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TUG T60 OPTICAL AND SWIFT X-RAY ARCHIVAL
OBSERVATIONS OF TRANSITIONAL MILLISECOND PULSAR
PSR J1023+0038

SUMMARY

After the discovery of the fast rotating millisecond pulsars (MPS), it was suggested
that these sources (are produced) by accretion of matter onto neutron stars in low
mass X-ray binary (LMXB) systems. Accretion of matter imposes angular momentum
to the neutron star and spins it up to periods of milliseconds. Discoveries of
accreting millisecond X-ray pulsars (AMXPs) and transitional millisecond pulsars
(TMP) illustrated the expected link between MPSs and LMXBs.

PSR J1023+0038 is the first observed TMP that not only experiences both MPS and
LMXB phases but also changed its state two times .

We performed optical and X-ray observations of this source between 2015/01/01 and
2015/04/30 to investigate any other phase change and define correlation in luminosity
between these two bands in different phases.

Optical data were collected through TUG T60 telescoped and UBVRI filter. We used
74 data frames with 60 second exposure time in R band for optical analysis. Optical
data reduction was done through iraf program and differential photometry method
was used by use of 5 comparison star nearby the main source in data frames.

Swift XRT telescope archival data for same time interval with optical observations
was selected for further analysis. At all 20 swift observation was available for the
desired time interval. X-ray data analysis and fitting were done through the HEASOF T
program. We fit the data with absorbed powerlaw model with n;, parameter fixed.
From optical observation, we reach to the mean optical luminosity of 16.31 that is
shown no significant change in optical luminosity of the system.

X-ray analysis leads to a mean 0.3-10 keV luminosity of 2.63 x 103 erg/s that
illustrate the system shows no phase change during the observation interval.
According to lack of simultaneous observations in two band, we can not define any
X-ray/optical correlation.
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GECISLI MILISANIYE PULSARI PSR J1023+0038’in
TUG T60 OPTIK VE SWIFT X-ISINI
ARSIV GOZLEMLERI

OZET

Notron yildizlart supernova patlamalarinda dogarlar. Biiyiik kiitleli yildizlar (>14
Giines Kkiitlesi) evrimlerinin son asamasinda cekirdeklerine dogru ¢okerlre ve yildizin
diger katmanlar piiskiirtiiliir. Geride kalan tikiz cekirdek ~1.4 M® ve ~10 km
yari¢apina sahip olan bir notron yildizin1 olusturur.

Notron yildizlarinin alt kategorisinde rotation powered pulsarlar, accreting power
pulsarlar, magnetarlar, central compact objectler ve izole notron yildizlar1 yer alirlar.

Accretion powered pulsarlarda notron yildizinin {izerine aktarilan maddenin kiitle
cekimsel enerjisi 151maya sebep olurken rotation powered pulsarlarda donme hizininin
azalmasug 1maya neden olur.

Diisiik kiitleli X-1s1n ciftleri ve biiyiik kiitleli X-1s1n ¢iftleri accretining powered pulsar
kategorisinin altinda yer alirlar. Diigiik kiitleli X-1s1n ¢iftleri bir notron yildizive
bir Giines kutlesinden diisiik kiitleye sahip olan yashi yildizlardan olusur. Bu
nesnelerde nétron yildid 1z nin ¢evresinde bir disk olusur ve madde yiiksek oranda
Roche lobe tagsmasi (Roche lobe overflow) yoluyla diskten nétron yildinin iizerine
aktarilmaktadir. Notron yildizinin iizerine aktarilan madde, diskin i¢ yarigapindan
ayrilip, notron yildinin manyetik alan cizgilerini takip ederek nétron yildizinin
kutuplarina dusgerler. Notron yildinin donme ve manyetik ekseni ayni dogrultuda
olmadigindan dolay1 kutuplardan gelen 1simayiatma (puls) seklinde gozlemleriz.

Ik Rotation Powered pulsar 1967°de Jocelyn Bell ve Anthony Hewish tarafindan
kesfedildi. Milisaniye pulsarlar1 bu kategorinin icinde yer alirlar. Ik milisaniye
pulsar1 1975 yilinda kesfedildi. Bu nesneler yiiksek donme hizina sahiptirler ve
ayn1 zamanda diisiik manyetik alanlart onlarin isole radyo pulsarlara gore daha yasli
olduklarin1 gosteriyor. 1982 yilinda Ali Alpar ve Radhakrishnan tarafindan onerilen
senaryoda milisaniye pulsarlar1 ve diisiik kiitleli X-1s1n ciftlerinin arasinda bir bag
oldugu iddia edildi. Bu senaryoya gore, diisiik kiitleli X-1sin ciftlerinnde, aktarilan
madde a¢isal momentuma sahip oldgu icin ve bu hizi zaman zaman sistemde olan
notron yildizina aktardig icin, nétron yildiziyiikksek bir donme hizina sahip olabilir.
Ayrica uzun siire madde aktarimindan dolayi yildiz manyetik alan giiciinii zamanla
kaybeder.

1974 ve 1982°de kesfedilen accreting milisaniye X-151n pulsar1  ve transitional
milisaniye Pulsar’lr bu senaryoyu dogrulamaktadir.

Transitional milisaniye pulsar sistemleri, bazen diisiik kiitleli X-1s 1n ciftleri fazinda
olup, bir siire sonra milisaniye radyo pulsar1 fazina gegis yaparlar ve gecis yaptiktan
sonra radyo-optik-X-1sin ve hatta Gamma 1s1nlarinda 6nemli degisikler gosterirler. Bu
sistemlerin farkli yonlerde incelenmesi milisaniye pulsarlar1 ve diisiik kiitleliX-15 1n
ciftlerinin arasinda olan bagi ve onlarin evrimlerini anlamiza yardimcr olabilirler.
PSR J1023+0038, ilk kesfedilen gecisli milisaniye pulsaridir.

Bu calismada PSR J1023+0038 kayanaginin , optik ve X-1s 1inida gozlemleyerek, hangi
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fazda oldugnu ve optik ve X-1s 11 parlakliklarnin arasindaki korelasyonu belirlemeye
calistik. PSR J1023+0038, 2000 y1linda Bond tarafindan kesfedildi. Bu kaynagin 2000
yilindaki gozlemleri ¢cevresinde bir disk oldugunu gosteriyordu. 2000-2008 araliginda
kaynak dii siik kutleli X-1s 1n ciftleri 6zellikerine sahipti yalniz 2008 de kaynak optik
ve X-1s1minda degisiklikler gostermeye baglad1 ve radyo 1s1masi yaymaya bagladi. Bu
stireg 2013 yilina kadar siirdii ve tekrar 2013 yilinda sistem dii siik kutleli X-15 1n
ciftleri fazina gecti. 2013’den bu yana sistem dii siik kutleli X-151n cift fazinda devam
etmmektdir. PSR J1023+0038 sisteminin ozellikleri :

e Orbital Period: 4.75 hour

e Pulse Period: 1.69 ms

e NS Mass: ~ 1.4M,

e Donor Mass: ~ 0.2M,

e B (Magnetic field): 108 G

e Ly in MPS state: ~ 1032 erg/s

e Ly in LMXB state: ~ 10°3~3 erg/s

e Distance: ~ 1.37 rmkpc

Optik verilri 2015 Subat - Nisan aylar arasinda Tiirkiye Ulusal Gozlemevi (TUG)
T60 teleskopuyla, "Galaktik Siireksiz Diistik Kiitleli X-151n Ciftlerinin Herhangi bir
Dalgaboyunda Tespit edilecek Patlamalarinin Takip Gozlemleri" projesi kapsaminda
ve UBVRI filtresini kullanilarak gozlemlenmistir. Kot hava kosullari nedeniyle
optik analizlerde sadece R bandinda olan gozlemler secildi ve kaynag in R bandinda
daha parlak olmasi, eslik¢cinin G yildizlarn kategorisinden oldugnu gosteriyor.
224 gozlemden yalmz 74 gozlem, 60 saniyelik poz siiresiyle analiz i¢in uygun
goriindii. veri kalibrasiyon asamasinda Dark, Flat ve Bias diizeltmeleri IRAF
programi kullanilarak yapilmigtir. Daha dogru bir parlaklik 6l¢mek icin, 5 rnek yildiz
secerek, fark fotometri yontemi uygulanmistir.

X-1sminda analiz yapmak icin ayni tarih arasinda (2015 Subat - Nisan) Swift XRT
teleskop gozlem arsivini kullandik. Heasoft v. 6.19 paketleri X-151n gézlem
analiz ve modelleme icin kullanildi. Her bir gbzlem icin kaynak ve arkaplan alanlari40
yay saniyesi yaricapinda ¢cembersel sekilde secildi, kaynak ve arkaplan tayflarielde
edildi. X-151m1 tayflar1 absorbed powerlaw modeliyle fit edildi ve foton indeksi
ortalamasi, I" ~ 1.6 elde edildi. Modelleme siirecinde tiim gozlemler i¢in Ny degeri
3.8 x 10?%cm ™2 sabitlendi.

PSR J1023+0038 kaynaginin optik parlakligim 15.57 ve 16.95 araliginda bulduk.
Optik parlakliginin ~ 1.38 degismesi sistemin yoriinge donusumunden kaynaklana
bilmektedir, yanliz bunu kesin sdyleyebilmek i¢in daha yuksek zaman ¢6ziiniirliigiinde
veriye ithiya¢ duyulmaktadir.

X-151n analizinden ¢ikan sonuclara gore, X-1sin parlakligil.4 x 1033ve4.9 x 1033
araliginda oldugunu belirledik. Bu parlakliga gore sistemin halen diisiik
X-151n fazinda oldugunu ve diskten noétron yildizinin  ilizerine madde
aktarimi  olmadigimi  soOyliyebiliriz. Her iki bantta ayni zamanlarada alinmig
yeterli sayida gozlem olmadigi i¢in X-1simn/optik korelasyonu incelenmed: ve
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hakkiinda neyazik k1 yorum yapamiyoruz.
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1. INTRODUCTION

1.1 Neutron stars

Neutron stars are remnants of high mass stars, compact objects with radius around
10 kilometers and mass around 1.4 M.,. These parameters correspond to a density of
p~ 1014 gr/ cm? (10! times denser than the Earth). As a massive star (M ~ 15 Ms)
consumes its source for the fusion reactions it acquires an iron core. Subsequently
the iron core collapses to a small radius and releases gravitational energy which
powers the supernova. For the collapsed core the gravitational force is balanced by the
electron and neutron degeneracy pressures and the core gets stable. Since the angular
momentum and magnetic flux of the star should be conserved after the explosion,
neutron stars possess inordinate high spin and magnetic field.

Different types of neutron stars are categorized by the source powering their emission.
Rotation-powered pulsars (RPP) (powered by spindown), magnetars (released by
decaying magnetic field), isolated neutron stars (INS) and central compact objects
(CCO) (powered by latent heat of the neutron star matter), accretion-powered neutron

stars (gravitational energy released by accretion) are some of these classes.

1.2 Rotation powered pulsars

Pulsars were discovered in 1967 by Jocelyn Bell and Anthony Hewish. In the pulsar
discovery paper [1] they related the radio pulsations to oscillations of compact stars
but later it was suggested by Gold [2] that rotation of the compact star leads to the
pulsation behavior. The inclination angle between the rotation and magnetic axis of
the neutron star causes the lighthouse effect which leads to the observation of pulses

(Figure 1.1).

In this type of pulsars, the main source of emission is the energy released by spin
down. This energy is propagated in a wide range of wavelengths from radio to gamma

rays. Up to now more than 2000 RPPs are discovered. The RPPs have rotation periods
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Figure 1.1 : Standard model of rotational pulsars [3]

between milliseconds to several seconds [4] and are divided into two main groups,
normal pulsars with characteristic ages T < 100 Myr, and millisecond pulsars (MSP)
with T 2 100 Myr. Indeed, it is believed that neutron stars in low mass X-ray binaries
are the progenitors of MPSs. MPSs spin up by accretion from their companion in a

binary system for about a billion years [5].

1.3 Accretion powered pulsars

The second type of pulsars are accretion-powered pulsars that most of the dispersed
energy originates from the gravitational potential of the matter that accrete onto the
surface of the neutron star and the released energy is mostly detected in the X-ray
band. Accretion-powered pulsars live in binary systems and gasous matter from the
companion reach the surface of the neutron star either by steller wind or a disk.

Luminosity generated by accretion of gas is [6]:

GMM . (M
Ly =——~13Xx 1037 M7 (M—) R;'ergs™!. (1.1)
©



Here G, M, R and M refer to the gravitational constant, mass of the neutron star, radius

of the NS and the rate of mass accretion, respectively (Rg = 1% cm, M7 = 1?)% g s7h

1 1

. For an X-ray source with Ly ~ 1037 erg s~! accretion rate is 107 g s~!.
Intense magnetic fields of neutron stars steer the gas particles toward the magnetic
poles of the star through a flux-frozen flow [7,8]. The region that particles follow the
magnetic field lines around the star is called the magnetosphere of the neutron star.

Accretion-powered pulsars can be classified into three groups according to the mass of
the companion star as high mass X-ray binaries (HMXBs), intermediate mass X-ray

binaries (IMXBs), low mass X-ray binaries (LMXBs). In all three types there is a

common situation, the companion fills or very nearly fills its Roche lobe.

HMXBs consist of a neutron star and an O/B or Be-type star as a companion. These
systems normally survive less than LMXBs due to fast evolution of their massive
companion. Accretion by strong stellar wind from O/B supergiant companion feeds
the neutron star and leads to bright X-ray emission. This phase lasts about 10* — 10°
years and near the end of this time Roche lobe overflow process also starts. In HMXBs

with Be-type star companion, since the primordial binary has less mass, the orbits of

these systems are wider and the companion lies deep inside its Roche lobe.

There are two classifications with very similar specifications in low mass X-ray
binaries, cataclysmic variables (CVs) and low mass X-ray binaries (LMXBs). The
main difference is that in CVs compact object is a white dwarf, on the other hand,
LMXBs posses a neutron star. In general, LMXBs are born through one of these
two scenarios, the progenitor has a much more mass (Mp,ogeniror 2, 12M) than the
progenitor in CVs, or accretion onto the white dwarf in CVs augments the mass above
the Chandrasekhar mass and the white dwarf collapses into a neutron star and LMXB is
born [9] (accretion-induced collapse). In the following we will discuss some properties
of LMXB systems. One of the important properties is the orbital period (binary period)
of these systems. As it is shown below, the orbital period just depends on the average

density of the donor [10]

_1 3 _1
P=89 (&) ’ (&) " hr=8.9 (&> " hr (1.2)
Mg Ro Po



The characteristic relation between the orbital period and donors mass have been made
by using this equation and mass-radius relation for possible companions of these
systems. Table 1.1 illustrates the mass-radius and mass-orbital period relations for

donors of these systems [10].

Table 1.1 : Mass-radius and mass-orbital period relations for donors of LMXBs
systems [10].

Companion Type M; — R, Relation M; — P Relation
Main Sequence Ry /R =~ My /Mg P~ 8.9(M,/Mg) hr
He Main Sequence Ry /Rs =~ 0.2M, /Mg, P~ 0.89(M2/Mg) hr
White Dwarf R;/Re ~ 0.0115(My/M)'/3 P~ 40(M, /M,) sec

These data are very practical for estimating the orbital periods or masses of the
companion stars.

There are exceptions that do not belong to any of the above categories, IMXBs. A
neutron star and a 2.5 M companion is the general structure of an IMXB. These
systems have very eccentric orbits and after about 107 y, their orbital periods ascend
from ~ 5.7 d to ~ 1.7 d [11]. Moreover, in the supernova a kick is imposed to them
and they run away with v ~ 140 km s~!. Accretion in IMXBs proceeds via Roche lobe

overflow. The source Her X-1 is an example of these systems.

1.4 Recycling Scenario

The scenario of the formation of the radio pulsars needed to be renewed by the
discovery of the PSR 1913+16 [12], in 1974, that belongs to a close binary system . It
was believed that isolated radio pulsars were formed by disruption of the close binary
systems after the supernova explosion. According to the understanding of neutron stars
in 70’s, the short rotation period of the PSR 1913+16 could be explained by the young
age of the pulsar but on the under hand young pulsars like Crab and Vela possessed
high magnetic fields that that was not true for the magnetic field of PSR 1913+16.
Before the discovery of PSR 1913+16 it was suggested by Bisnovatyi-Kogan [13]
that magnetic fields of the neutron stars in binary system could decay through the
accretion process and the system could possess a weak magnetic field after accretion
stops. It was proposed by Bisnovatyi-Kogan that PSR 1913+16 passed through the

accretion phase and spun up while its magnetic field decreased through the accretion

4



process [14]. After the explosion of its companion, X-ray pulsar entered the radio
pulsar phase.

Another fast rotating pulsar with inordinate characteristics was discovered by Backer at
1982 [15]. The source 4C21.53 had the fast spin period and low magnetic field with no
supernova remnant around it. Later it was suggested by Alpar that the source 4C21.53
and the other similar pulsars belong to a new class of radio pulsars, millisecond
pulsars [S] which originate in close binary systems with X-ray pulsars as progenitors.
Similarities to PSR 1913416 characteristics reinforces the idea that millisecond pulsars
are ‘recycled’. Recycling scenario propose that radio pulsars with millisecond rotation
periods are spun up during the long time accretion from a Keplerian disk in low mass
X-ray binary systems while their magnetic fields decay in this process [5, 13, 16].
New discoveries through the time enhanced the validity of the recycling scenario. The
first one was the discovery of the first Accreting Millisecond X-ray Pulsar (AMXP),
SAX J1808.4-3658, in 1998 [17]. Discovery of the transitional millisecond pulsars was
another strong proof of recycling scenario and ascertained the link between LMXBs
and MPs. Many investigations have begun after the discovery of TMPs to study the

different aspects of these sources and resolving the dark side of the MPs evolution.

1.5 Transitional Millisecond Pulsars (TMPs)

TMPs are unige systems that transit between low mass X-ray binaries and millisecond
radio pulsars. Indeed, in some period of time they emit in the radio band and possess
millisecond pulsar properties. At a later time the radio emission vanishes and the
objects begin to show X-ray emission. Up to now three TMPs (and a fourth candidate)

are discovered.

0J J1023+0038
0 XSS J12270-4859
L] M28I

0 1RXS J154439.4-112820

X-ray observations of these objects show three different stages for the X-ray

luminosity, radio pulsar stage with Lx ~ 1032 erg/sec, intermediate X-ray stage with
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Lx ~ 10°3 — 10** erg/sec and outburst stage with Ly ~ 103® erg/sec. Through this

work we try to study different aspects of PSR J1023+0038 ,the first discovered source

of TMPs category, in optical and X-ray wavelength and exploit correlation between

optical and X-ray observation and specifying the system phase as LMXB or MP. Table

1.2 shows the characteristics of the PSR 102340038 binary system.
Table 1.2 : PSR J1023+0038.

PSR J1023+0038

Orbital Period 4.75 hour
Pulse Period 1.69 ms
NS Mass ~ 1.4Mg
Donor Mass ~ 0.2M
B (Magnetic field) 108 G

Lx in MPS state
Lx in LMXB state

~ 103 erg/s
~ 10373 erg/s

Figure 1.2 : Schematic of TMPs in two different phase. Left: LMXB phase with
accretion disk around the neutron star. Right: MSP phase with radio
beams from the poles of the neutron star and no accretion from the donor.



2. GENERAL PROPERTIES OF PSR J1023+0038

2.1 Observations of PSR J1023+0038

PSR J1023+0038 was first source that has been categorized as CV due to radio
observation [18] through the FIRST (The Faint Image of the Radio Sky at Twenty
Centimeters) Bright Quasar Survey (FBQS) [19-21] and following optical observation
seemed to confirm the case [18]. Candidates of the FBQS were FIRST radio sources
that have optical counterpart in the APM (Automatic Plate Measuring) catalog. A radio
source among the FBQS candidates was idetifined as a Galactic star with uncommon
spectrum. It was inferred that it is a previously unknown CV. 17.6 away from the
coordination of the source, there was a faint stellar object according to the APM

catalog.

The spectrum that was obtained at 2000 May 6 with Lick Observatory 3 m telescope
was dominated by a blue continuum with superposed emission lines of the Balmer
series: He I, and He II [18]. This spectrum was similar to the spectrum of the
cataclysmic variables in quiescence. Stronger lines of the He I and He II in comparison
with dwarf novae offered that the source can be classified as the magnetic or AM
Herculis type CVs [18]. Exploring the archived data of the Sloan Digital Sky Survey
(SDSS), both astrometry and photometry data, illustrated that the spectrum was similar
to that obtained from Lick Observatory [18]. In addition, in SDSS spectrum the
emission lines were resolved into double-peaked profiles and it was suggested that the
system might harbour an accretion disk implying that the source can be a DQ-Herculis
type magnetic CV [18]. Since CVs show rapid optical variations, further photometric
observations were done to investigate these variations of PSR J1023+0038. Further
observations in 2000 November and December recorded variation in PSR J1023+0038
light curve, and this variation affirmed that the source could be categorized as a CV at

that time [18].



The source was observed for different purposes (spectroscopy, filter photometry, I
(infrared) Time-series Photometry, BVI Time-Series Photometry ) from Jan 2003 till
May 2004 [22] . In these spectra only late-type absorption features were present and it
was inconsistent with the spectra that was obtained by Bond in the discovery paper [22]
and Szdoky [23]. Time-resolved BVI photometry of the PSR J1023+0038 illustrated
an orbital color modulation consistent with a heating effect suggested by Bond [18].
Obtained mean spectrum was similar to a late-type star with no emission lines and from
the flux level, V = 17.5 could be inferred. The K- and M-dwarf library spectra were too
cold to match the mean spectral type of the companion star. Therefore, G-type library
spectra from Jacoby et al. (1984) was used to match with mean spectral type and it
was accomplished around mid-G admissibly. In consistency with the spectral type the
companion’s T, s was defined in a narrow range between 5570 and 5740 K due to
their model [22]. Due to the fact that the distance can be derived by knowing the mass
of the companion star, it was expressed as (2.2 kpc)(M,,” M@)% [22] . Inconsistent
with Bond et al. (2002) [18], they offered that the primary is not a white dwarf and
only two possibilities remain: a neutron star or a black hole. The strong A4686 line
in the Bond et al (2002) high-state spectrum is consistent with an X-ray binary but,
unfortunately, no X-ray sources were detected at that time. Shortage of X-ray sources
as a primary star can be explained through observation of the source in its quiescence
phase as they suggested [22]. In the case of black hole as a primary star, it is not
reasonable to have a compact object that has the luminosity of ~ 2 L., without forming

any emission lines, as they mentioned [22].

Patruno and his colleagues used Swift UVOT/XRT telescopes on 2013 June and
October for the first targeted X-ray and optical observations of PSR J1023+0038 in
its active phase (LMXB) [24]. Images exhibited obvious state change in both UV and
optical emissions that were related to the state change of the PSR J1023+0038 [24].
The magnitude of the source was 3.5 higher on 18 Oct with the comparison to 12
June in the UWI1 (2600 A) filter. In addition, the magnitude increased and reached
16.04 +0.03 in the U band (3465 A). Further observation in U band on 19 Oct
illustrated the variability of ~ 0.3 magnitude on a timescale of ~ 1 hour and there
was no correlation between the mean 0.5 - 10 keV X-ray luminosity and the U band

magnitude. This behavior of U band variability verified the existence of accretion disk



in the binary system.

PSR J1023+0038 was fitted into the X-ray/optical diagram [25, 26] by [24] and
supported the concept of relating the observed X-ray and optical luminosity to the
accretion process more than to the intrabinary shock or to the spin-down luminosity of

the rotation-powered pulsar.






3. OBSERVATION AND DATA REDUCTION

3.1 Optical Observations

3.1.1 T60 Telescope

We used Turkish National Observatory (TUG) T60 robotic telescope1 which is
located in Bakirlitepe, Antalya through the "Observations to Detect the Low Mass
X-ray Binaries Discontinuous Bursts in any wavelength" project (project number
13AT60-433 and 13AT60-613)2. The optical classification of the telescope is
Ritchey-Chretien. Ritchey-Chretien telescopes are reflecting type of telescopes with
parabolic mirrors as shown in Figure 3.1.Switching the spherical main and secondary
mirrors with parabolic mirrors have the advantages of eliminating the spherical
aberration and decreasing the coma aberration. T60 has a mirror diameter of 60 cm
and focal length of 600 cm. In its focal plane it is equipped with a Charge Coupled
Device (CCD)? with 2048 <2048 pixels. The size of the pixels are 15x 15 micron and
readout time for 2048x2048 pixels is 2.5 sn. The CCD is equipped with different
filters, such as Bessell UBVRI (ultraviolet, blue, visible, red and infrared), SDSS and
ND. We used the Bessell UBVRI filter and got images in blue, red and infrared.

Mttp://www.tug.tubitak.gov.tr/t60_ozellikler.php

2"Galaktik Siireksiz Diisiik Kiitleli X-151n Ciftlerinin Herhangi bir Dalgaboyunda Tespit edilecek
Patlamalarinin Takip Gozlemleri"

Shttp://www.tug.tubitak.gov.tr/t60_fli_ccd.php

11



i | ——— -'——————————————:_—__::.——-
________-4""'--—
—————— i
e oot f‘t"é
-
—— i — e — == Camera
Hyperholic secondary mirror Hyperbolic primary mirror

Ritchey - Chrétien (RCT)
Figure 3.1 : Structure of Ritchey-Chretien Telescope [27].

ACCESSORY POWER AUX VO HUB use

@ © co N
wr w W w W w
© 3 oo ; oo g o

Figure 3.3 : Image of FLI CCD [29].

12



3.2 Optical Data Reduction

Data collected from detectors should be processed for further investigations. In this
section, the processing procedure is discussed in detail.

Data processing of optical observations is divided into two parts, data reduction, and
data calibration. Optical data reduction has been done by IRAF program (Image
Reduction and Analysis Facility) [30] and Python is used in the case of data calibration.
Before any process was done, we have to pick proper optical frames. Unfortunately we
have lost most of the frames due to bad weather condition. We used 74 frames among

total 226 frames with 60 second exposure in the red band.

Data reduction contains three steps, dark correction, bias correction and flat correction.
In general, final data is obtained as:

(row data frame — bias frame) — (dark frame — bias frame)

Final data =
mar aard flat frame —dark frame

3.1)

Dark correction is needed since the CCD produce some current just because of thermal
agitation. Dark frames are provided by exposing the CCD in a condition that no light
beams hit the detector and recording the random CCD dark currents. The exposure
time of dark frames should be same as the exposure time of frames that will be
corrected with these dark frames. In addition to dark current, detectors show some
signals in closed shutter and zero exposure time condition, mostly due to the electrical
part of the detecting system. These signals are called bias and in some cases, it should
be subtracted from data frames (since the dark frames even suffer from bias, subtraction
of dark frames is enough in most of the reduction process). Another vital correction is
flat field correction. This instrumental noise occurs due to the difference in quantum
efficiency of the detector‘s cell and optical transmission over the field of observation.
Briefly, detector‘s cells register different amounts of signal for a uniform incident
photon flow. Different techniques are available to make flat frames and overcome this
problem. Flat frames are produced by exposing a white curtain inside the observatory
dome (dome flat) or aiming the telescope to a clear sky condition in daylight (sky flat).
As flat frames suffer from the dark current too, dark correction should be applied for
both flat and data frames. Two kinds of dark frames were available in 1 second and

60 second. Since for dark reduction of flat and data frames we need equally exposed

13



dark frames according to each flat and data frames, 1 second dark frames were used to
produce 15 seconds dark frames through imarith package of IRAF for flat frames
with 15 seconds exposure and 60 seconds dark frames directly was applied for data
frames.

The procedure of reduction began by subtracting the dark frames from flat frames, then
followed by subtracting the darks from data frames. At the end, data frames divided by
the dark reduced flat frames through CCDPROC package of IRAF. Standard aperture
photometry was done on the frames and differential magnitude method was exploited
to reduce the error of the analyze. We use 5 nearby stars to compare with the target
(PSR J1023+0038). Figure 3.4 illustrates the target and comparison stars, in addition
Table 3.1 shows the details of the target and comparison stars that were used in the

analysis.

Figure 3.4 : PSR J1023+0038 and comparison stars.
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Table 3.1 : Target and comparison stars.

RAJ2000 DECJ2000 B1 Magnitude R1 Magnitude B2 Magnitude R2 Magnitude

Target star 1023 47.687 +0038 41.15 17.59 16.79 17.33 16.96
Star A 1023 57.990  +00 40 27.70 16.67 15.03 16.45 14.99
Star B 1023 58.339  +00 39 00.89 17.54 16.26 17.06 16.26
Star C 1024 00.233  +00 38 52.15 18.01 16.63 17.71 16.52
Star D 1023 59.435  +00 37 43.26 15.06 14.75 15.35 14.54
Star E 1023 56.131  +00 36 52.01 17.43 16.13 17.00 16.01

To control the error of differential photometry we calculate the weighted mean of the
magnitude of comparison stars according to their magnitude error given by iraf.
Then the light curve of the PSR J1023+0038 was produced as shown in Figure 3.5.
Figure 3.6 shows the light curve of comparison stars at the same time and date of

observation of PSR J1023+0038.

Optical Light Curve
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Figure 3.5 : Light curve of PSR J1023+0038 obtained with TUBiTAK T60 telescope.
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Figure 3.6 : Light curves of comparison stars.

3.3 X-ray Observations

3.3.1 Swift Satellite

The Swift X-ray mission is a project dedicated to studying Gamma-Ray Bursts (GRBs)
and their afterglows. It was launched in November of 2004 and settled in a low-earth
orbit (r ~ 160 — 2000 km). The Swift is equipped with three different telescopes: a
Burst Alert Telescope (BAT), an Ultraviolet/Optical Telescope (UVOT) and an X-ray
telescope (XRT). The Swift XRT has the ability to evaluate spectra, fluxes, and light
curves of the sources.

The BAT is designed to detect gamma-ray bursts and other gamma-ray transients in
the energy ranges of 15—150 keV. It has a wide field of view of around 1.4 steradians

and can calculate the position of bursts with an accuracy of 1-3 arcminutes.

The UVOT is 30 cm ultraviolet/optical telescope with the focal ratio of 12.75 which
has modified Ritchey-Chretien structure. It is functional between 1600 A—6000
A wavelengths and has the ability to locate the bursts positions with an accuracy 0.5

arcseconds.
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The XRT is a focusing X-ray telescope that has a narrow field of view. Different
components of the XRT are shown in Figure 3.8 and the basic parameters are listed in
Table 3.2. It is designed to do both imaging and spectroscopy in the energy band
between 0.2 and 10 keV. The XRT works in four different mode: imaging mode,
photodiode mode, windowed timing mode and photon-counting mode.

The photodiode mode is used in the case of very bright sources (fluxes up to 60 Crab)
and when high time resolution is needed. This mode has a time resolution of 0.14
milliseconds and, the ability to produce spectrum and high resolution lightcurve. No
spatial data is available in this mode.

In the window timing mode 200 central column, equal to 8 arc second, and 600 row
of the CCD is read out during the observation. This mode has the ability to do the
observations in 1.7 ms time resolution and is suitable for sources with fluxes between
1—-600 mCrab.

Observation in photon counting mode provides the full field of view but constrains the
time resolution to 2.5 seconds as full spectroscopic and imaging resolution is provided
in this mode. This mode can be used for sources with fluxes below 1 mCrab.

In imaging mode, there is no distinction of any X-ray event and the CCD completely
works same as optical CCD. The XRT uses this mode to determine the position of the
new detected GRB accurately. No spectroscopic data is available in this mode due to
pile-up in the CCD but the flux of the source can be evaluated acceptably. This mode
can be used for the source fluxes between 25 mCrab and 45 Crab [31] and due to the

sources flux, the time resolution can be adjusted to 0.1 or 2.5 seconds.

Table 3.2 : XRT characteristics [32]

Telescope 3.5m Wolter I

Telescope PSF 18 arcsec HDP @ 1.5 keV
22 arcsec HDP @ 8.1 keV

Detector MAT CCD-22

Detector Format 600 x 602 pixels

Detector Readout Mode Photon-counting, Imaging & Timing

Field of View 23.6 x 23.6 arcmin

Pixel Scale 2.36 arcsec/ pixel

Energy Range 0.2-10keV

Effective Area 135cm? @ 1.5keV

Sensitivity 2x 10~ 4ergs /cm? /s in10%*s

Position Accuracy 2.5 arcseconds

Operation Autonomous
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3.3.2 X-Ray Data Analysis

Since we plan to check the properties of the PSR J1023 in both optical and X-ray
bands, X-ray data have chosen in a time interval that cover the optical observations
time. In total, twenty Swift XRT telescope observations lie between January 01
and 30 April of 2015. Figure 3.8 shows time spanning of both optical and X-ray
observations. Appendix A.l contains observation IDs (Obs ID) that is used for the
analysis. We used number of FTOOLS* from the Heasoft v 6.19° packages
through the X-ray analysis.Swift level 2 data (event file) and ancillary file for each
Obs ID extracted by applying xrtpipeline on level 1 data. For the response
matrix, swxpc0tol12s6-20130101v014 . rmf file from Caldb is used for all Obs
IDs. Source and background regions have been determined as circular region with
40 arcsecond radius manually via the Ds9 program for individual Obs IDs (Figure
3.9). Source and background spectrums and light curves extracted using xselect.
To achieve reasonable data and applying models, XSPEC was used. First data grouped
fot 20 count/s via grppha, then extra calibration applied to data as explained here,
bad channels were removed through XSPEC and the data was fitted with absorbed

020

powerlaw model. Ny was fixed to 3.8 x 1 cm—2 [24]. We obtained mean photon

index as I' ~ 1.5. Figure 3.11. to Figure 3.13. show the spectrum and model fitted

“https://heasarc.gsfc.nasa.gov/ftools/ftools_menu.html
Shttps://heasarc.nasa.gov/lheasoft/
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with residuals. Photon index and X-ray luminosity that were obtained by applying the
absorbed powerlaw model on the data is illustrated in Figure 3.14 and Figure 3.15,

respectively.

Swift XRT . 4000000000000 0 23 . B

TUG 60 ° oo L] o e L] L] L] ° oo eoee © =

Observation Telescope

I I I I I I
0 20 40 60 80 100 120

Figure 3.8 : Time spans of optical and X-ray observations.

Figure 3.9 : An example of source (green) & background (red dashed circle) region
selection.
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4. CONCLUSION

We obtained optical luminosity between 15.57 and 16.95 in r band (mean 16.31 ).
Magnitude variation of ~ 1.38 in r band could be the result of orbital rotation of the
system with 4.7 hour orbital period. Low time resolution of the data does not let
us to check for any uniform variation in optical magnitude due to orbital rotation of
the system. On the other hand poor seeing condition during the optical observations
decrease the reliability of the measurements.

In the case of X-ray luminosity, we obtained 1.4 x 10%3 erg /s <Lx < 4.9 x 10*3 erg/s
that shows the system was in LMXB phase with low X-ray flux.

In general correlation between X-ray and optical luminosity in LMXB systems is
expected. Many different mechanisms can lead to increase in optical luminosity.
Reprocessing from an irradiated disk is one of the mechanisim that was suggested
by [33]. We investigate to find optical-X-ray correlation in TMP, PSR J1023+0038.
As it was shown in Figure 3.8 our data suffers the lack of simultaneous observation in
optical and X-ray wavelength and we are unable to put trustable comment on existence

or non existence of the correlation in PSR J1023+0038.
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APPENDICES

APPENDIX A.1 :Observation IDs of Swift XRT telescope.

31






APPENDIX A:
Table A.1 : Swift X-Ray Observation of PSR J1023+0038 .

Obs ID Date Time Exp. Time
00033012068  2015-01-06  19:45:03  1.942891084038568F + 03

00033012070  2015-01-13  08:17:58  1.323579889157465E + 03
00033012071  2015-01-14  05:32:12  1.153755670881827E + 03
00033012072 2015-01-15  08:14:02  1.176221083455461F + 03
00033012073  2015-01-16  05:26:07  9.989349134039215E + 02
00033012074  2015-01-17  08:10:57  1.113789566374350F + 03
00033012075  2015-01-18  08:08:46  1.126275794266340F + 03
00033012076 2015-01-19  08:13:19  1.093811343670687E + 03
00033012077  2015-01-20  06:48:42  1.076340453057892E + 03
00033012078  2015-01-21  08:01:43  1.063844164203505E + 03
00033012079  2015-01-22  06:33:42  1.146254147496361F + 03
00033012080  2015-01-23  06:20:44  1.191204720235088E + 03
00033012081  2015-01-24  04:49:51  1.118784138399841F + 03
00033012082  2015-01-26  06:14:33  1.076330533680910F + 03
00033012083  2015-01-25  06:49:28  1.036384243178606F + 03
00033012084  2015-01-27  14:21:42  1.665684793487728E + 03
00033012085  2015-02-28  21:15:34  4.769869967561585E + 02
00033012086  2015-03-01  17:47:04  7.666697913576909E + 02
00033012088  2015-04-11  19:10:16 ~ 9.914236785218692F + 02
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