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ABSTRACT

X-RAY AND TIMING PROPERTIES OF ANOMALOUS X-RAY PULSAR 1E
2259+586

MUS, SNEM SASMAZ
M.S., Department of Physics
Supervisor: Prof. Dr. Altan Baykal
Co-Supervisor: Assist. Prof. Dr. S. §@asinam

August 2007, 78 pages

In this thesis, we present the spectral and timing vari#slof anomalous X-ray pul-
sar 1E 2259+586 observed with European Photon Imaging PN @afBPIC PN)
on board X-ray Multi Mirror Mission (XMM), Proportional Coder Array (PCA)
on board Rossi X-ray Timing Explorer (RXTE) and Advanced CCD Imgdpec-
trometer (ACIS) on board Chandra X-ray Observatory.

We presented the results of spectral analysis of 2000 ;JaiuaACIS observa-
tion. Pulse phase spectroscopy was performed on two XMMreasens before and
after the outburst. Pulse profiles of two XMM observation®bethe outburst and
three XMM observations after the outburst were studied. Reare consistent with
the those presented by Patel et al. (2001) and Woods et &4)20

We searched for the spectral variations versus spin rategline outburst. Long-
term spectral, frequency and spin-down rate variationgegsented between 1996

and 2006 including 98 RXTE and 4 XMM observations. Howevecegt outburst



region (Woods et al. 2004) no significant spectral and spia variabilities were
seen. Around the outburst region we confirmed the spectrdehang with increas-

ing spin rate and flux.

Keywords: neutron stars, anomalous X-ray pulsars, 1E 2288+X-rays, burst,

Chandra, XMM and RXTE spectral analysis, RXTE timing.



OZ

ANORMAL X-ISIN ATARCASI 1E 2259+586'NIN X-ISIN VE ZAMANLAMA
OZELLIKLERI

MUS, SNEM SASMAZ
Yuksek Lisans, Fizik Bolumu
Tez Yoneticisi: Prof. Dr. Altan Baykal
Ortak Tez Yoneticisi: Assist. Prof. Dr. S. Gadasinam

Agustos 2007, 78 sayfa

Bu tezde XMM EPIC PN, RXTE PCA ve Chandra ACIS kamera ve detekiorler
ile gbzlemlenen anormal X-igin atarcasi 1E 2259+586'peksel ve zamanlama
degiskenlikleri sunulmaktadir.

11 Ocak 2000 tarihli ACIS gdzleminin analiz sonuglarini sukad Patlamadan
once ve sonra yapilan iki XMM gozleminin spektrel parametiai atim fazina gére
inceledik. Patlamadan 6nceki iki XMM g6zlemi ve sonraki GIM gdzleminin
atim profillerini calistik. Elde edilen sonuclar Patel vk.g42001) ve Woods ve ark.
(2004) tarafindan bulunan sonuglar ile uyumludur.

Patlama siresince spektrel parametrelerdekisit@i yildizin spin dgisim hizina
gore arastirdik. Uzun donemli spektrel, frekans ve yiavaa hizi dgisimlerini 98
RXTE ve 4 XMM go6zlemini iceren 1996 ve 2006 yillar arasindasardik. Fakat,
daha 6nce yayinlanan (Woods et al. 2004) patlama zamaimi diger zamanlarda

hicbir dejisim bulamadik. Patlama sirasinda, spigidien hizinda ve akida artis ile

Vi



foton indeksin azalduni dayruladik.

Anahtar Kelimeler: nétron yildizlari, anormal X-isin egalari, 1E 2259+586, X-
Isinlari, patlama, Chandra, XMM ve RXTE spektrel analizIRKTE zamanlama.

vii
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CHAPTER 1

INTRODUCTION

Massive stars evolve to neutron stars after supernova grplavhich is a result of
endothermic fusion reaction of iron and nickel. If theseegb§ have strong (i.e.
> 10'? Gauss) magnetic fields, and emit signals at the line of sifhtsdike a
lighthouse, we called them pulsars. Pulsars are classiisatding to their emission
mechanisms as rotation-powered or accretion-powere@usulin rotation-powered
case, pulsar is considered to be a rotating magnetic dipalele emission is the
result of loss of the rotational kinetic energy due to maigndipole braking since
braking causes spinning-down of the star. In accretion,caseerial is accreted
either from a supernova remnant or a companion star. It igriéag@tational potential
energy of these material which gives the observed emission.

Anomalous X-ray pulsars (AXPs) and soft Gamma-ray repsdfeGRs) differ
from those known as rotation-powered and accretion-paivpudsars. There is no
evidence for a companion or an accretion disk, and AXPs haftersX-ray spec-
tra than those of accreting X-ray binaries. So, these @iffees made scientist to
think about the emission mechanism of these objects. Owiagnbiguity of energy
source, scientists have called them "anomalous"”. They havewaange of spin
periods about 6-12 seconds, are spinning-down with higlsi@.048 - 4% 10~ !' s
s~!, Woods & Thompson 2004), and X-ray luminosities are sevanddrs of magni-
tude greater than those calculated from spin-down ratesteTdre seven confirmed
AXPs, two candidate and only four SGRs. Since the discoveAXd#t 1E 2259+586

emission mechanism has been discussed during a decadecidigpgavo models,



magnetar and fall-back disk have been the most acceptalbdelsmand currently
the debate over the hypothesis is continuing with the mopécgbility of magnetar

model.

1.1 Soft Gamma-ray Repeaters and Anomalous X-ray
Pulsars

The detection of a burst from SGR 1806-20 on 1979 January ro¢Let al. 1986)
leads to a new discussion continuing over two decades anstrapaysicists. Three
of these objects were also detected within the first threetinsoof 1979 during the
observations of gamma-ray bursts (GRBs). Unlike GRBs, SGRs sbpetitious
bursts of soft gamma-rays / hard X-rays, and have softetispian in GRBs. Their
bursts can reach up to #0ergs s! (Golenetskii et al. 1984). Using the observa-
tions of SGR 1806-20, no correlation between burst energlyveaiting time was
found which implies a different mechanism than rapid buisstg_aros et al. 1987).
They show super-Eddington luminosity spikes with shortations (Kouveliotou et
al. 2003), persistent X-ray emission with periods in thegenof 5 - 8 seconds and
rapid spin-down (Woods & Thompson 2004). Also X-ray pulsefie changes have
been observed in these objects during their burst acsJi@G®gis et al. 2002). Their
association with supernova remnants (SNR) has led peophénto $GRs are young
neutron stars. Theories such as merger of two white dwadsz{fski 1990), ac-
cretion onto the neutron star via accretion disk or fallkbdisk (van Paradijs et al.
1995; Chatterjee, Hernquist, Narayan 2000; Alpar 2001)aget a high magnetic
field (Duncan & Thompson 1992) have been invoked to explagmiiture of these
objects. Currently there are four known SGRs.

First AXP was discovered with the first imaging X-ray telgse@f NASA, Ein-
stein X-ray Observatory, by Fahlman & Gregory in 1981. Thigeot, 1E 2259+586,
also has high luminosity than calculated from spin-downgptical counterpart and
softer spectrum than those of X-ray binary systems. Curreatch for the other

counterparts of emission is being held (Hulleman et al. 20@in et al. 2004). In



the following years, number of confirmed AXPs reached sevehtao candidate
was also proposed. Summary of recent observations of SGR&X¥s can be seen
from Tables 3.1-3.13. Generally, spectra of AXPs is fitted pmwer law plus black-
body model modified by interstellar absorption and, for SGsmodel and single
power-law model for some sources give good fits. Bursts haga bbserved from
these objects after a long time of their discovery (Gavtiiale 2002; Kaspi et al.
2003). Also flux variability of these objects have been digred although some of
them have not shown burst activity. Recent years glitchee baen observed from
1E 2259+586 at the time of an outburst with accompanyingata@i changes and
1RXS J170849.0-400910 (Kaspi et al. 2003, Woods et al. 2084piket al. 2000,
Kaspi & Gavriil 2003, DallOsso et al. 2003).



CHAPTER 2

MODELS

2.0.1 Magnetar Model

Since the bursts similar to soft Gamma ray repeaters’ btwste been detected in
AXPs, magnetar model is in great consider. Because SGRs ang AXi similar
period (P), spin-down rate ), and X-ray luminosity ( L) values in the quiescent
states of SGRs. Also, positive correlation between the lemslof the high energy
component and spin-down rate shows a continuity withinglsssirces (Marsden &
White 2001). The major difference between AXPs and SGRs wasuitse phenom-
enon of SGRs. Magnetar model was introduced to explain theighpf SGRs in
1992 by Robert Duncan and Christopher Thompson (Duncan & Teomf992).
They attempted to explain SGRs as one type of magnetars anthieee high-field
neutron stars can form (Duncan & Thompson 1992; Thompson &cBa 1993;
Thompson & Duncan 1995). They proposed convective motioassupernova core
as the source of strong magnetic fields of neutron stars smhee conditions. Dy-
namo mechanism as a generation of magnetic fields was firstiyioned by Flowers
& Ruderman (1977). As there was no known mechanism to drivestlagive motion
of charged fluid which generates the magnetic field in 197y tumsidered fossil
field or field generated at birth as the mechanism.

According to the magnetar model SGRs and AXPs have magndtls §gonger

than the quantum electro dynamical value which means ageclanergy is compa-



rable with the electron’s rest mass energy

2.3
mZc

Bqep = ~ 4.4 x 10" Gauss. (2.1)

where m and e are the rest mass and charge of the electron. Extermggletna
energy has to be the dominant energy source rather thaior@bénergy on a time

scale,

B . —4
trnne = 400 [ —2ipole 2.2
& <1OBQED> (2.2)

and this is the essential difference between pulsars andcheteag (Thompson &
Duncan 1995). Dipole field inferred from the spin-down ratalbout 16*~1> Gauss.

But recently some radio pulsars with dipole magnetic fieldsuah0* G have been
discovered (McLaughlin et al. 2003; Camilo et al. 2000). Efere, the fundamental
difference observed between these high field pulsars anaeteas is attributed to
the internal field strength (Thompson et.al. 2002).

Several mechanisms have been invoked for the generaticgrsisent emission
with an order of 1& erg s'! from SGRs and AXPs. Twisted magnetic field inside
the star which is also strong enough to twist up the exteriagimatic field via subsur-
face motions is one of the hypothesis. This field is the soaf@@irrents which are
responsible for the non-thermal persistent emission frotiweburst sources with a

decaying time of 10-100 years (Thompson 2000). Twisted balwtlle has a current,

8L
where® and L are the magnetic flux and length of the bundlg, is the strain
which cracks the crust. Thompson et al. (2000) suggestlieagurface temperature
of these sources is enough to feed the current via thermamission of ions and
electrons. These particles can impact and heat the suBate@lectrons can also be
accelerated to the higher energies and Comptonized thermay Yhotons can be

released. So, energy dissipation of the current flow is,

0 A BNS L -1 a 2 _
Lx =3 x 109 [ Zme (7o) (o) ees (24
X 3 x 10 ( Z > <1OBQED> RNS 0.5 km e s ( )

A and Z are the mass and charge of the ion and a is the lengtle dfattture. Sec-

ond mechanism is the ambipolar diffusion of charged padiclt means the drift of



magnetic field and charged patrticles relative to the neattimrough the core and re-
lease of magnetic energy via friction @reactions (Goldreich & Reisenegger 1992;
Thompson & Duncan 1996). Ohmic decay occurs as a result aksistivity of the
plasma which is important in the small length scales. The $nggested mechanism
is the Hall drift which is caused by the current flows througmagnetized plasma.
Hall effect does not dissipate magnetic energy becausele¢trie field generated
by the current flows in the presence of a magnetic field is pelipalar to the cur-
rent density which makes the magnetic energy constant (€old & Reisenegger
1992). But it transports the short wavelength (shorter tlogallscale height) Hall
drift waves which carry the magnetic energy to the outertoninere they can dissi-
pated by the Ohmic decay (Thompson & Duncan 1996).

The other phenomena that must be explained is the burst misohaeen all
of the SGRs and some of the AXPs. Rearrangement (via an integehastability
or reconnection) of the magnetic field and cracking of thestcisl suggested as an
explanation for SGR bursts. According to Thompson and Dair{t895) diffusion
of the magnetic field inside the interior of the star produgesarrangement of the
field via the displacement of the external magnetic fielddiméich are anchored to
the surface and generates a pair fireball in the magnetaspli¢ghe star caused by
the Alfven waves released directly into the magnetosphereording to the model,
radiation from this fireball is the reason of the observedtsurThomson and Duncan
conjecture the dipole field of the SGR 0526-66 with a magrikticradius ofA R as

Eﬁreball )1/2 < AR >_3/2 (1 + AR/RNS

3
— 2.5
104 erg 10 km 2 ) G (2:5)

Buipole > 2 x 10" (

where E...an1 IS the burst energy trapped in the closed magnetic field.linbts field

is bigger of the order of P0than a typical pulsar field by recourse to the assump-
tion of the energy released in the soft tail of the 1979 Martluist arises from the
pair fireball. Also they explained the hyper-Eddington Inosity of this source as

a degradation of the scattering cross-section throughdhéned plasma below the
Thomson cross-section value, allowing to the such highmhasities. For less ener-

getic bursts, they propose the cracking of the crust by aotdigliffusion and Hall



drift. The field in the crust estimated for cracking the cligst

_ /2
Esar ' 1 Omax
Bepust &~ 1 x 101 — G 2.6
PR <1o41 erg> (1 km> <10—3> (2.6)

[ is the length of the fracture ant,.. is the strain which cracks the crust. This

disturbance also changes the positions of the field linaslad to the fracture region

and gives rise to Alfven pulse as explained but less energag.

2.0.2 Fall-Back Disk Model

Various scenarios have been proposed like low mass compé@viereghetti & Stella
1995), disrupted binary companion (van Paradijs et al. },9%%d magnetar model
to explain emission mechanisms of AXPs. Another mechanigpgsed is the fall-
back disk for the case in which the matter from the supernapéosion cannot be
ejected perfectly and falls back to the neutron star becalue gravitational field
of the star and a disk forms when material has sufficient amgubmentum (Chat-
terjee, Hernquist, Narayan 2000; Alpar 2001). In this sdenaccretion is time
dependent. So, the observed spin-down is explained by adinng accretion rate
(Chatterjee et al. 2000), and the observed X-ray emissioxplaimed as a result of
the accreting material onto the star accompanied with alfiit emission from the
disk. When the accretion stops the system switches to theadpulsar phase. The
magnetic field range is in the conventional pulsar rangd @'? G) in contrast with
the magnetar model. This means that the observed diffesdrateveen AXPs, SGRs
and radio pulsars come from different parameters relatékdet@ccretion rate. The
location of the magnetospheric radius with respect to tii& ltylinder and the coro-
tation radius defines the effectiveness of the disk on newgtar. The motion of the
accreting material is dominated with the magnetic field efgtar. The radius of this
region is called magnetospheric radius,{R Light cylinder is the radius at which
the corotation speed is comparable with the speed of lighé material in the disk
corotates with the star if it is located on the corotationuadShapiro & Teukolsky
1983). If the magnetospheric radius is greater than the tglinder radius, disk

evolves independently from the star. So, magnetospheaidocrelative to the light



cylinder determines whether disk interacts with the stamair If the disk interacts
with the star, corotation radius determines how it intesaéthen the magnetosphere
of the star is beyond the corotation radius at which the argotation frequency of
the star is greater than the Keplerian frequency gt tRis phase is called the 'pro-
peller phase’ because the centrifugal forces prevent tbeetaon onto the neutron
star, and owing to the angular momentum transfer to the daskvall spin down.
Lacking of the falling matter onto the surface of the stadketo a significantly low
X-ray luminosities. As neutron star spins down, angulaation frequency of the
star decreases to the Keplerian frequency of the disk at #gnetospheric radius.
This phase is called the 'tracking phase’ and the star isyXargght. Other phase
of the accretion is advection-dominated accretion flow (ApAAccording to the
theory, star is observed as AXP when between the transitoon propeller to track-
ing (t = t,..s) and two times the transition to the ADAF phase (t 2tx) which
corresponds to the accretion death time (Figure 2.1). [Quhe transition time to
the ADAF, luminosity falls to the 1% of the Eddington lumimtys Thus, the theory
explains the narrow period clustering of the AXPs via th&-drggnetosphere inter-
actions. Also, observed Optical/IR emission is found anlangtion in the theory
as the emission or reprocessing of X-ray irradiation from disk (Hulleman et.al.
2000). But according to Li & Wang (2000) rotation rate of therating material
will be reduced by the advection which leads to decreasernotaton radius while
the magnetospheric radius slightly changes. This causesfiynetospheric radius
to be greater than the corotation radius and return to thegliey phase again which
means the period clustering of the AXPs and SGRs cannot bsnetdthom the ac-
cretion. Another trouble is that the theory has difficultygimsping the large pulse
fraction of the optical pulsations and burst mechanism ifk&Martin 2002; Chat-
terjee, Hernquist, Narayan 2000). In order to overcomeitiigacy, Eksi & Alpar
(2003) proposed a hybrid model in which the star has a dipeld With a conven-
tional pulsar magnetic field interacting with the disk andate magnetic fields with

higher multipoles. But the detailed derivation of the theloag not been done yet.
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Figure 2.1. Phase evolution of a neutron star with an ingh period of 0.015 s
and accretion disk mass of 0.006 M (Chatterjee et al. 2000).



CHAPTER 3

OBSERVATIONS

3.1 Observation History of SGRs and AXPs

Period and period derivatives are taken from the SGR/AXPr@riatalog compiled
by McGill Pulsar Group?

1. SGR 1900+14: This SGR was discovered in 1979 (Mazets €t9a19). Be-

tween 1998 May and October, it emitted over 100 bursts and9®8 Au-
gust 27 a burst similar to the March 5 burst of the SGR 0526-&§ detected
(Woods et al. 1999). Period of the SGRN5.2 s and it has a period derivative
of ~ 7x10~!! s/s (Woods et al. 2001).

. SGR 0526-66: This SGR is the source of the 1979 March 5 EMistets et
al. 1979; Cline et al. 1980). It locates in the supernova rethh&9 of the
Large Magellanic Cloud (Evans et al. 1980). Period of thes®ig~8 s. and
period derivative is-6.5 x 107! s/s. SGR 0526-66 currently acts like an AXP
(Kulkarni et al. 2003).

. SGR 1806-20: This SGR was discovered in January 1979 ¢ledral. 1987).
Supernova relation of the object has not been confirmed ydtjiedDhas a

spin period of~7.6 s. and period derivative ef 5.5 x107!° s/s. Between

IMcGill Pulsar Group, URL, http://www.physics.mcgill.cptlsar/magnetar/main.html, August
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2004 September and October, 69 bursts with a detection ofatixsn feature
at 4.2 keV and a giant flare with a peak luminosity 0&k20*” ergs s! on
2004 December 27 were observed (Mereghetti et al. 2005; ¥veioal. 2007).
Detailed spectral and timing history of 1806-20 between3188d 2005 can
be found in the paper by Woods et al. 2007.

4. SGR 1627-41: This SGR was discovered in 1998 during itstleypoch (Woods
et al. 1999) and within six weeks it emitted over 99 bursthwitrst peak lu-
minosities varying from 18 to 10*? ergs s' (Woods et al. 1999). Period of
the source i$-6.4 s. Currently, period derivative of the source is not otedi
1627-41 has also a supernova remnant (SNR) associationcditelo in the

supernova remnant G337.0-0.1.

5. AXP 4U 0142+61: This object has a period-of8.7 s and period derivative
of ~2x 107! s/s. Optical pulsations were observed from this objectfkger
Martin, 2002) and Hulleman et al. (2004) found a sudden drofiux be-
tween visible and blue band which is thought to be due to atsgdeature.

Observation list is presented in Table 3.5.

6. AXP 1E 1048.15937: This AXP has a period~of6.4 s. and period deriva-
tive of ~ 2.7x10~!! s/s, but spin-down rate of the object is not constant and
shows significant deviations as compared to other two AXEs3259+586
and 1RXS J170849.0-400910) which time coherent timing wae d@Kaspi
et al. 2001). On 2004 June 29 burst phenomena with signifggettral evo-
lution was observed and this object is most likely the somft2001 bursts

which were detected in the direction of the object (Gavtidle 2006).

7. AXP 1E 2259+586: Period of the objectd4s 7 s. and period derivative is
~0.05x 107! s/s. This AXP showed an outburst and a simultaneous glitch
phenomena with significant spectral evolution in 2002 (Woetal. 2004).
Object locates in the SNR CTB 109.

8. AXP 1RXS J170849.0-400910: This object was discovere®@861Sugizaki

11



10.

11.

12.

13.

etal., 1997). Period of the objectis11 s. and period derivative is2x 101!
s/s. Two glitches were detected in 1999 and 2001 with differecovery prop-
erties (Kaspi et al., 2000; Kaspi & Gavriil, 2003). 2001 gjtitresembles to
that seen in AXP 1E 2259+586 in 2002 (Kaspi & Gavriil, 2003).

AXP 1E 1841-045: Object is located in the SNR Kes 73. Pevidtie object

is ~12 s and period derivative is4x 107! s/s.

AXP XTE J1810-197: This object was discovered in 2004afibm et al.
2004). Itis a transient AXP and showed burst phenomena (‘¥/etal. 2005).

Period of the object is- 5.5 s. and period derivative is0.8x 107! s/s.

AXP CXOU J010043.1-721134: This object is in the Small Blkgnic Cloud.

Period of the object is- 8 s. and spin-down rate is2x107!° s/s. There is no
evidence of variability was observed from this object overy2ars (McGarry
et al. 2005).

AXP AX J1845-0258: This object is an unconfirmed AXP. dsdtion coin-
cides with SNR G29.6+0.1 (Tam et al. 2007). Period of the @bg~7 s.

Currently, period derivative of the source is not obtained.

AXP CXO J164710.2-455216: This unconfirmed AXP was disoed in the
Westerlund 1 which is a young and massive Galactic stareglstuno et al.

2006). Period of the object is 11 s. and period derivative is2x 10719 s/s.

Archival observations and obtained parameters of thessctsbare listed in Ta-

bles between 3.1-3.13 in order to see the spectral diffeseatthese objects.

Marsden & White (2001) studied the spectral parameter vanatvith respect to

the spin-down rate of AXPs and SGRs in their persistent stdtiesy analyzed two
SGR and five AXP data over the energy range 0.5-10.0 keV. Rhotlices obtained

from single power law fit were plotted with respect to the spawn rate (Figure

3.1).

rate.

Plots show that hardness of the spectra increasesmitbasing spin-down

They also fitted two component blackbody plus powerravdel which fits

well to the AXP spectra to investigate the blackbody temijpeea photon index and

12



Lpr/Lgg ratio variations with respect to the spin-down rate. Hasdra the spectra
increases with respect to the spin-down rate for this makiethe single component
model but no variation in the temperature was found (FiguPeaBd 3.3). Ratio of
power law luminosity to blackbody luminosity show the samentl like hardness,
increasing ratio with increasing spin-down rate (Figue®.3.

They argued the models proposed to explain the AXP and SGRoptena. X-
ray binary membership of this objects was rejected becaos®melation between
the spectral parameters and the spin-down rate was foundary Kinaries. lp;/Lgg
ratio proposed as a constraint for the magnetar model. Magnedel predicts the
Lpr/Lpg ratio decreases as a function of magnetic field and spin-datenbut in
their analysis Marsden & White found a positive correlatida.obtain a decreasing

ratio they proposed that the power-law emission must extandhe far-UV band.
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Figure 3.1: Variation of photon index with spin-down ratesingle power law model
(Marsden & White 2001).
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Table 3.1: Spectral Parameters of SGR 1900+14

Date Satellite Model Power Law NH BB Temp. Unabsorbed

Index 1022 orGauss. Flux 10!
cm™2  (keV) ergcm 25!

May 1997 BeppoSAX BB+PL 1.1 1.8 0.51 0.99

April 1998 ASCA PL 2.25 2.16 - 0.96

June 1998 RXTE PL+Gaussian 2.1 3.4 6.6 4.4

August 1998 RXTE PL+Gaussian 3.1 5.5 6.5 9.9

September 1998 BeppoSAX BB+PL 1.8 2.2 0.62 2.50

March,April 2000 BeppoSAX BB+PL 1.98 2.7 0.43 1.03

Setember 2005 XMW BB+PL 1.9 2.12 0.47 0.485

April 2006 XMM# BB+PL 1.9 2.3 0.47 0.55

September 2005 XMM PL 2.84 2.57 - 0.48

April 2006 XMM* PL 2.81 271 - 0.56

@ Unabsorbed Flux 2.0-10.0 keV

b Active period
"Woods et al. 1999, 2001 Hurley et al. 1999a3 Kouveliotou et al. 19993 Mereghetti et al. 2006

Table 3.2: Spectral Parameters of SGR 0526-66

Date Satellite Model  Power Law NH Blackbody Unabsorbed
Index 1022 Temp. Flux® 10~12
em~?2  (keV) erg cm 2571
January 2000 Chandra BB+PL 3.1 0.54 0.6 3.52
August 2001  Chandta BB+PL 3.12 0.54 0.48 3.26

2 Unabsorbed Flux 0.5-10 keV

I Kulkarni et al. 2003
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Table 3.3: Spectral Parameters of SGR 1806-20

Date Satellite Model Power NH Bbody Unabs. PL
Law  10*2  or Bremss Flu¥  Flux®
Index cm=2 Temp. (keV)
Oct. 1993 ASCA PL 2.2 6.0 - 1.0 -
Oct. 98, Mar. 99 BeppoSAX PL 195 6.3 - 1.64 -
Oct. 98, Mar. 99 BeppoSAX Bremss. - 535 110 1.50 -
Apr. 2003 XMM3 BB+PL 1.44 6.64 0.59 - 1.16
July 2003 CHANDRA BB+PL 1.57 8.0 0.48 2.20 -
July 2003 CHANDRA PL 1.89 7.1 - 1.95 -
Oct. 2003 XMM BB+PL 1.2 6.05 0.73 - 1.25
June 2004 CHANDRA BB+PL 1.47 8.5 0.49 3.76 -
June 2004 CHANDRA PL 1.77 7.7 - 3.38 -
Sep. 2004 XMM 3 BB+PL 1.21 6.51 0.79 - 2.42
Oct. 2004 XMM 3 BB+PL 1.23 6.53 0.77 — 241
Apr. 2003 XMM3 PL 1.63 6.31 — - 1.226
Oct. 2003 XMM PL 1.55 6.10 — - 1.379
Sep. 2004 XMM 3 PL 151 6.69 - - 2.651
Oct. 2004 XMM 3 PL 1.57 6.70 — - 2.670
Mar. 2005 XMM BB+PL 0.8 6.0 0.91 - 1.92
Feb. 2005 CHANDRA PL 1.8 7.1 - - -
Feb. 2005 CHANDRA BB+PL 1.78 7.5 <0.93 - -
Oct. 2005 XMM BB+PL 1.19 6.6 0.77 2.0 -
Oct. 2005 XMM PL 1.83 7.2 - 2.08 -

1 Sonebe et al. 19942 Mereghetti et al. 20002 Mereghetti et al. 2005
4 Tiengo et al. 2005° Rea et al. 2005° Woods et al. 2007

@ %107 erg cm =2 s7! over 2 — 10 keV

b Active phase
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Table 3.4: Spectral Parameters of SGR 1627-41

Date Satellite Model PowerLaw NH Unabsorbed
Index 10?2 Flux® 10~'2
cm ™2 erg cm~2s7!
August 1998 BeppoSAX PL 2.6 10 5.9
September 1998 BeppoSAX PL 2.8 10 4.6
August 1999 BeppoSAX PL 1.9 5 1.1
February 1999 ASCA PL 3.24 g 2.76
September 2000 BeppoSAX PL 3.0 8 1.1
September 2001 Chandra PL 2.17 g 0.267
August 2002 Chandfa PL 2.95 g 0.266
February 2004 XMM PL 3.2 9 0.32
September 2004,4  XMM PL 3.2 Qv 0.26
September 2004,22 XMM PL 3.2 g 0.23
September 2004,22 XMM PL 3.7 11.4 0.32

@ Unabsorbed Flux over 2.0-10.0 keV

b Fixed Value
1 Mereghetti et al. 2006 astro-ph/0512059v¥2Kouveliotou et al. 2003
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Table 3.5: Spectral Parameters of AXP 4U 0142+61

Date Satellite Model Power NH Blackbody Bremss. Absorbed
Law  10*2  Temp. Flux® 10~ 11
Index cm™2 (keV) (keV) ergcm 2 g1

1994 Sep. ASCA BB+PL 3.67 0.95 0.386 - 13

1994 Sep. ASCA BB+Brems. 1.56 0.9 - 0.93 13

1997 Jan. BeppoSAX BB+PL 3.8 1.1 0.37 - -

1998 Feb. BeppoSAX BB+PL 4.0 1.2 0.41 - -

1998 Aug. ASCA BB+PL 3.3 0.97 0.384 - 13%

1998 Sep. ASCA BB+PL 3.3 0.92 0.380 - 13

2000 May Chandra BB+PL 3.35 0.91 0.458 - -

2001 May Chandra BB+PL 3.3 0.88 0.418 - -

2001 May Chandra BB+Brems. - 0.69 - 1.6 -

2001 May Chandra Brems. - 092 - 1.11 -

2001 May Chandra CutOffPL 0.9 083 - - -

Note: E..; for PL=0.93 keV
%0.5-10.0 keV
b 2.0-10.0 keV
L' White et al. 1996 2 Israel et al. 19992 Paul et al. 2000*Patel et al. 2003°Juett et al. 2001
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Table 3.6: Spectral Parameters of AXP 1E 1048.1-5937

Date Satellite Model Power Law NH Bbody Unabsorbed
Index 10?2 Temp. Flux* 10712

ecm™2  (keV) ergemZs7!

1994 March ASCA BB+PL 2.9 1.0 0.57 5.8
1997 May BeppoSA¥ BB+PL 3.3 1.2 0.62 7.1
1998 July ASCA BB+PL 3.2 1.21 0.56 6.0
2000 December XMM BB+PL 2.9 0.96 0.63 -
2002 August Chandta BB+PL 2.7 1.1t 0.62 -
2003 June XMM BB+PL. 3.27 1.08 0.627 -
2004 July XMM! BB+PL 3.44 1.10 0.623 -
2004 July CHANDRA BB+PL 3.30 1.18 0.619

2004 July CHANDRA BB+PL 3.08 1.18 0.585 9.56
2004 July CHANDRA BB+PL 3.23 1.23 0585 9.2

@ 1If not mentioned all Unabsorbed Fluxes are in the 2.0-10\0lk@nd
b Reanalysis of the observation reported by Oosterbroek £08B
¢ Fixed value
1 Paul et al. 20002 Tiengo et al. 20023 Mereghetti et al. 2004* Tiengo et al. 2005
5 Gavriil et al. 2006
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Table 3.7: Spectral Parameters of AXP 1E 2259+586

Date Satellite Model  PowerlLaw NH Bbody Unabsorbed
Index 10%2 Temp.  Flux® (10~
(em™2) (keV) ergem 2s71)

1990 December BBXRT PL 3.86 1.01 -

1990 December BBXRT BB+PL 3.34 0.88 0.329 -
1993 May ASCA(S0) BB+PL 3.04 0.67 0.415 -
1993 May ASCA(G2) BB+PL 3.15 0.43 0.418 -
1993 May ASCA(G3) BB+PL 3.29 0.48 0.423 -
1996 November BeppoSAX BB+PL 3.93 0.87 0.44 -
2000 January CHANDRA BB+PL 3.6 0.93 0412 2.0
2002 Januaty XMM* BB+PL 4.04 1.096 0.488 1.53
2002 June & XMM 4 BB+PL 4.10 1.098 0.411 1.63
2002 June 21 XMM* BB+PL 3.59 1.035 0.517 4.17
2002 July 9 XMM 4 BB+PL 3.62 0.953 0.537 2.37
2002 July 9 XMM 4 BB+PL 3.58 0.937 0.548 2.49

@ If not mentioned all Unabsorbed Fluxes are in the 2.0-10\0kend
b Before burst
¢ After burst
! Corbet et al. 19952 Parmar et al. 1998* Patel et al. 2001% Woods et al. 2004
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Table 3.8: Spectral Parameters of AXP 1RXS J170849-400910

Date Satellite Model Power NH Bbody Unabs.

Law 1022 Temp. Flux

Index cm™2 (keV)

1999 March  BeppoSAX PL 3.28 1.88 - -
1999 March  BeppoSAX BB+PL 2.62 1.42 0.46 -
1999 March  BeppoSAX BB+BB - 0.9 0.50-1.54 -
2003 August  XMM BB+PL 2.83 1.48 0.456 9.1
2004 July CHANDRA BB+PL 2.74 1.36 0.42 13

@ Unabsorbed Fluxes are in the 0.5-10.0 keV band—'! erg cm =2 s~}
!'|srael et al. 20012 Oosterbroek et al. 2004 Campana et al. 2007

Table 3.9: Spectral Parameters of AXP 1E 1841-045

Date Satellite  Model Power Law NH Bbody  Unbsorbed
Index 1022 Temp. Flux® 10~
em~?  (keV) erg cm 27!
1998 March ASCA PL 3.38 2.21 -
1999 March/April  ASCA PL 3.46 2.26 -
2000 July Chandfa BB+PL 2.0 254 0.44 5.0
2000 July Chandfa BB+BB - 2.34 0.47/15 4.1

@ Unabsorbed Fluxes are in the 0.6-7.0 keV band
! Mereghetti et al. 20022 Morii et al. 2003
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Table 3.10: Spectral Parameters of AXP XTE J1810-197

Date Satellite Model Power Law NH Bbody Absorbed
Index 1022 Temp. Flux® 10~ 1!
cm~2  (keV) ergcm 2 s !
2003 Septembér XMM'! BB+BB - 0.65 0.26/0.68 3.93
2003 Septembér XMM'! BB+PL 3.7 1.05 0.67 3.98
2003 Octobér ~ XMM' BB+BB - 0.65 0.29/0.71 3.84
2004 March XMM  BB+PL 3.75 1.02 0.68 2.16
2004 March XXMM BB+BB - 0.65 0.27/0.70 2.13
2004 September XMM BB+BB - 0.65 0.25/0.67 1.29
2005 March XMM  BB+BB - 0.65 0.22/0.60 0.567
2005 September XMM BB+BB - 0.65 0.20/0.52 0.235
2006 March XMM  BB+BB - 0.65 0.19/0.46 0.144

@ Fluxes are in the 0.5-10.0 keV band.
b 2003 observations were obtained in the high state of thapuls
! Gotthelf&Halpern 2004, 2005, 2006 Gotthelf et al. 2004

Table 3.11: Spectral Parameters of AXP CXOU J010043.1-72113

Date Satellite Model PowerlLaw NH Bbody Unbsorbed

Index 1022 Temp. Flux’ 10713
ecm™2  (keV) ergem 257!

2000 October ~ XMM BB+PL 1.8 0.1 035 5

2001 May CHANDRA BB+PL 1.9 08 036 5

2001 November XMM BB+PL 2.0 0.6 0.3 5

2004 January CHANDRA BB+PL 2.0 0.3 0.38 4

2004 February = CHANDRA BB+PL 2.0 0.3 0.38 4

2004 March CHANDRA BB+PL 2.0 0.3 0.38 4

@ Absorbing column due to the Small Magellanic Cloud only.
b Unabsorbed Fluxes are in the 0.5-10.0 keV band
1 McGarry et al. 2005
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Table 3.12: Spectral Parameters of AXP candidate AX J1&2880

Date Satellite Model PowerlLaw NH Bbody Absorbed
Index 1022 Temp. PLorBB
em~2  (keV)  Flux®10~13

June-September 2003 CHANDRA BB - 5.6 2.0 2.6
June-September 2003 CHANDRA PL 1.0 7.8 - 2.8

@ Fluxes are in the 2.0-10.0 keV bangdg cm =2 s71)
! Tam et al. 2006

Table 3.13: Spectral Parameters of AXP candidate CXO J163435216

Date Satellite Model PowerlLaw NH Bbody Absorbed
Index 1022 Temp. Flux’ 10713

cm™2  (keV) ergem 2s7!

2005 MayzJune CHANDRA BB - 1.2 0.61 2.4

@ Absorbing column due to the Small Magellanic Cloud ofily.
Unabsorbed Fluxes are in the 0.5-8.0 keV band
I Tam et al. 2006
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CHAPTER 4

INSTRUMENTS

Information about XMM-Newton is compiled from XMM Users’ iHdbook, Is-
sue 2.4, about RXTE from the XTE Technical Appendix, Appendik Bnd about
Chandra, The Chandra Proposers’ Observatory Guide ver€dcn 9.

4.1 X-ray Multi Mirror Mission

XMM-Newton was launched on 10 December 1999 by Ariane-5 \aithorbital
period of 48 hours and inclination of 40 degrees to observays-which are ob-
structed by Earth’s atmosphere. Satellite takes its naoma the Multi-Mirror de-
sign and Isaac Newton for his pioneering contributions sgpectroscopy. Owing
to its highly eccentric orbit, long observations can be daitbout interruption up
to about 40 hours, and 5 main cameras can be cooled to betas#BQ to —100°C
easily (Jansen et al. 2001). Investigation of spectra aneoX-ray sources with
X-ray fluxes as low ag0~'° erg cm~2s7! (Jansen et al. 2001), acquiring sensitive
medium-resolution spectroscopy with resolving powersveet 100 and 700 over
the wavelength band 350 - 2500 eV, broad-band imaging sysadpy from 100 eV
to 15 keV, multi wavelength studies between 1600 - 6000 A wittesignated optical

IXMM Newton Science Operations Centre, URL, http://xmnspd.esa.es/external/

xmmusersupport/documentation/uhb/XMMUHB.html, Jun820
2NASA, ftp://legacy.gsfc.nasa.gov/xte/nra/appendjxHine 2007
3Chandra X-ray Observatory, URL, http://cxc.harvard.pdoposer/POG/pdf/MPOG.pdf, June

2007
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monitor are the main objectives of the mission (ESA SP-1ZE82 XMM-Newton
has three Wolter-Type X-ray telescopes. To maximize thecéffe area, the mirrors
of each X-ray telescopes are made of 58 nested Wolter-1ngraacidence optics
which has a focal length of 7.5 m, grazing incidence anglésden 17 and 42 ar-
cmin. Geometric effective area of telescopes is 1558 fameach telescope at 1.5
kev and 4650 crhin total.

10 meters length satellite contains three main instrun@mtsoard:
1. European Photon Imaging Cameras (EPIC)

2. Reflection Grating Spectrometers (RGS)

3. The Optical Monitor (OM)

EPIC consists of three CCD operating on the focal plane of \Wakpe X-ray
telescopes for X-ray imaging, medium-resolution spectvpg and photometry. Two
of three are called EPIC-MOS (Metal Oxide Semiconductor)taedther EPIC-PN
which has a different design. EPIC-MOS has seven CCDs with gizek 40um
and EPIC-PN contains 12 CCDs with 1p@h. Cameras are capable of measuring
the arrival time, impact position on the detector and thegnef X-ray photons.

RGS consists of two spectrometers which enable high-resolgpectroscopy.
These are also on the focal plane of Wolter-Type X-ray telpss like EPIC cameras.

Optical Monitor is mounted on a separate telescope andmesipr optical/UV
imaging and grism spectroscopy, enabling detection otaptiounterparts of X-ray
sources. All of these instruments can operate simultamedbse Figure 4.1 for the

design and instruments.

4.1.1 Data Acquisition Modes

Full-Frame and Extended-Full Frame Mode : Only the PN camaraoperate in
these modes. All pixels of all CCDs are read out. Extended miezange collection

time, frame time, is longer than the full frame mode (Figu® 4
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Partial Window Mode : In this mode only a part of the CCDs is reat d-or
MOS only central CCD can be operated in this mode. For PN in smatlow mode
only CCD number 4 is operated but in the large window mode hathefarea of
CCDs is read out (Figure 4.2).

Timing Mode : To increase speed of reading, data is collapgedne dimensional-
row. For only PN camera there is another mode called Burst Matlevery high
time resolution. But in this mode source position is not reatdoontrary to timing

mode.

Figure 4.1: XMM-Newton Instruments

4.1.2 European Photon Imaging Camera

EPIC-MOS and PN cameras are designed for sensitive imagisgyadtions in the
energy range of 0.15 to 15.0 keV with spectral resolution 20 and angular resolu-
tion 6 arcsec at Full Width Half Maximum (FWHM). Field of viewQV) of cameras
is 30 arcmin and they can operate in different modes witteckffit time resolution.
During the analysis, astrophysicist may encounter withespnoblems because

of the electronics of detectors, cosmic ray particles et;.h@ndicaps of the instru-
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Figure 4.2: EPIC-PN Extended Full-frame and Small-WindowdgloThe object is
1E 2259+586

ments must be well known. Some problems are presented b&awfor further
details we recommend you to read Users’ Guide.

Interaction of particles with detector environment (doamhabove a few keV),
detector noise (dominant at low energies i.e below 200 ed},@oton flares and,
strong metal line features generate the EPIC backgroundt p&uon flares with
proton energies less than a few 100 keV can affect the desesigmificantly and are
generated by the funneling of protons to the detector viayXmirrors. Also their
identification due to the correlation between spectral shapl intensity is impos-
sible. At the beginning of analysis a high energy light custeuld be created to
specify the intervals of flaring particle background. MO®dpum shows Al-K
and Si-Ka due to the fluorescence at 1.5 and 1.7 keV respectively, angpdirum
shows inhomogeneous Al Cu- Ko, Ni- Ka, Z- Ka lines around 8 keV. The in-
tensity due to this components are 2.2 x10ts cnt? s ! keV~! for MOS and 5 x
1073 cts cnr? st keV~! for PN camera. Also there is a rise below 0.5 keV in the
background spectrum because of the detector noise of botéres.

Pile-up is an important effect that occurs when two or moretphs arrive to a
pixel or an adjacent pixel before the read out process. Huses the loss of flux be-
cause of the artificial hole in the center of Point Spread Ban¢defines the focusing

ability of a mirror) via the photons coming at the same timésoAcombination of a
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few soft photons can generate hard photons which affectsgéetral response’s of
detectors and causes energy distortion. So, if count ratkase the pile-up limit it
can be important especially for extended sources. Forigmsources good results
can be obtained even if the pile-up is above the limit. SASoamd 'epatplot’ is
used to see whether source is affected by pile-up or not.

In the imaging mode if photons arrive to detector at the tifheead-out Out-of-
Time events occur due to the shifting of charges during thd-aut which confuses
the frame of events. This effect broadens the spectral fresituTo overcome this
effect, firstly an OoT event file should be created by using $#R 'epchain’, then
with this file an image or spectrum should be created in omsubtract them from

the original image and spectra.

4.2 Rossi X-ray Timing Explorer

Satellite was launched on December 30, 1995 by Delta Il tosklh an orbital
period of 90 min. and inclination of 23 degrees. RXTE is impottespecially
because of its fine timing resolution. It is convenient talgttast X-ray variability
with RXTE in the energy range 2-250 keV. Data can be storechdufiorbits without
transmitting (Glasser et al. 1994).

There are three instruments on board:

1. Proportional Counter Array (PCA)

2. The High Energy X-ray Timing Experiment (HEXTE)
3. All Sky Monitor (ASM)

PCA and HEXTE are co-aligned instruments operating in dfieenergy ranges.
HEXTE operates between 15-250 keV with energy resolutién 4860 keV and has
an effective area of 1200 ¢nat 50 keV. Time resolution of HEXTE is 1@s. ASM
observes 80% of the sky every 90 minutes in the energy rant@ K&V and can

response the transient phenomena rapidly. Satellite hasaumer capability of 180
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degrees in less than 30 minutes. So, within a few hours phenarman be observed
by PCA or HEXTE. See Figure 4.3 for the design and instruments.

There are some constraints on the observation time andngeswea of RXTE.
For example, RXTE should not be closer than 30 degrees to the/Aso it suffers
from the South Atlantic Anomaly (SAA) because of its low-tBaequatorial orbit
and low geomagnetic rigidity regions where the high eneapkground is enhanced.
Earth occultation is another constraint on the observaime and it can interrupt the

observation generally through 30 minutes.

Figure 4.3: RXTE Instruments. Picture is taken from Glastat.e1994

4.2.1 Proportional Counter Array

Principle physical mechanism of proportional countershstpelectric absorption
under 50 keV. When a high energy particle passes from a piopattcounter it
interacts with the molecules of gas which fills the detectben, an electron-ion pair

forms. If the frequency of the photon isthen, the energy of the photon is E=h
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When this photon interacts with the molecules of the gas itegact electrons with
binding energies equal to or smaller thamn HThe difference between the binding
energy of the electron and energy of the photon is trangfdodhe electron as a
kinetic energy. Then, electrons drift to the anode and iaifstdwards the cathode
under the influence of external electric field. During the iomtof electrons and
collision with the molecules of gas they are acceleratedheyexternal field and
reach energies higher then the thermal value in contraét its. So, electrons
acquire sufficient energy to produce new electron-ion p&wsthe other hand, ions
deexcite by emitting a fluorescent X-ray or an Auger electbirch is a secondary
electon ejected after the emission of an electron from atésa result electrons
induce a signal when they reach the anode. The strength efghal is proportional
to the amount of ionization produced by particles and ph&atorhis is the reason
why these detectors are called proportional counters. Tikegg sensitivity of the
detector is determined by the absorption cross-sectiomeofas (Longair 1992).

RXTE’s PCA consists of 5 identical collimated Proportional @ Units (PCU),
numbered from O to 4, operating in the energy range 2-60 kel @nergy resolu-
tion 18% at 6 keV and each have an effective area of 1400 Batecting volume is
filled with 90% Xenon and 10% Methane gas (Glasser et al. 192@A has a FOV
of 1° at FWHM and time resolution of &s. PCUs have two volumes such that one
is filled with propane and the other with xenon/methane. Tiopane volume has
a single layer of anodes while the xenon/methane volumedwaddyers of anode.
The nominal operating thermal range of the PCUs 19°C to +25°C.

Data acquisition modes and formating are controlled by Erpent Data System
(EDS) for the PCA and ASM to remove the strain on telemetryueses. There are

7 and 3 modes for PCA and ASM respectively.

4.2.2 Data Modes for PCA

In our analysis we have used binned data and event encodedhdaes. There are
also five different data mode for PCA. These are single bit endde, burst catcher

mode, delta binned mode, fast fourier transform mode anshpiibld mode.
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Data is processed by the on board EDS. EDS has six 'Event Aaay(EA)
which are used by PCA. Selection, rejection and processirtgtacted events are
done by EDS. EDS runs 7 modes for the PCA depending on the peaaike
energy bin boundaries, time bin widths and type of event. dimbe EAS run in the
Standard-1 and Standard-2 configurations. The others ee by the observers.

The output of the 'Binned Data Mode’ is time-binned histogsanilime bin
duration is selectable between the interval of 0.984 4096 s. Standard-1 and 2
are the configurations runned in this mode.

Standard-1: Time resolution of this mode is 0.125 second56 channels are
combined into one channel, thus there is no energy resalutio

Standard-2: Time resolution is 16 seconds. This configumdtas 129 channels.

'Events Encoded’ mode is suitable for the rapid timing ohfasources. This
mode yields data as time series. Good Xenon configuratiohi®iode uses two
EAs and produce spectral and temporal information with & tiesolution of~ 1 us

and it has 256 channels.

4.3 Chandra X-ray Observatory

Chandra X-ray Observatory was launched on July 23, 1999niptetes its elliptical
orbit in 63.5 hours and observations up to 55 hours can bewiheut interruption.
Optics of the telescope consist of Wolter Type-I grazingdance X-ray mirrors like
XMM-Newton with an effective area of 400 ¢mat 5 keV and focal length of 10.066
m. Satellite is above the radiation belts about th&:7&f its orbital time. See Figure
4.4 for design and instruments.

Science Instruments:

1. Advanced CCD Imaging Spectrometer (ACIS)
2. High Resolution Camera (HRC)

3. High Energy Transmission Grating (HETG)

4. Low Energy Transmission Grating (LETG)

ACIS and HRC are the focal plane instruments. HRC consists oftigoochan-
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nel plate detectors formed by the array of several electraltiphiers which work
with basic physical undergrounds such as photoelectrece#ind acceleration volt-
age. One of the detectors is for wide-field imaging (HRC-I) ie é€mergy range of
0.1 - 10 keV and its FOV is 30 arcmin x 30 arcmin. The other isgi@ting spectra
(HRC-S) which works in the energy range of 0.08 - 6 keV and its FO&arcmin X
99 arcmin.

HETG is capable of obtaining high resolution X-ray spectithva resolving
power up to 1000 over the range 0.4 - 8.0 keV. It consists of ¢gwadings called
Medium Energy Grating (MEG) which covers an energy range.430 keV, and
High Energy Grating (HEG) with energy range of 0.8-10.0 Kelective area of the
HETG is 7 cnt at 0.5 keV. Energy resolution for HEG is 0.012 A and for MEG is
0.023 A at FWHM.

LETG and HETG have similar design but LETG is modified for thergies up
to 1 keV. LETG operates mainly with HRC-S and with also ACIS-STIESpec-
trometer provides high resolution spectroscopy, resglpiower up to 1000 (& E)
over the energy range of 0.07-0.15 keV and energy resolafi@05 A at FWHM
which provides the studies of spectral line profiles.

ACIS consists of two CCD array with an effective area of 60C¢ @nl.5 keV.
ACIS-S has 6 CCD (1024 x 1024 pixel) for imaging, spectrometny kigh reso-
lution spectroscopy via the cooperation with HETG and LERGIS-I has 4 CCD
(1024 x 1024 pixel) for imaging and spectrometry.

ACIS has two operating mode:

1. Timed Exposure Mode (TE)

In this mode data is collected within a specified span callaché time between 0.2
to 10.0 seconds, and transfer occurs at the end of this sgktifne. Frame time
is 3.2 seconds when all of the CCDs operate. If the frame timbagter than the
nominal time, 3.2 s., then, there will be dead times with ntada taken. Frame
time bigger than 3.2 s increases the pile-up probabilitysoAominal time can be
changed by selecting a region of CCD which is called subarratfger than full

frame. Then, nominal time depends on the number of rows lestwebarray and
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Figure 4.4: Chandra Instruments.

framestore region, the number of rows in the subarray, alatinomber of activated
CCDs. Selection of a frame time less or more than the nomina tasults in the
effects as in the full frame.

2. Continuous Clocking Mode (CC)

CC mode obtains 1 pixel x 1024 pixel images each with an integraime of 2.85

msec which enables high time resolution but causes the losgabial resolution.
Time is recorded as read-out time in continuous clocking enetlich needs to be

converted to the time of arrival with the CIAO tool acis_prseeevents.
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CHAPTER 5

ANALYSIS AND RESULTS

5.1 AXP 1E 2259+586

Fahlman & Gregory announced the discovery of 1E 2259+586 ayteriod of about
7 second within the supernova remnant G109.1-1.0 in 1981that first X-ray imag-
ing telescope of NASA, Einstein X-ray Observatory. SNR hasmicircular shape
at both X-ray and radio wavelengths. Interaction of SNR wittmolecular cloud is
believed to be the reason of the shape (Tatematsu et al. (Pigtye 5.1). Distance
of 3.0+ 0.5 kpc and age of (8.8 0.9) x 1Gd; yr. (ds=(distance)/(3.0 kpc)) was
estimated for the supernova remnant (Kothes et al. 2002kbesal. 2004).

1E 2259+586 has showed an outburst including 80 X-ray bwristsan accom-
panying glitch, changes in the X-ray properties on June @822ZWoods et al. 2004)
and a near-infrared flux enhancement (Kaspi et al. 2003erL@am et al. (2004)
showed the association of infrared (IR) enhancement andisifland also showed
the correlation of postoutburst IR and X-ray radiation. TRevariability has been
detected from the AXPs 1E 1048.1-5937 and 4U 0142+61 bunabsef X-ray flux
variability has led people to think the correlated variataises from an outburst af-
ter the detection of such variability in the transient AXPEXJ1810-197 (Rea et al.
2004).

Iwasawa et al. (1992) published the spin-down history witfeeular spin-down
trend for more than 10 years. But between 1987 and 1990 theytegpa decrease
in the spin-down rate with an increase in X-ray flux. Also, Baly& Swank (1996)
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have reported a spin-up episode during the ROSAT obsenghbietween 1991 and
1992, and Woods et al. (2004) published the spin rate chamgghvprecedes the

outburst.
In this chapter we present the analysis of RXTE PCA, Chandra AGIS&IM-

Newton EPIC PN observations of AXP 1E 2259+586 in order t@stigate long-
term spin-down rate and spectral variabilities. All datagassed in this chapter

were acquired from NASA's HEASARC archite
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Figure 5.1: Supernova Remnant CTB 109. Radio continuum imagupérnova
Remnant CTB 109 at 1420 MHz taken from the Canadian GalacticcFSamvey.
Asterix shows the position of AXP 1E 2259+586 (Kothes et 802

INASAs High Energy Astrophysics Science Archive Researantér (HEASARC), URL,

http://heasarc.nasa.gov/docs/archive.html, July 2007

36



5.2 Chandra Analysis of 1E 2259+586

Chandra observed 1E 2259+586 on 2000 January 11. Data wexmeaibtin CC
and TE mode by using the Advanced CCD imaging spectrometeri&itks expo-
sure time. Data were processed with using standard Chantnadtive Analysis
of Observations (CIAO). Source and background were extlaicten CC mode as
discussed in Patel et al. (2001). The feature between 1.8€)/ appears in the
spectrum is due to the iridium-edge structure in the telgscesponse. We ignored
this region and fitted data with blackbody plus power law rfiediby interstellar
absorption by using XSPEC version 12.3.1. The best fit palensiare Ny = 0.95+
0.02 x10?2 cm™2, T = 3.7+ 0.1 and kT = 0.395t 0.009 keV and obtained in the
0.5-7.0 keV band. We can assume that these parameters dedigaiescent state
of the 1E 2259+586. Data, folded model and residuals areepted in Figure 5.2.
These results are consistent with the those published ley &adl. (2001).

data and folded model
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normalized counts s keV-t
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Figure 5.2: Chandra spectrum of 1E 2259+586
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5.3 XMM Analysis of 1E 2259+586

Here we present the five XMM-Newton observations held on dgn@2, June 11
(before the outburst), June 21, 2002 (after the outbursk)tam observations on July
9, 2002. Data were taken from NASA's HEASARC archive and pseed with using
XMM-Newton Science Analysis System (SAS) version 7.0.0.e@ml and pulse
profile changes just before, during and after the outbuestpagesented. Analysis

presented in this section were also done by Woods et al. 2004

5.3.1 Pulse Profiles

Pulse profiles were plotted using efold command of XRONO3¥5Pulse frequen-
cies are taken from Table 2 of Woods et al., 2004 (See Table ®bservations
0057540101 and 0038140101 were done before the 18 June pafisi and the
others were done after the outburst. Background-subtractise profiles are plotted
over four different energy bands. These are 0.3 - 1.0 ke\, 2.0keV, 2.0 - 5.0 keV,
5.0-12.0 keV.

Pulse profiles change over time and energy and show two maemeycle (See
Figure 5.3). Ozel (2002) showed that a hot emission regiothemeutron star sur-
face can lead to single or two peaked pulse profiles, and gvoalal geometry man-
ifests single or up to four peaked pulse profiles determinetthé general relativistic
effects, orientation angles and sizes of hot regions andrebss viewing angle.
Energy dependent nonradial beaming pattern of the radiado lead to energy de-
pendent pulse profiles and phase lags between differengyebands. Ozel (2002)
states that anomalous X-ray pulsars have a single emissegan formed by the
cracking of the crust, decay of magnetic multipoles, magretld reconfiguration
or the viewing constraints which lead to unobservable mégmpele or the dipole

field configuration such as two closer magnetic poles.
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Table 5.1: Pulse Frequencies

Observation ID  Epoch Frequency  Exp.Time

(MJD) (Hzy (ks)

0057540101 52296.78969 0.14328688 7.26

0038140101 52436.41157 0.14328705 26.0

0155350301 52446.44985 0.14328746 17.0

0057540201 52464.3694  0.14328771 5.77

0057540301 52464.6059  0.14328771 10.4

2 Woods et al. 2004

5.3.2 Spectroscopy

XMM-Newton observed 1E 2259+586 five times in 2002. We pbbaehigh energy
light curve to determine and eliminate the flaring particdekground. Spectra and
background were extracted from a circle with a radius of 25ea¢ and 40 arcsec for
small window-mode observations, respectively. For exteniiame mode observa-
tions 40 arcsec for the pulsar and 50 arcsec for the backgraene extracted with
using SAS command EVSELECT. Spectra were grouped to a miniof@h counts
per bin and fitted well with blackbody plus power law model nfied by interstellar
absorption with using XSPEC version 12.3.1 (see Figure Bdi%5). A system-
atic error of 3% was used in fitting the data of ObsID 01553303@/e also tried
different models such as single power law model, two bladybmodel and single
blackbody model modified by interstellar absorption (Fegbr6). But these models

give statistically unacceptablg’ values. Two blackbody model fits well below the
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8 keV but above this value model does not give acceptabléseSpectral fits were
restricted to the range 0.6-12.0 keV. The measured absdtbelefore the outburst
is 1.27 x10~* ergs cnr2s~! and after the outburst is 3.3918 ! ergs cnt2s™! over

the range 2.0-10.0 keV. Best fit parameters are presentedlia 3.

Figure 5.3: Abscissa refers to the pulse phase and ordiatgesrto the normalized
rate. Five columns represent the five observations withitreng@bsIDs in Table 5.2
and each row represents the different energy bands. a) 0Xe¥ b) 1.0 - 2.0 keV
c)2.0-5.0keVv d)5.0-12.0 keV



Table 5.2: Spectral Parameters for XMM-Newton EPIC PN olzdérns

Observation ID N Powerlaw  Bbody Unabs. Flax y2/dof

1022 Index Temp. 10!

cm ™2 (keV) ergs cnr?s!
0057540101 1.0940.044 4.130.15 0.506:0.033 1.620.32 512.02/482
0038140101 0.9680.018 3.96:0.05 0.41@-0.005 1.55-0.18 898.65/847
0155350301 0.9200.015 3.49-0.04 0.5180.008 4.030.26 948.35/1035
0057540201 0.9440.038 3.6740.13 0.566-0.041 2.53-0.47 511.89/490
0057540301 0.9060.028 3.570.09 0.559-0.022 3.14-0.39 613.72/648

2 Unabsorbed flux over 2.0-10.0 keV.

5.3.3 Pulse-phase Spectroscopy

We performed pulse-phase spectroscopy only on ObsID 0@3&114(7 days prior
to the outburst) and 0155350301 (3 days after the outbutst)extended-full frame
mode, observations are statistically unacceptable taroptese-resolved spectrum.
Data were divided into 20 phase intervals. Column densityfixad to values similar
to phase-averaged values. Extracted spectra were groupedibimum of 25 counts
per bin and fitted with blackbody plus power law model modifidinterstellar
absorption. Profiles and obtained spectral parametersregbect to pulse phase
were shown in Figure 5.7a and 5.7b. Variation in the photaexnwith respect to
the pulse phase before the burst which was mentioned by Wa@ds(2004) can be

seen from Figure 5.7a.
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Figure 5.4: a) XMM-Newton EPIgmnglmphase-averaged X-ray spacof theBBSID
0038140101 with best fit spectral model (PL+BB) and residupiaddel c) XMM-
Newton EPIC PN X-ray spectrum with best spectral fit to the |[DE3155350301

and residuals d) model

42



a) data and folded model b) data and folded model
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Figure 5.5: a) XMM-Newton EPIC PN phase-averéggam;(-ray spacof the Ob-
sID 0057540101, b) 0057540201 and c) 0057540301 with bespdittral model
(PL+BB) and residuals
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Figure 5.6: Fitted models to the ObsID 0038140101 with ueptable statistics. a)
Single power-law model b) Two blackbody model ¢) Single kkaaxly model

54 RXTE Observations

Results presented here are obtained using the PCA detectdatathode Standard
2 which has a time resolution of 16 s and 129 energy channglpgidix F: XTE
Technical Appendix). We analyzed 98 observations sparowagDecember 1996 to
February 2006. Firstly, we have to model background coumiinbs from variety of
sources such as supernova remnant CTB 109 and Galactic nidige iarge field of
view of RXTE and instrumental background. Instrumental lgacknd was modeled
by using the PCABACKEST command and PCA background models aleselby
PCA team. Following Woods et al. (2004) we extract a spectrutinoart selecting
PCUO because of the loss of its propane layer. We used 4 May RBUOE PCA
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observation to model the background. Next, we fitted 4 May22€@ectrum with
blackbody plus power law model modified by interstellar apson and plus an-
other blackbody and a Gaussian line modified by a fixed coluemsitly of 2 x 162
cm~2. Spectral parameters of first blackbody and power law modets fixed to the
spectral parameters obtained from XMM-Newton 11 June 208e@vation (ObsID
0038140101). Later obtained Gaussian line and blackbadgéeature were used as

a cosmic background for all of the RXTE observations.

5.4.1 Pulse Frequency History and Correlation with the Long-

Term Spectral Evolution

We plotted the frequency and spectral evolution beforendwand after the outburst.
Long-term frequency history was taken from Baykal et.al.0{20 Frequency evo-
lution during the outburst and glitch epoch is plotted uding model taken from
Woods et al. (2004).

v=1y(t)+Av + Ay, (1 — e_(t_tg)/Tg> — Ay (1 - e_(t_tg)/Td) + At (5.1)

vo(t) represents the frequency evolution before the glitehis the frequency jump,
7, is the timescale of the exponentially growing frequencygutyy,, 7, represents
the timescale of the exponential frequency drop after thehglt; is the glitch epoch,
and Av represents the long-term frequency derivative change tiféeglitch (See
Table 5.3 for the model parameters). Figure 5.8 displaysribdel used to plot
frequency evolution according to the equation 5.1 and 5rihdithe outburst and

glitch. Frequency derivative is modeled with the time datiie of the equation 5.1.

ef(t*tg)/Tg e*(t*tg)/Td
b= () + Ay, <> ~ Avg () +Ar (5.2)

Tg Td
In Figure 5.9 long-term frequency evolution betweenx4* and 5.4x 10* MJD is
presented. Figure 5.10 and 5.11 represent the spin-doviutievoof zoomed region
of Figure 5.9 between 5.810* and 5.4x10* MJD observed by RXTE before and
after the glitch. We present the spectral evolution befartburst in Figure 5.12,

after outburst in Figure 5.13 and during outburst in Figut5 Power law index,
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blackbody temperature and 2-10 keV unabsorbed flux vangstrath respect to the
frequency derivative between 2002 March 22 and 2002 AugBisir@ presented in
Figure 5.15, 5.16 and 5.17 respectively.

Table 5.3: Spin Parameters

Parameter Value

Spin frequency; 0.14328703257 (21) Hz
% -9.920 (6)x 10715 Hz s+
Epoch 52,400.0000 MJD TDB
Av 5.25 (12)x10~7 Hz

Av, >8.7x107" Hz

Ty 14.1 (7)

Avg Avg +(5x107%) Hz

Td 15.9 (6) days

Ap +2.18 (25)x 1076 Hz 51
t, 52,443.13 (9) MJD TDB
rms timing residual 449 ms

Start observing epoch 51,613 MJD

End observing epoch 52,900 MJD

Numbers in parentheses represent tlweuhcertainties in the least significant digit.

Lower limit of Av, is given at 90% confidence.
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Figure 5.14: Variation of spectral parameters in the vigimif the outburst. Star
symbols represent the XMM-Newton observations and thersthiee RXTE obser-

vations.
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CHAPTER 6

DISCUSSION AND CONCLUSION

Anomalous X-ray pulsars (AXPs) and soft gamma ray repe#8#dRs) have spin
periods in the range of 6-12 seconds. Although rapid spimrdmtes have been
observed, persistent spin-up episode was a part of a midell gvent. Most of
the SGRs and AXPs are associated with supernova remnantsdéfeet al, 2001).
They lack Doppler shifts associated with binary orbital imot(Mereghetti, Israel
and Stella 1998; Kaspi, Chakrabarty and Steinberger 1999ka@agt al., 1998)
which implies that SGRs and AXPs are not members of HMXRBs. 8ystaith
low mass companions of less than\L, and Thorne-Zytkov objects are not also
consistent for these sources (Ghosh, Angelini and White 198GRs and AXPs
have also differences, SGRs occasionally emit multipletbursgamma rays which
have unique behavior distinguishing them from other bogssources (Kouveliotou
et al. 1993).

AXPs have softer X-ray spectra and persistent X-ray emmsStella, Israel and
Mereghetti 1998). Theoretical models describing SGRs an®#¥an be divided
into two major categories based on the energy source of Xandygamma ray emis-
sion mechanisms. The magnetar model (Duncan and Thomp&&) 49ggests that
the X-ray emission and rapid spin down of SGRs and AXPs are altigetan usu-
ally strong magnetic field > 10> Gauss), which can decay on~a 103 — 10*
years timespan and supply the observed X-ray emission. Athéofall back disk
models (or accretion based models), Chatterjee, HernguigsiNarayan 2000 and

Alpar (2001) suggests that AXPs are normal neutron stais egtiventional mag-
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netic fields of~ 10'? Gauss and their spin-down and X-ray luminosities are due to
accretion of material from a fossil disk formed from supesnejection.

Marsden and White (2001) investigated common properties-tfyXspectra of
AXPs and SGRs, using the archival ASCA data over the energyer@rig10 keV.
They studied the correlation between spectral parametgrarsistent emission and
spin-down rates. Using a single power law model they fouatlttre overall hardness
of the spectra increase with increasing spin down rate. alsyused two component
models consisting of blackbody and power law componentthisncase, correlation
between hardness of the high energy component with incrgagin down rate was
found. However the temperature of the low energy black baxymonent did not
vary significantly. For the two component model, the ratidhef 2-10 keV power-
law luminosity and bolometric blackbody luminosity gratlyancreased with spin
down rate (see Figures 1 and 2 in Marsden and White (2001))s€lTbleserved cor-
relations can be used to distinguish the models for SGRs aréisAbom accreting
systems. With respect to the accretion model, the spectkamfn accretion pow-
ered pulsars in X-ray binaries (XRBs) are generally harder tha AXP and SGR
spectra over the energy range 0.5-10 keV (White, Swank ant 19@3). XRBs
have not shown correlation between spectral parameterthargpin down rates. If
the AXPs and SGRs are accretion powered, then they shouldcheady different
spectral parameters.

In this thesis XMM-Newton, RXTE and CHANDRA analysis of anomagox-
ray pulsar 1E 2259+586 were presented. XMM-Newton obsemnvatRXTE obser-
vations around the outburst and Chandra observations wahgzad also by Woods
et al. 2004 and Patel et al. 2001 respectively and we readmddrsresults. We ana-
lyzed five XMM-Newton observations to present the variagigrst before and after
the outburst. Pulse profiles were plotted in four differarengy bands. Pulse profiles
show energy and time variabilities, two maxima per cycle diffdr from those other
bursting AXPs 1E 1048.1-5937 and XTE J1810-197 which hawsigsinusoidial
profiles (Gauvriil et al. 2006). Pulse phase spectroscopy peformed on two

XMM-Newton observations (0038140101 and 0155350301).8088101 observa-
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tion shows significant photon index versus pulse phaseti@riavhile 0155350301
observation shows no significant change (Figure 5.7)

We examined 98 observations spanning over December 199%bia&y 2006.
However, except around 2002 June 18 outburst no signifigaadtsal and spin rate
variabilities were seen (Figures 5.12, 5.13 and 5.14).

In order to see the evolution of spectral parameters of 12286 and compare
these parameters with spin rate changes, we extractea¢thivakrRXTE, XMM and
Chandra observations. We employed two component X-ray igppéits. \We present
our XMM and RXTE spectral results near the glitch as a functibapin rate. We
have seen that a correlation exists between power law indéxspin rate. X-ray
spectra gets harder (i.e. power law index decreases) agithete increases (Figure
5.15).

We have seen a systematic increase in the blackbody terapexaith the spin
rate. This correlation is presented in Figure 5.16. Chanfyggio rate coincide with
the outburst and glitch activity. Definitely blackbody teengture is increased during
the outburst. It should also be noted that in HMXRB source SRX03B.5+4545,
spectra changes have been observed with increasing X-safBifiykal et al., 2007).
However in this source as the X-ray flux increases the X-rayogets harder but
the change in the power law index is between 1.3 and 1.5. F@2b8+586, X-ray
flux increases with increasing spin rate which resemblesspiand X-ray flux cor-
relation in accretion powered pulsars as for the source SAX3.5+4545. However,
dramatic change in the power law index of the source with e iate and a much
softer X-ray spectra suggest that the emission mechaniskk @259+586 and the
accretion powered pulsar SAX J2103.5+4545 are entirefgraifit.

Woods et al. (2007) found a correlation between the speltialness and in-
tensity from the spectral history of SGR 1806-20 betweer8X8l 2004. Campana
et al. (2006) and Rea et el. (2006) presented the intensityakas correlation of
AXP 1RX J170849.0-400910 between 2004 and 2005, and the same¢ation was
observed in SGR 1900+14 before the August 1998 giant flaen{f et al. 2006).

Recently, Ozel and Giiver (2007) studied hardness-inteasitglations within the
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framework of a thermally emitting magnetar model. Their asphere models pre-
dict that the hardness of the spectra is correlated with dhiase temperature and
X-ray flux. Our spectral fits around the outburst region alsons that an increase
in X-ray flux is accompanied with an increase in hardnessrédeing photon in-

dex) and an increase in blackbody temperature. Ozel & Gikepgsed several

mechanisms to explain the observed correlation. Amongetheschanisms charged
particle density changes in the magnetosphere triggeredebgutburst may lead to

the observed intensity-hardness correlation of 1E 2256:+58
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APPENDIX A

OBSERVATION ID AND
EXPOSURE LIST

LIST OF RXTE OBSERVATION IDS, DATES AND EXPOSURE TIMES USED IN
THE ANALYSIS
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A.1 Table 1A

1D Date Merged Exp.
(sec)
10192-03-01-01 50356.05149305555825 7536
10192-03-01-00 50356.9376041666655 10576

20146-01-01-00

20146-01-02-00

50411.71313078703675
50427.2298929398148 1008
50442.74665509259285

20146-01-03-00

20146-01-04-00

50473.8494560185209
50487.7103298611128 1616
50501.580706018518

20145-01-01-00 50504.8508506944454 13040
20145-01-01-01  50506.49695601852 6736
20145-01-02-00 50513.7094849537025 4960

20145-01-04-00
20145-01-04-01
20145-01-04-02

50523.8550115740727
50524.0266782407416 50524.043134648330 24032
50524.24771412036715

20145-01-05-01

20145-01-05-00

50532.19444444444525
50532.58340277777825 14512
50532.97236111111125

20146-01-06-00

20146-01-07-00

50556.58278935185445
50567.472508680555625 1584
50578.3622280092568

20146-01-08-00
20146-01-09-00
20146-01-10-00

50617.27270833333025
50646.70434606481645 50645.63817733833 2224
50672.9374768518537

20146-01-11-00

20146-01-12-00

50710.084184027779
50724.001021412037525 1472
50737.91785879629605
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A.2 Table 1A-Continuing

1D Date Merged Exp.
(sec)

30126-01-01-00 51038.1847106481509 13456
30126-01-02-00 51042.8231712962988 14832
30126-01-04-00 51052.79521990740615 10576
30126-01-05-00 51059.6215046296311 10144
30126-01-06-00 51064.6062152777777 4816
30126-01-07-00 51071.63766203703565 12898
30126-01-08-00 51080.8216435185204 13008
30126-01-09-00 51144.7131828703714 15136
30126-01-10-00 51149.8069502314829 12496
40083-01-01-00 51195.5949247685203

51195.66274594907555 7552
40083-01-02-00 51195.7305671296308
40083-01-03-00 51198.50521412036685

51210.96089120370195 5568
40083-02-01-00 51223.41656828703705
40083-02-04-00 51310.6900983796295

51325.375402199073525 5536
40083-02-05-00 51340.06070601851755
40083-02-07-00 51396.82607638888655
40083-03-01-00 51405.03983796296235

51403.5356495949054 10020
40083-03-02-00 51405.1749942129609
40083-03-03-00 51407.1016898148118
40083-02-08-00 51424.7371122685181

51439.14158854166635 6144

40083-02-09-00

51453.5460648148146
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A.3 Table 1A-Continuing

1D

Date Merged Exp.

(sec)

40083-02-10-00

40083-02-12-00

51483.6066550925934
51512.17953124999985 4944
51540.7524074074063

40082-01-01-00 51569.48816550925765 7776
40082-01-02-00 51572.2970370370349
40082-01-02-01 51572.3877835648127

51572.35858434606325 10180

40082-01-02-02
40082-01-02-03

51572.45653356481485
51572.53917245370395

40082-01-02-04
40082-01-02-05

40082-01-02-06
40082-01-02-07

51574.2804398148146
51574.38221643518775
51574.34990017361133 8560
51574.4506192129629
51574.564166666667

40082-01-03-01

40082-01-03-00

51581.07145833333195
51581.145792824072475 10380
51581.220127314813

40082-01-04-00 51591.24980902778045 14340
40082-01-05-00 51595.17900462963005 9088
40082-01-06-00 51603.1146701388898 12980
40082-01-07-00 51616.47663773148085 8000
40082-01-08-00 51630.07434606481545 5888
50082-01-01-00 51613.82280092592555 6064
50082-01-02-00 51676.22664351851925 6944
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A.4 Table 1A-Continuing

1D

Date

Merged

Exp.

(sec)

50082-01-03-00
50082-01-03-01
50082-01-03-02

51718.2175231481488

51718.28374421296395 51718.31000700835 5424

51718.4287557870375

50082-01-04-00

51760.5910358796282

6560

50082-01-05-00

51802.67076967592585

6448

50082-01-06-00

51844.61334490740775

6176

50082-01-07-00

51886.13542824074105

6240

50082-01-08-00

51932.62512152777705

7232

60069-01-01-00

52016.0244212962971

6704

60069-01-02-01

60069-01-02-00

52058.85306134259005

52058.907607060184075 7376

52058.9621527777781

60069-01-03-00

60069-01-03-01

52099.84843750000075

52099.898313078703725 6688

52099.9481886574067

60069-01-04-00

52142.08134837962645

7248

60069-01-05-00

52184.42447916666785

7120

60069-01-06-00

52233.53116319444235

6560

60069-01-07-00

52270.19783564814865

5456

60069-01-08-00

52312.2246817129635

5984

70094-01-01-00

70094-01-01-01

52355.32439814815005

52355.4434548611116

52355.56251157407315

6976

70094-01-02-01
70094-01-02-02
70094-01-02-00

52398.2315972222204
52398.3031249999985
52398.43054976852

52398.321757330248584
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A.5 Table 1A-Continuing

1D

Date

Merged Ezp.

(sec)

70094-01-03-01

70094-01-03-02

52445.05885416666935

52445.14237847222465

52445.100616319447 8864

70094-01-04-00

52449.323645833334

2448

70094-01-05-00
70094-01-05-01
70094-01-05-02

52455.04773726851635
52455.1940972222219
52455.5867766203701

52455.27620370880210640

70094-01-06-00

52503.0497395833336

9120

70094-01-07-00

52509.8703877314838

6064

70094-01-09-00

52528.5906655092585

5840

70094-01-11-00

52543.4766319444425

6928

70094-01-14-00

52560.7498263888883

6496

70094-01-15-00

52568.5296817129638

6336

70094-01-16-00

52575.51589120370045

6608

70094-01-17-00

52595.52267361111085

6608

70094-01-18-00

52638.17527777778015

7472

70094-01-19-00

52653.97535879629505

6256

70094-01-20-00

52667.36828703703575

6352

70094-01-21-00

52686.04564814814875

5216

80098-01-02-00

52713.6716956018499

4352

80098-01-03-00

52728.2216145833299

5664

80098-01-09-00

52813.1572280092587

5424

80098-01-10-00

52826.85758101851755

4560

80098-01-11-00

52839.7385185185194

5696

80098-01-14-00

52882.5560011574089

2992
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A.6 Table 1A-Continuing

1D Date Merged Exp.

(sec)
80098-01-17-00 52928.61585648147955 5200
90076-01-03-00 53096.1106134259244 4896
90076-01-05-00 53124.5996817129635 4096
90076-01-06-00 53136.9773726851854 4800
90076-01-07-00 53151.803680555553 5200

90076-01-09-00

90076-01-09-01

53177.33573495370365

53177.38787037037035

53177.361802662037 3888

90076-01-11-00 53204.6970949074057 4816
90076-01-12-00 53219.19693865740555 5616
90076-01-14-00 53249.6521006944422 4864
90076-01-16-00 53277.6514930555568 4448
90076-01-17-00 53292.5338425925911 4928

90076-01-19-02
90076-01-19-01

90076-01-19-00
90076-01-19-03

53320.6942361111105
53320.9078645833324

53320.8986284722222875 5872

53320.9842534722229
53321.00815972222335

90076-01-21-00

53352.41929398148205

4560

90076-01-22-00

90076-01-22-01

53362.2680787037025

53362.3385243055527

53362.3033015046276 4416

90076-01-25-01

90076-01-25-00

53406.9940567129634

53407.028987268518925 4784

53407.06391782407445
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A.7 Table 1A-Continuing

1D Date Merged Exp.

(sec)

90076-01-26-00 53418.51647569444685
53418.5520891203705 3488
90076-01-26-01 53418.58770254629415
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