by atmospheric
conditions, the telescope’s optical system (mirror anttligpne efficiencies), and the gain in the
camera. In the first step, the camera is flat-fielded to cofoethe non-uniform response of pixels
across the field of view. The measured gain in the camerasubed to convert the Cherenkov
signal from digital counts to photoelectrons. The time daejent efficiency of the optical system
and PMTs in the camera was determined by comparing the ityerisnuon events to the expected
intensity from simulations. An overall detector efficienisythen defined in this work relative to

the nominal gain when the camera was installed in 1999.

Pedestal and NSB Determination

The pedestal value in each pixel is defined by the mean sigrdd recorded in the absense of
Cherenkov light. The pedestal distributions in the darkehawarrow Gaussian shape, with a
mean of~20 dc due to a small biasing current injected into each QAD&ctmunt for negative
noise fluctuations (Kildea et al. 2007). During observatjotihe pedestals are measured at a
rate of~1 hz using artifical triggers containing no Cherenkov sigrnithe amount of night sky
background (NSB) recorded during each QADC integrationdem dominates the width in the

pedestal distribution, with a small noise contributiorenirthe PMTs and electronics chain.

Camera Flat-fielding

The high voltages to each pixel are adjusted each Septemizar iterative flat-fielding process
to achieve a relatively uniform response across the camidtar this flat-fielding, the remaining
spread in pixel gains is-5%, which is corrected for on a nightly basis with 1 minuteswsing
light pulses from a nitrogen discharge tube mounted at theecef the reflector. The fast35 ns
pulses illuminate the camera with a nearly uniform ligheimgity of~10-150 photoelectrons (pe)
at a rate o~750 Hz. Flat-fielding coefficientg; are determined for each pixel by comparing the
pixel intensity to the mean intensity from all pixels for ey@ulse. Section 4.1 describes how the

relative gain coefficientg; are applied in standard data reduction.
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Figure 3.12: Calibration method using muon images. Shoeft) (s an example muon event in
the Whipple 10 m camera. (Right) is the distribution of tatabhge intensity (Size) versus the
Cherenkov anglef)) for muon images taken from data in 2001. Figures from (Setht@r 2004).

Camera Gain from Measurements in Dec. 2000

Within the camera, the dc signal from 1 pe was measured in 23 using a number of factors:
the gain in the PMTs G= 1.1- 1(° e pe'%, the QADC conversion ratiogapc = 4 - 10?°dc C %,
the combined signal loses in the amplifiers and cables-A.68 in relative units, and &= 1.6-
10719 C e 1. The total camera gain was estimated at de#pls - G, - Ce - Foapc = 3.3+ 0.3
dc/pe (Schroedter 2004). The calculated error includeichasts on the systematic uncertainties
in the measurements. ldeally, the camera gain should beumseben a daily to monthly basis,
however a regular gain calibration program was never astaa for the Whipple 10 m. As a
compromise, monthly muon measurements of the telescopseeffy are used to estimate the

camera gain from 2000-2006.

Gain Calibration Using Muons

Muons produced in hadron initiated air showers with enargiet.6 GeV passing nearly parallel,
and within a few meters of the reflector at ground level wilinfioclearly defined Cherenkov ring
images in the camera. Fully contained muon image are sdlecig fit with a circle to determine
the intensity in dc and Cherenkov andle Figure 3.12 (left) shows a selected muon image and
parametric fit in the Whipple 10 m camera. The expected mutangity as a function o6
(proportional to the energy) is derived from simulated mayatefining the collection efficiency of

the optical system and camera when compared to the datapas & figure 3.12 (right) (Rose
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Figure 3.13: Whipple 10 m detection efficiency from 2000-2@teasured by muon images. The
curved lines are parabolic fits to the efficiency for each ohisg year (starting in Sept.—Oct.).
The brown dashed lines represent the efficiency of the thmeelation sets described in section

3.3.2.

et al. 1995b; Schroedter 2004). Figure 3.13 shows the daetefficiency relative to Dec. 2000
taken from muon events collected during standard observatins in~20 day bins from 2000—
2006. Results from an independent method using the imagesity of cosmic ray events at
a fixed zenith angle were shown to agree within th#0% systematic errors of either method
(LeBohec and Holder 2003; Daniel et al. 2005). A continuarddation of the PMTs was the
main contributing factor to the large drop in detector effimy from 2000 to 2003. Raising the
high voltage supply to the PMTs in October 2003 increasedétre to the level in late 2001.

3.3.2 Simulations

The CORSIKA package was used to generate a large sample ubsaay-ray initiated air show-
ers (Heck et al. 1998). CORSIKA simulates the developmeratirohowers at the single par-
ticle level using interaction models for pair productionultiple Coulomb scattering, ionization
losses, and other processes. The program EGS4 is used byl&BRSsimulate the electromag-
netic interactions, applying QED calculations from crosst®n measurements up to 200 GeV.
Cherenkov emission from shower particles are simulated theewavelength range 200 to 685
nm. Different atmospheric models are available to accoanefivironmental effects, including
absorption. CORSIKA records the photon position, direttisavelength, and height of emission

for each photon bunch that reaches the observational letlgiva spherical area centered on the
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detector. CORSIKA simulated air shower particle tracks @hdrenkov photon density are shown

by figures 3.1 and 3.3.

Detector Simulations

The output from CORSIKA air showers were processed throbghNhipple 10 m configuration
contained within the GrISU detector simulation packagelSGrsimulates the layout and orien-
tation of the 10 m reflector, and ray traces Cherenkov phatoiise camera using the measured
point spread function and mirror reflectivity. The light @snare simulated by simply increasing
the photosensitive area of the PMT cathode. The PMT andoatdystem are implemented us-
ing a simulated QADC response and measured quantum effycibatthe pattern trigger is not

simulated.

Sample of Simulatedy-rays

A large sample of simulateg@ray events was generated with the CORSIKA, GrISU, and Grani
analysis chain. Four sets of 4@-ray air showers were simulated at zenith angles ¢f 20,
30°, and 40. A power law energy spectrum of the form dN/&E(E/1 TeV)" was used witH

= 2.5 over the energy range of 0.2—-20 TeV. Air showers wereagbevenly over a circular region
of radius 400 m centered on the detector. Each shower wasliistihes, with the core position
randomly distributed for all events. The US76 atmospherclel was used for the Whipple 10 m
observatory height of 2312 m. To account for the large shiftdetector efficiency from 2000 to
2006 shown in figure 3.13, the simulated showers were rurugfirdhe detector chain with three
different camera gains: 3.3 dc/pe, 2.8 dc/pe, and 2.4 dd/p@%, 85%, and 72.5% efficiency).
The simulated night sky background (NSB) was 650 pe'ms 2 sr. Events which triggered the
simulated telescope were processed with the Whipple 10 rarfi&” package using the standard

methods for observational data , as detailed in the follgvainapter.
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Chapter 4

Whipple 10 m Data Reduction

Data reduction techniques for observations with the Wiapld m telescope developed in this
work are described here in detail. Section 4.1 describesgt@od used for cleaning and param-
eterizing Cherenkov images. Section 4.2 provides an oseran the reconstruction techniques
implimented to estimate the energy and direction of eacintev@amma-ray type events are se-
lected from the large background of cosmic ray air showeisguhe image intensity, shape, and
direction, as detailed in section 4.3. Section 4.4 dessritmv they-ray source flux and energy
spectrum is determined using the effective area of theungnt and the number of selectgday
type events. Section 4.5 presents results from 65 hoursseresitions during 2000-2006 of the
Crab nebula - the remnant of a supernova event, which océnrgdb4 AD at a distance of 2000
parsecs. Assumed to be a strong constant jre&y emitter, the Crab nebula was the first detected
at TeV energies in 1989 by the Whipple 10 m, and has since d@aw¢he main calibration source
for IACT telescope systems (Weekes et al. 1989; Aharonia. 2006d). The Crab nebula dif-
ferential energy spectrum from the total 2000—2006 datavgbtthe Whipple 10 m was best fit by
a power law of the form dF/dE- F, - (E/TeV) " over the energy range 0.45-8 TeV with spectral
index” = 2.64+ 0.035 and flux normalization F= (3.194 0.07) x10 M ecm2s 1 Tev1.
This result is shown consistent with previous measuremenisg confidence in the calibration
and data reduction methods. Systematic uncertaintieseirilitt measurement are estimated at

30%, with an error of 0.15 in the spectral index measurement.

4.1 Image Processing

The Cherenkov image processing procedures described remmplemented in the Whipple 10
m “Granite” package. For each observation run, the meangpaidealue in each pixelPed; in

units of digital counts (dc) is calculated from the 1 Hz artéll pedestal triggers, introduced in
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Figure 4.1. Whipple 10 m image cleaning methods for a sinedl&.27 TeVy-ray shower with
(left) islands and (right) regular cleaning. Pixels defirsedbright are shown in red, boundary
pixels in green. Pixels with varying noise levels below tleaning threshold are shown in blue or

pink.

section 3.3.1. The mean pedestal valBed; is subtracted from the triggered event signdt'$o
determine the Cherenkov intensity in each pixel. Non-uniities in the camera are corrected for
by applying flat-fielding coefficients; gneasured on a nightly basis (described in section 3.3.1).

The corrected pixel intensities’® in dc are calculated by:

&COI’I’ — gi . (Sraw_ <Peql)

The last step before image cleaning corrects for differemcehe night sky background between
the ON source and OFF field runs. Gaussian distributed neieded to both runs to equalize the

RMS spread in the pedestal measurements.

Image Cleaning

After pedestal subtraction, the Cherenkov images are etkém exclude all channels that most
probably contain only noise and no Cherenkov signal. Theegtadl RMS in each pixet; is
used to determine the noise threshold above which a pixektlsded in the image. Disabled or
malfunctioning pixels are identified and excluded from imagocessing if; is less than half
the mean pedestal RMS over the whole camera. In the “normalpjle 10 m cleaning method,
two optimized noise thresholds are defined as either requaisignal-to-noise ratio for “bright”

pixels of SIN> 4.25g;, or for “boundary” pixels (pixels adjacent to a bright pixef S/N >
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Figure 4.2: Shown (left) is a diagram of Cherenkov image shapd orientation parameters.
(Right) is shown the optimized scaling factdr= 1.6 used to calculate the Disp parameter, as

described in section 4.2.

2.50;. Only pixels passing these two criteria are included in thade. An “islands” method
was developed to overcome the problem that for low engrgpy images a few signal pixels may
be below the normal bright/boundary threshold, and coulditieecessarily excluded (Bond et
al. 2003). The method uses an additional island threshdafinidg the image as one or more
islands of bordering pixels with total S/N 5.50; entirely surrounded by pixels with signal below
the boundary threshold. The islands threshold uses a loagdtlihreshold of S/N> 2.50; and
boundary threshold of S/I¥ 1.250;. Figure 4.1 shows the Cherenkov image of a simulated 0.27
TeV y-ray using (left) islands cleaning, and (right) normal clieg. Islands cleaning was shown
(as in figure 4.1) to be more effective than normal cleaningxatuding isolated pixels away from
compacty-ray images, while for fragmented cosmic ray images theusioh of multiple islands
assists in background discrimination, as described inAll3Vhipple 10 m data in this work was

reduced with islands cleaning.

Image Parameterization

Cleaned Cherenkov images are parameterized according tintge intensity, shape, and ori-
entation. The total intensity “Size”, and the intensity loé tthree brightest pixels Max1, Max2,
and Max3 are recorded for each image. At this stage, thedities are converted from dc to
photoelectrons by using the gain lookup table dependemt tipoobservation date (described in
section 3.3.1). The image centroid XY ) is calculated from the first moment of the light dis-

tribution. Image shape parameters are calculated usirandeamoments, as described in (Hillas
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Figure 4.3: Reconstructegray direction of the Crab nebula within the Whipple 10 m caane
system. The number of background subtracted eveptssiig Hard cuts are shown for the full
2000-2006 data set, as described in section 4.3. Shown)(isgthe 62 distribution for the same
Crab nebula data set, fit with the PSF from simulatedys at 20 zenith angle.

1985; Reynolds et al. 1993). Figure 4.2 (left) shows a dagoh the “Hillas” image shape and

orientation parameters. The Length and Width parametersher RMS angular size of the ma-
jor and minor axes, and are related to the longitudinal atetdhdevelopment of the air shower,
respectively. The image orientation with respect to theearancenter is defined by the angle Al-
pha. For source-centered observations, the angular Ristainthe centroid to the camera center

is related to the impact parameter (location of the showes palative to the telescope).

4.2 Angular and Energy Reconstruction

The direction of each photon was reconstructed from the @s&igipe and orientation, resulting in
an angular resolution dfsgy, = 0.12. Lookup tables were generated using simulatedys for
the expected energy, Length, and Width of each event as #daraf the Distance and Log(Size).
The energy resolution far0.5 TeV y-rays at 20 zenith angle selected using Hard cuts is 31%,

with a bias of 3.5% in energy reconstruction (selection emésdescribed in section 4.3).

Disp method of Angular Reconstruction

A Disp method was developed for single IACT telescopes tiomedgé they-ray arrival direction
(Lessard et al. 2001). Figure 4.2 (left) shows the Disp pateamwhich is the angular distance

between the image centroid and reconstructed source grusithe Disp value is calculated from
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the image ellipticity:

Disp— & - (1 Width>

~ Length

Figure 4.2 (right) shows how the scaling valéiavas optimized in this work using simulatgd
rays by determining the minimum in the RMS spread of projgetelirections for discrete values
of £. The energy and zenith angle dependence of the optinfizedue was small for simulations
at 10-40 zenith angle, so for simplicity an optimized valéie= 1.6 was applied to all data. Using
the Disp value, the angular offsétis calculated from the reconstructed source positioniugat
to the camera center, as shown in figure 4.2. For all Whipplenl@bservations in this work,
the telescope is pointed with the assumed source posititimeatenter of the camera. Figure
4.3 (left) shows the reconstructed direction of selegredy type events from observations of
the Crab nebula during 2000-2006. Theay point spread function (PSF) was determined from
the 62 distribution of simulated/-rays, sinced? yields a constant solid angle on the sky per bin.
The simulatedd? distribution was fit with the sum of two one-dimensional Gsias functions to

estimate the point spread function (PSF):

—62 —62
PSF= Agps: [exp(z' 012> + Arel exp(z. 05)]

The absolute amplitude fsis proportional to the number of events in tBé distribution, while

the standard deviation, is the 68% containment radiWso, of the PSF. After applying Hard
selection cuts (described in section 4.3) the best fit vauiagh, = 0.12 for simulatedy-rays at
10-30 zenith angle. Figure 4.3 (right) shows the PSF fit to @Ralistribution from Crab nebula
observations, with all parameters fixed except fgpAThe good agreement between the fit and

data demonstrates the Crab nebula is a point source for theglg0 m.

Lookup Tables

Simulatedy-rays at 4 zenith angles and 3 telescope efficiencies (descin section 3.3.2) were
used to fill lookup tables for the mean simulated energydLength, and Width as a function
of Distance (approximation of the shower impact parameted Log(Size). To avoid biases, no
selection cuts were applied to the simulated data. Lookiblesaare used in this work for energy
reconstruction and selection cuts to account for the sta@mendence of-ray energy Ere and
image shape parameters on Size, Distance, and zenith dfiglee 4.4 shows the finely binned
distributions on the (left), and lookup tables on the (fjgbt simulations at 20 zenith and 85%
telescope efficiency. The lookup tables use large bins tinfithe finely binned distributions at
Distance and Log(Size) values with few events. A two-dinma Gaussian smoothing function

was applied to the lookup tables withist = 0.05’ in Distance and o) = 0.01 in Log(Size).
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Figure 4.4: Lookup tables for mean simulated energy,&=Width, and Length as a function of

Distance and Log(Size). Shown (left) are finely binned thistrons, and (right) the Gaussian

smoothed distributions used in data reduction.
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Figure 4.5: Shown (left) is the mean relative error in re¢nreted y-ray energy as a function of
simulated energy e for zenith angles of 2Q 30°, and 40 after applying Hard cuts (selection
cuts from table 4.1. Shown (right) is the distribution ofatdle reconstructed energy error for

>0.5 TeVy-rays at 20 zenith angle , also with Hard cuts.

Scaled Parameters

Reduced scaled parameters for the Length and Width (RSL &vwil)Rf each image were defined
to facilitate simple selection cuts which take into accourdy image shape dependencies on Size,
Distance, and zenith angle.For each event, the lookupdairke used to determine the expected
values(Width)sim and (Length sim together with the RMS spreaalyig, and o ength as a function

of Distance and Size. The reduced scaled parameters (Wi&dthjculated as:

Width — (Width) sim
Owidth

RSW=

The dependence on zenith an@end telescope efficienqy were accounted for by linear inter-

polation betweemu and co®©. An example interpolation fob = 25° is:

C0SOy5 — C0SOyq
C0SO3p— C0SOyq

RSW(U, O25) = RSW(U, O20) + - [RSW(,©30) — RSW(1, O2)]

Figure 4.6 (top left and middle) show the distributions oMR&nd RSL for simulateg-rays at
20* zenith. The distributions have a mean~ad with an RMS spread of1 o.

Energy Reconstruction

For each event, the reconstructed energy:Evas calculated from the lookup tables by linearly
interpolating betweep and co® in the same way as for the scaled parameters. Figure 4.5 (left

shows the mean relative error of the reconstructed energy. (E Etrue) / Etrue as a function of
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4.3. y-RAY SELECTION

simulated energy e at zenith angles of 20 30°, and 40 after applying Hard selection cuts.
At low energies, Rec is overestimated due to events with intensity near the defes trigger
threshold. A usable energy range abowgsEwith a relative error of< 10% was determined
for each zenith angle, withdze = 0.5 TeV at 20 zenith angle. Figure 4.5 (right) shows the
distribution of relative energy errors for0.5 TeVy-rays at® = 20° selected with Hard cuts. The

mean of the distribution is 3.5%, with an RMS spread of 31%indd as the energy resolution.

4.3 y-ray Selection

The Whipple 10 m event rate e$20 Hz is dominated by cosmic ray air showers, resulting in a
low signal-to-noise ratio of-103 for strongy-rays sources (the Crab nebwiaay detection rate

is ~0.05 Hz). In this work, efficient image parameter cuts wertnoged to discriminate between
fragmented cosmic ray air showers and compardy air showers. Once image cuts are applied,
the detection significance and rate of a possible signal frgaray point source is extracted by
subtracting the number of events passing cuts in a correlpprOFF field sky region from the

selected events in the source direction.

y-ray Signal Determination

A subset of 10 hours of Crab nebula observations from 20006-22~20° zenith angle were
used to optimize two sets of selection cuts: Hard cuts forsmeag they-ray flux and energy
spectrum with a high detection significance, and Loose otgnded to limit the systematic biases
in the energy spectrum measurement of a strpmgy signal. The selection cuts were optimized
sequentially by first requiring image quality cuts (desedkbelow), and then by simultaneously
adjusting image shape cuts. Lastly a directional Alpha @ applied for the point source analysis
in this work. A discussion of systematic effects of the sibeccuts, particularly for wealg-ray
sources, is discussed at the end of this section. The sigmifecof ay-ray signal is defined by (LI
and Ma 1983):

1+e  Now ) ( Norr )}1/2
S=+v2-|Non-Ln +Nopr-Ln( (14 6)———————
[ N < € Non-+ Norr OFF ( )NON+NOFF

The number of excesgray type events N= Non — € - Norr is calculated from the number
of events Ny in the ON source centered observation passing selectian antl the number of
OFF field events Nrr passing cuts, scaled by the ratio of the exposure 8me Ton / Torr

For ON observations with no corresponding OFF observafisadking runs, see section 3.2.5),

¢ is calculated as the ratio of background acceptances mezhfom the Alpha distributions of
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Figure 4.6: RSW, RSL, and Length/Size image parameterilalisions with Hard cuts applied
to all other parameters. The percentage of events in eachrbishown for simulateg-rays at
20° zenith angle (black linesy-ray type events after background subtraction (ON-OFFRvhro
points), and background events in the OFF field (OFF, pingies). The data are from 65 hours
of Crab nebula observations from 2000-2006 (summarizeabiet4.2). Hard cut values for each

parameter are represented by green dashed lines.

the ON and OFF runs. The Alpha distribution from simulajedhys shows only a few events
above 285, so in the case of Tracking rumswas calculated from the ratio of background regions
at 25-85 Alpha. They-ray detection rate is defined as:

N VN €2-N
R, = Vo4 ON+ OFF

~ Ton Ton

Image Quality Cuts

To ensure a sufficientimage quality, events detected atthe ef the camera or with low intensity
are rejected. Due to the small 2.f&eld of view camera in the Whipple 10 m, nearly all simulated
y-ray images with Distance 0.8 are partially truncated. An upper cut of Distancd).95 was
chosen to include mogtray images not severely truncated, determined by theidmait intensity

of image pixels on the camera edge. The cut on low intensigges of Size> 80 pe was chosen
to reject events near the trigger threshold, since the ppestelection trigger was not implemented

in the simulations.

Image Shape Cuts

Gamma-ray selections cuts rely on the characteristic reiffees in shape between Cherenkov

images from cosmic ray angray air showers. Reduced scaled Length and Width parasmeter
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4.3. y-RAY SELECTION

(RSL and RSW, described in 4.2) were used to define the imageestuts. Due to the larger
lateral extent of Cherenkov light from cosmic ray air shosviian fromy-ray initiated air showers,
the RSW and RSL parameters are efficient at separating baakgevents frony-ray type events.
Figure 4.6 shows a comparison of the RSL, RSW, and Lengi/sazameter distributions from
simulatedy-rays at 20 zenith angle and 85% telescope efficiency with backgrourahtsvand
excesgy-ray type events passing all other Hard selection cuts (eefim table 4.1) from the total
2000 to 2006 Crab nebula data set in table 4.2. A reasonabéemgnt is shown between the
simulatedy-ray and excess event distributions. The background discation power of the RSW
and RSL cuts are shown by the high percentage of OFF everltR@W and RSL values above

the upper Hard cut value (represented by a green dashed line)

Background of Muon Images

After applying image shape cuts (RSL and RSW) to Whipple 10bseovations, a large back-
ground remains of compagtray like images produced by the Cherenkov light from muans i
cosmic ray air showers passing within a few meters of thestelpe (described in section 3.3).
These events are rejected in IACT telescope arrays, whighine triggers from multiple tele-
scopes for a central event trigger (Holder et al. 2006). Matlthe number of selected muon
events, a Length/Size cut was developed for Whipple 10 m biasad on the typically longer
Length of muon images thanray images with a similar intensity (Moriarty et al. 199Figure
4.6 (right) shows the the sharply peaked Length/Size Oigion of background events (mainly

muon events) and the Hard cut on Length/Size.

Hard and Loose Selection Cuts

For y-ray sources of angular size consistent with the Whipple 1pamt spread function, the
final selection cut is on the Alpha image direction paramefégure 4.7 (left) shows the Alpha
distribution from selected events in the ON and OFF fieldhiefG@rab nebula after applying Hard
cuts to all other parameters. Table 4.1 shows the full setasfitdnd Loose cuts. The optimized
values were determined on the basis of the significamaghr andy-ray rate from 10 hours of
randomly chosen Crab nebula observations-20 zenith angle. Hard cuts were optimized for a
high significance, while retaining @ray detection rate of-3 min—1. Loose cuts were chosen to
avoid systematic uncertainties in the number of selectedtsvintroduced by cutting into steeply
shaped regions of either the ON or OFF parameter distribgtid he highey-ray rate with Loose
cuts is mainly due to removing the Length/Size cut, and tosadedegree on the looser RSL,

RSW, and Alpha cuts at the expense of a lower significancewEak y-ray sources, both sets of
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Figure 4.7: (Left) the Alpha distribution for Hard cut seled events in the ON observations (black
points) and OFF fields (pink triangles) from the total Crabula data set. The excess of selected
y-ray type events is the number of ON events remaining aftetraction of OFF events at Alpha
< 15° (Hard cut shown by the green dashed line) scaled the ratio of ON and OFF exposures.
Shown (right) is the efficiency of each Hard cut as a functibengrgy relative to all events passing

the Size cut. Simulategrays were used at 2&enith angle.

selection cuts will give lower significances than for cutsimjzed for a weak signal, however by
using Hard or Loose cuts the systematic effect on flux measemés should be reduced compared
to cuts which are more tightly optimized to tlyeray parameter distributions. In this sense, Hard

and Loose cuts are considered applicable to weak sourceseal

Figure 4.7 (right) shows thg-ray efficiency of Hard cuts as a function of energy using simu
lated y-rays at 20 zenith. The efficiency of each parameter cut is shown redtvhe number of
events selected after the Size cut was applied. The RSL akd &8 shown to be mostly inde-
pendent of energy, whereas simple upper cuts on Length adth\Aject a high fraction of high
energyy-rays with increasing mean Length and Width values, as shoviigure 4.4. The low
efficiency at high energies due to the upper Distance cut@#0s expected since high energy
air showers with large impact parameters are mainly reacbatehe camera edge. The strongly
reduced efficiency at low energies due to the Length/Sizéscapparent. A totaj-ray detection
efficiency relative to all triggered events was estimatennfisimulatedy-ray events. For Hard
cuts the total efficiency i5-42%, and for Loose cuts is54%. The background rejection power
of each cut was demonstrated by the total number of triggeveats in OFF field observations
rejected by the selections cuts. Hard cuts was shown tot1@§=8% of OFF events, while Loose

cuts rejected 90.6% of OFF events.
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Cut Size Distance RSL RSW  Alpha Len./Sige/vhr Ry
(pe)  (deg.) (deg.) (deg./pe) (min."1)

Hard >80 0.2-095 -2.0-16 -2.0-16 <15 <0.0011| 526 3.12+0.18

Loose >80 0.2-0.95 -20-2.0 -2.0-2.0 <22 - 3.56 5.514+0.49

Table 4.1: Selection cuts based on image parameters. Tée significances/v/hr and rate R of
selected events are from 10 hours of observations of the @hbla during 2000-2006 at2(®

zenith.

4.4 Flux and Energy Spectrum Determination

The flux and energy spectrum fronmyaay source is calculated from the number of selected excess
events N using the effective area of the instrument. The methods @yegl with the Whipple 10

m are verified in section 4.5 by comparing the measuredy flux and energy spectrum of the
Crab nebula from observations during 2000—2006. Two metlodatalculating the integral flux
were applied to the Crab nebula observations. The two metklbdw a reasonable agreement on
month timescales for an expected constardy emission of (2.05- 0.06)- 10 11 cm2 s~1 with

a spread in flux of 12—-18% from the mean value.

Effective Area

The effective area of IACT telescopes is determined by tfieiefcy of collecting air shower
Cherenkov photons. Simulatgerays (detailed in section 3.3) were used to calculate tleeiife

area as a function of energy E, zenith an@leand telescope efficiengy. The maximum distance
R, = 400 m of the simulated air showers from the telescope wasechtzsencompass the full

impact parameter range of triggered events (0—270 m). Tieetefe area is defined as:

Ntl’ig.(E7 97 I‘l)
Aet(E, O, ) = m-R?. 182 P2
ﬁ( I‘l) NSim.(E7e7I‘l)
The total number of simulategrays is represented bysN, (E,Q,u), and the number of detected
events passing selection cuts agKE,O,). The effective areas were fit with an analytical func-

tion using 5 fit parameters jmodified from (Aharonian et al. 2001b):
Aeti(E, O, 1) = po-E™ - [1+ (E/p2)™] " +pa-E+ps-E?

Figure 4.8 shows the effective areas &t, &, and 40 zenith angle and 85% telescope efficiency.
Shown (left) are the effective areas as a function of sinedlahergy ke, and (right) the effective

areas as a function of reconstructed energy:EThe fall in the effective area at high energies is
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Figure 4.8: Effective collection area of the Whipple 10 negslope with Hard cuts (left) as a

function of true simulated energyrke, and (right) as a function of reconstructed energyfat

zenith angles of 20 30, and 40.

due mostly to the upper Distance selection cut, which rejagh energy air showers at large

impact parameters detected close to the camera edge. Thgy déheeshold F, is defined by

the peak in the differentiay-ray detection rate dR/dE Ae - AN/dE. For the Crab nebula, the

measured energy spectrum from 0.45-10 TeV follows a powerwith I' = 2.64. Figure 4.9

(left) shows the differential rate expected for the Crabutelat 20, 30°, and 40 zenith. Figure

4.9 (right) shows the energy thresholg, Eor Hard and Loose cuts as a function of zenith angle

determined from the peak in the differential rate. Showndamparison is the safe energyde

where the relative error in the energy reconstructior:i®0%. The energy threshold is 0.55

TeV at zenith angles: 30° after applying Hard cuts.

Energy Spectrum Determination

In order to account for biases in energy reconstructiongtiergy spectrum is measured using the

effective area as a function of reconstructed energy(Ereo). The flux in energy intervalAE is

determined by the number of excess eventsidtected during an exposure with livetimgnl The

effective area is calculated for each event passing sefectits in the ON and OFF observations.

Linear interpolation in co® and telescope efficienqy follows the method described in 4.2. The
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Figure 4.9: (Right) Differentiaj-ray rate expected for the Crab nebula &t,Z1°, and 40 zenith.
(Left) The energy thresholdgversus zenith angle, given by the maximum differential.rdtiee

safe energy Exseis for energies with< 10% relative error in energy reconstruction.

flux in each energy bin is calculated as:
F(AE)

Ton i:l%o,\, Ai j:lZNOff Aj

The ¢ ratio defined in section 4.3 is used to scale the effectiva aféOFF events. The energy

1 [ 1 1

bin width in Log(Ereo is set larger than the energy resolution, and is increasgermtling on
the y-ray signal strength. The lowest energy bin in the spectrsitimited by Esae as shown
in figure 4.9, while for the highest energy bin a significanée-02 o and more than 10 excess
events are required. Flux points are calculated at the meargg in the bin, calculated from
finely binned distributions of reconstructed energy.&or the ON and OFF events. The error in
the flux is estimated using standard error propagation, ahdat include the error in the effective
area calculation. A least-squares method is used to fit tlkeplints with a power law or curved
spectral function. It is worth noting the effective areastes true energy e is independent of
the simulated spectrum, whilesf{Ereo is sensitive to the E>5 simulated energy spectrum, so
an iterative process of matching the simulated spectrurhgaorteasured spectrum is the strictly
correct method. A recent study has shown that the ratiog@{Bred from simulations with E32

to E-20 simulated spectrum is less than 5% over the usable energg @rH.E.S.S. (Aharonian

et al. 2006d). Here, corrections to the simulated spectremewot applied.
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4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

Integral Flux Calculation

The integral flux above a chosen energy threshald fs estimated from the effective area and
number of excess events,NTwo methods of calculating the integral flux are describecehand
were used to measure the Crab nebula ey flux from Whipple 10 m observations during
2000-2006 (see section 4.5 below). In “method 1", the dffecrea for each event is estimated
using the reconstructed energyds following the same procedure used for the energy spectrum
determination of FAE) described above. The integral flux is measured over onggrnrterval

F(E < E,), where the energy threshold, 5 at, or above Ease (See figure 4.9). Alternatively, a
“method 2” uses all selected,Nand does not rely on the energy reconstruction. In this awgth
the effective area as a function of simulated energy(Br,e) is used to determine the differential
rate for an assumed power law type energy spectrum with phiottexI” (see figure 4.9). The

excess number of events, ¢ given by:

Emax

TLive E—r
Ny=F [ /O Aeﬁ(E,O(t),u(t))-<lTeV> dtdE

N, is measured for each run, as described in section 4.3. Lingapolation in co$ and tele-
scope efficiencyt yields the differential rate for each run with flux normatipa F, set to unity.
F. is then estimated by Nand the integral of the differential rate multiplied by tlwgat livetime
of the run T ye. The integral was taken over the energy rangg E 0.1 TeV to Eyax = 20 TeV,

using the effective areas from the analytical fit functiofie flux above a certain energy,ks:

Fo E(-)

The main disadvantage of this method is that a fixed photoexintist be chosen. During periods
when the detection significance is less than 2 or, @n upper limit on  is calculated at a 99.9%
confidence level using the approach in (Helene 1983). Thert¢ahethod calculates upper limits
based on the probability of Nexcess events having a Gaussian distribution for a set e

level.

45 Results from Crab Nebula Observations

Observations of the Crab Nebula with the Whipple 10 m duri@@@®-2006 are compared in this
section with recent results from HEGRA, MAGIC, and H.E.Sd3est the Whipple 10 m analysis
methods developed in this work (Aharonian et al. 2004; Waghal. 2005; Aharonian et al.

2006d). The Whipple 10 m yearly and total flux and spectrapshaeasurements of the Crab

nebula at energies of 0.45-8 TeV agree well with past resuttsn the combined systematic and
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Observing Period fyve Ngruns © Range (©) (Raté
(Month/Year) (hr) (deg.) (deg.) (Hz)

10/2000 - 01/2001 13.2 29 10-27 18.8 29.7
10/2001 - 03/2002 23.9 52 10-30 171 28.0
11/2002 - 02/2003 8.3 18 10-28 17.2 17.6
11/2003 - 03/2004 5.5 12 10-27 17.8 23.5
10/2004 - 04/2005 5.5 12 10-24 150 22.0
10/2005 - 03/2006 8.8 19 10-29 18.6 22.8
Total 65.3 142 10-30 17.6 25.5

Table 4.2: Whipple 10 m observations of the Crab nebula duzi00-2006.

statistical errors. The systematic uncertainties werenaséd by varying the analysis procedures,
and from the remaining non-statistical yearly differentethe results. The main uncertainty was

found to lie in accurately calibrating the large long-terarigtions in telescope efficiency.

Whipple 10 m Observations of the Crab Nebula

The Crab nebula was observed with the Whipple 10 m on a neightly basis from October to
April during moonless periods in 2000-2006. Table 4.2 shavgsmmary of the Whipple 10 m
observations. A total of 142 runs were selected using thétguaiteria described in section 3.2.6.
All observations were carried out in the ON/OFF mode withidatéd OFF fields. Listed in table
4.2 is the mean event ratRate in each data set, which is a measure of the telescope effjcienc

(see figure 3.13). The zenith angleof observations was restricted @< 30°.

Light Curve of the Crab Nebula

Due to the assumed constant Tgvay emission from the Crab nebula, the long-term calibrati
of the Whipple 10 m and consistency of the integral flux measent methods (described above
in section 4.4) can be tested by measuring the Crab nebwdgraitflux over a period of many
years. Figure 4.10 shows a light curve of the Crab nebulgiatélux above 1 TeV from Whipple
10 m observations during 2000—2006 using the two methodsritled in section 4.4. Time bins
were chosen to yield 3 nearly equal exposures in each yeart té & constant flux over the 6
years is shown for method 1 by a dashed line, and for method & sglid line. Thex? per
degree of freedom (dof) in the constant fit was 1.60 and 1.48nfethods 1 and 2, respectively.

The mean integral flux frev calculated by the two methods agree well within statisterabrs
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Figure 4.10: Crab nebula light curve of the integral flux ada@vleV during 2000-2006 measured
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Figure 4.11: Whipple 10 m energy spectrum of the Crab nelvala £000-2006.

of (2.05=+ 0.06 and 2.03+ 0.04) x 10! cm~2 s* for method 1 and method 2. A large RMS
spread in ey Of 18% for method 1 and 12% for method 2 is evident.

Energy Spectrum of the Crab Nebula

Hard and Loose selection cuts were used to measure the espegirum of the Crab nebula.
Table 4.3 shows results from a power law fit to the energy specfor different data sets. Listed

are the significance and number of excess events N each data set. A reasonable agreement
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Figure 4.12: (Left) Total 2000—2006 measurement of the @ediula energy spectrum compared
to past measurements by HEGRA, H.E.S.S., MAGIC, and the pihip0 m. (Right) Contour
plot of the 68%, 95%, and 99.9% confidence intervals fromythéit to a power law for the total
2000-2006 data set using Hard cuts (black solid lines) amdé cuts (red dashed lines). The best

fit value using Hard cuts is shown by a black point, and for leoosts by a red triangle.

in the measured photon ind€xand flux normalization Fey is shown between data sets within
statistical errors. The RMS spreadlirbetween the data sets is 0.06, with a mean statistical error
of 0.11 from each data set. The integral fluxiley was calculated from the individual power law
model fits. The RMS spread in the integral flux from year to yweas 12%. Figure 4.11 shows
the Whipple 10 m energy spectrum of the Crab nebula for all&@lyealata sets. The flux points
were rebinned according to the significance in the data sé&tah TeV y-ray Crab nebula energy
spectrum from observations 2000-2006 was measured wikhdebof selection cuts. Using Hard

cuts, the best fit model was a power law over the energy rarge-8.TeV with:

dN _ 319+ 007). <

£\ -264:003
i ) x 10 1em2s 1Tev 1

1TeV
Figure 4.12 (left) shows the total energy spectrum of thebGrabula compared to past mea-
surements with the Whipple 10 m in 1994-1995, HEGRA in 199922 MAGIC in 2005, and
H.E.S.S. in 2003-2005 (Mohanty et al. 1998; Aharonian e2@04; Wagner et al. 2005; Aharo-
nian et al. 2006d). Due to the low energy threshold of MAGI@ aigh photon statistics in the
HEGRA measurements, the combined Crab nebula energy gpefiiom recent IACT observa-

tions covers a large energy range of 0.13-75 TeV. Figure @idt) shows a contour plot derived

70



4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

2

DataSet Cut o o/Vhr N, F. r Fo1Tev X
(Year) (f.u)? (f.u.)°
'00-°01 Hard 19.4 532 2426 3.380.19 257+0.10 2.15+0.15 0.32
Loose 10.4 2.86 3685 3.350.27 259+0.12 2.11+0.20 0.64
'01-°02 Hard 30.3 6.19 4445 3.180.11 2.54+0.06 2.01+0.09 0.91
Loose 17.1 3.49 7394 3.180.17 2.52+0.08 2.06+0.13 1.51
'02-°03 Hard 19.9 691 1022 2.750.16 266+0.11 1.66+0.12 1.03
Loose 11.5 4.00 1774 2.980.22 2.64+0.14 1.82+0.17 0.27
'03-'04 Hard 123 521 1076 3.760.29 2.45+0.10 2.59+0.23 0.47
Loose 9.7 413 2104 3.890.36 2.61+0.14 2.42+0.26 0.22
'04-°05 Hard 13.0 554 1101 2.980.26 2.68+0.19 1.73+0.20 0.75
Loose 8.2 350 1657 3.180.35 2.68+0.24 1.87+0.27 0.36
'05°06 Hard 15.6 528 1769 3.580.25 2.60+0.12 2.24+0.19 0.85
Loose 11.3 3.80 3084 3.500.33 2.65+0.14 2.12+0.23 0.83
Total Hard 45.6 564 11886 3.190.07 2.64+0.03 1.95+0.05 1.75
Loose 28.0 3.48 19887 3.310.10 2.62+0.04 2.04+0.07 0.48

Table 4.3: Energy spectrum of the Crab nebula with the Wil m from 2000—-2006. Note:
(a) The power law flux normalization,Fs in flux units f.u. of 10 cm 2 st Tev-1. (b) the

integral flux F.17evis in 10011 ecm=2 s,

from the x? fit errors in flux normalization 1 TeV) and photon indeK for the total Whipple 10
m 2000—-2006 energy spectrum using Hard and Loose seleatitsnThe best fit values are shown

to agree at the@ level.

Systematic Uncertainties

Contributing factors are estimated here for the systemataertainties in the absolute flux level
(flux normalization E) and photon index for power law fits to the reconstruced energy spectrum.
The uncertainty in Fis expected to be dominated by 4 factors: conversion of pintehsities to
photoelectrons, variations in the atmospheric conditimnning of the energy spectrum, and the
applied selection cuts. As discussed in section 3.3.1bredilbn of the pixel intensities relied on
the time dependent telescope efficiency derived from muemtswelative to a single measure-
ment of the camera gain in late 2000. To estimate the unogrtai F,, the Crab nebula energy

spectrum was measured using a telescope efficiency vargirtg 0% from the nominal value.
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4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

A ~22% variation in E was found due to pixel intensity calibration alone. The @ffen the
absolute measured flux caused by varying atmospheric comglitelative to the simulated US74
atmospheric model (see section 3.3.2) was not tested hetrés bstimated at-15% based on
the 10% effect determined for H.E.S.S. observations (Amaroet al. 2006d). Rebinning the
energy spectrum lead to-a5% range in E. The systematic error due to selection cuts was es-
timated at 12% by the RMS spread in the integral flux betweeny#darly data sets using Hard
and Loose cuts. Adding these 4 contributing factors in qaiage gives a conservative estimate of
30% uncertainty in absolute flux level.

Systematic uncertainties in the photon indewere estimated from the measured variations
from the year to year data sets on the Crab nebula using thesé¢tveelection cuts, and from
rebinning the energy spectrum. The RMS spreadl was 0.06 between the year data sets, as
discussed above. Rebinning the energy spectrum resultedniaximum deviation i of 0.14.

Adding these contributions in quadrature gives a systenegitor onl” of 0.15.
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Chapter 5

Long-term Observations of TeV Blazars

with the Whipple 10 m Telescope

A large sample is presented of Whipple 10 m observations do42t, Mrk 501, and H1426+428
from 2000 to 2006, with a total exposure of over 600 hours.uRg$rom month timescal@XTE
ASM X-ray rate and Whipple 10 m TeY-ray flux and energy spectrum measurements of TeV
blazars are used to investigate the long-term duty cycleaohesource. Section 5.1 describes
the 2000-2006 Whipple 10 m data set on each source. ResuitsMirk 421 observations are
presented in section 5.2, with strong variability detedigdhe Whipple 10 m in both the integral
flux above 0.6 TeV and spectral shape. Evidence is shown afiergleshift to a harder spectrum
with increasing flux in the 0.5-6 TeV energy band. The spetigwell described by a power law
with exponential cutoff at E= 3.5 TeV over a wide range of observed flux states. Variatiogsew
seen in the photon index between monthly observing peribdsinilar flux state over the 6 year
data set. Contemporaneous observations of Mrk 421 in Feb2®1 with HEGRA show a good
agreement in the measured high state TeMy energy spectrum, however the HEGRA low flux
energy spectrum is softer than that observed by Whipple 10 arstightly higher flux level. On
month timescales, a potential correlation (with large agyavas shown between the simultaneous
RXTEASM rate and Whipple integral flux measurements. The Whifflen monthly exposures
recorded a large dynamic range in integral fluxgktev Of 13—498% the flux level of the Crab
nebula. Sections 5.3 and 5.4 present results from montrstiabe observations of Mrk 501 and
H1426+428 during 2001 to 2006. The long-term Tgvay flux of both sources was shown to
remain near the Whipple 10 m detection limit. The intrinse&VTy-ray energy spectrum of each
of the three blazars was estimated by correcting for absorgtaused by interactions with the

extragalactic background light (EBL).
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5.1. WHIPPLE 10 M OBSERVATIONS

5.1 Whipple 10 m Observations

Whipple 10 m observations of Mrk 421, Mrk 501, and H1426+428rdy 2000-2006 offer the
highest coverage on TeV blazars over this long period of #/T telescope system. Section
5.1.1 specifies the data quality criteria and data reductiethods applied to all Whipple 10 m
observations of TeV blazars in this work, with referenceddtailed descriptions in chapters 3 and
4. A summary is provided of the yearly data sets passing tyualits for each source: Mrk 421
(section 5.1.2), Mrk 501 (section 5.1.3), and H1426+428.8.

5.1.1 Data Selection

All observations of the three blazars were conducted ineei8 min. or 10 min. runs centered
on the source. Data quality selection followed the methoelsciibed in section 3.2.6. Only
runs with an RMS spread in the event ratel.5 Hz during “A’ or “B” weather conditions were
selected. An additional requirement was a mean zenith an@é for each run. Since 83% of
the selected Mrk 421, Mrk 501, and H1426+428 runs were takiéimowt a corresponding OFF
field run (of equivalent declination, offset by 30 min.), egla sample of OFF runs were selected
for background determination using the same data qualitgri. The OFF data were taken from
October 2000 to May 2006 for a total of 458.3 hours. The magiurocedure in section 3.2.6
was used to select the best OFF run for each ON source runlyNdlanatched ON and OFF runs
had a difference in zenith angle 5° and were seperated in time by less than 5 days. In several
cases, one OFF run best matched a number of ON runs. The nainb&ckground events were
scaled to the source observations both by the exposure yaackkptance (see section 4.3). Data
reduction followed the methods described in chapter 4. €fi@v images were calibrated and
processed with the “Granite” package (see section 4.1)hitstage, Gaussian noise was added
to equalize differences in the night sky background betwbersource and OFF runs. The energy
and reduced scaled image parameters were reconstructeddbrimage using lookup tables for
the expected value as a function of Log(Size) and Distarara imulatedy-rays, as detailed in

section 4.2. Hard image parameter cuts were applied to tll(@ae section 4.3).

5.1.2 Mrk 421 Observations

In 1992, Mrk 421 was first detected in the Tgday energy band by the Whipple 10 m (Punch et
al. 1992). During the 2000-2006 period, Mrk 421 was obsehattveen Nov. to May on most
moonless nights to monitor for Tejtray flux variability. Table 5.1 lists the observing pericaisd

data selected in this work during 2000-2006. Data sets sigedi by “seasons”, since observing
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5.1. WHIPPLE 10 M OBSERVATIONS

Observing Period yve Ngruns © Range (©) (Raté
(Month/Year) (hr) (deg.) (deg.) (Hz)

11/2000 - 05/2001 72.4 174 6-30 16.7 27.3
11/2001 - 05/2002 31.2 68 7-29 14.6 29.2
11/2002 - 05/2003  39.2 99 7-30 15.8 16.7
01/2004 - 05/2004 51.7 115 7-29 16.5 19.9
12/2004 - 05/2005 22.7 51 7-28 12.9 19.0
11/2005 - 05/2006 73.2 165 7-30 14.8 20.5
Total 290.3 672 6-30 155 22.4

Table 5.1: Whipple 10 m observations of Mrk 421 from 2000-&00Qisted for each yearly ob-
serving period are the livetime exposurg,d in hours, number of observation rungMs mean

zenith anglg®) in degrees, and mean event rdRate in Hz for all data passing quality selection.

periods typically start in October and end in June the foilgwyear. The number of ON source
runs and exposure in each observing period was determinstiyny varying weather conditions,
and to a lesser degree by runs rejected due to high zenith ahgérvations. The largest exposures
were due to recorded increases in the TeV flux level, trigmed number of successful “target of
opportunity” ToO multiwavelength campaigns wiRXTEPCA (results in section 6.3), in addition
to radio and optical telescopes, over periods ranging frofewadays to 5 months. The total
Whipple 10 m exposure on Mrk 421 of good quality data from Nober 2000 to May 2006 is
290.3 hours.

5.1.3 Mrk 501 Observations

Mrk 501 was the second TeV blazar discovered at TeV energigbd Whipple 10 m in 1996
(Quinn et al. 1996). The yearly observing periods on Mrk 50thwhe Whipple 10 m begin
mostly in February and end in June. Table 5.2 lists the Whidl m observations of Mrk 501
during 2001-2006 presented in this work. The exposuresdh ebsering period range from 6.2
to 19.6 hours, with a mean of 14.4 hours. The mean zenith d@lef all selected observations
was 16.6. From 2001-2006, one multiwavelength campaign for jRXITEPCA observations of
Mrk 501 was triggered due to a moderate rise in the Jady flux detected by the Whipple 10 m

in June 2004 (see section 6.3).
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5.1. WHIPPLE 10 M OBSERVATIONS

Observing Period fyve Ngruns © Range (©) (Raté
(Month/Year) (hr) (deg.) (deg.) (Hz)

02/2001 - 06/2001 16.9 41 8-27 16.2  25.2
03/2002 - 06/2002 10.9 26 9-29 147  26.0
02/2003 - 06/2003 6.2 31 8-29 14.8 15.6
02/2004 - 06/2004 16.9 55 8-29 17.2 18.3
03/2005 - 06/2005 15.8 35 11-30 20.9 17.0
11/2005 - 05/2006 19.6 43 9-28 16.1 16.4
Total 86.4 231 8-30 16.6 19.5

Table 5.2: Whipple 10 m observations of Mrk 501 from 2001-&€00Qisted for each yearly ob-
serving period are the livetime exposurg,d in hours, number of observation rungis mean

zenith anglg®) in degrees, and mean event réRate in Hz for all data passing quality selection.

Observing Period e Ngruns © Range (©) (Rate
(Month/Year) (hr) (deg.) (deg.) (H2z)

02/2001 - 06/2001  32.7 73 11-30 18.0 26.9
01/2002 - 07/2002 929 203 11-30 16.5 24.5
01/2003 - 06/2003  28.6 62 11-29 17.6 154
01/2004 - 06/2004 32.7 71 9-28 16.5 19.3
01/2005 - 06/2005 16.1 35 11-28 182 17.2
01/2006 - 05/2006  33.6 73 11-29 175 19.8
Total 236.6 517 9-30 171 21.8

Table 5.3: Whipple 10 m observations of H1426+428 from 2@00D6. Listed for each yearly
observing period are the livetime exposurg,d in hours, number of observation runszlMs
mean zenith anglé®) in degrees, and mean event rdRate in Hz for all data passing quality

selection.
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5.2. MONTH TIMESCALE TEV y-RAY VARIABILITY IN MRK 421
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Figure 5.1: Alpha orientation parameter distributionseatipplying all other Hard cuts for ON
observations of Mrk 421 (black points) and scaled OFF fieldeokations (pink triangles, see
section 3.2.6 for OFF run selection). The Hard cut of Alphd5° is represented by the green
dashed line. Shown (left) is the Alpha distribution duringigh TeV flux state in March 2001,
with a 31.4 hour exposure resulting in a detection signifieaaf 91.40. (Right) is shown the

Alpha distribution during a low to medium flux state in Aprid@3.

5.1.4 H1426+428 Observations

The discovery of Te\-ray emission from H1426+428 with a significans® o by the Whipple
10 m in 2001 is reanalyzed in this work, along with further Wie 10 m observations up to
2006 (Horan et al. 2002). Table 5.3 lists the Whipple 10 m nlxsg periods on H1426+428,
which typically cover January to June of each year. The lasgmsure of 92.9 hours in 2002 with
203 selected runs resulted from a long-term 3 month joinentisg campaign wittRXTEPCA,

presented in section 6.3.

5.2 Month Timescale TeVy-ray Variability in Mrk 421

The large sample of Mrk 421 observations with the Whipple 1ummarized in section 5.1.2)
were binned by time inte-20 day periods separated byl0O days, dictated by the observing
requirement of moonless nights. Gamma-ray events weretedl@ising Hard cuts. A totgtray
signal > 3 o was recorded for nearly all “monthly” observing periodsngiang from 2.50 to
91.40. Figure 5.1 (left) shows the total Alpha image orientati@mgmeter distribution of Hard
cut selected events from Mrk 421 observations during Ma@d12 The strong 91.4 signal
yielded an excess of N= 15716.5 selecteg-ray events in the source direction (at Alpkal5°)
above the estimated background from matched OFF field ohseng. The exceptionally bright
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Figure 5.2: Long-term X-ray and TeY-ray light curve of Mrk 421 during 2000-2006. The top
panel shows the medRXTEASM rate in 20 day time bins over the 1.5-12 keV band in units
of counts per second. Shown in the middle panel is the WhipPlen integral flux EggTev in
~20 day bins. For reference, the Whipple 10 m Crab nebula fled s represented by the blue
dashed line, with the 30% systematic uncertainty in the fhows) by the green line (see section
4.5). Shown in the bottom panel is the photon indekom a power law with fixed exponential
cutoff energy E = 3.5 TeV model fit to the energy spectrum over the energy rartge60TeV (see
section 5.3.2).

long-termy-ray flaring state of Mrk 421 from January to May 2001 is ddsedi below in detail in
sections 5.2.1 and 5.3.2. For comparison, figure 5.1 shosvAlipha distribution from 10.8 hours
of observations in April 2003, representing a relatively i mediumy-ray flux state. The>10
o total signal strength and high number of excgsay type events (N= ~600-9000) measured
by the Whipple 10 m for a high fraction of the monthly periodkws for a detailed study of

long-term variability.
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5.2.1 Long-term X-ray and TeV y-ray Light Curve of Mrk 421

A long-term TeVy-ray light curve of Mrk 421 was constructed from integral fiumeasurements
above 0.6 TeV with the Whipple 10 m. As described in sectidn #he integral flux determination
used a “method 1” of looking up the effective area on an evgravent basis for all TeV blazar
light curve calculations in this work. This method requiegsenergy threshold at (or abovejd
where the relative error in energy reconstruction is lessth0%. All observations in this work
were taken with a zenith angle 30°,which provided for an energy threshold of 0.6 TeV (see
figure 4.9). “Method 1” does not require an assumed spedtabes, which is important when
measuring the integral flux in sources with expected spledrability as a function of flux, such
as Mrk 421. The estimated systematic uncertainty in the fleasarements is 30%, as determined
in section 4.4. To study the long-term flux variability atldt-ray and TeV energies, the complete
reducedRXTEASM light curve of Mrk 421 during 2000-2006 was taken froRXTEASM Data
Products).

Figure 5.2 shows the X-ray and Texray light curve of Mrk 421 measured lRXTEASM
and the Whipple 10 m in~20 day bins during 2000—2006. The integral flux above 0.6 Tahéd
dramatically by a factor- 9 beginning in December 2000 from (2.440.67)- 10 ' cm 2 st
(54% of the Crab nebula flux) in December 2000 to a peak fluysfrey = (22.3+ 0.77)- 1011
cm 2 s 1in late February 2001 (a factor of 4.960.17 brighter than the Crab nebula flux). The
large month timescale flare was well resolved by the Whipglenl with the TeV integral flux
observed to return in May 2001 to the low flux state recordeldt@ 2000. The monthfRXTE
ASM rate during the 200¥-ray flare also showed strong flaring, with a factorafO increase in
X-ray flux. Section 5.2.2 investigates a possible correfatietween the X-ray angray fluxes,
while section 6.3 presents the day timescale X-ray and yre&y flux variability seen during the
2001 flaring episode with a high coverageRATEPCA and Whipple 10 observations.

From the 6 year light curve of Mrk 421, large amplitude TgYay flaring was observed during
January to April in both 2004 and 2006. The long-term Tekay integral flux in February to April
2004 rose steadily over 3 months from a factor of (478.06 to 3.05+ 0.04 of the integral flux
from the Crab nebula. The large relative increasBXTEASM rate by a factor of 2.96 during this
period presents a strong case for correlated long-termyXana TeVy-ray emission in Mrk 421.
Section 5.2.2 below discusses the possible correlatiomdsst the long-term X-ray and Tej}ray
flux variability observed in Mrk 421. The bottom panel in tlight curve of figure 5.2 shows the
photon indexa over the energy range 0.5-6 TeV from a power law with fixed egotial cutoff
energy E = 3.5 TeV model fit to the Whipple 10 m energy spectrum of Mrk 421iry observing

periods when a detection significance of greater thaw ias recorded. Section 5.3.2 describes
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Figure 5.3: Correlation plots of Mrk 421. Shown (left) is téhipple 10 m integral flux EggTev
versusRXTEASM (1.5-12 keV) rate from simultaneous20 day time bins. Linear (black line)
and quadratic (red dashed line) functions were fit to the. d&ttawn (right) is the Te\y-ray photon
index a versus integral flux EggTev, With a derived from a power law with fixed exponential

cutoff energy E = 3.5 TeV model fit to the energy spectra (see section 5.3.2).

in detail the Whipple 10 m long-term energy spectrum resuitd/rk 421.

5.2.2 Correlation of the X-ray and TeV y-ray flux

To investigate a possible correlation of RXTEASM rate and Whipple 10 m integral flux in the
long-term light curve of Mrk 421 (shown in figure 5.2), a stifcsimultaneousRXTEASM light
curve was constructed for data taken during the Whipple 1®bseking periods. The weighted
mean of the daiflRXTEASM rates was calculated in each time bin. The estimated S satic
error in theRXTEASM rate was not taken into account (Levine et al. 1996). Egu3 (left) shows
the Whipple 10 m integral flux fpgT1ev Versus theRXTEASM (1.5-12 keV) rate. Evidence is
shown for a trend of higher X-ray flux during high Tg¥ray flux levels on month timescales. To

test for a linear relationship, the Pearson correlatiorffaient r was calculated as:
[ Sia (R —FY)(RX —FX)
\/Zizl(Fiy_ﬂ)z\/Zizl(FiX —FX)?

with simultaneousy-ray and X-ray flux paird=” and FX, and mean valueEY and FX. For a

perfect linear correlation = 1, while for a non-correlation = 0. From the total Mrk 421 data set
in figure 5.3, a weak correlation coefficient iof= 0.22 was calculated. The large spread results

in a poor fit to a linear function of? = 19. Under the Synchrotron Self-Compton (SSC) model,
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a quadratic relationship is expected for the flux at GeV-Te¥fgies to the electron density (with
a linear dependence at X-ray energies), as described ilmsec®. Hence, a quadratic function
FX O (F)? was also fit to the data, resulting in a pggh = 24. Shown (right) in figure 5.3 is the
TeV y-ray photon indexx derived from power law with fixed exponential cutoff energy-E 3.5

TeV model fits (see section 5.3.2) versus the integral fluxgrev. A general trend is shown of a

harder TeVy-ray spectrum with increasing Tej/ray flux.

5.2.3 TeV Energy Spectrum of Mrk 421 on Month Timescales

The energy spectrum of Mrk 421 in the 0.5-6 TeV band was rexbitay the Whipple 10 m
on month timescales over a large range in integral flux stabasergy spectrum determination
followed the method described in section 4.4, and was catiedlfor each monthly Whipple 10 m
observing period with a detection significance>ofl0 o. The energy bins were set larger than
the 31% relative energy resolution of the Whipple 10 m, witk @ o detection required in the
highest energy bin. A power law model (PL) was fit to each enemectrum. Since curvature is
expected in the Mrk 421 spectrum above 1 TeV based on prelAdLlis telescope measurements,
a power law with exponential cutoff model (PLC) was also fitie energy spectrum (Aharonian

et al. 2002c; Krennrich et al. 2002; Aharonian et al. 20031lne PLC model follows the form:

aN__ (ENT (E
de ° \1TeVv P Ec

The position of the cutoff energy:Hs highly correlated to the photon index so typically past
analyses of the Mrk 421 TeY-ray energy spectrum have tested for spectral curvaturetonea
averaged spectrum taken from observations during a lomg-tegh flux state with high photon
statistics (Aharonian et al. 2002c; Aharonian et al. 2005h&)similar approach was adopted
here by measuring the Mrk 421 energy spectrum with Whipplenl@bservations from January
to March 2001. The total exposure of 58.9 hours yielded a higiber of excess events,N-
28180.9 at a significance of 118 A power law fit to the spectrum over an energy range of 0.5
to 6 TeV resulted in a pogy? of 7.26, while a fit to the power law with expontential cutofodel
gave an acceptabl)ger2 of 1.17. The cutoff energy Ewvas measured at 3.t 0.655: TeV, which
is within the systematic and statistical errors of the duerfergy measured by HEGRA ofcE
= 3.6 + 0.45at = 0.9ys¢ from contemporaneous data taken during November 2000 to 208§
(Aharonian et al. 2002c).

For the monthly Whipple 10 m energy spectra, the PLC modéh fiked cutoff energy E
= 3.5 TeV was chosen (along with a simple power law model) toftesspectral variability in

the photon index. Figure 5.4 shows the measured Ye¥®y energy spectrum of Mrk 421 on
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Figure 5.4: TeVy-ray energy spectrum of Mrk 421 from Whipple 10 m observaiahuring
“monthly” observing periods from November 2000 to May 200Bhe best fit function from a
power law with fixed exponential cutoff= 3.5 TeV model (PLC) is shown for each spectrum.
Table 5.4 lists the fit parameters agd from either a power law or PLC model fit to the monthly

energy spectra.

approximately monthly timescales during November 2000 &y 2006. Table 5.4 lists the best fit
parameter angt? values from model fits to a power law, or PLC model with fixaed-E3.5 TeV.
For nearly all observation periods, the PLC model yieldealzet x2 than a power law, confirming
the spectral curvature shown in figure 5.4. During the largeddnber 2000 to May 2001 flare, the
TeV y-ray spectrum hardened from a PLC photon index 2.54+ 0.19 at the onset of the flare
to a = 2.00+ 0.06 at the peak flux state in late February 2001. Jnay energy spectrum then

softened during the decay of the flare event, as shown in ttierbganel of the long-term light
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Figure 5.5: (Left) The Te\-ray energy spectrum of Mrk 421 measured during 3 observerg p

ods in 2001 by the Whipple 10 m, and in 3 flux levels from HEGRA@wations during 1999-

2001 (Aharonian et al. 2002c). Shown (right) are the sameggrepectra corrected for absorption
by the EBL using the “Low-SFR” model in (Kneiske et al. 2004).

curve of figure 5.2. This month timescale flaring evidentddle shown in the top left of figure
5.4) provides evidence for a shift in the spectral energlriigion (SED) to higher energies in the
GeV to TeV band during the peak of long-term flare. For smadieg-term flaring events (shown
in figure 5.2), no clear correlation is shown between the Jay flux and spectral shape. It is
important to note here that the measured Tyekay energy spectrum of Mrk 421 is expected to
have a lower absolute flux and softer spectrum than the gitrisource photon spectrum due to

absorption by the extragalactic background light (EBL)slaswn below.

5.2.4 Absorption Corrected TeV Energy Spectrum of Mrk 421 duing 1999-2001

As described in section 1.2, tiyeray energy spectrum emitted by TeV blazars is partiallyoalsd
due to photon-photon collisions with the extragalactickgmound light (EBL). The optical depth
1(E,z) for pair production in interactions with the EBL wagigted in this work from the “Low-
SFR” model in (Kneiske et al. 2004). The “Low-SFR” model wa®sen as an approximate
representation of the EBL spectral energy distribution@pBased on recent limits to the EBL
(Aharonian et al. 2006b; Dole et al. 2006). Figure 5.5 (Isfipws the measured Tejray
energy spectrum of Mrk 421 during low, medium, and high flatess in 2001 from Whipple 10 m

observations. Also shown are HEGRA measurements takendrt@rge sample of observations
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5.2. MONTH TIMESCALE TEV y-RAY VARIABILITY IN MRK 421

Obs. Period  Tie F.(PL) r X2 F.(PLC) a X2
(Mon./Year) (hr) (fuy (f.u.)?

11-12/'00 6.2 255-0.24 291+0.18 0.78 3.55-0.33 2.55+0.19 0.67
01/2001 248 7920.14 2774003 7.26 11.120.19 2.30+£0.03 0.94
02/2001 27 153& 051 245+0.05 275 21.450.71 2.00+:0.06 0.46
03/2001 314 954012 258+0.02 14.24 13.3%0.17 2.14+0.02 1.03
04/2001 6.0 454022 281+0.10 031 6.2A40.31 245+0.10 0.05

01-05/02 285 1.0A40.07 2.78+0.13 258 151%#0.10 2.38+0.14 0.78
12/2002 7.4 1.66-0.14 2.95+0.21 0.77 2.260.19 259 0.02 0.65
01/2003 9.9 3.920.15 272+-0.08 4.65 544021 2.36£0.08 2.81
02/2003 3.3 353026 282+0.15 162 488036 245-0.16 1.61
03/2003 7.7 1.84-0.16 2.78+0.23 0.76 25K 0.21 2.45+0.24 0.83
04/2003 108 09¢0.12 297+032 0.14 135016 2.69£0.32 0.11
01/2004 4.6 3.54-0.29 298+0.18 0.19 48#040 2.64+0.19 0.20
03/2004 144 462015 3.08+0.07 3.76 6.3A0.20 2.70+0.07 2.48
04/2004 19.8 9.540.14 260+0.03 6.10 13.3:0.19 2.18+0.03 0.58
12/2004 6.5 6.340.26 252+0.07 168 3.730.27 2.10+0.08 0.97

04-05/'05 9.7 2.04-0.16 2.80+0.17 0.25 2.8G:0.22 2.46+0.18 0.42

11-12/'05 57 416:0.27 290+0.12 0.83 5.78:0.38 2.51+0.13 0.47
01/2006 157 5.260.19 2.61+0.05 3.14 7.26t0.27 2.25£0.06 2.12
02/2006 129 7.1920.18 258+0.04 1.72 10.020.26 2.14+0.05 0.95
03/2006 172 18#0.15 2.71+0.15 4.98 254019 2.28t+0.15 2.9

04-05/06 21.7 3.6:0.11 2.68+:0.06 221 4950.15 2.27+0.06 0.41

Table 5.4: Best fit model parameters for either a power law),(BLpower law with exponential

cutoff (PLC) model fit to the Te\y-ray energy spectrum of Mrk 421 observed on month timescales

by the Whipple 10 m. For all PLC model fits, the cutoff energysviiged at E = 3.5 TeV. The

power law photon index is listed, with the PLC model photon index referred todyNote: (a)

The flux normalization values at 1 TeV for the two model$HLt) and E(PLC) are listed in flux

units (f.u.) of 101t cm2s1,
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5.3. RESULTS FROM LONG-TERM OBSERVATIONS OF MRK 501

during 1999-2001 (Aharonian et al. 2002c). The observedoyleil0 m and HEGRA high flux

state energy spectrum agree well over the shared energg @&ng0.8-5 TeV. A best fit to the
Whipple 10 m high flux state energy spectrum in February 20€ihgua power law with fixed
exponential cutoff energy at.E= 3.5 TeV resulted in photon index = 2.00+ 0.06. For the
HEGRA observed high state energy spectrum, a photon index2.06+ 0.03 was found from a
power law model with fixed expontential cutoff energy at-E3.6 TeV. Figure 5.5 (right) shows
the estimated intrinsic TeY-ray spectra of Mrk 421. For the high flux spectrum, a possielak
in the SED is indicated near the lower energy range of the Waifh0 m, but the exact location
is difficult to determine due to large uncertainties in thesleof EBL absorption and the relatively
small energy range of the Whipple 10 m. The high flux spectrbows strong signs of curvature,
with a poor x? of 3.02 for a power law fit. A symmetrically curved log-pardibanodel of the

form:
dN E —(at+b-Log(E/1TeV))
dE” <m>

was fit to the intrinsic spectrum, yielding ) of 0.27. The peak in the log-parabolic model is
calculated by E = (1 TeV) cot 162-3/(  giving an estimate of £= 0.94+ 0.12 TeV. The
result is shown to be roughly consistent within the largegeanf E, ~ 0.73-2 TeV previously
calculated for the high flux Te\y-ray spectrum of Mrk 421 from Whipple 10 m and HEGRA

observations over a wide range of EBL levels (Dwek and Krehr2005a).

5.3 Results from Long-term Observations of Mrk 501

Results are presented from a total of 86.4 hours of Whipple bservations on Mrk 501 during
2001-2006. Following the same methodology as with Mrk 4®&keovation periods 6£20 days
were analyzed using Handray selection cuts. For the majority of the “monthly” obgag pe-
riods the detection significance was belovw 3with a strong detection aboved determined in
only four ~20 day periods. Figure 5.6 (left) shows the Alpha orientaparameter distribution of
Mrk 501 during April 2004 over a total exposure of 2.9 hourbo®n on the (right) in figure 5.6
is the stongest monthly detection of Mrk 501 in June 2005 @rEfgcance of 8o from 4.8 hours
of observations. The number of recordgday like excess events N= 311.2 in the June 2005
data set is shown by the difference of the number of eventseifOiN and OFF field observations
with Alpha < 15°. The total number of excess events from the 86.4 hours ofredidens during
2001-2006 was N= 2300.2, at a significance of 11 From the total of 231 observation runs
(each of 10 or 28 min. duration), a maximum significance ofL4was recorded on 15 June

2005, suggesting that no strong flaring event (on either dayamth timescales) was recorded by
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Figure 5.6: Alpha distribution of Mrk 501 ON field observat® (black points) and scaled OFF
runs (pink triangles) using Hard cuts. Shown (left) is thpl#d distribution for a 2.9 hour exposure
of selected data during April 2004, and (right) is shown thph& distribution during June 2005

with a detection significance of 8.

the Whipple 10 m from 2001 to 2006. The long-term TgVay light curve of Mrk 501 over this

period is shown below.

5.3.1 Long-term X-ray and TeV y-ray Light Curve of Mrk 501

The integral flux above 0.6 TeV was calculated for each mgrahkerving period with the Whip-
ple 10 m following a “method 1" described in sections 4.4 andl 5 Due to the low overall
detection rate, upper limits at the 99.9% confidence levakvealculated on the integral flux
F-o.6Tev fOr observing period with ac 3 o detection level using the Helene method (see section
4.4). In addition to the long-term TeV light curve, the lotegm X-ray flux levels during 2001—
2006 were calculated from the reduced d&){TEASM rates in the 1.5-12 keV energy band, as
obtained from RXTEASM Data Products). Figure 5.7 shows the X-ray and Jetdy light curve

of Mrk 501 measured b)RXTEASM and the Whipple 10 m from 2001 to 2006. The integral
flux F<o6Tev Was shown to remained the flux level of the Crab nebula, witleamof Eggtev =
(1.21+ 0.10)- 10t cm 2 s71, corresponding to 27% of the Crab nebula flux. In additiorhto t
monthly Whipple 10 m integral fluxes, yearly mean values of rev were calculated, showing
evidence of long-term TeV flux stability. Recently, the MAGtollaboration published results of
two large TeVy-ray flaring events in Mrk 501 during 30 June and 9 July 200%h&irecorded
integral flux in the energy range of 0.15-10 TeV at a factor.dB3t 0.10 and 3.12+ 0.12 the

flux of the Crab nebula, respectively (Albert el al. 2007aheTwo flaring events occured after
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Figure 5.7: Long-term X-ray and Telray light curve of Mrk 501 from 2001 to 2006. Shown in
the top panel is the medXTEASM rate in 20 day time bins. Whipple 10 m integral fluxdsTev
levels are shown on the bottom paneN20 day bins (black circles), and in “yearly” bins (brown
squares). For Whipple 10 m observing periods with a detedignificance< 3 o, upper limits at

a 99.9% confidence level were calculated for the integral 8tiown by empty cicles for monthly
exposures, or by empty squares for yearly integrations. ré$emence, the Whipple 10 m observed
Crab nebula flux level above 0.6 TeV is shown by the blue dahedwith the 30% systematic

uncertainty in the flux shown by the green line (see sectié 4.

the Whipple 10 observing period ended (14 June 2005), bueoguoraneous observations during
early June 2005 show a reasonable agreement in a relativéeflak of ~20-50% of the Crab
nebula flux above the energy thresholds of the Whipple 10 mMAGIC at 0.6 TeV and 0.15
TeV. A comparison of the light curve in figure 5.7 to long-teoimservations by the Whipple 10 m,
HEGRA, and CAT during 1997-2000 show a consistent “basetih@eV y-ray flux at~20-30%

of the Crab nebula flux, with the exception of a long-term ated flux state in April to July 1997
(Albert el al. 2007a). The 1997 flaring state is discusseceatign 1.1. In the following section,
the TeVy-ray energy spectrum of Mrk 501 is presented from Whipple 16h®ervations in June

2005 when the source was in a low to medium flux state.
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Figure 5.8: (Left) The Te\-ray energy spectrum of Mrk 501 measured by the Whipple 10 m in
June 2005. The time averaged spectra from MAGIC obsenatior3 flux levels during May to
July 2005 are shown in aqua, in addition to HEGRA observatiduring at flux state in Apr. to
May 1997, and at a low flux state in Apr. 1998 to Jun. 1999 (Ahino et al. 2001a; Albert el
al. 2007a). Shown on the (right) are the same energy spemtracted for absorption by the EBL
using the “Low-SFR” model in (Kneiske et al. 2004).

5.3.2 Absorption Corrected TeV Energy Spectrum of Mrk 501

The energy spectrum of Mrk 501 over the energy range 0.5-3wWa¥reconstructed from 4.78
hours of observations with the Whipple 10 m in June 2005. fei¢u8 (left) shows the measured
Whipple 10 m energy spectrum of Mrk 501. A power law fit the gyespectrum resulted in g?

of 0.96. The energy spectrum follows the form:

dN
— =(1.18+0.15) -
—F = (118+0.15 (

x 10 1em2s1Tev?

—2.44+0.24
1TeV>

Also shown in figure 5.8 is the 0.1-4.8 TeV energy spectra ok BD1 at 3 flux levels from
MAGIC observations between May and July 2005 (Albert el &002a). A power law photon
index of = 2.45+ 0.07 was measured for the MAGIC low flux energy spectrum, twisigrees
well within errors to the Whipple 10 m result over the sameearbimig period at approximately
the same flux level. For reference, the time averaged engrggtret measured by HEGRA are
shown in figure 5.8 from observations in Apr. to May 1997 and.A®98 to Jun. 1999 over an
energy range of 0.5-24 TeV (Aharonian et al. 2001a). The HEGfeasured power law photon
index of = 2.76+ 0.08 in 1998-1999 is softer than either the Whipple 10 m or NMi2@nergy
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Figure 5.9: Alpha distribution of H1426+428 ON field obseiwas (black points) and scaled OFF
runs (pink triangles) using Hard cuts. Shown (left) is thetd distribution during March 2001,
when the source was discovered at TeV energies by the Whifpla at a significance- 5 o
(Horan et al. 2002). (Right) is shown the Alpha distributgiuring April to May 2002 indicating

a possible detection at the 4ollevel with Hard cuts over an exposure of 41.9 hours.

spectrum, however the HEGRA observations include datanariiux levels than in 2005. Figure
5.8 (right) shows the estimated intrinsic energy spectrdimlik 501 after applying corrections
for absorption using the “Low-SFR” model in (Kneiske et aD02). Mrk 501 at a redshift of
0.034 has a similar optical depth to Mrk 421, resulting inrailsir modification to the measured
energy spectrum. A clear hardening in the energy spectrushas/n, with a power law photon

indexl" = 2.25+ 0.24 estimated for the intrinsic spectrum observed by the \Whkif0.

5.4 Results from Long-term Observations of H1426+428

Whipple 10 m observations of H1426+428 from February 200M&y 2006 resulted in a total
exposure of 236.6 hours. Data reduction followed the samegaiures outlined for Mrk 421 and
Mrk 501 using Hard selection cuts. Figure 5.9 shows the Alpaiameter distributions for the
two most significant monthly observing periods in March 2@0d April to May 2002. The 5.5
o detection level observed in March 2001 confirms the previbisisovery of TeVy-ray emission
from H1426+428 by the Whipple 10 m (Horan et al. 2002). A jadbserving campaign with
RXTEPCA during April to May 2002 (described in section 6.1) résdlin a deep exposure of
41.9 hours of Whipple 10 m observations, yielding a weak atiete of 4.1 0. Since the only
strong detection was during the March 2001 observing petpger limits at a 99.9% confidence

level were calculated for the Teltray integral flux during all other observing periods.
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Figure 5.10: Long-term X-ray and Te)ray light curve of H1426+428 from 2001 to 2006. Shown
in the top panel is the med&XTEASM rate in 20 day time bins. The Whipple 10 m integral flux
F-o0.6Tev recorded in March 2001 with a significance of ®r3s shown in the bottom panel (black
circle), together with the “yearly” detection (brown sgejprFor Whipple 10 m observing periods
with a detection significance 4 g, upper limits at a 99.9% confidence level were calculated for
the integral flux, shown by empty cicles for monthly exposurer by empty squares for yearly
integrations. As a reference, the Whipple 10 m observed Gedola flux level above 0.6 TeV is
shown by the blue dashed line, with the 30% systematic waiogytin the flux shown by the green

line (see section 4.5).

5.4.1 Long-term X-ray and TeV y-ray Light Curve of H1426+428

Figure 5.10 shows thRXTEASM and Whipple 10 m long-term light curve of H1426+428 from
2001 to 2006. Th&XTEASM rates were calculated in 20 day time bins. Fitting a camistiux
model to the monthf\RXTEASM rates resulted in a marginally pogf of 2.50, showing weak
indications of long-term variability. For the Whipple 10 msults, upper limits at a 99.9% confi-
dence level were determined for the integral fluxpkTev for all but the total 2001 observations
at a significance of 5.4, and for the March 2001 detection. During this integratithre, flux was
measured at £y gTev = (0.68+ 0.16)- 101 cm~2 s71, corresponding to a factor of 0.150.04

the flux of the Crab nebula above 0.6 TeV. This result agreggmerrors to the integral flux above
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Figure 5.11: (Left) The TeW-ray energy spectrum of H1426+428 from Whipple 10 m obser-
vations in March 2001. Shown for comparison is the time ayetlaHEGRA energy spectrum
H1426+428 from observations in Feb. to Apr. 1999 and Maruto 2000 (Aharonian et al. 2002a;
Aharonian et al. 2003). Shown on the (right) are the sameggregrectra corrected for absorption

by the EBL using the “Low-SFR” model in (Kneiske et al. 2004).

1 TeV observed by HEGRA in Feb. to Apr. 1999 and Mar. to Jun02&0a factor of 0.2G: 0.10
of the Crab nebula flux (Aharonian et al. 2002a). The follaywearly (and monthly) Whipple 10
m flux upper limits exclude a strong long-term TgAfay flare in H1426+428 from 2001 to 2006,

however unresolved smaller short timescale flares durirsgperiod can not be excluded.

5.4.2 Absorption Corrected TeV Energy Spectrum of H1426+42

A 16.6 hour exposure on H1426+428 from Whipple 10 m obsewmatin March 2001 was used
to derive the TeW-ray energy spectrum. Due to a low total significance ofd, the Whipple 10

m spectrum covers a limited energy range of 0.5 to 2.8 TeMur€i§.11 (left) shows the measured
Whipple 10 m energy spectrum of H1426+428 in March 2001. Adsown is the measured
HEGRA energy spectrum over the energy range of 0.7 to 10 Tehaf@nian et al. 2002a). The

Whipple 10 m spectrum was best fit by a power law:

dN
g = (0:44009). <

3604053
> x 10 1em2s1Tev !

1TeV
The soft spectrum agrees with a previous analysis of WhipPlen data in 2001, in which a power
law photon index of = 3.50+ 0.35 was measured over an energy range 0.4 to 2.5 TeV (Petry

et al. 2002). A power law fit to the HEGRA energy spectrum of B@#4428 resulted in harder
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photon index off = 2.6 + 0.6 for energies extending up to 10 TeV (Aharonian et al. 2002
Significant absorption of the energy spectrum above 0.5 TgWhk extragalactic background
light (EBL) is expected due to the relatively moderate tahhigdshift of 0.129 (see figure 1.9).
Following the analysis presented above for Mrk 421 and Mrk,508e optical depthr(E,z) to the
EBL was derived from the “Low-SFR” model in (Kneiske et al.02). Figure 5.11 (right) shows
the estimated intrinsic Tey-ray energy spectrum of H1426+428 for the HEGRA and Whipple
10 m spectrum calculated in this work. The Whipple 10 m eneggctrum hardens to a power
law with photon indeX” = 2.81+ 0.53. The level of EBL absorption first tested on the HEGRA
energy spectrum was much higher than the low level adoptatisnwork, and resulted in an
intrinsic spectrum described by £° (Aharonian et al. 2003). The HEGRA energy spectrum
has subsequently been used by a number of authors to tesa&omable realizations of the EBL

spectral energy distribution (Dwek et al. 2005b; Mazin ardi&2007).
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Chapter 6

X-ray and TeV y-ray Variability in TeV

Blazars

Results are presented from a large data set of near simaltaf®XTEPCA and Whipple 10
m observations from January 2001 to May 2006 on the 3 TeV tdabk 421, Mrk 501, and
H1426+428. In addition, publicly availabdMM-NewtonPN observations of the 3 TeV blazars
were studied for variability in the broadband X-ray energearum. The focus of this chapter is
primarily to investigate possible correlations in the gyespectrum and flux state of TeV blazars
at X-ray and TeV energies on day timescales. A tB4TEPCA data set on Mrk 421 of 662 hours
was analyzed, along with 197 hours of contemporaneous Whildpm observations. The joint
observing campaigns were typically triggered by a comimnadf a high flux in both thdRXTE
ASM rate and Whipple 10 m detection rate over a period of twthtee nights. During a large
fraction of 2 to 6 monttRXTEPCA and Whipple 10 m campaigns on Mrk 421 in 2003, 2004,
and 2006 flaring above a medium to low flux state was observedtimthe X-ray and Te\y-ray
bands. Spectral evolution from separate years was studigetail using simultanuous X-ray and
TeV energy spectra. Corrections to the observed Whipple lhargy spectrum were applied
for a low level of absorption by the extragalactic backlitight (EBL). Overall, a large dynamic
range of a factor- 20 was observed in both the X-ray integral flux bykev and the TeVy-ray

integral flux F.ogTev-

6.1 Joint RXTEPCA and Whipple 10 m Observations

This section provides an overview on the compR¥TEPCA data archive on Mrk 421, Mrk 501,
and H1426+428 from 2001 to 2006. AXTEPCA data was obtained through the public archive
at (HEASARC 2007).RXTEPCA data reduction followed the standard procedures adtlin
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6.1. JOINT RXTEPCA AND WHIPPLE 10 M OBSERVATIONS

section 2.2. Only data from PCUOQ and PCU2 detectors were, ugddh were operational for all
but one observing period - during Mrk 421 observations frdvApr. to 31 May 2006 only PCU2
was operational. Section 6.4 gives a detailed descriptfoX-@y spectral analysis and integral
flux calculations applied to the reduc®XKTEPCA data. Contemporaneous, and in most cases
near simultaneous, Whipple 10 m observations are sumngafimeeachRXTEPCA observing
period. All Whipple 10 m observations were reduced usingd-auts, as described in section 4.3.
Energy spectrum determination and integral fluxes wereutatied using the methods in section

5.2. The jointRXTEPCA and Whipple 10 m data sets are described below for eachesou

6.1.1 Observations of Mrk 421 withRXTEPCA and the Whipple 10 m

Table 6.1 lists alRXTEPCA observations of Mrk 421 from 2001 to 2006. Due to the docedly
non-sequential nature &XTEPCA ObsIDs (observation identifications), only the first&iti are
used in this work followed by a unique alphabetical labele Bherage exposure of each pointed
observation Tops) and total exposureth; are given for each data set. Accounting for gaps during
each pointing, the livetime was typically20—-30% less than the quoted exposure time. For data
sets on which results have been previously published, serafe is given for the referred paper.
Table 6.2 summarizes the Whipple 10 m observations of Mrkgiécted during each &XTE
PCA data set. The start and end date of all overlapping datssijpg quality cuts) is given, with
the RXTEPCA ObslID listed for reference. The number of days with oles@wns N»ays and total
livetime exposure [l are listed for each data set. During only &R TEPCA campaign (ObsID:
80172 f in February to March 2003) was there no contempora®shipple 10 m data selected
due to poor weather conditions. The total significamcasing Hard cuts is listed for each data
set. For all jointRXTEPCA campaigns, the Whipple 10 m detected a strong signal fokv21.
Figure 6.1 shows thRXTEPCA observing periods from 2001 to 2006 superimposed orotig- |
term RXTEASM and Whipple 10 m light curve from figure 5.2 in section 5kigh amplitude
flux variability is shown during 5 and 6 monBXTEPCA campaigns in 2004 and 2006 on month
timescales. The near simultaneous X-ray and Va¥y variability on day timescales froRXTE

PCA and Whipple 10 m observations is presented in sectian 6.3

6.1.2 Observations of Mrk 501 withRXTEPCA and the Whipple 10 m

Table 6.3 summarizes the compl&®XTEPCA data archive on Mrk 501 and H1426+428 from
2001 to 2006. Mrk 501 was observed only once over this penioglne 2004 for a total of 8.2
hours. H1426+428 was observed in 4 separate periods, wathgaterm campaign in 2002 of over

3 months. A total exposuretd; of 151 hours was taken during this campaign. Table 6.4 leds t
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6.1. JOINT RXTEPCA AND WHIPPLE 10 M OBSERVATIONS

ObsID Start Date EndDate d¥s Npays (Tobs Trot Pub
(hr)  (hr)
50190 (a) 2001-01-24 2001-02-04 16 13 139 222 -
60145 (b) 2001-03-18 2001-04-01 46 14 283 130 Cu04,Gi06
70161 (c) 2002-12-03 2002-12-16 45 15 0.65 29.0 Re06
70161 (d) 2003-01-10 2003-01-14 14 5 054 751 Re06
80173 (e) 2003-02-20 2003-05-04 56 45 0.61 34.0 BIO5
80172 (f) 2003-02-26 2003-03-06 40 9 2.64 105 -
80173 (g) 2003-12-21 2004-04-21 70 65 0.58 40.5 BIO05,Gra6ex
90148 (h) 2004-04-18 2004-05-13 23 13 1.07 24.6 BI05,GraB66X
90138 (i) 2004-05-10 2004-05-21 9 6 1.30 11.7 BI05,GrO56&Ku0
90148 (j) 2004-12-15 2004-12-22 8 8 029 231 -
91440 (k) 2006-01-06 2006-03-02 27 27 0.31 8.40 -
92402 (I) 2006-03-03 2006-04-18 22 22 0.27 5.90 -
92402 (m) 2006-04-19 2006-05-31 26 26 0.35 9.07 -
Total 402 258 0.99 662 -

Table 6.1:RXTEPCA observations of Mrk 421 from 2001 to 2006. The observatientification

ObsID is given with an alphabetical label adopted in thisihieThe number of observationg,

number of days during which data was takepaf¥, and mean observation exposuifops) in

hours are listed for each data set. The total exposure in @azhsets is given bytf; in hours.

Previous publications: Kr01l (Krawczynski et al. 2001), @{Cui 2004), Gi06 (Giebels et al.
2007), Re06 (Rehbillot et al. 2006), BIO5 (Blazejowski et aD05), (Grube et al. 2005), Xu06
(Xue et al. 2006).

overlapping Whipple 10 m data passing quality cuts on Mrk &0d H1426+428. For the Mrk
501 campaign in June 2004, a total livetime exposurg Df 7.5 hours was selected. The total
Whipple 10 m detection significance on Mrk 501 was 4d6with no strong detection over @
recorded on any night. Figure 6.2 shows BTEPCA observing period on Mrk 501 in reference
to the long-term X-ray and Te\y-ray light curve in 2001-2006 from figure 5.3.1. The aqua
colored band shows tiRXTEPCA observing campaign in June 2004. These observations wer
taken during a relatively low Tey-ray flux state (see section 5.3.1 for a discussion of longrte

TeV y-ray variability in Mrk 501).
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6.1. JOINT RXTEPCA AND WHIPPLE 10 M OBSERVATIONS

ObsID Start Date End Date A ns Npays TLive o
(hr)

50190 (a) 2001-01-24 2001-02-04 50 11 229 60.2
60145 (b) 2001-03-18 2001-03-31 67 13 295 895
70161 (c) 2002-12-04 2002-12-16 18 10 7.4 127
70161 (d) 2003-01-10 2003-01-14 13 5 56 21.2
80173 (e) 2003-03-07 2003-05-03 43 24 185 17.7

(g,h,)  2004-01-18 2004-05-19 114 42 51.2 74.0
90148 (j) 2004-12-14 2004-12-20 9 4 41 169

(k,,m)  2006-01-05 2006-05-28 127 38 57.7 52.2

Total 441 147  196.9

Table 6.2: Whipple 10 m observations of Mrk 421 taken durmgRXTEPCA observing periods
(ObsID) listed in table 6.1. For Whipple 10 m observing pdsi@overing more than oriRXTE
PCA observing period only the alphabetical labels takemftable 6.1 are listed. The start and
end date of each Whipple 10 m observing period is given, aleitigthe number of observations
runs Nauns NUMber of days (nights) during which data passed quality Nbays, the total livetime

exposure Tye in hours, and total detection significangausing Hard cuts (see section 4.3).

6.1.3 Observations of H1426+428 witiRXTEPCA and the Whipple 10 m

As shown in table 6.3, H1426+428 was observedRYTEPCA in 4 periods between 2001 and
2006, with a long-term campaign in 2002 of over 3 months. Altekposure F,; of 151 hours
was taken during this campaign. Joint Whipple 10 m obseymatof H1426+428 within thBRXTE
PCA observing periods (listed in table 6.4) resulted in alttiwetime T e of 87.5 hours for all
data passed quality cuts. H1426+428 was not detected by gl 10 m over any of thRXTE
PCA observing periods. No Whipple 10 m data was taken duliedastRXTEPCA observation
in August 2004 (ObsID 90420 d), since from mid July to Septentbe Whipple 10 m is routinely
shut down to avoid damage by heavy storms (see section 3l2dyever, simultaneouXMM-
Newtonobservations were taken during tHe and é" of August 2004, allowing a cross calibration
of the X-ray spectra, as described in section 6.4. FiguresB®vs theRXTEPCA observing
periods for H1426+428 superimposed on the X-ray and ¥e#y light curve from 2001 to 2006
taken from figure 5.10. During the 3 monBRXTEPCA campaign in 2002, significant month
timescale X-ray variability is evident. Section 6.3 shoWwattday time scale flux doubling and

spectral variability was observed BXTEPCA during April 2002. In figure 6.3 the laRXTE
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Figure 6.1: Long-term X-ray and TeY-ray light curve of Mrk 421 (adapted from figure 5.2).
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RXTEPCA observing periods are shown by agua colored bands, XWtM-Newtonobserving

periods shown in pink (summarized in section 6.2).

ObsID Start Date EndDate d¥s Npays (Tobs Tmot Pub
(hr)  (hr)

Mrk 501
90148 (a) 2004-06-12 2004-06-24 13 13 0.63 8.20 Glo6
H1426+428
60411 (a) 2001-05-19 2001-05-25 7 7 0.16 1.12 -
70154 (b) 2002-03-07 2002-06-15 120 68 1.26 151 Fa04
90135 (c) 2004-02-01 2004-02-17 6 5 1.38 8.30 -
90420 (d) 2004-08-04 2004-08-06 6 2 294 177 -

Total 139 82 1.44 178 -

Table 6.3: RXTEPCA observations of Mrk 501 and H1426+428 from 2001-2006e OlsID

identification is given with an alphabetical label adoptethis thesis. The number of observations

Nobs Number of days during which data was takess, and mean observation exposyiénps)

in hours are listed for each data set. The total exposuredn @ata sets is given byrd; in hours.

Previous publications: GI06 (Gliozzi et al. 2006), FaO4l¢bae et al. 2004).
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(hr)
Mrk 501
(@) 2004-06-12 2004-06-22 17 8 7.5 4.66
H1426+428
(@) 2001-05-21 2001-05-24 5 3 23 273
(b) 2002-03-09 2002-06-15 182 54 83.4 2.58
(9) 2004-02-16  2004-02-17 4 2 1.8 1.26
Total 191 59 87.5

Table 6.4: Whipple 10 m observations of Mrk 501 and H1426+A2®ipple 10 m observations
of 501 and H1426+428 taken during tRXTEPCA observing periods (ObsID) listed in table 6.3.
The start and end date of the Whipple 10 m observing periotvéngalong with the number of
observations runs s Number of days (nights) during which data passed qualitg Blpays,
the total livetime exposure e in hours, and total detection significangeusing Hard cuts (see

section 4.3).
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Figure 6.2: Long-term X-ray and TeY-ray light curve of Mrk 501 (adapted from figure 5.7).
RXTEPCA observing periods are shown by aqua colored bands, X#tM-Newtonobserving

periods shown in pink (summarized in section 6.2).
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Figure 6.3: Long-term X-ray and Telray light curve of H1426+428 (adapted from figure 5.10).

RXTEPCA observing periods are shown by aqua colored bands, ngtkiNMM-Newtorobserving

periods shown in pink.

PCA observing period on H1426+428 in August 2004 (ObsID:280d) is not visible, since the
simultaneousXMM-Newtonobservation (shown by a pink band) is plotted on top of R¥TE
PCA periods. The full set cKMM-Newtonobservations of H1426+428, Mrk 421, and Mrk 501
from 2000 to 2006 are described below in section 6.2.

6.2 XMM-NewtorObservations

In this section all publicly availablEMM-Newtorobservations of Mrk 421, Mrk 501, and H1426+428
are presented, current up the end of 2006. Over the first Bydasperation, Mrk 421 was ob-
served during 16 separate orbits, primarily for calibmatjpurposes. Mrk 501 was observed by
XMM-Newtonin two consecutive orbits in July 2002. H1426+428 was olexiduring 7 orbits

from 2001 to 2005. Only data from the PN instrument is analyirethis work, as discussed in
section 2.3. All data was obtained through the public aekkiv XMM-NewtonSOC). Data re-
duction followed the general procedures described in @@@i3. TheXMM-NewtonPN event

files were calibrating using SAS 6.5. The PN operating modesézh observation is listed for
each observation. Only results from Timing, Small Windond & arge Window operating mode

observations are presented here. A summary of observdtioesch source is provided below.
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6.2.1 Observations of Mrk 421 withXMM-Newton

Table 6.5 lists alXMM-NewtonPN observations of Mrk 421 from 2000 to 2006. The start date
and time are given for each observation, with both the tdiakoving time Bpsand livetime Tps

in units of hours. The operating mode is listed for all obatibns. Special calibration modes are
identified in 11 observations by a star, during which time M84 was offset from in the camera
by either 2 or 3 arcmin, or by a dagger for Full Frame obseovetiin a masked mode. To avoid
uncertain systematic effects, no observations in the niaBkd#l Frame were analyzed. Results
from all other data are presented in section 6.4, with thegtien of the SW observation in May
2006 when standard data screening rejected the entirevaltiser. The cause of this non-uniform
observation was not investigated here. In total, 21 obsiens of Mrk 421 withXMM-Newton

PN were analyzed in this work, resulting in a livetime of 1&uts.

6.2.2 Observations of Mrk 501 and H1426+428 wittXMM-Newton

Table 6.6 summarizes 2IMM-NewtorPN observations of Mrk 501 and H1426+428 taken up to
2006. For both sources, all observations were in the Smailthédir operating mode. As discussed
above in section 6.1, the twdMM-NewtonPN pointings on H1426+428 in August 2004 were
taken simultaneously ®XTEPCA observations. The totXMM-NewtorPN livetime on Mrk 501
was 2.53 hours, while for H1426+428 the livetime totaled8®urs. Results on the broadband X-
ray spectrum of Mrk 501 and H1426+428 from 0.6 to 10 keV fidMM-NewtorPN observations

are presented in section 6.4.

6.3 Results fromRXTEPCA and Whipple 10 m Campaigns in 2001—
2006

This section presents the results fre@ixTEPCA and Whipple 10 m campaigns described above
in section 6.1. For eacRXTEPCA observation the integral fluxsFyokev Was calculated by a
fit to the energy spectrum. The methods used for X-ray speatralysis are described below.
The Whipple 10 m integral fluxes-Ipstev Were calculated on a nightly basis using a “method
1” described in sections 4.4 and 5.2.1. For selected nightssirong X-ray and TeW-ray flux
variability, the Whipple 10 energy spectrum was measuréagukie methods detailed in section
4.4. All but two of the 13RXTEPCA and Whipple 10 m campaigns on Mrk 421 from 2001 to
2006 are presented here. As described in section 6.1, nopléhli® m observations were taken
during the 26 Feb. to 6 Mar. 200BXTEPCA observing period (ObsID: 80172 f), and tRXTE
PCA results are not shown. Also, results during the shortyBedgosure in Dec. 2004 (ObsID:
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ObslID*  ReV Start Timé PN T8 Tlie

(hr)  (hr)
0099280101 0084 2000-05-25 (03h 54m) T 6.31 4.66 Br0l,Bi0G,
0099280101 0084 2000-05-25 (11h12m) SW 9.02 5.88 Br01,8¢02
0099280201 0165 2000-11-02 (00h 22m) SW 10.2 6.74 Se02/R08
0099280301 0171 2000-11-13 (23h54m) SW 122 522 Se02/R08
0099280401 0171 2000-11-14 (14h37m) SW11.5 526  Br03,Fo06

0136540101 0259 2001-05-08 (08h 19m) SW 104 7.15 Se02/Br08

Puty

0153950601 0440 2002-05-04 (17h42m) 1W10.2 9.54 Br03
0153950701 0440 2002-05-05 (05h 06m) 1wW4.74 4.43 Bro3
0136540301 0532 2002-11-04 (01h 18m) TFF6.12 4.10 Ra04
0136540401 0532 2002-11-04 (08h 11m) TFF6.11 3.90 Ra04
0136540701 0537 2002-11-14 (00h 58m) LW 19.4 10.3 Ra04

0136540801 0537 2002-11-14 (22h 00m) 1w2.63 1.52 -
0136540901 0537 2002-11-15 (01h 36m) 1W2.63 1.70 -
0136541001 0546 2002-12-01 (23h19m) T 194 194 Ra04,Bro5
0136541101 0546 2002-12-02 (20h 01m) 1w2.63 2.01 -
0136541201 0546 2002-12-02 (00h 03m) 1W2.63 1.98 -
0158970101 0637 2003-06-01 (13h17m) SW 114 7.02 Fo06
0158970201 0637 2003-06-02 (01h28m) 'TFF2.11 1.32 -
0158970701 0640 2003-06-07 (21h56m) TFF1.88 1.18 -
0150498701 0720 2003-11-14 (16h34m) T 13.3 5.58 -
0162960101 0733 2003-12-10 (21h30m) SW 8.34 4.84 Fo06
0158971201 0807 2004-05-06 (02h58m) T 18.0 7.12 Bro5
0153951301 1083 2005-11-07 (20h18m) T 243 1.05 -
0158971301 1084 2005-11-09 (18h39m) T 16.3 8.54 -
0411080301 1184 2006-05-28 (21h40m) SwW 3.21 — -
0411080701 1280 2006-12-05 (12h07m) T 490 4.83 -

Table 6.5:XMM-NewtornPN observations of Mrk 421 from 2000 to 2006. Notes: (a) Olagén
number, (b) revolution, and (c) start time of observatial).KN operating modex(offset by 2 or 3
arcmin, T masked mode). (e) total exposuggsin hours and (f) livetime T in hours. (g) previ-
ous publications: BrO1 (Brinkmann et al. 2001), Se02 (Sgndbal. 2002), BrO3 (Brinkmann et
al. 2003), Br05 (Brinkmann et al. 2005), Fo06 (Foschini e2806), Ra04 (Ravasio et al. 2004).
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ObslD*  ReV StartDate and Tinfe PN? T§, . Ti,. Pul®

Live

(hr)  (hr)

Mrk 501

0113060201 0474 2002-07-12 (17h55m) SW 1.72 1.21 BI04
0113060401 0475 2002-07-14 (19h19m) SwW 1.89 1.32 BI04
H1426+428

0111850201 0278 2001-06-16 (01h25m) Sw 17.1 12.0 BI04
0165770101 0852 2004-08-04 (01h13m) SW 16.4 11.5 -
0165770201 0853 2004-08-06 (01h20m) SW 17.1 120 -
0212090201 0939 2005-01-24 (15h 44m) SW 8.03 5.62 -
0310190101 1012 2005-06-19 (08h34m) SW 9.81 6.86 -
0310190201 1015 2005-06-25 (06h21m) SW 11.6 8.15 -
0310190501 1035 2005-08-04 (04h59m) SW 9.78 6.85 -

Table 6.6:XMM-NewtorPN observations of Mrk 501 and H1426+428 from 2000 to 2008e8to
(a) Observation number, (b) Revolution number, (c) Stare @ad time, (d) PN operating mode,
(e) PN exposure in hours, (f) livetime in hours, and (g) pvesi publications: BI04 (Blustin et al.

2004).

90148 j) are not shown here. Following the results from th& ¥&1 campaigns, results from the
Mrk 501 campaign in June 2004 are presented. This sectioduates with the 4 montiRXTE
PCA and Whipple 10 m campaign on H1426+428 from March to J@@2 ZObsID: 70154 b).

6.3.1 RXTEPCA Spectal Analysis

The XSPEC 12 spectral analysis package was used fBX@IlEPCA observations for model fits
to the measured energy spectrum (HEASARC 2007). Three modake tested on each spectra:
an absorbed power law (PL), power law with exponential d(®EC), and log-parabolic model
(LP). A reasonable model fit was determined by4near unity, and by low residuals to the
fit across the full energy range. Each model includes a core¢cerm for galactic absorption.
The log-parabolic and PLC models were chosen since eachlmespléres only one additional fit
parameter than a simple power law model to measure any pessitvature in the spectrum. The
power law model followed the form:

r
d_N —F,- E . @ NHGao(E)
dE 1keV
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Figure 6.4: Spectral curvature in tiRXTEPCA spectrum of Mrk 421 on 29 May 2006. (Left)
Power law fit to the energy spectrum with fixed galactic abSonpNy ga = 1.61- 10°° cm—2.
(Right) Log-parabolic model fit to the sanRXTEPCA spectrum with fixed galactic absorption.

The x2 residuals to the model fits are shown below each energy spectr

All absorption cross sections(E) in cn? were calculated using the model in (Morrison and Mc-
Cammon 1983). In all spectral fits, the column density wadficethe Galactic value Ngal.

For Mrk 421, a galactic interstellar absorption column dignily ga = 1.61- 10?° cm2 was
used from the HI emission line profile measured by (Lockmash &avage 1995). For Mrk 501,
the column density Nga = 1.71- 10°° cm~2 was taken from (Dickey and Lockman 1990). For
H1426+428, Niga = 1.4- 10?° cm~2 was taken from (Stark et al. 1992). The exponential cutoff
(PLC) model followed the form dN/dE: (AN/dE), - €/E¢, with (AN/JE), representing the ab-
sorbed power law model, and Ehe free fit parameter on the cutoff energy in the spectrune Th

log-parabolic model was given by:

—(atb-Log(E/1keV))
dN < E > . @ NHGao(E)

dE =\ Thev
The spectral index at 1 keV & andb defines the curvature of a parabola. The best fit parameters
can then be used to derive the peak in the Spectral Energgddisbn (SED) plotted as Log((v)
versus Logy). The peak energy is given by, E E; - 102-3/20 keV, with E; = 1 keV, and the
peak E - dN/dE flux given in terms of peak frequeney by:

VoF(Vp) = 1.6-10 % F, - E2. 102 ¥*/%ergem 251

Statistical errors were derived by propagation of the arinithe fit parameters. When the energy
spectrum covers a limited energy range, the measuremetteofurvature ternb has a large

systematic uncertainty. Figure 6.24 showsRTEPCA energy spectrum of Mrk 421 on 29 May
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Figure 6.5: Comparison of Mrk 421 and Mrk 5&XTEPCA energy spectra reduced as described

in section 2.2 (Thesis work), and correspondiRYTEPCA spectra from HEASARC pipeline
processing (Standard Prod.). (Left) Mrk 421 spectra froniMy 2006 fit to an absorbed power

law model. (Right) Mrk 501 spectra from 24 June 2004 fit to the absorbed power law model,
but with fixed Ny g1 = 1.71- 10?2 cm™2.

2006 to both an absorbed power law and log-parabolic modélfixied galactic column density.

The power law fit yielded a pogy? of 4.47, while the log-parabolic model yielded a reasong@le

of 1.4. Significant curvature was seen in 33% of the total RBITEPCA Mrk 421 observations,

as estimated by g2 > 1.5. The integral flux derived from 3-20 keV was calculatezhfrthe

fits to the power law, PLC, and log-parabolic models for abedyations. The power law model

was found to systematically underestimate the integrallijux2%. The power law photon index

I" offers the simpliest description of the full 3-20 keV spatshape, so all light curves in this

work show theRXTEPCA integral flux and photon index from power law fits. RXTEPCA

observations of Mrk 501 and H1426+428 nearly all spectreewell fit by a power law. Figure

6.5 shows two examplBXTEPCA energy spectra from Mrk 421 and Mrk 501 using the data

reduction methods in section 2.2 compared to the StandadLBrsSRXTEPCA spectra generated

by HEASARC pipeline processing and provided by in the HEA®A&ata archive. Fitting an

absorbed power law to both spectra simultaneous resultgddd x? of ~1, confirming that the

data produce similar energy spectra. Data reduction invtbik used the most current calibration

files, including the energy response and background moddlshould be more reliable than the

Standard Products. The remainder of this section predeeBRXTEPCA results from TeV blazar

observations.
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Figure 6.6:RXTEPCA and Whipple 10 m light curve of Mrk 421. (Left panels) shilve ObsID
50190 (a) observations during 24 Jan. to 4 Feb. 2001. (Rigihels) show the ObsID 60145 (b)
observations during 18 Mar. to 1 Apr. 2001. (Top panels)RXaEPCA 3-20 keV integral flux,
(middle panels) th& XTEPCA power law photon indei, and (bottom panels) the Whipple 10 m

integral flux F.gsTev in Nightly exposures.

6.3.2 Mrk 421 in a High Flux State from 24 Jan. to 4 Feb. 2001

As presented in section 5.2RXTEASM and the Whipple 10 m observed Mrk 421 at an elevated
flux level beginning in January 2001. In responBRXTEPCA observations (ObsID: 50190 a)
were triggered on 24 January 2001 during the rising edgeedbiing-term flare (see figure 6.1). No
previous publications could be found for tRXTEPCA and Whipple 10 m data during this period.
Figure 6.6 shows on the top left tRRXTEPCA 3-20 keV integral flux light curve derived from an
absorbed power law fit to the energy spectra. Tleekror bars on the integral flux measurements
are in most cases hidden by the data point. The power law phottexI” for eachRXTEPCA

pointing is shown below in the middle left panel. Strong X-fux and spectral variability was
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Figure 6.7: X-ray and TeW-ray correlation plots for Mrk 421 observations in Jan. andrMo
Apr. 2001 (light curves in figure 6.6). Shown (left) is tRXTEPCA photon indexX™ versus
the 3—-20 keV integral flux. (Right) is the Whipple 10 m intddgtax F.qg1ev Versus theRXTE
PCA 3-20 keV integral flux from observations taken within &ursof the Whipple 10 m nightly

exposures.

observed over the 12 day period. Due to the sparse data semblypically < 1 hour per night,
the shortest flaring timescale in this data set is not eadéitified. A “baseline” flux of B_2okev

= (4.02+ 0.02)- 1019 erg cn? s~ ! was observed on 24 Jan. 2001 (MJD = 51933.8), rising
to an integral flux of E_sokev = (11.0+ 0.02)- 10-1° erg cm 2 on the following night (MJD =
51934.6). Similar flux variability is seen between 4 otheirgpaf nightly observations. During
the full observing period, the 3—20 keV power law photon eges seen to vary from 2.14
0.01 to 2.57 0.01. Figure 6.7 (left) shows ttHRXTEPCA power law photon indek versus the
3-20 keV integral flux. A large scatter is shown, with a verppg? to a linear fit, however a
general trend of a harder spectrum at higher flux states isrshdhe near simultaneous Whipple
10 mintegral flux EggTev in Nightly exposures are shown on the bottom left of figure 6a&ge
amplitude flux variability is evident, with flux doubling seéetween two nights. The Tejray
flux was higher than the Crab nebula flux on all nights, randiom F-ogTtev = (5.15+ 0.43)-
10 em2s 1 to Foggrev = (20.04 0.90)- 10~ cm~2 s~L. Figure 6.7 (right) shows the X-ray
integral flux F3_20kev Versus the Whipple 10 m integral flux for data taken within ancinlence
window of 10 hours. A weak linear correlation coefficientref 0.51 is shown between the X-ray
and TeVy-ray flux (see section 5.2.2 for thiecalculation). By visual inspection of figure 6.6, the

tracking of flux states between unresolved flaring episocslesi clear.
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6.3.3 Further High State Flaring in Mrk 421 from 18 Mar. to 1 Apr. 2001

Further observations of Mrk 421 during the long-term Japti@aMay flaring state were conducted
with RXTEPCA from 18 Mar. to 1 Apr. 2001 (ObsID: 60145 b). Within thisrioel, a nearly
continuous coverage ®XTEPCA observations was taken from 19-26 March, with gaps bf
hour between pointings. Figure 6.6 (top right) show the Xirdegral flux light curve, with the
power law photon index from each observation shown belowo Tigh amplitude X-ray flares
were well resolved. In the first flare, the 3—20 keV integrak fluas seen to rise steadly from 20
March (MJD = 51988.3) at a flux ofF sgkev = (3.134 0.02)- 10 1% erg cn? s to a peak on
21 March (MJD = 51989.7) with a flux ofF 20xev = (14.1+ 0.02)- 107 erg cn2 s, The
integral flux then decayed to a flux level near the onset of #ire thn 22 March (MJD = 51990.2).
A second large flare followed within 10 hours of the first flare, and showed a similar relative rise
by a factor of 2.6 in integral flux. The estimated durationtaf two resolved flares were 1.9 and
1.7 days, which is within the range of characteristic X-rayifig timescales of-1-2 days found
by a previous detailed temporal study of Mrk 421 in (Kataokale 2001). Figure 6.6 (bottom
right) shows the Whipple 10 m nightly integral flux light ceref Mrk 421 during theRXTEPCA
campaign (ObsID: 60145 b) from 18 Mar. to 1 Apr. 2001. Stroagability is shown over a range
in integral flux of F.ggtev = (2.724 1.05)- 10 cm? s 1 to F.gg1ev = (25.0+ 1.07)- 1011
cm 2 s 1. Figure 6.7 (right) show the Whipple 10 m integral flux ver®STEPCA 3-20 keV
flux for data simultaneous to within 5 hours over the 18 MarltApr. 2001 observing period.
No clear correlation is evident. The sparse data sampliriignflare inhibits a detailed study
of possible lags between the X-ray and Texay light curves. In the Synchrotron Self-Compton
(SSC) model, a time lag of the Tejray (Inverse Compton) emission is expected relative to the
X-ray (Synchrotron) radiation when the electrons prodgdhe Synchrotron radiation are at a
lower energy than the electron population responsibleHerTeV y-ray emission (Krawczynski

et al. 2000). When the seed photons to IC emission are ekterttee jet, than no lag is expected.

Simultaneous X-ray and TeV Spectral Variability in Mrk 421 d uring Mar. 2001

The X-ray spectral variability during the first large flaradked the integral flux closely, with a
clear hardening of the spectrum during the rising compan€&he X-ray spectrum then softened
after the first flare peak on 21 March, but interestingly, av&rday period from 20-26 March a
general trend was seen of the power law photon index hargemim much long timescale than the
flux variability. The correlation oRXTEPCA power law photon index to integral flux is shown
in figure 6.7. A recent publication on thRXTEPCA campaign (ObsID: 60145 b) studied the

short-term flux and spectral variability using a similar eggeh to the systematic study in this
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Figure 6.8: SimultaneouRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 20-22
Mar. 2001 (MJD = 51988-51990). (Lef@XTEPCA spectra from 3—-20 keV. The 3 spectra with
the highest integral flux were fit by a log-parabolic model,le/the lower flux data was fit by

a power law. For both models a fixed galactic absorptieney = 1.61- 10°° cm~2 was used.
(Right) Estimated intrinsic Te\y-ray spectrum from nightly Whipple 10 m observations after
correcting for absorption by the EBL using the “Low-SFR” nebth (Kneiske et al. 2004). For
the highest flux observation, a log-parabolic was fit to thergy spectrum, while the two lower

flux spectra were fit by a power law model.

work (Giebels et al. 2007). The authors report a saturatioth@ photon index at high fluxes
using a more complicated broken power law model. To testgecsal curvature and a possible
shift in the peak synchrotron emission to energies at higk lBwels to near the 3 keV lower
energy limit of RXTEPCA, the fit results from log-parabolic model were consideré&or the
peak flux observation on 21 March (MJD = 51989.7) the log4palia fit yielded ax? of 1.6
and curvature terntb = 0.37 = 0.01. The derived synchrotron peak energy was=E2.14 +
0.19 keV. As discussed in section 6.4, the derived peakiponditom a log-parabolic model has
large systematic errors when calculated from a limited gneange outside of the peak position,
and so a detailed study of the spectral curvature and depgadl position usinqRXTEPCA was
not pursued. Instead, the possiblity of correlated spkeetidability is investigated between the
simultaneous X-ray and Tey-ray observations during the the flare from 20-22 Mar. 200de T
Whipple 10 m energy spectrum was measured for the three cotige nights. Corrections for
absorption by the extragalactic background light (EBL)evapplied to the spectra, as discussed in
section 5.3.2. Figure 6.8 shows the simultand®X3 EPCA and Whipple 10 m energy spectra of
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Mrk 421 from 20-22 Mar. 2001 (MJD =51988-51990). The high #furay spectrum show clear

curvature, with poog? values to the power law fit, so the log-parabolic model fitsstr@vn. For
the two low fluxRXTEPCA observations, the spectra were well fit by the power lawlehoThe
estimated intrinsic Te\y-ray spectrum for the two low flux nights resulted in power lplaoton
indices off =2.51+ 0.10 and” = 2.56+ 0.13, respectively. The X-ray power law photon indices
for these observations wefe= 2.67+ 0.01 and” = 2.41+ 0.01, respectively. The Whipple 10
m observations on the night of 21 Mar. 2001 (MJD = 51988.3)ewrring the peak in resolved
X-ray flare. Strong curvature is shown in the intrinsic Tg\ay spectrum on this night, with a
fit to a power law resulting in &2 of 4.79. A log-parabolic fit described the data well. The peak
energy in the intrinsic Te\y-ray spectrum was calculated from the log-parabolic fit at=£0.85

+ 0.22 TeV. The X-ray spectrum on Mar. 2001 (MJD = 51988.3) wascdbed above, with a
peak energy of 2.14 0.19 keV. The lack of intermediate flux levels observed byWhgpple 10

m over this flare did not allow for a detailed study of Te\ay spectral evolution during the flare.
In summary, the joinRXTEPCA and Whipple 10 m campaign in March 2001 caught Mrk 421 in
strong flaring state. It is also useful to compare the X-ray &V variability in a low to medium

flux state, as shown below for data in 2002 and 2003.

6.3.4 Variability of Mrk 421 in a Low to Medium Flux State in Dec. 2002 and
Jan. 2003

In November 2002, Whipple 10 m observations of Mrk 421 reedrd rate a factor o3 above
the expected Crab nebula rate, which together with a RYRWEASM rate, lead to triggereBRXTE
PCA observations during 3—16 Dec. 2002 (ObsID: 70161 cj feitow up observations in 10-14
Jan. 2003 (ObsID: 70161 d). Figure 6.9 shows the light cur@XTEPCA integral flux,RXTE
PCA power law photon indek, and nightly Whipple 10 m integral fluxes above 0.6 TeV. Dgrin
the first observing period in Dec. 2002, the X-ray flux of Mrkld2as at a baseline flux okFaokev

< 1.5-101%erg cm2 s71, which is over a factor of-2 lower than the estimated baseline X-ray
flux in January and March 2001. The Whipple 10 m integral flugrdhis period remained below
the flux level of the Crab nebula, and a fit to constant flux yeldx? of 2.12, showing marginal
variability, primarily in the higher flux recorded on the tasght of the campaign (16 Dec. 2002).
The 10-14 Jan. 2003 observing campaign showed an increasel@\viel on 12 Jan. in both the
X-ray and TeVy-ray integral fluxes. Figure 6.10 shows for both observindgas in Dec. 2002
and Jan. 2003 thBRXTEPCA photon indeX versus the 3-20 keV integral flux on the left, and
on the right the Whipple 10 m integral flux.GeTev VEersusRXTEPCA 3-20 keV integral flux

for observations simultaneous to within 5 hours. A reldyivarong linear correlation coefficient
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Figure 6.9:RXTEPCA and Whipple 10 m light curve of Mrk 421. (Left panels) shilve ObsID
70161 (c) observations during 3—16 Dec. 2002. (Right parstlew the ObsID 70161 (d) ob-
servations during 10-14 Jan. 2003. (Top panelsRKGEPCA 3-20 keV integral flux, (middle
panels) the(RXTEPCA power law photon indek, and (bottom panels) the Whipple 10 m integral

flux F~o.67ev in Nightly exposures.

of r = 0.91 was calculated between the X-ray any fluxes for the observations in Dec. 2002.
The strongest variability was observed during the appaisiny edge of a large flare during 13—
14 Jan. 2003. The TeY-ray spectrum was measured on both of these nights, and tifresio
spectrum calculated following the method described iniged.3.2. Figure 6.11 shows tiRXTE
PCA and Whipple 10 m energy spectra from 13-14 Jan. 2003. TFteyXpectrum shows a clear
hardening at MJD = 52652.6, while at a slightly lower intéghax than the spectra 5.1 hours
earlier. Evidence is shown of the flare originating at X-raeigies above 5 keV, with the rising
component of the flare showing an increasingly hard spectagnto the the highest observed flux

level (MJD = 52652.4) with a power law photon indextof= 2.077+ 0.003. The log-parabolic fit
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Figure 6.10: X-ray and Te\y-ray correlation plots for Mrk 421 observations in Dec. 2G0®d
Jan. 2003 (light curves in figure 6.9). Shown (left) is RETEPCA photon index versus
the 3—-20 keV integral flux. (Right) is the Whipple 10 m intddgtax F.qg1ev Versus theRXTE
PCA 3-20 keV integral flux from observations taken within %ureof the Whipple 10 m nightly

exposure.

to the high flux energy spectrum yielded a much improygaf 1.22 compared to thg? of 7.05
for the power law fit. Using the log-parabolic model, the dymtron peak energy was estimated
at B, = 4.73+ 0.56 keV. The intrinsic TeW-ray spectra showed hardening with increased flux
between the two nights. For the first night (MJD = 52652.4)paer law fit gave a photon index
I = 2.56+ 0.13, while for the second night the best photon index vas 2.42+ 0.13. The
Whipple 10 m andRXTEPCA data for the total observing periods in Dec. 2002 and 2803 was
previously published in (Rebillot et al. 2006). The authdesailed the X-ray spectral variability
seen here, with very comparable results. In the previoulysiseof Whipple 10 m data, the light
curve was calculated by scaling the detection rate and Hizinato the rate observed for the
Crab nebula during contemporaneous observations. Thiagip assumes the Te¥ray energy
spectrum remains near the power law type spectrum of the @hbla. The integral flux values

presented in this work were not biased in this way.

6.3.5 Two Month Study of Mrk 421 in a Low Flux State from Feb. toMay 2003

RXTEPCA observations on Mrk 421 were scheduled for a period of @eonths from 20
Feb. to 4 May 2003 (ObsID: 80173 e) to coincide with Whipplemi@bservations regardless of
flux state. Figure 6.12 shows the light curveRXTEPCA integral flux, RXTEPCA power law

111



6.3. RESULTS FROMRXTEPCA AND WHIPPLE 10 M CAMPAIGNS IN 2001-2006

) - O - o MJD = 52652.4
(\iE) WEQ MJD = 52653.5
o 10°F o 10°F
O L O L
~ L A S A A S S S e i Y ~— L
|_|_> L ""Wmv',v LL> L
> r e .. > r
L i"“o‘n L |
",’:!‘H';' “‘%.“ i T
" * MJD =52652.4 W\T’ " | .
10 . MJD = 52652.6 10 . ?
L MJD = 52653.2 L
: v MJD =52653.5 :
L ‘ L L L1 ‘ L L L1 ‘
1 10
Energy (keV) Energy (TeV)

Figure 6.11: SimultaneolRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 13-14
Jan. 2003 (MJD = 52652-52653). (LeRXTEPCA spectra from 3-20 keV. The spectra were fit
by a log-parabolic model using a fixed galactic absorptionchl = 1.61- 10?°° cm=2 . (Right)
Estimated intrinsic TeW-ray spectrum from nightly Whipple 10 m observations aftemrecting

for absorption by the EBL using the “Low-SFR” model in (Kriaset al. 2004). The intrinsic

spectra were best fit by a power law model.

photon indeX™, and nightly Whipple 10 m integral fluxes above 0.6 TeV. Atiglely small scale,
but well resolved X-ray flare was observed in Feb. 2003 duamgriod when no Whipple 10 m
observations passed data quality cuts due to poor weathem £7—-31 Mar. 2003 another well
resolved flare was observed RXTEPCA. The power law photon index tracked the 3—-20 keV
integral flux, hardening fronT = 2.38+ 0.01 at a flux level of E_sokev = (3.34+ 0.02)- 1010
ergcm?s1tol = 2.11+ 0.01 at the flare maximum ofsFagkey = (7.22+ 0.02)- 10 erg
cm2s1. The Whipple 10 m data set is sparse during this X-ray flare,renclear flare structure
could be seen. For the remainder of the observing period mtapMay 2003 the X-ray and TeV
fluxes were in a low flux state. A fit to a constant flux gives a aseX-ray flux from of F3_2gkev

= (1.194 01) - 10 *° erg cm2 571, and for the TeVy-ray data of Eggrev = (2.02 & 0.15)
.10 ecm=? s71. Figure 6.13 (left) shows thRXTEPCA photon indexX versus the 3—20 keV
integral flux, and on the right the Whipple 10 m integral fluxls tev versusRXTEPCA 3-20 keV
integral flux for observations simultaneous to within 1 I®uh linear fit to theRXTEPCA flux
versus Whipple 10 m integral flux distribution yielded a gggidof 0.76. The Feb. to May 2003
data set 0RXTEPCA and Whipple 10 m observations was previously publishg@lazejowski

et al. 2005). The X-ray integral fluxes and photon index faheabservations were not presented
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Figure 6.12:RXTEPCA and Whipple 10 m light curve on Mrk 421 from 20 Feb. to 4 M&)2
(ObsID 80173 (e) in table 6.1). Shown (top panel) is BTEPCA 3-20 keV integral flux,
(middle panel) the power law photon indExover ther energy band 3—-20 keV, and (bottom panel)
the Whipple 10 m integral flux f5 g Tev in nightly exposures. A 99.9% confidence upper limit was

calculated for Whipple 10 m observations at a detectionl lev2 o (shown by an open circle).

in the paper, with only th&XTEPCA counting rate discussed. The Whipple 10 m rate was given
in the paper, which was referenced to the detection rate erCtlab in 2003. Presented below
areRXTEPCA and Whipple 10 m observations over 6 months from Dec. 2008ay 2004 at a

higher flux state than in earlier 2003.

6.3.6 Strong Variability in Mrk 421 over 6 Months from Dec. 2003 to May 2004

The RXTEPCA nightly monitoring campaign of Mrk 421 in 2003 of a periofla few months

was renewed over a longer period from 21 Dec. 2003 to 21 May 2Z0BsIDS: 80173 g, 90148

h, and 90138 i). As in 2003, tfeRXTEPCA pointings were scheduled during the Whipple 10 m
observing windows, with~10-15 day gaps when no Whipple 10 m could be taken because the
moon was above the horizon (see section 3.2.5) Figure 6 dwisstihe Mrk 421 light curve from

21 Dec. 2003 to 21 May 2004 calculated fré@XTEPCA integral fluxesRXTEPCA power law
photon indiced’, and nightly Whipple 10 m integral fluxes above 0.6 TeV. Ferfinst 3 months
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Figure 6.13: X-ray and Te\y-ray correlation plots for Mrk 421 observations during 2(bF®
4 May 2003 (light curve in figure 6.12). Shown (left) is tRXTEPCA photon indexX” versus
the 3—-20 keV integral flux. (Right) is the Whipple 10 m intddgtax F.qg1ev Versus theRXTE
PCA 3-20 keV integral flux from observations taken within Lireof the Whipple 10 m nightly

exposure.

of the observing period period the Whipple 10 m data sampingry sparse, due mainly to poor
weather conditions. Four small X-ray flares were observathduhis period from Dec. 2003 to
Feb. 2004. Starting on 15 Mar. 2004 a rapid decay in flux fromardigdly resolved was observed
in both the X-ray and TeW-ray bands. The relative amplitude of the flux decrease leriviiee
nights 15-16 Mar. 2004 was a factor of 2.210.04 inRXTEPCA 3-20 keV integral flux, while

a decay in Whipple 10 m integral flux above 0.6 TeV was obsefgedhe following nights of
16-17 Mar. 2004 at a relative factor of 2.630.16. Due to the sparse data sampling it is not
clear whether a lag in the Te)ray emission behind correlated X-ray emission was obskrme

if shorter timescale variability is at work. In April 2004 gear month timescale shift to a higher
baseline integral flux at both X-ray and Texrays was observed. The X-ray power law photon
index remained, on average, in a harder state in Apr. 2004 fitten Dec. 2003 to Mar. 2004.
Previous claims were made for a positive lag of TeYay emission leading the X-ray emission
in Apr. 2004 by~1 day (Blazejowski et al. 2005). The authors are careful fpoir the spuri-
ous nature temporal studies using sparse detection ratesh awdded further uncertainty to their
analysis due to their lack of spectral information. A geheanclusion was reached that many
counter examples were present in the Apr. 2004 data setddntphothesis of correlated X-ray and

y-ray flux states on day timescales. Correlations betweebdtiethe X-ray and Te\y-ray flux
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Figure 6.14:RXTEPCA and Whipple 10 m light curve on Mrk 421 from 21 Dec. 2003 1d\Zay
2004 (ObsID: 80173 g, 90148 h, and 90138 i in table 6.1). Shpampanel) is theRXTEPCA
3-20 keV integral flux, (middle panel) the power law photoddrl” over ther energy band 3-20
keV, and (bottom panel) the Whipple 10 m integral fluxgktev in nightly exposures. A 99.9%
confidence upper limit was calculated for Whipple 10 m obstons at a detection levet 2 o

(shown by an open circle).

and spectral variability are studied here. Figure 6.18)(iows the(RXTEPCA photon indexX
versus the 3—-20 keV integral flux, and on the right the Whidglem integral flux EggTev Ver-
SUSRXTEPCA 3-20 keV integral flux for observations simultaneous ithww 1 hours. A large
spread is shown for the near simultaneous X-ray and jFe&y integral fluxes over the 6 month
observing period, with a linear correlation coefficiendf 0.86. To to test for isolated spectral
correlations between the X-ray and Teday bands during flaring events, the near simultane-
o0usRXTEPCA and Whipple 10 energy spectra were calculated at neqrethle X-ray flux from
19-21 Apr. 2004 (MJID =53114-53116). Figure 6.19 (left) shtleRXTEPCA energy spectra
from 3-20 keV, and (right) the near simultaneous intringd-ray spectra for the nights 19-21
Apr. 2004 calculated from the Whipple 10 m energy spectraraforrecting for a low level of
absorption by the EBL (Kneiske et al. 2004). Interesting thmd spectral behavior is seen be-
tween the X-ray Te\-ray spectra. As shown in figure 6.11 for the X-ray flare in 2003, the
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Figure 6.15: X-ray and Te\y-ray correlation plots for Mrk 421 observations from De®3Go
May 2004 (light curve in figure 6.14). Shown (left) is tRXTEPCA photon indeXd” versus
the 3—-20 keV integral flux. (Right) is the Whipple 10 m intddgtax F.qgTev Versus theRXTE
PCA 3-20 keV integral flux from observations taken within Lirgof the Whipple 10 m nightly

exposure.

RXTEPCA energy spectrum was seen to soften on 20 Apr. 2004 beforessing in integral flux.
The estimated intrinsic Tey-ray spectrum showed a correlated softening from a powerfiaw
with photon indexd” = 2.38+ 0.12 on 19 Apr. 2004 t& = 2.53+ 0.08 on 20 Apr. 2004. Both
the X-ray and TeW-ray spectra reached a harder state in 21 Apr. than on 19 Ajr.increased
flux, however the Te\-ray flux level was lower on 21 Apr. than 20 Apr. Using the logrgibolic
model, the peak in X-ray spectrum for 21 Apr. 2004 was catedlat E = 4.97 + 0.96 keV.
The X-ray spectral variability of Mrk 421 during this flare &pr. 2004 was previously published,
but without simultaneous TeY-ray spectra (Grube et al. 2005). The TgAfay integral flux of
Mrk 421 in Apr. 2004 was independently measured by H.E.S8ve an energy threshold of 2
TeV (Aharonian et al. 2005b). A factor of 4.3 in H.E.S.S. grd fluxes k2tev between nights
was observed in 11-21 Apr. 2004, which was shown signifigdrigher than the variability from
a preliminary analysis of Whipple 10 m data. Using the Whepp0 m integral fluxes £pg1ev
calculated in this work, the maximum relative change in fluxing this period was by a factor
1.96. This results agrees with the conclusion that highgabdity was observed at a higher(1
TeV) energies. The nightly energy spectrum from 1 to 15 TeWHby.S.S. was well fit by a power
law with exponential cutoff E= 3.1+ 0.5 TeV, which is consistent with the monthly Whipple 10

m energy spectra presented in section 5.3.2.
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Figure 6.16: SimultaneolRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 19-21
Apr. 2004 (MJD =53114-53116). (LelXTEPCA spectra from 3—-20 keV. The spectra were fit
by a log-parabolic model using a fixed galactic absorptignehy = 1.61- 10°° cm=2 . (Right)
Estimated intrinsic TeW-ray spectrum from nightly Whipple 10 m observations aftemrecting

for absorption by the EBL using the “Low-SFR” model in (Kriaset al. 2004). The intrinsic

spectra were best fit by a power law model.

6.3.7 Further Strong Variability in Mrk 421 Over 5 Months fro m Jan. to May 2006

The most recenRXTEPCA and Whipple 10 m campaign was from 6 Jan. to 31 May 2006 (Ob-
sIDs: 91440 k, 92402 |, and 92402 m). Similar to the 5 monthgaign in 2004 RXTEPCA
observations were scheduled to coincide nightly obsematby the Whipple 10 m. Figure 6.17
shows the Mrk 421 light curve from 6 Jan. to 31 May 2006 catead&romRXTEPCA integral
fluxes,RXTEPCA power law photon indicels, and nightly Whipple 10 m integral fluxes above
0.6 TeV. Strong flaring is evident in both the X-ray and TeV dmrhowever the flaring structures
were not clearly resolved between nights, indicating \mlitg on shorter timescales. By visual
inspection, the X-ray and TeY-ray integral fluxes do not track each closely. Figure 6.1@agh
(left) shows theRXTEPCA photon indeX versus the 3—-20 keV integral flux, and on the right the
Whipple 10 m integral flux Eggtev VErsusRXTEPCA 3-20 keV integral flux for observations
simultaneous to within 1 hours. The X-ray to TgMay flux correlation plot shows a large spread
(r = 0.80), with distinct “orphan” TeWW-ray observations when a high Texray integral flux
was recorded simultaneously to a low X-ray flux. From 2630 2806, the TeW-ray flux state
was seen to be highly variable, while the X-ray integral flamained at nearly the same level of

Fa_ookev ~ 4.3 - 10719 erg cm 2 s 1 before increasing flux. The X-ray and Teiray spectra
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Figure 6.17:RXTEPCA and Whipple 10 m light curve on Mrk 421 from 6 Jan. to 31 Map&
(ObsIDs: 91440 k, 92402 |, and 92402 m in table 6.1). Showp fanel) is theRXTEPCA
3-20 keV integral flux, (middle panel) the power law photoderl” over ther energy band 3-20
keV, and (bottom panel) the Whipple 10 m integral fluxgkTtev in nightly exposures. A 99.9%
confidence upper limit was calculated for Whipple 10 m obstons at a detection levet 2 o

(shown by an open circle).

were investigated for the first “orphan” Telray nightly observation on 28 Jan. 2006, and for
the two following nights when the X-ray flux started to flareigire 6.19 shows for the nights
28-30 Jan. 2006 theXTEPCA energy spectra from 3—20 keV on the left, and on the rigat t
near simultaneous intrinsic Teytray spectra calculated from the Whipple 10 m energy spectra
after correcting for a low level of absorption by the EBL (Ksiee et al. 2004). The X-ray flare
shows a hardening of the energy spectrum on the first nigheeéted flux level (MJID = 53763.4)
similar to the spectral evolution seen in Jan. 2003 (seedifuirl), but opposite to the softening of
the X-ray spectrum during the rising flare edge in Apr. 200%yven in figure 6.19. The Tey-ray
spectrum was seen soften after the first night, and did naezkthe “orphan” flux level even as
the X-ray flux increased over the next two nights. This flarmdestrates the complicated vari-
ability in Mrk 421 at X-ray and Te\W-ray energies, which this thesis has tried to address tiroug

a detailed study of month long observations over 5 years.
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Figure 6.18: X-ray and Te\y-ray correlation plots for Mrk 421 observations from 6 Jam3i
May 2006 (light curve in figure 6.17). Shown (left) is tiRXTEPCA photon indeX” versus
the 3-20 keV integral flux. (Right) is the Whipple 10 m intddtax F-o¢T1ev Versus the(RXTE
PCA 3-20 keV integral flux from observations taken within Lireof the Whipple 10 m nightly

exposure.
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Figure 6.19: SimultaneolRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 28-30
Jan. 2006 (MJD =53763-53765). (LeRXTEPCA spectra from 3—20 keV. The spectra were fit
by a log-parabolic model using a fixed galactic absorptignehy = 1.61- 10°° cm=2 . (Right)
Estimated intrinsic TeW-ray spectrum from nightly Whipple 10 m observations aftemrecting

for absorption by the EBL using the “Low-SFR” model in (Kriaset al. 2004). The intrinsic

spectra were best fit by a power law model.
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Figure 6.20: RXTEPCA and Whipple 10 m light curve on Mrk 501 from 12 to 24 Jun. 200
(ObsID 91448 (a) in table 6.3). Shown (top panel) is RETEPCA 3-20 keV integral flux,
(middle panel) the power law photon indExover ther energy band 3—-20 keV, and (bottom panel)
the Whipple 10 m integral flux £p g Tev in nightly exposures. A 99.9% confidence upper limit was

calculated for Whipple 10 m observations at a detectionl lev2 o (shown by an open circle).

6.3.8 RXTEPCA and Whipple 10 m Results on Mrk 501 in June 2004

Mrk 501 was observed bRXTEPCA from 12 to 24 Jun. 2004 (ObsID: 91448 a). Whipple 10
m observations were taken on 8 nights during this period, doyletection above the 8 level
was observed on any of the nights. Figure 6.20 showsRK&E PCA integral fluxesRXTE
PCA power law photon indiceB, and 99% confidence upper limits on the nightly Whipple 10
m integral fluxes above 0.6 TeV. On the first night of 12 Jun.£20fh elevated X-ray integral
flux was recorded of £ sokev = (1.734 0.03)- 1010 erg cnm? 51, while for the remaining 12
nights the X-ray integral flux remained nearly constanthveitmean of g_»okev = (9.35=+ 0.02)
.10 1% erg cm? s 1. Figure 6.21 (left) shows thRXTEPCA photon index™ versus the 3-20
keV integral flux. No clear trend is shown between the photmlexl” and integral flux, but due
to the small range of sampled flux states, correlated vditialban not be ruled out. Figure 6.21
(left) shows theRXTEPCA energy spectrum on the nights of 12, 22, and 23 Jun. 2062 X¥ray

energy spectrum from the low flux night of 22 Jun. 2004 was ¥itgtly a power law with photon
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Figure 6.21: X-ray spectral properties of Mrk 501 from 12 & Jun. 2004 (light curve in figure
6.20). Shown (left) is th&XTEPCA photon indeX versus the 3-20 keV integral flux. (Right) is
the RXTEPCA energy spectrum on 12, 22, and 23 Jun. 2004.

indexl = 2.29+ 0.03, while the two higher flux observations had near eqgeialand slightly
harder power law photon indices bf=2.194 0.03 and™ = 2.19+ 0.02.

6.3.9 RXTEPCA and Whipple 10 m Results on H1426+428 from Mar. to Jun. 20D

H1426+428 was observed RXTEPCA over a period of 3 months from 7 Mar. to 15 Jun. 2002.
A high coverage of simultaneous nightly observations waker with the Whipple 10 m, however
H1426+428 was not detected on any of the nights at a sign@fiicabove 3. Figure 6.22 shows
the RXTEPCA integral fluxesRXTEPCA power law photon indiceE, and 99% confidence
upper limits on the nightly Whipple 10 m integral fluxes ab@8 TeV. Strong X-ray variability
was observed over the full 3 month period, showing complecspl variability. X-ray integral
flux doubling timescales of2 days was observed from 8—-10 Mar. 2002. Figure 6.23 (lettjvsh
the RXTEPCA photon indeX” versus the 3-20 keV integral flux. A large spread is observed,
however weak evidence of a correlation betw&XTEPCA integral flux and power law photon
index is shown. Figure 6.23 (right) shows tRXTEPCA spectrum of H1426+428 from 19-21
Apr. 2004 when a large rise in integral flux was recorded. Theyspectrum of the three nights
was very hard, ranging fror = 1.48+ 0.05 tol" = 1.54+ 0.04. The spectra are well described by
a power law, with no sign of curvature resolved in RETEPCA spectrum. The peak synchrotron
energy is clearly above 20 keV, but the exact position isdliffito determine. ThiRXTEPCA

data set was previously published in (Falcone et al. 200d3uRs agreeing well with the analysis
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Figure 6.22: RXTEPCA and Whipple 10 m light curve of H1426+428 during 7 Mar. @ 1
Jun. 2002 (ObsID 70154 (b) in table 6.3). Shown (top panelhesRXTEPCA 3-20 keV in-
tegral flux, (middle panel) the power law photon indexover ther energy band 3-20 keV, and
(bottom panel) the Whipple 10 m integral flux % tev in nightly exposures. A 99.9% confidence
upper limit was calculated for Whipple 10 m observations ééttection levek 2 g (shown by an

open circle).

here were shown by the authors, who studied the spectralbitity of a number of X-ray flares
from this dataset in detail. The main conclusion was thattsgkevolution appeared different

from flare to flare, and that no characteristic variabilitylcbbe determined.

6.4 XMM-NewtonSpectrum of Mrk 421, Mrk 501, and H1426+428

The X-ray spectrum from 0.6-10 keV of Mrk 421, Mrk 501, and 264428 was determined from
a set of near completsMM-NewtonPN observations from 2000 to 2006. TK&M-Newton
spectra were fit by XSPEC 12 with 3 fit models following the neetldescribed in section 6.3.
Figure 6.24 shows an example Mrk 421 spectrum fit to a poweiolalvg-parabolic model, both
with fixed galactic absorption (Ngai = 1.61- 10°° cm~2. The poor fit to the power law model is
large x? residuals at both the low and high energy ends of the spectBignificant variability was

observed in nearly all of the Mrk 421 observations, howewessimplicity the energy spectrum is
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Figure 6.23: X-ray spectral properties of H1426+428 from d@Mo 15 Jun. 2002 (light curve in
figure 6.22). Shown (left) is th&XTEPCA photon indeX versus the 3-20 keV integral flux.
(Right) is theRXTEPCA energy spectrum from 19-21 Apr. 2002.
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Figure 6.24: Spectral curvature in the X-ray spectrum of M&.. (Left) Power law fit to the
XMM-NewtonPN energy spectrum of Mrk 421 on 10 Dec. 2003 with fixed gadaalisorption
Np.cal = 1.61- 10?9 cm=2. (Right) Log-parabolic model fit to the san¥éIM-NewtonPN spec-

trum. Thex? residuals to the model are shown below the energy spectrum.
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Figure 6.25:XMM-NewtonPN energy spectrum of (left) Mrk 421, and (right) H1426+428.

presented for the total duration of each observation. Télidists the best fit results to a power
law or log-parabolic model for 2KMM-NewtonPN observations of Mrk 421. For 10 of the 21
observations, a fit to the power law model resulted in a pgar 2. A hard spectrum was recorded
in the 0.6—-10 keV band for observations at a high integral ldugl. On 6 May 2004, a power law
photon index of” = 1.96+ 0.001 suggests a peak synchrotron energy was BO keV. Figure
6.25 (left) shows thXMM-NewtorPN energy spectra of Mrk 421 from 4 observations, including
the high flux 6 May 2004 observation. Spectral curvature igewt in each of the 4 selected
energy spectra of Mrk 421. To test for curvature in each ottiraplete Mrk 501 and H1426+428
XMM-NewtorPN data sets, both a power law and log-parabolic model wettgefispectra. Table
6.8 shows the model fit results for both sources. For H1428;+##% log-parabolic model gave
consistently lowery? values than with a power law model, however the the highestsored
curvature term was a moderdte= 0.25+ 0.02. Figure 6.25 (right) shows théMM-NewtonPN
energy spectrum of H1426+428 for 3 observations in 2005. efeegy spectrum on 19 Jun. 2005
was seen to be much harder than on 4 Aug. 2005 at a comparableval. Detailed studies of
the XMM-NewtonPN data on the 3 TeV blazars are given for 18 of the 30 totalrebdens, as
referenced in tables 6.5 and 6.6, while for the other 12 olasiens, first results are presented

here.
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2

2

Start Date B.6-10Kkev r X a b X
(fu)

2000-05-25 5.94-0.01 2.24+-0.001 191 2.3&0.001 0.10+£0.003 1.30
2000-05-25 6.44-0.02 2.30+£0.001 1.27 2.25-0.001 0.10+0.005 1.05
2000-11-02 2.080.01 2.55+0.002 1.30 2.54-0.002 0.15:£0.007 1.10
2000-11-13 8.2 0.02 2.34+0.001 3.37 2.34-0.001 0.27+£0.004 1.18
2000-11-14 7.49%£0.02 2.36+0.001 2.64 2.350.001 0.23£0.004 1.17
2001-05-08 5.7#0.01 2.29+-0.001 2.85 2.29-0.001 0.22£0.004 1.20
2002-05-04 1.96:0.01 2.74+0.003 1.66 2.7H0.002 0.42£0.001 1.03
2002-05-05 1.15-0.01 2.90+0.007 0.88 2.84-0.007 0.47+4+0.002 0.72
2002-11-14 9.04-0.02 2.13+0.001 1.80 2.13-0.001 0.15+0.004 1.24
2002-11-14 9.33 0.02 2.22+-0.003 1.70 2.19-0.004 0.35£0.001 1.19
2002-11-15 8.950.02 2.22+0.003 1.57 2.19%0.004 0.3+ 0.001 1.10
2002-12-01 3.4t 0.01 2.40+0.001 5.96 2.46-0.001 0.18:0.002 1.77
2002-12-02 4.14-0.01 2.42+-0.004 1.31 2.39-0.004 0.39+0.015 0.94
2002-12-02 4.96: 0.01 2.34+0.004 1.39 2.3&-0.005 0.41+£0.016 1.01
2003-06-01 3.25:-0.01 2.55+0.001 2.37 2.55-0.002 0.29+-0.006 1.09
2003-11-14 9.680.02 2.32+-0.001 10.90 2.32-0.001 0.27+0.002 1.88
2003-12-10 4.83 0.01 2.29+-0.001 1.94 2.28 0.002 0.23:£0.006 1.13
2004-05-06 14.22-0.03 1.96+0.001 3.65 1.96-0.001 0.07+0.001 2.46
2005-11-07 8.64£0.02 2.35+-0.001 2.76 2.35-0.002 0.27+£0.005 1.23
2005-11-09 9.050.02 2.42+0.001 1290 2.420.001 0.2+~ 0.001 1.77
2006-12-05 2.940.01 2.63+0.001 3.35 2.630.001 0.2A40.004 1.24

Table 6.7: Best fit model parameters for either a power lawgidarabolic model. Notes: (a) The

integral flux in the 0.6—10 keV band is given in units (f.u.)16f % erg cm2 s 1.
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6.4. XMM-NEWTONSPECTRUM OF MRK 421, MRK 501, AND H1426+428

Start Date

b.6-10kev
(f.u.)2

Xr

Xr

Mrk 501
2002-07-12
2002-07-12

0.86% 0.002
0.88% 0.002

2.35£0.01
2.31+0.01

1.02
1.41

2.26t 0.01
2.26t 0.01

0.18+0.0
0.10£ 0.0

0.99
1.02

H1426+428
2001-06-16
2004-08-04
2004-08-06
2005-01-24
2005-06-19
2005-06-25
2005-08-04

0.452 0.002
0.41% 0.001
0.414- 0.002
0.492 0.003
0.861 0.002
0.62% 0.001
0.748 0.002

1.81+0.01
2.12+ 0.01
2.13:£ 0.01
2.18:£0.01
2.00+ 0.01
2.16£ 0.01
2.22£0.01

0.99
1.46
1.50
1.38
1.13
1.23
1.49

1.83: 0.01
2.0 0.01
2.02: 0.01
2.04 0.02
1.95:0.01
2.03t 0.01
2.1H0.01

0.02+ 0.01
0.24+ 0.01
0.24+ 0.01
0.25+ 0.02
0.11+0.01
0.17+ 0.01
0.24+ 0.01

0.99
1.07
1.07
1.13
1.04
1.04
1.07

Table 6.8: Best fit model parameters for either a power lavogidarabolic model. Notes: (a) The

integral flux in the 0.6—-10 keV band is given in units (f.u.)16F 1% erg cn2 71,
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Chapter 7

Interpretation

Long-term observations of Mrk 421 revealed strong, conapéid X-ray and Te\y-ray variability.
Additionally, the TeV blazars Mrk 501 and H1426+428 wereayked from 2001 to 2006 at low
to moderate X-ray ang-ray flux levels. Tentative conclusions on three importamegiions in

TeV blazar studies are discussed in the context of previiss and results:

1. Are the X-ray and Te\y-ray flux states well correlated on day timescales?
2. Can averaged spectra from sparse observations chawackectral Energy Distributions?

3. How does the long-term X-ray angray flux variability differ between TeV blazars?

The first question is addressed in section 7.1 by combinimgiisaneous flux correlations from a
large sample oRXTEPCA and Whipple 10 m observations on Mrk 421 spanning periddg
to 6 months. Section 7.2 presents SEDs for Mrk 421, Mrk 504, lah426+428 using spectral
results in this work, along with archive EUVE and EGRET datynchrotron Self-Compton
(SSC) model curves are shown for the SEDs, together with @ustsson of the varying model
parameters. The second question is prompted both by a refithne Mrk 421 X-ray and TeV
spectral spectral variability shown in chapters 5 and 6, lanthe construction of SEDs for all

three TeV blazars from both simultaneous or time-averagedtsa. Section 7.3 answers the third

guestion by comparing long-terRXTEASM and Whipple 10 m flux measurements, as presented

in chapter 5. Lastly, a short conclusion is reached basetiesetthree questions: mainly the need

for well sampled, high sensitivity multiwavelength obsaiens of TeV blazars.

7.1 Correlation of X-ray and TeV y-ray Flux States

For Mrk 421, a large spread was observed between the sineoitanX-ray and Tey-ray integral

fluxes over a period of 6 years. Figure 7.1 shows the combinkeigple 10 m integral flux Eg g Tev
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7.2. SPECTRAL ENERGY DISTRIBUTIONS OF TEV BLAZARS
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Figure 7.1: X-ray and TeVW-ray flux correlation of Mrk 421 from all joinRXTEPCA and Whip-
ple 10 m observations since 2000 (see sections 6.1 and én@ari(black line) and quadratic (red

dashed line) functions were fit to the data.

versus thd(RXTEPCA 3-20 keV integral flux from all joint observations sin@R. A weak linear
correlation coefficient of = 0.61 is in contrast to significant linear correlations>(0.9) measured
for partially resolved flares in chapter 6. Previous stuadieMrk 421 claimed highly correlated
X-ray to TeV variability (Rebillot et al. 2006; Krawczynskt al. 2001). Here, a fit to the total Mrk
421 data set with either a linear or quadratic function ydeddrery poorx? of >25. As described
in section 5.2.2, a quadratic functidi® O (F)? is predicted in the Synchrotron Self-Compton
(SSC) model due to the flux dependence on the electron despgrse temporal sampling with
offsets of up to 10 hour between observations in the two gnbamnds diminish the power of
variability studies. Examples of both “orphan” X-ray andvTg-ray flares were recorded, where
a high flux was observed in one energy band, while the othed bhaowed no significant flaring.
Since flaring evolution was only partially resolved in alta@laets, a characteristic flaring timescale
was not clear. In summary, from this large data set no cleaay<to TeV y-ray flux correlation

was evident, however the sparse sampling restricted detktaimporal study.
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7.2. SPECTRAL ENERGY DISTRIBUTIONS OF TEV BLAZARS
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Figure 7.2: Spectral energy distributions of Mrk 421 fromaltaneoufRXTEPCA and Whipple

10 m observations at a high flux state on 21 April 2004 (bladkis® and at a low flux state on 22
March 2001 (brown open circles). The Whipple 10 m spectreewerrected for EBL absorption
using the “Low-SFR”model in (Kneiske et al. 2004). The aveh1991-1994 EGRET spectrum
(cyan) is from (Macomb et al. 1995). Extreme Ultraviolet #gxare from EUVE observations in
1998 from (Tanihata et al. 2004). The parameters for the S8deirto the high flux state (solid
line) are: & = 15,B = 0.26 G,R= 7-10'® cm, we = 0.062 ergs cm®, p; = 2, p» = 3, l0g(Ep)
=11, logEmin) = 6.5, and logEmay) = 11.5.For the low flux state, the same SSC parameters are
used, excepB = 0.11 G, andve = 0.08 ergs cm®. The SSC model is from (Krawczynski et al.
2004).

7.2 Spectral Energy Distributions of TeV Blazars

This section addresses the issue of constructing specteadye distributions (SEDs) for variable
TeV blazars from either sparsely sampled, or time-averagedchon-simultaneous spectral results.
Chapter 6 presented for Mrk 421 a large range of X-ray and yFe&¥ spectral variability, showing
different hardening and softening evolutions during tiséng and decay phase of flares. Nonuni-
form spectral behavior at similar flux states was also showrnthie TeV y-ray time-averaged
spectra in figure 5.4. To test whether consistent SEDs casdmrled from the Mrk 421 data,
a well studied Synchrotron Self-Compton (SSC) model wastraimed to simultaneous high and
low flux state spectra. The model calculates an SED for a sj@tiget component (blob) of radius
R moving down a conical jet with Lorentz factr (Krawczynski et al. 2004). A broken power

law with spectral indiceg; and p; is defined for the relativistic electrons between energy lim
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7.2. SPECTRAL ENERGY DISTRIBUTIONS OF TEV BLAZARS
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Figure 7.3: Non-simultaneous spectral energy distrimsiof Mrk 501 from a medium fluRXTE
PCA observation on 12 June 2004, and from the Whipple 10 m EBtected energy spectrum in
June 2005. The SSC model parameters are: 25,B = 0.04 G,R = 10-10*® cm,w, = 0.01 ergs
cm 3, p1 =2, p2 = 3, logEp) = 11.1, l0gEmin) = 6.5, and logEma) = 11.7.

itS Emin andEmayx The radiusR is set to values near 10'° cm dictated by the short-terpray
variability timescale of-1 hour ford = 20. A magnetic field strength & = 0.26 G was chosen
based on previous SSC modeling of Mrk 421 (Blazejowski e@05). In fact, all parameters in
the SSC model were initially set to the fit values for the AgAD4 high flux data in (Blazejowski
et al. 2005). Figure 7.2 shows the spectral energy distdbatof Mrk 421 from simultaneous
RXTEPCA and Whipple 10 m observations presented in chapter 6cifadly, the high flux
state is from 21 April 2004, and the low flux state is from 22 BfaR001. Using the previously
published SSC input parameters for the April 2004 data, ectn spectrum normalization of
was initially adjusted to better match the April 2004 fronistivork. A good match was shown
for the SSC model to the X-ray spectrum, however the Inv&septon component in the model
is significantly softer than the EBL corrected Whipple 10 remgy spectrum. A better agreement
is shown for the 22 March 2001 low flux spectra, however thematig field strengtB was low-
ered in addition tove. In summary, using “reasonable” source parameters, the &Birk 421
was roughly described by an SSC model, but it is not clear haeh &SSC source parameter is

constrained.
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7.2. SPECTRAL ENERGY DISTRIBUTIONS OF TEV BLAZARS
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Figure 7.4: Non-simultaneous spectral Energy Distrimgiof H1426+428 from a medium flux
RXTEPCA observation on 21 April 2002, and from the Whipple 10 m ERlrrected energy
spectrum in March 2001. The SSC model parametersére:8, B = 0.035 G,R = 30-10° cm,
We = 0.045 ergs cmd, py = 2, p» = 3, logEp) = 11.9, I0gEmin) = 6.5, and 10gEmay) = 12.

Spectral Energy Distributions of Mrk 501 and H1426+428

Due to the weaker Whipple 10 m detections of Mrk 501 and H1428+than for Mrk 421, time-
averaged TeWr-ray spectral were used with selected medium flux I&®REKTEPCA spectra to
build SEDs. Figure 7.3 shows the spectral energy distobstiof Mrk 501 from theRXTEPCA
spectra on 12 June 2004, and the Whipple 10 m energy spectommd4f.8 hours of data in June
2005. The TeW-ray spectrum was corrected for EBL absorption using thestSFR”model in
(Kneiske et al. 2004). The radiisand magnetic field strengt were initially set to the values
for a high state Mrk 501 flare in (Krawczynski et al. 2000). Hwer, these parameters required
adjusting to match the medium state SED presented here,awighatively lowd = 8. Over a
restricted range of parameter space, the SSC synchrotemtram remained significantly harder
than the observeBXTEPCA spectrum. Still, due to the non-simultaneous data, difficult to
draw conclusions on the appropriateness of the SSC modedsts. Motivated by the strong
X-ray spectral variability shown for H1426+428 in sectiaB,Gan approximate medium flux level
was chosen to build an SED with the Whipple 10 m energy specfram March 2001. Figure
7.4 shows the SED of H1426+428 using RETEPCA spectrum from 21 April 2002, and the
Whipple 10 m spectrum in March 2001 corrected for EBL absorptNo good match could be
attained using small deviations from the SSC parametererapglied to Mrk 421 and Mrk 501.
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7.3. LONG-TERM X-RAY AND TEV y-RAY FLUX VARIABILITY
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Figure 7.5: Correlation of deriveBRXTEASM fluxes withRXTEPCA flux measurements of Mrk
421 in Jan. to May 2006. (Left) Light curve of Mrk 421, takearr figure 6.17, with time bins of
10 days for the meaRXTEPCA and ASM fluxes. (Right) Correlation of the simultaneoQsiay
fluxes, with a linear fit to the dat&® XTEASM fluxes were calculated with the PIMMS tool using
an input power law spectrum 6f= 2.5 (HEASARC 2007).

The hard spectrum observed wiRKTEPCA required an increase in the maximum endegy
of the electron spectrum. Lastly, the large, nonuniformctijaé variabilty within Mrk 421, and
wide range of SSC parameters needed to constrain specivadrethe 3 TeV blazars emphasizes

the ambiguity in results based on selected SEDs.

7.3 Long-term X-ray and TeV y-ray Flux Variability

The question of a characteristic year timescale varighititTeV blazars is addressed here using
the long-termRXTEASM and Whipple 10 m flux measurements presented in chaptBetore
discussing results from the long-term light curves, R¥TEASM rates are converted to flux units
using spectral information from chapter 6. A cross-congmariof the measureXTEPCA and

derived ASM fluxes is presented below to verify the technique

Determining the Long-term RXTEASM Fluxes

A systematic study of thRXTEASM flux measurements was made possible using the detailed
day timescalé&RXTEPCA studies of TeV blazars in chapter 6, and from the PIMM$ poavided

by (HEASARC 2007). The PIMMS tool calculates the expectedntaate for a large number

of X-ray missions, includinRXTEASM, using an input source spectrum over a given energy
range. A joint light curve of Mrk 421 from Jan. to May 2006 wamstructed to serve as a Cross-

comparison between the measuRYTEPCA fluxes and derived ASM fluxes (see sections 5.2.1

132



7.3. LONG-TERM X-RAY AND TEV y-RAY FLUX VARIABILITY
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Figure 7.6: Long-term X-ray and Teray light curve of Mrk 421 (black points), Mrk 501 (brown

points), and H1426+428 (cyan points). For the Whipple 10tegral fluxes EggTev, Upper limits

at a 99.9% confidence level are shown by (empty squares).

and 6.3). The input Mrk 421 spectrum to the PIMMS tool was aqrdaw with photon index

= 2.5 over the PCA energy range of 3—-20 keV, as determined frgundi6.17. For Mrk 421, the
redshift z= 0.031 and Galactic column densityyNa = 1.61- 10?° cm~2 were the remaining
inputs for the PIMMS tool. Figure 7.5 (left) shows the jointhvl21 light curve, with time bins

of 10 days for the meaRXTEPCA and ASM fluxes. Figure 7.5 (right) shows a correlationhef t
RXTEPCA and ASM fluxes in bins of 10 days. A high linear correlatawefficient ofr = 0.93
was determined for the Mrk 421 light curve, confirming tRXTEASM count rate is reasonably
calibrated at long integrations-(L0 days) for sources with a known X-ray spectrum. However, as
shown in section 6.3, TeV blazars exhibits a high degree ddy<spectral variability, limiting the
reliability of ASM fluxes. Still, it is useful to estimate tHeng-term X-ray fluxes of TeV blazars
from the RXTEASM count rates. For Mrk 501, the ASM fluxes were calculatedrnfPIMMS
using a power law input spectrum Bf= 2.3, as estimated from figure 6.20. For H1426+428, an

input power law input spectrum éf = 1.8 was used in PIMMS, as determined from figure 6.22.
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7.4. CONCLUSION

Comparing the Long-term X-ray and TeV y-ray Light Curve of TeV Blazars

Figure 7.6 shows a combined long-term light curve of Mrk 41tk 501, and H1426+428 using
the RXTEASM and Whipple 10 m integral fluxes, as calculated in chapteThe significantly

greater flaring amplitude of Mrk 421 relative to the other the&V blazars is clear. The lack of
strong month timescale flaring in either Mrk 501 or H1426+4R@r a 5 year period highlights

the unique long-term flaring nature of Mrk 421.

7.4 Conclusion

The three observational questions raised here are far froomgplete synopsis of the open ques-
tions in TeV blazar studies. However, this discussion has l® the pointed conclusion that
high sensitivity X-ray and TeW-ray observations with near continuous temporal coverage a
needed to better resolve complex flaring states. To thissimyltaneous X-ray observations with
H.E.S.S., MAGIC, and VERITAS offer many new insights inte fitaring nature of TeV blazars.

Particularly, the spectral evolution of rising and decagyphases on timescales of hours to min-
utes. These observations offer significantly more comstrgilimits to SSC and other emission
models by defining more clearly the characteristic flarimgetscales and possibly correlated flux

and spectral states between energy bands.
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