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For Alice Kain. (Above)Flight into Egyptby Adam Elsheimer in 1609, the first oil painting to

feature the Milky Way. During the same year Galileo resolvedthe Milky Way into a band of

individual stars with his newly built refractor telescope.



Abstract
This thesis presents long-term X-ray and TeVγ-ray observations from 2000 to 2006 of three TeV

blazar type Active Galactic Nuclei (AGN): Mrk 421, Mrk 501, and H1426+428. Standard emis-

sion models for TeV blazars predict correlated and highly variable X-ray and TeVγ-ray radiation

from accelerated electrons in a jet orientated along our line of sight. By using a large sample

of near simultaneous observations, this thesis examines potential flux and spectral correlations be-

tween the X-ray and TeVγ-ray energy bands. Joint nightly observations of Mrk 421 with the X-ray

instrumentRXTEPCA, and at 0.5–10 TeVγ-ray energies with the Whipple 10 m telescope during

periods ranging from a week to 6 months revealed complicated, high amplitude flaring. Spectral

variability was investigated for the rising and decay phases of large isolated day timescale flares.

Generally, the X-ray and TeVγ-ray spectra hardened with increasing integral flux, but a consistent

spectral evolution was not shown between individual flares.Absorption of the TeVγ-ray energy

spectrum by the extragalactic background light (EBL) was corrected for. During a large flare in

March 2001, tentative evidence was found for a highly curvedintrinsic TeVγ-ray energy spectrum

peaking at 0.85± 0.22 TeV simultaneous to a curved X-ray spectrum peaking at 2.14± 0.19 keV.

RXTEPCA and Whipple 10 m campaigns on Mrk 501 and H1426+428 showedsignificant X-ray

spectral variability, however the TeVγ-ray integral flux remained near the detection limit of the

Whipple 10 m. The broadband 0.6–20 keV X-ray spectrum of the 3TeV blazars was investigated

with XMM-NewtonandRXTEPCA observations.

In addition to simultaneous day timescale variability, thelarge sample of Whipple 10 m ob-

servations from 2000 to 2006 allowed for a detailed study of long-termγ-ray variability. For Mrk

421, a weak correlation with large spread is shown for the Whipple 10 m integral flux above 0.6

TeV andRXTEASM X-ray rate on month timescales. From 2001 to 2006, Mrk 501was recorded

by the Whipple 10 m in a low flux state of 27% of the integral flux from the Crab nebula supernova

remnant. In July 2005, the MAGIC telescope recorded large TeV γ-ray flaring in Mrk 501 by a

factor> 3 of the Crab nebula flux. This high flux state occured after theWhipple 10 m observ-

ing period on Mrk 501 in June 2005, and so could not be verified in this work. The detection of

H1426+428 at TeVγ-ray energies by the Whipple 10 m in 2001 is confirmed in this work, how-

ever the source was not detected again by the Whipple 10 m overa 5 year period. The detailed

study of TeV blazar X-ray andγ-ray variability in this work highlights the need for high sensitivity

observations to better resolve complicated and unpredictable flaring states.
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Preface

The aim of this thesis is to expand on previous blazar variability studies by measuring the X-ray

and TeVγ-ray flux and spectrum of three TeV blazars over a long-term 6 year period. This preface

is intended to clarify the thesis organization and content by examining each chapter:

• Chapter 1 The discovery and early investigations of blazar type Active Galactic Nuclei

(AGN) are reviewed in order to provide a general context to the TeV blazar results presented

in chapters 5–7. Pioneering work toward the accepted blazarframework of relativistically

beamed jet emission is highlighted, concluding with an overview on current leptonic and

hadronic emission models and characteristic blazar spectral energy distributions (SEDs).

• Chapter 2 Current X-ray satellite observatories are introduced, andtheir performance com-

pared. Data reduction methods are described for the>800 hours ofRXTEPCA data and

>200 hours ofXMM-Newtondata analyzed in this thesis work.

• Chapter 3 After an overview of air shower physics and the imaging atmospheric Cherenkov

technique (IACT) of TeVγ-ray telescopes, operations with the Whipple 10 m telescopeare

described. Gain calibration and a large set ofγ-ray air shower and detector simulations

generated in this work are discussed.

• Chapter 4 The Whipple 10 m telescope data reduction methods developedin this work

are described in detail. The flux and energy spectrum of the Crab nebula was measured

from 2000–2006 with the Whipple 10 m telescope to test the analysis procedures on long

timescales, since the Crab is a bright non-variable calibration source at TeVγ-ray energies.

The Whipple 10 m results on the Crab nebula were shown to agreewithin systematic errors

to recent results from other IACTγ-ray telescopes.

• Chapter 5Long-term TeVγ-ray flux and spectra results of Mrk 421, Mrk 501, and H1426+428

are presented from the>600 hours of Whipple 10 m observations. The TeV energy spectrum

of Mrk 421 was measured over a large range of flux states, with aweak correlation of spectra

hardening at increasing flux levels. The energy spectrum of Mrk 501 and H1426+428 were

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

• Chapter 6 Joint RXTEPCA and Whipple 10 m observations of TeV blazars from 2001–

2006 were investigated for variability on day timescales. Seven observing campaigns on

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

vii



the X-ray and TeVγ-ray energy bands. In particular, simultaneous X-ray and TeV spec-

tral evolution during the rising and decaying phase of day timescale flares differed signifi-

cantly between observing periods. Mrk 501 was observed in a low flux state in June 2004,

with little variability shown in the X-ray band. Stronger X-ray 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, drawing on the results

in chapters 5 and 6. First, the X-ray and TeVγ-ray flux states from simultaneous obser-

vations are shown to be weakly correlated, contradicting previous claims of a strong flux

correlation. Second, SEDs of the three blazars are constructed with past measurements,

and are discussed in the framework of the Synchrotron Self-Compton (SSC) model. Third,

long-term X-ray and TeVγ-ray flux variability is compared between the three blazars.One

immediate conclusion from this large sample of TeV blazar observations is that higher sen-

sitivity observations with better temporal sampling are needed 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 over 105 galaxies reveal that only a small percentage contain strong

non-thermal activity in their core (Hao et al. 2005). The study of Active Galactic Nuclei (AGN)

began in 1943 when Seyfert detected nuclear emission lines in the cores of 12 galaxies (Seyfert

1943). A small class of AGN termed BL Lac objects were discovered in the 1970s with variable,

highly polarized, and nearly featureless continuum emission in the radio and optical bands. These

unique observational properties were interpreted within the framework of relativistically beamed

synchrotron emission emerging from the base of a centrally powered jet oriented along our line

of sight (Blandford and Rees 1978). Showing similar indications of beaming effects, but differing

in the relative strength of emission lines, BL Lac objects were jointly classified with flat spectrum

radio quasars (FSRQs) as blazars (Angel and Stockman 1980).The detection of rapidγ-ray vari-

ability in the blazar 3C 279 by EGRET onboard theCGROsatellite, and hour timescale variability

detected in Mrk 421 at energies above 0.5 TeV by the Whipple 10m ground based telescope pro-

vided strong evidence of relativistic Doppler boosted emission (Maraschi et al. 1992; Punch et al.

1992). A characteristic spectral energy distribution (SED) for blazars was constructed with two

broad components extending over a continuum emission from radio toγ-ray energies. The energy

output in the first SED component (attributed to synchrotronradiation) was shown for powerful

blazars to peak in the infrared to optical band, while for lowluminosity blazars the synchrotron

peak is located at UV to X-ray energies (Fossati et al. 1998a). The location of the second peak

in the SED is closely correlated to the synchrotron peak energy, and for low power blazars is ex-

pected to lie in the GeV and TeV band. A growing population of blazars have been detected at TeV

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

1



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Figure 1.1: Optical images with the Mt. Wilson 100 inch telescope from (Hubble 1926). Shown

(left) is the spiral galaxy M101, and (right) the ellipticalgalaxy M59.

large sample of over 6 years of X-ray and TeVγ-ray observations, this work investigates long-term

variability in the TeV blazars Mrk 421, Mrk 501 and H1426+428. The purpose of this chapter is

mostly twofold: first, to provide an overview on the progressmade in the observational study of

blazars using an historical approach, and second, to address the current status and interpretation

of X-ray andγ-ray observations of TeV blazars. Section 1.1 reviews selective highlights from a

century of galaxy observations and interpretation that lead to the discovery and classification of

blazars in the center of certain elliptical galaxies. Section 1.2 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 clearly shown in 1925 by Edwin Hub-

ble when he resolved Cepheid stars with high apparent brightness in M31 and M33 using the

Mt. Wilson 100 inch (2.5 m) telescope (Hubble 1925; Trimble 1995). The Hubble sequence of

galaxy morphology was soon constructed based on optical images of elliptical, spiral, and irregu-

lar galaxies (Hubble 1926). Figure 1.1 shows Hubble’s optical images of (left) the nearby spiral

galaxy M101, and (right) the elliptical galaxy M59. Many years later in 1943 Seyfert published

the first sample of 12 galaxies with nonstellar like activity(Seyfert 1943). In some cases, the

galactic cores were nearly as bright in optical light as the entire galaxy, showing broad emission

lines exclusively in the nuclei. The study of these peculiargalaxies developed with the advent of

2



1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Figure 1.2: (Left) Polarized optical image of M87 taken in March 1956 with the 200 inch Hale

telescope from (Baade 1956). Shown (right) is a Hubble SpaceTelescope (HST) image of the jet

and inner region of M87 from observations in 1998 by Biretta et al. (Hubble Heritage Project).

Note for scale, the 2.4 kpc long optical jet imaged by HST terminates within the inner part of the

elliptical galaxy (Sparks et al. 1996). The full size of M87 is not clearly defined, since beyond the

effective radius Re ≃ 7 kpc of surface brightness more than∼104 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 windowto nonthermal emission (Shields

1999).

Synchrotron Radiation in M87 (1956)

In 1950, Alfven and Herlofson proposed the newly discoveredsynchrotron process could explain

nonthermal and highly polarized emission in radio observations, assuming the sources contain rel-

ativistic electrons in magnetic fields (Alfven and Herlofson 1950). The total powerPper frequency

ω of synchrotron emission from a relativistic electron in a magnetic fieldB is given by:

P(ω ,γ) =

√
3e3Bsinα
2πmec2 F(

ω
ωc

), ωc =
3γ2eBsinα

2mec

whereγ is the Lorentz factor,e andme are the charge and mass of an electron,α is the angle

between the magnetic field and electron velocity,c is the speed of light, andF( ω
ωc

) includes a

modified Bessel function with the critical frequencyωc (Wiedemann 2003). Synchrotron radia-

tion is partially polarized due to the perturbation of electric field lines as the electron is accelerated.

Key evidence for synchrotron emission in galactic cores came from optical observations by Baade
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1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

and Minkowski, who identified the bright radio source Vir A inside the massive elliptical galaxy

M87 (Baade and Minkowski 1954; Mushotzky 2004). Two clues pointed to the nucleus of M87

being the source of the radio plasma: first, the nucleus contained ionized gas, and second, the

radio source coincided with a bright narrow 1 kpc long optical jet (first detected in 1917 by Curtis)

emanating from the core (Curtis 1917; Ferrarese and Ford 2005). Follow-up observations of the

jet in M87 revealed that the optical continuum is polarized,showing clear signs of synchrotron

radiation (Baade 1956). Figure 1.2 (left) shows Baade’s polarized image of M87 with the 200 inch

Hale telescope from 1956, and (right) the jet in M87 from highresolution 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 radio sources, many of which are known

by their 3C number (Bennett 1962). Radio observations of 3C 273 with the Parkes 210 ft telescope

during moon occults revealed two components, one centered on a 13 mag “star” (the nucleus of

3C 273), and the other separated by 20 arcsec showing an unrecognized radio spectrum (Hazard

et al. 1963). The second component was found to coincide withan optical jet pointing away from

the “star” (Shields 1999). Greenstein and Schmidt conducted a detailed study of 3C 273 and 3C

48, calculating a mass of∼109 M⊙ in the nucleus of 3C 273 to account for the≥ 106 year energy

lifetime implied by the jet (Greenstein and Schmidt 1964). It was argued this mass was needed to

confine the line emitting gas, which would disperse quickly if it expanded at the observed speeds

of 100 km/s (Shields 1999). Rees offered a relativistic model to explain the strong radio variabil-

ity seen in 3C 273 (Rees 1966). Section 1.2 describes the current interpretation of a supermassive

black hole powering large scale jets in the core of certain active elliptical galaxies.

Optical Quasar Surveys (1960’s)

Throughout the 1960’s quasars were discovered in the optical band as blue point like objects with

redshifted broad emission lines and strong variable continuum (Collin 2006). The Mt. Wilson and

Palomar observatories carried out systematic searches forquasars, with 44 sources reviewed in

detail (Sandage 1965). In Armenia, Markarian undertook searches for sources with a strong ultra-

violet continuum, discovering 1515 galaxies in total (Markarian 1969). A review of this discovery

period of galactic nuclei was presented by Burbidge in 1970,in which he catorgorized the nuclei

from both normal galaxies, and from “galaxies with highly active or explosive nuclei” (Burbidge

1970).

Fanaroff and Riley Classification of Radio Galaxies (1974)
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1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Important galactic surveys were also undertaken in the radio band during the late 1960’s. The

Cambridge One Mile telescope mapped radio emission from 199sources comprising the 3C com-

plete sample with 23 arcsec resolution at 1.4 GHz (Macdonaldet al. 1968; Mackay 1971). Fa-

naroff and Riley examined these observations, together with a subset of 57 sources at 6 arcsec

resolution, and divided 31% of the sources into two distinctclasses (now known as FR I and FR II

type radio galaxies) based on their morphology and radio power (Fanaroff and Riley 1974). The

primary class distinction was distance of the “hot spots” inthe jets to the galactic core. Fanaroff

and Riley also discovered a sharp total luminosity divide between the classes. Nearly all low lumi-

nosity radio galaxies were brighter toward the inner part ofthe jet (FR I), while most FR II sources

showed high luminosity. Physical reasons for the FR I/II divide are 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 (paper 1), and then applied (paper 2) a Syn-

chrotron Self-Compton (SSC) model with the aim of determining the magnetic field strength and

angular size for 10 known variable synchrotron emitting quasars (Jones et al. 1974a; Jones et al.

1974b). Theoretical predictions of the angular size reliedon source parameters, such as the ratio

of Compton and synchrotron fluxes, based on radio energy spectrum measurements and X-ray

flux upper limits fromUhuru. The derived angular size of the SSC emitting region showed good

agreement with high angular resolution Very Long Base Line Interferometry (VLBI) radio esti-

mates from (Kellermann et al. 1971). Two highly variable sources BL Lacertae and OJ 287 (now

known to be blazars) indicated relativistic motion, prompting Jones et al. to argue for relativistic

beaming of a closely aligned particle jet to the line of sightamong two other possibilities for the

observed rapid variability (Jones et al. 1974b). Observational 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 energy distribution of the elliptical galaxy BL

Lacertae, which hosts a strongly variable nonthermal nucleus (Oke and Gunn 1974). The nucleus

was first observed in 1929, thought to be a variable star in 1941, and in 1969 polarization and vari-

ability were found both by optical and radio observations (Hoffmeister 1929; Andrew et al. 1969;

Visvanathan 1969; Beckmann 2001). Figure 1.3 (left) shows the optical spectrum of BL Lacertae

in Jan. 1970 from the total galaxy emission, and from a core removed annulus revealing the ther-

mal absorption features of the elliptical galaxy. The totalspectrum from Oct. 1973 is also shown
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1.1. HISTORICAL BACKGROUND TO BLAZAR STUDIES

Figure 1.3: (Left) Optical spectra of BL Lacertae from (Oke and Gunn 1974). Spectra labeled (1)

and (3) are from Jan. 1970 with the 5 m Hale telescope, (1) is the total galaxy emission, and (3)

the core removed annulus of the elliptical galaxy. The totaloptical spectrum from Oct. 1973 is

shown in (2). (Right) OpticalB wavelength polarized flux versus totalB continuum flux from BL

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

as an example of the optical flux variability observed in BL Lacertae. On the (right) in figure 1.3

is shown the optical polarization level of BL Lacertae and five other sources. A small number

of elliptical galaxies were soon identified as hosting BL Lacertae type objects (BL Lacs) in their

nuclei based on their variable and nearly featureless optical spectrum, including the Markarian

galaxies Mrk 421 and Mrk 501 (Ulrich 1973; Veron and Veron 1975; Khachikian and Weedman

1974). In total, 30 BL Lacs (8 with known redshift) were identified based on similar optical and

radio behavior, more specifically: strong variability, high polarization, a nonthermal continuum,

and in the optical spectrum a lack of clear emission lines (Stein et al. 1976). It’s important to

note at that time the only BL Lac detected at X-ray energies was Mrk 421 by the Ariel V satellite

(Ricketts el al. 1976).

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

In 1977 Rees outlined theoretical arguments for accretion onto a supermassive black hole in mod-

eling a mass concentration of 106 - 109 M⊙ within a region of≤ 1 pc at the core of quasars (Rees

1977). Osterbrock investigated observational support forthe model of a rotating disk of broad-line

emitting gas outside and around the black hole accretion disk (Osterbrock 1978). The same year

Blandford and Rees supported the theoretical model of relativistic beaming to explain the con-

tinuum emission seen in BL Lacertae-type galactic nuclei (Blandford and Rees 1978). Although
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stationary synchrotron emission could produce the generally observed high polarization and power

law spectra, the high optical luminosity and strong variability suggested synchrotron emissions re-

gions are seen moving relativistically downstream to within a few degrees of the observer, the

same conclusion as (Jones et al. 1974b). Blandford and Rees also predicted that BL Lacs are the

beamed counterparts to the base of jets found in radio galaxies. Angel and Stockman reviewed the

collected optical and radio observations of BL Lacs, promoting the use ofblazar, coined first by

Spiegel, to merge the separate classifications for BL Lacs and variable 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 following the launch of NASA’s three

High Energy Astrophysical Observatories (HEAOs) in three successive years: HEAO-1 in 1977,

HEAO-2 in 1978 (renamedEinsteinafter launch), and HEAO-3 in 1979. The second BL Lac

detected at X-ray energies was Mrk 501 from HEAO-1 observations (Schwartz et al. 1978). A

large multiwavelength campaign on Mrk 501 used contemporaneous radio, infrared, optical, ul-

traviolet, and X-ray (HEAO-1) observations to sample the continuum spectrum over 8 decades in

energy and build a reliable Spectral Energy Distribution (SED) with which to test emission models

(Kondo et al. 1981). Reasonable agreements were found for either a synchrotron or Synchrotron

Self-Compton (SSC) model for the radio to X-ray SED. Kondo etal. favored the SSC model, im-

plying that the optical to X-ray emission is from Compton scattering. The current interpretation

for Mrk 501 is synchrotron radiation over the radio to X-ray energy range, with inverse Compton

emission at gamma-ray energies.

Distinguishing Radio and X-ray Selected Blazar Samples (1986)

In 1986 Maraschi et al. compiled flux values for 75 blazars observed in the X-ray, radio, and opti-

cal bands (Maraschi et al. 1986). Twelve blazars first discovered at X-ray energies were defined as

“X-ray selected”, while the other 62 blazars termed “radio selected” were discovered by radio and

optical surveys taken from (Angel and Stockman 1980). The majority of X-ray flux values were

from Einsteinobservations, detailed in (Schwartz and Ku 1983). All 12 X-ray selected blazars

showed a lack of strong emission lines in the optical spectrum, fitting the BL Lac classification.

Maraschi et al. constructed broadband spectral indices between the radio, ultravoilet, and X-ray

band, revealing that X-ray selected blazars on average appeared flatter in the UV to X-ray energy

range with lower radio luminosities than the radio selectedsample, indicating the SED peak is at

higher energies for the X-ray selected blazars. This study hinted at a blazar sequence based on the
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Figure 1.4: Gamma-ray lightcurves for the blazars 3C 279 (left) and Mrk 421 (right). The 3C 279

γ-ray flux measurements are from EGRET (>0.1 GeV) during June 1991 (Kniffen et al. 1993).

The Mrk 421 lightcurve shows the Whipple 10 mγ-ray rate (>0.35 TeV) during 15 May 1996

(Gaidos et al. 1996).

total SED shape (limited by selection effects), detailed atthe end of this section.

Gamma-ray Variability in 3C 279 and Mrk 421: Evidence for Jet Beaming (1991–1996)

The first blazar detected atγ-ray energies was 3C 273 byCOS-Bin 1976 (Swanenburg et al. 1978).

In 1991, NASA launched the Compton Gamma-Ray Observatory (CGRO) carrying 4γ-ray instru-

ments. The EGRET instrument onCGROdetected 3C 279 in a viable high flux state at energies

>0.1 GeV, with flux doubling timescales of∼2 days during a period of 12 days (Hartman et al.

1992; Kniffen et al. 1993). Figure 1.4 (left) shows the EGRET>0.1 GeV flux measurements of

3C 279 during June 1991. Maraschi et al. applied a Synchrotron Self-Compton (SSC) model to

demonstrate that with this assumed framework for the IR toγ-ray emission, the high luminosity

and rapidγ-ray variability in 3C 279 offered strong evidence for relativistic beaming toward the

observer (Maraschi et al. 1992). The primary constraint to the SSC model was that forγ-rays to

escape a spherical source (of radius R), the optical depth topair productionτγγ must be less than

or equal to unity. The 2 dayγ-ray variability∆tobswas used with relativistic beaming assumptions

to define the size of the emission region R by the Doppler factor δ and speed of lightc, such that

R = c ∆tobs δ . Using this relation, a source compactness can be defined as:

S=
δ−5LobsσT

∆tobsmec4

whereLobs is the observedγ-ray luminosity,σT is the Thomson cross section, andme is the electon

mass. The the optical depthτγγ is directly proportional to the source compactnessS, for example
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at 511 keV whereτγγ ∼ S/60. Applying the optical depth limit, a Doppler beamingδ ≥ 6 was

estimated in 3C 279 from the derived source compactness.

Mrk 421 was the first BL Lac detected atγ-ray 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; Punch etal. 1992).

EGRET detected a power-lawγ-ray spectrum for Mrk 421 with a photon indexΓ = 1.96± 0.14 in

the 0.05–5 GeV band. No flux variability was found in the EGRETor Whipple 10 m detections,

however Mrk 421 was in a relatively lowγ-ray flux state at the time (Schubnell et al. 1996). In

May 1994, the Whipple 10 m observed aγ-ray flare in Mrk 421 with a flux doubling timescale of

∼2 day during a large X-ray flare measured by ASCA (Kerrick et al. 1995; Takahashi et al. 1996).

During 1995 and 1996 Mrk 421 was at a stable mediumγ-ray flux level, until May 1996 when

two rapid γ-ray flares were observed by the Whipple 10 m (Buckley et al. 1996; Gaidos et al.

1996). Figure 1.4 (right) shows the Whipple 10 mγ-ray rate for events>0.35 TeV from Mrk 421

during 15 May 1996. At hours 4–5 the dramatic rise and fall (flare) in theγ-ray rate by a factor

>10 implied a doubling timescale of∼15 minutes. Using the pair production opacity arguments

described above, a Dopper factorδ ≥ 10 was derived for Mrk 421 from the 15 May 1996γ-ray

flaring event (Celotti et al. 1998). Whipple 10 m observations of Mrk 421 from 2000 – 2006 are

presented in chapters 5 and 6, showing rapidγ-ray flaring from multiple years.

Extensive X-ray and TeV Gamma-ray Study of Mrk 501 (1995–1998)

The second blazar detected at energies>0.3 TeV was Mrk 501 from observations during 1995

with the Whipple 10 m telescope (Quinn et al. 1996). The HEGRACherenkov telescope 1 (CT1)

confirmed the Whipple 10 m detection, with a detection of>1.5 TeVγ-rays from Mrk 501 during

1996 (Bradbury et al. 1996). Then, in March 1997 the Whipple 10 m and HEGRA system detected

a sustainedγ-ray flux increase by a factor of over 15 relative to the 1995 discovery flux level

(Catanese et al. 1997; Aharonian et al. 1997). Rapidγ-ray flares were detected from March to

October 1997 by CAT, HEGRA, and the Whipple 10 m triggering X-ray observations withRXTE

andBeppo-SAX(Lamer and Wagner 1998; Pian et al. 1998; Aharonian et al. 1999a; Aharonian

et al. 1999b; Aharonian et al. 1999c; Djannati-Atai et al. 1999; Quinn et al. 1999). Figure 1.5

(left) shows X-ray andγ-ray flux and spectrum measurements of Mrk 501 fromRXTEPCA and

HEGRA system observations during 2 Apr. to 21 Jul. 1997 (Krawczynski et al. 2000). The X-ray

flux level varied by a factor of 3 during time-scales of∼1 day, while the TeV flux varied by a factor

of 30 over short time-scales of∼15 hours. The X-ray and TeV flux levels from near simultaneous

observations (±6 hours) showed significant correlation over the large rangein fluxes. A clear

hardening of the 3–25 keV X-ray spectrum with increasing X-ray flux was also evident, indicating
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Figure 1.5: X-ray andγ-ray observations of Mrk 501 during 1997. (Left) (a) RXTE PCA10 keV

flux and (c) HEGRA system 2 TeV flux, both in 10−12 erg cm−2 s−1. (b) RXTE PCA 3–25 keV

and (d) HEGRA 1–5 TeV power law indices (Krawczynski et al. 2000). (Right) Beppo-SAX 0.1–

200 keV and CAT 0.3–13 TeV spectrum from 16 Apr. 1997 (red), and from low flux (LF) data in

1997 (blue) (Djannati-Atai et al. 1999). The 16 Apr. CAT flux measurement is shown (right) by

an asterisk in panel (c).

a shift in the first peak of the energy spectrum to higher energies (>100 keV). Figure 1.5 (right)

shows the X-ray and TeV spectrum of Mrk 501 during Apr. 1997 ina high flux (red) and low flux

state (blue) from Beppo-SAX and CAT observations. The TeV spectrum showed a shift in the

peak energy to∼0.8 TeV with increasing flux level. Absorption of TeVγ-rays by pair production

interactions with extragalactic background light (EBL) was not corrected for in the TeV spectrum

(the EBL is discussed in section 1.2). The highly sampled X-ray and TeV observations of Mrk

501 in 1997 allowed for detailed interpretations of relativistic beaming in a jet (Krawczynski et

al. 2000). The large shift in X-ray peak energy with moderateX-ray flux variation excluded the

scenerio in which only a changing doppler factorδ accounted for the variability. Both X-ray and

γ-ray data were used to constrain a lower limit on the dopper factor of δ ≥ 6.3.

The Blazar Sequence (1998)

Drawing from a total sample of 126 radio and X-ray selected blazars, Fossati et al. constructed a

spectral energy distribution (SED) from archival flux measurements at radio to X-ray energies for

117 sources (Fossati et al. 1998a). EGRET detections on 37 ofthe selected blazars at 100 MeV
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Figure 1.6: (Left) Average spectral energy distributions (SEDs) binned according to radio lumi-

nosity using a total of 126 blazars taken from 3 samples of 1-Jy radio selected BL Lacs, 2-Jy radio

selected FSRQs, and X-ray selected BL Lacs fromEinsteinsurveys (Fossati et al. 1998a; Kühl

et al. 1981; Perlman et al. 1996; Wall and Peacock 1985). The analytical fits to the SEDs are

intended to guide the eye, and were calculated from a combination of power law and log-parabolic

models, as described in (Fossati et al. 1998a). (Right) is a so-called color-color diagram show-

ing the radio to optical effective spectral indexαRO versus radio to X-ray indexαRX for the total

blazar sample. The data points are color coded according to the estimated peak energy in the first

component of the SED. The thick line is the color-color relationship derived from simulated SEDs.

Figures from (Fossati 1998b).

allowed for a detailed study of the SED properties up toγ-ray energies. Figure 1.6 (left) shows

the average blazar SEDs binned according to radio luminosity, fit with an analytical function to

guide the eye. Two peaks are present in each of the SEDs, with astrong correlation between

the energy position of the first and second components. Figure 1.6 (right) shows a color-color

diagram of radio to optical effective spectral indexαRO versus radio to X-ray indexαRX using the

full blazar sample. The diagram demonstrates the techniqueused to estimate the peak energy in

the first component of the SED (interpreted as the synchrotron peak), with the points color coded

according to the estimated peak energy. Recently, the validity of a simple blazar sequence in which

most powerful blazars have low energy synchrotron peaks wastested using large well defined

samples with relatively high sensitivity (Padovani 2007).The clear correlation shown in Fossati

et al. between radio power and synchrotron peak energy is notevident in the recent samples.

Selections effects are considered the main determining factor in the correlation seen in (Fossati

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

synchrotron peaks below 0.1 keV for all but one of the studiedblazars (Padovani 2002). This result

lends tentative evidence for the physical basis of a blazar sequence, despite the need for further

observations with a larger sample of blazars. The currentlysmall population of detected blazars

with synchrotron peak energies at X-ray energies, and second SED 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 objects in the nucleus of massive elliptical

galaxies was reviewed. Here, a short overview is provided onthe current status on blazars ob-

servations and interpretation. First, standard theoretical models on the relativistically beamed jet

emission in blazars are outlined, following from the historical introduction of the work by (Jones

et al. 1974a). The discovery of TeV emission from a growing number of blazars is outlined. Mod-

ifications to the measuredγ-ray energy spectrum of TeV blazars by absorption processeswith the

extragalactic background light (EBL) are discussed.

Synchrotron Self-Compton Processes and Other Competing Blazar Models

The highly polarized and variable radio and optical emission of blazars suggests the origin of the

continuum radio to X-ray component in the spectral energy distribution (SED) is from a population

of synchrotron radiating electrons moving in a magnetic field within a jet oriented along our line

of sight (Jones et al. 1974a; Jones et al. 1974b). In the Synchrotron Self-Compton model (SSC),

the accelerated electrons produce both the low and high energy components of the SED. Under the

simplest scenario, a single homogeneous region emits both synchrotron and inverse-Compton radi-

ation, assuming that the synchrotron photons act as “seed” photons for inverse-Compton scattering

by the relativistic electrons (Ghisellini et al. 1996). A highly correlated quadratic relationship is

expected between the flux variability in the X-ray (synchrotron) and TeVγ-ray (inverse-Compton)

bands, given by the ratio of the luminosities: Lc/Ls = us/uB, where us is the energy density of

synchrotron photons, and uB is the energy density of the magnetic field. This implies thatLc ∝

L2
s, since us ∝ Ls (Takahashi et al. 1996). Alternative models explore the case where external seed

photons are responsible for inverse-Compton scattering, which originate outside of the emitting

region, either in the broad line region, or accretion disc surrounding the supermassive black hole

(Sikora et al. 1994; Dermer and Schlickeiser 1994). The so-called external Compton models pre-

dict a much less correlated variability between the synchrotron and inverse-Compton components,
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Figure 1.7: Spectral energy distribution (SED) of PKS 2155-304 from Oct. to Nov. 2003 (Aha-

ronian et al. 2005c). Simultaneous optical (ROTSE), X-ray (RXTE), and TeVγ-ray (H.E.S.S.)

observations are fit by a hadronic model (solid line), and a leptonic Synchrotron Self-Compton

(SSC) model assuming a common origin for the optical and X-ray emission (dotted line), or if

the optical emission is from a larger jet region (dashed line). Archival data is shown in grey, with

bowtie spectra for the EGRET observations.

since variations in the external photon intensity could causeγ-ray flares without an increased flux

at low energies (Krawczynski et al. 2004). A third emission model also attributes synchrotron ra-

diation to the low energy end of the SED from nonthermal electrons, but accounts for high energy

emission by proton induced cascades and synchrotron radiation from accelerated protons (Mücke

et al. 2003; Mannheim 1998). In this model, secondary particles from the proton induced cascades

undergo synchrotron radiation, emitting in the X-ray band.The contribution of this secondary syn-

chrotron emission is relatively small compared to synchrotron emission from “primary” electrons,

hence the X-ray and TeVγ-ray emission are not expected to be highly correlated in this frame-

work. Figure 1.7 shows the SED of the TeV blazar PKS 2155-304 fit alternatively by three models.

Simultaneous optical, X-ray, and TeVγ-ray observations from Oct. to Nov. 2003 were fit either

by a hadronic model (Mücke et al. 2003), or two forms of the leptonic SSC model in (Katarzynski

et al. 2003). In the SSC model, the optical emission is eitherassumed to have the same origin as

the X-ray emission, or to originate in a large component of the jet. 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 of blazars surveys (distinguished by the

marker color and style). Currently known TeV blazars are underlined. The 6 known TeV blazars

in 2002 are shown by black points, with the range of measured X-ray fluxes indicated. Figure

adapted from (Costamante and Ghisellini 2002).

Discovery of TeV Emission in Blazars

A growing sub-class of blazars are termed TeV blazars due to their detection at TeVγ-ray energies.

The term TeV blazar was first applied when only three blazars (Mrk 421, Mrk 501, and 1ES

2344+514) were known to emit TeVγ-ray radiation (Tavecchio et al. 1998). Table 1.1 lists the 17

currently known TeV blazars, and the year of discovery at TeVenergies. Of the six TeV blazars

detected before 2004, four were detected first by the Whipple10 m, as discussed in section 1.1

for Mrk 421 and Mrk 501. The rapid discovery of TeV blazars after 2004 coincides with the start

of operations of two highly sensitive imaging atmospheric Cherenkov telescopes: H.E.S.S. and

MAGIC (see section 3.1.3). Three of the five Northern TeV blazars discovered by H.E.S.S. and

MAGIC (1ES 0229+200, Mrk 180, and BL Lac) were observed previously by the Whipple 10 m,

but only upper limits could be derived on the integral flux above 0.3 TeV (Horan et al. 2004). The

selection criteria for selecting candidate TeV blazars aregenerally based on a high radio and X-ray

flux, following from results in (Costamante and Ghisellini 2002). The expected blazar sequence

of spectral energy distributions (SEDs) suggests that sources with peak synchrotron energy in the

X-ray band will have a second peak at GeV to TeV energies (see section 1.1). The requirement

for a high radio flux in addition to a high X-ray flux appears counter-intuitive, as this implies a

lower synchrotron peak energy. Costamante and Ghisellini offered the interpretation of a high
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Source r.a. dec. za Discoveryb References

(hh mm ss) (dd mm ss) (Year) (Tele.)

Mrk 421 11 04 27 +38 12 32 0.031 1992 Whipple Pun92

Mrk 501 16 53 52 +39 45 37 0.034 1996 Whipple Qui96

1ES 2344+514 23 47 04 +51 42 18 0.044 1998 Whipple Cat98

1ES 1959+650 19 59 59 +65 08 55 0.047 1999 7TA Nis99

PKS 2155-304 21 58 52 -30 13 32 0.116 1999 Mark 6 Cha99

H1426+428 14 28 32 +42 40 21 0.129 2002 Whipple Hor02

PKS 2005-489 20 09 25 -48 49 54 0.071 2005 H.E.S.S. Aha05a

PG 1553+113 15 55 43 +11 11 24>0.25 2006 H.E.S.S. Aha06a

1ES 1101-232 11 03 37 -23 29 30 0.186 2006 H.E.S.S. Aha06b

H2356-309 23 59 07 -30 37 41 0.165 2006 H.E.S.S. Aha06c

PKS 0548-322 05 50 40 -32 16 18 0.067 2006 H.E.S.S. Hof06

1ES 0347-121 03 49 23 -11 59 27 0.188 2006 H.E.S.S. Aha07a

1ES 0229+200 02 32 48 +20 17 16 0.139 2006 H.E.S.S. Aha07b

1ES 1218+304 12 21 21 +30 10 37 0.182 2006 MAGIC Alb06a

Mrk 180 11 36 26 +70 09 27 0.045 2006 MAGIC Alb06b

BL Lac 22 02 43 +42 16 40 0.069 2007 MAGIC Alb07b

1ES 1011+496 10 15 04 +49 26 01 0.212 2007 MAGIC Alb07c

Table 1.1: TeV blazars detected as of November 2007. The start operations in 2004 of the more

sensitive H.E.S.S. and MAGIC IACT telescope systems is denoted by a horizontal line (see section

3.1.3) Notes: (a) A lower limit on the redshift for PG 1553+113 of > 0.25 is quoted, however a

redshift> 0.74 is consistent with recent studies of the EBL (see text for details). (b) Listed are the

IACT telescope systems which first discover each TeV blazar.References: Pun92: (Punch et al.

1992), Qui96: (Quinn et al. 1996), Cat98: (Catanese et al. 1998), Nis99: (Nishiyama et al. 1999),

Cha99: (Chadwick et al. 1999), Hor02: (Horan et al. 2002), Aha05a (Aharonian et al. 2005a),

Aha06a: (Aharonian et al. 2006a), Aha06b: (Aharonian et al.2006b), Aha06c: (Aharonian et al.

2006c), Hof06: (Hofmann et al. 2006), Aha07a: (Aharonian etal. 2007a), Aha07b: (Aharonian

et al. 2007b), Alb06a: (Albert et al. 2006a), Alb06b: (Albert et al. 2006b), Alb07c: (Albert el al.

2007c).
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radio flux corresponding to an increased energy density of seed photons in the framework of the

Synchrotron Self-Compton (SSC) model (Costamante and Ghisellini 2002). Figure 1.8 shows the

X-ray flux versus radio flux for a large sample of blazars. All but one of the known TeV blazars

fit into the upper region of high X-ray and radio flux, denoted by a dashed line. As seen in table

1.1, increasingly more distant blazars have only recently been detected by H.E.S.S. and MAGIC

at TeV γ-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 of allknown TeV blazars, it is shown that the

closer Mrk 421 and Mrk 501 are indeed relatively weak TeV emitters (Wagner 2006). Besides the

intrinsic source strength, observations of the TeVγ-ray flux and energy spectrum from blazars are

significantly affected by absorption from the extragalactic background light (EBL), as described

below.

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

TeV γ-ray emission from blazars is attenuated by pair productioninteractions with photons from

the extragalactic background light (EBL) (Gould and Schreder 1967). At energies above 1 TeV,

γ-rays interact primarily with the infrared component of theEBL with wavelengths> 1 µm, while

γ-rays with energy below 1 TeV with EBL photons in the near-infrared to ultraviolet band. Figure

1.9 shows the spectral energy distribution of the EBL from 0.1 µm to 1 mm. Direct measurements

are indicated by data points, which were significantly affected by foreground emission from in-

terplanetary dust (Hauser et al. 1998). Lower limits on the EBL strength are from the integrated

light of galaxies using a stacking procedure from observations with the Hubble Space Telescope

(HST) and Spitzer (Dole et al. 2006). The optical depth for pair production by the EBLτ(E,z)

is derived from the SED of the EBL. The intrinsicγ-ray source energy spectrum is estimated with

knowledge of the optical depth by:

(

dN
dE

)

int
=

(

dN
dE

)

obs
· [exp(−τ(E,z))]−1

The observedγ-ray spectrum is softened due the EBL, with a reduction in theintegral flux level.

A recent set of models were developed for the evolution of theEBL, which predicted the optical

depth as a function of energy and redshift, and are freely available (Kneiske et al. 2004). Figure

1.9 (bottom) shows a set of three models from (Kneiske et al. 2004). In the “Low IR” model,

the infrared star formation rate is assumed to be at the lowerlimit from sub-mm galaxy number

counts, while for the “Low SFR” model star formation is assumed decline rapidly with increasing

redshift. Both of these assumption lower the EBL absorptionof TeV γ-rays from relatively close

blazars. Figure 1.10 (left) shows the mean free path ofγ-rays under 4 EBL models. Figure 1.10

16



1.2. PROPERTIES OF TEV BLAZARS

Figure 1.9: (Top) Spectral energy distribution of the extragalactic background light (EBL) from 0.1

µm to 1 mm, taken from (Dole et al. 2006). Lower limits on the EBLflux from Hubble Space Tele-

scope (HST) and Spitzer measurements of integrated galactic light are shown by black and blue

arrows. The pink line of upper limits on the EBL strength are from constraints by H.E.S.S. as-

suming the intrinsic energy spectrum of TeV blazars have a power law photon indexΓ ≤ 1.5

(Aharonian et al. 2006b). (Bottom) are shown model fits to theEBL spectral energy distribution,

with a “Best fit” model shown by a thick solid line, a “Low IR” model 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 a source with redshift z = 0.031 (Mrk 421),

and z = 0.129 (H1426+428). The “Low SFR” model is shown to havethe lowestτ(E,z) of the 3

models from 0.1 to 5 TeV. This relatively low level of EBL absorption is roughly consistent with

recent upper limits placed on the strength of the EBL by observations of the distant (z = 0.186)

TeV blazar 1ES 1101-232 by H.E.S.S. (Aharonian et al. 2006b). Assuming that the intrinsic

TeV γ-ray energy spectrum of 1ES 1101-232 have a power law photon indexΓ ≤ 1.5, the EBL

strength was restricted to only a factor of a few above the lower limits from integrated galactic

light. Figure 1.10 (right) shows the mean free path ofγ-rays under 4 different EBL models, all
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Figure 1.10: (Left) The optical depthτ to the EBL versus source energy for sources with redshift

z = 0.031 (Mrk 421), and z = 0.129 (H1426+428) calculated using 3 models from (Kneiske et

al. 2004). An optical depth of 1 is indicated by the blue dashed line. The EBL absorption term

exp(-τ(E,z)) applied to the TeVγ-ray energy spectrum is also shown versus energy. (Left) Mean

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

assuming a relatively high level for the EBL. In this work, the optical depthτ(E,z) from the “Low

SFR” model is used to correct the measured energy spectrum from 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 absorbed high in earth’s atmosphere. X-

ray astronomy began in the 1960s with rocket experiments, and since then all major X-ray obser-

vatories have been satellite based. Section 2.1 provides a short history and performance overview

of past and current X-ray observatories. This chapter is focused on presenting the instrumenta-

tion and reduction methods applied to observations withRXTE(section 2.2), andXMM-Newton

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

2.1 Introduction to Past and Current X-ray Observatories

The first X-ray satellite mission was NASA’sUhuru launched in 1970 (Giacconi et al. 1971).

Uhurucompleted the first X-ray all sky survey, detecting 339 sources in the 2–20 keV energy band.

Several successive NASA X-ray observatories followed throughout the 1970s: Ariel V (1974–

1980), HEAO-1 (1977–1979), HEAO-2 (renamedEinstein 1978–1981), and HEAO-3 (1979–

1981). Einsteincarried on board the first imaging X-ray instruments: the High Resolution Im-

ager (HRI) with an angular resolutions of 2 arcsec, and the Imaging Proportional Counter with a

1 arcmin angular resolution and two orders of magnitude increase in sensitivity over past X-ray

instruments (Giacconi et al. 1979). The first European SpaceAgency (ESA) X-ray observatory

was EXOSAT (1983–1986) which carried on board two Low Energy(0.05–2 keV) imaging X-

ray instruments with 18 arcsec angular resolution (de Korteet al. 1981). The field of X-ray

astronomy matured rapidly with the launch ofROSAT(1990–1999),ASCA(1993–2001),RXTE

(1995–present) andBeppo-SAX(1996–2002).ROSATalone discovered over 150,000 new X-ray

sources (Voges et al. 2000). From this generation of experiments, 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: the Proportional Counter Array

(PCA), the High Energy X-ray Timing Experiment (HEXTE), andthe All-Sky Monitor (ASM)

(Bradt et al. 1993). TheRXTEPCA instrument is comprised of 5 PCU detectors covering the

2–60 keV energy range with an energy resolution of∼18% (E / ∆E ∼ 5.5) and total effective

area of 5200 cm2 at 6 keV (Jahoda et al. 1996; Jahoda et al. 2006). High energy (20–200 keV)

X-rays are detected by HEXTE at a comparable energy resolution of 15%, but with much lower

sensitivity than PCA (see section 2.2) and (Rothschild et al. 1998). PCA and HEXTE both have a

1 degree field of view. TheRXTEASM scans nearly 80% of the sky during every orbit, providing

long-term X-ray rate monitoring of∼350 sources in the energy band of 1.2–10 keV (Levine et al.

1996). X-ray point sources are identified in the wide 6× 90 degree ASM field of view by shadow

patterns in the slit masked detector. The systematic uncertainities in the ASM rate are large (5%),

and only relative flux estimates are available for long (month time-scale) monitoring. A further

description of theRXTEobservatory and data reduction techniques are in section 2.2.

Chandraand XMM-Newton

Two very powerful imaging X-ray missions were launched in 1999: ESA’sXMM-Newton, and

NASA’s ChandraObservatory.Chandrafeatures a High Resolution Mirror Assembly (HRMA)

of four nested grazing-incidence X-ray mirrors with a focallength of 10 m (Weisskopf et al.

2000). Mounted on the HRMA are two insertable grating systems: the Low Energy Transmission

Grating (LETG) which intercepts 0.08–2 keV photons, and theHigh Energy Transmission Grating

(HETG) consisting of Medium Energy Gratings (MEG, 0.4–4 keV) and High Energy Gratings

(HEG, 0.8–8 keV). In theChandra focal plane are the Advanced CCD Imaging Spectrometer

(ACIS) and the High Resolution Camera (HRC). ACIS covers theenergy range 0.1–10 keV with an

angular resolution of 0.5 arcsec and effective mirror area of 800 cm2 at 1 keV. HRC hasChandra’s

largest field of view (30×30 arcmin) and a high angular resolution of 0.4 arcsec. Both instruments

have a dedicated detector to read out the high resolution spectra dispersed by one of the sets of

transmission gratings: ACIS-S reads out HETG spectra, and HRC-S reads out LETG spectra. The

E / ∆E resolving power of HETG is 1000 at 1 keV.

Proving a complimentary mission,XMM-Newtonoffers high sensitivity imaging and spec-

troscopy (Jansen et al. 2001).XMM-Newtoncarries on board three grazing-incidence mirror

modules in a co-axial arrangment with a 7.5 meter focal length. Mounted on two of the three mir-

ror modules are fixed Reflection Grating Assemblies (RGAs) which deflect 58% of the total X-ray

light. At the focus of each of the three X-ray telescopes is postioned one of the three European

20



2.1. INTRODUCTION TO PAST AND CURRENT X-RAY OBSERVATORIES

X-ray Instrument Launch Ene. Range Ang. Res. Eff. Area

(year) (keV) (arcsec) (cm2)

RXTEPCA 1995 2.0–60 – 5200a

ChandraACIS 1999 0.1–10 0.5 800

XMM-NewtonEPIC 1999 0.2–15 6 2100

INTEGRALJEM-X 2002 3.0–35 – 400a

SwiftXRT 2004 0.2–10 18 110

SuzakuXIS 2005 0.2–12 120 1200

Table 2.1: Performance comparison for broadband X-ray instruments from all currently operating

X-ray observatories. Effective areas are combined for instruments with multiple detectors (see

text): RXTEPCA (5 PCUs),XMM-NewtonEPIC (MOS1+MOS2+PN), SuzakuXIS (4 XISs).

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

Photon Imaging Camera (EPIC) instruments. The EPIC MOS1 andMOS2 detect the non-deflected

X-ray light from the two RGA equipped mirror modules, while the third mirror module and EPIC

PN instrument comprise the third X-ray telescope. The PN instrument covers the energy range of

0.2–15 keV with a large effective area (1400 cm2 at 1 keV) and moderate energy resolution (E /∆E

∼ 20–50). Both MOS and PN instruments have a field of view of 30×30 arcmin, with an angular

resolution of 6 arcsec. In addition to EPIC are the ReflectionGrating Spectrometer instruments

(RGS1 and RGS2) comprised of the two RGAs and RGS Focal Cameras. RGS covers the 0.3–2.5

keV band with an energy resolution E /∆E of 100–500. TheXMM-NewtonEPIC instrumentation

and data reduction methods are outlined in section 2.3.

INTEGRAL, Swift, and Suzaku

Three other important X-ray and softγ-ray observatories are currently taking data: the ESA and

NASA built International Gamma-ray Astrophysics Laboratory (INTEGRAL) launched in 2002,

the NASASwift Gamma-ray Burst Explorer launched in 2004, and the Japan Aerospace Explo-

ration Agency’s (JAXA’s)SuzakuX-ray Observatory launched in 2005. On boardINTEGRALis

the JEM-X non-focusing imaging microstrip gas chamber X-ray detector with an energy range of

3–60 keV (Winkler et al. 2003). TheSwiftmission is dedicated to the study of gamma-ray bursts,

although proposals for pointed target of opportunity (TOO)observations are granted (Gehrels et

al. 2004). The focusing X-ray Telescope (XRT) on boardSwift offers good angular resolution

with a point spread function of 18 arcsec, but relatively small effective area of 110 cm2 at 1.5
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2.2. THE RXTEOBSERVATORY

Figure 2.1: Diagram of theRXTEObservatory. Visible are the five PCA proportional counter units

(PCUs). To the left are the two HEXTE cluster detectors. At the front of the spacecraft is the ASM

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

keV. Suzakucarries three X-ray detectors on board: the X-Ray Spectrometer (XRS), which is now

inoperable, the X-ray Imaging Spectrometer (XIS), and the Hard X-ray Detector (HXD) (Kunieda

et al. 2006). XIS is comprised of 4 CCD detectors (XIS0–XIS3)covering the 0.2–12 keV energy

range with a large combined effective area of 1200 cm2. The non-imaging HXD covers the energy

range 10–600 keV. Table 2.1 compares the performance of broadband X-ray instruments from all

currently operating X-ray telescopes.

2.2 TheRXTEObservatory

The NASA built Rossi X-ray Timing Experiment (RXTE) observatory was launched in December

1995 and is currently fully operational. Figure 2.1 shows a diagram of theRXTEspacecraft.RXTE

has a circular low-earth orbital period of∼90 minutes with an apogee of 580 km and perigee of

560 km. The three non-imaging X-ray instruments on board arethe PCA, HEXTE, and ASM

(introduced previously in section 2.1). PCA and HEXTE both have a 1 degree Full Width at

Half Maximum (FWHM) beam, while the ASM features a very wide 6×90 degrees FWHM field
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Figure 2.2: Combined effective area of theRXTEPCA instrument from all 5 Proportional Counter

Units (PCUs) from all 3 xenon layers (solid line), and from the first layer only (dashed line). Only

2 of the 5 PCUs are operational for nearly all observations from 2000 to 2006, and only the first

xenon layer is used in data reduction. Hence, the effective area is roughly the dashed line reduced

by a factor of 2/5 (∼2100 cm2 at 6 keV for 2 PCUs). Figure from (Jahoda et al. 1996).

of view. The ASM consists of three proportional counter Scanning Shadow Cameras (SSCs)

mounted on a motorized rotation drive (Levine et al. 1996). Reduced light curves for all X-ray

sources are publicly available at the ASM Products Databasemaintained by MIT and GSFC (RXTE

ASM Data Products).RXTEHEXTE is designed to complement PCA observations by covering

the high energy 20–200 keV band with an energy resolution of 15% (Rothschild et al. 1998).

HEXTE contains eight Phoswich (NaI+CsI) detectors arranged in two clusters. The effective area

of HEXTE at 50 keV is 1200 cm2. HEXTE has a relatively poor sensitivity, requiring a 105 sec

exposure to detect a source at 1 mCrab (103 smaller X-ray flux than the Crab nebula supernova

remnant). No HEXTE data is used in this thesis due to the typically short exposures (≤ 2.5 ksec)

yielding low significances (1–3σ ) even for bright Mrk 421 observations (see chapter 6). The

remainder of this section overviews the PCA instrumentation and data reduction procedures.

2.2.1 RXTE PCA Instrumentation

TheRXTEPCA consists of five large proportional counter units (PCUs)designed for high timing

and modest spectral resolution of relatively bright X-ray sources (Jahoda et al. 1996; Jahoda et al.

2006). Each PCU is constructed of a 1 degree FWHM collimator,a propane filled “veto” volume,
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and three layers of xenon filled counters. The nominal energyrange is 2–60 keV with an energy

resolution (E /∆E) of∼5.5. Figure 2.2 shows the effective area for all 5 PCUs combined, however

for nearly all observations from 2000 to 2006 only 2 PCUs (PCU0 and PCU2) are operational,

so the actual effective area is reduced by roughly a factor 2/5 (∼2100 cm2 at 6 keV for 2 PCUs).

The PCU gains are monitored continuously withα particles from a241Am radioactive source on

board. The primaryRXTEPCA data mode is Standard-2, which reads out a 129 channel spectrum

individually for each layer of each detector with an event resolution of 16 sec. Standard-2 is

the only PCA data configuration used in this thesis. Below is an overview ofRXTEPCA data

reduction methods.

2.2.2 RXTE PCA Data Reduction

Reduction ofRXTEPCA data is highly standardized due to the well tested and clearly documented

FTOOLS and XANADU set of software tools (together named HEAsoft), which are developed and

maintained by NASA’s High Energy Astrophysics Science Archive Research Center (HEASARC

2007). All RXTEPCA data in this thesis are from the HEASARC public data archive and was

reduced using FTOOLS 5.3. The full PCA data reduction chain using FTOOLS utilities is:

1. xtefilt: generate an updated filter file

2. pcabackest: generate modeled background files

3. maketime: generate 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, with thextefilt tool an observation filter file is created from

so-called “housekeeping” information stored in the data archive. The filter file is examined to

determine which PCUs were operational. For nearly all observations presented in chapter 6 it

was found that only PCU0 and PCU2 detectors were operationalduring the entirety of each ob-

servation. For∼10% of observations PCU3 and (or) PCU4 were also turned on andtaking data,

however only PCU0 and PCU2 are combined here at a loss of sensitivity to ensure a uniform re-

sponse. A further requirement is that only the top xenon layer is used from each PCU to achieve a

high signal-to-noise ratio.

Run pcabackestto Model the Background

Since PCA is a non-imaging instrument, the background must be subtracted based on an a pri-
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ori model. The model uses a parameterization of the varying internal, diffuse sky, and parti-

cle backgrounds from blank sky observations. The FTOOLSpcabackesttool produces synthetic

background data by fitting the model files to the spacecraft and instrument conditions at the time

when data was taken. PCA background models are available forbright or faint sources (<40

counts/sec/PCU). The faint model pcabkgd cmfaintl7 eMv20051128.mdl was applied to all data.

Figure 2.3 shows the faint modeled background and energy spectrum of Mrk 421 from 19 April

2004 in a high flux state (92 cts/sec/PCU). At energies above 20 keV the Mrk 421 flux falls below

the PCA sensitivity, and a good agreement between the faint source model and observed back-

ground is evident, even for this bright state.

Run maketimeto Filter the Data

The PCU0, PCU2, and synthetic background data are filtered following a standard set of conser-

vative cuts. First, the spacecraft must have a minimum elevation angle of≥ 10◦. Second, all data

is rejected during the South Atlantic Anomaly (SAA) passage, when the increased particle flux

raises significantly above the nominal background level. Data is also rejected up until 30 minutes

after the peak in the SAA level. The third and fourth criteriaare that the detector pointing offset

must be≤ 0.02◦, and the electron contamination level must be less than 0.1.The FTOOLSmake-

timetool uses the selection criteria to produce a list of Good Time Intervals (GTIs) of good quality

data.

Run saextrctto Extract Light Curves and Spectra

Light curves and spectra of both the filtered on-axis X-ray events and synthetic background are

extracted bysaextrctwithin the defined Good Time Intervals (GTIs). The FTOOLSrex script

automates the filtering, background modeling, and data extraction once the list of observations,

operational PCUs, xenon layers, background models, and selection criteria are defined. Due to the

large number ofRXTEPCA observations, therex script was used for all data processing in this

thesis. For several observations the results fromrex batch processing were compared with results

from carrying out each FTOOLS task seperately, and were found to be in excellent agreement.

Run pcarspto Generate the Energy Response for each PCU

A calibration database (CALDB) of indexed files is provided by HEASARC to generate the time

dependent PCU energy responses. Thepcarspscript creates an ancillary response file (ARF) and

redistribution matrix function (RMF). The ARF accounts forthe detector windows and collimator

response, while the RMF corrects for redistribution of photon energies across different channels.
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Figure 2.3:RXTEPCA spectrum of Mrk 421 (black) and modeled background (red)before sub-

traction from a 35 min exposure during 19 Apr. 2004. Mrk 421 isshown in a high flux state (92

counts/sec/PCU).

2.3 TheXMM-NewtonObservatory

The European Space Agency (ESA) X-ray Multi-Mirror (XMM-Newtonobservatory was launched

in December 1999, and is currently fully operational. Sir Isaac Newton is honored in the name for

his study of spectroscopy. Figure 2.4 shows a diagram of theXMM-Newtonspacecraft with the

three mirror modules on the left and the focal plane EPIC X-ray instruments on the right.XMM-

Newtonis in a highly elliptical 48 hour orbit inclined at 40◦ to the equator, moving between a

perigee of 7000 km and a southern apogee of 114,000 km (Jansenet al. 2001). This orbital path

allows for∼40 hours of nearly continuous observations outside earth’sradiation belt from the

total 48 hour orbit.XMM-Newtoncarries on board three Wolter grazing-incidence mirror modules

in a parallel axis configuration with a 7.5 meter focal length(the total length ofXMM-Newton

is 10 m). Each module consists of 58 gold-coated nested mirrors, the largest mirror diameter

being 70 cm. The nested design is used to maximize the effective area of grazing incidence optics

by filling the front aperture with very thin (0.5–1.1 mm) mirrors seperated by 1 mm. Wolter

telescopes enable X-ray imaging using two grazing incidentreflections, first at a parabolic mirror,

and second at a hyperbolic mirror. The twoXMM-Newtonmirror modules for the EPIC MOS1

and MOS2 detectors have Reflection Grating Assemblies (RGAs), which reflect 58% of the total

light focused by the mirrors. For each RGA one RGS Focal Camera (RFC) is located along the

dispersion direction. Each RFC consists of a linear array of9 MOS CCD chips and has an E

/ ∆E resolving power of 100 to 500 over the energy range 0.3–2.5 keV. No RGS data has been
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Figure 2.4: A diagram of theXMM-Newtonobservatory. The mirror modules are shown on the

left, with Reflection Grating Assemblies (RGAs) mounted on two of the three mirror modules.

The focal plane EPIC and RGS X-ray instruments are on the right. The two EPIC MOS are

identifiable as cylinders with green horn radiators. The EPIC PN instrument is shown by a light

blue box below the MOS detectors, and the RGS detectors are drawn as small cubes in the lower

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

analyzed in this thesis work, due to the smaller energy rangeand roughly one order of magnitude

smaller effective area compared with the EPIC PN instrument. Figure 2.5 shows the effective area

of the PN, MOS, and RGS instruments. The PN effective area is the largest ever for an imaging

X-ray instrument. In addition to the EPIC and RGS X-ray instruments,XMM-Newtonalso has a

co-aligned 30 cm optical/UV telescope, the Optical Monitor(OM). The OM is a sensitive CCD

detector providing imaging with a∼1 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 (Metal Oxide Semiconductor) CCD in-

struments, and PN (P-doped N-doped semiconductor) CCD instrument. PN consists of 12 CCDs

of equal size (3×1 cm) built on a single wafer. The back illuminated PN CCDs detect X-rays by

interactions with the silicon atoms, creating electrons and holes in numbers proportional to the

energy of the incident photon. The electrons are captured inpotential wells, and then transferred

to readout nodes. MOS1 and MOS2 are equivalent arrays of 7 CCDs (each CCD is 2.5×2.5 cm

in size). Both MOS and PN instruments have a field of view of 30×30 arcmin, with an angular
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Figure 2.5: Effective areas of theXMM-NewtonEPIC instruments (PN in black, MOS in blue),

and the RGS instruments (RGS first (green) and second (pink) order dispersions). Figure from the

XMM-NewtonUser Handbook at (XMM-NewtonSOC).

resolution of∼6 arcsec. The instruments cover nearly the same energy ranges (PN: 0.2–15 keV,

MOS: 0.2–12 keV). The instrument configurations are described below.

MOS and PN Operating Modes

A range of operating modes are available for each observation. In this thesis, only results from PN

observations in Large Window, Small Window, and Timing modes are presented, primarily due to

systematic considerations described here, and in section 6.2. The full list of standand modes are:

• (MOS and PN) Full Frame (FF): all pixels in all CCDs are read out (∼97% field of view)

• (MOS) Large Window (LW): 300×300 pixels in the central CCD are read out

• (PN) Large Window (LW): 198×384 pixels from the inner half of the 12 CCDs are read out

• (MOS) Small Window (SW): 100×100 pixels in the central CCD are read out

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

• (MOS and PN) Timing (T): One dimensional (X-axis) imaging from the focal point CCD

Photon Pile-up and Out-of-Time Events

Operating mode are chosen based on source characteristics in the field of view. For bright point

source targets, such as Mrk 421, imaging mode observations suffer from two instrumental effects:
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photon pile-up and out-of-time events. Photon pile-up occurs when more than one X-ray photon

hit the same CCD pixel during the frame integration time (68 ms for PN in Full Frame mode).

Instead of recording each photon, one X-ray is recorded withthe combined energy of multiple

X-rays. This results in an artificial hardening of the sourcespectrum and overall loss of flux.

Photon pile-up is reduced in imaging modes by removing the inner core of the bright point source.

The MOS instruments are more affected by pile-up than PN for all operating modes. FF mode

has the highest pile-up factor, followed by LW and SW modes. Pile-up is best avoided with PN

observations in Timing mode (only point sources with flux> 3.8×10−9 erg cm−2 s−1 over 2–10

keV suffer pile-up). This flux level is higher than the largest recorded 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 when X-ray photons are registered

during the CCD read out time. These events get assigned a wrong Y-pixel value (RAWY), and are

visible in the image as a strip of events running from the source location to the edge of the camera.

Figure 2.6 shows Full Frame mode images of Mrk 421 from MOS1 (top left) and PN (top right)

observations. The fraction of out-of-time events is highest for PN Full Frame observations (6.3%),

and is evident in figure 2.6. The main effect of out-of-time events is broadening of line features in

the source spectrum. Out-of-time events can be identified and subtracted 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, andthick) a made for each observation

depending on the brightness of the target X-ray source in theoptical energy band. The X-ray

effective areas of the PN and MOS instruments are reduced by the filters at low energies (0.6–2

keV) by∼30%. The effective area is further reduced with increasing off-axis angle to the X-ray

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

with a small offset (2 arcmin).

2.3.2 EPIC Data Reduction

TheXMM-NewtonScience Analysis System (SAS) developed and maintained by the Science Op-

erations Center (SOC) at ESA is used for allXMM-Newtondata reduction (XMM-NewtonSOC).

All data in this thesis (listed in chapter 6) is from the public XMM-NewtonScience Archive (XSA)

at theXMM-NewtonSOC. Only data from the PN instrument in SW, LW, and Timing modes are

presented in this thesis. Final spectra results from MOS data are not used in this analysis primarily

due to the larger effect of photon pile-up and smaller effective area 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 observed 4 times in FF mode with

the PN instrument (as of Feb. 2007) for calibration purposeswith a square mask of 10×10 pixels

removed in the core of the point spread function to reduce photon pile-up. The bright strip running

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

Full Frame observations are not analyzed because of the masked calibration mode (see figure 2.6).

Therefore, this section only outlines the data reduction ofPN imaging and Timing mode observa-

tions.

Calibrating Photon Event Files

TheXMM-NewtonScience Archive contains Observation Data Files (ODF) and Pipeline Process-

ing Subsystem (PPS) calibrated data for each observation. The ODF consist of uncalibrated X-ray

photon event lists and “housekeeping” data. The PPS data is provided by theXMM-NewtonSurvey

Science Center (SSC) and consists primarily of event files which were automatically pre-processed

after data taking with a standard “pipeline” set of SAS toolsand Current Calibration Files (CCFs).

The SAS and CCF are continually revised, so for consistency it is recommended to pre-process

the data directly from the ODF with the newest version of SAS and CCF. All data reduction here

uses SAS 6.5 and CCF current up to Nov. 2006. Three steps are involved in calibrating PN event

files. First, the taskcifbuild is run to create a CCF Index File (CIF), which determines the set of

CCF needed for each observation. Second,odfingestis run to inform the ODF summary file of

the set of CCF and housekeeping data. Third,epchaincombines 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 images, light

curves, and spectra. The standard filtering selections are on event patterns, quality flags, and en-

ergy range. The event pattern refers the number and pattern of pixels triggered for each event.

The pattern values are: 0 for single pixel events, 1–4 for double pixel events, and 5–12 for triple

and quadruple pixel events. Only single and double pattern events (0–4) are selected in this work.

Quality flags are encoded in the event file with values defined by the event condition, such as hot

pixels. The most conservative criteria (flag= 0) 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 file,evselectis 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 Timing mode (top right). In

imaging modes, a circular region containing the source point spread function PSF) is determined

from the image. Using the selected source region, a filtered event file is generated withevselect.

In PN Timing mode the CCDs are read out in a continuous mode (all events are out-of-time), and

so Y-pixel values (RAWY) for all events are evenly spread outalong the instrument. A rectangular

region is selected that contains the source along the X-pixel (RAWX) direction and all RAWY

pixels in the active CCDs. In both Timing and imaging modes, the background region is selected

far from the source region to avoid contamination, as shown in figure 2.7.

Correcting for Possible Photon Pile-up

Possible photon pile-up is investigated by running theepatplottool over the source region event

file. Figure 2.7 (bottom left) shows theepatplotoutput for a 45 arcsec radius circular region cen-

tered on Mrk 421 in SW mode (image top left).epatplotdisplays the energy dependent fraction of

single and double pixel events compared with a predicted model for no pile-up. The higher than

expected fraction of double events (and decrease in single events) is a clear sign of pile-up. By

chosing a core removed annulus pile-up is significantly reduced. Figure 2.7 (bottom right) shows

theepatplotoutput for the same SW mode Mrk 421 observation, but from events in a source cen-

tered annulus with a radius of 10–45 arcsec. Theepatplotpile-up plot for Timing mode data is

not shown here since the single and double events agree well the expected model, evident of very

little pile-up.

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

421 from 1 June 2003 (SW mode) and 9 Nov. 2005 (Timing mode). For SW mode, the source

region is an annulus with a radius 10–45 arcsec centered on Mrk 421. The bottom plots show

the energy dependent fraction of single (red) and double (blue) pixel events from the SW mode

observation. Photon pile-up is evident by divergence of thesingle and double pixel events from

model predictions for no pile-up (red and blue lines). Shown(bottom left) is the 45 arcsec radius

circular region of Mrk 421, and (bottom right) the 10–45 arcsec annulus region (core removed).

Light curves and spectra are extracted from the source and background filtered event files using

evselect. After generating a source spectrum, the source pixel area is calculated withbackscale

using corrections for bad pixels. The step is repeated for the background spectrum. For Small

Window operating modes of bright sources, such as Mrk 421, a small ∼3% fraction of the source

X-ray flux will contaminate the background region, resulting in a slight systematic effect to the

background subtracted flux and spectral shape. Comparing background regions, a maximum 5%

systematic effect was found on the power law index and normalization parameters. Next,arfgen

is run to create an ancillary response file (ARF) consisting of energy dependent vectors defining

the effective area, filter transmission, and quantum efficiency of the instrument. The CIF fromcif-

build selects which calibration files (CCF) are used for each observation. Finally,rmfgenis run to

generate a redistribution matrix function (RMF), providing the 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 to>100 TeV) are absorbed high in earth’s atmosphere, requiring

either balloon or space based satellite observations for direct detection. Space basedγ-ray as-

tronomy began in the 1960s with small experiments, including Explorer-11, the first satellite to

detect cosmicγ-rays (Kraushaar and Clark 1962). Four important past, present, and upcoming

satelliteγ-ray missions are: the Compton Gamma-Ray Observatory (CGRO) (1991–2000),INTE-

GRAL(2000–present),AGILE (2007–present), and the Gamma-ray Large Area Space Telescope

(GLAST) (launch 2007). The EGRET instrument on boardCGROcompleted the firstγ-ray sky

survey at energies above 100 MeV, discovering 271γ-ray sources (Hartman et al. 1999).INTE-

GRALhas twoγ-ray instruments (SPI and IBIS) covering the energy range 15keV to 10 MeV. The

first census of IBIS detections>100 keV has yielded 49 sources (Bazzano et al. 2006).AGILE,

launched in April 2007, features a very compact design to cover the 30 MeV to 50 GeV energy

range with the GRID instrument (Tavani et al. 2006). Finally, GLASTis scheduled to launch in

October 2007 and will carry the LAT instrument sensitive from 20 MeV to 300 GeV, offering a

factor of>30 better sensitivity to EGRET for a 2 year sky survey (Gehrels and Michelson 1999).

Detectingγ-rays with Energies Above 10 GeV

At energies above 10 GeV the relatively large (0.8 m2) effective area of theGLASTLAT instru-

ment still yields low photon statistics even for strong sources. For example, the bright Crab nebula

supernova remnant with a steady 10 GeV flux of∼10−10 erg cm−2 s−1 will require a∼1 day ex-

posure for a 5σ detection (GLASTLAT Team). TheGLASTLAT upper energy limit is the highest

of any space basedγ-ray instrument. This chapter introduces the indirect detection of 0.01–100

TeV γ-rays with ground based telescopes using the Imaging Atmospheric Cherenkov Technique

(IACT).
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3.1 Imaging Atmospheric Cherenkov Technique

Detection of>700 GeVγ-ray emission from a cosmic source (the Crab nebula) was firstachieved

by the Whipple 10 m telescope from observation in 1986 to 1988at the 9σ level using the newly

developed Imaging Atmospheric Cherenkov Technique (Weekes et al. 1989). IACT telescopes

image the induced Cherenkov radiation from large air showers whenγ-rays interact with air

molecules high in earth’s atmosphere. Section 3.1 outlinesthe physical properties of air show-

ers, followed by an introduction to the detection principles and performance of past and current

IACT telescope systems. Section 3.2 describes the technical and observational operations of the

Whipple 10 m telescope. Lastly, calibration procedures andsimulations 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 nuclei (hadronic cosmic rays) collide

with Earth’s atmosphere where the particles interact with surrounding air molecules, producing

cascades of secondary particles and photons known as air showers. The majority of secondary

particles in air showers travel faster than the speed of light in air and emit Cherenkov radiation

detectable from the ground. Air showers are also formed whenhigh energyγ-rays or electrons hit

the atmosphere causing electromagnetic showers. Bothγ-ray and hadron initated air showers are

described below.

γ-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 km above sea level, almost exclusively

producing electron-positron pairs. The secondary electrons and positrons from pair production

each emit oneγ-ray via bremsstrahlung (due to deflection from atmosphericnuclei) within one

radiation lengthXe
◦ = 37 g cm−2 (300 meters at sea level). These secondaryγ-rays then pair

produce within a radiation lengthXγ
◦ = 9/7 · Xe

◦ . Figure 3.1 (top left) shows a simple cascading

interaction model forγ-ray initiated showers based on (Heitler 1954). The number of particles

in the shower grows exponentially, while the average energyper particle decreases exponentially.

The lateral spread in the air shower is primarily from small angle Coulomb scattering of the elec-

trons or photons off nuclei, resulting in a narrow cone of particle paths along the shower axis. The

maximum number of particles is reached when the average particle energy falls below a critical

energy (Ec ≃ 81 MeV in air) where the loss of energy per unit length by bremsstrahlung falls be-
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Figure 3.1: Simulated air showers initiated by either a (left) 1 TeV γ-ray or (right) 1 TeV cosmic

ray proton using CORSIKA (Heck et al. 1998). The first interaction height is fixed at 30 km

above sea level for both simulations. All particle paths areshown, including particles below the

threshold energy to induce Cherenkov radiation. Electron,positron, and photon tracks are shown

in red, muon tracks in green, and hadron tracks in blue. The shower core appears black because

of the large density of particles tracks. CORSIKA simulations and images are courtesy of Fabian

Schmidt (CORSIKA Images). Shown above the simulated showers are schematic diagrams for

either (top left)γ-ray or (top right) cosmic ray initiated showers, courtesy of Deirdre Horan.
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low the loss of energy per unit length by ionisation. The height of shower maximum and number

of particles depends on the primaryγ-ray energy E◦. For example, a 1 TeVγ-ray initiated shower

has a first interaction height of∼25 km, a shower maximum at∼8 km above sea level, and a total

of ∼104 particles. Figure 3.1 (left) shows a detailed simulation for a 1 TeVγ-ray air shower using

CORSIKA (described in section 3.3.2).

Hadron Initiated Air Showers

High energy cosmic ray particles produce hadronic showers by strong inelastic scattering from

an air nucleus. In this first interaction mostly pions (90%) are created, but also kaons and other

light particles. About 1/3 of all generated pions are neutral pions (π◦) which decay almost in-

stantly into two photons. These photons create electromagnetic sub-showers by pair production

and bremsstrahlung interactions in the same manner asγ-ray initiated showers. The other 2/3 of

pions are charged (π±) and have a lifetime of 2.6·10−8 s before mainly decaying into muons (µ±).

During theπ± lifetime interactions with air nuclei may occur, resultingin hadronic sub-showers

of nuclei, protons, and neutrons. Muons in hadronic showersoften penetrate to the ground, but

may also decay into electrons and neutrinos. Figure 3.1 (topright) shows a diagram for the first

interaction and resulting pion products in a hadronic shower. Shown below the diagram in figure

3.1 is a CORSIKA simulated air shower initiated by a 1 TeV cosmic ray proton. Compared with

γ-ray air showers, the larger lateral extent and inhomogeneity of hadronic showers is due primarily

to high fluctuations in hadronic interactions and the long transverse pion paths resulting in sub-

showers over a large area. Also, hadronic showers develop closer to the ground thanγ-ray showers

due to the larger number of secondary particles and the longer hadronic interaction lengthXp
◦ at

GeV and TeV energies.

Cherenkov Light in Air Showers

Air showers contain a large number of particles with velocities exceeding the speed of light in air,

which depends on the pressure at varying heights above sea level. Cherenkov photons are produced

in coherent wave-fronts when relativistic charged particle polarize the surrounding atmospheric

molecules (Jelley 1958). The number of photons emitted per unit lengthx and wavelengthλ can

be calculated using the Frank-Tamm equation:

dN
dxdλ

= 2παZ2 1
λ 2

[

1− 1
β 2n(λ )2

]

whereα is the fine structure constant,Z is the particle’s charge,β = v/c is the ratio of the particle’s

velocity v to the speed of lightc in a vacuum, andn(λ ) is the wavelength dependent refractive in-
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Figure 3.2: Cherenkov light spectra from vertical air showers initiated byγ-rays from 0.05–0.5

TeV energies. The solid lines show the Cherenkov spectra at aheight of 10 km, while the dashed

lines show the absorbed spectra at 2.2 km above sea level. Figure from (Wagner 2006).

dex. Figure 3.2 shows several example Cherenkov spectra from verticalγ-ray air showers near the

height of maximum emission (10 km), and at 2.2 km above sea level where atmospheric absorption

is evident in the UV band, primarily due toλ dependent Rayleigh scattering off air molecules. The

Cherenkov light is emitted in a narrow cone with Cherenkov angle θc ≃ 0.5◦–1.5◦ between the

Cherenkov light and particle track. The minimum energy of a particle to emit Cherenkov radiation

in a medium is given by Emin = γminmoc2, whereγmin is the minimum Lorentz factor, andmo is

the particle’s mass. Due to the linear dependence of Emin on the particle’s mass, electrons emit

most of the Cherenkov light in air showers, with Ee
min > 22 MeV for electrons, Eµmin > 4.6 GeV

for muons, and Epmin > 40 GeV for protons (Rao and Sinha 1988). Forγ-ray initiated showers, the

Cherenkov photon density is roughly a constant fraction of the primaryγ-ray energy, and forms

a nearly uniform light pool on the ground due to the near constant Cherenkov angleθc of emis-

sion. A typical 1 TeVγ-ray initiated shower generates a light pool of∼100 photons m−2 on the

ground within a radius of 120 m during a time-scale of 10 ns. Figure 3.3 (left) shows a CORSIKA

simulated light pool from a 0.3 TeVγ-ray air shower at 2300 m above sea level (the height of the

Whipple 10 m telescope). Figure 3.3 (right) shows the simulated Cherenkov light density from a

0.5 TeV cosmic ray proton initiated air shower. Multiple light pools from several sub-showers are

evident, covering a large total lateral area.
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Figure 3.3: Simulated Cherenkov light density (m−2) at 2300 m above sea level from vertical (0◦

zenith angle) air showers initiated by (left) a 0.3 TeVγ-ray, and (right) a 0.5 TeV cosmic ray

proton. CORSIKA simulations and images are courtesy of Gernot Maier.

3.1.2 Detection Principles of IACT telescopes

Ground based Imaging Atmospheric Cherenkov Technique (IACT) telescopes trackγ-ray sources

in the sky using a large steerable dish of segmented mirrors with a fast camera at the focus to

record the induced Cherenkov light from air showers. IACT cameras typically consist of>300

pixels of photo-multiplier tubes (PMTs) each having a∼0.1◦ diameter. A large>2.5◦ field of view

is needed to fully contain Cherenkov images from>1 TeVγ-ray initiated air showers, particularly

for extendedγ-ray sources. IACT telescopes detect the faint rapid Cherenkov flashes above the

noise level from the night sky background (NSB) with nanosecond time-scale event triggers. For

example, the Cherenkov flash from a 1 TeVγ-ray is a factor∼5 brighter than the NSB during

a clear moonless night when collected by a∼10 m diameter dish in∼0.1◦ size pixels over an

integration window of∼20 ns.

γ-ray Selection and Reconstruction

IACT telescopes discriminate betweenγ-ray and cosmic ray initiated air showers based on the

characteristic uniformity of Cherenkov light density on the ground, as shown in figure 3.3. For

non-verticalγ-ray air showers, the elliptical Cherenkov light pool points in the direction of the

primaryγ-ray, identifying these images from the large background ofisotropic fragmented cosmic

ray showers. Since the number of Cherenkov photons in a shower is proportional to the number

of shower particles, the primaryγ-ray energy is reconstructed from the Cherenkov image intensity
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Figure 3.4: A montage of images showing the basic detection principle of IACT telescope systems.

Shown (top left) is a CORSIKA simulatedγ-ray air shower from figure 3.1 with the Cherenkov

light yield represented by a blue cone. Shown (bottom right)is the H.E.S.S. system of 4 IACT

telescopes, described in section 3.1.3. Shown (top right) are Cherenkov images of a simulated 7

TeV γ-ray air shower from each of the 4 H.E.S.S. cameras superimposed onto one camera, adapted

from (Berge 2006).

and shower core location relative to the telescope. The effective area of single IACT telescopes is

very large (∼105 m2 at 1 TeV), and is determined by the efficiency of detecting Cherenkov light.

Using a single IACT telescope, the angular position of incident γ-ray is not directly measured,

and is estimated based on the characteristic shape ofγ-ray Cherenkov images from simulations.

Section 4.2 describes in detail theγ-ray reconstruction methods applied to the single Whipple 10

m telescope. The basic detection principles pioneered withthe Whipple 10 m are used in modern

IACT telescope arrays. Stereoscopic arrays use a number of IACT telescopes arranged∼100 m

apart with a∼100 ns coincidence window for event triggers from each telescope to reconstruct
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Figure 3.5: Photographs of currently operating IACTγ-ray telescope systems. Shown are the

(top) VERITAS and (middle) H.E.S.S. phase I four telescope systems. The bottom panel shows

(far left) the MAGIC phase I telescope, (middle left) 1 of 4 CANGAROO-III telescopes, (middle

right) TACTIC, and (far right) the Whipple 10 m telescope.

stereo events, which greatly reduces the background. Figure 3.4 shows the basic principle ofγ-ray

reconstruction. The Cherenkov light pool from aγ-ray shower in this stereoscopic observation is

recorded at a different viewing angle with each telescope providing a geometric measurement of

the source direction by the intersection point of image axes.

3.1.3 Past and Current IACT γ-ray Telescopes

This section presents an overview on the history and currentstatus of IACT telescopes. Figure 3.5

shows photographs of all currently operating IACT telescopes. The first IACT telescope was the

Whipple 10 m telescope, built in 1968 atop Mt. Hopkins, Arizona, USA, with the first imaging

camera installed in 1982 (Weekes et al. 1989). Currently fully operational, the Whipple 10 m
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Telescope(s) Location Start Mirr.a FOV E. Res.c E. Th.d Sens.e

(year) (m) (deg.) (%) (TeV) (σ /
√

hr)

Whipple 10 m Arizona, USA 1968 1×10 2.6 32 0.4 5

TACTIC Rajasthan, IN 2000 1×3.5 3.4 40 1 1

CANG.-III Australia 2004 4×10 4.0 29 0.6 2

H.E.S.S. Namibia 2004 4×13 5.0 19 0.2 28

MAGIC La Palma, ES 2004 1×17 3.5 22 0.1 20

VERITAS Arizona, USA 2007 4×12 3.5 20 0.3 28

Table 3.1: Performance of current IACT telescope systems. Notes: (a) Telescopes of mirror diam-

eter (m) are listed as tele. num.× m (b) Energy resolution. (d) Energy threshold. (e) Sensitivity for

Crab nebula observations (for CANGAROO, 2 of 4 telescopes are used). References: Whipple 10

m (this work), TACTIC (Dhar et al. 2005), H.E.S.S. (Aharonian et al. 2006a), CANGAROO-III

(Enomoto et al. 2006), MAGIC (Wagner et al. 2005), VERITAS (Kieda et al. 2007).

has a lower energy threshold of∼0.45 TeV and energy resolution of 31% (see section 4.4 for

details). Generally, the upper energy limit for IACT telescopes is determined by low statistics

from γ-ray sources with steep spectra, which for the Whipple 10 m is∼20 TeV. Over the energy

range of 0.45–10 TeV, the Whipple 10 m sensitivity for observations of the Crab nebula is∼5

σ /
√

hr, as determined in section 4.5. Table 3.1 compares the performance of the Whipple 10 m

telescope with other currently operating IACT telescope systems. Following the Whipple 10 m,

the HEGRA Cherenkov telescope 1 (CT1) started observationsin 1992 at La Palma, Spain, with

an energy threshold of∼1 TeV (Mirzoyan et al. 1994). In 1996, the HEGRA system of five 3.4

m telescopes started stereoscopic observations (Daum et al. 1997). The HEGRA system achieved

an energy threshold of 0.5 TeV, energy resolution of 10–20%,and sensitivity for the Crab nebula

of 16 σ /
√

hr (Pühlhofer et al. 2003). Both the HEGRA system and CT1 stopped taking data in

late 2002. Two IACT telescopes were built in Australia during the 1990’s, the CANGAROO 3.8

m telescope (1992–1998), and the Mark 6 telescope (1995–2000) (Hara et al 1993; Armstrong

et al. 1999). Since 2004, the CANGAROO-III array of 4 IACT telescopes is currently taking

observations. From this generation of experiments, two other IACT telescopes are noted here:

CAT (1996–2003) in France, and TACTIC (2000–present) in India (Barrau et al. 1998; Dhar et al.

2005).
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Figure 3.6: Photographs of the Whipple 10 m telescope. Shown(right) is the camera at the focus.

Modern IACT Telescope Systems

H.E.S.S., MAGIC, and VERITAS represent a new class of high sensitivity IACT telescope sys-

tems. H.E.S.S. phase I is an array of four 13 m telescopes in Namibia, southern Africa. Each

H.E.S.S. phase I camera contains 960 pixels for a 5◦ field of view. H.E.S.S. features an energy

threshold of∼0.2 TeV and sensitivity for the Crab Nebula of 28σ /
√

hr (Aharonian et al. 2006a).

Construction has started on a large 32 m tall by 24 m wide telescope positioned in the center of

the H.E.S.S. array for combined phase II observations with the four 13 m telescopes starting in

2008 (Vincent et al. 2005). MAGIC is located at La Palma, Spain and started operations in 2004

with a single 17 m telescope (phase I), while construction has began on a second 17 m telescope

for stereoscopic observations in phase II (Mirzoyan et al. 2005). VERITAS is an array of four 12

m telescopes at the Whipple site in Arizona, USA and has started full operations in Spring 2007

(Holder et al. 2006; Kieda et al. 2007). The VERITAS sensitivity for Crab nebula observations is

∼28 σ /
√

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, Arizona, USA at an altitude of 2312

m. The site is run by the Smithsonian Institute’s Fred Lawrence Whipple Observatory (FLWO).

VERITAS and several large optical telescopes are also located near the site, which offers clear

skies, low wind, and low humidity for a large fraction of moonless nights. The Whipple 10 m
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is run by the VERITAS collaboration, which consists of over 70 members from the US, Canada,

UK, and Ireland. Figure 3.6 (left) shows a photograph of the Whipple 10 m telescope taken during

Dec. 2004. In this section, an overview is given of the Whipple 10 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-over-azimuth positioner, which drives

a steel optical support structure (OSS) balanced by lead counterweights. Four steel arms support

a cylindrical focus box containing the camera within a focalplane of 7.3 m. The Whipple 10 m

telescope has a slew speed of 1◦ per second, and tracking resolution of 0.01◦. Supported by the

OSS is the 10 meter diameter optical reflector consisting of 240 mirror facets in a Davies-Cotton

design (Weekes et al. 1972; Davies and Cotton 1957). Using this design off-axis aberrations are

reduced, although photon arrival times are spread out by∼6 ns. The mirrors are 61 cm wide and

hexagonal in shape, with a thickness of 1 cm. A front coating of anodized aluminum was applied

to the mirrors for optimal reflectivity in the blue to UV range. The peak mirror reflectivity at 310

nm is 85% with a gradual degradation over time due to environmental effects. The mirror point

spread function (PSF) is measured by a CCD camera at the center of the dish, which images a

bright star projected in the focal plane. The measured FWHM of 0.13◦ for the PSF is larger than

the 0.12◦ diameter of each camera pixel. The mirror alignment procedures and 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 upgrades, with the current camera

installed in 1999. Figure 3.6 shows a photograph of the current camera mounted in the focus box.

The inner camera consists of 379 photo-multiplier tube (PMT) pixels with 0.12◦ diameter, giving

a total circular field of view (FOV) of 2.6◦. The outer ring of 111 (0.25◦ diameter) PMTs were

removed in 2003, and were not considered in this work. Light cones are placed in front of the

inner PMTs to shield the PMT photo-cathodes from backgroundlight and to reduce photon losses

from gaps between pixels. The PMT quantum efficiency is 20% over the blue to UV region with a

1–2 ns response. High voltage to the PMTs is supplied by threemodules mounted on the telescope

counterweights. Coaxial cables send the analog PMT signalsto the electronics room, where the

signal is AC-coupled to a ten-times amplifier. After this stage, the signal is split equally between

the trigger system and readout system. Figure 3.7 shows the signal path through a schematic

diagram for the 331 of 379 pixels contained in the trigger system.
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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 avoid events containing only the night

sky background (NSB) plus electronic noise. In the first stage, the signal in each pixel passes

through constant fraction discriminators (CFDs). If the amplified PMT signal exceeds a deter-

mined threshold, then the CFD outputs a 10 ns wide pulse to both a multiplicity trigger and a

pattern selection trigger (PST), as shown in figure 3.7. Within a window of 8 ns, the multiplicity

trigger requires a coincidence of any 2 or 3 pixels to trigger, while the PST requires 3 or 4 adjacent

pixels. The PST subdivides the inner 331 pixel camera into overlapping groups of 19 pixels, so

that a pattern of 3 or 4 adjacent pixels is fully contained within at least one group (Bradbury and

Rose 2002). Figure 3.8 shows the trigger rate versus CFD threshold using either a 2-fold coin-

cidence for any pixel, or 3-fold adjacent pixel trigger as measured in Oct. 2001 by pointing the

telescope at 0◦ zenith. At low CFD threshold values, fluctuations in the NSB dominate the trig-

ger rate. For nearly all observations since 2000, a 3-fold adjacent pixel trigger is used with CFD

thresholds ranging from 32–36 mV. The threshold level was determined by the transition point

where the trigger rate becomes stable and is no longer NSB dominated.

3.2.4 Readout System

For each event passing the trigger system, an output pulse issent to coincide with the delayed PMT

signal reaching each channel’s charge analog-to-digital converter (QADC). The PMT signals are

delayed by∼120 ns via coaxial cables. Once receiving an event trigger, the QADCs integrate

each PMT signal for 20 ns. The integrated signal intensity isrecorded in digitial counts (dc) and
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Figure 3.8: Whipple 10 m trigger rate versus CFD threshold asmeasured in Oct. 2001 at 0◦ zenith

using (empty circles) the multiplicity trigger for any 2 pixels, or (filled circles) the PST set for 3

adjacent pixels. A CFD threshold of 34 mV was used for observations during 2001 to 2002, shown

by the dashed line.

sent to a list processor. Events are stored in the list processor with their GPS time stamp until the

aquisition software reads them out. The entire readout process takes∼0.4 ms, during which time

the camera can not respond to further trigger signals (the system dead-time). During observations,

the typical event rate is 10–30 Hz, resulting in a very low dead-time of 0.5–1.4%. Figure 3.9 shows

the system dead-time as evident by the smallest time difference between consecutive events. A

CAMAC bus system transfers the event data to a Data Acquisition (DAQ) computer, which also

records the telescope elevation and azimuth. Further details of the readout system are in (Rose et

al. 1995a).

3.2.5 Telescope Operation

The duty cycle of IACT telescopes is typically<10% due to the general requirement of clear

moonless nights for high quality observations. Since moonlight is a few orders of magnitude

brighter than Cherenkov light, the Whipple 10 m normally only operates when the moon (and sun)

are below the horizon. Operations during partial moonlightwere tested with the Whipple 10 m,

made standard for the HEGRA CT1 telescope, and have recentlybeen studied with MAGIC (Pare

et al. 1991; Kranich et al. 1999; Albert el al. 2007a). Addition constraints on the Whipple 10

m and VERITAS duty cycles are annual storms that pass throughsouthern Arizona in August,

causing operations to stop in July, and resume in September of each year. Figure 3.10 shows the
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Figure 3.9: Whipple 10 m system dead-time of∼0.4 ms shown by the shortest time between

consecutive events. Shown (right) is the same distribution, but at longer time differences on a

logarithmic scale.

total number of moonless hours available to the Whipple 10 each night during 2006, and the actual

number of hours taken for observations. Poor weather accounts for the 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 basis, including wind speed, temperature, and

relative humidity readings. Section 3.2.6 describes the quality criteria used to reject observations

during poor conditions.

Observation Modes

Observations with the Whipple 10 m are conducted in either aTrackingor ON/OFFmode. In the

ON/OFF mode, the telescope tracks the source centered in thefield of view for 28 minutes (ON),

and then two minutes later re-tracks a corresponding sky region for 28 minutes with equivalent

declination, but offset by 30 minutes in right ascension (OFF). This mode allows for direct back-

ground substraction of cosmic ray events in the ON observation. The Tracking mode is defined

by taking an ON observation of 10 or 28 minute exposure with nocorresponding OFF sky obser-

vation. Due to the small field of view with the Whipple 10 m camera, it is not practical to use

a so-called wobble mode. During wobble mode observations the background is determined from

offset pointings which contain both the source position andbackground sky regions in the camera.

All Crab nebula observations in this work were carried out inON/OFF mode (see section 4.4),

while 83% of the selected TeV blazar observations in this work were taken in Tracking mode (see

section 5.1). The method for selecting the best OFF runs to Tracking data is described below.
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Figure 3.10: Whipple 10 m observing efficiency during 2006. The total hours spent oberving each

night is represented by the aqua (filled) distribution, withthe number of available observing hours

each night shown by the black (empty) distribution.

3.2.6 Data Quality and Background Sky Field Selection

Data is first selected according to the observing conditionsand telescope performance noted during

operations. The weather conditions are graded continuallyby the observers on a subjective scale

of A, B, or C weather, with A weather defined for clear visibility, low humidity, and low winds, B

weather for light cloud coverage, and C weather for significant cloud coverage. Only observations

during A and B weather are used in this thesis. Additionally,the small fraction of observing

runs with malfunctioning telescope tracking, trigger, or readout systems are rejected based on the

observer’s notes. The main criterion for run selection is the stability of the telescope event rate.

Figure 3.11 shows for example the event rate from Crab nebulaobservations in March 2003 during

B weather, and in January 2006 during A weather conditions. The variable rate in the B weather

observation is evident by a larger RMS spread in event rate per 30 sec. bin. In this work, a quality

cut on the event rate RMS< 1.5 Hz is used.

Background OFF Data Selection

Appropriate background OFF sky regions were best matched toTracking mode observations based

on the zenith angleΘ and observation time in Modified Julian Day (MJD) of each run following

a simple matching routine introduced in (de la Calle Pérez 2003). In this method, a score is

calculated for all possible pairs of Tracking and OFF runs passing data quality cuts, with the
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Figure 3.11: Whipple 10 m event rate from Crab nebula observations. Shown (left) in black

circles is the event rate at 14◦ zenith 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 2003 observation is due both to the

larger zenith angle and lower detector efficiency (see figure3.13). On the (right) are shown the

event rate distributions. The RMS spread in the 2003 observation is> 1.5 Hz, resulting in the run

being rejected.

lowest score representing the best match:

Score= |MJDON−MJDOFF

wMJD
|+ |ΘON−ΘOFF

wΘ
|

The weights were optimized to give the lowest spread in time and zenith angle from a large sample

of data, withwMJD = 1 andwΘ = 2. Each selected OFF run was required to be taken within 10 days

before or after the Tracking run, with a difference of less than 10◦ in zenith angle. Differences

in NSB levels between Tracking (ON) runs and OFF runs were corrected for in data reduction

by adding artificial noise (see section 4.1). For the large sample of over 600 hours of TeV blazar

observations presented in chapers 5 and 6, a total of 83% of the source observations were taken in

Tracking mode. The OFF data used in this work was drawn from a total sample of 458.3 hours of

data passing quality cuts, and is futher detailed in section5.1.1.

3.3 Whipple 10 m Calibration and Simulations

This section describes the applied calibration methods anddetailed simulations generated for

Whipple 10 m observations. Section 3.3.1 outlines the measurement techniques used to calibrate

the intensity of recorded Cherenkov images. Section 3.3.2 describes the sample of air shower
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and detector simulations used extensively in the data reduction and 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 IACT telescopes is affected by atmospheric

conditions, the telescope’s optical system (mirror and light cone efficiencies), and the gain in the

camera. In the first step, the camera is flat-fielded to correctfor the non-uniform response of pixels

across the field of view. The measured gain in the camera is then used to convert the Cherenkov

signal from digital counts to photoelectrons. The time dependent efficiency of the optical system

and PMTs in the camera was determined by comparing the intensity of muon events to the expected

intensity from simulations. An overall detector efficiencyis then 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 signal in dc recorded in the absense of

Cherenkov light. The pedestal distributions in the dark have a narrow Gaussian shape, with a

mean of∼20 dc due to a small biasing current injected into each QADC toaccount for negative

noise fluctuations (Kildea et al. 2007). During observations, the pedestals are measured at a

rate of∼1 hz using artifical triggers containing no Cherenkov signal. The amount of night sky

background (NSB) recorded during each QADC integration window dominates the width in the

pedestal distribution, with a small noise contributions from the PMTs and electronics chain.

Camera Flat-fielding

The high voltages to each pixel are adjusted each September in an iterative flat-fielding process

to achieve a relatively uniform response across the camera.After this flat-fielding, the remaining

spread in pixel gains is∼5%, which is corrected for on a nightly basis with 1 minute runs using

light pulses from a nitrogen discharge tube mounted at the center of the reflector. The fast∼35 ns

pulses illuminate the camera with a nearly uniform light intensity of∼10–150 photoelectrons (pe)

at a rate of∼750 Hz. Flat-fielding coefficientsgi are determined for each pixel by comparing the

pixel intensity to the mean intensity from all pixels for every pulse. Section 4.1 describes how the

relative gain coefficientsgi are applied in standard data reduction.
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Figure 3.12: Calibration method using muon images. Shown (left) is an example muon event in

the Whipple 10 m camera. (Right) is the distribution of totalimage intensity (Size) versus the

Cherenkov angle (θ ) for muon images taken from data in 2001. Figures from (Schroedter 2004).

Camera Gain from Measurements in Dec. 2000

Within the camera, the dc signal from 1 pe was measured in Dec.2000 using a number of factors:

the gain in the PMTs G◦ = 1.1 · 106 e pe−1, the QADC conversion ratio FQADC = 4 · 1020 dc C−1,

the combined signal loses in the amplifiers and cables As = 4.68 in relative units, and CG = 1.6 ·
10−19 C e−1. The total camera gain was estimated at dc/pe= As · G◦ · Ce · FQADC = 3.3± 0.3

dc/pe (Schroedter 2004). The calculated error included estimates on the systematic uncertainties

in the measurements. Ideally, the camera gain should be measured on a daily to monthly basis,

however a regular gain calibration program was never established for the Whipple 10 m. As a

compromise, monthly muon measurements of the telescope efficiency are used to estimate the

camera gain from 2000–2006.

Gain Calibration Using Muons

Muons produced in hadron initiated air showers with energies≥ 4.6 GeV passing nearly parallel,

and within a few meters of the reflector at ground level will form clearly defined Cherenkov ring

images in the camera. Fully contained muon image are selected and fit with a circle to determine

the intensity in dc and Cherenkov angleθc. Figure 3.12 (left) shows a selected muon image and

parametric fit in the Whipple 10 m camera. The expected muon intensity as a function ofθc

(proportional to the energy) is derived from simulated muons, defining the collection efficiency of

the optical system and camera when compared to the data, as shown in figure 3.12 (right) (Rose
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Figure 3.13: Whipple 10 m detection efficiency from 2000–2006 measured by muon images. The

curved lines are parabolic fits to the efficiency for each observing year (starting in Sept.–Oct.).

The brown dashed lines represent the efficiency of the three simulation sets described in section

3.3.2.

et al. 1995b; Schroedter 2004). Figure 3.13 shows the detector efficiency relative to Dec. 2000

taken from muon events collected during standard observation runs in∼20 day bins from 2000–

2006. Results from an independent method using the image intensity of cosmic ray events at

a fixed zenith angle were shown to agree within the∼10% systematic errors of either method

(LeBohec and Holder 2003; Daniel et al. 2005). A continual degradation of the PMTs was the

main contributing factor to the large drop in detector efficiency from 2000 to 2003. Raising the

high voltage supply to the PMTs in October 2003 increased thegain to the level in late 2001.

3.3.2 Simulations

The CORSIKA package was used to generate a large sample of simulatedγ-ray initiated air show-

ers (Heck et al. 1998). CORSIKA simulates the development ofair showers at the single par-

ticle level using interaction models for pair production, multiple Coulomb scattering, ionization

losses, and other processes. The program EGS4 is used by CORSIKA to simulate the electromag-

netic interactions, applying QED calculations from cross section measurements up to 200 GeV.

Cherenkov emission from shower particles are simulated over the wavelength range 200 to 685

nm. Different atmospheric models are available to account for environmental effects, including

absorption. CORSIKA records the photon position, direction, wavelength, and height of emission

for each photon bunch that reaches the observational level within a spherical area centered on the
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detector. CORSIKA simulated air shower particle tracks andCherenkov photon density are shown

by figures 3.1 and 3.3.

Detector Simulations

The output from CORSIKA air showers were processed through the Whipple 10 m configuration

contained within the GrISU detector simulation package. GrISU simulates the layout and orien-

tation of the 10 m reflector, and ray traces Cherenkov photonsto the camera using the measured

point spread function and mirror reflectivity. The light cones are simulated by simply increasing

the photosensitive area of the PMT cathode. The PMT and read-out system are implemented us-

ing a simulated QADC response and measured quantum efficiency, but the pattern trigger is not

simulated.

Sample of Simulatedγ-rays

A large sample of simulatedγ-ray events was generated with the CORSIKA, GrISU, and Granite

analysis chain. Four sets of 106 γ-ray air showers were simulated at zenith angles of 10◦, 20◦,

30◦, and 40◦. A power law energy spectrum of the form dN/dE= (E/1 TeV)−Γ was used withΓ

= 2.5 over the energy range of 0.2–20 TeV. Air showers were spread evenly over a circular region

of radius 400 m centered on the detector. Each shower was used10 times, with the core position

randomly distributed for all events. The US76 atmospheric model was used for the Whipple 10 m

observatory height of 2312 m. To account for the large shiftsin detector efficiency from 2000 to

2006 shown in figure 3.13, the simulated showers were run through the detector chain with three

different camera gains: 3.3 dc/pe, 2.8 dc/pe, and 2.4 dc/pe (100%, 85%, and 72.5% efficiency).

The simulated night sky background (NSB) was 650 pe ns−1 m−2 sr. Events which triggered the

simulated telescope were processed with the Whipple 10 m “Granite” package using the standard

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

Whipple 10 m Data Reduction

Data reduction techniques for observations with the Whipple 10 m telescope developed in this

work are described here in detail. Section 4.1 describes themethod used for cleaning and param-

eterizing Cherenkov images. Section 4.2 provides an overview on the reconstruction techniques

implimented to estimate the energy and direction of each event. Gamma-ray type events are se-

lected from the large background of cosmic ray air showers using the image intensity, shape, and

direction, as detailed in section 4.3. Section 4.4 describes how theγ-ray source flux and energy

spectrum is determined using the effective area of the instrument and the number of selectedγ-ray

type events. Section 4.5 presents results from 65 hours of observations during 2000–2006 of the

Crab nebula - the remnant of a supernova event, which occuredin 1054 AD at a distance of 2000

parsecs. Assumed to be a strong constant TeVγ-ray emitter, the Crab nebula was the first detected

at TeV energies in 1989 by the Whipple 10 m, and has since served as the main calibration source

for IACT telescope systems (Weekes et al. 1989; Aharonian etal. 2006d). The Crab nebula dif-

ferential energy spectrum from the total 2000–2006 data setwith the Whipple 10 m was best fit by

a power law of the form dF/dE= F◦ · (E/TeV)−Γ over the energy range 0.45–8 TeV with spectral

indexΓ = 2.64± 0.03stat. and flux normalization F◦ = (3.19± 0.07stat.) ×10−11 cm−2 s−1 TeV−1.

This result is shown consistent with previous measurements, giving confidence in the calibration

and data reduction methods. Systematic uncertainties in the flux 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 here are implemented in the Whipple 10

m “Granite” package. For each observation run, the mean pedestal value in each pixel〈Ped〉i in

units of digital counts (dc) is calculated from the 1 Hz artificial pedestal triggers, introduced in
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Figure 4.1: Whipple 10 m image cleaning methods for a simulated 0.27 TeVγ-ray shower with

(left) islands and (right) regular cleaning. Pixels definedas bright are shown in red, boundary

pixels in green. Pixels with varying noise levels below the cleaning threshold are shown in blue or

pink.

section 3.3.1. The mean pedestal value〈Ped〉i is subtracted from the triggered event signal Sraw
i to

determine the Cherenkov intensity in each pixel. Non-uniformities in the camera are corrected for

by applying flat-fielding coefficients gi measured on a nightly basis (described in section 3.3.1).

The corrected pixel intensities Scorr in dc are calculated by:

Scorr
i = gi · (Sraw

i −〈Ped〉i)

The last step before image cleaning corrects for differences in the night sky background between

the ON source and OFF field runs. Gaussian distributed noise is added to both runs to equalize the

RMS spread in the pedestal measurements.

Image Cleaning

After pedestal subtraction, the Cherenkov images are cleaned to exclude all channels that most

probably contain only noise and no Cherenkov signal. The pedestal RMS in each pixelσi is

used to determine the noise threshold above which a pixel is included in the image. Disabled or

malfunctioning pixels are identified and excluded from image processing ifσi is less than half

the mean pedestal RMS over the whole camera. In the “normal” Whipple 10 m cleaning method,

two optimized noise thresholds are defined as either requiring a signal-to-noise ratio for “bright”

pixels of S/N≥ 4.25σi , or for “boundary” pixels (pixels adjacent to a bright pixel) of S/N ≥
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Figure 4.2: Shown (left) is a diagram of Cherenkov image shape and orientation parameters.

(Right) is shown the optimized scaling factorξ = 1.6 used to calculate the Disp parameter, as

described in section 4.2.

2.5σi . Only pixels passing these two criteria are included in the image. An “islands” method

was developed to overcome the problem that for low energyγ-ray images a few signal pixels may

be below the normal bright/boundary threshold, and could beunnecessarily excluded (Bond et

al. 2003). The method uses an additional island threshold, defining the image as one or more

islands of bordering pixels with total S/N≥ 5.5σi entirely surrounded by pixels with signal below

the boundary threshold. The islands threshold uses a lower bright threshold of S/N≥ 2.5σi and

boundary threshold of S/N≥ 1.25σi . Figure 4.1 shows the Cherenkov image of a simulated 0.27

TeV γ-ray using (left) islands cleaning, and (right) normal cleaning. Islands cleaning was shown

(as in figure 4.1) to be more effective than normal cleaning atexcluding isolated pixels away from

compactγ-ray images, while for fragmented cosmic ray images the inclusion of multiple islands

assists in background discrimination, as described in 4.3.All Whipple 10 m data in this work was

reduced with islands cleaning.

Image Parameterization

Cleaned Cherenkov images are parameterized according to the image intensity, shape, and ori-

entation. The total intensity “Size”, and the intensity of the three brightest pixels Max1, Max2,

and Max3 are recorded for each image. At this stage, the intensities are converted from dc to

photoelectrons by using the gain lookup table dependent upon the observation date (described in

section 3.3.1). The image centroid (Xc, Yc) is calculated from the first moment of the light dis-

tribution. Image shape parameters are calculated using second moments, as described in (Hillas
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Figure 4.3: Reconstructedγ-ray direction of the Crab nebula within the Whipple 10 m camera

system. The number of background subtracted events Nγ using Hard cuts are shown for the full

2000–2006 data set, as described in section 4.3. Shown (right) is theθ2 distribution for the same

Crab nebula data set, fit with the PSF from simulatedγ-rays at 20◦ zenith angle.

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

orientation parameters. The Length and Width parameters are the RMS angular size of the ma-

jor and minor axes, and are related to the longitudinal and lateral development of the air shower,

respectively. The image orientation with respect to the camera center is defined by the angle Al-

pha. For source-centered observations, the angular Distance of the centroid to the camera center

is related to the impact parameter (location of the shower core relative to the telescope).

4.2 Angular and Energy Reconstruction

The direction of each photon was reconstructed from the image shape and orientation, resulting in

an angular resolution ofθ68% = 0.12◦. Lookup tables were generated using simulatedγ-rays for

the expected energy, Length, and Width of each event as a function of the Distance and Log(Size).

The energy resolution for>0.5 TeVγ-rays at 20◦ zenith angle selected using Hard cuts is 31%,

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

Disp method of Angular Reconstruction

A Disp method was developed for single IACT telescopes to estimate theγ-ray arrival direction

(Lessard et al. 2001). Figure 4.2 (left) shows the Disp parameter, which is the angular distance

between the image centroid and reconstructed source position. The Disp value is calculated from
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the image ellipticity:

Disp= ξ ·
(

1− Width
Length

)

Figure 4.2 (right) shows how the scaling valueξ was optimized in this work using simulatedγ-

rays by determining the minimum in the RMS spread of projected x-directions for discrete values

of ξ . The energy and zenith angle dependence of the optimizedξ value was small for simulations

at 10–40◦ zenith angle, so for simplicity an optimized valueξ = 1.6 was applied to all data. Using

the Disp value, the angular offsetθ is calculated from the reconstructed source position relative

to the camera center, as shown in figure 4.2. For all Whipple 10m observations in this work,

the telescope is pointed with the assumed source position atthe center of the camera. Figure

4.3 (left) shows the reconstructed direction of selectedγ-ray type events from observations of

the Crab nebula during 2000–2006. Theγ-ray point spread function (PSF) was determined from

theθ2 distribution of simulatedγ-rays, sinceθ2 yields a constant solid angle on the sky per bin.

The simulatedθ2 distribution was fit with the sum of two one-dimensional Gaussian functions to

estimate the point spread function (PSF):

PSF= Aabs·
[

exp

( −θ2

2·σ2
1

)

+Arel ·exp

( −θ2

2·σ2
2

)]

The absolute amplitude Aabs is proportional to the number of events in theθ2 distribution, while

the standard deviationσ2 is the 68% containment radiusθ68% of the PSF. After applying Hard

selection cuts (described in section 4.3) the best fit value is θ68% = 0.12◦ for simulatedγ-rays at

10–30◦ zenith angle. Figure 4.3 (right) shows the PSF fit to theθ2 distribution from Crab nebula

observations, with all parameters fixed except for Aabs. The good agreement between the fit and

data demonstrates the Crab nebula is a point source for the Whipple 10 m.

Lookup Tables

Simulatedγ-rays at 4 zenith angles and 3 telescope efficiencies (described in section 3.3.2) were

used to fill lookup tables for the mean simulated energy ETrue, Length, and Width as a function

of Distance (approximation of the shower impact parameter)and Log(Size). To avoid biases, no

selection cuts were applied to the simulated data. Lookup tables are used in this work for energy

reconstruction and selection cuts to account for the strongdependence ofγ-ray energy ETrue and

image shape parameters on Size, Distance, and zenith angle.Figure 4.4 shows the finely binned

distributions on the (left), and lookup tables on the (right) for simulations at 20◦ zenith and 85%

telescope efficiency. The lookup tables use large bins to fillin the finely binned distributions at

Distance and Log(Size) values with few events. A two-dimensional Gaussian smoothing function

was applied to the lookup tables withσDist = 0.05◦ in Distance andσLog(S) = 0.01 in Log(Size).
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Figure 4.4: Lookup tables for mean simulated energy ETrue, Width, and Length as a function of

Distance and Log(Size). Shown (left) are finely binned distributions, 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 reconstructedγ-ray energy as a function of

simulated energy ETrue for zenith angles of 20◦, 30◦, and 40◦ after applying Hard cuts (selection

cuts from table 4.1. Shown (right) is the distribution of relative reconstructed energy error for

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

Scaled Parameters

Reduced scaled parameters for the Length and Width (RSL and RSW) of each image were defined

to facilitate simple selection cuts which take into accountγ-ray image shape dependencies on Size,

Distance, and zenith angle.For each event, the lookup tables are used to determine the expected

values〈Width〉Sim and〈Length〉Sim together with the RMS spreadσWidth andσLength as a function

of Distance and Size. The reduced scaled parameters (Width)is calculated as:

RSW=
Width−〈Width〉Sim

σWidth

The dependence on zenith angleΘ and telescope efficiencyµ were accounted for by linear inter-

polation betweenµ and cosΘ. An example interpolation forΘ = 25◦ is:

RSW(µ ,Θ25) = RSW(µ ,Θ20)+
cosΘ25−cosΘ20

cosΘ30−cosΘ20
· [RSW(µ ,Θ30)−RSW(µ ,Θ20)]

Figure 4.6 (top left and middle) show the distributions of RSW and RSL for simulatedγ-rays at

20◦ zenith. The distributions have a mean of∼0 with an RMS spread of∼1 σ .

Energy Reconstruction

For each event, the reconstructed energy ERec was calculated from the lookup tables by linearly

interpolating betweenµ and cosΘ in the same way as for the scaled parameters. Figure 4.5 (left)

shows the mean relative error of the reconstructed energy (ERec − ETrue) / ETrue as a function of
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4.3. γ-RAY SELECTION

simulated energy ETrue at zenith angles of 20◦, 30◦, and 40◦ after applying Hard selection cuts.

At low energies, ERec is overestimated due to events with intensity near the telescope trigger

threshold. A usable energy range above ESafe with a relative error of< 10% was determined

for each zenith angle, with ESafe = 0.5 TeV at 20◦ zenith angle. Figure 4.5 (right) shows the

distribution of relative energy errors for>0.5 TeVγ-rays atΘ = 20◦ selected with Hard cuts. The

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

4.3 γ-ray Selection

The Whipple 10 m event rate of∼20 Hz is dominated by cosmic ray air showers, resulting in a

low signal-to-noise ratio of∼10−3 for strongγ-rays sources (the Crab nebulaγ-ray detection rate

is∼0.05 Hz). In this work, efficient image parameter cuts were optimized to discriminate between

fragmented cosmic ray air showers and compactγ-ray air showers. Once image cuts are applied,

the detection significance and rate of a possible signal froma γ-ray point source is extracted by

subtracting the number of events passing cuts in a corresponding OFF field sky region from the

selected events in the source direction.

γ-ray Signal Determination

A subset of 10 hours of Crab nebula observations from 2000–2006 at∼20◦ zenith angle were

used to optimize two sets of selection cuts: Hard cuts for measuring theγ-ray flux and energy

spectrum with a high detection significance, and Loose cuts intended to limit the systematic biases

in the energy spectrum measurement of a strongγ-ray signal. The selection cuts were optimized

sequentially by first requiring image quality cuts (described below), and then by simultaneously

adjusting image shape cuts. Lastly a directional Alpha cut was applied for the point source analysis

in this work. A discussion of systematic effects of the selection cuts, particularly for weakγ-ray

sources, is discussed at the end of this section. The significance of aγ-ray signal is defined by (Li

and Ma 1983):

S=
√

2·
[

NON ·Ln

(

1+ ε
ε

NON

NON +NOFF

)

+NOFF·Ln

(

(1+ ε)
NOFF

NON+NOFF

)]1/2

The number of excessγ-ray type events Nγ = NON − ε · NOFF is calculated from the number

of events NON in the ON source centered observation passing selection cuts, and the number of

OFF field events NOFF passing cuts, scaled by the ratio of the exposure timeε = TON / TOFF.

For ON observations with no corresponding OFF observation (Tracking runs, see section 3.2.5),

ε is calculated as the ratio of background acceptances measured from the Alpha distributions of
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Figure 4.6: RSW, RSL, and Length/Size image parameter distributions with Hard cuts applied

to all other parameters. The percentage of events in each binare shown for simulatedγ-rays at

20◦ zenith angle (black lines),γ-ray type events after background subtraction (ON-OFF, brown

points), and background events in the OFF field (OFF, pink triangles). The data are from 65 hours

of Crab nebula observations from 2000–2006 (summarized in table 4.2). Hard cut values for each

parameter are represented by green dashed lines.

the ON and OFF runs. The Alpha distribution from simulatedγ-rays shows only a few events

above 25◦, so in the case of Tracking runsε was calculated from the ratio of background regions

at 25–85◦ Alpha. Theγ-ray detection rate is defined as:

Rγ =
Nγ

TON
±

√

NON + ε2 ·NOFF

TON

Image Quality Cuts

To ensure a sufficient image quality, events detected at the edge of the camera or with low intensity

are rejected. Due to the small 2.6◦ field of view camera in the Whipple 10 m, nearly all simulated

γ-ray images with Distance> 0.8◦ are partially truncated. An upper cut of Distance< 0.95◦ was

chosen to include mostγ-ray images not severely truncated, determined by the fractional intensity

of image pixels on the camera edge. The cut on low intensity images of Size> 80 pe was chosen

to reject events near the trigger threshold, since the pattern selection trigger was not implemented

in the simulations.

Image Shape Cuts

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

images from cosmic ray andγ-ray air showers. Reduced scaled Length and Width parameters
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4.3. γ-RAY SELECTION

(RSL and RSW, described in 4.2) were used to define the image shape cuts. Due to the larger

lateral extent of Cherenkov light from cosmic ray air showers than fromγ-ray initiated air showers,

the RSW and RSL parameters are efficient at separating background events fromγ-ray type events.

Figure 4.6 shows a comparison of the RSL, RSW, and Length/Size parameter distributions from

simulatedγ-rays at 20◦ zenith angle and 85% telescope efficiency with background events and

excessγ-ray type events passing all other Hard selection cuts (defined in table 4.1) from the total

2000 to 2006 Crab nebula data set in table 4.2. A reasonable agreement is shown between the

simulatedγ-ray and excess event distributions. The background discrimination power of the RSW

and RSL cuts are shown by the high percentage of OFF events with RSW 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 10 m observations, a large back-

ground remains of compactγ-ray like images produced by the Cherenkov light from muons in

cosmic ray air showers passing within a few meters of the telescope (described in section 3.3).

These events are rejected in IACT telescope arrays, which require triggers from multiple tele-

scopes for a central event trigger (Holder et al. 2006). To limit the number of selected muon

events, a Length/Size cut was developed for Whipple 10 m databased on the typically longer

Length of muon images thanγ-ray images with a similar intensity (Moriarty et al. 1997).Figure

4.6 (right) shows the the sharply peaked Length/Size distribution of background events (mainly

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

Hard and Loose Selection Cuts

For γ-ray sources of angular size consistent with the Whipple 10 mpoint spread function, the

final selection cut is on the Alpha image direction parameter. Figure 4.7 (left) shows the Alpha

distribution from selected events in the ON and OFF fields of the Crab nebula after applying Hard

cuts to all other parameters. Table 4.1 shows the full set of Hard and Loose cuts. The optimized

values were determined on the basis of the significanceσ /
√

hr andγ-ray rate from 10 hours of

randomly chosen Crab nebula observations at∼20 zenith angle. Hard cuts were optimized for a

high significance, while retaining aγ-ray detection rate of∼3 min−1. Loose cuts were chosen to

avoid systematic uncertainties in the number of selected events introduced by cutting into steeply

shaped regions of either the ON or OFF parameter distributions. The higherγ-ray rate with Loose

cuts is mainly due to removing the Length/Size cut, and to a lesser degree on the looser RSL,

RSW, and Alpha cuts at the expense of a lower significance. Forweakγ-ray sources, both sets of
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Figure 4.7: (Left) the Alpha distribution for Hard cut selected events in the ON observations (black

points) and OFF fields (pink triangles) from the total Crab nebula data set. The excess of selected

γ-ray type events is the number of ON events remaining after subtraction of OFF events at Alpha

< 15◦ (Hard cut shown by the green dashed line) scaled byε the ratio of ON and OFF exposures.

Shown (right) is the efficiency of each Hard cut as a function of energy relative to all events passing

the Size cut. Simulatedγ-rays were used at 20◦ zenith angle.

selection cuts will give lower significances than for cuts optimized for a weak signal, however by

using Hard or Loose cuts the systematic effect on flux measurements should be reduced compared

to cuts which are more tightly optimized to theγ-ray parameter distributions. In this sense, Hard

and Loose cuts are considered applicable to weak source analysis.

Figure 4.7 (right) shows theγ-ray efficiency of Hard cuts as a function of energy using simu-

latedγ-rays at 20◦ zenith. The efficiency of each parameter cut is shown relative to the number of

events selected after the Size cut was applied. The RSL and RSW are shown to be mostly inde-

pendent of energy, whereas simple upper cuts on Length and Width reject a high fraction of high

energyγ-rays with increasing mean Length and Width values, as shownin figure 4.4. The low

efficiency at high energies due to the upper Distance cut of 0.95◦ is expected since high energy

air showers with large impact parameters are mainly recorded at the camera edge. The strongly

reduced efficiency at low energies due to the Length/Size cutis apparent. A totalγ-ray detection

efficiency relative to all triggered events was estimated from simulatedγ-ray events. For Hard

cuts the total efficiency is∼42%, and for Loose cuts is∼54%. The background rejection power

of each cut was demonstrated by the total number of triggeredevents in OFF field observations

rejected by the selections cuts. Hard cuts was shown to reject 98.3% of OFF events, while Loose

cuts rejected 90.6% of OFF events.
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4.4. FLUX AND ENERGY SPECTRUM DETERMINATION

Cut Size Distance RSL RSW Alpha Len./Sizeσ /
√

hr Rγ

(pe) (deg.) (deg.) (deg./pe) (min.−1)

Hard >80 0.2 - 0.95 -2.0 - 1.6 -2.0 - 1.6 <15 <0.0011 5.26 3.12± 0.18

Loose >80 0.2 - 0.95 -2.0 - 2.0 -2.0 - 2.0 <22 – 3.56 5.51± 0.49

Table 4.1: Selection cuts based on image parameters. The listed significanceσ /
√

hr and rate Rγ of

selected events are from 10 hours of observations of the Crabnebula during 2000–2006 at∼20◦

zenith.

4.4 Flux and Energy Spectrum Determination

The flux and energy spectrum from aγ-ray source is calculated from the number of selected excess

events Nγ using the effective area of the instrument. The methods employed with the Whipple 10

m are verified in section 4.5 by comparing the measuredγ-ray flux and energy spectrum of the

Crab nebula from observations during 2000–2006. Two methods of calculating the integral flux

were applied to the Crab nebula observations. The two methods show a reasonable agreement on

month timescales for an expected constantγ-ray emission of (2.05± 0.06)· 10−11 cm−2 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 the efficiency of collecting air shower

Cherenkov photons. Simulatedγ-rays (detailed in section 3.3) were used to calculate the effective

area as a function of energy E, zenith angleΘ, and telescope efficiencyµ . The maximum distance

R◦ = 400 m of the simulated air showers from the telescope was chosen to encompass the full

impact parameter range of triggered events (0–270 m). The effective area is defined as:

Aeff(E,Θ,µ) = π ·R2
◦ ·

Ntrig.(E,Θ,µ)

Nsim.(E,Θ,µ)

The total number of simulatedγ-rays is represented by Nsim.(E,Θ,µ), and the number of detected

events passing selection cuts as Nsel.(E,Θ,µ). The effective areas were fit with an analytical func-

tion using 5 fit parameters pi , modified from (Aharonian et al. 2001b):

Aeff(E,Θ,µ) = p0 ·Ep1 · [1+(E/p2)
p3]

−1
+p4 ·E+p5 ·E2

Figure 4.8 shows the effective areas at 20◦, 30◦, and 40◦ zenith angle and 85% telescope efficiency.

Shown (left) are the effective areas as a function of simulated energy ETrue, and (right) the effective

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

function of true simulated energy ETrue, and (right) as a function of reconstructed energy ERec at

zenith angles of 20◦, 30◦, and 40◦.

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

impact parameters detected close to the camera edge. The energy threshold Eth is defined by

the peak in the differentialγ-ray detection rate dR/dE= Aeff · dN/dE. For the Crab nebula, the

measured energy spectrum from 0.45–10 TeV follows a power law with Γ = 2.64. Figure 4.9

(left) shows the differential rate expected for the Crab nebula at 20◦, 30◦, and 40◦ zenith. Figure

4.9 (right) shows the energy threshold Eth for Hard and Loose cuts as a function of zenith angle

determined from the peak in the differential rate. Shown forcomparison is the safe energy ESafe

where the relative error in the energy reconstruction is< 10%. 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 reconstruction, theenergy spectrum is measured using the

effective area as a function of reconstructed energy Aeff(ERec). The flux in energy intervals∆E is

determined by the number of excess events Nγ detected during an exposure with livetime TON. The

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

Linear interpolation in cosΘ and telescope efficiencyµ follows the method described in 4.2. The
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Figure 4.9: (Right) Differentialγ-ray rate expected for the Crab nebula at 20◦, 30◦, and 40◦ zenith.

(Left) The energy threshold Eth versus zenith angle, given by the maximum differential rate. The

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

flux in each energy bin is calculated as:

F(∆E) =
1

TON

[

∑
i=1..NON

1
A i

− ε · ∑
j=1...Noff

1
A j

]

The ε ratio defined in section 4.3 is used to scale the effective area of OFF events. The energy

bin width in Log(ERec) is set larger than the energy resolution, and is increased depending on

the γ-ray signal strength. The lowest energy bin in the spectrum is limited by ESafe, as shown

in figure 4.9, while for the highest energy bin a significance of > 2 σ and more than 10 excess

events are required. Flux points are calculated at the mean energy in the bin, calculated from

finely binned distributions of reconstructed energy ERec for the ON and OFF events. The error in

the flux is estimated using standard error propagation, and did not include the error in the effective

area calculation. A least-squares method is used to fit the flux points with a power law or curved

spectral function. It is worth noting the effective area versus true energy ETrue is independent of

the simulated spectrum, while Aeff(ERec) is sensitive to the E−2.5 simulated energy spectrum, so

an iterative process of matching the simulated spectrum to the measured spectrum is the strictly

correct method. A recent study has shown that the ratio of Aeff(ERec) from simulations with E−3.2

to E−2.0 simulated spectrum is less than 5% over the usable energy range of H.E.S.S. (Aharonian

et al. 2006d). Here, corrections to the simulated spectrum were not applied.
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4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

Integral Flux Calculation

The integral flux above a chosen energy threshold F>E◦ is estimated from the effective area and

number of excess events Nγ . Two methods of calculating the integral flux are described here, and

were used to measure the Crab nebula TeVγ-ray flux from Whipple 10 m observations during

2000–2006 (see section 4.5 below). In “method 1”, the effective area for each event is estimated

using the reconstructed energy ERec following the same procedure used for the energy spectrum

determination of F(∆E) described above. The integral flux is measured over one energy interval

F(E < E◦), where the energy threshold E◦ is at, or above ESafe (see figure 4.9). Alternatively, a

“method 2” uses all selected Nγ , and does not rely on the energy reconstruction. In this method,

the effective area as a function of simulated energy Aeff(ETrue) is used to determine the differential

rate for an assumed power law type energy spectrum with photon indexΓ (see figure 4.9). The

excess number of events Nγ is given by:

Nγ = F◦

∫ Emax

Emin

∫ TLive

0
Aeff(E,Θ(t),µ(t)) ·

(

E−Γ

1TeV

)

dtdE

Nγ is measured for each run, as described in section 4.3. Linearinterpolation in cosΘ and tele-

scope efficiencyµ yields the differential rate for each run with flux normalization F◦ set to unity.

F◦ is then estimated by Nγ and the integral of the differential rate multiplied by the total livetime

of the run TLive. The integral was taken over the energy range Emin = 0.1 TeV to Emax = 20 TeV,

using the effective areas from the analytical fit functions.The flux above a certain energy Eth is:

F>E◦ = − F◦
(1−Γ)

·E(1−Γ)
◦

The main disadvantage of this method is that a fixed photon index must be chosen. During periods

when the detection significance is less than 2 or 3σ , an upper limit on Nγ is calculated at a 99.9%

confidence level using the approach in (Helene 1983). The Helene method calculates upper limits

based on the probability of Nγ excess events having a Gaussian distribution for a set confidence

level.

4.5 Results from Crab Nebula Observations

Observations of the Crab Nebula with the Whipple 10 m during 2000–2006 are compared in this

section with recent results from HEGRA, MAGIC, and H.E.S.S.to test the Whipple 10 m analysis

methods developed in this work (Aharonian et al. 2004; Wagner et al. 2005; Aharonian et al.

2006d). The Whipple 10 m yearly and total flux and spectral shape measurements of the Crab

nebula at energies of 0.45–8 TeV agree well with past resultswithin the combined systematic and
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Observing Period TLive NRuns Θ Range 〈Θ〉 〈Rate〉
(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 17.1 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 15.0 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 during 2000–2006.

statistical errors. The systematic uncertainties were estimated by varying the analysis procedures,

and from the remaining non-statistical yearly differencesin the results. The main uncertainty was

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

Whipple 10 m Observations of the Crab Nebula

The Crab nebula was observed with the Whipple 10 m on a nearly nightly basis from October to

April during moonless periods in 2000–2006. Table 4.2 showsa summary of the Whipple 10 m

observations. A total of 142 runs were selected using the quality criteria described in section 3.2.6.

All observations were carried out in the ON/OFF mode with dedicated OFF fields. Listed in table

4.2 is the mean event rate〈Rate〉 in each data set, which is a measure of the telescope efficiency

(see figure 3.13). The zenith angleΘ of observations was restricted toΘ < 30◦.

Light Curve of the Crab Nebula

Due to the assumed constant TeVγ-ray emission from the Crab nebula, the long-term calibration

of the Whipple 10 m and consistency of the integral flux measurement methods (described above

in section 4.4) can be tested by measuring the Crab nebula integral flux over a period of many

years. Figure 4.10 shows a light curve of the Crab nebula integral flux above 1 TeV from Whipple

10 m observations during 2000–2006 using the two methods described in section 4.4. Time bins

were chosen to yield 3 nearly equal exposures in each year. A fit to a constant flux over the 6

years is shown for method 1 by a dashed line, and for method 2 bya solid line. Theχ2 per

degree of freedom (dof) in the constant fit was 1.60 and 1.43 for methods 1 and 2, respectively.

The mean integral flux F1TeV calculated by the two methods agree well within statisticalerrors
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Figure 4.10: Crab nebula light curve of the integral flux above 1 TeV during 2000–2006 measured

by two methods with the Whipple 10 m. The dashed and solid lines represent the best fits to a

constant flux for method 1 and method 2, respectively.
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Figure 4.11: Whipple 10 m energy spectrum of the Crab nebula from 2000–2006.

of (2.05± 0.06 and 2.03± 0.04)× 10−11 cm−2 s−1 for method 1 and method 2. A large RMS

spread in F1TeV 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 energyspectrum of the Crab nebula.

Table 4.3 shows results from a power law fit to the energy spectrum for different data sets. Listed

are the significanceσ and number of excess events Nγ in each data set. A reasonable agreement
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Figure 4.12: (Left) Total 2000–2006 measurement of the Crabnebula energy spectrum compared

to past measurements by HEGRA, H.E.S.S., MAGIC, and the Whipple 10 m. (Right) Contour

plot of the 68%, 95%, and 99.9% confidence intervals from theχ2 fit to a power law for the total

2000–2006 data set using Hard cuts (black solid lines) and Loose cuts (red dashed lines). The best

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

in the measured photon indexΓ and flux normalization F1TeV is shown between data sets within

statistical errors. The RMS spread inΓ between the data sets is 0.06, with a mean statistical error

of 0.11 from each data set. The integral flux F>1TeV was calculated from the individual power law

model fits. The RMS spread in the integral flux from year to yearwas 12%. Figure 4.11 shows

the Whipple 10 m energy spectrum of the Crab nebula for all 6 yearly data sets. The flux points

were rebinned according to the significance in the data set. Atotal TeVγ-ray Crab nebula energy

spectrum from observations 2000–2006 was measured with both set of selection cuts. Using Hard

cuts, the best fit model was a power law over the energy range 0.49–8 TeV with:

dN
dE

= (3.19±0.07) ·
(

E
1TeV

)−2.64±0.03

×10−11cm−2 s−1TeV−1

Figure 4.12 (left) shows the total energy spectrum of the Crab nebula compared to past mea-

surements with the Whipple 10 m in 1994–1995, HEGRA in 1997–2002, MAGIC in 2005, and

H.E.S.S. in 2003–2005 (Mohanty et al. 1998; Aharonian et al.2004; Wagner et al. 2005; Aharo-

nian et al. 2006d). Due to the low energy threshold of MAGIC and high photon statistics in the

HEGRA measurements, the combined Crab nebula energy spectrum from recent IACT observa-

tions covers a large energy range of 0.13–75 TeV. Figure 4.12(right) shows a contour plot derived
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4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

Data Set Cut σ σ /
√

hr Nγ F◦ Γ F>1TeV χ2
r

(Year) (f.u.)a (f.u.)b

’00-’01 Hard 19.4 5.32 2426 3.38± 0.19 2.57± 0.10 2.15± 0.15 0.32

Loose 10.4 2.86 3685 3.35± 0.27 2.59± 0.12 2.11± 0.20 0.64

’01-’02 Hard 30.3 6.19 4445 3.10± 0.11 2.54± 0.06 2.01± 0.09 0.91

Loose 17.1 3.49 7394 3.13± 0.17 2.52± 0.08 2.06± 0.13 1.51

’02-’03 Hard 19.9 6.91 1022 2.75± 0.16 2.66± 0.11 1.66± 0.12 1.03

Loose 11.5 4.00 1774 2.98± 0.22 2.64± 0.14 1.82± 0.17 0.27

’03-’04 Hard 12.3 5.21 1076 3.75± 0.29 2.45± 0.10 2.59± 0.23 0.47

Loose 9.7 4.13 2104 3.89± 0.36 2.61± 0.14 2.42± 0.26 0.22

’04-’05 Hard 13.0 5.54 1101 2.90± 0.26 2.68± 0.19 1.73± 0.20 0.75

Loose 8.2 3.50 1657 3.13± 0.35 2.68± 0.24 1.87± 0.27 0.36

’05-’06 Hard 15.6 5.28 1769 3.58± 0.25 2.60± 0.12 2.24± 0.19 0.85

Loose 11.3 3.80 3084 3.50± 0.33 2.65± 0.14 2.12± 0.23 0.83

Total Hard 45.6 5.64 11886 3.19± 0.07 2.64± 0.03 1.95± 0.05 1.75

Loose 28.0 3.48 19887 3.31± 0.10 2.62± 0.04 2.04± 0.07 0.48

Table 4.3: Energy spectrum of the Crab nebula with the Whipple 10 m from 2000–2006. Note:

(a) The power law flux normalization F◦ is in flux units f.u. of 10−11 cm−2 s−1 TeV−1. (b) the

integral flux F>1TeV is in 10−11 cm−2 s−1.

from theχ2 fit errors in flux normalization F◦(1 TeV) and photon indexΓ for the total Whipple 10

m 2000–2006 energy spectrum using Hard and Loose selection cuts. The best fit values are shown

to agree at the 2σ level.

Systematic Uncertainties

Contributing factors are estimated here for the systematicuncertainties in the absolute flux level

(flux normalization F◦) and photon indexΓ for power law fits to the reconstruced energy spectrum.

The uncertainty in F◦ is expected to be dominated by 4 factors: conversion of pixelintensities to

photoelectrons, variations in the atmospheric condition,binning of the energy spectrum, and the

applied selection cuts. As discussed in section 3.3.1, calibration of the pixel intensities relied on

the time dependent telescope efficiency derived from muon events relative to a single measure-

ment of the camera gain in late 2000. To estimate the uncertainty in F◦, the Crab nebula energy

spectrum was measured using a telescope efficiency varying up to 10% from the nominal value.
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4.5. RESULTS FROM CRAB NEBULA OBSERVATIONS

A ∼22% variation in F◦ was found due to pixel intensity calibration alone. The effect on the

absolute measured flux caused by varying atmospheric conditions relative to the simulated US74

atmospheric model (see section 3.3.2) was not tested here, but is estimated at∼15% based on

the 10% effect determined for H.E.S.S. observations (Aharonian et al. 2006d). Rebinning the

energy spectrum lead to a∼5% range in F◦. The systematic error due to selection cuts was es-

timated at 12% by the RMS spread in the integral flux between the yearly data sets using Hard

and Loose cuts. Adding these 4 contributing factors in quadrature gives a conservative estimate of

30% uncertainty in absolute flux level.

Systematic uncertainties in the photon indexΓ were estimated from the measured variations

from the year to year data sets on the Crab nebula using the twoset selection cuts, and from

rebinning the energy spectrum. The RMS spread inΓ was 0.06 between the year data sets, as

discussed above. Rebinning the energy spectrum resulted ina maximum deviation inΓ of 0.14.

Adding these contributions in quadrature gives a systematic error onΓ 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 on Mrk 421, Mrk 501, and H1426+428

from 2000 to 2006, with a total exposure of over 600 hours. Results from month timescaleRXTE

ASM X-ray rate and Whipple 10 m TeVγ-ray flux and energy spectrum measurements of TeV

blazars are used to investigate the long-term duty cycle of each source. Section 5.1 describes

the 2000–2006 Whipple 10 m data set on each source. Results from Mrk 421 observations are

presented in section 5.2, with strong variability detectedby the Whipple 10 m in both the integral

flux above 0.6 TeV and spectral shape. Evidence is shown of a general shift to a harder spectrum

with increasing flux in the 0.5–6 TeV energy band. The spectrum is well described by a power law

with exponential cutoff at Ec = 3.5 TeV over a wide range of observed flux states. Variations were

seen in the photon index between monthly observing periods at a similar flux state over the 6 year

data set. Contemporaneous observations of Mrk 421 in February 2001 with HEGRA show a good

agreement in the measured high state TeVγ-ray energy spectrum, however the HEGRA low flux

energy spectrum is softer than that observed by Whipple 10 m at a slightly higher flux level. On

month timescales, a potential correlation (with large spread) was shown between the simultaneous

RXTEASM rate and Whipple integral flux measurements. The Whipple10 m monthly exposures

recorded a large dynamic range in integral flux F>0.6TeV of 13–498% the flux level of the Crab

nebula. Sections 5.3 and 5.4 present results from month timescale observations of Mrk 501 and

H1426+428 during 2001 to 2006. The long-term TeVγ-ray flux of both sources was shown to

remain near the Whipple 10 m detection limit. The intrinsic TeV γ-ray energy spectrum of each

of the three blazars was estimated by correcting for absorption caused 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+428 during 2000–2006 offer the

highest coverage on TeV blazars over this long period of any IACT telescope system. Section

5.1.1 specifies the data quality criteria and data reductionmethods applied to all Whipple 10 m

observations of TeV blazars in this work, with references todetailed descriptions in chapters 3 and

4. A summary is provided of the yearly data sets passing quality cuts for each source: Mrk 421

(section 5.1.2), Mrk 501 (section 5.1.3), and H1426+428 (5.1.4).

5.1.1 Data Selection

All observations of the three blazars were conducted in either 28 min. or 10 min. runs centered

on the source. Data quality selection followed the methods described in section 3.2.6. Only

runs with an RMS spread in the event rate< 1.5 Hz during “A” or “B” weather conditions were

selected. An additional requirement was a mean zenith angle< 30◦ for each run. Since 83% of

the selected Mrk 421, Mrk 501, and H1426+428 runs were taken without a corresponding OFF

field run (of equivalent declination, offset by 30 min.), a large sample of OFF runs were selected

for background determination using the same data quality criteria. The OFF data were taken from

October 2000 to May 2006 for a total of 458.3 hours. The matching procedure in section 3.2.6

was used to select the best OFF run for each ON source run. Nearly all matched 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 numberof background events were

scaled to the source observations both by the exposure, and by acceptance (see section 4.3). Data

reduction followed the methods described in chapter 4. Cherenkov images were calibrated and

processed with the “Granite” package (see section 4.1). At this stage, Gaussian noise was added

to equalize differences in the night sky background betweenthe source and OFF runs. The energy

and reduced scaled image parameters were reconstructed foreach image using lookup tables for

the expected value as a function of Log(Size) and Distance from simulatedγ-rays, as detailed in

section 4.2. Hard image parameter cuts were applied to all data (see section 4.3).

5.1.2 Mrk 421 Observations

In 1992, Mrk 421 was first detected in the TeVγ-ray energy band by the Whipple 10 m (Punch et

al. 1992). During the 2000–2006 period, Mrk 421 was observedbetween Nov. to May on most

moonless nights to monitor for TeVγ-ray flux variability. Table 5.1 lists the observing periodsand

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

Observing Period TLive NRuns Θ Range 〈Θ〉 〈Rate〉
(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 15.5 22.4

Table 5.1: Whipple 10 m observations of Mrk 421 from 2000–2006. Listed for each yearly ob-

serving period are the livetime exposure TLive in hours, number of observation runs NRuns, mean

zenith angle〈Θ〉 in degrees, and mean event rate〈Rate〉 in Hz for all data passing quality selection.

periods typically start in October and end in June the following year. The number of ON source

runs and exposure in each observing period was determined mostly by varying weather conditions,

and to a lesser degree by runs rejected due to high zenith angle observations. The largest exposures

were due to recorded increases in the TeV flux level, triggering a number of successful “target of

opportunity” ToO multiwavelength campaigns withRXTEPCA (results in section 6.3), in addition

to radio and optical telescopes, over periods ranging from afew days to 5 months. The total

Whipple 10 m exposure on Mrk 421 of good quality data from November 2000 to May 2006 is

290.3 hours.

5.1.3 Mrk 501 Observations

Mrk 501 was the second TeV blazar discovered at TeV energies by the Whipple 10 m in 1996

(Quinn et al. 1996). The yearly observing periods on Mrk 501 with the Whipple 10 m begin

mostly in February and end in June. Table 5.2 lists the Whipple 10 m observations of Mrk 501

during 2001–2006 presented in this work. The exposures in each obsering period range from 6.2

to 19.6 hours, with a mean of 14.4 hours. The mean zenith angle〈Θ〉 of all selected observations

was 16.6◦. From 2001–2006, one multiwavelength campaign for jointRXTEPCA observations of

Mrk 501 was triggered due to a moderate rise in the TeVγ-ray 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 TLive NRuns Θ Range 〈Θ〉 〈Rate〉
(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 14.7 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 2001–2006. Listed for each yearly ob-

serving period are the livetime exposure TLive in hours, number of observation runs NRuns, mean

zenith angle〈Θ〉 in degrees, and mean event rate〈Rate〉 in Hz for all data passing quality selection.

Observing Period TLive NRuns Θ Range 〈Θ〉 〈Rate〉
(Month/Year) (hr) (deg.) (deg.) (Hz)

02/2001 - 06/2001 32.7 73 11 - 30 18.0 26.9

01/2002 - 07/2002 92.9 203 11 - 30 16.5 24.5

01/2003 - 06/2003 28.6 62 11 - 29 17.6 15.4

01/2004 - 06/2004 32.7 71 9 - 28 16.5 19.3

01/2005 - 06/2005 16.1 35 11 - 28 18.2 17.2

01/2006 - 05/2006 33.6 73 11 - 29 17.5 19.8

Total 236.6 517 9 - 30 17.1 21.8

Table 5.3: Whipple 10 m observations of H1426+428 from 2001–2006. Listed for each yearly

observing period are the livetime exposure TLive in hours, number of observation runs NRuns,

mean zenith angle〈Θ〉 in degrees, and mean event rate〈Rate〉 in Hz for all data passing quality

selection.
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5.2. MONTH TIMESCALE TEV γ-RAY VARIABILITY IN MRK 421
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Figure 5.1: Alpha orientation parameter distributions after applying all other Hard cuts for ON

observations of Mrk 421 (black points) and scaled OFF field observations (pink triangles, see

section 3.2.6 for OFF run selection). The Hard cut of Alpha< 15◦ is represented by the green

dashed line. Shown (left) is the Alpha distribution during ahigh TeV flux state in March 2001,

with a 31.4 hour exposure resulting in a detection significance of 91.4σ . (Right) is shown the

Alpha distribution during a low to medium flux state in April 2003.

5.1.4 H1426+428 Observations

The discovery of TeVγ-ray emission from H1426+428 with a significance>5 σ by the Whipple

10 m in 2001 is reanalyzed in this work, along with further Whipple 10 m observations up to

2006 (Horan et al. 2002). Table 5.3 lists the Whipple 10 m observing periods on H1426+428,

which typically cover January to June of each year. The largeexposure of 92.9 hours in 2002 with

203 selected runs resulted from a long-term 3 month joint observing campaign withRXTEPCA,

presented in section 6.3.

5.2 Month Timescale TeVγ-ray Variability in Mrk 421

The large sample of Mrk 421 observations with the Whipple 10 m(summarized in section 5.1.2)

were binned by time into∼20 day periods separated by∼10 days, dictated by the observing

requirement of moonless nights. Gamma-ray events were selected using Hard cuts. A totalγ-ray

signal > 3 σ was recorded for nearly all “monthly” observing periods, ranging from 2.5σ to

91.4σ . Figure 5.1 (left) shows the total Alpha image orientation parameter distribution of Hard

cut selected events from Mrk 421 observations during March 2001. The strong 91.4σ signal

yielded an excess of Nγ = 15716.5 selectedγ-ray events in the source direction (at Alpha< 15◦)

above the estimated background from matched OFF field observations. The exceptionally bright
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Figure 5.2: Long-term X-ray and TeVγ-ray light curve of Mrk 421 during 2000-2006. The top

panel shows the meanRXTEASM 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 Whipple10 m integral flux F>0.6TeV in

∼20 day bins. For reference, the Whipple 10 m Crab nebula flux level is represented by the blue

dashed line, with the 30% systematic uncertainty in the flux shown by the green line (see section

4.5). Shown in the bottom panel is the photon indexα from a power law with fixed exponential

cutoff energy Ec = 3.5 TeV model fit to the energy spectrum over the energy range 0.5–6 TeV (see

section 5.3.2).

long-termγ-ray flaring state of Mrk 421 from January to May 2001 is described below in detail in

sections 5.2.1 and 5.3.2. For comparison, figure 5.1 shows the Alpha distribution from 10.8 hours

of observations in April 2003, representing a relatively low to mediumγ-ray flux state. The>10

σ total signal strength and high number of excessγ-ray type events (Nγ = ∼600–9000) measured

by the Whipple 10 m for a high fraction of the monthly periods allows for a detailed study of

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

A long-term TeVγ-ray light curve of Mrk 421 was constructed from integral fluxmeasurements

above 0.6 TeV with the Whipple 10 m. As described in section 4.4, the integral flux determination

used a “method 1” of looking up the effective area on an event by event basis for all TeV blazar

light curve calculations in this work. This method requiresan energy threshold at (or above) ESafe,

where the relative error in energy reconstruction is less than 10%. 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 spectral shape, which is important when

measuring the integral flux in sources with expected spectral variability as a function of flux, such

as Mrk 421. The estimated systematic uncertainty in the flux measurements is 30%, as determined

in section 4.4. To study the long-term flux variability at both X-ray and TeV energies, the complete

reducedRXTEASM light curve of Mrk 421 during 2000–2006 was taken from (RXTEASM Data

Products).

Figure 5.2 shows the X-ray and TeVγ-ray light curve of Mrk 421 measured byRXTEASM

and the Whipple 10 m in∼20 day bins during 2000–2006. The integral flux above 0.6 TeV flared

dramatically by a factor> 9 beginning in December 2000 from (2.44± 0.67) · 10−11 cm−2 s−1

(54% of the Crab nebula flux) in December 2000 to a peak flux F>0.6TeV = (22.3± 0.77)· 10−11

cm−2 s−1 in late February 2001 (a factor of 4.96± 0.17 brighter than the Crab nebula flux). The

large month timescale flare was well resolved by the Whipple 10 m, with the TeV integral flux

observed to return in May 2001 to the low flux state recorded inlate 2000. The monthlyRXTE

ASM rate during the 2001γ-ray flare also showed strong flaring, with a factor of∼10 increase in

X-ray flux. Section 5.2.2 investigates a possible correlation between the X-ray andγ-ray fluxes,

while section 6.3 presents the day timescale X-ray and TeVγ-ray flux variability seen during the

2001 flaring episode with a high coverage ofRXTEPCA and Whipple 10 observations.

From the 6 year light curve of Mrk 421, large amplitude TeVγ-ray flaring was observed during

January to April in both 2004 and 2006. The long-term TeVγ-ray integral flux in February to April

2004 rose steadily over 3 months from a factor of 0.72± 0.06 to 3.05± 0.04 of the integral flux

from the Crab nebula. The large relative increase inRXTEASM rate by a factor of 2.96 during this

period presents a strong case for correlated long-term X-ray and TeVγ-ray emission in Mrk 421.

Section 5.2.2 below discusses the possible correlation between the long-term X-ray and TeVγ-ray

flux variability observed in Mrk 421. The bottom panel in the light curve of figure 5.2 shows the

photon indexα over the energy range 0.5–6 TeV from a power law with fixed exponential cutoff

energy Ec = 3.5 TeV model fit to the Whipple 10 m energy spectrum of Mrk 421 during observing

periods when a detection significance of greater than 10σ was recorded. Section 5.3.2 describes
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Figure 5.3: Correlation plots of Mrk 421. Shown (left) is theWhipple 10 m integral flux F>0.6TeV

versusRXTEASM (1.5–12 keV) rate from simultaneous∼20 day time bins. Linear (black line)

and quadratic (red dashed line) functions were fit to the data. Shown (right) is the TeVγ-ray photon

index α versus integral flux F>0.6TeV, with α derived from a power law with fixed exponential

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

in detail the Whipple 10 m long-term energy spectrum resultson Mrk 421.

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

To investigate a possible correlation of theRXTEASM rate and Whipple 10 m integral flux in the

long-term light curve of Mrk 421 (shown in figure 5.2), a strictly simultaneousRXTEASM light

curve was constructed for data taken during the Whipple 10 m observing periods. The weighted

mean of the dailyRXTEASM rates was calculated in each time bin. The estimated 5% systematic

error in theRXTEASM rate was not taken into account (Levine et al. 1996). Figure 5.3 (left) shows

the Whipple 10 m integral flux F>0.6TeV versus theRXTEASM (1.5–12 keV) rate. Evidence is

shown for a trend of higher X-ray flux during high TeVγ-ray flux levels on month timescales. To

test for a linear relationship, the Pearson correlation coefficient r was calculated as:

r =
∑i=1(F

γ
i −Fγ)(FX

i −FX)
√

∑i=1(F
γ
i −Fγ)2

√

∑i=1(F
X
i −FX)2

with simultaneousγ-ray and X-ray flux pairsFγ
i and FX

i , and mean valuesFγ and FX . For a

perfect linear correlationr = 1, while for a non-correlationr = 0. From the total Mrk 421 data set

in figure 5.3, a weak correlation coefficient ofr = 0.22 was calculated. The large spread results

in a poor fit to a linear function ofχ2
r = 19. Under the Synchrotron Self-Compton (SSC) model,
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a quadratic relationship is expected for the flux at GeV–TeV energies to the electron density (with

a linear dependence at X-ray energies), as described in section 1.2. Hence, a quadratic function

FX
i ∝ (Fγ

i )2 was also fit to the data, resulting in a poorχ2
r = 24. Shown (right) in figure 5.3 is the

TeV γ-ray photon indexα derived from power law with fixed exponential cutoff energy Ec = 3.5

TeV model fits (see section 5.3.2) versus the integral flux F>0.6TeV. A general trend is shown of a

harder TeVγ-ray spectrum with increasing TeVγ-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 recorded by the Whipple 10 m

on month timescales over a large range in integral flux states. Energy spectrum determination

followed the method described in section 4.4, and was calculated for each monthly Whipple 10 m

observing period with a detection significance of> 10 σ . The energy bins were set larger than

the 31% relative energy resolution of the Whipple 10 m, with a> 2 σ detection required in the

highest energy bin. A power law model (PL) was fit to each energy spectrum. Since curvature is

expected in the Mrk 421 spectrum above 1 TeV based on previousIACT telescope measurements,

a power law with exponential cutoff model (PLC) was also fit tothe energy spectrum (Aharonian

et al. 2002c; Krennrich et al. 2002; Aharonian et al. 2005b).The PLC model follows the form:

dN
dE

= F◦ ·
(

E
1TeV

)−Γ
·exp

(

− E
Ec

)

The position of the cutoff energy Ec is highly correlated to the photon indexα , so typically past

analyses of the Mrk 421 TeVγ-ray energy spectrum have tested for spectral curvature on atime

averaged spectrum taken from observations during a long-term high flux state with high photon

statistics (Aharonian et al. 2002c; Aharonian et al. 2005b). A similar approach was adopted

here by measuring the Mrk 421 energy spectrum with Whipple 10m observations from January

to March 2001. The total exposure of 58.9 hours yielded a highnumber of excess events Nγ =

28180.9 at a significance of 113σ . A power law fit to the spectrum over an energy range of 0.5

to 6 TeV resulted in a poorχ2
r of 7.26, while a fit to the power law with expontential cutoff model

gave an acceptableχ2
r of 1.17. The cutoff energy Ec was measured at 3.11± 0.6stat TeV, which

is within the systematic and statistical errors of the cutoff energy measured by HEGRA of Ec

= 3.6± 0.4stat ± 0.9syst from contemporaneous data taken during November 2000 to May2001

(Aharonian et al. 2002c).

For the monthly Whipple 10 m energy spectra, the PLC model with fixed cutoff energy Ec

= 3.5 TeV was chosen (along with a simple power law model) to test for spectral variability in

the photon index. Figure 5.4 shows the measured TeVγ-ray energy spectrum of Mrk 421 on
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Figure 5.4: TeVγ-ray energy spectrum of Mrk 421 from Whipple 10 m observations during

“monthly” observing periods from November 2000 to May 2006.The best fit function from a

power law with fixed exponential cutoff Ec = 3.5 TeV model (PLC) is shown for each spectrum.

Table 5.4 lists the fit parameters andχ2
r from either a power law or PLC model fit to the monthly

energy spectra.

approximately monthly timescales during November 2000 to May 2006. Table 5.4 lists the best fit

parameter andχ2
r values from model fits to a power law, or PLC model with fixed Ec = 3.5 TeV.

For nearly all observation periods, the PLC model yielded a lowerχ2
r than a power law, confirming

the spectral curvature shown in figure 5.4. During the large December 2000 to May 2001 flare, the

TeV γ-ray spectrum hardened from a PLC photon indexα = 2.54± 0.19 at the onset of the flare

to α = 2.00± 0.06 at the peak flux state in late February 2001. Theγ-ray energy spectrum then

softened during the decay of the flare event, as shown in the bottom panel of the long-term light
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Figure 5.5: (Left) The TeVγ-ray energy spectrum of Mrk 421 measured during 3 observing peri-

ods in 2001 by the Whipple 10 m, and in 3 flux levels from HEGRA observations during 1999–

2001 (Aharonian et al. 2002c). Shown (right) are the same energy spectra 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 evident (clearly shown in the top left of figure

5.4) provides evidence for a shift in the spectral energy distribution (SED) to higher energies in the

GeV to TeV band during the peak of long-term flare. For smallerlong-term flaring events (shown

in figure 5.2), no clear correlation is shown between the TeVγ-ray flux and spectral shape. It is

important to note here that the measured TeVγ-ray energy spectrum of Mrk 421 is expected to

have a lower absolute flux and softer spectrum than the intrinsic source photon spectrum due to

absorption by the extragalactic background light (EBL), asshown below.

5.2.4 Absorption Corrected TeV Energy Spectrum of Mrk 421 during 1999–2001

As described in section 1.2, theγ-ray energy spectrum emitted by TeV blazars is partially absorbed

due to photon-photon collisions with the extragalactic background light (EBL). The optical depth

τ(E,z) for pair production in interactions with the EBL was derived in this work from the “Low-

SFR” model in (Kneiske et al. 2004). The “Low-SFR” model was chosen as an approximate

representation of the EBL spectral energy distribution (SED) based on recent limits to the EBL

(Aharonian et al. 2006b; Dole et al. 2006). Figure 5.5 (left)shows the measured TeVγ-ray

energy spectrum of Mrk 421 during low, medium, and high flux states in 2001 from Whipple 10 m

observations. Also shown are HEGRA measurements taken froma large sample of observations
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Obs. Period TLive F◦(PL) Γ χ2
r F◦(PLC) α χ2

r

(Mon./Year) (hr) (f.u.)a (f.u.)a

11–12/’00 6.2 2.55± 0.24 2.91± 0.18 0.78 3.55± 0.33 2.55± 0.19 0.67

01/2001 24.8 7.92± 0.14 2.77± 0.03 7.26 11.12± 0.19 2.30± 0.03 0.94

02/2001 2.7 15.38± 0.51 2.45± 0.05 2.75 21.45± 0.71 2.00± 0.06 0.46

03/2001 31.4 9.54± 0.12 2.58± 0.02 14.24 13.31± 0.17 2.14± 0.02 1.03

04/2001 6.0 4.54± 0.22 2.81± 0.10 0.31 6.27± 0.31 2.45± 0.10 0.05

01–05/’02 28.5 1.07± 0.07 2.78± 0.13 2.58 1.51± 0.10 2.38± 0.14 0.78

12/2002 7.4 1.60± 0.14 2.95± 0.21 0.77 2.20± 0.19 2.59± 0.02 0.65

01/2003 9.9 3.92± 0.15 2.72± 0.08 4.65 5.44± 0.21 2.36± 0.08 2.81

02/2003 3.3 3.53± 0.26 2.82± 0.15 1.62 4.88± 0.36 2.45± 0.16 1.61

03/2003 7.7 1.84± 0.16 2.78± 0.23 0.76 2.51± 0.21 2.45± 0.24 0.83

04/2003 10.8 0.99± 0.12 2.97± 0.32 0.14 1.35± 0.16 2.69± 0.32 0.11

01/2004 4.6 3.54± 0.29 2.98± 0.18 0.19 4.87± 0.40 2.64± 0.19 0.20

03/2004 14.4 4.62± 0.15 3.08± 0.07 3.76 6.37± 0.20 2.70± 0.07 2.48

04/2004 19.8 9.57± 0.14 2.60± 0.03 6.10 13.3± 0.19 2.18± 0.03 0.58

12/2004 6.5 6.34± 0.26 2.52± 0.07 1.68 3.73± 0.27 2.10± 0.08 0.97

04–05/’05 9.7 2.04± 0.16 2.80± 0.17 0.25 2.80± 0.22 2.46± 0.18 0.42

11–12/’05 5.7 4.16± 0.27 2.90± 0.12 0.83 5.78± 0.38 2.51± 0.13 0.47

01/2006 15.7 5.20± 0.19 2.61± 0.05 3.14 7.20± 0.27 2.25± 0.06 2.12

02/2006 12.9 7.19± 0.18 2.58± 0.04 1.72 10.02± 0.26 2.14± 0.05 0.95

03/2006 17.2 1.87± 0.15 2.71± 0.15 4.98 2.54± 0.19 2.28± 0.15 2.9

04–05/’06 21.7 3.60± 0.11 2.68± 0.06 2.21 4.95± 0.15 2.27± 0.06 0.41

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

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

by the Whipple 10 m. For all PLC model fits, the cutoff energy was fixed at Ec = 3.5 TeV. The

power law photon indexΓ is listed, with the PLC model photon index referred to byα . Note: (a)

The flux normalization values at 1 TeV for the two models F◦(PL) and F◦(PLC) are listed in flux

units (f.u.) of 10−11 cm−2 s−1.
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during 1999–2001 (Aharonian et al. 2002c). The observed Whipple 10 m and HEGRA high flux

state energy spectrum agree well over the shared energy range of ∼0.8–5 TeV. A best fit to the

Whipple 10 m high flux state energy spectrum in February 2001 using a power law with fixed

exponential cutoff energy at Ec = 3.5 TeV resulted in photon indexα = 2.00± 0.06. For the

HEGRA observed high state energy spectrum, a photon indexα = 2.06± 0.03 was found from a

power law model with fixed expontential cutoff energy at Ec = 3.6 TeV. Figure 5.5 (right) shows

the estimated intrinsic TeVγ-ray spectra of Mrk 421. For the high flux spectrum, a possiblepeak

in the SED is indicated near the lower energy range of the Whipple 10 m, but the exact location

is difficult to determine due to large uncertainties in the level of EBL absorption and the relatively

small energy range of the Whipple 10 m. The high flux spectrum shows strong signs of curvature,

with a poorχ2
r of 3.02 for a power law fit. A symmetrically curved log-parabolic model of the

form:
dN
dE

= F◦ ·
(

E
1TeV

)−(a+b·Log(E/1TeV))

was fit to the intrinsic spectrum, yielding aχ2
r of 0.27. The peak in the log-parabolic model is

calculated by Ep = (1 TeV) cot 10(2−a)/(2ḃ, giving an estimate of Ep = 0.94± 0.12 TeV. The

result is shown to be roughly consistent within the large range of Ep ≃ 0.73–2 TeV previously

calculated for the high flux TeVγ-ray spectrum of Mrk 421 from Whipple 10 m and HEGRA

observations over a wide range of EBL levels (Dwek and Krennrich 2005a).

5.3 Results from Long-term Observations of Mrk 501

Results are presented from a total of 86.4 hours of Whipple 10m observations on Mrk 501 during

2001–2006. Following the same methodology as with Mrk 421, observation periods of∼20 days

were analyzed using Hardγ-ray selection cuts. For the majority of the “monthly” observing pe-

riods the detection significance was below 3σ , with a strong detection above 5σ determined in

only four∼20 day periods. Figure 5.6 (left) shows the Alpha orientation parameter distribution of

Mrk 501 during April 2004 over a total exposure of 2.9 hours. Shown on the (right) in figure 5.6

is the stongest monthly detection of Mrk 501 in June 2005 at a significance of 8σ from 4.8 hours

of observations. The number of recordedγ-ray like excess events Nγ = 311.2 in the June 2005

data set is shown by the difference of the number of events in the ON and OFF field observations

with Alpha < 15◦. The total number of excess events from the 86.4 hours of observations during

2001–2006 was Nγ = 2300.2, at a significance of 11.9σ . From the total of 231 observation runs

(each of 10 or 28 min. duration), a maximum significance of 4.41 σ was recorded on 15 June

2005, suggesting that no strong flaring event (on either day or month timescales) was recorded by
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Figure 5.6: Alpha distribution of Mrk 501 ON field observations (black points) and scaled OFF

runs (pink triangles) using Hard cuts. Shown (left) is the Alpha distribution for a 2.9 hour exposure

of selected data during April 2004, and (right) is shown the Alpha distribution during June 2005

with a detection significance of 8σ .

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

period is shown below.

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

The integral flux above 0.6 TeV was calculated for each monthly observing period with the Whip-

ple 10 m following a “method 1” described in sections 4.4 and 5.2.1. Due to the low overall

detection rate, upper limits at the 99.9% confidence level were calculated on the integral flux

F>0.6TeV for observing period with a< 3 σ detection level using the Helene method (see section

4.4). In addition to the long-term TeV light curve, the long-term X-ray flux levels during 2001–

2006 were calculated from the reduced dailyRXTEASM rates in the 1.5–12 keV energy band, as

obtained from (RXTEASM Data Products). Figure 5.7 shows the X-ray and TeVγ-ray light curve

of Mrk 501 measured byRXTEASM and the Whipple 10 m from 2001 to 2006. The integral

flux F>0.6TeV was shown to remained the flux level of the Crab nebula, with a mean of F>0.6TeV =

(1.21± 0.10)· 10−11 cm−2 s−1, corresponding to 27% of the Crab nebula flux. In addition to the

monthly Whipple 10 m integral fluxes, yearly mean values of F>0.6TeV were calculated, showing

evidence of long-term TeV flux stability. Recently, the MAGIC collaboration published results of

two large TeVγ-ray flaring events in Mrk 501 during 30 June and 9 July 2005, with a recorded

integral flux in the energy range of 0.15–10 TeV at a factor of 3.48± 0.10 and 3.12± 0.12 the

flux of the Crab nebula, respectively (Albert el al. 2007a). The two flaring events occured after
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Figure 5.7: Long-term X-ray and TeVγ-ray light curve of Mrk 501 from 2001 to 2006. Shown in

the top panel is the meanRXTEASM rate in 20 day time bins. Whipple 10 m integral flux F>0.6TeV

levels are shown on the bottom panel in∼20 day bins (black circles), and in “yearly” bins (brown

squares). For Whipple 10 m observing periods with a detection significance< 3 σ , upper limits at

a 99.9% confidence level were calculated for the integral flux, shown by empty cicles for monthly

exposures, or by empty squares for yearly integrations. As areference, the Whipple 10 m observed

Crab nebula flux level above 0.6 TeV is shown by the blue dashedline, with the 30% systematic

uncertainty in the flux shown by the green line (see section 4.5).

the Whipple 10 observing period ended (14 June 2005), but contemporaneous observations during

early June 2005 show a reasonable agreement in a relative fluxlevel of ∼20–50% of the Crab

nebula flux above the energy thresholds of the Whipple 10 m andMAGIC at 0.6 TeV and 0.15

TeV. A comparison of the light curve in figure 5.7 to long-termobservations by the Whipple 10 m,

HEGRA, and CAT during 1997–2000 show a consistent “baseline” of TeV γ-ray flux at∼20–30%

of the Crab nebula flux, with the exception of a long-term elevated flux state in April to July 1997

(Albert el al. 2007a). The 1997 flaring state is discussed in section 1.1. In the following section,

the TeVγ-ray energy spectrum of Mrk 501 is presented from Whipple 10 mobservations in June

2005 when the source was in a low to medium flux state.
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Figure 5.8: (Left) The TeVγ-ray energy spectrum of Mrk 501 measured by the Whipple 10 m in

June 2005. The time averaged spectra from MAGIC observations at 3 flux levels during May to

July 2005 are shown in aqua, in addition to HEGRA observations during at flux state in Apr. to

May 1997, and at a low flux state in Apr. 1998 to Jun. 1999 (Aharonian et al. 2001a; Albert el

al. 2007a). Shown on the (right) are the same energy spectra corrected 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 0.5–3 TeVwas reconstructed from 4.78

hours of observations with the Whipple 10 m in June 2005. Figure 5.8 (left) shows the measured

Whipple 10 m energy spectrum of Mrk 501. A power law fit the energy spectrum resulted in aχ2
r

of 0.96. The energy spectrum follows the form:

dN
dE

= (1.18±0.15) ·
(

E
1TeV

)−2.44±0.24

×10−11cm−2 s−1TeV−1

Also shown in figure 5.8 is the 0.1–4.8 TeV energy spectra of Mrk 501 at 3 flux levels from

MAGIC observations between May and July 2005 (Albert el al. 2007a). A power law photon

index ofΓ = 2.45± 0.07 was measured for the MAGIC low flux energy spectrum, which agrees

well within errors to the Whipple 10 m result over the same observing period at approximately

the same flux level. For reference, the time averaged energy spectra measured by HEGRA are

shown in figure 5.8 from observations in Apr. to May 1997 and Apr. 1998 to Jun. 1999 over an

energy range of 0.5–24 TeV (Aharonian et al. 2001a). The HEGRA measured power law photon

index ofΓ = 2.76± 0.08 in 1998–1999 is softer than either the Whipple 10 m or MAGIC energy
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Figure 5.9: Alpha distribution of H1426+428 ON field observations (black points) and scaled OFF

runs (pink triangles) using Hard cuts. Shown (left) is the Alpha distribution during March 2001,

when the source was discovered at TeV energies by the Whipple10 m at a significance> 5 σ

(Horan et al. 2002). (Right) is shown the Alpha distributionduring April to May 2002 indicating

a possible detection at the 4.1σ level with Hard cuts over an exposure of 41.9 hours.

spectrum, however the HEGRA observations include data at lower flux levels than in 2005. Figure

5.8 (right) shows the estimated intrinsic energy spectrum of Mrk 501 after applying corrections

for absorption using the “Low-SFR” model in (Kneiske et al. 2004). Mrk 501 at a redshift of

0.034 has a similar optical depth to Mrk 421, resulting in a similar modification to the measured

energy spectrum. A clear hardening in the energy spectrum isshown, with a power law photon

indexΓ = 2.25±0.24 estimated for the intrinsic spectrum observed by the Whipple 10.

5.4 Results from Long-term Observations of H1426+428

Whipple 10 m observations of H1426+428 from February 2001 toMay 2006 resulted in a total

exposure of 236.6 hours. Data reduction followed the same procedures outlined for Mrk 421 and

Mrk 501 using Hard selection cuts. Figure 5.9 shows the Alphaparameter distributions for the

two most significant monthly observing periods in March 2001and April to May 2002. The 5.5

σ detection level observed in March 2001 confirms the previousdiscovery of TeVγ-ray emission

from H1426+428 by the Whipple 10 m (Horan et al. 2002). A jointobserving campaign with

RXTEPCA during April to May 2002 (described in section 6.1) resulted in a deep exposure of

41.9 hours of Whipple 10 m observations, yielding a weak detection of 4.1σ . Since the only

strong detection was during the March 2001 observing period, upper limits at a 99.9% confidence

level were calculated for the TeVγ-ray integral flux during all other observing periods.
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Figure 5.10: Long-term X-ray and TeVγ-ray light curve of H1426+428 from 2001 to 2006. Shown

in the top panel is the meanRXTEASM rate in 20 day time bins. The Whipple 10 m integral flux

F>0.6TeV recorded in March 2001 with a significance of 5.5σ is shown in the bottom panel (black

circle), together with the “yearly” detection (brown square). For Whipple 10 m observing periods

with a detection significance< 4 σ , upper limits at a 99.9% confidence level were calculated for

the integral flux, shown by empty cicles for monthly exposures, or by empty squares for yearly

integrations. As a reference, the Whipple 10 m observed Crabnebula flux level above 0.6 TeV is

shown by the blue dashed line, with the 30% systematic uncertainty in the flux shown by the green

line (see section 4.5).

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

Figure 5.10 shows theRXTEASM and Whipple 10 m long-term light curve of H1426+428 from

2001 to 2006. TheRXTEASM rates were calculated in 20 day time bins. Fitting a constant flux

model to the monthlyRXTEASM rates resulted in a marginally poorχ2
r of 2.50, showing weak

indications of long-term variability. For the Whipple 10 m results, upper limits at a 99.9% confi-

dence level were determined for the integral flux F>0.6TeV for all but the total 2001 observations

at a significance of 5.4σ , and for the March 2001 detection. During this integration,the flux was

measured at F>0.6TeV = (0.68± 0.16)· 10−11 cm−2 s−1, corresponding to a factor of 0.15± 0.04

the flux of the Crab nebula above 0.6 TeV. This result agrees within errors to the integral flux above
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Figure 5.11: (Left) The TeVγ-ray energy spectrum of H1426+428 from Whipple 10 m obser-

vations in March 2001. Shown for comparison is the time averaged HEGRA energy spectrum

H1426+428 from observations in Feb. to Apr. 1999 and Mar. to Jun. 2000 (Aharonian et al. 2002a;

Aharonian et al. 2003). Shown on the (right) are the same energy spectra 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 Jun. 2000 at a factor of 0.20± 0.10

of the Crab nebula flux (Aharonian et al. 2002a). The following yearly (and monthly) Whipple 10

m flux upper limits exclude a strong long-term TeVγ-ray flare in H1426+428 from 2001 to 2006,

however unresolved smaller short timescale flares during this period can not be excluded.

5.4.2 Absorption Corrected TeV Energy Spectrum of H1426+428

A 16.6 hour exposure on H1426+428 from Whipple 10 m observations in March 2001 was used

to derive the TeVγ-ray energy spectrum. Due to a low total significance of 5.5σ , the Whipple 10

m spectrum covers a limited energy range of 0.5 to 2.8 TeV. Figure 5.11 (left) shows the measured

Whipple 10 m energy spectrum of H1426+428 in March 2001. Alsoshown is the measured

HEGRA energy spectrum over the energy range of 0.7 to 10 TeV (Aharonian et al. 2002a). The

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

dN
dE

= (0.44±0.09) ·
(

E
1TeV

)−3.60±0.53

×10−11cm−2s−1TeV−1

The soft spectrum agrees with a previous analysis of Whipple10 m data in 2001, in which a power

law photon index ofΓ = 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 H1426+428 resulted in harder
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photon index ofΓ = 2.6 ± 0.6 for energies extending up to 10 TeV (Aharonian et al. 2002a).

Significant absorption of the energy spectrum above 0.5 TeV by the extragalactic background

light (EBL) is expected due to the relatively moderate to high redshift of 0.129 (see figure 1.9).

Following the analysis presented above for Mrk 421 and Mrk 501, the optical depthτ(E,z) to the

EBL was derived from the “Low-SFR” model in (Kneiske et al. 2004). Figure 5.11 (right) shows

the estimated intrinsic TeVγ-ray energy spectrum of H1426+428 for the HEGRA and Whipple

10 m spectrum calculated in this work. The Whipple 10 m energyspectrum hardens to a power

law with photon indexΓ = 2.81± 0.53. The level of EBL absorption first tested on the HEGRA

energy spectrum was much higher than the low level adopted inthis work, and resulted in an

intrinsic spectrum described by E−1.9 (Aharonian et al. 2003). The HEGRA energy spectrum

has subsequently been used by a number of authors to test for reasonable realizations of the EBL

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

X-ray and TeV γ-ray Variability in TeV

Blazars

Results are presented from a large data set of near simultaneous RXTEPCA and Whipple 10

m observations from January 2001 to May 2006 on the 3 TeV blazars Mrk 421, Mrk 501, and

H1426+428. In addition, publicly availableXMM-NewtonPN observations of the 3 TeV blazars

were studied for variability in the broadband X-ray energy spectrum. The focus of this chapter is

primarily to investigate possible correlations in the energy spectrum and flux state of TeV blazars

at X-ray and TeV energies on day timescales. A totalRXTEPCA data set on Mrk 421 of 662 hours

was analyzed, along with 197 hours of contemporaneous Whipple 10 m observations. The joint

observing campaigns were typically triggered by a combination of a high flux in both theRXTE

ASM rate and Whipple 10 m detection rate over a period of two tothree nights. During a large

fraction of 2 to 6 monthRXTEPCA and Whipple 10 m campaigns on Mrk 421 in 2003, 2004,

and 2006 flaring above a medium to low flux state was observed inboth the X-ray and TeVγ-ray

bands. Spectral evolution from separate years was studied in detail using simultanuous X-ray and

TeV energy spectra. Corrections to the observed Whipple 10 menergy spectrum were applied

for a low level of absorption by the extragalactic backlightlight (EBL). Overall, a large dynamic

range of a factor> 20 was observed in both the X-ray integral flux F3−20keV and the TeVγ-ray

integral flux F>0.6TeV.

6.1 Joint RXTEPCA and Whipple 10 m Observations

This section provides an overview on the completeRXTEPCA data archive on Mrk 421, Mrk 501,

and H1426+428 from 2001 to 2006. AllRXTEPCA data was obtained through the public archive

at (HEASARC 2007).RXTEPCA data reduction followed the standard procedures outlined in
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section 2.2. Only data from PCU0 and PCU2 detectors were used, which were operational for all

but one observing period - during Mrk 421 observations from 19 Apr. to 31 May 2006 only PCU2

was operational. Section 6.4 gives a detailed description of X-ray spectral analysis and integral

flux calculations applied to the reducedRXTEPCA data. Contemporaneous, and in most cases

near simultaneous, Whipple 10 m observations are summarized for eachRXTEPCA observing

period. All Whipple 10 m observations were reduced using Hard cuts, as described in section 4.3.

Energy spectrum determination and integral fluxes were calculated using the methods in section

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

6.1.1 Observations of Mrk 421 withRXTEPCA and the Whipple 10 m

Table 6.1 lists allRXTEPCA observations of Mrk 421 from 2001 to 2006. Due to the occasionally

non-sequential nature ofRXTEPCA ObsIDs (observation identifications), only the first 5 digits are

used in this work followed by a unique alphabetical label. The average exposure of each pointed

observation〈TObs〉 and total exposure TTot are given for each data set. Accounting for gaps during

each pointing, the livetime was typically∼20–30% less than the quoted exposure time. For data

sets on which results have been previously published, a reference is given for the referred paper.

Table 6.2 summarizes the Whipple 10 m observations of Mrk 421selected during each ofRXTE

PCA data set. The start and end date of all overlapping data (passing quality cuts) is given, with

theRXTEPCA ObsID listed for reference. The number of days with observations NDays and total

livetime exposure TLive are listed for each data set. During only oneRXTEPCA campaign (ObsID:

80172 f in February to March 2003) was there no contemporaneous Whipple 10 m data selected

due to poor weather conditions. The total significanceσ using Hard cuts is listed for each data

set. For all jointRXTEPCA campaigns, the Whipple 10 m detected a strong signal fromMrk 421.

Figure 6.1 shows theRXTEPCA observing periods from 2001 to 2006 superimposed on the long-

term RXTEASM and Whipple 10 m light curve from figure 5.2 in section 5.2.High amplitude

flux variability is shown during 5 and 6 monthRXTEPCA campaigns in 2004 and 2006 on month

timescales. The near simultaneous X-ray and TeVγ-ray variability on day timescales fromRXTE

PCA and Whipple 10 m observations is presented in section 6.3.

6.1.2 Observations of Mrk 501 withRXTEPCA and the Whipple 10 m

Table 6.3 summarizes the completeRXTEPCA data archive on Mrk 501 and H1426+428 from

2001 to 2006. Mrk 501 was observed only once over this period in June 2004 for a total of 8.2

hours. H1426+428 was observed in 4 separate periods, with a long-term campaign in 2002 of over

3 months. A total exposure TTot of 151 hours was taken during this campaign. Table 6.4 lists the
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ObsID Start Date End Date NObs NDays 〈TObs〉 TTot Pub

(hr) (hr)

50190 (a) 2001-01-24 2001-02-04 16 13 1.39 22.2 –

60145 (b) 2001-03-18 2001-04-01 46 14 2.83 130 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 0.54 7.51 Re06

80173 (e) 2003-02-20 2003-05-04 56 45 0.61 34.0 Bl05

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 Bl05,Gr05,Xu06

90148 (h) 2004-04-18 2004-05-13 23 13 1.07 24.6 Bl05,Gr05,Xu06

90138 (i) 2004-05-10 2004-05-21 9 6 1.30 11.7 Bl05,Gr05,Xu06

90148 (j) 2004-12-15 2004-12-22 8 8 0.29 2.31 –

91440 (k) 2006-01-06 2006-03-02 27 27 0.31 8.40 –

92402 (l) 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 observation identification

ObsID is given with an alphabetical label adopted in this thesis. The number of observations NObs,

number of days during which data was taken NDays, and mean observation exposure〈TObs〉 in

hours are listed for each data set. The total exposure in eachdata sets is given by TTot in hours.

Previous publications: Kr01 (Krawczynski et al. 2001), Cu04 (Cui 2004), Gi06 (Giebels et al.

2007), Re06 (Rebillot et al. 2006), Bl05 (Blazejowski et al.2005), (Grube et al. 2005), Xu06

(Xue et al. 2006).

overlapping Whipple 10 m data passing quality cuts on Mrk 501and H1426+428. For the Mrk

501 campaign in June 2004, a total livetime exposure TLive of 7.5 hours was selected. The total

Whipple 10 m detection significance on Mrk 501 was 4.66σ , with no strong detection over 3σ

recorded on any night. Figure 6.2 shows theRXTEPCA observing period on Mrk 501 in reference

to the long-term X-ray and TeVγ-ray light curve in 2001–2006 from figure 5.3.1. The aqua

colored band shows theRXTEPCA observing campaign in June 2004. These observations were

taken during a relatively low TeVγ-ray flux state (see section 5.3.1 for a discussion of long-term

TeV γ-ray variability in Mrk 501).
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ObsID Start Date End Date NRuns NDays TLive σ

(hr)

50190 (a) 2001-01-24 2001-02-04 50 11 22.9 60.2

60145 (b) 2001-03-18 2001-03-31 67 13 29.5 89.5

70161 (c) 2002-12-04 2002-12-16 18 10 7.4 12.7

70161 (d) 2003-01-10 2003-01-14 13 5 5.6 21.2

80173 (e) 2003-03-07 2003-05-03 43 24 18.5 17.7

(g,h,i) 2004-01-18 2004-05-19 114 42 51.2 74.0

90148 (j) 2004-12-14 2004-12-20 9 4 4.1 16.9

(k,l,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 during theRXTEPCA observing periods

(ObsID) listed in table 6.1. For Whipple 10 m observing periods covering more than oneRXTE

PCA observing period only the alphabetical labels taken from table 6.1 are listed. The start and

end date of each Whipple 10 m observing period is given, alongwith the number of observations

runs NRuns, number of days (nights) during which data passed quality cuts NDays, the total livetime

exposure TLive in hours, and total detection significanceσ using Hard cuts (see section 4.3).

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

As shown in table 6.3, H1426+428 was observed byRXTEPCA in 4 periods between 2001 and

2006, with a long-term campaign in 2002 of over 3 months. A total exposure TTot of 151 hours

was taken during this campaign. Joint Whipple 10 m observations of H1426+428 within theRXTE

PCA observing periods (listed in table 6.4) resulted in a total livetime TLive of 87.5 hours for all

data passed quality cuts. H1426+428 was not detected by the Whipple 10 m over any of theRXTE

PCA observing periods. No Whipple 10 m data was taken during the lastRXTEPCA observation

in August 2004 (ObsID 90420 d), since from mid July to September the Whipple 10 m is routinely

shut down to avoid damage by heavy storms (see section 3.2.5). However, simultaneousXMM-

Newtonobservations were taken during the 4th and 6th of August 2004, allowing a cross calibration

of the X-ray spectra, as described in section 6.4. Figure 6.3shows theRXTEPCA observing

periods for H1426+428 superimposed on the X-ray and TeVγ-ray light curve from 2001 to 2006

taken from figure 5.10. During the 3 monthRXTEPCA campaign in 2002, significant month

timescale X-ray variability is evident. Section 6.3 shows that day time scale flux doubling and

spectral variability was observed byRXTEPCA during April 2002. In figure 6.3 the lastRXTE
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Figure 6.1: Long-term X-ray and TeVγ-ray light curve of Mrk 421 (adapted from figure 5.2).

RXTEPCA observing periods are shown by aqua colored bands, withXMM-Newtonobserving

periods shown in pink (summarized in section 6.2).

ObsID Start Date End Date NObs NDays 〈TObs〉 TTot Pub

(hr) (hr)

Mrk 501

90148 (a) 2004-06-12 2004-06-24 13 13 0.63 8.20 Gl06

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 2.94 17.7 –

Total 139 82 1.44 178 –

Table 6.3:RXTEPCA observations of Mrk 501 and H1426+428 from 2001–2006. The ObsID

identification is given with an alphabetical label adopted in this thesis. The number of observations

NObs, number of days during which data was taken NDays, and mean observation exposure〈TObs〉
in hours are listed for each data set. The total exposure in each data sets is given by TTot in hours.

Previous publications: Gl06 (Gliozzi et al. 2006), Fa04 (Falcone et al. 2004).
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ObsID Start Date End Date NRuns NDays TLive σ

(hr)

Mrk 501

(a) 2004-06-12 2004-06-22 17 8 7.5 4.66

H1426+428

(a) 2001-05-21 2001-05-24 5 3 2.3 2.73

(b) 2002-03-09 2002-06-15 182 54 83.4 2.58

(c) 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+428. Whipple 10 m observations

of 501 and H1426+428 taken during theRXTEPCA observing periods (ObsID) listed in table 6.3.

The start and end date of the Whipple 10 m observing period is given, along with the number of

observations runs NRuns, number of days (nights) during which data passed quality cuts NDays,

the total livetime exposure TLive in hours, and total detection significanceσ using Hard cuts (see

section 4.3).
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Figure 6.2: Long-term X-ray and TeVγ-ray light curve of Mrk 501 (adapted from figure 5.7).

RXTEPCA observing periods are shown by aqua colored bands, withXMM-Newtonobserving

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

RXTEPCA observing periods are shown by aqua colored bands, with theXMM-Newtonobserving

periods shown in pink.

PCA observing period on H1426+428 in August 2004 (ObsID: 90420 d) is not visible, since the

simultaneousXMM-Newtonobservation (shown by a pink band) is plotted on top of theRXTE

PCA periods. The full set ofXMM-Newtonobservations of H1426+428, Mrk 421, and Mrk 501

from 2000 to 2006 are described below in section 6.2.

6.2 XMM-NewtonObservations

In this section all publicly availableXMM-Newtonobservations of Mrk 421, Mrk 501, and H1426+428

are presented, current up the end of 2006. Over the first 7 years of operation, Mrk 421 was ob-

served during 16 separate orbits, primarily for calibration purposes. Mrk 501 was observed by

XMM-Newtonin two consecutive orbits in July 2002. H1426+428 was observed during 7 orbits

from 2001 to 2005. Only data from the PN instrument is analyzed in this work, as discussed in

section 2.3. All data was obtained through the public archive at (XMM-NewtonSOC). Data re-

duction followed the general procedures described in section 2.3. TheXMM-NewtonPN event

files were calibrating using SAS 6.5. The PN operating mode for each observation is listed for

each observation. Only results from Timing, Small Window, and Large Window operating mode

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

Table 6.5 lists allXMM-NewtonPN observations of Mrk 421 from 2000 to 2006. The start date

and time are given for each observation, with both the total observing time TObsand livetime TObs

in units of hours. The operating mode is listed for all observations. Special calibration modes are

identified in 11 observations by a star, during which time Mrk421 was offset from in the camera

by either 2 or 3 arcmin, or by a dagger for Full Frame observations in a masked mode. To avoid

uncertain systematic effects, no observations in the masked Full Frame were analyzed. Results

from all other data are presented in section 6.4, with the exception of the SW observation in May

2006 when standard data screening rejected the entire observation. The cause of this non-uniform

observation was not investigated here. In total, 21 observations of Mrk 421 withXMM-Newton

PN were analyzed in this work, resulting in a livetime of 180 hours.

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

Table 6.6 summarizes allXMM-NewtonPN observations of Mrk 501 and H1426+428 taken up to

2006. For both sources, all observations were in the Small Window operating mode. As discussed

above in section 6.1, the twoXMM-NewtonPN pointings on H1426+428 in August 2004 were

taken simultaneously toRXTEPCA observations. The totalXMM-NewtonPN livetime on Mrk 501

was 2.53 hours, while for H1426+428 the livetime totaled 63.0 hours. Results on the broadband X-

ray spectrum of Mrk 501 and H1426+428 from 0.6 to 10 keV fromXMM-NewtonPN observations

are presented in section 6.4.

6.3 Results fromRXTEPCA and Whipple 10 m Campaigns in 2001–

2006

This section presents the results fromRXTEPCA and Whipple 10 m campaigns described above

in section 6.1. For eachRXTEPCA observation the integral flux F3−20keV was calculated by a

fit to the energy spectrum. The methods used for X-ray spectral analysis are described below.

The Whipple 10 m integral fluxes F>0.6TeV were calculated on a nightly basis using a “method

1” described in sections 4.4 and 5.2.1. For selected nights with strong X-ray and TeVγ-ray flux

variability, the Whipple 10 energy spectrum was measured using the 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, no Whipple 10 m observations were taken

during the 26 Feb. to 6 Mar. 2003RXTEPCA observing period (ObsID: 80172 f), and theRXTE

PCA results are not shown. Also, results during the short 8 day exposure in Dec. 2004 (ObsID:
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ObsIDa Revb Start Timec PNd Te
Obs Tf

Live Pubg

(hr) (hr)

0099280101 0084 2000-05-25 (03h 54m) T 6.31 4.66 Br01,Br03,Br05

0099280101 0084 2000-05-25 (11h 12m) SW 9.02 5.88 Br01,Se02,Br03

0099280201 0165 2000-11-02 (00h 22m) SW 10.2 6.74 Se02,Br03,Fo06

0099280301 0171 2000-11-13 (23h 54m) SW 12.2 5.22 Se02,Br03,Fo06

0099280401 0171 2000-11-14 (14h 37m) SW⋆ 11.5 5.26 Br03,Fo06

0136540101 0259 2001-05-08 (08h 19m) SW 10.4 7.15 Se02,Br03,Fo06

0153950601 0440 2002-05-04 (17h 42m) LW⋆ 10.2 9.54 Br03

0153950701 0440 2002-05-05 (05h 06m) LW⋆ 4.74 4.43 Br03

0136540301 0532 2002-11-04 (01h 18m) FF† 6.12 4.10 Ra04

0136540401 0532 2002-11-04 (08h 11m) FF† 6.11 3.90 Ra04

0136540701 0537 2002-11-14 (00h 58m) LW 19.4 10.3 Ra04

0136540801 0537 2002-11-14 (22h 00m) LW⋆ 2.63 1.52 –

0136540901 0537 2002-11-15 (01h 36m) LW⋆ 2.63 1.70 –

0136541001 0546 2002-12-01 (23h 19m) T 19.4 19.4 Ra04,Br05

0136541101 0546 2002-12-02 (20h 01m) LW⋆ 2.63 2.01 –

0136541201 0546 2002-12-02 (00h 03m) LW⋆ 2.63 1.98 –

0158970101 0637 2003-06-01 (13h 17m) SW 11.4 7.02 Fo06

0158970201 0637 2003-06-02 (01h 28m) FF† 2.11 1.32 –

0158970701 0640 2003-06-07 (21h 56m) FF† 1.88 1.18 –

0150498701 0720 2003-11-14 (16h 34m) T 13.3 5.58 –

0162960101 0733 2003-12-10 (21h 30m) SW 8.34 4.84 Fo06

0158971201 0807 2004-05-06 (02h 58m) T 18.0 7.12 Br05

0153951301 1083 2005-11-07 (20h 18m) T 2.43 1.05 –

0158971301 1084 2005-11-09 (18h 39m) T 16.3 8.54 –

0411080301 1184 2006-05-28 (21h 40m) SW 3.21 – –

0411080701 1280 2006-12-05 (12h 07m) T 4.90 4.83 –

Table 6.5:XMM-NewtonPN observations of Mrk 421 from 2000 to 2006. Notes: (a) Observation

number, (b) revolution, and (c) start time of observation. (d) PN operating mode (⋆ offset by 2 or 3

arcmin, † masked mode). (e) total exposure TObs in hours and (f) livetime TLive in hours. (g) previ-

ous publications: Br01 (Brinkmann et al. 2001), Se02 (Sembay et al. 2002), Br03 (Brinkmann et

al. 2003), Br05 (Brinkmann et al. 2005), Fo06 (Foschini et al. 2006), Ra04 (Ravasio et al. 2004).

101
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ObsIDa Revb Start Date and Timec PNd Te
Obs Tf

Live Pubg

(hr) (hr)

Mrk 501

0113060201 0474 2002-07-12 (17h 55m) SW 1.72 1.21 Bl04

0113060401 0475 2002-07-14 (19h 19m) SW 1.89 1.32 Bl04

H1426+428

0111850201 0278 2001-06-16 (01h 25m) SW 17.1 12.0 Bl04

0165770101 0852 2004-08-04 (01h 13m) SW 16.4 11.5 –

0165770201 0853 2004-08-06 (01h 20m) SW 17.1 12.0 –

0212090201 0939 2005-01-24 (15h 44m) SW 8.03 5.62 –

0310190101 1012 2005-06-19 (08h 34m) SW 9.81 6.86 –

0310190201 1015 2005-06-25 (06h 21m) SW 11.6 8.15 –

0310190501 1035 2005-08-04 (04h 59m) SW 9.78 6.85 –

Table 6.6:XMM-NewtonPN observations of Mrk 501 and H1426+428 from 2000 to 2006. Notes:

(a) Observation number, (b) Revolution number, (c) Start date and time, (d) PN operating mode,

(e) PN exposure in hours, (f) livetime in hours, and (g) previous publications: Bl04 (Blustin et al.

2004).

90148 j) are not shown here. Following the results from the Mrk 421 campaigns, results from the

Mrk 501 campaign in June 2004 are presented. This section concludes with the 4 monthRXTE

PCA and Whipple 10 m campaign on H1426+428 from March to June 2002 (ObsID: 70154 b).

6.3.1 RXTEPCA Spectal Analysis

The XSPEC 12 spectral analysis package was used for allRXTEPCA observations for model fits

to the measured energy spectrum (HEASARC 2007). Three models were tested on each spectra:

an absorbed power law (PL), power law with exponential cutoff (PLC), and log-parabolic model

(LP). A reasonable model fit was determined by aχ2
r near unity, and by low residuals to the

fit across the full energy range. Each model includes a correction term for galactic absorption.

The log-parabolic and PLC models were chosen since each model requires only one additional fit

parameter than a simple power law model to measure any possible curvature in the spectrum. The

power law model followed the form:

dN
dE

= F◦ ·
(

E
1keV

)−Γ
·e−NH,Galσ(E)
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Figure 6.4: Spectral curvature in theRXTEPCA spectrum of Mrk 421 on 29 May 2006. (Left)

Power law fit to the energy spectrum with fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2.

(Right) Log-parabolic model fit to the sameRXTEPCA spectrum with fixed galactic absorption.

Theχ2 residuals to the model fits are shown below each energy spectrum.

All absorption cross sectionsσ (E) in cm2 were calculated using the model in (Morrison and Mc-

Cammon 1983). In all spectral fits, the column density was fixed to the Galactic value NH,Gal.

For Mrk 421, a galactic interstellar absorption column density NH,Gal = 1.61 · 1020 cm−2 was

used from the HI emission line profile measured by (Lockman and Savage 1995). For Mrk 501,

the column density NH,Gal = 1.71 · 1020 cm−2 was taken from (Dickey and Lockman 1990). For

H1426+428, NH,Gal = 1.4 · 1020 cm−2 was taken from (Stark et al. 1992). The exponential cutoff

(PLC) model followed the form dN/dE= (dN/dE)PL · eE/Ec, with (dN/dE)PL representing the ab-

sorbed power law model, and Ec the free fit parameter on the cutoff energy in the spectrum. The

log-parabolic model was given by:

dN
dE

= F◦ ·
(

E
1keV

)−(a+b·Log(E/1keV))

·e−NH,Galσ(E)

The spectral index at 1 keV isa, andb defines the curvature of a parabola. The best fit parameters

can then be used to derive the peak in the Spectral Energy Distribution (SED) plotted as Log(νF(ν)

versus Log(ν). The peak energy is given by Ep = E1 · 10(2−a)/2b keV, with E1 = 1 keV, and the

peak E2 · dN/dE flux given in terms of peak frequencyνp by:

νpF(νp) = 1.6·10−9 ·F◦ ·E2
1 ·10(2−a)2/4bergcm−2 s−1

Statistical errors were derived by propagation of the errors in the fit parameters. When the energy

spectrum covers a limited energy range, the measurement of the curvature termb has a large

systematic uncertainty. Figure 6.24 shows theRXTEPCA energy spectrum of Mrk 421 on 29 May
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Figure 6.5: Comparison of Mrk 421 and Mrk 501RXTEPCA energy spectra reduced as described

in section 2.2 (Thesis work), and correspondingRXTEPCA spectra from HEASARC pipeline

processing (Standard Prod.). (Left) Mrk 421 spectra from 25May 2006 fit to an absorbed power

law model. (Right) Mrk 501 spectra from 24 June 2004 fit to the same absorbed power law model,

but with fixed NH,Gal = 1.71· 1020 cm−2.

2006 to both an absorbed power law and log-parabolic model with fixed galactic column density.

The power law fit yielded a poorχ2
r of 4.47, while the log-parabolic model yielded a reasonableχ2

r

of 1.4. Significant curvature was seen in 33% of the total 402RXTEPCA Mrk 421 observations,

as estimated by aχ2
r > 1.5. The integral flux derived from 3–20 keV was calculated from the

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

was found to systematically underestimate the integral fluxby <2%. The power law photon index

Γ offers the simpliest description of the full 3–20 keV spectral shape, so all light curves in this

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

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

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

reduction methods in section 2.2 compared to the Standard ProductsRXTEPCA spectra generated

by HEASARC pipeline processing and provided by in the HEASARC data archive. Fitting an

absorbed power law to both spectra simultaneous resulted ingoodχ2
r of ∼1, confirming that the

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

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

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

observations.
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Figure 6.6:RXTEPCA and Whipple 10 m light curve of Mrk 421. (Left panels) showthe ObsID

50190 (a) observations during 24 Jan. to 4 Feb. 2001. (Right panels) show the ObsID 60145 (b)

observations during 18 Mar. to 1 Apr. 2001. (Top panels) theRXTEPCA 3–20 keV integral flux,

(middle panels) theRXTEPCA power law photon indexΓ, and (bottom panels) the Whipple 10 m

integral flux F>0.6TeV in nightly exposures.

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

As presented in section 5.2.1,RXTEASM and the Whipple 10 m observed Mrk 421 at an elevated

flux level beginning in January 2001. In response,RXTEPCA observations (ObsID: 50190 a)

were triggered on 24 January 2001 during the rising edge of the long-term flare (see figure 6.1). No

previous publications could be found for theRXTEPCA and Whipple 10 m data during this period.

Figure 6.6 shows on the top left theRXTEPCA 3–20 keV integral flux light curve derived from an

absorbed power law fit to the energy spectra. The 1σ error bars on the integral flux measurements

are in most cases hidden by the data point. The power law photon indexΓ for eachRXTEPCA

pointing is shown below in the middle left panel. Strong X-ray flux and spectral variability was
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Figure 6.7: X-ray and TeVγ-ray correlation plots for Mrk 421 observations in Jan. and Mar. to

Apr. 2001 (light curves in figure 6.6). Shown (left) is theRXTEPCA photon indexΓ versus

the 3–20 keV integral flux. (Right) is the Whipple 10 m integral flux F>0.6TeV versus theRXTE

PCA 3–20 keV integral flux from observations taken within 5 hours of the Whipple 10 m nightly

exposures.

observed over the 12 day period. Due to the sparse data sampling of typically< 1 hour per night,

the shortest flaring timescale in this data set is not easily identified. A “baseline” flux of F3−20keV

= (4.02± 0.02) · 10−10 erg cm−2 s−1 was observed on 24 Jan. 2001 (MJD = 51933.8), rising

to an integral flux of F3−20keV = (11.0± 0.02) · 10−10 erg cm−2 on the following night (MJD =

51934.6). Similar flux variability is seen between 4 other pairs of nightly observations. During

the full observing period, the 3–20 keV power law photon index was seen to vary from 2.14±
0.01 to 2.57± 0.01. Figure 6.7 (left) shows theRXTEPCA power law photon indexΓ versus the

3–20 keV integral flux. A large scatter is shown, with a very poor χ2
r to a linear fit, however a

general trend of a harder spectrum at higher flux states is shown. The near simultaneous Whipple

10 m integral flux F>0.6TeV in nightly exposures are shown on the bottom left of figure 6.6. Large

amplitude flux variability is evident, with flux doubling seen between two nights. The TeVγ-ray

flux was higher than the Crab nebula flux on all nights, rangingfrom F>0.6TeV = (5.15± 0.43) ·
10−11 cm−2 s−1 to F>0.6TeV = (20.0± 0.90)· 10−11 cm−2 s−1. Figure 6.7 (right) shows the X-ray

integral flux F3−20keV versus the Whipple 10 m integral flux for data taken within a coincidence

window of 10 hours. A weak linear correlation coefficient ofr = 0.51 is shown between the X-ray

and TeVγ-ray flux (see section 5.2.2 for ther calculation). By visual inspection of figure 6.6, the

tracking of flux states between unresolved flaring episodes is not clear.
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6.3.3 Further High State Flaring in Mrk 421 from 18 Mar. to 1 Ap r. 2001

Further observations of Mrk 421 during the long-term January to May flaring state were conducted

with RXTEPCA from 18 Mar. to 1 Apr. 2001 (ObsID: 60145 b). Within this period, a nearly

continuous coverage ofRXTEPCA observations was taken from 19–26 March, with gaps of∼1

hour between pointings. Figure 6.6 (top right) show the X-ray integral flux light curve, with the

power law photon index from each observation shown below. Two high amplitude X-ray flares

were well resolved. In the first flare, the 3–20 keV integral flux was seen to rise steadly from 20

March (MJD = 51988.3) at a flux of F3−20keV = (3.13± 0.02)· 10−10 erg cm−2 s−1 to a peak on

21 March (MJD = 51989.7) with a flux of F3−20keV = (14.1± 0.02) · 10−10 erg cm−2 s−1. The

integral flux then decayed to a flux level near the onset of the flare on 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 duration of the two resolved flares were 1.9 and

1.7 days, which is within the range of characteristic X-ray flaring timescales of∼1–2 days found

by a previous detailed temporal study of Mrk 421 in (Kataoka et al. 2001). Figure 6.6 (bottom

right) shows the Whipple 10 m nightly integral flux light curve of Mrk 421 during theRXTEPCA

campaign (ObsID: 60145 b) from 18 Mar. to 1 Apr. 2001. Strong variability is shown over a range

in integral flux of F>0.6TeV = (2.72± 1.05)· 10−11 cm−2 s−1 to F>0.6TeV = (25.0± 1.07)· 10−11

cm−2 s−1. Figure 6.7 (right) show the Whipple 10 m integral flux versusRXTEPCA 3–20 keV

flux for data simultaneous to within 5 hours over the 18 Mar. to1 Apr. 2001 observing period.

No clear correlation is evident. The sparse data sampling inthis flare inhibits a detailed study

of possible lags between the X-ray and Tevγ-ray light curves. In the Synchrotron Self-Compton

(SSC) model, a time lag of the TeVγ-ray (Inverse Compton) emission is expected relative to the

X-ray (Synchrotron) radiation when the electrons producing the Synchrotron radiation are at a

lower energy than the electron population responsible for the TeVγ-ray emission (Krawczynski

et al. 2000). When the seed photons to IC emission are external to the 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 flare tracked the integral flux closely, with a

clear hardening of the spectrum during the rising component. The X-ray spectrum then softened

after the first flare peak on 21 March, but interestingly, overa 7 day period from 20–26 March a

general trend was seen of the power law photon index hardening on a much long timescale than the

flux variability. The correlation ofRXTEPCA power law photon index to integral flux is shown

in figure 6.7. A recent publication on thisRXTEPCA campaign (ObsID: 60145 b) studied the

short-term flux and spectral variability using a similar approach to the systematic study in this
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Figure 6.8: SimultaneousRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 20–22

Mar. 2001 (MJD = 51988–51990). (Left)RXTEPCA spectra from 3–20 keV. The 3 spectra with

the highest integral flux were fit by a log-parabolic model, while the lower flux data was fit by

a power law. For both models a fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2 was used.

(Right) Estimated intrinsic TeVγ-ray spectrum from nightly Whipple 10 m observations after

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

the highest flux observation, a log-parabolic was fit to the energy spectrum, while the two lower

flux spectra were fit by a power law model.

work (Giebels et al. 2007). The authors report a saturation of the photon index at high fluxes

using a more complicated broken power law model. To test for spectral curvature and a possible

shift in the peak synchrotron emission to energies at high flux levels to near the 3 keV lower

energy limit of RXTEPCA, the fit results from log-parabolic model were considered. For the

peak flux observation on 21 March (MJD = 51989.7) the log-parabolic fit yielded aχ2
r of 1.6

and curvature termb = 0.37± 0.01. The derived synchrotron peak energy was Ep = 2.14±
0.19 keV. As discussed in section 6.4, the derived peak position from a log-parabolic model has

large systematic errors when calculated from a limited energy range outside of the peak position,

and so a detailed study of the spectral curvature and derivedpeak position usingRXTEPCA was

not pursued. Instead, the possiblity of correlated spectral variability is investigated between the

simultaneous X-ray and TeVγ-ray observations during the the flare from 20–22 Mar. 2001. The

Whipple 10 m energy spectrum was measured for the three consecutive nights. Corrections for

absorption by the extragalactic background light (EBL) were applied to the spectra, as discussed in

section 5.3.2. Figure 6.8 shows the simultaneousRXTEPCA and Whipple 10 m energy spectra of
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Mrk 421 from 20–22 Mar. 2001 (MJD = 51988–51990). The high fluxX-ray spectrum show clear

curvature, with poorχ2
r values to the power law fit, so the log-parabolic model fits areshown. For

the two low fluxRXTEPCA observations, the spectra were well fit by the power law model. The

estimated intrinsic TeVγ-ray spectrum for the two low flux nights resulted in power lawphoton

indices ofΓ = 2.51± 0.10 andΓ = 2.56± 0.13, respectively. The X-ray power law photon indices

for these observations wereΓ = 2.67± 0.01 andΓ = 2.41± 0.01, respectively. The Whipple 10

m observations on the night of 21 Mar. 2001 (MJD = 51988.3) were during the peak in resolved

X-ray flare. Strong curvature is shown in the intrinsic TeVγ-ray spectrum on this night, with a

fit to a power law resulting in aχ2
r of 4.79. A log-parabolic fit described the data well. The peak

energy in the intrinsic TeVγ-ray spectrum was calculated from the log-parabolic fit at Ep = 0.85

± 0.22 TeV. The X-ray spectrum on Mar. 2001 (MJD = 51988.3) was described above, with a

peak energy of 2.14± 0.19 keV. The lack of intermediate flux levels observed by theWhipple 10

m over this flare did not allow for a detailed study of TeVγ-ray spectral evolution during the flare.

In summary, the jointRXTEPCA and Whipple 10 m campaign in March 2001 caught Mrk 421 in

strong flaring state. It is also useful to compare the X-ray and TeV 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 De c. 2002 and

Jan. 2003

In November 2002, Whipple 10 m observations of Mrk 421 recorded a rate a factor of∼3 above

the expected Crab nebula rate, which together with a highRXTEASM rate, lead to triggeredRXTE

PCA observations during 3–16 Dec. 2002 (ObsID: 70161 c), with follow up observations in 10–14

Jan. 2003 (ObsID: 70161 d). Figure 6.9 shows the light curve of RXTEPCA integral flux,RXTE

PCA power law photon indexΓ, and nightly Whipple 10 m integral fluxes above 0.6 TeV. During

the first observing period in Dec. 2002, the X-ray flux of Mrk 421 was at a baseline flux of F3−20keV

< 1.5 · 10−10 erg cm−2 s−1, 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 flux over this period remained below

the flux level of the Crab nebula, and a fit to constant flux yielded aχ2
r of 2.12, showing marginal

variability, primarily in the higher flux recorded on the last night of the campaign (16 Dec. 2002).

The 10–14 Jan. 2003 observing campaign showed an increased flux level on 12 Jan. in both the

X-ray and TeVγ-ray integral fluxes. Figure 6.10 shows for both observing periods in Dec. 2002

and Jan. 2003 theRXTEPCA photon indexΓ versus the 3–20 keV integral flux on the left, and

on the right the Whipple 10 m integral flux F>0.6TeV versusRXTEPCA 3–20 keV integral flux

for observations simultaneous to within 5 hours. A relatively strong linear correlation coefficient
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Figure 6.9:RXTEPCA and Whipple 10 m light curve of Mrk 421. (Left panels) showthe ObsID

70161 (c) observations during 3–16 Dec. 2002. (Right panels) show the ObsID 70161 (d) ob-

servations during 10–14 Jan. 2003. (Top panels) theRXTEPCA 3–20 keV integral flux, (middle

panels) theRXTEPCA power law photon indexΓ, and (bottom panels) the Whipple 10 m integral

flux F>0.6TeV in nightly exposures.

of r = 0.91 was calculated between the X-ray andγ-ray fluxes for the observations in Dec. 2002.

The strongest variability was observed during the apparentrising edge of a large flare during 13–

14 Jan. 2003. The TeVγ-ray spectrum was measured on both of these nights, and the intrinsic

spectrum calculated following the method described in section 5.3.2. Figure 6.11 shows theRXTE

PCA and Whipple 10 m energy spectra from 13–14 Jan. 2003. The X-ray spectrum shows a clear

hardening at MJD = 52652.6, while at a slightly lower integral flux than the spectra 5.1 hours

earlier. Evidence is shown of the flare originating at X-ray energies above 5 keV, with the rising

component of the flare showing an increasingly hard spectrum, up to the the highest observed flux

level (MJD = 52652.4) with a power law photon index ofΓ = 2.077± 0.003. The log-parabolic fit
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Figure 6.10: X-ray and TeVγ-ray correlation plots for Mrk 421 observations in Dec. 2002and

Jan. 2003 (light curves in figure 6.9). Shown (left) is theRXTEPCA photon indexΓ versus

the 3–20 keV integral flux. (Right) is the Whipple 10 m integral flux F>0.6TeV versus theRXTE

PCA 3–20 keV integral flux from observations taken within 5 hours of the Whipple 10 m nightly

exposure.

to the high flux energy spectrum yielded a much improvedχ2
r of 1.22 compared to theχ2

r of 7.05

for the power law fit. Using the log-parabolic model, the synchrotron peak energy was estimated

at Ep = 4.73± 0.56 keV. The intrinsic TeVγ-ray spectra showed hardening with increased flux

between the two nights. For the first night (MJD = 52652.4), a power law fit gave a photon index

Γ = 2.56± 0.13, while for the second night the best photon index wasΓ = 2.42± 0.13. The

Whipple 10 m andRXTEPCA data for the total observing periods in Dec. 2002 and Jan.2003 was

previously published in (Rebillot et al. 2006). The authorsdetailed the X-ray spectral variability

seen here, with very comparable results. In the previous analysis of Whipple 10 m data, the light

curve was calculated by scaling the detection rate and normalizing to the rate observed for the

Crab nebula during contemporaneous observations. This approach assumes the TeVγ-ray energy

spectrum remains near the power law type spectrum of the Crabnebula. 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 over 2 months from 20

Feb. to 4 May 2003 (ObsID: 80173 e) to coincide with Whipple 10m observations regardless of

flux state. Figure 6.12 shows the light curve ofRXTEPCA integral flux,RXTEPCA power law
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Figure 6.11: SimultaneousRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 13–14

Jan. 2003 (MJD = 52652–52653). (Left)RXTEPCA spectra from 3–20 keV. The spectra were fit

by a log-parabolic model using a fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2 . (Right)

Estimated intrinsic TeVγ-ray spectrum from nightly Whipple 10 m observations after correcting

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

spectra were best fit by a power law model.

photon indexΓ, and nightly Whipple 10 m integral fluxes above 0.6 TeV. A relatively small scale,

but well resolved X-ray flare was observed in Feb. 2003 duringa period when no Whipple 10 m

observations passed data quality cuts due to poor weather. From 27–31 Mar. 2003 another well

resolved flare was observed byRXTEPCA. The power law photon index tracked the 3–20 keV

integral flux, hardening fromΓ = 2.38± 0.01 at a flux level of F3−20keV = (3.34± 0.02)· 10−10

erg cm−2 s−1 to Γ = 2.11± 0.01 at the flare maximum of F3−20keV = (7.22± 0.02) · 10−10 erg

cm−2 s−1. The Whipple 10 m data set is sparse during this X-ray flare, and no clear flare structure

could be seen. For the remainder of the observing period in Apr. to May 2003 the X-ray and TeV

fluxes were in a low flux state. A fit to a constant flux gives a baseline X-ray flux from of F3−20keV

= (1.19± 01) · 10−10 erg cm−2 s−1, and for the TeVγ-ray data of F>0.6TeV = (2.02± 0.15)

· 10−11 cm−2 s−1. Figure 6.13 (left) shows theRXTEPCA photon indexΓ versus the 3–20 keV

integral flux, and on the right the Whipple 10 m integral flux F>0.6TeV versusRXTEPCA 3–20 keV

integral flux for observations simultaneous to within 1 hours. A linear fit to theRXTEPCA flux

versus Whipple 10 m integral flux distribution yielded a goodχ2
r of 0.76. The Feb. to May 2003

data set ofRXTEPCA and Whipple 10 m observations was previously published in (Blazejowski

et al. 2005). The X-ray integral fluxes and photon index for each observations 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 May 2003

(ObsID 80173 (e) in table 6.1). Shown (top panel) is theRXTEPCA 3–20 keV integral flux,

(middle panel) the power law photon indexΓ over ther energy band 3–20 keV, and (bottom panel)

the Whipple 10 m integral flux F>0.6TeV in nightly exposures. A 99.9% confidence upper limit was

calculated for Whipple 10 m observations at a detection level < 2 σ (shown by an open circle).

in the paper, with only theRXTEPCA counting rate discussed. The Whipple 10 m rate was given

in the paper, which was referenced to the detection rate on the Crab in 2003. Presented below

areRXTEPCA and Whipple 10 m observations over 6 months from Dec. 2003to May 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 periodof a few months

was renewed over a longer period from 21 Dec. 2003 to 21 May 2004 (ObsIDS: 80173 g, 90148

h, and 90138 i). As in 2003, theRXTEPCA 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 6.14 shows the Mrk 421 light curve from

21 Dec. 2003 to 21 May 2004 calculated fromRXTEPCA integral fluxes,RXTEPCA power law

photon indicesΓ, and nightly Whipple 10 m integral fluxes above 0.6 TeV. For the first 3 months
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Figure 6.13: X-ray and TeVγ-ray correlation plots for Mrk 421 observations during 20 Feb. to

4 May 2003 (light curve in figure 6.12). Shown (left) is theRXTEPCA photon indexΓ versus

the 3–20 keV integral flux. (Right) is the Whipple 10 m integral flux F>0.6TeV versus theRXTE

PCA 3–20 keV integral flux from observations taken within 1 hours of the Whipple 10 m nightly

exposure.

of the observing period period the Whipple 10 m data samplingis very sparse, due mainly to poor

weather conditions. Four small X-ray flares were observed during this period from Dec. 2003 to

Feb. 2004. Starting on 15 Mar. 2004 a rapid decay in flux from a partially resolved was observed

in both the X-ray and TeVγ-ray bands. The relative amplitude of the flux decrease between the

nights 15–16 Mar. 2004 was a factor of 2.11± 0.04 inRXTEPCA 3–20 keV integral flux, while

a decay in Whipple 10 m integral flux above 0.6 TeV was observedfor the following nights of

16–17 Mar. 2004 at a relative factor of 2.03± 0.16. Due to the sparse data sampling it is not

clear whether a lag in the TeVγ-ray emission behind correlated X-ray emission was observed, or

if shorter timescale variability is at work. In April 2004 a clear month timescale shift to a higher

baseline integral flux at both X-ray and TeVγ-rays was observed. The X-ray power law photon

index remained, on average, in a harder state in Apr. 2004 than from Dec. 2003 to Mar. 2004.

Previous claims were made for a positive lag of TeVγ-ray emission leading the X-ray emission

in Apr. 2004 by∼1 day (Blazejowski et al. 2005). The authors are careful point out the spuri-

ous nature temporal studies using sparse detection rates, which added further uncertainty to their

analysis due to their lack of spectral information. A general conclusion was reached that many

counter examples were present in the Apr. 2004 data set for the hypothesis of correlated X-ray and

γ-ray flux states on day timescales. Correlations between theboth the X-ray and TeVγ-ray flux
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Figure 6.14:RXTEPCA and Whipple 10 m light curve on Mrk 421 from 21 Dec. 2003 to 21 May

2004 (ObsID: 80173 g, 90148 h, and 90138 i in table 6.1). Shown(top panel) is theRXTEPCA

3–20 keV integral flux, (middle panel) the power law photon indexΓ over ther energy band 3–20

keV, and (bottom panel) the Whipple 10 m integral flux F>0.6TeV in nightly exposures. A 99.9%

confidence upper limit was calculated for Whipple 10 m observations at a detection level< 2 σ

(shown by an open circle).

and spectral variability are studied here. Figure 6.15 (left) shows theRXTEPCA photon indexΓ

versus the 3–20 keV integral flux, and on the right the Whipple10 m integral flux F>0.6TeV ver-

susRXTEPCA 3–20 keV integral flux for observations simultaneous to within 1 hours. A large

spread is shown for the near simultaneous X-ray and TeVγ-ray integral fluxes over the 6 month

observing period, with a linear correlation coefficientr of 0.86. To to test for isolated spectral

correlations between the X-ray and TeVγ-ray bands during flaring events, the near simultane-

ousRXTEPCA and Whipple 10 energy spectra were calculated at near thepeak X-ray flux from

19–21 Apr. 2004 (MJD = 53114–53116). Figure 6.19 (left) shows theRXTEPCA energy spectra

from 3–20 keV, and (right) the near simultaneous intrinsic TeV γ-ray spectra for the nights 19–21

Apr. 2004 calculated from the Whipple 10 m energy spectra after correcting for a low level of

absorption by the EBL (Kneiske et al. 2004). Interesting fluxand spectral behavior is seen be-

tween the X-ray TeVγ-ray spectra. As shown in figure 6.11 for the X-ray flare in Jan.2003, the
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Figure 6.15: X-ray and TeVγ-ray correlation plots for Mrk 421 observations from Dec.2003 to

May 2004 (light curve in figure 6.14). Shown (left) is theRXTEPCA photon indexΓ versus

the 3–20 keV integral flux. (Right) is the Whipple 10 m integral flux F>0.6TeV versus theRXTE

PCA 3–20 keV integral flux from observations taken within 1 hours of the Whipple 10 m nightly

exposure.

RXTEPCA energy spectrum was seen to soften on 20 Apr. 2004 before increasing in integral flux.

The estimated intrinsic TeVγ-ray spectrum showed a correlated softening from a power lawfit

with photon indexΓ = 2.38± 0.12 on 19 Apr. 2004 toΓ = 2.53± 0.08 on 20 Apr. 2004. Both

the X-ray and TeVγ-ray spectra reached a harder state in 21 Apr. than on 19 Apr. with increased

flux, however the TeVγ-ray flux level was lower on 21 Apr. than 20 Apr. Using the log-parabolic

model, the peak in X-ray spectrum for 21 Apr. 2004 was calculated at Ep = 4.97± 0.96 keV.

The X-ray spectral variability of Mrk 421 during this flare inApr. 2004 was previously published,

but without simultaneous TeVγ-ray spectra (Grube et al. 2005). The TeVγ-ray integral flux of

Mrk 421 in Apr. 2004 was independently measured by H.E.S.S. above an energy threshold of 2

TeV (Aharonian et al. 2005b). A factor of 4.3 in H.E.S.S. integral fluxes F>2TeV between nights

was observed in 11–21 Apr. 2004, which was shown significantly higher than the variability from

a preliminary analysis of Whipple 10 m data. Using the Whipple 10 m integral fluxes F>0.6TeV

calculated in this work, the maximum relative change in flux during this period was by a factor

1.96. This results agrees with the conclusion that higher variability was observed at a higher (> 1

TeV) energies. The nightly energy spectrum from 1 to 15 TeV byH.E.S.S. was well fit by a power

law with exponential cutoff Ec = 3.1± 0.5 TeV, which is consistent with the monthly Whipple 10

m energy spectra presented in section 5.3.2.

116



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

Energy (keV)
10

 )
-1

 s
-2

 (
 e

rg
 c

m
ν

 Fν

-1010

-910

MJD = 53114.2

MJD = 53115.3

MJD = 53116.3

Energy (TeV)
1 10

 )
-1

 s
-2

 (
 e

rg
 c

m
ν

 Fν

-1010

-910

MJD = 53114.2

MJD = 53115.3

MJD = 53116.3

Figure 6.16: SimultaneousRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 19–21

Apr. 2004 (MJD = 53114–53116). (Left)RXTEPCA spectra from 3–20 keV. The spectra were fit

by a log-parabolic model using a fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2 . (Right)

Estimated intrinsic TeVγ-ray spectrum from nightly Whipple 10 m observations after correcting

for absorption by the EBL using the “Low-SFR” model in (Kneiske et 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 recentRXTEPCA and Whipple 10 m campaign was from 6 Jan. to 31 May 2006 (Ob-

sIDs: 91440 k, 92402 l, and 92402 m). Similar to the 5 month campaign in 2004,RXTEPCA

observations were scheduled to coincide nightly observations by the Whipple 10 m. Figure 6.17

shows the Mrk 421 light curve from 6 Jan. to 31 May 2006 calculated fromRXTEPCA integral

fluxes,RXTEPCA power law photon indicesΓ, and nightly Whipple 10 m integral fluxes above

0.6 TeV. Strong flaring is evident in both the X-ray and TeV bands, however the flaring structures

were not clearly resolved between nights, indicating variability on shorter timescales. By visual

inspection, the X-ray and TeVγ-ray integral fluxes do not track each closely. Figure 6.18 shows

(left) shows theRXTEPCA photon indexΓ versus the 3–20 keV integral flux, and on the right the

Whipple 10 m integral flux F>0.6TeV versusRXTEPCA 3–20 keV integral flux for observations

simultaneous to within 1 hours. The X-ray to TeVγ-ray flux correlation plot shows a large spread

(r = 0.80), with distinct “orphan” TeVγ-ray observations when a high TeVγ-ray integral flux

was recorded simultaneously to a low X-ray flux. From 26–30 Jan. 2006, the TeVγ-ray flux state

was seen to be highly variable, while the X-ray integral flux remained at nearly the same level of

F3−20keV ≃ 4.3 · 10−10 erg cm−2 s−1 before increasing flux. The X-ray and TeVγ-ray spectra
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Figure 6.17:RXTEPCA and Whipple 10 m light curve on Mrk 421 from 6 Jan. to 31 May 2006

(ObsIDs: 91440 k, 92402 l, and 92402 m in table 6.1). Shown (top panel) is theRXTEPCA

3–20 keV integral flux, (middle panel) the power law photon indexΓ over ther energy band 3–20

keV, and (bottom panel) the Whipple 10 m integral flux F>0.6TeV in nightly exposures. A 99.9%

confidence upper limit was calculated for Whipple 10 m observations at a detection level< 2 σ

(shown by an open circle).

were investigated for the first “orphan” TeVγ-ray nightly observation on 28 Jan. 2006, and for

the two following nights when the X-ray flux started to flare. Figure 6.19 shows for the nights

28–30 Jan. 2006 theRXTEPCA energy spectra from 3–20 keV on the left, and on the right the

near simultaneous intrinsic TeVγ-ray spectra calculated from the Whipple 10 m energy spectra

after correcting for a low level of absorption by the EBL (Kneiske et al. 2004). The X-ray flare

shows a hardening of the energy spectrum on the first night of elevated flux level (MJD = 53763.4)

similar to the spectral evolution seen in Jan. 2003 (see figure 6.11), but opposite to the softening of

the X-ray spectrum during the rising flare edge in Apr. 2004, shown in figure 6.19. The TeVγ-ray

spectrum was seen soften after the first night, and did not exceed the “orphan” flux level even as

the X-ray flux increased over the next two nights. This flare demonstrates the complicated vari-

ability in Mrk 421 at X-ray and TeVγ-ray energies, which this thesis has tried to address through

a detailed study of month long observations over 5 years.
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Figure 6.18: X-ray and TeVγ-ray correlation plots for Mrk 421 observations from 6 Jan. to 31

May 2006 (light curve in figure 6.17). Shown (left) is theRXTEPCA photon indexΓ versus

the 3–20 keV integral flux. (Right) is the Whipple 10 m integral flux F>0.6TeV versus theRXTE

PCA 3–20 keV integral flux from observations taken within 1 hours of the Whipple 10 m nightly

exposure.
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Figure 6.19: SimultaneousRXTEPCA and Whipple 10 m energy spectra of Mrk 421 from 28–30

Jan. 2006 (MJD = 53763–53765). (Left)RXTEPCA spectra from 3–20 keV. The spectra were fit

by a log-parabolic model using a fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2 . (Right)

Estimated intrinsic TeVγ-ray spectrum from nightly Whipple 10 m observations after correcting

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

(ObsID 91448 (a) in table 6.3). Shown (top panel) is theRXTEPCA 3–20 keV integral flux,

(middle panel) the power law photon indexΓ over ther energy band 3–20 keV, and (bottom panel)

the Whipple 10 m integral flux F>0.6TeV in nightly exposures. A 99.9% confidence upper limit was

calculated for Whipple 10 m observations at a detection level < 2 σ (shown by an open circle).

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

Mrk 501 was observed byRXTEPCA from 12 to 24 Jun. 2004 (ObsID: 91448 a). Whipple 10

m observations were taken on 8 nights during this period, by no detection above the 3σ level

was observed on any of the nights. Figure 6.20 shows theRXTEPCA integral fluxes,RXTE

PCA power law photon indicesΓ, and 99% confidence upper limits on the nightly Whipple 10

m integral fluxes above 0.6 TeV. On the first night of 12 Jun. 2004, an elevated X-ray integral

flux was recorded of F3−20keV = (1.73± 0.03) · 10−10 erg cm−2 s−1, while for the remaining 12

nights the X-ray integral flux remained nearly constant, with a mean of F3−20keV = (9.35± 0.02)

· 10−10 erg cm−2 s−1. Figure 6.21 (left) shows theRXTEPCA photon indexΓ versus the 3–20

keV integral flux. No clear trend is shown between the photon indexΓ and integral flux, but due

to the small range of sampled flux states, correlated variability can not be ruled out. Figure 6.21

(left) shows theRXTEPCA energy spectrum on the nights of 12, 22, and 23 Jun. 2004. The X-ray

energy spectrum from the low flux night of 22 Jun. 2004 was wellfit by a power law with photon
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Figure 6.21: X-ray spectral properties of Mrk 501 from 12 to 24 Jun. 2004 (light curve in figure

6.20). Shown (left) is theRXTEPCA photon indexΓ versus the 3–20 keV integral flux. (Right) is

theRXTEPCA energy spectrum on 12, 22, and 23 Jun. 2004.

index Γ = 2.29± 0.03, while the two higher flux observations had near equivalent, and slightly

harder power law photon indices ofΓ = 2.19± 0.03 andΓ = 2.19± 0.02.

6.3.9 RXTEPCA and Whipple 10 m Results on H1426+428 from Mar. to Jun. 2002

H1426+428 was observed byRXTEPCA over a period of 3 months from 7 Mar. to 15 Jun. 2002.

A high coverage of simultaneous nightly observations were taken with the Whipple 10 m, however

H1426+428 was not detected on any of the nights at a significance above 3σ . Figure 6.22 shows

the RXTEPCA integral fluxes,RXTEPCA power law photon indicesΓ, and 99% confidence

upper limits on the nightly Whipple 10 m integral fluxes above0.6 TeV. Strong X-ray variability

was observed over the full 3 month period, showing complex spectral variability. X-ray integral

flux doubling timescales of∼2 days was observed from 8–10 Mar. 2002. Figure 6.23 (left) shows

the RXTEPCA photon indexΓ versus the 3–20 keV integral flux. A large spread is observed,

however weak evidence of a correlation betweenRXTEPCA integral flux and power law photon

index is shown. Figure 6.23 (right) shows theRXTEPCA spectrum of H1426+428 from 19–21

Apr. 2004 when a large rise in integral flux was recorded. The X-ray spectrum of the three nights

was very hard, ranging fromΓ = 1.48± 0.05 toΓ = 1.54± 0.04. The spectra are well described by

a power law, with no sign of curvature resolved in theRXTEPCA spectrum. The peak synchrotron

energy is clearly above 20 keV, but the exact position is difficult to determine. ThisRXTEPCA

data set was previously published in (Falcone et al. 2004). Results agreeing well with the analysis
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Figure 6.22: RXTE PCA and Whipple 10 m light curve of H1426+428 during 7 Mar. to 15

Jun. 2002 (ObsID 70154 (b) in table 6.3). Shown (top panel) isthe RXTEPCA 3–20 keV in-

tegral flux, (middle panel) the power law photon indexΓ over ther energy band 3–20 keV, and

(bottom panel) the Whipple 10 m integral flux F>0.6TeV in nightly exposures. A 99.9% confidence

upper limit was calculated for Whipple 10 m observations at adetection level< 2 σ (shown by an

open circle).

here were shown by the authors, who studied the spectral variability of a number of X-ray flares

from this dataset in detail. The main conclusion was that spectral evolution appeared different

from flare to flare, and that no characteristic variability could be 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 H1426+428 was determined from

a set of near completeXMM-NewtonPN observations from 2000 to 2006. TheXMM-Newton

spectra were fit by XSPEC 12 with 3 fit models following the method described in section 6.3.

Figure 6.24 shows an example Mrk 421 spectrum fit to a power lawor log-parabolic model, both

with fixed galactic absorption NH,Gal = 1.61 · 1020 cm−2. The poor fit to the power law model is

largeχ2 residuals at both the low and high energy ends of the spectrum. Significant variability was

observed in nearly all of the Mrk 421 observations, however for simplicity the energy spectrum is
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Figure 6.23: X-ray spectral properties of H1426+428 from 7 Mar. to 15 Jun. 2002 (light curve in

figure 6.22). Shown (left) is theRXTEPCA photon indexΓ versus the 3–20 keV integral flux.

(Right) is theRXTEPCA energy spectrum from 19–21 Apr. 2002.

Figure 6.24: Spectral curvature in the X-ray spectrum of Mrk421. (Left) Power law fit to the

XMM-NewtonPN energy spectrum of Mrk 421 on 10 Dec. 2003 with fixed galactic absorption

NH,Gal = 1.61 · 1020 cm−2. (Right) Log-parabolic model fit to the sameXMM-NewtonPN spec-

trum. Theχ2 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. Table6.7 lists the best fit results to a power

law or log-parabolic model for 21XMM-NewtonPN observations of Mrk 421. For 10 of the 21

observations, a fit to the power law model resulted in a poorχ2
r > 2. A hard spectrum was recorded

in the 0.6–10 keV band for observations at a high integral fluxlevel. On 6 May 2004, a power law

photon index ofΓ = 1.96± 0.001 suggests a peak synchrotron energy was Ep > 10 keV. Figure

6.25 (left) shows theXMM-NewtonPN energy spectra of Mrk 421 from 4 observations, including

the high flux 6 May 2004 observation. Spectral curvature is evident in each of the 4 selected

energy spectra of Mrk 421. To test for curvature in each of thecomplete Mrk 501 and H1426+428

XMM-NewtonPN data sets, both a power law and log-parabolic model were fitthe spectra. Table

6.8 shows the model fit results for both sources. For H1426+428, the log-parabolic model gave

consistently lowerχ2
r values than with a power law model, however the the highest measured

curvature term was a moderateb = 0.25± 0.02. Figure 6.25 (right) shows theXMM-NewtonPN

energy spectrum of H1426+428 for 3 observations in 2005. Theenergy spectrum on 19 Jun. 2005

was seen to be much harder than on 4 Aug. 2005 at a comparable flux level. Detailed studies of

theXMM-NewtonPN data on the 3 TeV blazars are given for 18 of the 30 total observations, as

referenced in tables 6.5 and 6.6, while for the other 12 observations, first results are presented

here.
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Start Date F0.6−10keV Γ χ2
r a b χ2

r

(f.u.)a

2000-05-25 5.94± 0.01 2.24± 0.001 1.91 2.30± 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 2.08± 0.01 2.55± 0.002 1.30 2.54± 0.002 0.15± 0.007 1.10

2000-11-13 8.20± 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 2.35± 0.001 0.23± 0.004 1.17

2001-05-08 5.71± 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 2.71± 0.002 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± 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 8.95± 0.02 2.22± 0.003 1.57 2.19± 0.004 0.37± 0.001 1.10

2002-12-01 3.40± 0.01 2.40± 0.001 5.96 2.40± 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 4.90± 0.01 2.34± 0.004 1.39 2.30± 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 9.68± 0.02 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 9.05± 0.02 2.42± 0.001 12.90 2.42± 0.001 0.27± 0.001 1.77

2006-12-05 2.97± 0.01 2.63± 0.001 3.35 2.63± 0.001 0.27± 0.004 1.24

Table 6.7: Best fit model parameters for either a power law or log-parabolic model. Notes: (a) The

integral flux in the 0.6–10 keV band is given in units (f.u.) of10−10 erg cm−2 s−1.
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6.4. XMM-NEWTONSPECTRUM OF MRK 421, MRK 501, AND H1426+428

Start Date F0.6−10keV Γ χ2
r a b χ2

r

(f.u.)a

Mrk 501

2002-07-12 0.869± 0.002 2.35± 0.01 1.02 2.26± 0.01 0.18± 0.0 0.99

2002-07-12 0.889± 0.002 2.31± 0.01 1.41 2.26± 0.01 0.10± 0.0 1.02

H1426+428

2001-06-16 0.452± 0.002 1.81± 0.01 0.99 1.83± 0.01 0.02± 0.01 0.99

2004-08-04 0.413± 0.001 2.12± 0.01 1.46 2.01± 0.01 0.24± 0.01 1.07

2004-08-06 0.414± 0.002 2.13± 0.01 1.50 2.02± 0.01 0.24± 0.01 1.07

2005-01-24 0.492± 0.003 2.18± 0.01 1.38 2.07± 0.02 0.25± 0.02 1.13

2005-06-19 0.861± 0.002 2.00± 0.01 1.13 1.95± 0.01 0.11± 0.01 1.04

2005-06-25 0.627± 0.001 2.10± 0.01 1.23 2.03± 0.01 0.17± 0.01 1.04

2005-08-04 0.748± 0.002 2.22± 0.01 1.49 2.11± 0.01 0.24± 0.01 1.07

Table 6.8: Best fit model parameters for either a power law or log-parabolic model. Notes: (a) The

integral flux in the 0.6–10 keV band is given in units (f.u.) of10−10 erg cm−2 s−1.
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Chapter 7

Interpretation

Long-term observations of Mrk 421 revealed strong, complicated X-ray and TeVγ-ray variability.

Additionally, the TeV blazars Mrk 501 and H1426+428 were observed from 2001 to 2006 at low

to moderate X-ray andγ-ray flux levels. Tentative conclusions on three important questions in

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

1. Are the X-ray and TeVγ-ray flux states well correlated on day timescales?

2. Can averaged spectra from sparse observations characterize Spectral Energy Distributions?

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

The first question is addressed in section 7.1 by combining simultaneous flux correlations from a

large sample ofRXTEPCA and Whipple 10 m observations on Mrk 421 spanning periodsof up

to 6 months. Section 7.2 presents SEDs for Mrk 421, Mrk 501, and H1426+428 using spectral

results in this work, along with archive EUVE and EGRET data.Synchrotron Self-Compton

(SSC) model curves are shown for the SEDs, together with a discussion of the varying model

parameters. The second question is prompted both by a reviewof the Mrk 421 X-ray and TeV

spectral spectral variability shown in chapters 5 and 6, andby the construction of SEDs for all

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

question by comparing long-termRXTEASM and Whipple 10 m flux measurements, as presented

in chapter 5. Lastly, a short conclusion is reached based on these three questions: mainly the need

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

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

For Mrk 421, a large spread was observed between the simultaneous X-ray and TeVγ-ray integral

fluxes over a period of 6 years. Figure 7.1 shows the combined Whipple 10 m integral flux F>0.6TeV
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7.2. SPECTRAL ENERGY DISTRIBUTIONS OF TEV BLAZARS
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Figure 7.1: X-ray and TeVγ-ray flux correlation of Mrk 421 from all jointRXTEPCA and Whip-

ple 10 m observations since 2000 (see sections 6.1 and 6.3). Linear (black line) and quadratic (red

dashed line) functions were fit to the data.

versus theRXTEPCA 3–20 keV integral flux from all joint observations since 2000. A weak linear

correlation coefficient ofr = 0.61 is in contrast to significant linear correlations (r > 0.9) measured

for partially resolved flares in chapter 6. Previous studiesof Mrk 421 claimed highly correlated

X-ray to TeV variability (Rebillot et al. 2006; Krawczynskiet al. 2001). Here, a fit to the total Mrk

421 data set with either a linear or quadratic function yields a very poorχ2
r of >25. As described

in section 5.2.2, a quadratic functionFX
i ∝ (Fγ

i )2 is predicted in the Synchrotron Self-Compton

(SSC) model due to the flux dependence on the electron density. Sparse temporal sampling with

offsets of up to 10 hour between observations in the two energy bands diminish the power of

variability studies. Examples of both “orphan” X-ray and TeV γ-ray flares were recorded, where

a high flux was observed in one energy band, while the other band showed no significant flaring.

Since flaring evolution was only partially resolved in all data sets, a characteristic flaring timescale

was not clear. In summary, from this large data set no clear X-ray to TeVγ-ray flux correlation

was evident, however the sparse sampling restricted a detailed temporal study.
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Figure 7.2: Spectral energy distributions of Mrk 421 from simultaneousRXTEPCA and Whipple

10 m observations at a high flux state on 21 April 2004 (black points), and at a low flux state on 22

March 2001 (brown open circles). The Whipple 10 m spectra were corrected for EBL absorption

using the “Low-SFR”model in (Kneiske et al. 2004). The archive 1991–1994 EGRET spectrum

(cyan) is from (Macomb et al. 1995). Extreme Ultraviolet fluxes are from EUVE observations in

1998 from (Tanihata et al. 2004). The parameters for the SSC model to the high flux state (solid

line) are: δ = 15, B = 0.26 G,R = 7·1015 cm, we = 0.062 ergs cm−3, p1 = 2, p2 = 3, log(Eb)

= 11, log(Emin) = 6.5, and log(Emax) = 11.5.For the low flux state, the same SSC parameters are

used, exceptB = 0.11 G, andwe = 0.08 ergs cm−3. The SSC model is from (Krawczynski et al.

2004).

7.2 Spectral Energy Distributions of TeV Blazars

This section addresses the issue of constructing spectral energy distributions (SEDs) for variable

TeV blazars from either sparsely sampled, or time-averagedand non-simultaneous spectral results.

Chapter 6 presented for Mrk 421 a large range of X-ray and TeVγ-ray spectral variability, showing

different hardening and softening evolutions during the rising and decay phase of flares. Nonuni-

form spectral behavior at similar flux states was also shown for the TeVγ-ray time-averaged

spectra in figure 5.4. To test whether consistent SEDs can be assembled from the Mrk 421 data,

a well studied Synchrotron Self-Compton (SSC) model was constrained to simultaneous high and

low flux state spectra. The model calculates an SED for a spherical jet component (blob) of radius

R moving down a conical jet with Lorentz factorΓ (Krawczynski et al. 2004). A broken power

law with spectral indicesp1 and p2 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 distributions of Mrk 501 from a medium fluxRXTE

PCA observation on 12 June 2004, and from the Whipple 10 m EBL corrected energy spectrum in

June 2005. The SSC model parameters are:δ = 25,B = 0.04 G,R= 10·1015 cm,we = 0.01 ergs

cm−3, p1 = 2, p2 = 3, log(Eb) = 11.1, log(Emin) = 6.5, and log(Emax) = 11.7.

its Emin andEmax. The radiusR is set to values near∼ 1015 cm dictated by the short-termγ-ray

variability timescale of∼1 hour forδ ∼= 20. A magnetic field strength ofB = 0.26 G was chosen

based on previous SSC modeling of Mrk 421 (Blazejowski et al.2005). In fact, all parameters in

the SSC model were initially set to the fit values for the April2004 high flux data in (Blazejowski

et al. 2005). Figure 7.2 shows the spectral energy distributions of Mrk 421 from simultaneous

RXTEPCA and Whipple 10 m observations presented in chapter 6. Specifically, the high flux

state is from 21 April 2004, and the low flux state is from 22 March 2001. Using the previously

published SSC input parameters for the April 2004 data, an electron spectrum normalization ofwe

was initially adjusted to better match the April 2004 from this work. A good match was shown

for the SSC model to the X-ray spectrum, however the Inverse-Compton component in the model

is significantly softer than the EBL corrected Whipple 10 m energy spectrum. A better agreement

is shown for the 22 March 2001 low flux spectra, however the magnetic field strengthB was low-

ered in addition towe. In summary, using “reasonable” source parameters, the SEDof Mrk 421

was roughly described by an SSC model, but it is not clear how each SSC source parameter is

constrained.
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Figure 7.4: Non-simultaneous spectral Energy Distributions of H1426+428 from a medium flux

RXTEPCA observation on 21 April 2002, and from the Whipple 10 m EBLcorrected energy

spectrum in March 2001. The SSC model parameters are:δ = 8, B = 0.035 G,R = 30·1015 cm,

we = 0.045 ergs cm−3, p1 = 2, p2 = 3, log(Eb) = 11.9, log(Emin) = 6.5, and log(Emax) = 12.

Spectral Energy Distributions of Mrk 501 and H1426+428

Due to the weaker Whipple 10 m detections of Mrk 501 and H1426+428 than for Mrk 421, time-

averaged TeVγ-ray spectral were used with selected medium flux levelRXTEPCA spectra to

build SEDs. Figure 7.3 shows the spectral energy distributions of Mrk 501 from theRXTEPCA

spectra on 12 June 2004, and the Whipple 10 m energy spectrum from 4.8 hours of data in June

2005. The TeVγ-ray spectrum was corrected for EBL absorption using the “Low-SFR”model in

(Kneiske et al. 2004). The radiusR and magnetic field strengthB were initially set to the values

for a high state Mrk 501 flare in (Krawczynski et al. 2000). However, these parameters required

adjusting to match the medium state SED presented here, witha relatively lowδ = 8. Over a

restricted range of parameter space, the SSC synchrotron spectrum remained significantly harder

than the observedRXTEPCA spectrum. Still, due to the non-simultaneous data, it isdifficult to

draw conclusions on the appropriateness of the SSC modelingresults. Motivated by the strong

X-ray spectral variability shown for H1426+428 in section 6.3, an approximate medium flux level

was chosen to build an SED with the Whipple 10 m energy spectrum from March 2001. Figure

7.4 shows the SED of H1426+428 using theRXTEPCA spectrum from 21 April 2002, and the

Whipple 10 m spectrum in March 2001 corrected for EBL absorption. No good match could be

attained using small deviations from the SSC parameter range applied to Mrk 421 and Mrk 501.
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7.3. LONG-TERM X-RAY AND TEV γ-RAY FLUX VARIABILITY
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Figure 7.5: Correlation of derivedRXTEASM fluxes withRXTEPCA flux measurements of Mrk

421 in Jan. to May 2006. (Left) Light curve of Mrk 421, taken from figure 6.17, with time bins of

10 days for the meanRXTEPCA and ASM fluxes. (Right) Correlation of the simultaneous 10 day

fluxes, with a linear fit to the data.RXTEASM fluxes were calculated with the PIMMS tool using

an input power law spectrum ofΓ = 2.5 (HEASARC 2007).

The hard spectrum observed withRXTEPCA required an increase in the maximum energyEmax

of the electron spectrum. Lastly, the large, nonuniform spectral variabilty within Mrk 421, and

wide range of SSC parameters needed to constrain spectra between the 3 TeV blazars emphasizes

the ambiguity in results based on selected SEDs.

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

The question of a characteristic year timescale variability in TeV blazars is addressed here using

the long-termRXTEASM and Whipple 10 m flux measurements presented in chapter 5.Before

discussing results from the long-term light curves, theRXTEASM rates are converted to flux units

using spectral information from chapter 6. A cross-comparison of the measuredRXTEPCA and

derived ASM fluxes is presented below to verify the technique.

Determining the Long-term RXTEASM Fluxes

A systematic study of theRXTEASM flux measurements was made possible using the detailed

day timescaleRXTEPCA studies of TeV blazars in chapter 6, and from the PIMMS tool provided

by (HEASARC 2007). The PIMMS tool calculates the expected count rate for a large number

of X-ray missions, includingRXTEASM, using an input source spectrum over a given energy

range. A joint light curve of Mrk 421 from Jan. to May 2006 was constructed to serve as a cross-

comparison between the measuredRXTEPCA fluxes and derived ASM fluxes (see sections 5.2.1
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Figure 7.6: Long-term X-ray and TeVγ-ray light curve of Mrk 421 (black points), Mrk 501 (brown

points), and H1426+428 (cyan points). For the Whipple 10 m integral fluxes F>0.6TeV, 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 a power law with photon indexΓ

= 2.5 over the PCA energy range of 3–20 keV, as determined from figure 6.17. For Mrk 421, the

redshift z= 0.031 and Galactic column density NH,Gal = 1.61 · 1020 cm−2 were the remaining

inputs for the PIMMS tool. Figure 7.5 (left) shows the joint Mrk 421 light curve, with time bins

of 10 days for the meanRXTEPCA and ASM fluxes. Figure 7.5 (right) shows a correlation of the

RXTEPCA and ASM fluxes in bins of 10 days. A high linear correlationcoefficient ofr = 0.93

was determined for the Mrk 421 light curve, confirming thatRXTEASM count rate is reasonably

calibrated at long integrations (>10 days) for sources with a known X-ray spectrum. However, as

shown in section 6.3, TeV blazars exhibits a high degree of X-ray spectral variability, limiting the

reliability of ASM fluxes. Still, it is useful to estimate thelong-term X-ray fluxes of TeV blazars

from theRXTEASM count rates. For Mrk 501, the ASM fluxes were calculated from PIMMS

using a power law input spectrum ofΓ = 2.3, as estimated from figure 6.20. For H1426+428, an

input power law input spectrum ofΓ = 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 γ-ray Light Curve of TeV Blazars

Figure 7.6 shows a combined long-term light curve of Mrk 421,Mrk 501, and H1426+428 using

the RXTEASM and Whipple 10 m integral fluxes, as calculated in chapter5. The significantly

greater flaring amplitude of Mrk 421 relative to the other twoTeV blazars is clear. The lack of

strong month timescale flaring in either Mrk 501 or H1426+428over 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 from acomplete synopsis of the open ques-

tions in TeV blazar studies. However, this discussion has lead to the pointed conclusion that

high sensitivity X-ray and TeVγ-ray observations with near continuous temporal coverage are

needed to better resolve complex flaring states. To this aim,simultaneous X-ray observations with

H.E.S.S. , MAGIC, and VERITAS offer many new insights into the flaring nature of TeV blazars.

Particularly, the spectral evolution of rising and decaying phases on timescales of hours to min-

utes. These observations offer significantly more constraining limits to SSC and other emission

models by defining more clearly the characteristic flaring timescales and possibly correlated flux

and spectral states between energy bands.
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