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ABSTRACT

LONG-TERM EVOLUTIONARY LINKS BETWEEN HIGH-MAGNETIC-FIELD
RADIO PULSARS AND DIM ISOLATED NEUTRON STARS

SEYDA OZCAN
Physics, Master of Science Thesis, DEC 2020

Thesis Supervisor: Prof.Dr. UNAL ERTAN

The long-term evolution of the neutron stars with fallback disks depends on their
initial conditions, namely the initial period of the star, Py, the mass of the disk,
M, and the magnetic dipole field at the poles of the star, By. There are three basic
evolutionary paths characterized by the sequences of the rotational phases (weak
propeller or strong propeller) that can be followed by a neutron star over its long-
term evolution. For a chosen set of initial conditions, a model source can evolve
following one of these basic paths. In this work, first, we have investigated how
these initial conditions affect the evolutionary paths of the sources. Later, we have
described the evolutionary paths and the current phases of the isolated neutron star
populations based on the results obtained earlier in the fallback disk model. These
populations are anomalous X-ray pulsars (AXPs), soft gamma repeaters (SGRs),
rotating radio transients (RRATS), central compact objects (CCOs), dim isolated
neutron stars (XDINs) and high-B radio pulsars (HBRPs). The radio pulsar PSR
J0726-2612, discovered recently, has the rotational and X-ray properties similar to
those of XDINs and HBRPs. The characteristic age of the source is about an order of
magnitude smaller than those of XDINs. In the fallback disk model, XDINs are not
expected to show pulsed radio emission. Nevertheless, this radio pulsar apparently
seems to evolve towards the XDIN properties. In the magnetar model, the non-
detection of radio pulses from XDINs are assumed to be due to narrow beaming
of their radio emission. It was proposed that PSR J0726-2612 could be the first
XDIN with pulsed radio emission observable due to convenient viewing geometry.
In the second part of this work, through numerical simulations, we have analyzed
the allowed initial conditions and the evolutionary avenues that can produce the
properties of the source consistently with its radio pulsar behaviour in the fallback
disk model. Our results indicate that the evolutionary path followed by this source
is similar to those of HBRPs. The By estimated for PSR J0726-2612 places the
source above the pulsar death line. The rotational properties and X-ray luminosity
of the source are obtained simultaneously at an age of t ~ 5 x 10* yr. Our model
results indicate that PSR J0726-2612 will reach the ages of XDINs (several 10° yr)
as a normal radio pulsar, rather than the XDIN properties.
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OZET

YUKSEK MANYETIK ALANLI RADYO PULSARLARI VE SONUK iZOLE
NOTRON YILDIZLARI ARASINDAKI BAGIN UZUN DONEM EVRIMININ
INCELENMESI

SEYDA OZCAN
Fizik, Yiuksek Lisans Tezi, ARALIK 2020

Tez Damsmani: Prof.Dr. UNAL ERTAN

Notron yildizlarinin kalint1 diskleri ile uzun dénem evrimi, baslangic kosullarina,
yani yildizin baglangi¢ periyoduna (FPp), diskin kiitlesine (My) ve yildizin kutuplarin-
daki manyetik dipol alam giddetine (Bp) baghdir. Uzun dénem evrimi boyunca
bir noétron yildizinin takip edebilecegi dénme fazlarini (zeyif pervane ve giiglii per-
vane) karakterize eden ¢ temel evrimsel yol vardir. Secilen baglangi¢ kosullar
i¢in, bir model kaynak bu temel yollardan birini izleyerek evrimlegebilir. Bu calig-
mada ilk olarak, bu baglangi¢ kosullarinin kaynaklarin evrimsel yollarini nasil etk-
iledigini aragtirdik. Daha sonra, kalinti diski modelinde daha o6nce elde edilmis
sonuclara dayanarak izole nétron yildizi popiilasyonlarinin evrimsel yollarini ve mev-
cut fazlarim tammladik. Bu popiilasyonlar, anormal X-1gimm1 pulsarlar1 (AXP’ler),
gama 11 tekrarlayicilart (SGR’ler), gegici dénen radyo kaynaklari (RRAT ler),
merkezi yogun cisimler (CCO’lar), sontik izole kaynaklar (XDIN’ler) ve ytiksek
manyetik alanlh radyo pulsarlaridir (HBRP’ler). Yakin zamanda kegfedilen radyo
pulsar PSR J0726-2612, XDIN’ler ve HBRP’lerinkine benzer dénme o6zellikler-
ine ve X 1gmm1 parlakligina sahiptir. Kaynagin karakteristik yasi yaklagik olarak
XDIN’lerinkinden daha kiciiktiir. Kalint1 disk modelinde, XDIN’lerin diizenli
radyo emisyonu gostermesi beklenmez. Ancak, bu kaynak XDIN o6zelliklerine dogru
geligiyor gibi goriiniiyor. Magnetar modelinde, XDIN’lerden radyo sinyali tespit
edilmemesinin, bu kaynaklarin dar radyo 1simasindan kaynaklandig: varsayilir. PSR
J0726-2612'nin, uygun gortuntiileme geometrisi nedeniyle gozlemlenebilen diizenli
radyo emisyonlu ilk XDIN olabilecegi onerildi. Bu calismanin ikinci boliimiinde,
niimerik simiilasyonlar aracihigiyla, bu kaynagin déonme ve X-i1g1m1 6zelliklerini tiret-
meye izin veren baglangi¢ kosullarini, radyo pulsar davranigiyla tutarli bir sekilde
tiretebilen evrimsel yollar1 analiz ettik. Sonuglarimiz, bu kaynagin evrimini agiklayan
yolun, HBRP’lerinkine benzer oldugunu gostermektedir. PSR J0726-2612 i¢in tah-
min edilen By, kaynagi pulsar 6liim c¢izgisinin tistiine yerlestirir. Kaynagin dénme
ozellikleri ve X 1gm1 parlakhigini es zamanl olarak ¢ ~ 5 x 10% y yagsinda elde etmek-
teyiz. Model sonuclarimiz, PSR J0726-2612'nin XDIN kaynaklarinin yaglarina, bir
XDIN olarak degil, normal bir radyo pulsar1 6zellikleriyle (birkag ~ 10° y) ulaga-
cagini gostermektedir.
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1. INTRODUCTION

The idea of neutron star came immediatly after the discovery of neutron by
Chadwick (1932). Baade & Zwicky (1934) proposed that supernove could be the
events forming neutron stars from normal stars. It was proposed that protons and
electrons are likely to come together to form neutrons at high densities (Sterne,
1933). Sterne calculated the mass density required to become a neutron rich mat-
ter one year after the discovery of neutron. In 1936, George Gamow argued that
neutron-rich cores could exist at the centers of massive stars connecting the neu-
tron physics to astrophysical objects which supports the idea proposed by Baade
& Zwicky (1934). Later, Oppenheimer & Volkoff (1939) studied the structure and
estimated a mass of ~ %M@ for a neutron star. Tolman (1939) also obtained similar
results through analytical calculations. Cameron (1959) estimated an upper limit

of ~2Mg to the mass of a neutron star.

Despite these theoretical estimates, the existence of neutron stars was ques-
tioned until the discovery of the first radio pulsar (PSR 1919+21) by Jocelyn Bell
in 1967. It was regularly pulsating with period P = 1.377 s (Hewish et al., 1968)
indicating that PSR 1919421 should be a neutron star. Because, these very regular
pulses can only be produced by rotation, and only neutron stars can rotate with
such short periods. The first X-ray pulsar, Sco X-1 was discovered in 1962 before
the discovery of PSR 1919+21, but could not be identified as a neutron star imme-
diately. Later, many X-ray pulsars were discovered in 1970s. Today, it is commonly
accepted that X-ray pulsars are neutron stars powered by mass accretion from their

companion stars, as proposed earlier by Shklovsky (1967) for Sco X-1.

Neutron stars are the most compact objects that we can directly observe in
the universe. They are formed by supernova events at the end of the evolutions
of massive stars. Depending on the mass of the progenitor star, a supernova could
produce a neutron star or a black hole. If neutron degeneracy pressure can support
the core against gravity, the core becomes a neutron star. Otherwise, collapse goes
on leading to formation of a black hole. The minimum critical mass for blackhole

formation is estimated to be ~ 3M (Cameron, 1959). The estimated masses and
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radii for most of the known neutron stars are ~ 1.4M and ~ 10 km respectively,
which corresponds to an enormous average density of ~ 105 g cm™3. Because of the
angular momentum and magnetic flux conservation during the collapse, the newly
born star can rotate very fast with periods as short as several milliseconds, and have
very strong magnetic dipole fields with strength B ~ 10 —10'3 G on the surface of
the star. Neutron stars are not only the most compact but also the fastest rotating
objects of the observable universe. They provide an excellent laboratory to study

physics in these extreme conditions.

Mass accretion onto a neutron star converts rest-mass energy into radiation
more efficiently than in fusion reactions (see e.g Frank et al., 2002). Neutron stars
in binary systems are bright X-ray sources powered by mass accretion from the
companion, which are called X-ray binaries (XRBs). Depending on the mass of
the companion star, M., XRBs are classified into two groups: high-mass X-ray
binaries (HMXBs) and low-mass X-ray binaries (LMXBs). Among XRBs, those
with M. > several M are classified as HMXBs. In most of these systems, the
neutron star accretes matter from the wind of the companion (van den Heuvel &
Heise, 1972; Bondi & Hoyle, 1944). Their rotational periods are in the range of
60 — 850 s (White, 2002) and B ~ 10'2 G (Bhalerao et al., 2015). XRBs with
M. < Mg are called LMXBs (Lewin et al., 1997). For most LMXBs, the mass flow
from the companion is estimated to occur through Roche-lope overflow, forming
a geometrically thin accretion disk around the neutron star. Rotational periods
of neutron stars in these systems are mostly in the milliseconds range. Discovery
of these millisecond pulsars (MSPs) in LMXBs, starting from 1998 (Wijnands &
van der Klis, 1998), confirmed the idea that MSPs are the neutron stars that were
spun up by the accretion torques in LMXBs (Alpar et al., 1982; Radhakrishnan &
Srinivasan, 1982). Their surface magnetic dipole fields are weak (B ~ 10% —10° G;
Burderi & D’Amico, 1997), which is likely to be due to field decay associated with
accretion processes during the long-term evolution (Srinivasan et al., 1990; Konar &
Bhattacharya, 1997). Geometrically thin discs could also form in HMXBs through
Roche-lobe overflow for some sufficiently close binaries (Bachetti et al., 2014). One
example for this type of HMXBs could be Cen X-3 observed with UHURU (Giacconi
et al., 1971). In the case of Roche-lobe overflow, the matter flows into the Roche-lobe
of the neutron star with a large angular momentum. This prevents the transferred
material from directly falling onto the neutron star and leads to formation of a thin
accretion disc (e.g. Frank et al., 2002). The inner disk is cut at a radius depending
on the dipole field strength of the neutron star, while the outer disk is cut by
the strong tidal forces of the companion. The disk matter moves with Keplerian

speeds at all radii. By means of viscous torques operating along the disk, angular



momentum is transferred outwards while the matter flows inwards.

Since the discovery of first radio pulsar in 1967, more than 2500 radio pulsars
have been detected. With developing observational techniques used onboard the
new satellites like ROSAT, ASCA, RXTE and EINSTEIN, several young or mature
isolated (single) neutron star populations were discovered with different character-
istic properties in the last ~ 30 years (Pavlov et al., 2001; Abdo et al., 2013). These
neutron star systems are anomalous X-ray pulsars (AXPs), soft gamma repeaters
(SGRs), rotating radio transients (RRATS), central compact objects (CCOs), dim
isolated neutron stars (XDINs, also called “the magnificent seven”) and high-B ra-
dio pulsars (HBRPs). Beside their distinguishing radiative and rotational properties,
these systems also show some similarities. Considering that all of them are isolated
neutron stars, what could be the physical reasons causing the emergence of all these

different populations?

AXPs were discovered in the soft X-ray band (< 10 keV) with luminosities
Ly ~10%3-10% erg s, much higher than the rotational powers, Eyo = IQ€, for
most of these systems, where I is the moment of inertia,  and € are the angular
frequency of the neutron star and its time derivative respectively. These high X-ray
luminosities of AXPs cannot be explained by the intrinsic cooling of the star either.
SGRs were discovered in the soft v-ray band with energetic short bursts. The periods
of SGRs and AXPs are clustered between 2 and 12 s, with P ~ 10712 -10710 g ¢~ 1.
Assuming that the magnetic dipole torque is the only external torque acting on the
star, the field strength at the poles is inferred to be By = 6.4 x 1019vPP > 101 G
for most of these systems. Hereafter, we use “B,;” to denote this dipole field strength
deduced with the assumption that the source is rotating in vacuum. We will use
“By” to denote the actual magnetic dipole field at the pole of the star which is
not equal to By in the presence of other external torques. In addition to normal

0% erg s71. The

gamma bursts, three SGRs also showed giant bursts with L 2 1
soft gamma bursts that were observed later also from AXPs (Kaspi et al., 2003)
indicated that AXPs and SGRs are likely to belong to the same population. Most
of the AXP/SGRs do not show radio pulses. Among the 23 known AXP/SGRs,
the radio pulsations observed from only four sources have properties quite different
from the normal radio pulses. Their proximity to the galactic plane and supernova
associations of some of them indicate that they are young neutron star systems (see

e.g. Mereghetti, 2013, for a review of AXP/SGRs ).

Central compact objects (CCOs) are also young neutron stars found at the
centers of supernova remnants (Gotthelf et al., 2013). For 10 confirmed CCOs,

Ly ~ 1032 —10% erg s7!, and no radio or optical counterparts have been detected.



The P and P values that were measured only for three sources are in the ranges
of P~01-04sand P~ 10" —10717 s s, which give By ~ 1019 G, lowest
among the isolated neutron star populations. Their L, values are greater than the

rotational powers, like most of the other young neutron star populations.

Rotating radio transients (RRATS) were detected in the last two decades
(McLaughlin et al., 2006). They show sporadic radio bursts lasting several mil-
liseconds with recurrence time-scales ranging from minutes to hours. RRATSs are
estimated to have the highest birth rate among the isolated neutron star popula-
tions (Popov et al., 2006). This means that the observational properties of RRATSs
are crucial to understand the possible evolutionary connections between the neutron
star populations. The P and P values have been measured for 34 sources out of 105
confirmed RRATS (for details, see Keane et al., 2011). Their periods are distributed
over a large range from 0.13 s to 7.7 s. Only one of these sources (PSR J1819-1458)
was detected in X-rays (Reynolds et al., 2006).

The first X-ray dim isolated neutron star (XDIN) was discovered in 1990s (Wal-
ter et al., 1996). There are seven known XDINs (also known as the “magnificient
seven”). They are characterized by their purely thermal blackbody radiation in X-
ray band and large X-ray to optical flux ratios. Simple statistical analysis imply
that XDINs also have a high birth rate close to that of RRATs (Popov et al., 2006).
Their periods are clustered in the ~ 3 — 17 s range similar to AXP/SGR periods.
These periods together with P ~ 10714 —10713 s 571 give By ~ 103 —10'* G. XDINs
have L, in the ~ 103! — 1032 erg s=! range. XDINs are observable with these low
L, since all of them are located within about 500 pc. No pulsed radio emission was

detected from these sources.

HBRPs are the radio pulsars with P ~0.1—7.7s and P ~ 10714 —10"12 s 571,
which give By ~ a few 103 —10* G (from the dipole-torque formula), in the By
range of AXP/SGRs. The spin-down powers of these sources are higher than their

L, values, like normal radio pulsars. SGR like bursts were also detected from one

HBRP, namely PSR J1846-0258 (Gavriil, 2008).

In the magnetar model (Duncan & Thompson, 1992; Thompson & Duncan,
1995), all these neutron star populations are assumed to be rotating in vacuum
and slowing down by the magnetic dipole torques, I'g ~ 2u?Q3/3¢3 where p is the
magnetic dipole moment, and c is the speed of light. With this assumption, magnetic
dipole field strength at the poles is estimated to be By ~ 6.4 x 1019V PP G which
gives By > 10'* G for most of AXP/SGRs. In this model, the decay of these strong
fields was proposed to be the source of their persistent L,. The soft gamma bursts
of AXP/SGRs requires magnetar fields, but these fields do not have to be in the
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dipole components. Small-scale quadropole fields could also power these bursts (see
the discussion in Chapter 4). With these inferred strong dipole fields, most of these
populations, including XDINs and RRATS, are located above the pulsar death line.
Nevertheless, these sources do not show radio pulses. In this model, the lack of radio
pulses is assumed to be due to narrow beaming of radio emission and the viewing

geometry.

Part of the supernova matter could fall back and form disks around the neutron
stars (Colgate, 1971; Chevalier, 1989; Michel & Dessler, 1981). In the presence
of a fallback disk, the disk torque dominates the magnetic dipole torque in most
cases. The B, value deduced from the dipole torque formula from the observed
P and P overestimates the actual field strength, By, by one to three orders of
magnitude. The disk torque should be estimated through numerical calculations
in different phases of the long-term evolution. Fallback disks were proposed to
explain the X-ray luminosities and the period clustering of AXPs (Chatterjee et al.,
2000). Alpar (2001) proposed that if the fallback disk properties are included in
the initial conditions, in addition to the dipole moment and the initial period, the
properties of other neutron star populations could also be explained. In this model,
the accretion from the fallback disk to the magnetic poles of the star explains the
observed pulsed X-ray emission of these sources, while the period clustering of AXPs
is explained as a natural outcome of the long-term interaction between the disk and
the star. The fallback disk model was developed later including the effects of X-ray
irradiation of the disk including the contribution of the cooling luminosity, and the
inactivation of disk at low temperatures (see e.g. Ertan et al., 2014). In a series of
works, supporting the idea proposed by Alpar et al. (2011), it was shown that the
properties of AXP/SGRs (Ertan et al., 2009; Benli & Ertan, 2016), CCOs (Benli &
Ertan, 2018b), XDINs (Ertan et al., 2014), HBRPs (Benli & Ertan, 2017, 2018a)
and RRATs (Gengali & Ertan, 2018, 2020) can be accounted for with very similar
basic disk parameters (see Chapter 2).

This model is described in Chapter 2, with a discussion about the effects of the
initial conditions on the evolution of the sources. In Chapter 3, we give the details
of the application of the model to the debated source PSR J0726-2612. We discuss
the results obtained earlier in the fallback disk model, together with our results in

the present work, and summarize our conclusions in Chapter 4.



2. LONG-TERM EVOLUTION OF NEUTRON STARS WITH

FALLBACK DISK

2.1 THE MODEL

In this chapter, we summarize the long-term evolution model for neutron stars
with fallback disks, which was applied earlier to different isolated neutron star pop-

ulations. In this model, we solve the disk diffusion equation

0% _30 [ 120 ( o 172
(2.1) 5~ ror (T o (VET )

(see e.g. Frank et al., 2002) where ¥ is surface density of the disk, r is radial
distance from the center of the star, v = acsh is the kinematic viscosity, « is the
kinematic viscosity parameter, ¢, is the speed of sound, and h is the half thickness
of the disk (Shakura & Sunyaev, 1973).

There is a critical temperature, T},, below which the disk enters viscously in-
active phase. This occurs starting from the cold outermost disk. The radius, at
which the local temperature of the disk currently equals T7,, is the dynamical outer
radius, 7oy, of the active disk. In the long-term evolution, 74, moves inwards with
decreasing L, that is, rout = (1" =1T},). There are two main mechanisms heating
up the disk: the viscous dissipation in the disk, and the X-ray irradiation by the

emission from the neutron star. The effective temperature of the disk is given by
(2.2) Toff ~ [(D + Firr)/a]l/4

where o is Stefan-Boltzman constant, D is the rate of viscous dissipation per unit
disk area. The irradiation flux can be written as Fi, = 1.2 CL /7rr2, where C is
the irradiation efficiency parameter which includes disk geometry and the albedo of

the disk surface, Ly is the total X-ray luminosity of the neutron star (Fukue, 1992).
6



Both accretion and the intrinsic cooling of the neutron stars contribute to Ly. To
find the cooling luminosity, L.yo1, at a given age, we use the theoretical cooling curve
estimated for neutron stars with conventional dipole fields (Page et al., 2006). The
accretion from the inner disk radius, ri,, to the surface of the neutron star produces

the accretion luminosity

~ GMM,

(23) Lacc R

where G is gravitational constant, M is mass of the neutron star, and M, is the
mass accretion rate to the surface of the neutron star, and R is the radius of the

neutron star. The total luminosity of the disk can be written as

GM M;

2.4 Lp =
(24) b="g

where M, is the mass-inflow rate of the disk. Most of Lp is emitted from the
innermost disk regions. When there is mass flow onto the star, Lp = ( R/27in) Lacc-
For all the isolated neutron star populations rj, >> R, and the inner disk, radiating
mostly in the optical and IR bands, does not contribute to L,. The total X-ray
luminosity of the star can be written as Ly = Lacc + Leool, While Lace dominate Lego

In most cases.

When the accretion is allowed in the spin-down (weak propeller, WP) phase,
we calculate the disk torque acting on the star by integrating the magnetic torques
from the Alfvén radius, 7o = [u*/(GMMiy?)]"/7 to the co-rotation radius, 7e, =
(GM/Q2)'/3 where yu is the magnetic dipole moment of the star, Q, is the angular
frequency of the neutron star. At the co-rotation radius, Kepler speed of the disk
matter is equal to the speed of the closed field lines rotating with the neutron star.

The result of this integration can be written as
1 ..
(2.5) Np = 5 Min(GMra)'2[1 = (ra/reo)’]

(Ertan & FErkut, 2008). Another contribution to the spin-down torque comes
from the magnetic dipole radiation, Ngj, = —21%2Q3 /3¢, which is mostly negligi-
ble compared to Np. The spin-up torque associated with the accretion onto the
star Npce = M*(GM rin)l/ 2 where 7, = 7o in the WP phase. The total torque,
NtoT = Np + Nace + Naip, becomes

(2.6) Nror = ;Min(GMrA)l/Q[l — (ra/reo)’] + (G M reo) 2N, — 20203 /3¢ .



Below a certain My, ra exceeds the light cylinder radius, rp,c = ¢/, where ¢
is the speed of light. In this case, we replace ra with rr,c in Eq. 2.6. Since there is
not a well known critical Mj, for the transition from the WP to the strong propeller
(SP) phase, we assume that this transition takes place when ry = r¢. Because of
the sharp decrease in My, during this transition, the exact value of the critical My
does not affect our results significantly. In the SP phase, only the spin-down torques

act on the star, since M, = 0 in this phase.

In the model, main disk parameters («, C, and 7T},) are expected to be similar for
the fallback disks of different neutron star systems assuming that they have similar
chemical compositions. In the earlier applications of this model to AXP/SGRs,
CCOs, HBRPs, XDINs, and RRATS, reasonable results were obtained with o =
0.045, T, ~ (50 —150) K, and C' = (1—7) x 107 (see e.g. Benli & Ertan, 2016).
The initial conditions Fy, By, and My of the neutron star could be different for

different sources, leading to diverse long-term evolutionary paths.

2.2 EFFECT OF INITIAL CONDITIONS ON THE LONG-TERM

EVOLUTION

There are three basic long-term evolutionary paths of the neutron stars evolving
with fallback disks. A given source follow one of these paths depending on its initial
conditions Py, By, and M.

Path (1): WP + SP. These sources start their evolution in the WP phase.
In a long-term WP phase, their rotation is slowed down by the disk torques to
periods longer than a few seconds depending mainly on their By values. Due to
these long periods, except for very restricted set of initial conditions, these sources
find themselves below the pulsar death line after the WP /SP transition. Path (2):
Always in the SP phase. These sources never enter into the WP phase, evolve
as HBRPs in the early phases, and approach to the normal radio pulsar properties
at late phases of evolution. Eventually, their radio pulses are switched off above a
critical period. Path (3): SP + WP 4 SP. These sources start their evolution
in the SP phase identified as HBRPs. Unlike in path 2, evolution starts with an
increasing P. This goes on until P reaches its maximum and enters the WP phase.
In the WP phase of paths (1) and (3), the sources could be identified as persistent
or transient AXP/SGRs. After a long-lasting WP phase, the sources eventually
enter back into the SP phase when the accretion terminates. Like in path (1), the

8



1034

1033

Ly (erg s~

10°2

10

10—11

10—12

10—13

P (ssh)

10714

10715

T \\\\H'\T

path 1: Py = 300 ms
path 2: Py = 200 ms
path 3: Py = 250 ms
Theoretical Cooling Curve

WP WP WP/SP transitio%

SP ]
%
3 SP E
; SP i
E 1 Lol ‘ 1 L1l ‘ 1 Lol ‘ 1 L1l \;
0 10 10* 10°

Time (years)

—_
o
[=)

Figure 2.1 These illustrative model curves are obtained with different values of initial
period, Py. For all these models, By = 10'? G, and My ~ 3.16 x 10750, All the
model curves seen in Figs. 1, 2, and 3 are obtained with the same set of main disk
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long periods reached at the end of the WP phase place the neutron star below the
pulsar death line after the WP /SP transition. During the WP phases, pulsed radio
emission is not allowed either because of mass flow onto the neutron star. The

0'2 G acquire the XDIN properties in the final

sources with By ~ a few 1011 —1
SP phases of the path (1) and (2), while the sources with weaker fields could show

RRAT behaviour (Gengali & Ertan, 2020).

Below, with some illustrative model curves, we will show how each of the initial

conditions, namely Py, By, and My, affect the evolutionary paths of the stars.

The Initial Period, Fy. The model curves given in Fig. 2.1 show the effect
of Py on the evolution of the sources. These curves are obtained with By = 1012 G
and Mg ~ 3.16 x 10790, by changing Py only. It is seen in Fig. 2.1 that all the
three paths (1), (2), and (3) described above can be produced with different P
values given in Fig. 1. The black dashed curves in the top panels of Figs.1-3 show
the theoretical cooling luminosity of the neutron star. For Py =300 ms (red curve),
the star starts its evolution in the WP phase (path 1). For a slightly shorter initial
period (Py = 250 ms), the neutron star cannot enter initially into the WP phase.
The evolution starts in the SP phase in which accretion is not allowed. Due to
efficient spin-down torque, the source can slow down to the critical period for the
onset of accretion (path 2). From this point on, the evolution is similar to the path
(1). In both cases, these illustrative sources spin down to periods of a few seconds
until the WP/SP transitions. If Py is decreased further (Py =200 ms for the purple

curve), the star starts its evolution and always remain in the SP phase (path 2).

The Disk Mass, M;. The model curves given in Fig. 2.2 are obtained by
changing My only. For all these models, we employed By = 10" G and Py = 250 ms.
For the greatest My (4.7 x 1076M), the star can initially enter into the WP phase
and follows path 1 (red curve). For an intermediate My (blue curve), this particular
source is born in the SP phase, and later (¢ ~ 103 yr) enter the WP phase switching
off the radio pulses (path 3). During the long-lasting (~ 3 x 10* yr) WP phase, P
increases to ~ 3 s. After termination of the accretion, the source enters into the
SP phase (note that this curve is the same as the blue curve in Fig.2.1). For the
smallest mass (path 2, purple curve), the system evolves always in the SP phase,
like the source with the shortest Py in Fig. 2.1.

The Magnetic Dipole Field Strength, Bj. The model curves in Fig. 2.3 are
obtained with different By values (Py =200 ms and Mg ~4.7 x 1075 M, for the three
models). The long-term evolution is more sensitive to By in comparison with Py and
My. For the strong By (1 x 10" G), the star can initially enter into the SP phase
(path 3, blue curve), and later make a transition into the WP phase at ¢ ~ 10% yr.
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During the long-lasting WP phase, the source slows down and enters back into the
SP phase at t ~ 5 x 10° yr. For By =1 x 10'? G (purple curve), the system evolves
always in the SP phase (path 2). For the weakest dipole field (By =5 x 101! G),
the evolution is initially in the WP phase until the WP /SP transition at t ~ 10% yr
(path 1, red curve). The P value during the WP phase of path 1 is much smaller
than in the WP phase of path 3. This is because P Bg in the WP phase. The
sources that have the same By evolve with the same (maximum) P in the WP phase
(see also Figs. 2.1 and 2.2).

It was shown in the earlier works that the individual source properties of
AXP/SGRs, XDINs, HBRPs, CCOs, and RRATSs can also be reproduced in this
model by changing the initial conditions using very similar main disk parameters as
illustrated in this chapter (see also chapter 1). The results of these analyses can be
summarized as follows: AXP/SGRs are the sources with By ~ 1012 — 10" G (Benli
& Ertan, 2016). The rotational properties and L, of most of the AXP/SGRs are
reproduced in the WP phase. Known XDINs have By ~ (0.3 —1.3) X 10" G and
currently evolve in the SP phase (Ertan et al., 2014). These By and observed P
values place XDINs well below the pulsar death line after the WP /SP transition. In
this model, XDINs are not capable of radiating pulsed radio emission. AXP/SGR
and XDIN properties can be obtained with large ranges of M, and the results are
not sensitive to Py. HBRP properties are obtained with By ~ 102 — 10" G while
the sources are evolving in the SP phase (Benli & Ertan, 2017). Unlike XDINs, their
relatively strong By and short P place them above the pulsar death line. Among
these neutron star populations, CCOs have the weakest fields (a few x10° G) (Benli
& Ertan, 2018b). Their very low P indicates that their current periods (~0.1—0.4s)
are likely to be close to their initial periods. These sources are found to be in the
WP phase at present, mainly due to their weak dipole fields. Among more than 100
confirmed RRATS, L, is known for only one source (PSR J1819-1458), while P and
P were measured for 34 sources. Recently, Gencali & Ertan (2020) estimated the
field strengths of RRATs without X-ray information. Their results show that the
By range of RRATs (By ~ 7 x 10 —6 x 10" G) can fill the By gap between the By
ranges of XDINs and CCOs. This means that, in this model, the properties of all

the populations can be produced with a continuous By distribution.

Recently, PSR J0726-2612 was detected with P =3.44s, P=2.93x 1013 g g1,
and L, ~ 4 x 1032 erg s=! for d = 1 kpc (Speagle et al., 2011; Vigano et al., 2013)
which are similar to those of XDINs and HBRPs, while its characteristic age (~
2 x 10° yr) is one order smaller than those of XDINs (1 —4 x 105 yr). Due to its
pulsed radio emission and relatively high P value, PSR J0726-2612 is generally
classified as an HBRP (Speagle et al., 2011; Olausen et al., 2013; Watanabe et al.,
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2019). Recently, Rigoselli et al. (2019) proposed that this source could be the first
XDIN with observable radio pulses due to convenient viewing geometry. In Chapter
3, we investigated the possible evolutionary paths of PSR J0726-2612 in the fallback
disk model. We have found that the evolution of the source is similar to that of
some of the HBRPs, rather than XDINs. The details of the model results are given
in Chapter 3.
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3. Is PSR J0726-2612 a dim isolated neutron star progenitor?

This chapter was published recently in Monthly Notices of the Royal Astronom-
ical Society, 2020, Volume 498, Issue 1, pp.674-679

S. Ozcan, A. A. Gengali, U. Ertan
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3.1 INTRODUCTION

X-ray dim isolated neutron stars (XDINs) form an isolated neutron star pop-
ulation among other young neutron star systems, namely anomalous X-ray pulsars
(AXPs), soft gamma ray repeaters (SGRs), rotating radio transients (RRATS), high-
B radio pulsars (HBRPs), and central compact objects (CCOs). At present, there
are seven known XDINs characterized by their thermal X-ray emission with black-
body temperatures ranging from 40 to 110 eV and low X-ray luminosities in the
range of 1031 —103? erg s=! (Haberl, 2007; Turolla, 2009; Kaplan & van Kerkwijk,
2011). Rotational periods of XDINs are in the 3 — 17 s range (Haberl et al., 2004;
Haberl, 2004; Tiengo & Mereghetti, 2007; Kaplan & van Kerkwijk, 2009a,b; Ham-
baryan et al., 2017) similar to those of AXPs and SGRs. Their characteristic ages
7e=P/2P = (1—4) x 10 yr where P and P are the rotational period and the period
derivative of the neutron star. The kinematic ages are estimated to be between a few
10° yr and 105 yr by Speagle et al. (2011) which are consistent with the estimated
cooling ages of the sources (Page, 2009). Soft gamma bursts, shown by AXPs and
SGRs, continuous pulsed radio emission, or short radio bursts seen from RRATSs
have not been observed from XDINs (Mereghetti, 2011).

With the assumption that XDINs evolve with purely magnetic dipole torques,
the dipole field strengths are inferred to be By = 6.4 x 10'9(PP)Y/2 ~ a few 10'3 G
at the poles of the sources. These strong dipole fields place XDINs above the pulsar
death line in the By — P plane (Haberl, 2007), while no pulsed radio emission has
been detected from these sources yet. It was proposed that the non-detection of
pulsed radio emission from XDINs could be due to narrow beaming of their radio
emission (Haberl, 2005). Recently observed radio pulsar PSR J0726-2612 (hereafter
J0726) was proposed to be a good candidate to be an XDIN with an observable radio
beam (Rigoselli et al., 2019). For this source, P = 3.44 s, close to the minimum
of XDIN periods, and P = 2.93 x 1073 s s~!, which give a characteristic age of
~2x 10° yr. The distance estimated from the dispersion measure (Burgay et al.,
2006) using the electron distribution model of Yao et al. (2017) gives d ~ 3 kpc.
Nevertheless, the dispersion measure is likely to be effected by the Gould Belt (Popov
et al., 2005) crossing the line of sight to J0726. If the source is located in the
Gould Belt as suggested by Speagle et al. (2011), then d <1 kpe. For the model

calculations, we take d = 1 kpc which gives an X-ray luminosity Ly ~ 4 x 1032 erg s~!

032 erg s~! of the source

and comparable to the rotational power E = IQ,Q, =2.8x 1
(Rigoselli et al., 2019; Vigano et al., 2013), where I is moment of inertia, (2, is the
angular velocity of the neutron star and €, is its time derivative. Since the rotational

properties and Ly of JO726 are in the ranges of those observed from HBRPs (P =
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0.15 - 6.7s, P=233x107"* - 4.02x10" 2 s 57!, Ly ~ 103! — 4x 10%* erg s71),
the source is also classified as a HBRP (Speagle et al., 2011; Olausen et al., 2013;
Watanabe et al., 2019).

After a supernova explosion, a fallback disc can be formed around the neutron
star (Colgate, 1971; Michel, 1988; Chevalier, 1989; Perna et al., 2014). To explain
the properties of AXPs, Chatterjee et al. (2000) proposed that these sources are
evolving with fallback discs. It was proposed that emergence of different isolated
neutron star populations could be explained if the properties of fallback discs are
included in the initial conditions together with initial period and magnetic dipole
moment (Alpar, 2001). Fallback discs were invoked to explain different rotational
characteristics of isolated neutron stars that are not explained by evolutions with
purely dipole torques (Marsden et al., 2001; Menou et al., 2001; Eksi & Alpar, 2003;
Yan et al., 2012; Fu & Li, 2013). Emission properties of the fallback discs were
also studied extensively (Perna et al., 2000; Ertan et al., 2007). It was shown by
Ertan et al. (2007) that the broad-band spectrum of 4U 0142461 from the optical
to mid-IR bands (Hulleman et al., 2000, 2004; Morii et al., 2005; Wang et al., 2006)
can be accounted for by the emission from the entire disc surface. The fallback disc
model proposed by Alpar (2001) was developed later including the effects of the
X-ray irradiation, cooling luminosity, and inactivation of the disc in the long-term
evolution (Ertan et al., 2009, 2014). When there is a fallback disc around the star,
the spin-down torque arising from the interaction of the inner disc with the dipole
field of the star usually dominates the magnetic dipole torque. In the fallback disc
model, By values are estimated to be one to three orders smaller than the values
inferred from the dipole torque formula. The long-term evolution of XDINs and
HBRPs with fallback discs was studied earlier by Ertan et al. (2014) and Benli &
Ertan (2017, 2018a). The model can reproduce P, P and Ly of individual XDIN
and HBRP sources with By in the ranges of (0.3 — 1.3) x10'?2 G for XDINs and
(0.3 — 6) x 10'2 G for HBRPs. These relatively weak fields together with the long
periods place XDINs well below the pulsar death line (see Ertan et al., 2014, figure
4) in the By — P diagram (Chen & Ruderman, 1993), while HBRPs with relatively
strong fields and/or short periods are located above the death line (Benli & Ertan,
2017, 2018a). In other words, in the fallback disc model, the lack of radio pulses
from XDINs is due to their weak dipole fields, rather than the beaming geometry.

In this work, our aim is to investigate the long-term evolution of J0726, and
compare its properties and evolution with those of XDINs and HBRPs in the fallback
disc model. The same model was applied earlier to AXP/SGRs, CCOs, and RRATS
as well (Ertan et al., 2007, 2009, 2014; Caliskan et al., 2013; Benli & Ertan, 2017;
Gengcali & Ertan, 2018). In Section 2, we briefly describe this model. We discuss the
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results of model calculations in Section 3, and summarize our conclusions in Section

4.

3.2 THE MODEL

Since the details of the model calculations and its applications to different
neutron star populations are given in earlier works (see e.g. Ertan et al., 2009, 2014;

Benli & Ertan, 2016), we briefly describe the model calculations here.

We solve the disc diffusion equation starting with a surface density profile of a
steady disc using the kinematic viscosity v = acgh where, « is the kinematic viscosity
parameter, cg is the local sound speed, and h is the pressure scale height of the
disc (Shakura & Sunyaev, 1973). In the accretion with spin-down (ASD) phase, we
calculate the disc torque, Np, acting on the star by integrating the magnetic torques
from the conventional Alfvén radius, rp =~ (GM)_1/7M4/7M;2/7 (Lamb et al., 1973;
Davidson & Ostriker, 1973), to the co-rotation radius, 7e, = (GM/Q2)Y/? where G is
the gravitational constant, M is the mass of the neutron star and p is its magnetic
dipole moment, M, is the mass inflow-rate at the inner disc. The magnitude of
this torque could be written in terms of M;, and ra as Np = %Min(GMTA)1/2 1—

(ra/ rco)g] (see Ertan & Erkut, 2008, for details). The contributions of the magnetic
dipole torque, Ngjp, and the spin-up torque associated with accretion on to the star,
Nace, are negligible in the long-term accretion regime of XDINs (Ertan et al., 2014).
That is, the total torque acting on the star NroT = Np + Nqgip + Nace is dominated
by Np in the ASD phase of XDINs. In this regime, ¢, <7 < rpc, where rpc = ¢/
is the light cylinder radius, and c is the speed of light.

During the ASD phase, 74 increases with gradually decreasing Miy, and eventu-
ally becomes equal to r,c. For M, below this critical value, we replace ra with 71,0
in the Np equation. In the model, ro = r,¢ is also the condition for the propeller-
accretion transition. Since Mi, enters a sharp decay phase at the end of the ASD
phase, exact value of Mj, for the accretion-propeller transition does not affect our
results significantly. In the strong-propeller (SP) phase, we assume that all the
matter inflowing to the inner disc is expelled from the system. The pulsed radio

emission is allowed only in the SP phase when there is no accretion on to the source.

In the ASD phase, the mass accretion on to the star produces an X-ray lu-
minosity, Lacc = GM M, /R, where R, is the radius of the neutron star. In this
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phase, we take the mass accretion rate M, = Mi,. The total X-ray luminosity,
Ly = Lace + Leool, where Lo is the intrinsic cooling luminosity of the star (Page,
2009). In the Ly calculation, we also include the small contribution of the external
torques to the internal heating of the neutron star (Alpar, 2007). In the SP phase,
M, =0, Nyce =0, and Ly = Leoo, since accretion is not allowed in this regime. The

disc is heated by X-ray irradiation in addition to the viscous dissipation. The effec-
1/4
tive temperature of the disc can be written as Tog ~ {(D + Fiyy)/ a} where D is

the rate of viscous dissipation per unit area of the disc, ¢ is the Stefan-Boltzmann
constant, Fi, = 1.2C Ly /(nr?) is the irritation flux, where r is the radial distance
from the star, C' is the irradiation parameter, which depends on the albedo and
geometry of the disc surfaces (Fukue, 1992). The disc becomes viscously inactive
below a critical temperature, 7},. Dynamical outer radius, rou, of the viscously
active disc is equal to the radius currently at which Teg = T},. Across the outer disc,
Fi;; dominates D, that is, the X-ray irradiation significantly affects the long-term

evolution of the source by extending the life-time of the active disc.

The main disc parameters («, C, T},) for the fallback discs of different neutron
star populations are expected to be similar. The same model employed here can re-
produce the individual source properties of AXP/SGRs, CCOs, HBRPs and XDINs
with T, ~ (50 — 150) K, and C = (1 — 7) x 10~% (Ertan & Cahskan, 2006; Ertan
et al., 2007; Caligkan et al., 2013; Ertan et al., 2014; Benli & Ertan, 2016, 2017,
2018a,b). These T}, values in the model are in good agreement with the results
of the theoretical work indicating that the disc is likely to be active at very low
temperatures (Inutsuka & Sano, 2005). The range of C' estimated in our model is
similar to that estimated from the optical and X-ray observations of the low-mass
X-ray binaries (see e.g. Dubus et al., 1999). We try to obtain the properties of
JO0726 also with these main disc parameters. This provides a systematic comparison
between the initial conditions of different populations, namely the magnetic dipole

field strength By, the initial disc mass My, and the initial period Fp.

The o parameter does not significantly affect the long-term evolution. The
conditions in a slowly evolving fallback disc are similar to steady-state conditions.
The outer regions of the active disc govern the rate of mass-flow to the inner disc.
That is, the a parameter in our model should be considered as the property of the
outer disc. T, and C' are degenerate parameters. With smaller 7}, values the active
disc has a longer lifetime. A stronger irradiation (greater C') also extends the lifetime
of the active disc. A detailed discussion about the effects of these parameters on the

evolution of the neutron star can be found in Ertan et al. (2009).
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3.3 RESULTS AND DISCUSSION

The model curves seen in Fig. 3.1 illustrate two different evolutionary histories
for JO726: (1) The model source following curve 1 starts its evolution in the ASD
phase with Ly ~ L., and remains in this phase until it makes a transition to the SP
phase at t ~ 3 x 10* yr. The solid and dashed branches of the curves correspond to
the ASD and SP phases respectively. It is seen in the middle and bottom panels that
the rapid increase of P stops with sharply decreasing P after the ASD /SP transition.
(2) Curve 2 represents the evolution of a neutron star that remains always in the
SP phase with Ly ~ L.,,. For a given By, the sources with My smaller than a
critical value cannot enter the ASD phase, and evolves in the SP phase likely as
radio pulsar. The rotational evolution for this type of evolution is sensitive to My,
while for type (1) solution, P and P evolution do not significantly depend on My
(see e.g. Benli & Ertan, 2016).

[llustrative model curves seen in Fig. 3.1 are obtained with the main disc
parameters: «a = 0.045, T, =100 K, C' =1 x 10~%. The initial conditions for curve
Lare Py=0.35s, Mq=1.1x10"° Mg, By =9 x 10'' G. The maximum By allowed
for the type (1) solution (curve 1) is ~ 1.2 x 10'2 G, while the type (2) solution
can reproduce the source properties with By > 1.5 x 1012 G. For P = 3.44 s, the
minimum By required for the pulsed radio emission is ~ 1.4 x 1012 G. In Fig. 3.2,
we have also plotted the evolution of My, ra, reo and rp,c in the ASD phase of type
(1) solution. Due to the simplifications in our model, we cannot exclude type (1)
evolution. Nevertheless, even if the source is inside the death valley, it is too close
to the death line, which implies that this solution is not very likely to represent the
actual evolution of J0726. Most of the radio pulsars seem to die inside the death
valley at points not very close to the pulsar death line. Otherwise, if the sources
switch off the radio pulses when crossing the death line, their number density would
increase close to the death line, which is not observed. Some of the sources die close
to the upper boundary, while some others close to the lower boundary (death line),
altogether forming a roughly homogeneous distribution inside the death valley. For
our type (1) solution, after termination of the ASD phase, the source finds itself
very close to the lower boundary. In this case, the star can show radio pulses only if
its actual death point is indeed very close to the lower boundary. Type (2) solution
seems to be more reasonable representation of the evolution of J0726. This evolution
is similar to those of some of the HBRPs in the same model (Benli & Ertan, 2017,
2018a). For both solutions, the source is currently evolving in the SP phase at
an age ~ 5 x 10% yr. At present, the star is slowing down dominantly by the disc

torque that will eventually decrease below the magnetic dipole torque at ¢t ~ a few
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Figure 3.1 Hlustrative model curves for the long-term evolution of PSR J0726-2612.
The curves are obtained with By and My (in units of 107¢ M) values given in the
top panel. The main disc parameters employed in both models are C' =1 x 1074,
T, =100 K, and o = 0.045. Horizontal lines show the observed P = 3.44 s, P=
2.93x 10713 s s, and the estimated Ly range for d = 1 kpc (Rigoselli et al., 2019).
For curve 1, solid and dashed branches correspond to the ASD and SP phases
respectively. For the evolution represented by curve 2, the source always remains in
the SP phase, and this curve is a more likely representation of the evolution of PSR
J0726-2612 (see the text for details). Eventually, P curves converge to the levels
corresponding to the magnetic dipole torques (shown by two horizontal dotted lines
at the bottom of the P panel).
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x 10° yr. For instance, for By =2 x 102 G, (curve 2) the sharp decrease in P will
continue down to P~ 2.7x 10710 s s~1. Our results indicate that J0726 will evolve
to these ages with a P that is about three orders of magnitude smaller than its
present value (Fig. 3.1). This means that the source is likely to be classified as a
normal radio pulsar with By ~ a few x10'2 G deduced from P and P at the ages
of XDINs. In Fig. 3.3, we have plotted the evolution of JO726 in the P — P and
P — By diagrams together with XDINs and HBRPs with the properties estimated

in our model.

In our present and earlier works, we employed theoretical cooling curve esti-
mated by Page (2009) for conventional dipole fields. This cooling curve could differ
from the actual cooling curve depending on some unknown details of the neutron star
properties like equation of state and mass of the star (see e.g. Potekhin & Chabrier,
2018; Potekhin et al., 2020). For the sources that are currently in the ASD phase,
the details of the cooling curve do not affect our results, but could modify our model
parameters for sources in the SP phase, like XDINs. The ages of XDINs estimated in
our model are on the average a few times smaller than the estimated kinematic ages.
If the actual ages are indeed close to the kinematic ages, the source properties can
be obtained with By values smaller than we reported here and in Ertan et al. (2014)
by a factor smaller than two. The field strengths estimated in our model should be
considered taking these uncertainties into account. These small changes in By do
not change the qualitative features of the model curves for XDINs. Recently, the
period of RX J0720.4-3125 was updated from 8.39 s to 16.78 s by Hambaryan et al.
(2017). The period derivative of the source was also updated from ~ 7x 107 s s~!
to 1.86 x 10713 s s~! by Hambaryan & Neuhauser (2017). For this source, we have
performed new simulations and modified the model parameters obtained by Ertan
et al. (2014). Our results and model parameters are given in Fig. 3.4. With the
updated period and period derivative, using the same main disc parameters as em-
ployed in Ertan et al. (2014), the model can reproduce the source properties with
slightly higher By ((1.3 —1.8) x 10'2 G) values in comparison with the By obtained
in Ertan et al. (2014). Similar results could be produced for a large range of disc

masses.

In our model, the inner disc interacts with the large-scale magnetic dipole field
of the neutron star. Close to the surface of the star, there could be quadrupole
magnetar fields which could affect the surface temperature distribution and the
absorption features (Guver et al., 2011). Presence of these small-scale strong fields

in XDINs and other isolated neutron star populations is compatible with the fallback

Thttps: //www.atnf.csiro.au/research /pulsar /psrcat /
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Figure 3.3 Long-term evolution in the P — P and By — P diagrams for the same
model curves given in Fig. 3.1. XDINs and HBRPs are indicated by triangles and
squares respectively. In the By — P plane, empty symbols show By values inferred
from the dipole torque formula using P and P values (ATNF Pulsar Catalogue
version 1.63, Manchester et al., 2005)!. The filled symbols indicate the average By
values estimated in our model (Ertan et al., 2014; Benli & Ertan, 2017, 2018a).
The solid lines are the upper and lower borders of the pulsar death valley (Chen &
Ruderman, 1993). The filled diamonds show the current location of JO726 estimated
for type (1) and type (2) solutions.

24



1035

1034

1033

10°?

Lx (erg s™1)

1031

1030

10

10~

101
—~ 1071
= 1071
R

10715

10716

Figure 3.4 Hlustrative model curves for the long-term evolution of RX J0720.4—
3125 with the updated period and period derivative. For both models, oo = 0.045,
C=1x10"% Py=0.3s, Myq=4.74x10"5M. The curves obtained with By and
T}, values given in the top panel. The dotted curve indicates the theoretical cooling
curve (Page, 2009). Horizontal dashed lines show P =16.78s, P=1.86x 10" 13 s s~ 1,
Ly = 1.6 x 1032 erg s71 as used in Ertan et al. (2014) assuming d = 270 pc. There
is a large uncertainty in d = 280f§%0 pc (Eisenbeiss, 2011; Tetzlaff et al., 2011;

By =1.3%10'2 G, Tp = 106 K o=
[ Bo=18x10'2 G, Tp = 133 K ==

Theoretical Cooling Curve = *
| | ] ‘ | | | |
T

—
)
o

103 104

Time (years)

Hambaryan et al., 2017).

25

10°

106



disc model, nevertheless these detailed surface properties are not addressed in our
long-term evolution model. Some other spectral features that could be produced by
the disc-field interaction should also be studied independently. In particular, Ertan
(2017) showed that the heating of the inner disc boundary by the magnetic stresses
can account for the optical/UV excesses of XDINs, while the entire disc spectra are
consistent with the observed upper limits in the IR bands. We note that there is
an uncertainty in the disk spectrum because of unknown inclination angle of the
disk. To estimate the entire disk spectrum, at least a single detection in one of the
IR bands is needed. At present, there is no IR/optical detection or upper limits
estimated for JO726.

The X-ray luminosities of XDINs exceed their spin-down powers. In our long-
term evolution model, this is a natural outcome of rapid increase in periods by
efficient disc torques and sharp decrease in P in the late SP phase, which leaves
the observed spin-down powers below the cooling luminosities of these sources. The
current periods of XDINs together with the weak fields estimated in our model place
these sources below the pulsar death line (Ertan et al., 2014, plotted also in Fig. 3.3).
This indicates that known XDINs cannot emit radio pulses in our model. There are
a few exceptional active radio pulsars that are close to, but below the death line,
namely PSR J0250+5854 with P =23.5 s (Tan et al., 2018), PSR J2251-3711 with
P =12.1 s (Morello et al., 2020), PSR J2144-3933 with P = 8.5 s (Young et al.,
1999). Nevertheless, in our model, we find the locations of XDINs well below the

death line where there are no radio pulsars.

Is it possible that a source with By ~ a few x10'? G starts in the ASD phase with
a greater My? Tt is possible, and we estimate that these sources become AXP/SGRs,
and evolve to relatively long periods which leave them below the pulsar death line
at the end of the ASD phase. In our model, these sources can never become radio
pulsar in their lifetimes provided that the accretion is not hindered occasionally due

to instabilities at the inner disc.

3.4 CONCLUSIONS

We have shown that P, P and Ly of J0726 can be achieved by a neutron star
evolving with a fallback disc. We have found that there are two possible evolutionary
histories that could produce the properties of J0726. For both solutions, the source

is in the strong-propeller (SP) phase at present. In the first alternative (curve 1 in
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Fig. 3.1), the star initially evolves in the accretion with spin-down (ASD) phase,
and makes a transition into the SP phase at an earlier time of its evolution. For
the second type of solution (curve 2 in Fig. 3.1), the source always evolves in the
SP phase. Since the X-ray luminosity is powered by the cooling luminosity in the
SP phase, the model sources reach the properties of JO726 at an age close to the
estimated cooling age (~ 5 x 10% yr) of J0726.

The radio pulsars following the type (1) evolution are not likely to be common,
since these sources find themselves very close to the pulsar death line after the
accretion is switched off. The curve 2 seems to show a more likely evolution for J0726
which is also similar to the evolution of some of the HBRPs, rather than XDINs.
The model curves indicate that the source will acquire the rotational properties of

normal radio pulsars at the ages of XDINs (Fig. 3.1).

In our long-term evolution model, the basic difference between the HBRPs and
XDINs are the field strengths By. XDINs with relatively small By (101 — 102 Q)
tend to start their evolution in the ASD phase, since it is easier for the inner disc
to extend down to the co-rotation radius for weaker dipole fields. On the other
hand, HBRPs with stronger fields (Bp > 2 x 1012 G) either always evolve in the SP
phase, as we estimate for J0726, or make a transition from the initial SP phase
to the ASD phase at a later time of evolution. In the latter case, the sources are
expected to evolve to the properties of AXP/SGRs (Benli & Ertan, 2017). A detailed
comparison of the long-term evolutions and the statistical properties of these neutron

star populations in the fallback disc model will be studied in an independent work.
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4. DISCUSSION AND CONCLUSIONS

In this thesis, we first investigated the dependence of the long-term evolution of
neutron stars with fallback disks on the initial conditions Py, My and By. There are
three basic evolutionary paths that could be followed by a neutron star in this model.
We have shown that all these three paths can be produced by changing either of the
three initial conditions. The model curves are found to be more sensitive to By in
comparison with Py and M. A given model source follows path 1 (WP+SP), path
2 (SP) or path 3 (SP+WP+SP) depending on the chosen set of initial conditions
(see Chapter 2 for the description of the paths). The sources with relatively long Py
and/or high M  are more likely to enter the WP phase initially, or at a later time of
evolution for a given By. Dependence of the evolution on By is more complicated.
A neutron star with a weaker dipole field can enter the WP phase more easily for
given Py and M,. On the other hand, the sources with relatively strong fields, which
are not likely to start the evolution in the WP phase, tend to evolve with increasing
P, and eventually to make a transition to the WP phase at a later time (path 3).
For sources starting its evolution in the SP phase with intermediate fields, P usually

decreases in time leaving the source always in the SP phase (path 2) (see Chapter

2).

In the fallback disk model, AXP/SGRs and XDINs are the sources reach-
ing their long periods in the WP phase of either path 1 (WP+SP) or path 3
(SP+WP+SP). AXP/SGRs have dipole fields (B ~ 10'2713 G) stronger than those
of XDINs (By ~ 1011712 G). Most of the AXP/SGRs are in the WP phase at present,
while XDINs are slowing down with the disk torques in the final SP phase. The
estimated By values for HBRPs are similar to those of AXP/SGRs. HBRPs could
be following either path 3 (SP++WP-+SP) or path 2 (Always SP). In both cases, the
sources can be identified as HBRPs during the initial phases of the evolution (when
they have high P values in the SP phase). Among the single neutron star popula-
tions, CCOs seem to have the weakest dipole fields (a few 109 G). Depending on P,
and M, values, a fraction of these sources could experience a short-lasting initial

spin-up phase followed by a WP phase, while for the remaining fraction, evolution
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starts in the WP phase (Benli & Ertan, 2018b). These sources evolve following path 1
(WP-+SP). Simple statistical calculations imply that RRATS, together with XDINs,
have the highest birth rates among these neutron star populations. Nevertheless, ex-
cept one source, the X-ray luminosities of RRATSs are not known. Recently, Gengali
& Ertan (2020) estimated the field strengths of RRATs with known P values. Their
results show that the By range of RRATs (~ 7 x 107 — 6 x 10! G) could fill the By
gap between the By values of XDINs and CCOs estimated in the same model. In
other words, the X-ray and rotational properties of these neutron star populations

can be reproduced with a continuous By distribution in the fallback disk model.

These results indicate that all isolated neutron star populations can be ex-
plained in the fallback disk model. The energies and the short time-scales of the
soft gamma burst of AXP/SGRs require strong (magnetar) fields, much stronger
than the By values estimated in the fallback disk model. Nevertheless, it is not
required that these magnetar fields are stored in the dipole components. Strong,
small-scale quadropole fields located close to the surface of the star, can also power
these bursts. Since the inner disk interacts with the large-scale dipole component
of the neutron star, presence of strong higher multipoles is compatible with the
fallback disk model. The discovery of low-B magnetars (SGR 041845729 and Swift
J1822.3-1606) (Turolla et al., 2011; Rea et al., 2012), indeed showed that SGR bursts

do not require magnetar dipole fields.

An important difference between the predictions of the magnetar and the fall-
back disk models is about the pulsed radio emission from XDINs which are estimated
to have a birth rate comparable to that of normal radio pulsars. Radio pulsar be-
haviour is not expected from these sources in the fallback disk model, while the
non-detection of radio pulses is assumed to be due to narrow beaming of the radio
emission in the magnetar model. Recently discovered radio pulsar PSR J0726-2612
which, apparently, seems to evolve towards the XDIN properties, raised the de-
bate on whether this source could be the first XDIN with observable radio pulses
(Rigoselli et al., 2019). In the second part of this thesis, we have investigated the
long-term evolution of this source in the frame of the fallback disk model described

in Chapter 2. Our results are summarized below.

We have shown that the X-ray and the rotational properties of PSR J0726-2612
can be achieved by a neutron star evolving with a fallback disk. We have found that
there are two basic evolutionary avenues leading to the source properties, which
correspond to evolutionary path 1 (WP+SP) and path 2 (SP) described in Chapter
2. The solution that gives path 1 is not consistent with the radio pulsar behaviour

of the source, since the allowed By values (< 1.2 x 10'2 G) for this solution place the
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source below the pulsar death line. The evolution following path 2 (always in the SP
phase) is a typical evolutionary curve for some HBRPs and requires By > 2 x 1012 G,
for which the source remains above the pulsar death line. This solution produces
the P, P, and L, of the source simultaneously at an age ~ 5 x 10* yr. The source
seems to be much younger than XDINs which have kinematic ages of several 10° yr.
At present, this system has HBRP properties and is approaching the features of a
normal radio pulsar. Our results imply that PSR J0726-2612 will never become an
XDIN, and that this source will be identified as normal radio pulsar at the ages of
XDINs.

These results motivate us to try to reproduce the properties of all isolated
neutron star populations using a single set of disk parameters in a single picture,
and to determine the detailed evolutionary links of these systems in the fallback disk

model. This will be the subject of the future work on these systems.
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