UvA-DARE (Digital Academic Repository)

Be/X-ray transients at low X-ray luminosity
Rouco Escorial, A.
Publication date
2019
Document Version
Final published version
License
Other
Link to publication
Citation for published version (APA):
Rouco Escorial, A. (2019). Be/X-ray transients at low X-ray luminosity. [Thesis, fully internal,
Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

BE/X-RAY TRANSIENTS AT LOW X-RAY LUMINOSITY

Invitation
Alicia Rouco Escorial

BE/X-RAY
TRANSIENTS AT LOW
X-RAY LUMINOSITY
Alicia Rouco Escorial

The defence ceremony
will take place on
Friday, 18th of October, 2019

Alicia Rouco Escorial

at
12:00
at the
Agnietenkapel
Oudezijds Voorburgwal 229-231,
Amsterdam

Paranymphs
Alice Borghese
Vladimir Domček

Be/X-ray Transients at
Low X-ray Luminosity

Alicia Rouco Escorial

c 2019, Alicia Rouco Escorial
⃝
ISBN 978-94-6323-839-7
Printed by Gildeprint

contact email: alicia_rouco@hotmail.com
Cover credits Giulia Pelizzaro. Be/X-ray transient during diﬀerent X-ray luminosity states.
Title font Smriti Vats. Adapted from ‘Chulapa’ and ‘Ferpal Sans’ typographies.

A mis padres y hermano,
que siempre creyeron en mi

Be/X-ray transients at low X-ray
luminosity

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties ingestelde
commissie, in het openbaar te verdedigen in de Agnietenkapel
op vrijdag 18 oktober 2019, te 12:00 uur
door

Alicia Rouco Escorial
geboren te Madrid

Promotiecommissie:
Promotor:
Copromotor:

prof. dr. R.A.D. Wijnands
dr. N.D. Degenaar

Universiteit van Amsterdam
Universiteit van Amsterdam

Overige leden:

prof. dr. L. Kaper
prof. dr. D.P. Page Rollinet
prof. dr. S.B. Markoﬀ
prof. dr. R.A.M.J. Wijers
dr. D. Altamirano
dr. S.E. de Mink

Universiteit van Amsterdam
Universidad Nacional Autónoma de México
Universiteit van Amsterdam
Universiteit van Amsterdam
University of Southampton
Universiteit van Amsterdam

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

The research reported in this thesis was carried out at the Anton Pannekoek Institute for Astronomy
(API) of the University of Amsterdam (UvA). This work is part of the research programme ‘Physics in
extreme environments’ with project number 614.001.452, which is financed by the Netherlands Organisation for Scientific Research (NWO). Travel support was provided by the Leids Kerkhoven-Bosscha
Fonds (LKBF) and by the National Science Foundation under Grant No. PHY-1430152 (JINA Center
for the Evolution of the Elements).

Non est ad astra mollis e terris via
Lucius Annaeus Seneca

Towanda!
Idgie Threadgoode, Fried Green Tomatoes

Contents
1

2

3

Introduction
1.1 From X-ray binaries to Be/X-ray transients . . . . . . . . .
1.1.1 High-mass X-ray binaries . . . . . . . . . . . . . .
1.2 Neutron stars . . . . . . . . . . . . . . . . . . . . . . . . .
1.2.1 Structure of the neutron stars . . . . . . . . . . . . .
1.2.2 Magnetic field of neutron stars in Be/X-ray transients
1.2.3 Heating/cooling processes in neutron stars . . . . . .
1.3 Direct accretion onto neutron stars . . . . . . . . . . . . . .
1.3.1 Propeller Regime . . . . . . . . . . . . . . . . . . .
1.3.2 Accretion from a cold disk . . . . . . . . . . . . . .
1.4 The X-ray observatories used in my thesis . . . . . . . . . .
1.4.1 The Neil Gehrels Swift observatory . . . . . . . . .
1.4.2 X-ray Multi-Mirror Mission Newton . . . . . . . . .
1.4.3 Chandra . . . . . . . . . . . . . . . . . . . . . . .
1.4.4 NuSTAR . . . . . . . . . . . . . . . . . . . . . . . .
1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

1
1
1
4
4
5
6
7
8
8
9
9
10
11
12
12

The X-ray plateau phase of 4U 0115+63
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Observations, Analysis and Results . . . . . . . . . . . .
2.2.1 Light curve . . . . . . . . . . . . . . . . . . . .
2.2.2 Spectral analysis . . . . . . . . . . . . . . . . .
2.2.3 Timing analysis . . . . . . . . . . . . . . . . . .
2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Cooling of the neutron star heated crust . . . . .
2.3.2 Direct accretion onto neutron star magnetic poles
2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

19
20
21
21
24
26
29
30
32
33

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

The faint luminosity behaviour of 4U 0115+63
35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

i

Contents

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.

37
38
39
39
42
42
47
50
51
52
54

4 The variable X-ray behaviour of GRO J1750-27 in quiescence
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Observations, analysis and results . . . . . . . . . . . . . .
4.2.1 Observations and data reduction . . . . . . . . . . .
4.2.2 Light curve . . . . . . . . . . . . . . . . . . . . . .
4.2.3 Chandra spectral analysis . . . . . . . . . . . . . .
4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 No heated NS crust in GRO J1750-27? . . . . . . .
4.3.2 Low-level accretion onto the magnetised NSs . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

57
58
61
61
63
64
70
71
73

5 Pulsations in the low X-ray luminosity state of GX 304-1
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . .
5.2 Observations, analysis and results . . . . . . . . . . .
5.2.1 Light curves of GX 304-1 . . . . . . . . . . .
5.2.2 Timing analysis of the NuSTAR observation . .
5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

75
76
77
77
80
81

6 Spectral transition in GX 304−1
6.1 Introduction . . . . . . . . . . . . . . . . . .
6.2 Data analysis and results . . . . . . . . . . .
6.3 Discussion . . . . . . . . . . . . . . . . . . .
6.3.1 Cyclotron line . . . . . . . . . . . .
6.3.2 Nature of the high-energy component
6.4 Conclusion . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

85
86
87
90
90
91
93

3.2

3.3

3.1.1 The low-luminosity behaviour of BeXBs . . . . .
3.1.2 The BeXB 4U 0115+63 . . . . . . . . . . . . . .
Observations, analysis, and results . . . . . . . . . . . . .
3.2.1 Light curve . . . . . . . . . . . . . . . . . . . . .
3.2.2 Spectral analysis . . . . . . . . . . . . . . . . . .
3.2.2.1 Swift observations . . . . . . . . . . . .
3.2.2.2 XMM-Newton observations . . . . . . .
3.2.3 XMM-Newton timing analysis . . . . . . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Decaying cooling emission at low-luminosity state
3.3.2 Contribution of low-level accretion . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Appendix A Appendix: Chapter 4
95
A.1 Gaia distances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
A.2 Spectral fit results using the neutron star atmosphere model (NSA) . . . . . . 96
Bibliography

ii

99

Contents

Contribution from co-authors

107

Summary

109

Samenvatting

115

Resumen

121

Acknowledgements

127

iii

1

Introduction
1.1

From X-ray binaries to Be/X-ray transients

In general, X-ray binaries are systems that harbour a compact object (either a neutron star or
black hole) and a companion star. Typically, these components are gravitationally bounded
and close enough for the companion to transfer material towards the compact object. In this
process, energy is released due to the accretion of this material onto the compact object,
making the system visible in X-rays. Depending on the nature of the compact component,
X-ray binaries are divided in two groups: black hole X-ray systems and neutron star Xray binaries. During my PhD, I have focused on those systems that harbour neutron stars,
therefore I will not discuss the behaviour of black hole X-ray systems (for more information
about these binaries I refer to Remillard & McClintock 2006).

1.1.1 High-mass X-ray binaries
Based on the nature of the donor, neutron star X-ray binaries can be classified in two large
groups: high-mass X-ray binaries (HMXBs) and low-mass X-ray binaries (LMXBs). In the
case of HMXBs, the companions are massive, early-type stars (either type-O or -B; Mdonor >
10M⊙ ), while LMXBs contain donors with masses 1 ≤ M⊙ and have spectral types later than
A (for a review see Tauris & van den Heuvel 2006). During the accretion process in these
systems, matter from the donor is directed towards the neutron star that acts as a gravitational
well. The material is then accelerated to very high velocities before being accreted onto the
neutron star. During this infall, the matter becomes very hot, making the system radiate in
X-rays. Additional X-rays are produced when the matter hits the neutron star surface (see
Sec. 1.3 for a detailed explanation). Since I worked with HMXBs during my PhD projects, I
will only focus further on those systems and will discuss their main characteristics.
The HMXBs can be divided in supergiant X-ray binaries (SGXBs), Wolf-Rayet X-ray
binaries (WRXBs), and Be/X-ray binaries (see for an overview van den Heuvel 2019). In the
case of the SGXBs (see Sidoli & Paizis 2018), the systems contain typical companions of
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luminosity classes I and II. These types of stars are very active and have strong winds. If the
neutron stars of the systems move around the companions in close orbits, then the compact
objects can accrete matter from those winds, making the systems visible in X-rays (these
systems are called wind-fed SGXBs). It is also possible that the transfer of mass occurs via
Roche-lobe overflow1, therefore an accretion disk is formed around the neutron stars, which
accrete the matter from such a disk (these systems are known as disk-fed SGXBs). In the
last two decades, two new subclasses have been added to the SGXBs: the highly obscured
supergiant systems and the supergiant fast X-ray transients (see, respectively, Courvoisier
et al. 2003 and Sidoli 2017 for more details about these SGXBs sub-classes). In WRXBs, the
binary companions are Wolf-Rayet (WR) stars (helium-rich stars; see Crowther 2007 for a
review). Based on binary evolution considerations, it is thought that only black holes can be
harboured in these systems (van den Heuvel et al. 2017). In WRXBs, the black holes accrete
matter from the strong radiation-driven winds of the WR companions (e.g., Conti et al. 2008).
Finally, the Be/X-ray binaries are systems that harbour neutron stars orbiting around Be-type
companions. In the following section, I further explore the nature of Be/X-ray binaries, which
are the focus of my research projects presented in this thesis.
Be/X-ray transients

Be/X-ray systems (for a review see Reig 2011) are binaries that harbour strongly magnetized
neutron stars (with typical surface magnetic-field strengths of ∼ 1012−13 G ), which move in
eccentric orbits around their Be-type companion stars (see Figure 1.1). These stars are fastrotating B-type stars, which have the peculiarity of showing hydrogen emission lines in their
optical spectra (thus the extra ‘e’ in their name), in addition to an infrared excess (thus they
are significantly brighter at that wavelength compared to normal B-type stars). The origin
of these lines and the infrared excess is related to the presence of an equatorial disk around
the star. This disk is formed by the material ejected by the star and it is usually referred to
as a ‘decretion disk’. This decretion disk is not necessarily always present in all systems,
but its existence could be interspersed with periods of absence. The mechanism(s) behind
the production (as well as the disappearance in some systems) and dynamics of the decretion
disk are still unclear (see Porter & Rivinius 2003; Rivinius et al. 2013). If the decretion disk
is present, then the neutron star of the system can pass through this disk, accreting matter
from it and, therefore powering X-ray emission.
Some of the Be/X-ray systems, with certain combination of orbital (Porb ) and spin (Pspin )
periods, show persistent X-ray emission, typically at faint levels (with X-ray luminosities of
LX ∼ 1034−35 erg s−1 ). In particular, those systems harbouring slowly rotating NSs (Pspin >
200 s), which move in wide (Porb ≥ 200 days) and low-eccentric orbits (e ≤ 0.2). The rest of
1 The Roche lobe is the region where matter is bound to the star due to its gravity. In the case of X-ray binaries,
if the binary components are very close together, the Roche lobe of the donor is suﬃciently small that the donor
can fully fill its Roche lobe. Therefore, matter at the inner Lagrangian point (L1) can be transferred from the donor
towards the compact object. Due to the conservation of the angular momentum, this matter forms an accretion disk
around the compact object.
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Figure 1.1: Artist’s impression of a Be/X-ray transient. The main components of the binary are highlighted. (Credit:
S. Vats and A. Rouco Escorial)

Be/X-ray systems have typically more eccentric orbits (e ≥ 0.3) and they display transient behaviour in X-rays. Therefore, these systems are called ‘Be/X-ray transients’ and my research
has focused on them. The Be/X-ray transients show two main X-ray transient phenomena:
1. Type-I outbursts: frequently called ‘normal outbursts’, typically occur periodically, and
generally last shorter than the orbital period (see Figure 1.2). Their peak occurs when
the NS approaches the periastron passage of the orbit and accretes matter from the
decretion disk (see Okazaki & Negueruela 2001). In some systems, type-I outbursts
are seen every periastron passage, while others have more infrequent type-I outbursts.
During these events, the usual X-ray luminosities reached are LX ∼ 1036−37 erg s−1 .
2. Type-II outbursts: the luminosities of these events can be one order of magnitude
brighter than those detected in type-I outburst, reaching LX ∼ 1038 erg s−1 , or even exceeding the Eddington limit luminosity for neutron stars2 (LX > 2 × 1038 erg s−1 ; e.g.,
Tsygankov et al. 2018). The duration of these outbursts can be considerably longer
than an orbital period (sometimes even lasting several orbital periods) and they do not
occur at any specific orbital phase (see Figure 1.3). Because of their brightness and
2 Assuming a spherically symmetric, continuous accretion flow, the Eddington limit represents the luminosity at
which the gravitational pull that matter experiences while being accreted, balances with the outward radiation pressure generated in the accretion process. If the Eddington limit is exceeded, then the symmetric, spherical accretion
flow is halted. However, if the accretion flow is not spherically symmetric, it is possible to reach super-Eddington
luminosities.
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Figure 1.2: The Swift/BAT light curve of the Be/X-ray transient EXO 2030+375. The periastron passages of the
system are indicated by the vertical lines. EXO 2030+375 shows periodical type-I outbursts, which last a small
fraction of the orbital period, at periastron passage. (Credit: A. Rouco Escorial)

duration, these type-II outbursts are also referred to as ‘giant’ outbursts. The physical
mechanism behind these type-II outbursts is not completely understood. However, the
combination of the neutron star orbit with a warped, twisted structure in the decretion
disk around the Be-star (see Moritani et al. 2013; Martin et al. 2014a ), or the propagation of Kozai-Lidov oscillations3 occurring in the Be disk (e.g., Martin et al. 2014b;
Laplace et al. 2017), seem to be potential explanations.
In addition, Be/X-ray transients also show periods when the systems are not in outburst.
This stage is called ‘quiescence’ or ‘quiescent level’. My research has been focused on the
study of this period, when systems have stopped accreting and have transited towards their
quiescent levels. The emission detected at this quiescent level (typically LX < 1033 erg s−1 )
allows us to study how accretion works at (very) low rates in systems that harbour high
magnetic field neutron stars, as well as to investigate the dense matter properties in the crust
of such a neutron stars.
3 The Kozai-Lidov oscillations (Kozai 1962; Lidov 1962) are a dynamical phenomenon in which the orbit of a
binary system is perturbed by a third body that moves in a much wider orbit. In this configuration, the two orbits
torque each other and exchange angular momentum, but not energy, i.e., the orbits change shape and orientation
(within much longer time scales than their orbital periods), but not their semi-major axes of the orbit. This leads to
a periodic exchange between eccentricity and inclination.
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Figure 1.3: The Swift/BAT light curve of the Be/X-ray transient V0332+53. The periastron passages of the system
are indicated by the vertical lines. The 2015 type-II outburst of V0332+53 spanned over more than three orbital
periods. Once the giant outburst finished, the source was devoid of any activity for more than 200 days. After that
period of time, the system showed again three consecutive type-I outbursts related to three new periastron passages.
(Credit: A. Rouco Escorial)

1.2

Neutron stars

1.2.1 Structure of the neutron stars
Neutron stars are the final product of massive-star supernovae explosions (Baade & Zwicky
1934). When a massive star (with a masses > 8 times the mass of the Sun, M⊙ ) reaches the
end of its life (i.e., when the nuclear fusion in the core becomes unable to sustain it against
its own gravity), the core collapses violently and the outer layers of the star are expelled
resulting in a supernova. The remnants of such explosions are the neutron stars, which are
small stars with very high densities, and mainly composed of neutrons. The typical masses
of these objects are 1 − 2M⊙ and their radii can vary from 10 to 12 km (see Y. Potekhin 2010).
Neutron stars are extremely compact objects, indeed their densities can reach or even exceed
the nuclear matter density, ρ0 ∼ 2.8 × 1014 cm−3 (see Lattimer & Prakash 2004 for a review).
Additionally, neutron stars have also surface magnetic fields, with values B ∼ 108−15 G,
however the origin of such fields is not completely understood (see Bhattacharya & Pal 2002
for a review about the diﬀerent origin scenarios of the neutron star magnetic fields).
The neutron star structure can be divided in three main regions depending on their densities – envelope, crust and core (see Figure 1.4). The outer most layer, called the envelope, is
the region with a density smaller than ρb ∼ 108 g cm−3 . This layer is several tens of meters

5

1

1 Introduction

! (g cm-3)
Envelope

< 108

e, Z

km

e, Z, n

1012

e, p, n

Outer Crust

~ 108 - !drip

Inner Crust

~ !drip - !0

Outer Core

~ !0 - 2!0

R~

1

hyperons (?)
mesons (?)
quarks (?)

Inner Core

~ 2!0 - 15!0

Figure 1.4: A schematic representation of the structure of a neutron star. The range of densities for each region are
indicated on the right. ρ0 corresponds to the nuclear matter density (ρ0 ∼ 2.8 × 1014 cm−3 ) and ρdrip to the neutron
drip density (ρ ∼ 4.3 × 1011 g cm−3 ). (Credit: Smriti Vats)

thick and has a large gradient in temperature. The outer ∼ 0.1– 10 cm gaseous layer of the
envelope is called atmosphere, and is composed of ionised nuclei and free, non-degenerated
electrons. Despite constituting a very small fraction of the neutron star structure, the atmosphere plays a crucial role in shaping the thermal photon spectrum observed from the neutron
star surface (see Zavlin et al. 1996, Heinke et al. 2006).
Below the envelope, as the density continues to increase, we find the crust and the core
of the neutron star. Only ∼1% of the mass of the neutron star is contained in the crust, and
the remaining ∼99% in the core. The crust extends to about a tenth of the neutron star radius,
and may be divided into outer and inner crust. The outer crust consists of ionised nuclei and
relativistic degenerated electrons. These relativistic electrons may initiate electron capture
by the protons in the nuclei, hence increasing the number of neutrons in the nuclei. At some
critical density, the number of neutrons inside nuclei becomes so high that they begin to drip
out of the nuclei. This point is known as the ‘neutron-drip layer’, ρdrip ∼ 4.3 × 1011 g cm−3 .
The outer crust extends from densities of ρ ∼ 104−6 g cm−3 to ρdrip , which marks the transition
into the inner crust. The inner crust extends down from the neutron-drip density to nuclear
densities, ρ0 . This region is made of electrons, free neutrons and neutron-rich nuclei.
The crust-core boundary lies at densities similar to ρ0 . At this high density, the almost
spherical nuclei get distorted and rearranged into exotic shapes known as ‘nuclear pasta’
(Hashimoto et al. 1984; Ravenhall et al. 1983; Horowitz et al. 2005; Caplan & Horowitz
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2017). Similar to the crust, the core may also be subdivided into outer and inner core. The
outer core extends from ∼ ρ0 to 2ρ0 . Here, the matter is mostly comprised by degenerate
neutrons and a small number of protons and electrons (estimated range is between 5%-10%,
although the exact fraction remains unclear). At densities between 2ρ0 and ∼ 15ρ0 lies the
inner core. The composition of this region remains largely unknown, although depending on
how matter exactly behaves at these extreme densities found in the core, exotic particles like
hyperons, mesons, or even free quarks may be present.

1.2.2 Magnetic field of neutron stars in Be/X-ray transients
During my PhD, I have mainly studied the behaviour of neutron stars harboured in Be/X-ray
transients. These neutron stars are characterised by their particularly high magnetic field at
their surface, which causes the accreted matter to be channeled to the magnetic poles of the
neutron stars, causing the bulk of the observed X-ray emission (see Mushtukov et al. 2014).
Gnedin & Sunyaev (1973) noticed that magnetised neutron stars show scattering features
(absorption-like lines) in their spectra due to resonant Compton scattering4 . The cross-section
for the Compton scattering process becomes energy-dependant and shows strong resonances
under the eﬀect of high magnetic fields. Photons with energies close to the resonance energies, interact with the particles of the atmosphere and are scattered back, losing energy. At
this point, due to the larger optical depth of the atmosphere, photons do not have enough
energy to escape it. This results in the creation of absorption features in the source spectrum.
The energy of these scattering features, also known as cyclotron resonant scattering features,
depends on the magnetic-field strengths (see Poutanen et al. 2013) and their centroids are
defined as: Ecycl = 11.6 × B12 /(1 + z) keV, where B12 = B/1012 G and B is the neutron star
surface magnetic field, and z is the neutron star gravitational redshift factor (typically around
0.31). Therefore, if these kind of features are detected in the spectra of neutron stars, one can
estimate the surface magnetic-field strengths of those sources. Since the detection of the first
cyclotron absorption feature in Her X-1 (at 42 keV corresponding to B ∼ 3.5×1012 G; Truemper et al. 1978), the magnetic field of a few tens of systems have been found (see Caballero
& Wilms 2012; Staubert et al. 2019).
The strong magnetic fields of the neutron stars in Be/X-ray transients, and the structure
and geometry of these magnetic fields, not only aﬀect the way that accretion takes places
in these systems, but also have important implications on the thermal evolution of neutron
star crusts and cores. In the following sections, I will discuss these consequences further.
Be/X-ray transients are extraordinary laboratories that allow us to study strongly magnetized
neutron stars. The environments of such systems give us the opportunity to study physical
processes under extreme conditions which cannot be achieved on Earth (very high energies,
extraordinary densities and very strong magnetic fields).
4 The Compton scattering is a process where a photon is scattered by a charged particle, usually an electron. The
result of this interaction is the transfer of part of the photon energy to the electron.
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1.2.3 Heating/cooling processes in neutron stars

The thermal evolution of a neutron star in a binary varies significantly from the thermal evolution of an isolated neutron star. Accretion episodes raise the temperature of the neutron
star crust drastically, in turn aﬀecting the way neutron stars cool over time. During accretion
episodes, matter from the companion star is rapidly deposited onto the surface of the neutron star. Gradually, this matter compresses the stellar crust below and the accreted matter
is pushed deeper into the higher density layers of the neutron star. This drives a series of
exothermic reactions (including reactions such as neutrino emission, electron captures, and
pycnonuclear reactions; see Sato 1979; Haensel & Zdunik 1990, 2003, 2008; Steiner 2012;
Lau et al. 2018), which produce 1 − 2 MeV of energy per accreted nucleon. This causes a rise
in the temperature of the crust (see Brown et al. 1998). Since these reactions occur at large
depths in the crust (800-900 meters within the crust), this process is typically referred to as
‘deep crustal heating’. Before the onset of the accretion process, the neutron star crust and
core are in thermal equilibrium, however the heat generated by these reactions disrupts this
equilibrium. Once the accretion has halted, the generated heat in the crust is transported both
outwards towards the surface and (mostly) inwards towards the core (which acts as a heat
sink). This transport of heat will result in restoration of the crust-core thermal equilibrium.
Observations of the surface temperature allow us to study the thermal evolution of the neutron
star crust, also known as ‘crust cooling emission’. The longer we monitor the temperature
evolution, the deeper into the neutron star layers we probe. For low-mass X-ray binaries,
these studies have allowed us to increase our understanding of several properties of the neutron star crust and core. We now have better knowledge of the structure and composition
of the crust and eﬀect of diﬀerent physical conditions on its thermal conductivity (Wijnands
et al. 2013; Shternin et al. 2007; Brown & Cumming 2009; Page & Reddy 2013; Medin &
Cumming 2015; Turlione et al. 2015). We have also been able to investigate the heat capacity
and specific heat (e.g., Cumming et al. 2017; Brown et al. 2018), and the superfluid properties
of the core (e.g., Page & Reddy 2013).
The heating/cooling processes have been observed and extensively studied in about a
dozen low-mass X-ray binaries harbouring accreting low magnetic field neutron stars (see
review of Wijnands et al. 2017), and potentially may also have been detected in high magnetic
field accreting neutron stars (see Wijnands & Degenaar 2016; Rouco Escorial et al. 2017,
2019a). In the presence of strong magnetic fields (B > 1012−13 G), the neutron star surface
temperature will not be uniformly distributed, as is found to be the case in low magnetic field
neutron stars. The surface temperature is higher where the magnetic field lines are nearly
radial with respect to the surface, i.e., magnetic poles, and is lower where the magnetic field
lines are tangential to the surface, i.e., equatorial regions. This leads to the formation of
‘hot spots’ at the magnetic poles of high magnetic field neutron stars (see Geppert & Viganò
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Figure 1.5: Diﬀerent geometries for the magnetic-field structure in the crust and core of the neutron strar. (Credit:

Page et al. 2007)

2014) from where most of the energy is released5 . These strong magnetic fields can penetrate
the neutron star envelope reaching the crust (see Potekhin et al. 2003), and depending on
the diﬀerent geometries (poloidal, toroidal or a combination of both; see Figure 1.5) of the
magnetic-field structure, they aﬀect the heat transport properties in that region (or even in
the core) and, therefore, the cooling times of these sources (for further details about the
diﬀerent geometries and their subsequent eﬀects see Geppert et al. 2004, 2006; Page et al.
2007). During my PhD, I have looked for signatures of potential cooling emission from high
magnetic field neutron stars to test these theories further.

1.3

Direct accretion onto neutron stars

Direct accretion onto the compact object is the determining factor in how luminous the X-ray
binary is. In the general theory of accretion, the higher the mass accretion rate ( Ṁ), the more
luminous the system is. When matter from the companion star falls into the gravitational
well of the compact object, it releases energy. If all of this energy is converted to radiation,
it gives rise to accretion luminosity, Lacc = GM Ṁ/R, where G is the gravitational constant,
M is the mass of the compact object and R is its radius. Accretion luminosity may also be
defined as a fraction of the Eddington luminosity, LEDD , which is the luminosity for which
5
Although the full surface might still be emitting radiation cooling down the neutron star. However, the temperature of this emission might be too low to be detectable along side the emission from the bright hot spots (e.g.,
Elshamouty et al. 2016)
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the inward acting gravitational pull of the compact object balances the outward acting radiation pressure generated during the accretion process. The radiation pressure is directly
proportional to the mass accretion rate, i.e., the higher the accretion rate, the higher is the
radiation pressure, and vice versa. This radiation pressure aﬀects the infalling accretion flow
velocity at the neutron star surface. In contrast, at low mass accretion rates, the radiation
pressure has only a slight eﬀect on the accretion flow. For a spherically symmeteric, continuous accretion flow consisting purely of hydrogen, the Eddington luminosity is given as,
LEDD = 4πGMmp c/σT ≃ 1.4 × 1038 (M/M⊙ ) erg s−1 , where mp is the proton mass, σT is
Thompson cross-section for electron scattering and c is the speed of light. If the Eddington
limit is exceeded, the steady, spherically symmetric accretion flow comes to a halt, as the
radiation force acting outwards overcomes the gravitational pull of the accreting object.
However, in the case of accretion onto magnetized neutron stars, there are two important
considerations: the accretion flow is channelled by the magnetic field onto the magnetic poles
of the neutron star, making it a non-spherically symmetric accretion flow (Basko & Sunyaev
1976), and the eﬀective cross-section of interaction between radiation and infalling matter
can vary significantly from that of a non-magnetic case (Mitrofanov & Pavlov 1982; Gnedin
& Nagel 1984).
Since my work focusses on the properties of Be/X-ray transients in the low-luminosity
regime, I will not discuss the super-Eddington luminosity regime further.

1.3.1 Propeller Regime
Once the accretion rate decreases and the outburst approaches its end, the spin period and
magnetic field strength of the neutron star become crucial components in determining the
further evolution of the binary system. Illarionov & Sunyaev 1975 proposed that for rotating
neutron stars with strong magnetic fields, the magnetosphere will extend (for suﬃciently low
accretion rates) beyond the corotation radius6 and halts, or even expels, the infalling material
at the magnetospheric boundary7. This is the so-called ‘propeller eﬀect’ and such a system is
said to be in the ‘propeller regime’. The limiting accretion luminosity, Lprop (R), is giving by
(Campana et al. 2002):
−2/3 5
Lprop (R) ≃ GM Ṁprop /R ≃ 4 × 1037 k7/2 B212 P7/3 M1.4
R6 erg s−1

where Ṁprop is the limiting accretion rate below which the propeller regime gets initiated, k
is a dimensionless factor that accounts for the details of interaction of the accretion flow with
the magnetosphere, k = 0.5 (Ghosh & Lamb 1978), B12 is the magnetic field strength in units
of 1012 G, P is the rotational period of the neutron star in seconds, M1.4 is the neutron star
mass in units of 1.4M⊙ , and R6 is the neutron star radius in units of 106 cm
6 The radius

at which the Keplerian angular velocity of the disk is equal to the angular velocity of the neutron star.
known as magnetospheric radius, i.e., the radius at which the magnetic pressure balances the ram pressure
of the infalling matter
7 Also
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1.3.2 Accretion from a cold disk
In the previous section, it has been shown that once the accretion flow decreases, the spin
period and magnetic field strength of the neutron star play a critical role in the behaviour
displayed by the system at low luminosity. In the case of Be/X-ray transients that harbour
slowly rotating neutron stars (called slow spin rotator systems from now on; with typical
spin periods, Pspin , of hundreds of seconds, and magnetic field strengths of ∼ 1012−13 G), an
intermediate X-ray luminosity state (with LX ∼ 1034−35 erg s−1 ), has been observed after the
end of their type-I outbursts for a few sources (e.g., Tsygankov et al. 2017b; Ducci et al. 2018;
Reig & Zezas 2018; Rouco Escorial et al. 2018) without entering into the propeller regime.
Tsygankov et al. (2017b) proposed a scenario to explain this stable accretion regime observed at X-ray luminosities in the slow spin rotator systems, in particular in the Be/X-ray
transient GRO J1008-57. In this scenario, they considered that this system accreted matter from a recombined (cold) accretion disk. Stable accretion onto neutron stars is possible
when the accretion rate is high enough that the accretion disk around the neutron star is
hot and completely ionised (i.e., the disk temperature is higher than the critical temperature,
T crit ≈6500 K, at which an accretion disk is thermally stable; Lasota 1997). For slow spin
rotator systems, the magnetospheric barrier is lower than for the fast spin rotator systems.
This leads to a lower Lprop for these slowly rotating systems. When the accretion rate is low,
stable accretion may still be possible if the accretion rate surpasses the critical rate required
for penetrating this lower centrifugal barrier, while simultaneously maintaining a temperature
< T crit throughout the disk (‘cold disk’).

Figure 1.6: Artistic illustration of accretion from a cold disk. The cold, non-ionised matter from the disk does not
‘feel’ the magnetic field, and therefore, material can penetrate the magnetic field lines and get closer to the neutron
star. At a certain point, the matter can get close enough to the neutron star that it is re-ionised again. This results in
the accretion of matter onto the neutron star magnetic poles. (Credit: A.Rouco Escorial and S. Vats)
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The condition for a stable accretion from a cold disk is then (see Tsygankov et al. 2017b):

0.28 1.57 0.86
L < Lcold = 9 × 1033 k1.5 M1.4
R6 B12 erg s−1

where k accounts for the details of interaction of the accretion flow with the magnetosphere,
k = 0.5 (Ghosh & Lamb 1978), M1.4 is the neutron star mass in units of 1.4M⊙ , R6 is the
neutron star radius in units of 106 cm, and B the magnetic field strength in units of 1012 G.
Below this luminosity (Lcold ∼ 7 × 1034 erg s−1 ), beyond the magnetospheric barrier, the
temperature of the accretion disk is lower than T crit . Under this condition, if the propeller
luminosity limit is greater than the luminosity of the cold-disk transition (Lprop > Lcold ),
then the system will enter the propeller regime and matter from the disk is not accreted.
On the contrary, if Lcold > Lprop , the accretion disk will turn into its cold-disk state, and
stable accretion from a cold disk with very low viscosity will occur at low level. This cold
disk penetrates the magnetic field lines and and gets close to the neutron star. As the disk
approaches the neutron star, the material of the disk becomes ionised again and is channelled
by the magnetic field lines to the neutron star poles, where it is accreted and pulsations may
be produced (see Tsygankov et al. 2017c; Rouco Escorial et al. 2018).

1.4 The X-ray observatories used in my thesis
The work I present in this thesis focuses on the behaviour of the Be/X-ray transients at low
X-ray luminosity. For this purpose, I have utilized X-ray instruments on board satellites (see
Figure 1.7), since the electromagnetic radiation with these wavelengths (with wavelengths of
0.01 to 10 nm; or, equivalent, energies between 0.1 and 100 keV) is absorbed by the atmosphere of the Earth. Out of the X-ray missions that are currently active, the combination of
the Neil Gehrels Swift observatory, XMM-Newton, Chandra and NuSTAR, provides us the
best flexibility, accuracy, sensitivity and wide coverage of the X-ray energy band, when monitoring objects. In the following sections, I summarize the main characteristics of the X-ray
observatories I used for accomplishing this work.

1.4.1 The Neil Gehrels Swift observatory
The Neil Gehrels Swift observatory (Gehrels et al. 2004; from now on Swift), previously
known as the Swift Gamma-Ray Burst mission, was launched on November 20, 2004. This
satellite has been mainly designed as a multi-wavelength mission dedicated to the study of
γ-ray bursts (i.e., extremely energetic explosions observed in distant galaxies; for more information see Nakar 2007; Zhang 2011; Gehrels & Razzaque 2013; Berger 2014; and references
therein). However, the capabilities of the instruments on board this observatory have also allowed us to study a wide range of other X-ray objects (for more details see Krimm et al.
2013), simultaneously from the optical band to the γ-rays. The Burst Alert Telescope (BAT;
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Figure 1.7: Artistic impression of the diﬀerent X-ray observatories used in my thesis. (Credit: NASA)

Barthelmy et al. 2005) covers a large fraction of the sky thanks to its wide field of view (2
steradians). This characteristic enables this instrument to play an essential role in detecting transitory phenomena and discovering bursts. The BAT is sensitive in the energy range
15 − 150 keV. In addition, the position of the transient events can be determined with an accuracy of ∼4 arcmin. Once an energetic event is identified by BAT, the spacecraft slews towards
the position of this event within tens of seconds and allows for follow-up observations of the
source with the other instruments on board Swift – the X-ray Telescope (XRT; Burrows et al.
2005) and the UltraViolet/Optical Telescope (UVOT; Roming et al. 2005).
The XRT, with an eﬀective area of 110 cm2 at 1.5 keV, is sensitive to photons with energies between 0.2−10 keV. The detector (a charge coupled device or CCD) of the XRT can operate in two main modes – the photon counting (PC) and the windowed timing (WT) modes.
In the PC mode, the CCD is read out every 2.5 s providing a two-dimensional image of about
24×24 arcmin with angular resolution of ∼ 3−5 arcsec. In the WT mode, only the central 200
columns of the CCD are read out, resulting in a one-dimensional image with a time resolution of 1.8 ms. To avoid any problem related to pile-up8, the modes are changed automatically
8
i.e., when sources are bright enough, the CCD read-out time cannot keep up with the rate of the incoming
photons. This results in two or more photons being detected as a single event, the energy of which is the sum of the
combined events. This eﬀect reduces the total observed net count rate and degrades the resulting spectra.

13

1

1

1 Introduction

from PC to WT above count rates of 1 counts s−1 .
The UVOT, with a field of view of 17×17 arcmin, provides an angular resolution of
∼2.5 arcsec and positional accuracy of ∼0.3 arcsec. This instrument is equipped with 7 filters,
which cover a range from the optical to ultraviolet (UV) bands (1928−5468 Å), and 2 grisms
for spectroscopy (E/δE∼300).
Thanks to the flexibility of Swift in accommodating monitoring programs with short observation times, and its fast response with the target of opportunity (ToO) program, I have
been able to monitor the long-term behaviour of all the sources presented in this thesis.

1.4.2 X-ray Multi-Mirror Mission Newton
The X-ray Multi-Mirror Mission Newton or XMM-Newton (Jansen et al. 2001) was launched
on December 10, 1999. The instruments on board this spacecraft, three X-ray telescopes
and one optical monitor (OM), provides a large collective area and good quality spectra for
studying relatively faint sources, and allows simultaneous multi-wavelength studies at X-rays
and UV/optical bands. Three European Photon Imaging Cameras (EPIC), consisted of two
Metal Oxide Semi-conductor CCD arrays (MOS cameras; Turner et al. 2001) and one camera
with pn CCDs (pn camera; Strüder et al. 2001), are located at the focal planes of the X-ray
telescopes. Additionally, two Reflection Grating Spectrometers (RGSs; den Herder et al.
2001) are assembled behind two of the three X-ray telescopes. For one X-ray telescope,
all photons reach the pn detector. However, for the other two X-ray telescopes, the X-rays
are split and half of the photons fall on one of the MOS detectors, and the other half of the
photons fall onto RGS. The OM (Mason et al. 2001) provides coverage between 170−650 nm
of the central 17 × 17 arcmin region of the X-ray field of view. In the following lines, I will
not introduce the OM and the RGS characteristics further as my work has been completely
performed using the EPIC cameras.
The EPIC cameras perform sensitive imaging observations with field of view of 30 ×
30 arcmin in the 0.15 − 15 keV energy range and an angular resolution. The pn camera,
with an angular resolution of 4.2 arcsec, has a larger eﬀective area than the MOS cameras
(1440 cm2 for pn camera versus 500 cm2 for each MOS camera), therefore the pn camera
collects more counts providing better spectra than the MOS cameras. Although I have reduced and analysed data from both type of cameras for the spectral analysis of the sources
discussed in my thesis, I only considered data from the pn camera for the timing analysis presented in this thesis. The pn detector can be utilized in diﬀerent read-out modes: full frame
(with time resolution of 73.4 ms) and extended full frame (timing resolution of 199.1 ms)
modes during which all the pixels of the camera are read out and the whole field of view is
covered, large window (47.7 ms of time resolution) mode where only half of the area is read
out, and small window (temporal resolution of 5.7 ms) mode where only data from one of
the CCDs is used. Additionally, the pn camera also can be operated in two high-resolution
time modes, timing (with time resolution of 0.03 ms) and burst (7 µs of timing resolution),
however the spatial information is reduced to only one dimension.
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1.4.3 Chandra
The Chandra X-ray observatory (Weisskopf et al. 2000; named as Chandra from now on),
previously known as the Advanced X-ray Astrophysics Facility, was put into orbit on July 23,
1999. This satellite carries on board two transmission gratings, which provide high resolution
spectroscopy, and two X-ray imaging instruments – the High Resolution Camera (Kenter et al.
2000) and the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003), which both
have high spatial resolution (<1 arcsec) and high sensitivity in the range 0.1 − 10 keV. These
capabilities make Chandra the preferred instrument for studying sources when they are very
faint (i.e., when they are in their quiescent states).
In this thesis, I present results from observations obtained using ACIS and, therefore, the
other instruments will not be discussed further. The ACIS detector, with an eﬀective area
of 110 cm2 at 0.5 keV, covers the energy range from 0.2 to 10 keV. The ACIS consists of 10
CCDs, six arranged in a 1 × 6 array (ACIS-S) used for either imaging or spectral grating, and
four arranged in a 2×2 array (ACIS-I) used for imaging, which provides a 16×16 arcmin field
of view. Additionally, the ACIS detectors can operate in two modes: the timed exposure (TE)
and the continuous clocking (CC) modes. In the TE mode, a CCD collects data for a selected
amount of time, which is quickly transferred (in ∼ 41 ms) to be read. In this mode, it is also
possible to select a restricted region of the CCD (a preselected subarray) from which the data
will be read. This gives faster read-out, limiting the pile-up for relatively bright sources. If
sources are very bright, the CCD can be operated in CC mode to avoid further pile up. This
mode provides a 3 msec timing resolution although the spatial resolution is reduced to one
dimension.

1.4.4 NuSTAR
The Nuclear Spectroscopic Telescope Array mission (Harrison et al. 2013; from now on
NuSTAR) was successfully launched on June 13, 2012. This observatory is equipped with
two co-aligned X-ray telescopes (covering the 3 − 78.4 keV energy range) that have two
detector units assembled, one at the focal plane of each of the two telescopes. Both detectors
have been designed with similar characteristics to facilitate the combination of their data and
to improve the sensitivity. Adding up the capabilities of both detectors, the NuSTAR field
of view is 13 × 13 arcmin and its collective area is close to 900 cm2 at 10 keV. In addition,
NuSTAR provides an angular resolution of 7.5 arcsec and a temporal resolution of 2 µs. The
combination of these characteristics makes NuSTAR the most sensitive satellite for hard Xrays (with energies >10 keV), and therefore, the best suited one to study the hard X-ray
phenomena.
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1.5 Thesis outline
The focus of my thesis is to investigate the potential scenarios at play during the low Xray luminosity state (LX < 1033−34 erg s−1 ) of Be/X-ray transients. Be/X-ray transients are
exceptional laboratories that allow us not only to study dense-matter properties in strongly
magnetised neutron stars, but also to investigate how accretion works at low rates, even when
it should be inhibited, under the eﬀect of the high magnetic field of the neutron star. For
that, I have utilised diﬀerent X-ray observatories to monitor the decay, and subsequent transition to quiescence of those systems that showed outbursts, specially after type-II outbursts.
Additionally to these chapters, I am preparing a new paper for being submitted soon, where
I report on all these observations. I found out a possible systematic behaviour of all these
sources depending on the spin periods of the neutron stars harboured in the systems.
Chaper 2

In this chapter, I studied the behaviour of the Be/X-ray transient 4U 0115+63 after its 2015
type-II outburst. The source did not decay directly to quiescence but settled in a state a
factor ∼10 brighter than its known quiescent level. Eventually, this state decayed to quiescence. This work is a continuation of the research initiated on this source by Wijnands
& Degenaar (2016). I obtained new Swift/XRT observations and a XMM-Newton observation, in which pulsations from the source were detected. In this chapter, I discuss the proposed scenarios behind the detected emission of these observations at low luminosity state
(LX < 1032−33 erg s−1 ): accretion down to the magnetosphere boundary, direct accretion onto
the neutron star, and cooling emission from an accretion-heated neutron star. We discarded
the scenario where accretion occurs down to the magnetosphere boundary because of the
pulsations detected.
Chapter 3

In 2017, the Be/X-ray binary 4U 0115+63 exhibited a new type-II outburst. This was an
exceptional opportunity to investigate further the potential scenarios that where introduced
for explaining its low luminosity behaviour after a giant outburst. In this chapter, I present
the results of a more intense monitoring during the decay and low luminosity state after the
2017 giant outburst using Swift/XRT. Also this time, I obtained an XMM-Newton observation
during this state and again the source exhibited pulsations. Comparing the results from this
new observational campaign, with those obtained after the 2015 type-II outburst, I found
out that the source displays a recurrent behaviour after the type-II outburst, independently of
the brightness of the previous type-II outburst (the new giant outburst of the source was two
times fainter than its 2015 giant outburst). We discuss the possible origin of the decaying
source emission at this low level luminosity, in the framework of the two main proposed
scenarios to explain this faint state: cooling emission from a strongly magnetised neutron
star or continuous low level accretion.
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Chapter 4

In this chapter, I studied whether or not the neutron star crust in the Be/X-ray transient
GRO J1750-27 was also heated due to accretion during a type-II outburst. Our Swift/XRT
and Chandra monitoring after the type-II (giant) outburst of the source in 2015, showed that
the system transited towards quiescence after the outburst. The source was only detected at
a rather low X-ray luminosity (∼1033 erg s−1 ) during three of our five Chandra observations,
which were obtained during the periastron passage of the source. These detections and the
variability observed as are likely due to very low-level accretion onto the neutron star. I also
discuss the reasons why the neutron star crust in GRO J1750-27 might not have been heated
while the ones in other two systems with similar system parameters (i.e., neutron star spin
period, orbital period), 4U 0115+63 and V 0332+53, possibly were.
Chapter 5

In this chapter, I present our long-term Swift monitoring campaign (for more than 2 years) of
the slowly rotating neutron star in the Be/X-ray transient GX 304−1 (spin period of ∼275 s).
We observed that the source exhibits a recurrent slowly decaying low-luminosity state (with
luminosities of 1034−35 erg s−1 ) between its type-I outbursts, similar to what has been observed
for another slowly rotating system, GRO J1008−57. Due to the similarities between the two
systems, it is likely that GX 304−1 entered a similar accretion regime between its outbursts
as proposed for GRO J1008-58: the observed emission might be powered by accretion of
material from a non-ionised (‘cold’) accretion disk (Tsygankov et al. 2017b). In addition, the
outbursts of GX 304−1 ceased in 2016 and, since then, the source has been settled in a quasistable low-luminosity state (with luminosities a few factors lower than previously seen). In
this chapter, I discussed the interpretation of the detected emission from the source and the
results obtained using the NuSTAR observation I obtained during this state, in the context of
the cold-disc accretion model.
Chapter 6

Finally, in this chapter, which is complementary to the previous one, I present the spectral
results of the simultaneous Swift/XRT and NuSTAR observations I have obtained during the
quasi-stable low-lumino- sity state of the Be/X-ray transient GX 304-1. The discovery of a
dramatic change in the energy spectrum of this source at these low luminosities, compared
to when the source exhibited higher luminosities, suggests a change of the dominant mechanism responsible for the emitted X-ray radiation. The low-energy component in the source
spectrum is explained by assuming it originate from thermal emission from the neutron star
surface. For the high-energy component, two possible scenarios are discussed and this component could be due to either the cyclotron emission reprocessed by magnetic Compton scattering or due to the thermal radation of deep atmospheric layers being partly Comptonized in
the overheated upper layers.
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The low luminosity behaviour of the
4U 0115+63 Be/X-ray transient
A. Rouco Escorial, A. S. Bak Nielsen, R. Wijnands, Y. Cavecchi, N. Degenaar, & A. Patruno
Monthly Notices of the Royal Astronomy Society, 2017, 472, 1802
Abstract
The Be/X-ray transient 4U 0115+63 exhibited a giant, type-II outburst in October 2015.
The source did not decay to its quiescent state but settled in a meta-stable plateau state (a
factor ∼10 brighter than quiescence) in which its luminosity slowly decayed. We used XMMNewton to observe the system during this phase and we found that its spectrum can be well
described using a black-body model with a small emitting radius. This suggests emission
from hot spots on the surface, which is confirmed by the detection of pulsations. In addition,
we obtained a relatively long (∼7.9 ksec) Swift/XRT observation ∼35 days after our XMMNewton one. We found that the source luminosity was significantly higher and, although the
spectrum could be fitted with a blackbody model the temperature was higher and the emitting radius smaller. Several weeks later the system started a sequence of type-I accretion
outbursts. In between those outbursts, the source was marginally detected with a luminosity
consistent with its quiescent level. We discuss our results in the context of the three proposed
scenarios (accretion down to the magnestospheric boundary, direct accretion onto neutron
star magnetic poles or cooling of the neutron star crust) to explain the plateau phase.

2 The X-ray plateau phase of 4U 0115+63

2.1 Introduction
2

Be/X-ray transients harbour high-magnetic field (B∼1012−13 G) neutron stars (NSs) that move
around Be-type stars in eccentric orbits. Typically, these binaries can exhibit two types of
transient activity: more common, short-lived (i.e., small fraction of the orbital period) type-I
outbursts that typically occur at the periastron passage of the NSs, and giant, type-II outbursts
that can last significantly longer than an orbital period. In the first case, the NSs accrete matter from the Be-star decretion disks (e.g., Okazaki & Negueruela 2001) and reach X-ray
luminosities of LX ∼1036−37 erg s−1 . In the second case, during the type-II outbursts the luminosities usually reach the Eddington limit for a NS but the exact physical mechanism(s)
causing these outbursts is not understood (Moritani et al. 2013; Monageng et al. 2017).
Most studies of Be/X-ray transients have been performed at high luminosities (i.e., >1036
erg s−1 ; e.g., see the review by Reig 2011) and consequently not much is known about their
behaviour when they accrete at lower X-ray luminosity. However, several Galactic systems
have been detected at luminosities of LX ∼1034−35 erg s−1 (e.g., Motch et al. 1991; Campana
et al. 2002; Rutledge et al. 2007) indicating that they are still accreting but at relatively low
rates. In addition, detailed X-ray studies (using the Chandra and XMM-Newton observatories) of the Be/X-ray binary populations in the Magellanic Clouds (i.e., the Small Magellanic
Cloud; Laycock et al. 2010; Haberl & Sturm 2016) have showed that a significant number
of the Be/X-ray transients in those galaxies, can be detected at similar low luminosities in
between their outbursts. This fact indicates that such low-luminosity states are a common
property of Be/X-ray transients.
At these low rates, the NS spin period is a key component in determining how the accretion proceeds. For slow spinning NSs (spin periods of hundreds of seconds) matter may
still be directly accreted onto the stellar surface (i.e., at the magnetic poles) but for the fast
spinning systems (with spin periods of only a few seconds) matter is likely ejected from the
inner part of the system due to the pressure of the rotating NS magnetic field (the so-called
propeller eﬀect; e.g., Illarionov & Sunyaev 1975; Stella et al. 1986; Romanova et al. 2004;
D’Angelo & Spruit 2010; Tsygankov et al. 2016). In the latter case, one would expect that
the observed flux is not pulsed. However some sources still exhibit pulsations in this regime,
probably because matter is able to leak through the field lines and reach the surface at the
magnetic poles, thus creating hot spots (e.g., Elsner & Lamb 1977; Ikhsanov 2001; Lii et al.
2014).
Some sources are detected at even lower luminosities of LX ∼1032−34 erg s−1
(e.g., Mereghetti et al. 1987; Roberts et al. 2001; Campana et al. 2002; Reig et al. 2014;
Elshamouty et al. 2016), but the cause of this faint emission is still unclear. One possibility
is the accretion down to the magnetosphere although it is likely that this emission would not
peak in the X-rays but at longer wavelengths (e.g., UV; Tsygankov et al. 2016). However,
the pulsed emission seen in some systems at those luminosities (e.g., Rothschild et al. 2013;
Doroshenko et al. 2014; Table 2 of Reig et al. 2014) suggests that, for at least those systems,
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the matter does reach the surface at the magnetic poles, supporting the idea of leakage of
matter through the magnetospheric barrier (Orlandini et al. 2004; Mukherjee & Paul 2005).
Although low level accretion onto the magnetic poles could be the physical mechanism
behind these low luminosities in some sources, it is also possible that in other systems the
accretion has fully halted and we see a cooling NS. During outburst the accreted matter might
heat up the NS (due to the pycnonuclear reactions deep in the crust; Brown et al. 1998) and,
when the accretion has stopped, the deposited heat is radiated away. This explanation has
been proposed for several sources but it remains to be confirmed (Campana et al. 2002; Wijnands et al. 2013; Reig et al. 2014; Elshamouty et al. 2016; Tsygankov et al. 2017c).
In the heating and cooling scenario, one would expect that after a long and strong period
of accretion (i.e., after type-II outbursts), the crust might be heated very significantly and it
might have become hotter than the core. When the accretion has stopped, the crust would
then slowly cool down until equilibrium is reached again. This process would be similar to
what has been observed for several low-magnetic field NS systems (for recent discussions see
Degenaar et al. 2015 and Parikh et al. 2017b). Wijnands & Degenaar (2016) attempted to test
this hypothesis in two Be/X-ray transients (4U 0115+63 and V0332+53) after the end of their
type-II outbursts. They found that after those bright outbursts both sources showed elevated
emission in a meta-stable state above their known quiescent levels (e.g., Elshamouty et al.
2016; Tsygankov et al. 2017c). Wijnands & Degenaar (2016) suggested that this "plateau
phase" could indeed be consistent with the slow cooling of the crust, although they could not
exclude accretion scenarios. Here we further investigate this plateau phase for 4U 0115+63.

2.2

Observations, Analysis and Results

After the Swift/X-Ray Telescope (XRT) data reported in Wijnands & Degenaar (2016), we obtained several extra Swift/XRT observations as well as an XMM-Newton one of 4U 0115+63
(Table 2.1 and Table 2.2). This source harbours a magnetized NS (B∼1.3×1012 G; Raguzova
& Popov 2005), with a spin period of Ps ∼3.62 s (Cominsky et al. 1978) and an orbital period
of Porb ∼24.3 days (Rappaport et al. 1978). 4U 0115+63 was monitored with the XRT in the
Photon Counting (PC) mode and observed by XMM-Newton with the EPIC detectors in the
full frame (pn) and large window (MOS) modes. The Swift/XRT PC mode only allows for a
time resolution of ∼2.5 s which is insuﬃcient to study possible pulsations due to the NS spin.
For XMM-Newton, we used the pn to search for and study the pulsations (time resolution 73.4
ms; section 2.2.3) due to its higher count rate.

2.2.1 Light curve
The 2015 type-II outburst was monitored using the Swift/BAT and Swift/XRT (see Figure 2.1).
In particular, the decay of this outburst was intensively monitored using the Swift/XRT which
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Figure 2.1: Swift/XRT (blue) and Swift/BAT (black) light curves during and after the 2015 type-II outburst of 4U 0115+63. The time of our XMM-Newton observation is
given as a red symbol converted in Swift/XRT count rate (section 2.2.1). The dotted brown line corresponds to the quiescent level of 4U 0115+63. Vertical dotted lines
indicate the time of periastron passages. We label our results in the diﬀerent source phases as a continuation of the ones used in Wijnands & Degenaar (2016). Errors are
3σ.
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also allowed to observe the transition of the source into the low-luminosity state (see also
Wijnands & Degenaar 2016). This was the first time such a state was detected for this system
but very likely it was present after the end of the previous type-II outbursts as well. However,
those possible occurrences were missed because no sensitive X-ray observations after the end
of those outbursts were obtained in the past.
We obtained the Swift/BAT data from the hard X-ray transient monitor web page1 (Krimm
et al. 2013) and the Swift/XRT light curve from the interface build Swift/XRT products2
(Evans et al. 2009). For a direct comparison the source count rate during the XMM-Newton
observation was converted to XRT count rate (for the energy range 0.5-10 keV) applying the
WEBPIMMS3 tool and the spectral parameters obtained from the first observation during
the low luminosity state (hereafter "plateau phase") in our paper. From Figure 2.1 (see also
Wijnands & Degenaar 2016), we can see that after the type-II outburst the source did not
go directly to quiescence (Campana et al. 2002; Tsygankov et al. 2017c) but settled down at
a plateau that is a factor of ∼10 brighter. Almost ∼240 days after the type-II outburst, the
source experienced several type-I outbursts (e.g., Nakajima et al. 2016b,d,c).
After the episodes reported by Wijnands & Degenaar (2016), the Swift/XRT count rate
continued to decrease until our "XMM-Newton observation (b)" (see Figure 2.1): from ∼0.015
counts s−1 during "Interval I" of Wijnands & Degenaar (2016, i.e., at the start of the plateau
phase) to ∼0.002 counts s−1 during XMM-Newton observation (b). A similar decreasing trend
is seen in the X-ray luminosities (Figure 2.2, top panel) obtained from our spectral analysis
(see section 2.2.2). Despite that a general decreasing trend is seen in the Swift/XRT count
rate, it unexpectedly increased slightly again to ∼0.007 count s−1 ("Interval IV (c)") after the
XMM-Newton observation (b). During the plateau phase the Swift/BAT count rate appears
to have brief excursions above the background possible indicating occasional enhanced activity (Figure 2.1). However, those variations are consistent with statistical fluctuations and
do not represent detections of the source (see Krimm et al. 2013 for a detailed description
about the Swift/BAT data processing). The monitoring campaign stopped for ∼53 days after
our Interval IV (c) Swift/XRT observation until the source exhibited a type-I outburst ("1 st
Type-I outburst (d)") during which the Swift/XRT count rate reached ∼4 counts s−1 . The
decay during this outburst was monitored with the Swift/XRT and 26 days after the peak of
the outburst we obtained a 8.8 ksec observation in which the source only showed 8 photons
("Quiescence I (e)"; see Figure 2.1). This level is consistent with the quiescent level of the
source (Figure 2.1; Tsygankov et al. 2017c).
The Swift/BAT continued to monitor the source and 17 days later another type-I outburst
was detected (Figure 2.1; Nakajima et al. 2016d). We monitored the source using the XRT
to determine how it would transit to quiescence. Surprisingly during the first observation
the source was not in quiescence but at relatively high count rate (∼0.15 counts s−1 ) and 12
days later the source increased again in count rate indicating the start of the next type-I out1

http://swift.gsfc.nasa.gov/results/transients/weak/4U0115p634/

2 http://www.swift.ac.uk/user_objects/

3 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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burst ("2nd Type-I outburst (f)"; Figure 2.1). Already within 7 days of the peak , the source
was back in quiescence; we obtained 5 observations ("Quiescence II (g)") during which the
source was not detected or only marginally. The stacking of these observations shows a weak
(9 photons in 4.7 ksec) but clear detection.

2.2.2 Spectral analysis
For the spectral analysis, we only used Swift/XRT observations obtained after those already
analyzed by Wijnands & Degenaar (2016) (ObsID 000311720[42-59]) and used the results
obtained by these authors for the earlier observations. The data extraction and analysis have
been performed in the same way as in Wijnands & Degenaar (2016) so that the results can
be directly compared. Due to the very low count rates in the observations with ObsIDs
000311720[42-45] (a) and 000311720[55-59] (g), we stacked those ones. The data were
analysed with HEASOFT v.6.17. After reprocessing the raw data with the XRTPIPELINE,
we extracted source and background spectra using XSELECT. The source information (count
rates, spectra) was obtained from a circular region with a radius of 15 pixels centered around
the source position (Reig & Fabregat 2015), and background information from a surrounding
annulus with an inner-outer radius of 60-110 pixels. Only during the type-I outbursts observations the source count rate was ≥0.5 counts s−1 causing piled-up. Therefore, those data
were corrected following the standard thread4 . The exposure maps were obtained through
XRTPIPELINE and were used to create ancillary response files using XRTMKARF. We employed the response matrix files (version 14) from the Swift calibration database.
For the XMM-Newton data, we used SAS (version 1.2) for reducing and analysing them.
The EMPROC and EPPROC tasks produced calibrated event lists, which were filtered against
background flaring (determined in the 10-12 keV range with a threshold rate≥0.5 counts s−1
for pn; in the >10 keV range with a threshold rate≥0.3 counts s−1 for MOS). Source counts
and spectra were obtained from a circular region with a 20 arcsec radius, and the background
ones from a circular region free of sources with a 50 arcsec radius on the same CCD. The
data were not piled-up. The response matrix files were generated using RMFGEN and the
ancillary response files by ARFGEN.
In Figure 2.2 we show the evolution of the source during the plateau phase plotting our
new results with those of Wijnands & Degenaar (2016). Due to the often very few counts
in the spectra we rebinned the data (with GRPPHA for Swift and SPECGROUP for XMMNewton data) to 1 count per bin and we used C-statistics to fit the spectra. The data were fitted
in the 0.5-10 keV energy range using XSPEC v.12.9.0. The pn, MOS1 and MOS2 spectra
were fitted simultaneously, with all parameters tied between the spectra. We fitted the data
with either an absorbed power-law model (PEGPWRLW) or an absorbed blackbody model
(BBODYRAD). We note that we cannot exclude other single component models or spectral
models with multiple components (e.g., a blackbody model plus a power-law contribution;
4 http://www.swift.ac.uk/analysis/xrt/pileup.php
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Figure 2.2: Evolution (using a black-body model) of the luminosity (top; 0.5−10 keV), temperature (middle) and emission radius (bottom; fixed values not shown). The
blue points are the Swift/XRT observations and the red point is the XMM-Newton one. The dotted brown line corresponds to parameters in quiescence (Tsygankov et al.
2017c). Labels as in Figure 2.1. Errors are 1σ.
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potentially describing multiple emission mechanisms). However, the quality of our spectra
is typically rather poor and we cannot distinguish between diﬀerent single component model
(except for the XMM-Netwon spectrum, see below), let alone that we can obtain constraining
results when fitting multiple components. Therefore, we have opted to only report on the
spectral results obtained with two of the most basic models used in the fitting of X-ray binary
spectra: the blackbody model and the power-law model. This will allow us to determine
general trends in the data (i.e., softening of the spectra in time) which will help in the interpretation of the results.
We included absorption by the interstellar medium (TBABS) with abundances set to
WILM (Wilms et al. 2000) and cross-sections to VERN (Verner et al. 1996). The column density was fixed to the same value as in Wijnands & Degenaar (2016, i.e., NH =9×1021 cm−2 ).
We adopted a distance of D=7 kpc (Negueruela & Okazaki 2001). In the PEGPWRLW model
we set the energy boundaries to 0.5 and 10 keV, so that the model normalization gives the
unabsorbed flux for that energy range (see Table 2.2). For the BBODYRAD fits, we left the
emitting radius as a free parameter and determined the unabsorbed 0.5-10 keV flux by using
CFLUX (see Table 2.1).
The results of our spectral analysis are given in Tables 2.1 and 2.2. Although we cannot statistically prefer one of the models over the other during the plateau phase because of
the Swift data quality, the XMM-Newton spectrum is of high enough one that the black-body
model is preferred. The PEGPWRLW fits suggest that the spectra of the plateau phase are
softer (typical photon indices of 1.5-3.6) than those of the type-I outbursts (indices of 0.5-1.2;
Table 2.2). The spectra of the plateau phase can be adequately described by a BBODYRAD
model with temperatures of kTbb ∼ 0.4-0.8 keV with radii Rbb ∼ 0.1-0.5 km (Table 2.1; Figure 2.2), smaller than the radius of a NS. This suggests that the emission comes from hot
spots on the surface (likely at the magnetic poles). This is confirmed by the detection of
pulsations in the XMM-Newton data (section 2.2.3). The (c) state shows a higher luminosity
(LX ∼2.1×1033 erg s−1 ; Figure 2.2) than during (b), as well as a higher temperature (from
∼0.44 keV to ∼0.85 keV) but a significantly smaller emission radius (from ∼0.51 to ∼0.18
km; Table 2.1). The source is detected at LX ∼1032−33 erg s−1 (0.5-10 keV) during the low
luminosity state, whereas during the type-I outbursts it increases to LX ∼1034−36 erg s−1 . The
(e) and (g) states are consistent with quiescence (Figure 2.2).

2.2.3 Timing analysis
The XMM-Newton pn data were barycentric corrected using the task BARYCEN and the region selection applied was the same as used in the spectral analysis. We rebinned the data
to 0.1 s time resolution and then used 16384 points (thus 1638.4 s of data) to make a FFT.
This resulted in a power-density spectrum in the frequency range of 6.104×10−4 Hz to 5 Hz
(the Nyquist frequency). No background subtraction was performed prior to the calculation
of the FFTs. The Poisson level was removed from the final power spectrum, which was then
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Notes. The unabsorbed X-ray fluxes and X-ray luminosities are given in the 0.5−10 keV energy range assuming a fixed NH ∼9×1021 cm−2 and a source distance of ∼7 kpc.
The errors are 1σ. (∗ )The fit parameter was fixed to this value.
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Table 2.1: Results of our spectral analysis using the blackbody model.
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Table 2.2: Results of our spectral analysis using the power-law model.
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Notes. The unabsorbed X-ray fluxes and X-ray luminosities are given in the 0.5−10 keV energy
range assuming a fixed NH ∼9×1021 cm−2 and a source distance of ∼7 kpc. The errors are 1σ.
(∗ )The fit parameter was fixed to this value.

normalized using an rms normalization, where the power density units are (rms/mean)2 Hz−1 .
The power spectrum in Figure 2.3 shows a peak close to the known NS spin frequency (∼0.3
Hz).
The light curve was then folded using PRESTO (Ransom 2001) to determine the precise
spin frequency. The best results were obtained using a frequency of (27677600.0±9.2)×10−7
Hz yielding a period of (361300.0±1.5)×10−5 s. The pulse profile (see inset in Figure 2.3)
was fitted with a sinusoid using the procedure described in Patruno et al. (2010) to obtain the
pulse fractional amplitude. We fitted one harmonic and two harmonics (to only one cycle but
for clarity two cycles are shown in Figure 2.3). When one harmonic is fitted we find the fractional amplitude to be FA1 =83.3±9.5 per cent, with a χ2ν =1.3 for 46 degrees of freedom. This
indicates that the fit is marginally acceptable with a p-value of 7%. To explore the option that
the profile might contain multiple harmonics, we fitted the profile with two harmonics. We
found FA1 =83.3±8.7 and FA2 =28.4±7.6 per cent with χ2ν =1.09 for 44 degrees of freedom.
Therefore, fitting two harmonics to the profile only yielded a marginally better χ2ν and consequently we cannot conclude that the second harmonic is real. If it would be real, it might be
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Figure 2.3: Power spectrum obtained from the EPIC-pn data showing a clear signal at ∼0.277 Hz that corresponds
to the NS spin frequency. Inset: folded (using the detected frequency) pulse profile. Two cycles are shown for clarity.
The red curve is a fit to the profile using two harmonically related sinusoids.

due to slight beaming of the emission (e.g., by Compton scattering due to low-level accretion)
or because there are two hot spots contributing to the observed emission. However, because
of the low significance of this second harmonic we will not discuss it or its potentially consequences on the interpretation further in our paper.

2.3

Discussion

We have presented additional Swift/XRT and XMM-Newton observations (Figure 2.1) during
the low-luminosity plateau phase previously identified for 4U 0115+63 (Wijnands & Degenaar 2016). From our Swift data we can infer that the plateau phase lasted between 160 and
200 days. The exact duration cannot be estimated due to the lack of monitoring during the
final state of this state and because the system started to exhibit type-I outbursts. Wijnands &
Degenaar (2016) proposed three models to explain the plateau phase: accretion down to the
NS magnetosphere, cooling of an accretion heated NS crust and direct low-level accretion
onto the NS magnetic poles. The magnetospheric accretion model can likely be excluded
because no pulsations are expected in this scenario (Campana et al. 2002), contrary to our
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XMM-Newton results where we detect a clear pulsation at the NS spin frequency. This assumes that pulsations were also always present during the XRT observations in the plateau
phase. The data do not allow this to be tested, but if they were not present during (some
of) these XRT observations, it might still be possible that magnetospheric accretion could
still have happened during some of those observations. Moreover, it is indeed possible that
multiple emission mechanisms were active during diﬀerent observations in the plateau phase
(or even during a specific observation; e.g., cooling emission during some observations and
accretion emission during others; i.e., at periastron), but the current data set is of too low
quality to further investigate this. In the following two sections we, for simplicity, assume
that only one emission mechanisms is active during the full duration of the plateau phase.
This will allow us to investigate if indeed one single mechanism is suﬃcient to explain this
enigmatic state and what the possible problems are with this hypothesis.

2.3.1 Cooling of the neutron star heated crust
The accretion-induced heating of the NS crust and its subsequent cooling has been studied
extensively for accreting low-magnetic field (B≤108 G) NSs, but not for high magnetic-field
NSs (B∼1012−13 G). The strong magnetic field could alter the heating and cooling processes
significantly. Wijnands & Degenaar (2016) suggest that the magnetic field configuration in
the crust might be such that the cooling process could take place through hot spots, an idea
supported by the small radii of the emission regions found in our spectral analysis. Such
interpretation might be consistent with the detection of pulsations during our XMM-Newton
observation.
Our Swift/XRT monitoring campaign during the plateau phase is consistent with the cooling hypothesis, except for the last observation (Interval IV in Figure 2.1). During that observation the luminosity increases compared to the previous XMM-Newton one, concurrently,
we detect a significant increase in the fit temperature (Figure 2.2; Table 2.1). The emitting
region notably decreased in size but this was not enough to compensate the rise in temperature so that the observed luminosity increased. This indicates that the energy release at the
hot spots increases significantly and this cannot straightforwardly be explained in the cooling
hypothesis.
Interval IV was obtained after a periastron passage which could lead to matter transfer from the Be disk or from the wind of the companion to the NS. This matter could leak
through the magnetosphere barrier and potentially cause an increase in luminosity. The lack
of monitoring after Interval IV does not allow us to determine if this observation was part of
an overall trend or a special event on top of a general decay curve. Nevertheless, the spectral
shape is diﬃcult to explain in this scenario (section 2.3.2) and therefore we suggest an explanation for this enigmatic behaviour in the cooling scenario.
One possible explanation, which we call the "Phase Transition model" (Figure 2.4), is
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Figure 2.4: Phase Transition model (not to scale). Colour code: red (liquid crustal layer, so-called "ocean"), pink
(solid crustal layer), yellow (core), green (hot spot region at the magnetic pole), garnet (hot spot central emission
region) and dashed black lines (magnetic field lines). Upper Panel: Initial state configuration of the crust once the
accretion has halted. Bottom Panel: Configuration after the cooling has proceeded. The inner layers of the ocean
have become solid and the magnetic field lines that are placed in this region conduct the heat faster towards the
magnetic pole. As a consequence, the central region of the hot spot emits higher heat flux.
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based on the possible phase transitions the crust matter might undergo during the cooling
process. Two matter states likely are present: a solid state in the inner part and the liquid
one, also called "ocean", that formed on top of the solid crust due to the heat generated by
the accretion. When the accretion has halted, the liquid ocean slowly becomes solid again
as the temperature decreases. Since we see pulsations during our XMM-Newton observation
(assuming pulsations were also present during the Swift/XRT observations), the heat stored
in the crust must be preferably released at hot spots, likely at the magnetic poles. Therefore,
it is plausible to assume that the magnetic field in the crust might be parallel to the surface
and only exits the crust at the poles (Figure 2.4).
Once the cooling starts, the bottom parts of the ocean become solid. At this point, some
magnetic field lines that were first in the liquid ocean are now in the new solid layer. It has
been shown that in a solid crust layer the thermal conductivity is larger than when this layer
is liquid (Horowitz et al. 2007; Brown & Cumming 2009; Mckinven et al. 2016). As a consequence, the heat flux toward the hot spots increases significantly in the layer that solidified.
Therefore, we can distinguish two regions in the hot spots: one in the outer part that is produced by those field lines guiding heat from the liquid layers, and other in the central part
of the hot spots that is produced by the magnetic field located in the solid crustal layer and
shows a higher heat flux. If originally all the field lines were located in the liquid layers,
then when part of those layers become solid, the inner part of the hot spot can suddenly rise
in temperature. Thus the hot spot does not physically shrink in size, but its core becomes
significantly hotter and the observed emission is dominated by this central region. Therefore
we observe an artificially smaller size for the emitting region with higher temperature and luminosity. In addition, an extra amount of energy may be released due to the phase transition
which would heat the inner part of the hot spot.
This model could in principle explain what we observed in Interval IV, but we stress that
detailed calculations should be performed to determine if this is also physically possible. In
addition, one prediction of the model is that after the initial artificial observed decrease in
size of the hot spot, it should appear to grow again when the cooling proceeds because most
of the liquid layers will solidify and thus the region with enhanced heat flux will increase. We
do not have additional observations after this enigmatic Swift/XRT observation so we cannot
test this prediction.

2.3.2 Direct accretion onto neutron star magnetic poles
In the direct accretion scenario, the matter is guided by the magnetic field to the poles forming hot spots. Although it remains unknown how the accretion works at low accretion rate
and what type of spectra would be produced, it might be possible that it would produce
softer spectra than those obtained in higher accretion rate states (Zampieri et al. 1995). The
Be/X-ray transient 1A 0535+26 was observed at similar low luminosities and it showed clear
accretion features (source detection at > 100 keV and aperiodic variability in the light curve;
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Orlandini et al. 2004, Rothschild et al. 2013; Doroshenko et al. 2014), so low-level accretion
can definitely occur in these systems. However, its spectrum was harder than what we observe
for 4U 0115+63 indicating that the emission is not formed in the same way in both systems.
Two possibilities are left: either low-level accretion onto strongly magnetized NSs could give
two types of spectra, or the physical mechanisms are widely diﬀerent and we indeed could
see cooling emission in 4U 0115+63.
When assuming that the plateau phase in 4U 0115+63 is due to low-level accretion down
to the surface of the NS, the behaviour seen during Interval IV could be due to some increase
in accretion triggered by the periastron passage. However, if the direct accretion scenario is
the right model to explain the source behaviour during this observation, there are still some
caveats to be clarified. A temperature increase can naturally be explained if the accretion rate
onto the pole increases, but it is not clear why the size of the emitting region would suddenly
decrease significantly. This could signal a change in accretion geometry (e.g., disk like to
wind like, or vice versa) but it is unclear if this is realistic. One key ingredient that needs to
be explained is why we observe such a soft spectra in the plateau phase compared to the typeII and the mini-type I outbursts (Wijnands & Degenaar 2016) where the source is definitely
accreting. Detailed models are needed that calculate the expected spectral shape during these
diﬀerent accretion states in order to make any further conclusive statements.

2.4

Conclusions

We have presented the latest results of our monitoring campaign using Swift and XMMNewton on the Be/X-ray transient 4U 0115+63 during its low-luminosity state observed after its 2015 type-II outburst. The aim of our study was to investigate the possible physical
mechanism or mechanisms behind this low-luminosity state that lasted for ∼200 days. The
three previously proposed mechanisms (Wijnands & Degenaar 2016) to explain this state are:
accretion down to the NS magnetosphere, accretion onto the magnetic poles of the NS, or
cooling emission from a NS heated due to the accretion of matter during the type-II outburst.
The low number of photons detected during the low-luminosity state only allowed for simple,
single component models (i.e., a power-law or blackbody models) to be fitted to the X-ray
spectra. The spectra were relatively soft and were well described by the blackbody model.
In addition, we detected pulsations in our XMM-Newton observation, indicative of emission
from the NS magnetic poles. As a consequence, the hypothesis of emission from the magnetospheric boundary is ruled out because pulsations are not expected in this scenario (assuming
that pulsations were presented during the whole low-luminosity state; this could not be tested
with the available data). However, we cannot conclusively reject the other two scenarios (or
a combination of them), although both cannot straight forwardly explain our results. More
dense monitoring of Be/X-ray transients after their type-II outbursts is needed to further determine the mechanism behind the low-luminosity state they can exhibit after those outbursts.

33

2

2 The X-ray plateau phase of 4U 0115+63

2

Acknowledgements
ARE and RW acknowledge support from an NWO Top Grant, Module 1, awarded to RW.
ASBN and AP are supported by an NWO Vidi grant, awarded to AP. YC is supported by
the European Union Horizon 2020 research and innovation programme under the Marie
Sklodowska-Curie Global Fellowship (grant agreement No.703916). ND acknowledges support from an NWO Vidi grant.

34

2

Recurrent low-level luminosity
behaviour after a giant outburst in
the Be/X-ray transient 4U 0115+63
A. Rouco Escorial, R. Wijnands, J. van den Eijnden, A. Patruno, N. Degenaar, A. Parikh,
L.S. Ootes
A revised version of this chapter has been accepted for publication in Astronomy and Astrophysics,
2019, arXiv:1907.04724

Abstract
In 2017, the Be/X-ray transient 4U 0115+63 exhibited a new type-II outburst that was two
times fainter than its 2015 giant outburst (in the Swift/BAT count rates). Despite this diﬀerence between the two bright events, the source displayed similar X-ray behaviour after these
periods. Once the outbursts ceased, the source did not transit towards quiescence directly, but
was detected about a factor of 10 above its known quiescent level. It eventually decayed back
to quiescence over time scales of months. In this paper we present the results of our Swift
monitoring campaign, and an XMM-Newton observation of 4U 0115+63 during the decay of
the 2017 type-II outburst, and its subsequent low-luminosity behaviour. We discuss the possible origin of the decaying source emission at this low-level luminosity, which has now been
shown as a recurrent phenomenon, in the framework of the two proposed scenarios to explain
this faint state: cooling from an accretion-heated neutron-star crust or continuous low-level
accretion. In addition, we compare the outcome of our study with the results we obtained
from the 2015/2016 monitoring campaign on this source.

3 The faint luminosity behaviour of 4U 0115+63
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3

Be/X-ray transients (BeXBs) are X-ray binary systems composed of highly magnetised (with
surface magnetic field strengths of ∼1012−13 G) neutron stars (NSs) that move around fast
rotating Be stars in, often highly, eccentric orbits (see Reig 2011 for a review of such systems). The companion stars are B-type stars that show emission lines in their optical spectra
(hence the additional ‘e’ in their name) at some point in their lives. Eventually, these lines
disappear and regular B-type stellar spectra are observed from these stars (see the review by
Porter & Rivinius 2003). The origin of those lines is attributed to the presence of temporary
gaseous equatorial disks (also called ‘decretion disk’) formed by the expelled material from
the rapidly rotating Be stars (see Rivinius et al. 2013).
The X-ray transient behaviour of BeXBs can be classified into two general types of phenomena (see Stella et al. 1986; Okazaki & Negueruela 2001): type-I and type-II outbursts
(the latter are also called ‘giant’ outbursts). Type-I outbursts, which typically occur periodically, last generally only a (small) fraction of the orbital period. They occur when the
NS is at the periastron of the orbit and passes through the decretion disk. In this scenario,
the NS can accrete matter from the disk and become bright in X-rays. Typical X-ray luminosities reached during these events are LX ∼1036−37 erg s−1 . In case of type-II outbursts,
which can last considerably longer than an orbital period, the X-ray luminosities are usually an order of magnitude higher than those observed during the type-I outbursts. X-ray
luminosities for these events often reach LX ≥1038 erg s−1 . Occasionally, the X-ray luminosities observed during type-II outbursts can even exceed the Eddington-limit luminosity for a
NS (LX > 2×1038 erg s−1 ; e.g., Tsygankov et al. 2017a, 2018). The physical mechanism that
causes this phenomenon is still not well understood. However, some studies describe special
combinations between the NS orbital plane and the structure of the Be-star decretion disk as a
possible scenario behind these giant outbursts (e.g., Okazaki et al. 2002; Moritani et al. 2013;
Martin et al. 2014a; Monageng et al. 2017), while other studies investigate the possibility of
Kozai-Lidov oscillations in the decretion disk as the main cause of this type of activity (e.g.,
Laplace et al. 2017).
Owing to the high X-ray fluxes of the systems, most BeXBs studies focus on the behaviour displayed by these systems at high X-ray luminosities (i.e., LX > 1036 erg s−1 ), thus
when they are in outburst (e.g., see Reig 2011 and reference therein). Although several BeXB
systems had been studied in the past while exhibiting lower luminosities (LX ∼1034−35 erg s−1 ;
see Motch et al. 1991; Rutledge et al. 2007) or, even more fainter, when they are in their
so-called ‘quiescent state’ (LX ∼1032−33 erg s−1 ; e.g., see Negueruela et al. 2000; Campana
2001; Campana et al. 2002; Orlandini et al. 2004). Only during the last few years, the lowluminosity behaviour of BeXBs has received much more attention resulting in numerous publications (e.g., Rothschild et al. 2013; Doroshenko et al. 2014; Reig et al. 2014; Elshamouty
et al. 2016; Wijnands & Degenaar 2016; Rouco Escorial et al. 2017; Tsygankov et al. 2017c;
Rouco Escorial et al. 2018). It is clear from these publications that the behaviour of BeXBs at
these low luminosities is quite diverse, and these studies highlight the importance of under-
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standing the diﬀerent physical scenarios behind the low-level luminosity stage where BeXBs
usually spend most of their lifetime.

3.1.1 The low-luminosity behaviour of BeXBs
During the luminous episodes of BeXBs (LX ≥1036 erg s−1 ), matter is accreted onto the NS
surface at high mass-accretion rates. In this scenario, matter penetrates the NS magnetosphere
and is guided by the magnetic field towards the NS magnetic poles, where it is accreted
onto the NS surface, thus creating hot spots (e.g., Elsner & Lamb 1977; Ikhsanov 2001;
Lii et al. 2014). Once the accretion rate decays and the outburst comes closer to its end,
both the NS spin period (Pspin ) and magnetic-field strength become crucial components in
the further evolution of the system (e.g., see the discussions in Tsygankov et al. 2017b and
Rouco Escorial et al. 2019b).
In the case of relatively fast spinning rotators (in general, Pspin ≤10 s), the accretion flow
might get centrifugally inhibited due to the rotating NS magnetospheric barrier, and it is
thought that material may be expelled from the system during this phase (called ‘propeller
eﬀect’; e.g., Illarionov & Sunyaev 1975; Romanova et al. 2004; D’Angelo & Spruit 2010).
Such a mechanism starts operating at a luminosity (typically LXprop ∼ 1035−36 erg s−1 , for relatively fast spinning NSs) that is determined by the magnetic field strength and Pspin of the
NS (see discussion in Campana et al. 2002). In some cases, this mechanism might not be
eﬀective enough to expel matter, and material is still stored in a disk (in what is often called
a ‘trapped’ or ‘dead’ disk) that remains coupled to the NS magnetic field even after the active accretion period has halted (e.g. Syunyaev & Shakura 1977; D’Angelo & Spruit 2012;
Patruno & D’Angelo 2013; D’Angelo 2014).
In both the propeller regime and the trapped disk scenario, it is assumed that material does
not reach the NS surface anymore. In this framework, very faint quiescent emission is expected and indeed these systems are detected at luminosities of only LX ∼1032−33 erg s−1 (e.g.,
Mereghetti et al. 1987; Roberts et al. 2001; Campana et al. 2002; Reig et al. 2014). However,
the exact emission mechanism or mechanisms behind this low-level X-ray emission are not
entirely clear yet. In some sources, the detection of pulsations, short-term variability, and the
observation of high-energy spectra show that matter is still reaching the NS surface. Therefore, in these systems, the propeller mechanism is not fully eﬀective, leading to a leakage
of material through the magnetic field lines onto the NS magnetic poles. Nevertheless, our
current understanding of this process is very limited (e.g. Mukherjee & Paul 2005; Orlandini
et al. 2004; Doroshenko et al. 2014).
An alternative scenario to explain the detected radiation when accretion is thought to be
centrifugally inhibited (thus no accretion of matter is supposed to happen onto the NS surface), is cooling emission from an accretion-heated NS. In this scenario, during the outbursts,
nuclear reactions are induced in the NS crust (e.g., Haensel & Zdunik 1990, 2003, 2008;
Steiner 2012; Lau et al. 2018) as the crust is compressed due to accretion of matter onto the
surface. Due to the energy released by these reactions, the thermal equilibrium between the
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NS crust and core is disrupted, with the crust becoming significantly hotter than the core (e.g.,
Rutledge et al. 2002). When the outburst is over, the crust cools down (with most of the heat
flowing into the core that will then heat up, albeit marginally during only one outburst) until
the equilibrium between the crust and the core is restored once again. This crust cooling can
be observed using sensitive X-ray instruments. When the crust cooling is over, thermal emission might still be detectable from the NS if its core is suﬃciently hot (i.e., it has been heated
significantly by accretion over many outburst cycles). The detection of this thermal surface
emission (either from a cooling crust or directly related to the core temperature) allows us to
study the properties of the crusts and cores and, therefore, of the physics of ultra-dense matter
in NSs. Most of these studies have been performed for systems that harbour low-magnetic
field NSs (B ∼ 108−9 G; see Wijnands et al. 2017, for a review). However, not much is known
about how the presence of a strong NS magnetic field (B ∼ 1012−13 G) may aﬀect the thermal
state of accreting NSs (both the crust as well as the core). So far, only a handful of systems
have shown thermal emission from the surface which can likely be associated with the thermal state of the core (e.g., Campana et al. 2001; Elshamouty et al. 2016; Tsygankov et al.
2017c). In addition, only two BeXBs (4U 0115+63 and V 0332+53) have shown evidence
of potential cooling emission from a NS crust, but a possible contribution from low-level
accretion of matter onto the NSs in these systems could not be ruled out (see Wijnands &
Degenaar 2016, and Rouco Escorial et al. 2017 for in-depth discussions).

3.1.2 The BeXB 4U 0115+63
4U 0115+63 is a BeXB that harbours a highly magnetised NS (B∼1.3×1012 G; see Raguzova & Popov 2005) with Pspin ∼3.62 s (Cominsky et al. 1978). The compact object orbits
around its early-type companion (B0.2Ve; see Negueruela & Okazaki 2001) every 24.3 days
(Rappaport et al. 1978). The distance toward the source is typically assumed to be ∼7 kpc
(Okazaki & Negueruela 2001). This distance has recently been confirmed by Gaia, which
establishes a best distance estimate of 7.2+1.5
−1.1 kpc (Rouco Escorial et al. 2019b). Although
the first outburst observed from the source was in 1969 using the Vela-5B satellite (Whitlock
et al. 1989), the object was oﬃcially discovered in 1972 using the UHURU satellite (Giacconi et al. 1972; Forman et al. 1978). Since then, the system has shown both periodic type-I
outbursts (although not at every periastron passage) and type-II outbursts (see Boldin et al.
2013; Nakajima et al. 2015; Nakajima et al. 2016b; Nakajima et al. 2016d; Nakajima et al.
2017).
After its 2015 type-II outburst, the source was found at an elevated luminosity (Wijnands
& Degenaar 2016; Rouco Escorial et al. 2017) compared to its known quiescent luminosity
(Tsygankov et al. 2017c). Continued monitoring observations of the source showed that this
elevated level was slowly decreasing over time. This behaviour, combined with the observed
spectral evolution of the source, was interpreted as evidence for the cooling of the neutron-star
crust that was heated due to the accretion of matter in the preceding outburst (see Wijnands
& Degenaar 2016; Rouco Escorial et al. 2017; although emission due to a slowly decreasing
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accretion rate onto the NS could not be ruled out).
In July 2017, the source exhibited another type-II outburst (Nakajima et al. 2017) which
lasted for approximately one and a half months. In our paper, we present the results of
our monitoring campaign on 4U 0115+63 after this latest type-II outburst using the Neil
Gehrels Swift observatory (Gehrels et al. 2004; cited as Swift from now on), and, additionally, one XMM-Newton observation. This type-II outburst (and our subsequent monitoring of
the source when the outburst was over) is an exceptional opportunity to further investigate
the nature of the observed low-luminosity state in this source, and to possibly conclusively
demonstrate (or disprove) that it is caused by the cooling of an accretion-heated crust.

3
3.2

Observations, analysis, and results

4U 0115+63 showed a type-II outburst in July-August 2017. This outburst was monitored
using both the Burst Alert Telescope (BAT; Barthelmy et al. 2005) and the X-ray Telescope
(XRT; Burrows et al. 2005; see Table 3.1 for more details of the XRT observations used for
our spectral analysis in Section 3.2.2.1) on board Swift. These instruments allowed us to
monitor the giant outburst and its decaying phase. The XRT also allowed us to study the
subsequent transition to the low-luminosity state of the source (similar to our observational
campaign on the source in 2015/2016; see Wijnands & Degenaar 2016; Rouco Escorial et al.
2017). In addition, we obtained an observation on January 23, 2018, using XMM-Newton
(Jansen et al. 2001) to study this low-luminosity state in further detail. We also re-analysed
two archival XMM-Newton observations of the source (see Table 3.1 for more information
about the XMM-Newton data we used; see also Tsygankov et al. 2017c and Rouco Escorial
et al. 2017 for the two archival observations).

3.2.1 Light curve
The XRT light curves (see Figure 3.1) of the source were produced in the 0.5 − 10 keV energy
range using the XRT web interface1 (Evans et al. 2009) with the source coordinates as given
in Reig & Fabregat (2015). The BAT light curves (also displayed in Figure 3.1) were obtained
from the BAT transient monitor web page2 in the 15 − 50 keV energy range (Krimm et al.
2013). In addition, the XMM-Newton count rates were converted to XRT count rates (also
called ‘inferred XRT count rates’) within the 0.5−10 keV energy range using the WebPIMMS
tool3 and the spectral parameters of each XMM-Newton observation (see Section 3.2.2.2 for
more details about the XMM-Newton spectral analysis).
In Figure 3.1, we show the BAT and XRT light curves for both 2015/2016 and 2017/2018
observational campaigns including the XMM-Newton observations. Both panels in Figure 3.1
display diﬀerent representations of the same light curves but with diﬀerent zero points, de1

http://www.swift.ac.uk/user_objects/

2 https://swift.gsfc.nasa.gov/results/transients/weak/4U0115p634/
3 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 3.1: The Swift/XRT (light-blue diamonds) and Swift/BAT (light-grey open circles) light curves during and
after the 2015/2016 type-II outburst of 4U 0115+63 and the Swift/XRT (red stars) and Swift/BAT (black circles) light
curves during the 2017/2018 campaign for the source. In the top panel, we show the light curves obtained during
both campaigns but aligned using the start times of these outbursts. The zero-points of the light curves correspond
to October 9th, 2015 (MJD 57304), and July 22nd, 2017 (MJD 57956). In the bottom panel we show the same light
curves again but now aligned with respect to the occurrence of the first periastron passages after the type-II outbursts
(around day 50 in the light curves). Our 2016 and 2018 XMM-Newton observations are shown as a light-blue pointup triangle and a red square, respectively, and the times at which these observations were obtained are also indicated
by the two yellow marks. The XRT and XMM-Newton count rates are calculated in the 0.5 − 10 keV energy range,
while the BAT count rates are shown in the 15 − 50 keV range. The XMM-Newton count rates have been converted
to Swift/XRT count rates (see Sec. 3.2.1 for more details). Periastron passages for the 2017/2018 dataset (computed
using the orbital parameters in Raichur & Paul 2010) are indicated by the vertical dotted lines and the quiescent level
of 4U 0115+63 (see Sec. 3.2.2) is shown by the dashed brown line in the figures. All errors are 1σ.

pending on which date the outbursts started (top panel) or by matching the time of the periastron passages of both epochs (bottom panel; using the first mini type-I outburst [see below]
after the type-II outburst to line up the two diﬀerent data sets). The reason behind these different light curve representations is to allow the reader to notice the recurrent low-luminosity
behaviour of the source after the type-II outbursts (Figure 3.1, top panel) and to see more
clearly the detected variability close to periastron during both campaigns (Figure 3.1, bottom
panel). The 2017 type-II outburst lasted a similar number of days (∼45 days) as the 2015
giant outburst (see BAT light curves in the top panel of Figure 3.1), but its BAT intensity
peaked at only about half of that observed during the 2015 outburst (∼0.06 counts cm−2 s−1
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versus ∼0.1 counts cm−2 s−1 , respectively; see Figure 3.1). The XRT was used to monitor
both outbursts, although the 2015 outburst was more densely covered.
The 2015/2016 XRT campaign covered the decay of the outburst. During the final stages,
the source showed a fast transition from ∼2.5 counts s−1 to ∼1×10−2 counts s−1 in 4 days,
suggesting that the source possibly entered the propeller regime (see Tsygankov et al. 2016
for more details). The 2017/2018 campaign consisted of fewer observations during the decay
phase of the outburst, however as one can notice in Figure 3.1 (top panel), the XRT count rate
during this outburst decreased from ∼0.6 counts s−1 to ∼1.6×10−2 counts s−1 in 3 days, i.e.
showing a similar rapid decay as during the previous outburst, suggesting that 4U 0115+63
also entered the proposed propeller regime during the 2017 outburst. The approximately
similar count rates during both outbursts, at which this acceleration of the decay happened,
suggest that it is a recurrent and likely fundamental property of the outburst behaviour of this
source.
A transition into the propeller regime would be consistent with the subsequent observations. In both cases, the source did not transition directly to quiescence, but it settled in a
decaying low-luminosity state, approximately a factor of 10 above the quiescent level. In
Figure 3.1 (top panel), one can see that the low-luminosity state of the source after the giant
outbursts is recurrent regardless of the diﬀerences in the source behaviour during the preceding outbursts (i.e., the peak brightness was diﬀerent between the two outbursts). However,
during the 2017/2018 low-luminosity state, the source appears to be slightly fainter than during this same state after the 2015/2016 outburst.
Similar to what was observed during the 2015/2016 low-luminosity state (see Wijnands
& Degenaar 2016 and Rouco Escorial et al. 2017), the source exhibited short-term (days)
increases in count rate on top of the decay trend during the 2017/2018 low-luminosity state.
These enhanced emission periods occurred typically close to periastron passages (see Figure 3.1 bottom panel; the brightest occurrences have been called ‘mini type-I’ outbursts;
Wijnands & Degenaar 2016) and might be related to an increase of matter accreted on to
the NS. Where exactly the matter is coming from, and how it is eventually accreted on to
the NS remains unclear. Interestingly, similar to the 2015/2016 low-luminosity state, the
source also exhibited such a mini type-I outburst during the first periastron passage after the
end of the 2017 outburst (Figure 3.1 bottom panel; although this event was not as bright as
the one observed after the 2015 outburst; ∼0.05 versus ∼0.7 counts s−1 , respectively). Our
2015/2016 XRT monitoring campaign stopped approximately 60 days after the end of the
outburst, whereas we monitored the source for longer in 2017. This allowed us to detect
more of such mini type-I outbursts (Figure 3.1 bottom panel). It is quite possible that after the 2015 outburst, the source also exhibited multiple of such events but that these were
missed because of the lack of XRT monitoring. Overall, the behaviour of the source after
both type-II outbursts is very similar, with respect to the general decay trend as well as the
variability detected on top of this.
Our 2017/2018 monitoring campaign finished during a new periastron passage of the
source at ∼250 days after the onset of the giant outburst. The source was only barely de-
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tected during these observations (Figure 3.1 bottom panel). We obtained a marginal detection of the source (3 photons in 0.9 ks; ObsID 00031172089) followed by three nondetections. When combining these three observations (ObsIDs 00031172091, 00031172092
and 00031172093) the source was still not detected in ∼2.48 ks resulting in a 2σ upper limit
of <3.5×10−3 counts s−1 (obtained following the method described in Gehrels 1986). The
small number of photons detected from the source in ObsID 00031172089 did not allow us
to perform any spectral fitting (following the criteria introduced in Sec. 3.2.2.1).

3

3.2.2 Spectral analysis
3.2.2.1 Swift observations

For the Swift/XRT spectral analysis (see Table 3.1 for the observations used in this analysis),
we used the 2017/2018 observations and, for consistency, we re-analysed the 2015/2016 data
published by Rouco Escorial et al. (2017). As one can see during the low-luminosity state
from Figure 3.1 (bottom panel), 4U 0115+63 exhibits variability which seems to be more
prominent at periastron passage suggesting that there might be enhanced accretion of matter
onto the NS during periastron. Since this might alter the emitted spectra, we have grouped our
observations in two data sets depending on their orbital phases (φ): the first set corresponds
to periastron passage (if 0 ≤ φ < 0.20 and 0.80 < φ ≤ 1.0) and the second set to apastron (if
0.20 ≤ φ ≤ 0.80). Due to the (very) low count rates in many of the observations obtained during the diﬀerent apastron intervals (see Table 3.1), we combined the data that were obtained
during the same apastron interval4 (see Table 3.2) to guarantee a better signal-to-noise ratio.
We used the heasoft (v.6.17) software to analyse the XRT data and we produced new
cleaned XRT event-files using the tool xrtpipeline. The source and background information
(i.e., the count rates and spectra) were obtained using the tool xselect. As source extraction
region, we used a circle of 15 pixels centered at the source position (Reig & Fabregat 2015),
while as background extraction region we used an annulus with an inner radius of 60 pixels
and an outer one of 110 pixels. All the XRT observations were performed with the detector in
Photon Counting (PC) mode. Only the count rates observed during the 2016 mini type-I outburst (ObsID 00031172036) and during the 2017 decay (ObsID 00031172063) observations
were above the pile-up limit (∼0.5 counts s−1 ), so we followed the standard thread5 to correct
for this eﬀect. We used xrtpipeline to create the exposure maps6 and xrtmkarf to obtain the
ancillary response files. The response matrix files (v.14) from the Swift calibration database
were used during this process and during the spectral fits.
Although our 2017/2018 observational campaign consisted of more observations than the
previous monitoring campaign, the quality of the Swift observations generally collected only
4 We calculated the dates of the combined observations as the weighted average (weighted by the exposure times)
of the dates for each observation of the combined file. Errors are the start times and end times of the first and the last
observations, respectively, in the combined files.
5 http://www.swift.ac.uk/analysis/xrt/pileup.php
6 For the combined data, we acquired their exposure maps following the method explained in
http://www.swift.ac.uk/analysis/xrt/exposuremaps.php
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Table 3.1: Log of the Swift and XMM-Newton observations of 4U 0115+63 used for the spectral analysis in this
paper.
Swift
ObsID

000311720[30]

Date

Nov 18

MJD

Exposure Time

Count Rate

(ks)

(10−3 counts s−1 )

2015/2016 campaign
57344.1242±0.0055
∼0.9

φ

916±63

0.65

+[31]
+[32]

" 19
" 20

57345.889±0.037
57346.18±0.14

∼1.9
∼1.9

60.4±7.0
32.2±5.8

0.72
0.73

+[33]
+[34]

" 21
" 22

57347.487±0.038
57348.549±0.038

∼2.1
∼1.8

20.5±3.4
12.0±2.9

0.79
0.83

+[35]
+[36]

" 23
" 27

57349.681±0.039
57353.894±0.071

∼2.3
∼1.9

20.6±3.3
747±31

0.88
0.05

+[37]

Dec 5

57361.761±0.069

∼2.1

16.2±3.3

0.37

+[38]
+[39]

"8
" 11

57364.589±0.038
57367.6193±0.0063

∼1.9
∼1.1

9.8±2.5
9.5+3.7
−3.0

0.49
0.61

+[40]
+[41]

" 12
" 25

57370.21±0.14
57381.067±0.032

∼1.5
∼1.9

9.4+3.1
−2.6
12.6±2.9

0.72
0.17

+[42]
+[43]

Jan 1
"8

57388.782±0.036
57395.49±0.43

∼1.7
∼2.4

3.7+2.0
−1.5
6.0+2.0
−1.6

0.49
0.76

+[44]
+[46]

" 14
Apr 25

57401.60±0.37
57503.37±0.31

∼1.4
∼7.9

10.5+3.6
−2.9
6.7±1.1

0.01
0.19

000311720[63]
+[64]

Sept 2
"5

57998.055±0.036
58001.1290±0.0056

∼1.0
∼1.0

584±32
16.6+5.0
−4.2

0.54
0.67

+[65]
+[66]

"8
" 11

58004.0566±0.0058
58007.1832±0.0049

∼1.0
∼0.8

<13
13.2+5.1
−4.1

0.79
0.92

+[67]
+[68]

" 14
" 17

58010.1701±0.0055
58013.121±0.029

∼0.9
∼1.0

54.4±8.2
5.0+3.1
−2.2

0.04
0.16

+[70]
+[71]

" 27
Oct 4

58023.1072±0.0031
58030.9343±0.037

∼0.5
∼1.1

5.3+5.0
−3.1
3.4+2.6
−1.7

0.57
0.89

+[72]
+[73]

"9
" 23

58035.0880±0.0056
58049.060±0.035

∼0.9
∼1.8

3.9+3.0
−2.0
3.3+1.8
−1.4

0.06
0.64

+[74]
+[75]

Nov 6
Dec 4

58063.40±0.23
58091.373±0.040

∼2.7
∼2.8

8.1±2.1
1.38+1.07
−0.72

0.23
0.38

+[77]
+[78]

" 25
Jan 3

58112.82±0.17
58121.912±0.038

∼2.4
∼1.2

5.0+1.9
−1.5
3.6+2.3
−1.7

0.26
0.63

3

2017/2018 campaign

+[79]

" 17

58135.48±0.43

∼0.9

26.2±6.2

0.19

+[80]
+[81]

" 20
" 24

58138.5689±0.0074
58142.587±0.033

∼1.3
∼1.2

4.8+2.6
−1.9
3.7+2.3
−1.7

0.32
0.48

+[83]
+[84]

Feb 8
" 10

58157.66±0.24
58159.249±0.035

∼1.9
∼2.1

23.5±4.4
5.5+2.0
−1.6

0.10
0.17

+[85]
+[86]

" 12
" 14

58161.046±0.039
58163.039±0.037

∼2.3
∼2.0

2.3+1.7
−1.2
2.8+1.8
−1.3

0.24
0.32

+[87]

" 16

58165.13±0.13

∼1.8

4.2+2.3
−1.7

0.41

XMM-Newton
0505280101

2007 Jul 21

54302.24±0.17

∼7, ∼16, ∼16

13.0±1.5, 3.43±0.55, 3.75±0.56

0.45

0790180301
0804940201

2016 Feb 17
2018 Jan 23

57435.61±0.29
58141.69±0.16

∼15, ∼28, ∼29
∼6, ∼16, ∼15

24.8±1.3, 8.21±0.57, 10.10±0.62
15.3±1.8, 5.04±0.63, 5.13±0.66

0.41
0.45

Notes. The Swift/XRT and XMM-Newton count rates are obtained for the 0.5 − 10 keV energy range and the errors are 1σ. The 2017/2018 XRT
count rate upper limit is calculated following the description in Gehrels (1986). The XMM-Newton exposure times and count rates are shown in the
following order: pn, MOS 1 and MOS 2. The eﬀective exposure times (after filtering from background flaring events in the XMM-Newton data) are
shown. In the last column, φ indicates the phase of the binary orbit at which the observations were obtained (periastron passage corresponds to φ=0
and apastron to φ=0.5). The errors on the MJD indicate the start and the end times of the interval during which the observations were obtained.
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3

a small number of counts. Therefore, firstly we opted for grouping the data into 2 counts
per bin (with grppha) to avoid zero-values (or negative) in any of the spectral bins when
subtracting the background spectra from the source ones. Additionally, we only applied the
spectral analysis to those observations that had four or more bins in their spectra. We used
xspec (v.12.9.0)7 for our spectral analysis. We fitted the data in the 0.5 − 10 keV energy range
using W-statistics (background subtracted C-statistics; Wachter et al. 1979). We used either
an absorbed power-law model (pegpwrlw) or an absorbed black-body model (bbodyrad).
This allows us not only to investigate the spectral evolution of our data and, with that, the
potential emission mechanisms, but also to compare our results with those already existing
studies for this source (Wijnands & Degenaar 2016; Rouco Escorial et al. 2017).
The quality of the spectra does not allow us to prefer one model over the other, and the
data could also be well fitted using other single component models (e.g., a neutron-star atmosphere model, as used in Elshamouty et al. 2016 and Rouco Escorial et al. 2018). However,
we are (very) limited by the quality of our spectra and, therefore, we prefer to continue our
interpretation with the simple power-law and black-body models. The absorption column
density (NH ) was modelled using tbabs with wilm abundances (Wilms et al. 2000) and vern
X-ray cross-sections (Verner et al. 1996). We fixed the NH to 9×1021 cm−2 (Kalberla et al.
2005) as we could not constrain this parameter from our spectra (this NH value was also used
in previous works on this source, again allowing for a direct comparison; e.g., Wijnands &
Degenaar 2016; Rouco Escorial et al. 2017). We adopted a distance to the source of 7.2 kpc
(Rouco Escorial et al. 2018). In the case of the black-body fits, the unabsorbed 0.5 − 10 keV
fluxes were obtained using the convolution model cflux.
The results of our spectral fitting are shown in Table 3.2 and Table 3.3. Figure 3.2 and
Figure 3.3 show the time evolution of the spectral parameters with for the black-body and
power-law model, respectively. We apply the black-body model only to those observations
obtained during apastron as the contribution due to possible low-level accretion is expected to
be the lowest (and possible negligible) during this orbital phase. In addition, the black-body
model allows us to trace the evolution of the source temperature, which is a key parameter
in the crust cooling hypothesis. The black-body temperatures of the apastron intervals show
a decay for both the 2015/2016 as well as for the 2017/2018 campaigns. The black-body
temperature drops from kTbb ∼ 0.69 keV to 0.44 keV and from kTbb ∼ 0.55 keV to 0.33 keV
respectively. The size of the emission region was between Rbb ∼ 0.3 − 1.0 km during both
campaigns (see Table 3.2; see also Rouco Escorial et al. 2017 for the spectral results obtained
for the 2015/2016 campaign; our results are consistent with theirs). These sizes suggest that
the energy is released from smaller regions than the NS radius, likely at the magnetic poles
(which is consistent with the pulsations found during the XMM-Newton observations taken
during these low-luminosity states; see Sec. 3.2.3). The source luminosity decayed in a
similar way in both cases: from LX ∼ 7 × 1033 erg s−1 to ∼ 0.9 × 1033 erg s−1 in 2015/2016,
and from LX ∼ 4 × 1033 erg s−1 to ∼ 0.6 × 1033 erg s−1 in 2017/2018 (see Figure 3.2). We
7 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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Table 3.2: Spectral analysis results obtained from the black-body model fitting for the apastron observations.

ObsID

kTbb

Rbb

(keV)

(km)

0505280101

0.384+0.026
−0.025

0.421+0.072
−0.060

+[32-33]

0.693+0.072
−0.061

+[37-40]
+[42-43]

FX
(10

−13

erg cm

LX
s )

−2 −1

33

(10 erg s−1 )

2007
0.745+0.058
−0.056

0.462+0.036
−0.035

0.506+0.103
−0.087

12.0+1.5
−1.4

7.46+0.96
−0.88

0.570+0.064
−0.053

0.507+0.114
−0.095

5.49+0.75
−0.69

3.41+0.47
−0.43

0.42+0.20
−0.10

0.69+0.67
−0.69

2.85+0.79
−0.67

1.77+0.49
−0.42

0.443±0.012

0.439+0.028
−0.026

1.423±0.051

0.914+0.032
−0.031

2015/2016

0790180301

3

2017/2018
+[64-65]

0.55+0.16
−0.11

0.60+0.34
−0.23

6.6+1.8
−1.5

4.06+1.09
−0.93

+[74]

0.46+0.20
−0.11

0.61+0.48
−0.61

3.55+1.05
−0.88

2.20+0.65
−0.54

+[75]

0.473+0.064
−0.060

0.32∗

1.05+0.63
−0.45

0.65+0.39
−0.28

+[77-78]

0.70+0.18
−0.13

0.222+0.119
−0.079

2.49+0.76
−0.64

1.54+0.47
−0.40

+[80-81]

0.54+0.41
−0.18

0.37+0.57
−0.37

2.29+1.03
−0.80

1.42+0.64
−0.50

0804940201

0.461+0.026
−0.024

0.316+0.042
−0.037

0.900+0.064
−0.061

0.559+0.040
−0.038

+[85-87]

0.327+0.087
−0.067

1.01+0.91
−1.01

2.20+0.68
−0.57

1.36+0.42
−0.35

Notes.The NH was fixed to 9×1021 cm−2 (Kalberla et al. 2005). The unabsorbed X-ray fluxes (FX ) and luminosities
(LX ) are calculated in the 0.5 − 10 keV energy range and using a distance of ∼7.2 kpc (Rouco Escorial et al. 2018).
All errors are expressed for 1σ confidence interval. The ∗ means that this parameter was fixed to the listed value
during the fitting process.

note that the LX inferred from the black-body fits to our 2017/2018 data are systematically
lower than those obtained for the 2015/2016 data, suggesting that, although the general decay
trend is seen during both campaigns, the source was systematically fainter in the 2017/2018
low-luminosity state than in 2015/2016.
The results obtained from power-law fits (see Table 3.3 and Figure 3.3) suggest that the
spectra are harder during the 2015 mini type-I outburst (ObsID 00031172036), the 2017
decay observation (ObsID 00031172063; probably due to an accretion tail from the main outburst) and the other two possible mini type-I outbursts observed in 2018 (ObsID 00031172079
and ObsID 00031172083), than during the other intervals (with typical photon indices of
∼ 0.2 − 0.7 versus ∼ 1.5 − 3; see Table 3.3). Similar to our black-body fit results, the observed
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Table 3.3: Spectral analysis results for the power-law model fitting.

ObsID

Interval

FX

Γ
(10

−13

erg cm

LX
s )

−2 −1

33

(10 erg s−1 )

2007
0505280101

Apastron

2.73±0.19

1.28+0.17
−0.15

+0.105
0.792−0.095

2015/2016
000311720[30]

3

Apastron

0.435±0.089

938+61
57

582+38
−36

+[31]a

"

1.52±0.25

45.6+6.9
−6.0

28.3+4.3
−3.7

+[32-33]

"

1.75±0.28

19.7+2.8
−2.5

12.2+1.8
−1.5

+[34-35]

Periastron

2.40±0.39

16.8+2.9
−2.3

10.4+1.8
−1.4

"

0.232±0.067

746+36
−34

463+22
−21

+[37-40]

Apastron

1.84+0.28
−0.34

9.5+1.8
−1.2

5.88+1.10
−0.77

+[41]

Periastron

2.36+0.61
−0.57

11.0+4.2
−2.6

6.8+2.6
−1.6

+[42-43]

Apastron

2.3±1.2

5.8+4.7
−1.4

3.57+2.92
−0.85

+[44]

Periastron

2.62+0.84
−0.76

+4.8
8.9−2.8

5.5+3.0
−1.7

0790180301

Apastron

2.369±0.082

2.43±0.14

1.506+0.087
−0.084

000311720[46]

Periastron

1.49±0.33

5.35+1.09
−0.89

3.32+0.68
−0.55

a

+[36]

2017/2018
000311720[63]a

Apastron

0.496±0.093

585+40
−37

363+25
−23

"

+0.75
2.09−0.73

11.9+4.0
−2.7

7.4+2.5
−1.7

+[66]

Periastron

4.02+1.6
−1.3

64.0+301
−64

40+187
−40

+[67]

"

1.87+0.34
−0.33

41.6+7.2
−6.4

+4.4
25.8−4.0

+[74]

Apastron

1.50+0.85
−0.97

8.7+12.2
−3.2

5.39+7.5
−2.0

+[75]

"

2.34∗

2.06+1.24
−0.89

1.28+0.77
−0.55

+[77-78]

"

2.08+0.67
−0.62

4.0+1.4
−1.0

+0.85
2.46−0.64

+[79]

Periastron

0.68+0.59
−0.61

31.7+14.7
−9.3

+9.1
19.7−5.7

+[80-81]

Apastron

3.05+2.1
−1.6

6.49+35.7
−3.3

+22.2
4.03−2.1

"

2.34+0.18
−0.16

1.28+0.17
−0.15

0.93+0.12
−0.11

+[83]

Periastron

0.70+0.51
−0.52

28.1+8.0
−5.9

17.4+5.0
−3.6

+[84]

"

1.20+0.91
−0.90

5.1+2.8
−1.7

3.2+1.7
−1.1

Apastron

3.83+0.99
−0.83

+6.8
6.1−2.7

3.8+4.2
−1.7

+[64-65]

0804940201

+[85-87]

Notes.The NH was fixed to 9×1021 cm−2 (Kalberla et al. 2005). The FX and LX are calculated in the
0.5−10 keV energy range and using a distance of ∼7.2 kpc (Rouco Escorial et al. 2018). All errors are
expressed for 1σ confidence interval. The ∗ indicates that the parameters was fixed to the given value during
the spectral fits. The observations indicated with the a were obtained during the decay phase of the giant
outbursts and not during the low-luminosity states. The results for these observations are listed for comparison.
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X-ray luminosities obtained from our power-law fits also show an overall decaying trend during both the 2015/2016 and the 2017/2018 campaigns, although, superimposed on this trend,
we find enhanced emission close to the periastron passages (as can also be seen from the
XRT light curves displayed in Figure 3.1; i.e., visible in the bottom panel). However, we do
not find this enhanced X-ray emission at every periastron passage, so whatever the physical
process is behind these enhancements, it likely is not active during each periastron passage.
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Figure 3.2: Evolution of the black-body model spectral parameters for those observations obtained during or close
to apastron. From top to bottom: the X-ray luminosity (0.5 − 10 keV), the black-body temperature, and the corresponding emission region radii (values that were fixed during the spectral fits are not shown; see Sec. 3.2.2.1).
The zero points correspond to the dates of the end of the outbursts: November 20th, 2015 (MJD 57346), for the
2015/2016 campaign and September 5th, 2017 (MJD 58001), for 2017/2018 one. The blue and red colours indicate
the 2015/2016 and 2017/2018 data sets, respectively. Our XMM-Newton observations are shown with a point-up
triangle (light-blue; 2015/2016 campaign) and a square (red; 2017/2018 campaign). Errors are 1σ confidence levels.
In some cases, the errors are smaller than the symbol. The horizontal dotted lines indicate the representative values
measured during the 2007 quiescent XMM-Newton observation.

3.2.2.2 XMM-Newton observations

We reduced and analysed (using the XMM-Newton science analysis software or SAS8 ) our
2018 XMM-Newton observation of 4U 0115+63 (ObsID 080494929), obtained ∼140 days
8 https://www.cosmos.esa.int/web/xmm-newton/sas
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Figure 3.3: Evolution of the spectral parameters for the power-law model. Top panel: Time evolution of the Xray luminosity (0.5 − 10 keV energy range). Bottom panel: Evolution of the photon index (values fixed during the
spectral fits are not displayed; see Sec. 3.2.2.1). The zero points are the same as used in Figure 3.2, although the
observations of the 2015/2016 campaign are shifted by a few days in order to line up the times of the periastron
passages during this campaign with respect to the 2017/2018 campaign. The colours and symbols are the same
as used in Figure 3.2. Observations obtained close to periastron passages are plotted with point-down triangles (in
the case of 2015/2016 data) and crosses (for 2017/2018 observations). Extra observations during the decay of the
giant outbursts are shown at negative days. Errors are 1σ and may be smaller than the symbols used in the plot.
Dotted vertical lines in the plots indicate the times of the periastron passages. The horizontal dotted lines indicate
the representative values measured during the 2007 quiescent XMM-Newton observation.

after the start of the 2017 type-II outburst, and re-analysed the other two previously obtained XMM-Newton observations: the 2007 one during quiescence (ObsID 0505280101;
Tsygankov et al. 2017c) and the other low-luminosity state observation obtained in 2016 (ObsID 0790189391; Rouco Escorial et al. 2017) after the 2015 giant outburst. We filtered the
episodes of background flaring activity from the observations using the count rates in the 10−
12 keV energy range for the EPIC-pn detector (from now on referred to as pn) and >10 keV
for the EPIC-MOS detectors (hereafter MOS). We used the following count rate thresholds
(for ObsID 0505280101, ObsID 0790189391, and ObsID 080494929, respectively): for pn
≥0.4, ≥0.3, and ≥0.3 counts s−1 ; for MOS 1 ≥0.25, ≥0.15, and ≥0.15 counts s−1 ; and for
MOS 2 ≥0.25, ≥0.2, and ≥0.2 counts s−1 . We used the filtered files to produce calibrated
event list files running the emproc and epproc tasks. We obtained the source counts and spec-
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tra using circular extraction regions with 20 arcsec radii, and we used circular regions with 50
arcsec radii on the same CCD to extract the background counts and spectra. The source was
faint during the XMM-Newton observations and our data were not aﬀected by pile-up. We
produced the response matrix and ancillary response files using the rmfgen and arfgen tasks,
respectively. Finally, we grouped our data to 2 counts per bin using specgroup and performed
the same spectral analysis as the one described in Sec. 3.2.2.1 for the Swift data. We tied
the parameters between the pn, MOS 1 and MOS 2 spectra and we fitted the power-law and
black-body models to them.
In Figure 3.4 we show the comparison of the three diﬀerent epochs (2007, 2016, and
2018) pn spectra. As can be noticed, during the observation obtained in 2016 (blue pointup triangles) the source was clearly above its 2007 quiescent level (black crosses), while
during the observation acquired in 2018 (red squares) the source was closer to quiescence.
The results of our XMM-Newton spectral analysis are displayed in Table 3.2 and Table 3.3,
and the time evolution of the spectral parameters is shown in Figure 3.2 for the black-body
model, and in Figure 3.3 for the power-law model. To determine if one of the models provided
a better fit than the other one, we followed the method used in Tsygankov et al. (2017c).
The diﬀerence between the C-values (∆C) obtained from the W-statistics of the power-law
and black-body models indicates how preferable one model is over the other (if |∆C|>10; for
more details see Tsygankov et al. 2017c). In the case of the three XMM-Newton observations,
|∆C| was higher than 10 for the power-law model compared to the black-body model, which
demonstrates that the black-body model better describes the spectra. Nevertheless, we also
report on the power-law spectral parameters for the XMM-Newton observations in order to be
able to compare the spectral shape during these observations with the shape observed during
the Swift observations (as we could not statistically preferred one model over the other for
these Swift spectra).
The black-body model provides best-fit spectral parameters with temperatures of
kTbb ∼0.38−0.46 keV and with small radii for the emission region, Rbb ∼0.32−0.44 km, (see
Table 3.2). If indeed this is the correct spectral model, this would suggest that we see thermal emission from the NS surface, likely from the magnetic poles. This is corroborated by
the detection of pulsations from the source (see Sec. 3.2.3). When fitting the spectra with
a power-law model, the results show that the XMM-Newton spectra are relatively soft, with
photon indices of ∼2.3−2.7, also suggesting that the emission is thermal in nature. The observed spectra (using the Swift/XRT; Sec. 3.2.2.1) during the decay of the type-II outbursts
and during the mini type-I outbursts were obtained when accretion of matter on to the NS surface was occurring at relatively high levels. These spectra are significantly harder, with photon indices of ∼0.2−0.7 (see Table 3.3), than the low-luminosity state and quiescent spectra.
During the XMM-Newton observations the source was detected at LX ∼0.9−1.5×1033 erg s−1
(0.5 − 10 keV; the lower and higher bounds are the black-body and power-law models X-ray
luminosities, respectively) during the 2015/2016 low-luminosity state, while the luminosity
was ∼0.6−0.9×1033 erg s−1 in 2017/2018, which is almost the same as the observed quiescent
level for the source, LX ∼0.5−0.8×1033 erg s−1 , in the 2007 observation.

49

3

$

!"

&

3

!"

'()*+,-./.01*23 %*1 !*'() !4

3 The faint luminosity behaviour of 4U 0115+63

"#$

!

%

$

50(678*+'()4
Figure 3.4: Comparison of the unfolded pn spectra obtained during the three XMM-Newton observations. All spectra
were fitted using a black-body model. The spectra have been rebinned for displaying purposes. The observations
were obtained during quiescence in 2007 (black crosses and dotted line; ObsID 0505280101), ∼90 days after the
end of the 2015 outburst (blue point-up triangles and dashed line; ObsID 0790189391), and ∼140 days after the end
of the 2017 outburst (red squares and solid line; ObsID 0804940201).

3.2.3 XMM-Newton timing analysis
For the timing analysis of our 2018 XMM-Newton observation, we used the background filtered pn data and selected those X-ray photons that satisfied single and double patterns9 (i.e.,
patterns 0 to 4). We applied the same source extraction region as the one used during the
spectral analysis (Sec. 3.2.2.1). We applied the barycentric correction to the data using the
barycen task. We rebinned our data to 0.1 s time resolution and used 16384 points (1638.4 s
of data) to produce the fast Fourier transforms (resulting in power spectra with a frequency
range of 6×10−4 −5 Hz) using ftools. The resulting power spectra were normalized using
the rms normalization (power density units, (rms/mean)2 Hz−1 ) and averaged. The Poisson
level was removed from the final power spectrum. A peak at the known NS spin frequency is
clearly visible in the final power spectrum (∼0.277 Hz; see Figure 3.5).
We folded the light curve (using a custom-made python script) around the spin period
determined from our power spectrum (the measured spin is (361337.3±5.0)×10−5 s; the error
9 https://xmm-tools.cosmos.esa.int/external/xmm_user_support/documentation/uhb/epic_evgrades.html
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Figure 3.5: The final power spectrum created from our 2018 XMM-Newton data (using the pn detector). A clear
pulsation is visible at ∼0.277 Hz, which corresponds to the known NS spin frequency. The inset shows the pulse
profile obtained using the measured spin period during our observation. The count rate is normalized using the mean
of the count rate. Two cycles are displayed for clarity. The red dashed line shows a sinusoidal model to fit the pulse
profile using only one harmonic, while the blue solid line shows a fit using two harmonics.

corresponds to the standard deviation). The pulse profile varies over a range from 0.2 to
2.5 counts s−1 (normalized to the mean of the count rate; see inset in Figure 3.5). We used
a sinusoidal function to fit the resulting pulse profile. We used a function with only one
harmonic at the fundamental frequency (red curve Figure 3.5), and one with two harmonics
(blue curve). Using the latter function, we found that the fundamental amplitude was 79±7 %
and that of the harmonic at twice the fundamental frequency 31±7 % (1σ errors; note that
these amplitudes are defined relative to the mean count rate). Therefore, we can consider
this harmonic significant as the ratio between the pulse amplitude and its error is >3.3 (see
Patruno et al. 2010 for the reasoning behind using this criterion).

3.3

Discussion

In this paper we have presented the results of our Swift/XRT and XMM-Newton observational
campaign in 2017 and 2018 to monitor the evolution of the BeXB 4U 0115+63 after its
type-II outburst that occurred in July 2017. The aim of our study was to elucidate the mech-
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3

anism(s) behind the low-luminosity state exhibited by the source after the type-II outburst in
2015, as the origin of the faint emission observed during this state has not been conclusively
determined yet (Wijnands & Degenaar 2016; Rouco Escorial et al. 2017). After the 2017
type-II outburst, the source showed a very similar behaviour as was observed after the 2015
outburst. The system was again detected at a slowly decaying luminosity about a magnitude
higher than what was observed in quiescence. This demonstrates that this low-luminosity
state is a recurrent phenomenon in 4U 0115+63.
During both low-luminosity states of 4U 0115+63, there were episodes of (significantly)
enhanced emission on top of the decaying low-luminosity trend. That is, after the end of both
outbursts and at the time of the first periastron passage, the source exhibited the so-called mini
type-I outbursts. During the 2017/2018 low-luminosity state, several more of such events
were found. However, it is very likely that such events were also present during the same
state in 2015/2016, but we missed them since less intense monitoring was performed. These
emission enhancements did not seem to alter the underlying decaying trend significantly.
However, despite the many similarities, the main diﬀerence between both low-luminosity
states is that the observed flux in the low-luminosity regime was slightly more elevated after
the 2015 outburst than after the 2017 one.
In the following two sections, we introduce the two most promising scenarios that may
explain the origin of the observed behaviour of the source during its low-luminosity state:
cooling emission from the surface of an accretion-heated NS (Sec. 3.3.1), and low-level accretion of matter onto the neutron-star surface (Sec. 3.3.2). One of the aims of our new
monitoring campaign presented here, was to obtain more information to test which of the
proposed scenarios could explain the data best. However, a combination of both scenarios
seems to be the most likely explanation for the observed behaviour.

3.3.1 Decaying cooling emission at low-luminosity state
In the heating/cooling scenario, the NS crust in 4U 0115+63 has been heated (out of equilibrium with the core) due to accretion (i.e., during the type-II outburst) and cools down
(to re-establish equilibrium) once this accretion episode has halted. This scenario has been
extensively discussed by Rouco Escorial et al. (2017) in the context of the low-luminosity
state after the 2015 type-II outburst of the source and we refer to that paper for details. Our
Swift/XRT monitoring campaign showed a very similar general decaying trend (only taking
into account the data obtained during apastron, and thus ignoring for now the mini type-I
outbursts and other potential emission contamination by accretion at periastron) in the Xray luminosity after the 2017 outburst. This emission is soft, which indicates that it likely
arises from the NS surface and the detection of pulsations demonstrates that the emission is
dominated by radiation originating from the hot spots on the surface (likely at the magnetic
poles).
The nearly identical behaviour seen after both type-II outbursts suggests that the underlying physical process is something fundamental to this system. The hypothesis of the cool-
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ing of an accretion-heated NS crust is consistent with this inference and our new observations strengthen this scenario. However, despite the similar behaviour, the X-ray luminosities
and temperatures during the 2017/2018 low-luminosity state are systematically slightly lower
than the ones found in the 2015/2016 low-luminosity state. However, the 2017 outburst was
a factor of two less brighter than the 2015 outburst, so this diﬀerence in the behaviour during the low-luminosity state can easily be explained in the cooling scenario by postulating
that, during the 2017 outburst, less heat was generated in the NS crust (since less matter was
accreted) than during the 2015 outburst. Hence, the NS crust was heated to slightly lower
temperatures during the 2017 outburst compared to the 2015 outburst.
When assuming that the low X-ray luminosity is due to the cooling emission from the
NS crust, one can just fit a phenomenological model (an exponential decay function) to the
cooling curve. This allows us to determine the characteristic cooling time, i.e., to calculate the
inferred time when the NS, heated by accretion, cools down. When fitting to the temperature
curve10 such an exponential decay function that levels oﬀ to a constant value (the known
quiescent temperature of the system), we obtained an e-folding time of 55+13
−9 days for the
low-luminosity state after the 2015 outburst. Unfortunately it could not be constrained for
the 2017 outburst, due to the large errors on the temperature values.
We also calculated the cooling time for V0332+53, the other BeXB source for which the
cooling of an accretion-heated NS crust might have been observed as reported in Wijnands
& Degenaar (2016). Using the temperatures listed in that paper and the known quiescent
temperature listed by Tsygankov et al. (2017c), we obtained a cooling time of 48+124
−33 days for
V0332+53. This cooling time is similar to what we observed for the 2015/2016 campaign of
4U 0115+63, although the (positive) error bars are very large. Despite the large error bars,
the NS crust appears to cool down faster in these two systems than the low-magnetic field NS
systems reported on by Homan et al. (2014). Their Table 7 showed that the fastest observed
cooling time scale for these kind of systems was ∼160 days, while others have characteristic
cooling time scales of 200 to 500 days. This indicates that the high-magnetic field systems
might (on average) cool down significantly faster than the low-magnetic field systems, but
we cannot draw strong conclusions with only two high magnetic-field systems in our sample
(also taking into account that the cooling scenario for the high magnetic-field systems still
needs to be confirmed)11. However, the tentative diﬀerence is intriguing and might point to a
clear sign of the eﬀect of a strong magnetic field on the heating and cooling behaviour of an
accreting NS. A caveat in these studies is that we can only trace the behaviour of the hot spots,
not of the full NS surface. This surface could have a lower temperature, which is very diﬃcult
10 Using

the temperatures measured during the apastron XRT observations and during the XMM-Newton observations.
11 We note that so far no crust cooling has been observed for the BeXB GS 0834-430 (due to lack of monitoring
observations after its outbursts). However, a quiescent observation taken around <1 year after the end of one of its
outbursts, showed the source back already to full quiescence (Tsygankov et al. 2017c). This indicates that, also for
this source, the crust cooling time scale appears to be relatively short, similar to the other two sources discussed in
this paper (in case that the crust was heated during its type-II outburst, which might not be necessarily the case for
all BeXBs; see, e.g., the lack of such a crust cooling in GRO J1750-27 (Rouco Escorial et al. 2019b)
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to probe with our current data sets, however, the total emitted cooling radiation from the NS
might be dominated by this surface emission (see discussions in Elshamouty et al. 2016 and
Rouco Escorial et al. 2017). The cooling time scale of the rest of the NS surface might be
significantly longer than from the hot spots. Indeed, this could bring the high-magnetic field
systems more in line with the low-magnetic field ones.

3.3.2 Contribution of low-level accretion

3

During the low-luminosity state of 4U 0115+63, the source is thought to be in the propeller
regime, during which the accretion is centrifugally inhibited and material is expected not to
reach the NS surface anymore. However, evidence against this scenario has been found in
the low-luminosity state for some systems, such as detection of strong aperiodic variability
and hard energy spectra (e.g., Rothschild et al. 2013; Orlandini et al. 2004; Doroshenko et al.
2014), or the detections of rebrightening events close to periastron passages (the mini type-I
outbursts) once the bright outburst finished (e.g., Campana et al. 2001; Wijnands & Degenaar
2016; Rouco Escorial et al. 2018). This suggests that the centrifugal barrier is not always fully
eﬀective and material can still be accreted, in small portions, onto the NS surface. Therefore,
it cannot be excluded that our target, 4U 0115+63, was also continuously accreting during all
our observations in the low-luminosity state. Moreover, as discussed already intensively by
Rouco Escorial et al. (2017), we cannot exclude conclusively that the general decay trend is
not due to low-level accretion which slowly decreases in time.
Our individual observations do not add extra information to what we had already learned
from our 2015/2016 campaign, so they do not help to elucidate the physical mechanism(s)
behind this slowly decaying low-luminosity state. However, the fact that we see a very similar
decaying trend with similar decay time scales during both observational epochs, suggests that
it is a fundamental property of the system (as also stated in Sec. 3.3.1). It remains unclear if a
slowly decaying accretion rate, with a very similar decay time scale, could explain the longterm luminosity trend. Furthermore, when we see conclusive evidence for accretion during
the low-luminosity state of 4U 0115+63, it comes in the form of brief bursts of accretion with
short-live time scales (only a few days), which do not seem to aﬀect the underlying cooling
trend (see Rouco Escorial et al. 2017, for further discussion about this)
Strikingly, the accretion behaviour observed for 4U 0115+63 resembles that observed for
V0332+53 (Wijnands & Degenaar 2016). and then, i.e., the occurrence of the mini type-I
outbursts. However, 4U 0115+63 not only showed a mini type-I outburst during the first
periastron passage after both the 2015 and the 2017 outbursts12 , but during the 2017/2018
low-luminosity campaign it also showed several more of these events (albeit less luminous) a
few months after the end of the outburst. However, such accretion events were not observed
at each periastron passage for which we have data, demonstrating that whatever mechanism
12
Similarly, V0332+53 showed mini type-I outbursts during the first two periastron passages after the end of its
type-II outbursts (Wijnands & Degenaar 2016). However, after that the XRT monitoring stopped so no information
is available about the further behaviour of this source.
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produces these mini type-I outbursts, it is not always active at every periastron passage. Currently it still remains unclear how matter can overcome the centrifugal barrier during these
accretion events (i.e., the accretion rate during these events is not high enough to overcome it)
and reach the NS surface. In addition, it is also not clear where this matter originally comes
from. The most obvious source would be the decretion disk around the Be star. However,
since only a very small amount of matter is accreted onto the NS, it remains to be determined
if indeed such a small amount of matter can be transferred from the decretion disk of the star
into the potential well of the NS.

3
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Abstract
The Be/X-ray transient GRO J1750-27 exhibited a type-II (giant) outburst in 2015. After the
source transited to quiescence, we triggered our multi-year Chandra monitoring programme
to study its quiescent behaviour. The programme was designed to follow the cooling of a
potentially heated neutron-star crust due to accretion of matter during the preceding outburst,
similar to what we potentially have observed before in two other Be/X-ray transients, namely
4U 0115+63 and V 0332+53. However, unlike for these other two systems, we do not find
any strong evidence that the neutron-star crust in GRO J1750-27 was indeed heated during
the accretion phase. We detected the source at a rather low X-ray luminosity (∼1033 erg s−1 )
during only three of our five observations. When the source was not detected it had very lowluminosity upper limits (< 1032 erg s−1 ; depending on assumed spectral model). We interpret
these detections and the variability observed as emission likely due to very low-level accretion
onto the neutron star. We also discuss why the neutron-star crust in GRO J1750-27 might not
have been heated while the ones in 4U 0115+63 and V 0332+53 possibly were.

4 The variable X-ray behaviour of GRO J1750-27 in quiescence

4.1 Introduction

4

Be/X-ray binary systems are the most common sub-type of high-mass X-ray binaries in which
magnetised neutron stars (NSs; with a magnetic field of B∼1012−13 G) accrete from their massive companions (a Be-type star in our case) while moving around them in (highly) eccentric
orbits. These Be/X-ray binaries show two kinds of transient X-ray behaviour (for a review
of these systems see Reig 2011): type-I (normal) and type-II (giant) outbursts. The type-I
outbursts, which have a short duration (a fraction of an orbital period), are caused by the
accretion of matter onto the NS when the compact object passes through the decretion disk
of the companion during the periastron passage. The X-ray luminosity (LX ) related to these
events usually peaks at LX ∼1036−37 erg s−1 . On the contrary, the type-II outbursts normally
(although not always) last for more than an orbital period and are very bright, reaching or even
exceeding the Eddington limit for a NS (LX > 2×1038 erg s−1 ). The physical mechanism behind these giant, type-II outbursts remains unclear, although several studies have approached
the problem by focusing on the structure of the Be-star decretion disk and its alignment with
the NS orbit (Moritani et al. 2013; Martin et al. 2014a; Monageng et al. 2017) or by studying
the eﬀects of perturbations in the decretion disk (Laplace et al. 2017).
The bright active episodes of Be/X-ray transients are powered by the accretion of matter
onto the NS. If the accretion rate is high, the matter can overcome the magnetospheric barrier
of the NS and the material is channeled toward the magnetic poles. At the end of the outbursts,
when the mass accretion rate decreases, the NS spin becomes a decisive component in the
accretion process. In the case of relatively fast spinning systems (with typical spin periods,
Pspin < 10 – 100 s; depending on the exact strength of the surface magnetic field of the NS) the
ram pressure of the matter in the accretion flow is unable to overcome the magnetospheric
barrier. It is generally thought that this material is then expelled from the inner part of these
systems through what is called the ‘propeller eﬀect’ (Illarionov & Sunyaev 1975; Romanova
et al. 2004; D’Angelo & Spruit 2010). If the propeller eﬀect is not very strong, the matter
might also accumulate outside of the magnetosphere in what is called a ‘trapped’ or ’dead
disk’ (see, e.g., Syunyaev & Shakura 1977; D’Angelo & Spruit 2012; Patruno & D’Angelo
2013; D’Angelo 2014).
In the case of the very fast spinning systems (Pspin < 10 s), the expected luminosity below which they are assumed to be in the propeller regime is LXprop ∼1035−36 erg s−1 . Since in
this regime no matter is thought to accrete anymore on the NS, these systems are expected
to be very dim in quiescence. Indeed, these systems have quiescent luminosities of only
∼1032−33 erg s−1 . However, it is very likely that this low-level emission of X-rays does not
have a single origin. In some systems, there is strong evidence that, despite being in the propeller regime, low-level accretion onto their NS surfaces still continues. This indicates that
the propeller eﬀect might not always be completely eﬀective although how matter exactly
reaches the NS surface is still unclear (see discussions in Orlandini et al. 2004; Mukherjee
& Paul 2005; Doroshenko et al. 2014). Another possible mechanism that could produce
low-level emission in the propeller regime is the accretion flow at the magnetospheric bound-
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ary. This flow could produce significant radiation and might be detectable at luminosities
of ∼1032−34 erg s−1 (Campana et al. 2001). However, it is unclear exactly how the emission
would be generated (see Ikhsanov 2001 and Lii et al. 2014 for discussion) and likely most of
the released energy will not be emitted in the X-rays but at longer wavelengths such as the
ultraviolet (see discussion in Tsygankov et al. 2016).
If no matter reaches the NS surface when Be/X-ray transients are in the propeller regime,
it might be possible that the NS becomes visible at LX ∼1032−34 erg s−1 due to thermal emission from its surface. During the outburst, matter is deposited on the NS surface and compresses the inner layers of the crust, triggering nuclear reactions that release heat deep in the
crust (e.g., Haensel & Zdunik 1990, 2003, 2008; Steiner 2012; Lau et al. 2018). This release
of energy heats up the crust, which can become out of thermal equilibrium with the NS core if
enough energy is generated during an outburst (e.g., Rutledge et al. 2002). Once the outburst
is over and the accretion has halted, the heat is conducted both inwards to the core and outwards where it is emitted as cooling emission from the surface untill the crust-core thermal
equilibrium is restored again. This process has been observed in about a dozen of accreting low-magnetic field NSs in low-mass X-ray binaries (see review of Wijnands et al. 2017)
and potentially could also be observed for high-magnetic field accreting NSs. Indeed, evidence for this process has been observed in two such systems (4U 0115+63 and V 0332+53;
e.g., Wijnands & Degenaar 2016; Rouco Escorial et al. 2017), although it still needs to be
confirmed if indeed the cooling of the accretion-heated NS crusts was the dominant emission process. The cooling-time scale of the crust in such high-magnetic field NS systems
is unclear (and might be relatively short; see discussion in Rouco Escorial et al. 2017 and
Tsygankov et al. 2017c), but when it is again in equilibrium with the core, thermal emission
from the surface might be still observable if the NS core is hot enough. Such surface emission has been inferred for several systems (see, e.g., Campana et al. 2002; Reig et al. 2014;
Elshamouty et al. 2016; Tsygankov et al. 2017c).
In order to investigate further the emission processes potentially at work in Be/X-ray
transients when not in outburst, we study the behaviour of GRO J1750-27 (also known as
AX J1749.1-2639) after its 2015 type-II outburst. GRO J1750-27 is a Be/X-ray transient
that harbours a 4.45 s pulsar (Bildsten et al. 1997), which orbits around its companion star
every 29.8 days (Scott et al. 1997). The orbit has an eccentricity of ∼0.3. The source was
discovered by the Burst And Transient Source Experiment on board of the Compton Gamma
Ray Observatory in 1997 (Scott et al. 1997) and studied further by Shaw et al. (2009) during
its second observed outburst in 2008. It remained dormant until a new type-II outburst started
at the beginning of 2015 (Finger & Wilson-Hodge 2014).
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Figure 4.1: The Swift/XRT (blue) and Swift/BAT (black) light curves during and after the 2015 type-II outburst of GRO J1750-27. All Chandra count rates have been
converted to Swift/XRT count rates using the method described in Sec. 4.2.1. The Chandra detections (with 1σ errors) are given as red squares. The Chandra upper limits
are determined in the manner explained in Sec. 4.2.1 and shown as red arrows. The dotted brown line and brown arrow represent the upper limit obtained in the Chandra
observation 14643 taken in May 2013, i.e., almost a year and a half before the 2015 type-II outburst. The zeropoint of the light curve (the fiducial starting point of the
outburst) corresponds to December 29th, 2014.

4

60

:;,0<6=/65-=4017>?6=5!7. #!5 "!9

4.2 Observations, analysis and results
Table 4.1: Log of Swift and Chandra observations for GRO J1750-27

Swift
ObsID

MJD

000311150[12]
+13
+14
+15
+16
+17
+18
+20
+22
+23
+24

571[24]
+26
+28
+30
+32
+36
+38
+46
+52
+54
+62

Calendar Date
(2015)

Exposure Time
(ks)

Count Rate
(10−2 counts s−1 )

12-04
14-04
16-04
18-04
20-04
24-04
26-04
04-05
10-05
12-05
20-05

∼0.8
∼0.9
∼0.3
∼0.9
∼1.0
∼0.9
"
∼1.0
∼0.9
∼1.0
∼0.6

159.1±8.6
134.2±7.5
115±11
119.3±6.2
95.9±6.1
44.7±2.8
23.7±1.8
< 2.0
< 2.0
< 1.6
< 2.4

Calendar Date

Exposure Time
(ks)

Count Rate
(10−4 counts s−1 )

φ

22-05-2013
20-05-2015
27-07-2015
23-10-2015
21-05-2016
18-05-2017

∼5
∼27
"
∼29
"
"

< 12
9.0±1.9
< 2.7
2.8±1.2
5.1±1.5
< 2.0

0.22
0.65
0.93
0.89
0.97
0.11

–

∼55

< 1.4

–

4

Chandra
ObsID

MJD

14643
167[23]
+24
+25
+26
+27

56434
57[162]
+230
+318
+529
+891

+[24,27]

–

Notes. The Swift/XRT count rates (with 1σ errors) are for the 0.5-10 keV energy range and XRT upper limits are
calculated as mentioned in Sect. 4.2.1. The Chandra (background subtracted) count rates (with 1σ errors) are given
for the 0.5-7 keV energy range and the upper limits are calculated as mentioned in Sect. 4.2.1 as well. φ represents
the orbital phase of the binary when the observations were taken (with φ=0 defined as periastron passage and φ=0.5
as apastron). The last row of the table correspond to the count-rate upper limit in the combined observation.

4.2

Observations, analysis and results

4.2.1 Observations and data reduction
The Neil Gehrels Swift observatory (from now on referred to as Swift) monitored GRO J175027 during its giant, type-II outburst in early 2015 using the Burst Alert Telescope (BAT) and
the X-ray Telescope (XRT; see Figure 4.1). The Swift/BAT data were obtained from the
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4

Swift/BAT hard X-ray transient monitor web page1 (Krimm et al. 2013) and the Swift/XRT
light curve from the Swift/XRT products web interface2 (Evans et al. 2009) using our updated
source position (see below). Unfortunately, the BAT missed the beginning of the type-II
outburst and when it started to monitor the system the quality of the data was poor (see the
large error bars on the BAT points in Figure 4.1). Therefore, the exact starting date of the
outburst could not be obtained from the BAT and we used the date of the first good BAT point
as fiducial starting point in Figure 4.1. The decay of the outburst was followed using the
XRT (see Figure 4.1 and Table 4.1 for a log of the observations), but the instrument was not
sensitive enough to detect the source during the final phases of the decay and its subsequent
transition into quiescence (see Figure 4.1).
Once the source was no longer detected using the Swift/XRT, our multi-year Chandra
monitoring campaign (PI: Wijnands) was triggered to investigate if cooling of a potential
accretion-heated crust could be observed in this source. Our Chandra campaign consisted
of five observations that were performed between 2015 May 20 and 2017 May 18 (see Table 4.1). In addition, we report on a previous Chandra observation with observation identification (ObsID) 14643 that was obtained on 2013 May 22. All our Chandra observations were
performed using the ACIS-S detector using the faint and timed detector mode. Typically a
1/4 subarray was used to limit the pile-up in case the source was unexpectedly bright, except
in observation 16724 during which a 1/8 subarray was used.
We reduced and analysed the data using the CIAO tools (v. 4.9)3 and the CALDB (v. 4.7.6)4.
We reprocessed the data files following the standard procedures5 and inspected each observation for any possible background flares6 . We did not find any period of high background, therefore all the data were used. We detected GRO J1750-27 in three of our five
Chandra observations (ObsIDs 16723, 16725 and 16726; see Table 4.1) at a position of
RA (J2000)= 17h 49m 12.96s and Dec (J2000)= −26o 38′ 38 ′′. 6, with a 90% uncertainty radius of 0 ′′. 9. This position was obtained using the CIAO routine WAVDETECT with default
parameter values (detection threshold of sigthresh=10−6). Our Chandra position falls well
within the Swift/XRT error circle reported by Shaw et al. (2009, see left panel in our Figure 4.2) obtained when the source was in outburst, demonstrating that we conclusively have
detected GRO J1750-27 in quiescence.
When the source was detected, we used the same source and background extraction regions as we used for our spectral analysis (see Sect. 4.2.3 for the details) to extract the count
rates. In order to compare our Chandra count rates with the obtained Swift/XRT ones, we
converted the Chandra count rates to so-called ‘inferred XRT count rates’ (in the energy
range 0.5-10 keV) using the WEBPIMMS7 tool and the spectral parameters obtained from
1 https://swift.gsfc.nasa.gov/results/transients/weak/AXJ1749.1-2639/
2 http://www.swift.ac.uk/user_objects/
3 http://cxc.harvard.edu/ciao/

4 http://cxc.harvard.edu/caldb/
5

http://cxc.harvard.edu/ciao/guides/

6 http://cxc.harvard.edu/ciao/threads/flare/

7 http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 4.2: Close-up images (0.5-7 keV energy range) of our Chandra detections (listed by their ObsIDs; from left
to right): 16723, 16725 and 16726. The blue circles indicate the source extraction regions and the dashed red annuli
the background extraction regions. The green circle is the Swift/XRT error region of the source reported by Shaw
et al. (2009). See Sect. 4.2.1 and Sect. 4.2.2 for more details about the detections and upper limits.

the first Chandra detection in observation 16723 (see Sect. 4.2.3). When we did not detect
the source, we calculated the 2σ count-rate upper limits following the method described by
Gehrels (1986). The obtained Chandra upper limits were converted to XRT upper limits
following the steps mentioned previously.

4.2.2 Light curve
As we can see from Figure 4.1, the XRT count rate decreased from ∼1.6 counts s−1 at the
start of the XRT observations to < 0.02 counts s−1 during the last part of the XRT monitoring. At that time, our Chandra programme had already been triggered and the first Chandra
observation was taken the same day as our last Swift observation (see Table 4.1 for a log of
our Swift and Chandra observations). Due to the better sensitivity of Chandra and the longer
exposure time, the source was detected (see Figure 4.2, left panel) in this first Chandra observation (ObsID 16723) with a net count rate of (9.0±1.9)×10−4 counts s−1 (24.3±5.2 net
source photons; for the 0.5-7 keV energy range) which resulted in an inferred XRT count
rate of ∼2.6×10−4 counts s−1 . Thus the source was almost 3 orders of magnitude fainter than
when it was last detected using the XRT (see Figure 4.1 and Table 4.1).
The next Chandra observation was obtained 68 days later and the source was not detected.
We obtained an inferred XRT count rate upper limit of < 7.8×10−5 counts s−1 (see Table 4.1
for the original Chandra count-rate upper limit). After 156 days of our first observation, the
source was marginally detected again in the next Chandra observation (ObsID 16725; see
Figure 4.2, middle panel) with a net count rate of (2.8±1.2)×10−4 counts s−1 (8.1±3.3 net
source photons in the 0.5-7 keV energy range) which resulted in an inferred XRT count rate
of ∼7.7×10−5 counts s−1 .
During our next Chandra observation (ObsID 16726), one year after the our first observation, the source was detected as well (see Figure 4.2, right panel) with a net count rate of
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(5.1±1.5)×10−4 counts s−1 (14.7±4.3 net source photons; 0.5-7 keV) giving an inferred XRT
count rate of ∼1.5×10−4 counts s−1 . Our last Chandra observation was obtained approximately two years later but, once again, the source was not detected resulting in an inferred
XRT upper limit of < 5.7×10−5 counts s−1 . We stacked the 2 observations were no source
was detected, but this did not result in a conclusive detection8. We obtained an inferred XRT
upper limit of < 3.9×10−5 counts s−1 .
Before the 2015 outburst, Chandra observed GRO J1750-27 to determine its quiescent
luminosity (PI: Wijnands). However, the exposure time was very short (∼5 ks) and consequently the source was not detected during this observation, with a count-rate upper limit
of < 1.2×10−3 counts s−1 (see Table 4.1), resulting in an inferred XRT count-rate upper limit
of < 3.5×10−4 counts s−1 . This upper limit is indicated as a dotted brown line in Figure 4.1.
However, it is not very constraining since the count rates in the Chandra detections were
lower than this pre-outburst value (as well as the upper limits obtained from the observations
in which we did not detect the source).

4

4.2.3 Chandra spectral analysis
For the three Chandra observations during which GRO J1750-27 was conclusively detected,
we obtained the source spectra. The source photons were extracted using a circular region
with a radius of 1 ′′. 5 centered on the new source position we previously mentioned (see Sect.
4.2.1). The background photons were extracted using an annulus region (centered on the
same position) with an inner and outer radii of 10 ′′ and 20 ′′ , respectively (see Figure 4.2).
We used the CIAO tool SPECEXTRACT to obtain the source and background spectra, as well
as the response files. We grouped the spectra to 1 count per bin using GRPPHA. The spectra
were fitted using XSPEC (v. 12.9.0)9 in the 0.5-10 keV energy range using W-statistics (valid
for background subtracted spectra).
We fitted two main basic one-component models to the spectra: an absorbed power-law
model (PEGPWRLW) and a blackbody model (BBODYRAD). In addition, we also fitted the
spectra using a neutron star atmosphere model applicable for magnetised neutron stars (NSA;
see Appendix A.2 for the details and results obtained using such a model). This model could
also adequately describe our Chandra spectra, however, in the rest of our paper we mainly
use the results obtained when using the power-law and blackbody models in order to be able
to compare our source with the other two sources (4U 0115+63 and V 0332+53), for which
similar studies have been performed. However, only blackbody and power-law fit results have
reported for these two sources (see Wijnands & Degenaar 2016; Rouco Escorial et al. 2017).
Nevertheless, for completeness, we list our NSA model results in Appendix A.2.
For the absorption component, we used TBABS assuming WILM abundances (Wilms
et al. 2000) and VERN cross-sections (Verner et al. 1996). Since our spectra have very few
8 We note that only 2.3 net photons were detected at the position of GRO J1750-27 which does not constitute a
significant detection.
9 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
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counts we could not constrain the column density from our spectral fits (see details at the end
of this section) and therefore we fixed it to the expected Galactic value in the direction of
GRO J1750-27 (1.03×1022 cm−2 ; Kalberla et al. 2005). In the case of the blackbody model,
we left the emitting region radius and the temperature as free parameters and determined
the unabsorbed 0.5-10 keV flux by using the convolution model CFLUX. For the power-law
model, the energy boundaries were set to 0.5-10 keV, so that we could directly obtain the
unabsorbed flux in that energy range from the model normalization. Due to the low quality
of the spectra, both models could fit the data adequately and we could not determine which
of the two models is preferable10. The results obtained from our spectral fits for both the
power-law and the blackbody models are listed in Table 4.2.
The source distance is highly uncertain, with estimates ranging from 12 kpc to 22 kpc11
(see Shaw et al. 2009, and references therein). Unfortunately, the source is not detected with
Gaia so we could not improve on the source distance ourselves (see also Appendix A.1).
Therefore, we calculated the luminosity (for both models)12 and the radius of the emission
region (for the blackbody model) using both distances. This resulted in X-ray luminosity for
the source of LX ∼0.9-3×1032 erg s−1 or LX ∼0.3-1×1033 erg s−1 for the blackbody model (see
Figure 4.3) and LX ∼1.6-5.3×1032 erg s−1 or LX ∼0.5-1.8×1033 erg s−1 for the power-law model
(see Figure 4.4) assuming a distance of 12 kpc or 22 kpc, respectively. In the case of the blackbody model, there was no clear evolution in the temperature of the source (kTbb ∼1.1 keV; see
Figure 4.3); the temperatures measured for the three observations were consistent with each
other. Similarly, the radii of the emission regions Rbb ∼26-44 m for 12 kpc and Rbb ∼47-80 m
for 22 kpc) were consistent within the errors (see Table 4.2 and Figure 4.3). The inferred
radii are much smaller than the NS radius which would suggest that, if the blackbody model
is a correct description of the spectra, the emission likely came from a small region on the
NS surface, e.g., from hot spots at the magnetic poles (this conclusion also holds if we fit
the spectra using a neutron star atmosphere model; see Appendix A.2). In the case of the
power-law model, the results from the fit showed that the observed spectra are relatively hard
with photon indices (Γ) of ∼0.9-1.6 (see Figure 4.4 and Table 4.2; as also suggested by the
relatively high blackbody temperatures).
For the three Chandra observations during which the source was not detected, we converted the obtained count-rate upper limits (see Sect 4.2.1 and Table 4.1) into flux upper limits
10 We followed the method described by Tsygankov et al. (2017c) to determine if one of the two spectral models
used was preferred over the other. In our case, the diﬀerence between the values from the W-statistics (C-values) for
the power-law and blackbody models was |∆C| < 2. This diﬀerence is below the critical value indicated in Tsygankov
et al. (2017c, |∆C| = 10), therefore we could not statistically prefer one model over the other.
11 Lutovinov et al. (2019) constrained the distance towards the source to a range of 14 to 22 kpc, very similar to
what we assume in our paper.
12 For the blackbody model, the 0.5-10 keV luminosities are close to the bolometric luminosities, however, for the
power-law model the bolometric luminosity could be significantly larger than the 0.5-10 keV luminosity. We do not
know the exact spectral shape above 10 keV (in the power-law model) and calculating bolometric luminosities would
required additional, very uncertain assumptions about the quiescent source behaviour. Therefore, we only quote the
0.5-10 keV luminosities. This also allow for direct comparisons with 4U 0115+63 and V 0332+53 for which only
the 0.5-10 keV luminosities were given (Wijnands & Degenaar 2016; Rouco Escorial et al. 2017).
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using the WEBPIMMS tool assuming a power-law model and the spectral parameters obtained from our first Chandra detection (observation with ObsID 16723; see Table 4.2). We
only used the power-law model because for this model we had to assume only one unknown
parameter, i.e., the photon index, to obtain the flux. In the case of the blackbody model, we
would have to assume values for two parameters, i.e., the radius of the emission region and its
temperature (which are strongly inter-dependent) in order to determine the flux upper limits.
Therefore, any upper limit determined using the blackbody model would be more aﬀected by
systematic uncertainties than one obtained using the power-law model. After obtaining the
flux upper limits, we calculated the luminosity upper limits again assuming 12 and 22 kpc
(see Table 4.2 and Figure 4.4). The luminosity upper limits during the non-detection observations and the stacked one were significantly below the detection level showing that the source
was fainter during these observations and indicating that the system exhibited variability in
quiescence.
Table 4.2: Results of our Chandra spectral analysis

4
Detection
ObsID

Power-law

Exposure

Distance

(ks)

(kpc)

Blackbody

FX

LX

kTbb

Rbb

FX

LX

(10−14 erg cm−2 s−1 )

(1032 erg s−1 )

(keV)

(10−2 km)

(10−14 erg cm−2 s−1 )

(1032 erg s−1 )

Γ

16723

26.9

12

0.90+0.57
−0.58

3.1+1.4
−0.9

5.3+2.5
−1.5

1.05+0.38
−0.22

4.4+2.0
−1.6

1.69+0.38
−0.33

2.91+0.66
−0.57

"

"

22

"

"

17.7+8.3
−4.9

"

8.0+3.7
−2.8

"

9.8+2.2
−1.9

1.6+1.2
−0.6

1.0+1.4
−0.4

2.6+3.4
−2.6

0.55+0.25
−0.19

0.95+0.43
−0.33

16725

28.6

12

1.6±1.4

0.91+0.67
−0.32

"

"

22

"

"

5.3+3.9
−1.8

"

4.7+6.2
−4.7

"

3.2+1.4
−1.1

16726

"

12

1.06+0.59
−0.58

1.69+0.64
−0.44

2.9+1.1
−0.8

1.11+0.37
−0.23

3.2+1.6
−1.1

1.12+0.31
−0.26

1.92+0.53
−0.45

"

"

22

"

"

9.8+3.7
−2.6

"

5.8+2.9
−2.1

"

6.5+1.8
−1.5

Upper limit
ObsID

Power-law

Exposure

Distance

(ks)

(kpc)

Γ

FX

LX

(10−14 erg cm−2 s−1 )

(1032 erg s−1 )

14643

4.6

12

0.90 (fixed)

< 4.1

<7

"

"

22

"

"

< 23.5

16724

27.3

12

"

< 0.9

< 1.5

"

"

22

"

"

< 5.1

16727

"

12

"

< 0.7

< 1.1

"

"

22

"

"

< 3.8

167[24,27]

54.5

12

"

< 0.5

< 0.8

"

"

22

"

"

< 2.6

Notes. The NH was fixed to 1.03×1022 cm−2 (Kalberla et al. 2005). All the spectral parameters have been calculated
when fitting the spectra in the 0.5-10 keV energy range. FX and LX represent the unabsorbed X-ray flux (0.510 keV) and X-ray luminosity (0.5-10 keV) respectively. The errors are 1σ. The flux and luminosity upper limits are
calculated as mentioned in Sect. 4.2.3.

Since the NH is an important parameter during the spectral fitting and nothing is currently
known about which exact absorption value for this parameter to be used during the quiescent
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Figure 4.3: Evolution (using a blackbody model) of the spectral parameters (from the top to the bottom): the X-ray luminosity (for the energy range 0.5-10 keV), the
blackbody temperature, and the associated emission radius. The orange squares are the Swift/XRT spectral results of 4U 0115+63 published by Wijnands & Degenaar
(2016) and Rouco Escorial et al. (2017). The pink circles correspond to the Swift/XRT spectral results of V 0332+53 reported by Wijnands & Degenaar (2016).
Luminosities and emission region radii from both sources have been recalculated using their new Gaia distances as given in Table 4.3. The dark stars and purple diamonds
are our Chandra spectral results of GRO J1750-27 when assuming a source distance of 22 kpc or 12 kpc, respectively. Errors are 1σ. Some points of 4U 0115+63 and
V 0332+53 are plotted with symbols that are larger than the corresponding error bars of these points.

4.2 Observations, analysis and results
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Figure 4.4: Evolution (using a power-law model) of the spectral parameters: the X-ray luminosity (for the energy range 0.5-10 keV; top panel) and the photon index
(bottom panel). The colours and symbols represent the same sources as in Figure 4.3. Errors are 1σ. Some points of 4U 0115+63 and V 0332+53 are plotted with
symbols that are larger than the corresponding error bars of these points. The arrows indicate upper limits on the luminosity and are calculated using the method described
in Sect. 4.2.3.

4
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Figure 4.5: The Swift/BAT light curves (in the energy range 15-50 keV) of the three Be/X-ray transients discussed in the paper. The orange squares correspond to
4U 0115+63, the pink circles to V 0332+53, the dark stars to GRO J1750-27 assuming that the source is located at a distance of 22 kpc, and the purple diamonds
correspond to GRO J1750-27 for an assumed distance of 12 kpc. The BAT count rates of the three sources have been normalised to a distance of 7 kpc using the best
estimates for the true source distances (see Table 4.1). The start times of the diﬀerent outbursts are listed in Table 4.1.

4.2 Observations, analysis and results

69

4

4 The variable X-ray behaviour of GRO J1750-27 in quiescence

4

state of GRO J1750-27, we tried to constrain NH from our spectral fits. For that, we assumed
that the NH has always the same value for all our Chandra observations. Assuming this, we
simultaneously fit the spectra of the three Chandra detections with NH tied between the spectra but it was left free during the fits. In the case of the power-law model, the obtained NH was
∼1.7×1022 cm−2 with a (1σ) confidence interval of [0−4.5]×1022 cm−2 and for the blackbody
model NH ∼1.4×1017 cm−2 with a confidence interval of [0−1.9]×1022 cm−2 . Therefore, the
NH is not very well constrained (i.e., for the power-law model) and this is reflected in a significant increase in the errors on the other spectral parameters. However, the obtained fluxes (and
thus the inferred luminosities) and their errors are not strongly aﬀected by these uncertainties in the NH . The Galactic NH towards the source is included within the confidence-interval
range obtained when we left the NH free in the fits, so we decided to fix the NH to the Galactic
value. We note that any diﬀerent, assumed NH in the allowed confidence interval will systematically change our spectral parameters slightly (e.g., the blackbody temperature increases by
15%-20% while the radius decreases by 20%-30% if we assume a NH close to the maximum
allowed value in the blackbody model), but does not alter significantly the fluxes and inferred
luminosities so the luminosity diﬀerence between GRO J1750-27 and the other two sources
is robust.

4.3 Discussion
We present our Chandra monitoring campaign of the Be/X-ray transient GRO J1750-27 after
its giant, type-II outburst in 2015. The purpose of our campaign was to determine if the crust
of the NS in this system was significantly heated during this outburst and, if so, to follow its
crust cooling behaviour. Such cooling of an accretion-heated crusts may have been observed
for two other Be/X-ray transients (4U 0115+63 and V 0332+53) after the type-II outbursts
they exhibited (Wijnands & Degenaar 2016; Rouco Escorial et al. 2017). However, contrary
to what was found for these two systems, we do not see any strong evidence of such crust
heating and cooling behaviour in GRO J1750-27 and, consequently, we infer that the NS crust
was not significantly heated during the previous outburst (see Section 4.3.1). We do detect
GRO J1750-27 in three of our five Chandra monitoring observations but the spectral parameters (the spectra are relatively hard) as well as the variability seen in quiescence (also taking
into account the non-detections) argue that we likely see X-ray emission due to low-level
accretion (see Section 4.3.2). Alternatively, the observed X-ray emission could potentially
be originated by the companion star, which, most probably, is an early B-type star (see Lutovinov et al. 2019). Such stars are known to be (variable) X-ray emitters as well (e.g., Nazé
2009; Nazé et al. 2011). However, as discussed in detail in Tsygankov et al. (2017c, i.e., their
Section 4.4) the X-ray luminosities of such stars are at most a few times 1031 erg s−1 . This
is significantly below the X-ray luminosities we detect for GRO J1750-27 and, therefore we
suggest that the donor does not, or only very marginally, contribute to the observed X-ray
radiation.
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4.3.1 No heated NS crust in GRO J1750-27?
Table 4.3: Basic parameters of the systems and their type-II outbursts properties discussed in this paper.

Name

Spin
Period
(s)

Magnetic Field
Strength
(1012 G)

Orbital
Period
(days)

Distance
(kpc)

Companion
Type

Eccentricity

Start – End
Date
(MJD)

Outburst
Duration
(days)

Fluence
(106 counts cm−2 )

4U 0115+63
V 0332+53
GRO J1750-27

3.62a
4.37 f
4.45 j

1.3b
3.0g
2.0 – 4.5k,l

24.3c
33.9h
29.8m

7.2d
5.1d
12-22d,k,l

B0.2Vee
O8-9Vei
B0-2Ve?l

0.34e
0.37h
0.36m

57307 – 57341
57193 – 57307
57020 – 57146

34
114
126

∼0.14
∼0.83
∼0.50 – 1.67

Notes. The fluence during outburst is given as a relative value (in instrument units) and it is normalised assuming a
distance of 7 kpc for each source.
References. a Cominsky et al. (1978); b Raguzova & Popov (2005); c Rappaport et al. (1978); d See Appendix A.1;
e Negueruela & Okazaki (2001); f Stella et al. (1985); g Makishima et al. (1990); h Doroshenko et al. (2016);
i Negueruela et al. (1999); j Bildsten et al. (1997); k Shaw et al. (2009); l Lutovinov et al. (2019); m Scott et al.
(1997).

In the crust heating and cooling scenario, the diﬀerence in behaviour of GRO J1750-27
and the other two systems is unexpected if one looks at their NS parameters (i.e., spin periods
and surface magnetic field strengths). For all the systems, these properties are very similar
(see Table 4.3) and therefore one would expect, maybe naively, a similar response of the
NSs to the accretion of mass. However, it might be that the outbursts of the three sources
are significantly diﬀerent and that might cause the NSs to react diﬀerently. As we see in
Figure 4.5, the outburst of GRO J1750-27 was longer than those of the other two sources and
it was, at least, about equally bright (for an assumed distance of 12 kpc) or even significantly
brighter than the outbursts of the other two sources (if GRO J1750-27 is located at a large
distance of 22 kpc). Therefore, over the course of the outburst, GRO J1750-27 seems to have
accreted more mass than the other two sources, and thus more energy was liberated in the
crust of the NS in GRO J1750-27 than in that of the other two systems. This makes even
more unclear why GRO J1750-27 did not show any evidence for an accretion-heated NS
crust.
To quantify this further, we can compare the fluences of the three outbursts involved. To
do this, we need the bolometric luminosities exhibited by the sources during their outbursts.
Unfortunately, in the case of Be/X-ray binaries, obtaining the correct Fbol (and thus the bolometric luminosities) is complicated due to both the wide variety in intrinsic spectral shape
between sources and the fast evolution of the absorption column during outburst (e.g., see
Campana et al. 2001; Reig & Nespoli 2013; see Shaw et al. 2009 for the spectral evolution
of GRO J1750-27 during its 2008 outburst). These combined eﬀects make it hard to infer the
correct spectral shape and therefore, the bolometric luminosities. However, since we are interested in a direct comparison between our three sources, we can get a first approximation of
their fluences by comparing their BAT light curves (see Figure 4.5; normalized to a distance
of 7 kpc). By integrating these light curves, we obtain the BAT fluences for each outburst (the
BAT fluences give the energy output not in physical energy units, but in BAT counts units).
The resulting BAT fluences are listed in Table 4.3 (we used again two assumed distances for
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GRO J1750-27; 12 and 22 kpc). From these fluences it is clear that if GRO J1750-27 is
located far away, it accreted the largest amount of matter of the three sources. Even if the
source is located much closer, it would still have accreted significantly more matter during its
outburst than 4U 0115+63 and only ∼35% less than V 0332+53.
We note that a complication in comparing the diﬀerent sources with each other is the fact
that a significant amount of energy injected in the crust (during outburst) might be released
from the rest of the NS surface (and not only from the small emission regions inferred from
the blackbody spectral fits) as was shown by Elshamouty et al. (2016). However, this radiation
is unobservable because it likely has a temperature that lies below the Chandra bandpass.
Therefore, it is not possible to obtain a reliable estimate for this potential, additional surface
emission from any of our sources. However, if indeed the NS crust in GRO J1750-27 was
heated less than in the other two sources, it remains unclear what causes this diﬀerence. Since
in all three sources we have NSs with relatively high surface magnetic-field strengths of ∼14.5×1012 G (see Table 4.3), it might be that the magnetic field inside of the crusts plays an
important role. It might be that the configuration and/or the strength of the magnetic field in
the NS crust of GRO J1750-27 is such that it prohibits the crust to show up as significantly
heated (see, e.g., the discussions in Rouco Escorial et al. 2017 and Wijnands et al. 2017).
Alternatively, the NS in GRO J1750-27 might have accreted significantly less matter over
its lifetime than the NSs in the other two systems. As a consequence its crust might not
be fully replaced yet with accreted matter (it might have a partially accreted crust; the socalled ‘hybrid crust’; Wijnands et al. 2013), inhibiting some or most of the deep crustal
reactions that generate the heating energy (e.g., see also Fantina et al. 2018). This would
result in a much less heated crust in GRO J1750-27 than in the other two systems. Finally,
it is also possible that the explanation of the diﬀerences between the sources lays in, what
is called, the ‘shallow-heating mechanism’. For the low-magnetic field NSs in low-mass
X-ray binaries, it has been found that for most of them, the crust cooling curves observed
after their outbursts can only be explained if during the accretion in outbursts not only the
deep crustal heating reactions occur, but also another heating mechanism is active at shallow
depths in the crusts (i.e., ! 150 m). It has been found that the amount of heating necessary
from this mechanism can vary significantly between sources and, even within one source,
between diﬀerent outbursts (see Deibel et al. 2015; Parikh et al. 2017a; Ootes et al. 2018).
The physical mechanism behind this shallow heating process is not understood (for a detailed
discussion see Deibel et al. 2015) and therefore it is quite possible that a similar process
might be active during outbursts whe Be/X-ray transients are accreting as well. It might thus
be possible that the shallow heating process in GRO J1750-27 was active at a much lower
strength than in the other two sources (or not active at all) and, consequently, resulted in a not
or hardly heated crust in GRO J1750-27.
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4.3.2 Low-level accretion onto the magnetised NSs
The variable behaviour seen for GRO J1750-27 after its outburst cannot easily be explained
using the cooling hypothesis. Therefore, it seems prudent to investigate other possibilities for
the observed quiescent emission. A possible alternative scenario is one in which the observed
quiescent phenomena are caused by residual, low-level accretion onto the NS. Variable levels
of the accretion rate could be a natural explanation for the quiescent variability observed in
GRO J1750-27. Evidence for such a low-level accretion is demonstrated by the so-called
‘mini type-I’ outbursts seen in 4U 0115+63 and V 0332+53 (Campana et al. 2001; Wijnands
& Degenaar 2016), which were observed on top of the general decay trend of their X-ray luminosities. This slowly decaying behaviour could still be due to the cooling of the NS crust,
although a slowly decaying accretion rate cannot be excluded either (Wijnands & Degenaar
2016; Rouco Escorial et al. 2017). Unfortunately, how low-level accretion onto a magnetised
NS would occur is currently not understood, inhibiting us from making strong conclusive
statements. Our three sources are spinning rapidly enough (see Table 4.3) that they are expected to be in the propeller regime at the observed X-ray luminosities (see Tsygankov et al.
2016 for 4U 0115+63 and V 0332+53; GRO J1750-27 falls in the propeller-eﬀect area of
Figure 3 in Tsygankov et al. 2017b; see also Lutovinov et al. 2019). Therefore, these systems should not exhibit any accretion emission as matter should not be able to reach the NS
surface. But clearly matter still reaches the NSs in the propeller regime (as also seen for a
few other sources; e.g. Orlandini et al. 2004; Mukherjee & Paul 2005), although it is unclear
whether the mechanism that causes this is the same for these mini-type-I outbursts observed
in 4U 0115+63 and V 0332+53, and the emission we see in GRO J1750-27 in its quiescent
state.
Intriguingly, the second and third Chandra detections of GRO J1750-27 (during ObsIDs
16725 and 16726) occurred close to periastron passage (see Table 4.1) similar to the mini
type-I outbursts in the other two sources13 . This might indicate a possible link between the
emission mechanisms in the diﬀerent sources, although the peak luminosities at periastron
vary widely between sources: LX ∼1034−35 erg s−1 for 4U 0115+63 and V 0332+53 (Campana
2001; Wijnands & Degenaar 2016) versus LX ∼1032 erg s−1 for GRO J1750-27. The large
range in luminosity might be diﬃcult to explain in any model assuming that the underlying
physical mechanism is the same in all sources. In addition, the first Chandra detection of
GRO J1750-27 occurred far from periastron (see Table 4.1). This might be explained by
assuming that this Chandra observation was performed during the accretion tail from the final
stage of the giant outburst (see also Lutovinov et al. 2019). Or that the accretion mechanism
at work in this source is diﬀerent for the first observation compared to that during the other
two. In this case, it might be possible that two mechanisms are at work in GRO J1750-27, one
related to the mini type-I outburst phenomenon and one that causes accretion when the source
13 The Chandra observation 16724 was also obtained close to periastron (see Table 4.1) but the source was not
detected. This indicates that if the emission mechanism is linked to the periastron passage, it is not always active.
This is similar to what has been found for the mini type-I outbursts in 4U 0115+63 and V 0332+53 which are not
always present at periastron passages (Wijnands & Degenaar 2016; Rouco Escorial et al. 2017).
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is far away from periastron. Clearly, more studies, both observational as well as theoretical,
are needed to improve our understanding of low-level accretion onto magnetised NSs.
We note that if our first Chandra observation was indeed obtained during the tail of the
type-II outburst, the source might not have been fully in "true" quiescence yet14 . If this
observation is ignored in the light curves, the detected variability during the other four Chandra observations is less significant (i.e., in the light that we only have a handful of photons
detected). In order to check whether the source was indeed variable during these four Chandra observations, we fitted the observed net count rates (we used 1σ errors) with a constant
model. This model could not fit the data well with a χ2 value of 12.05 for 3 degrees of
freedom (leading to a p-value of 0.0072; this p-value decreases to 2.8 × 10−5 when also including our first Chandra point). This suggest that indeed the source was variable during
our observations. However, even in the unlikely case that the source was not variable during
the last four Chandra observations, our conclusion still holds that the neutron-star crust in
GRO J1750−27 was significantly less heated (because of the very low quiescent luminosities
observed from our target) during its preceding type-II outburst than the crusts in the other two
sources discussed in our paper. In addition, the hard quiescent spectra we observed for our
source with respect to the spectra observed for the other two sources (Figures 4.3 and 4.4),
also indicate that the emission we detected is indeed due to low-level accretion of matter on
the neutron star.
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14
Even if the first Chandra observation was performed while the type-II outburst was not fully over yet, the
question of how accretion onto a magnetised neutron star occurs at the very low observed accretion rate (as inferred
from the very low observed X-ray luminosity during this observation) still remains.
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Discovery of accretion-driven
pulsations in the prolonged low
X-ray luminosity state of the
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Abstract
We present our Swift monitoring campaign of the slowly rotating neutron star Be/X-ray transient GX 304−1 (spin period of ∼275 s) when the source was not in outburst. We found that
between its type-I outbursts, the source recurrently exhibits a slowly decaying low-luminosity
state (with luminosities of 1034−35 erg s−1 ). This behaviour is very similar to what has been
observed for another slowly rotating system, GRO J1008−57. For that source, this lowluminosity state has been explained in terms of accretion from a non-ionised (‘cold’) accretion disc. Because of the many similarities between the two systems, we suggest that
GX 304−1 enters a similar accretion regime between its outbursts. The outburst activity of
GX 304−1 ceased in 2016. Our continued monitoring campaign shows that the source is in a
quasi-stable low-luminosity state (with luminosities a few factors lower than previously seen)
for at least one year now. Using our NuSTAR observation in this state, we found pulsations at
the spin period, demonstrating that the X-ray emission is due toaccretion of matter onto the
neutron star surface. If the accretion geometry during this quasi-stable state is the same as
during the cold-disc state, then matter indeed reaches the surface (as predicted) during this
later state. We discuss our results in the context of the cold-disc accretion model.

4

5 Pulsations in the low X-ray luminosity state of GX 304-1

5.1 Introduction
In high-mass X-ray binaries, a compact object is accreting from a massive companion (with
a mass of >10 M⊙ ). The most common systems are the neutron star (NS) Be/X-ray transients
in which magnetised NSs (with surface magnetic field strengths of B∼1012−13 G) accrete matter from the decretion discs of their Be-type companions during outbursts (for a review, see
Reig 2011). These systems can exhibit normal type-I outbursts and in addition, sometimes
giant type-II outbursts. The type-I outbursts occur at periastron passages when the NS moves
through the decretion disc of the Be star and accretes matter. In these outbursts, sources
exhibit X-ray luminosities (LX ) of ∼1036−37 erg s−1 . The type-II outbursts are brighter than
the normal ones and can reach luminosities of ∼1038−39 erg s−1 . Their duration is also longer
than type-I outbursts, generally lasting more than an orbital period. The nature of the mechanism(s) behind these type-II outbursts is unclear (for possible models, see Moritani et al.
2013; Martin et al. 2014a; Monageng et al. 2017; Laplace et al. 2017).

5

The high luminosities exhibited by Be/X-ray transients during outbursts allow for detailed studies of their behaviour. Consequently, their outburst phenomenology is well known.
When not in outburst, their luminosities are significantly lower, and studying their behaviours
becomes more diﬃcult. However, it is clear that the NS spin and magnetic field play important roles in the phenomenology that these systems display at low luminosities. It is expected
that below a certain accretion rate, matter can no longer reach the NS surface. This is due
to the pressure exerted by the rotating NS magnetic field that expels the matter; the systems
then enter the so-called propeller regime (Illarionov & Sunyaev 1975; Romanova et al. 2004;
D’Angelo & Spruit 2010). After this, such systems may only exhibit very low luminosities
(< 1033 erg s−1 ).
However, in the case of slowly rotating Be/X-ray transients (with typical spin periods
Pspin of several tens of seconds and magnetic field strengths of 1012−13 G), it has been observed that several sources show an intermediate bright state (LX ∼1034−35 erg s−1 ) between
their outbursts (e.g. Tsygankov et al. 2017b; Ducci et al. 2018; Reig & Zezas 2018). Tsygankov et al. (2017b) introduced a scenario to explain the observed X-ray emission during
this state for the slowly rotating Be/X-ray transient GRO J1008−57 (Pspin ∼93.6 s; Stollberg
et al. 1993). For such slowly rotating systems, below a certain accretion rate and before the
matter of the accretion disc is ejected by the propeller eﬀect, the temperature of the matter
in this disc may drop below the ionisation temperature of hydrogen. This results in a disc
with a low degree of ionisation (called a ‘cold disc’), which can penetrate the magnetic field
more easily than a hot ionised disc. The cold disc can move relatively close to the NS before
it becomes hot again, causing the matter to be channelled by the magnetic field to its poles.
This might lead to observable pulsations (Tsygankov et al. 2017c). So far, the long-term evolution of the cold-disc state has been studied very little. In this letter, we present our X-ray
monitoring campaign of the Be/X-ray transient GX 304−1 when it was likely accreting from
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a cold disc.
1
GX 304−1 is located at a distance of 2.01+0.14
−0.13 kpc . Its NS has a spin period of ∼275 s
(McClintock et al. 1977; Sugizaki et al. 2015)2 and a surface magnetic field strength of
∼4.7×1012 G (Yamamoto et al. 2011; Rothschild et al. 2017). GX 304−1 is characterised
by periods of strong activity wherein type-I outbursts recur periodically with a period of
∼132.2 days (the orbital period; Sugizaki et al. 2015), and periods wherein the source exhibited hardly any to no activity (Priedhorsky & Terrell 1983; Pietsch et al. 1986; Sugizaki
et al. 2015; Malacaria et al. 2017). In particular, the source remained dormant since the early
1980s to 2008, when it showed renewed activity (Manousakis et al. 2008). The last reported
outburst occurred in May 2016 (Nakajima et al. 2016a; Sguera & Sidoli 2016; Rouco Escorial & Wijnands 2016), and since then, the source has remained in a low-luminosity state
(Figure 5.1).

5.2

Observations, analysis and results

We have monitored GX 304−1 using the X-ray Telescope (XRT; for ∼84.7 ks) on board the
Neil Gehrels Swift observatory (hereafter Swift) to investigate its behaviour outside outbursts
(ObsIDs 35072 and 88780). We have also intensively monitored the source since October
2017 when it became clear that its outburst activity had stopped. We also obtained a NuSTAR
observation (Section 5.2.2) to study its spectrum above >10 keV and search for pulsations
during its low-luminosity state.

5.2.1 Light curves of GX 304-1
In Figure 5.1 we show the light curves of the source obtained using the Burst Alert Telescope
(BAT) on board Swift (from the BAT transient monitor web page3 ; Krimm et al. 2013) and
the XRT (produced with the XRT products web interface4 ; Evans et al. 2009). In the left
inset, we show the first two outbursts exhibited by the source in 2012. The maximum observed BAT count rates were ∼0.25 and ∼0.20 counts cm−2 s−1 for the first and the second
outbursts, respectively (i.e. the second peak of the second outburst). The XRT was used to
monitor the evolution of both outbursts and the interval between them. The maximum observed XRT count rates were ∼87 counts s−1 for the first outburst and ∼44 counts s−1 for the
second one (i.e. for the first peak of this outburst). After the initial fast decay at the end of
1 The source is known with source identifier 863533199843070208 in the Second Gaia Data Release, GDR2
(Gaia Collaboration et al. 2018). From this we estimated the distance following Bailer-Jones et al. (2018).
2 See https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/gx304m1.html for the
most recently observed spin period of the source (using the FERMI Gamma-ray Burst monitor).
3 https://swift.gsfc.nasa.gov/results/transients/weak/GX304-1/
4 http://www.swift.ac.uk/user_objects/
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the first outburst, the source entered a state in which it decreased at a much slower rate: the
XRT count rate dropped from ∼3.5 to ∼0.37 counts s−1 in ∼79 days (between MJD 55970
and 56049). No further count rate evolution could be investigated because the second outburst started. These count rates correspond to 0.5-100 keV luminosities of ∼2.7×1035 and
2.8×1034 erg s1 , respectively. These luminosities were calculated using the spectral analysis
and luminosities reported in Tsygankov et al. (2019), when the source was even fainter, and
then scaled using our observed XRT count rates (see below; this assumes that the spectral
shape does not change at such low luminosities; this is consistent with what we can infer
from our low-quality XRT data).

5

Following the two outbursts reported above, a brighter one was detected around MJD 56234
(Figure 5.1; with peak BAT count rate of ∼0.41 counts cm−2 s−1 ). After this outburst, several
additional outbursts were observed, but none of them were as bright as those in 2012 (Figure 5.1). No XRT data were obtained for several years during this period. However, on
February 5, 2016 (MJD 57423), we obtained additional XRT observations after we noted
a small outburst in the BAT on MJD 57415 (peaking at ∼0.89×10−2 counts cm−2 s−1 ; Figure 5.1, middle inset). This outburst was followed by a brighter outburst between MJD 57510
and 57550. The middle inset of Figure 5.1 shows that the source behaviour between these two
outbursts is similar to what we observed in 2012. The observed XRT count rate decreased
from ∼1.5 (on MJD 57423) to ∼0.36 counts s−1 (on MJD 57506) in ∼83 days (corresponding
0.5−100 keV luminosities of ∼11.5 and ∼2.8×1034 erg s−1 ; using the method described earlier). This drop in count rate is lower than the one observed in between the 2012 outbursts
because the count rate at the start of this phase was lower. However, the final count rates
are remarkably similar. We note that the overall trend during the 2016 low-luminosity state
appears less smooth and with more variability than what we observed in 2012.
After June 2016, GX 304−1 did not exhibit any detectable outbursts. When it was clear
that the source indeed no longer exhibited outbursts (after a few orbital cycles), we started an
additional XRT monitoring campaign (started on MJD 58011; September 15, 2017) to investigate the overall behaviour of the source (i.e to determine whether the source exhibited any
increase in activity at periastron, and to determine if it would decay to fainter levels than previously observed). The results of our campaign are shown in the right inset in Figure 5.1. We
indeed observed the source at lower count rates than ever seen before, but we did not observe
a clear overall trend in activity level (neither a decrease nor an increase). The source is quasistable (for over a year now) with count rates of ∼1−2.5×10−1 counts s−1 with only a factor
of 2−3 variability (this corresponds to 0.5−100 keV luminosities of ∼0.8−1.9×1034 erg s−1 ;
determined using the method outlined above). Although it appears that the count rate increased slightly during the several periastron passages that we monitored, similar count rate
increases were also observed at other orbital phases (i.e. also at apastron). Therefore, these
fluctuations might be only random occurrences. Moreover, we planned our NuSTAR observation (Section 5.2.2) at apastron (to ensure that the source was not in outburst), and sev-
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Figure 5.1: The BAT (15-50 keV; black circles) and XRT (0.5-10 keV; blue squares) light curves of GX 304−1 from January 1, 2012, to October 30, 2018. The time of
our NuSTAR observation is indicated with the yellow lines. The three insets show the behaviour of the source during diﬀerent states (see main text for details). Vertical
lines correspond to periastron passages (determined using the ephemeris of Sugizaki et al. 2015).
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eral XRT observations were scheduled close in time. The XRT count rate increased from
∼1.3×10−1 counts s−1 (this XRT observation was simultaneous with our NuSTAR observation) to 2.6×10−1 counts s−1 within only a day.

5.2.2 Timing analysis of the NuSTAR observation
We observed GX 304−1 using NuSTAR (Harrison et al. 2013) on June 3 (05:56:09 UTC),
2018, for ∼50 ks with the FPMA and FPMB detectors (ObsID 90401326002). This observation was obtained to investigate the spectral behaviour of the source above 10 keV (reported
in Tsygankov et al. 2019) and to search for pulsations. We ran the NUPIPELINE task (with
SAAMODE=strict and TENTACLE=yes because the background event rates were slightly
high) to obtain clean event files and used the BARYCORR tool to perform the barycenter
correction (using version 82 of the NuSTAR clock correction). Finally, we obtained the light
curves by means of NUPRODUCTS. In both observations, we used a circular region of 30
arcsec to extract the source photons, and a 60 arcsec circular region for the background from
a diﬀerent chip (because of the background gradient that aﬀected the chip where the source
was located). Although we produced background-subtracted light curves, we restricted them
to the 3−30 keV energy range as the background dominates the source above that energy.

5

We searched for pulsations in the NuSTAR observation using the phase-folding method
introduced in Leahy et al. (1983), and used it as implemented in the ftool5 efsearch. Using
a custom python script, we folded the light curve on a range of periods around the known period of ∼275 s. The best-fit period is defined as the period for which the χ2 of the folded light
curve with respect to a constant is maximum. We clearly detected pulsations in the combined
FPMA and FPMB light curve at P=275.12±0.02 s (with 1σ error). The pulsations are present
in both individual detectors and are consistent with the known period of GX 304−1. The error
on the period was determined following the approach in Brumback et al. (2018b,a): using the
best-fit period, we simulated 500 fake sets of an FPMA and an FPMB light curve. For each
set, we repeated our analysis and measured the period in the simulated data. We adopted the
standard deviation of the obtained best-fit periods as the 1σ error (as quoted above) on the
measured period.
The light curve folded on the best-fitting period is shown in Figure 5.2. The profile can
be described by a combination of a cosine function and a harmonic at half the period. A
fit with such a model is shown in Figure 5.2 as the green dotted line. This combined model
implies a fundamental amplitude of 19.3%, while the harmonic contributes 8.6%. Taking a
model-independent view, from Figure 5.2 we conclude that the waveform varies over a range
of 0.72 to 1.25 times the mean count rate.
5 https://heasarc.gsfc.nasa.gov/ftools/ftools_menu.html
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Figure 5.2: NuSTAR combined FPMA and FPMB light curve (3−30 keV) folded on the best-fitting period of
P=275.12 s. The count rate has been normalised by dividing it by the mean count rate of 0.313 count s−1 (indicated by the red dashed line). The green dotted line shows the best-fitting model, which consists of a fundamental
and one harmonic at twice the frequency.

5
5.3

Discussion

We have reported on Swift/XRT observations of the Be/X-ray transient GX 304−1, which
harbours a slow X-ray pulsar (∼275 s), obtained when the source was in between type-I outbursts in 2012, and after these outbursts ceased in 2016. Additionally, we reported on the
timing analysis of our NuSTAR observation in the latter period. At all times, the source was
clearly detected at luminosities of ∼1034−35 erg s−1 , which are significantly lower than those
observed during outbursts, but still relatively high compared to the much fainter luminosities observed in other Be/X-ray transients when not in outburst (∼1032−33 erg s−1 ; Tsygankov
et al. 2017c and references therein). However, such intermediate bright states have also been
detected in several other slowly spinning systems (e.g. Haberl & Sturm 2016; Tsygankov
et al. 2017b). So far, only for one system, GRO J1008−57, has this state been as well monitored (Tsygankov et al. 2017b) as we did for GX 304−1. Remarkably, the behaviour is very
similar in the two sources: both exhibited luminosities in the range of ∼1034−35 erg s−1 that
slowly declined between the adjacent type-I outbursts (e.g. clearly visible when comparing
the left inset in Figure 5.1 with Figure 1a in Tsygankov et al. 2017b). Therefore, it is quite
likely that this behaviour is caused by the same physical mechanism in both sources.
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Tsygankov et al. (2017b) suggested that during this state, the X-ray emission originates
from accretion of matter down to the NS through a cold non-ionised disc. This state can only
occur for systems with slowly spinning (with a spin of several tens of seconds or slower) and
magnetised (∼1012−13 G) NSs, since only for such systems would the accretion disc become
non-ionised before the propeller eﬀect is initiated (see Section 5.1). Since GX 304−1 spins
slowly at ∼275 s and its magnetic field is ∼4.7×1012 G, we suggest that GX 304−1, similar to
GRO J1008−57, was accreting from such a disc between its type-I outbursts (as was proposed
by Tsygankov et al. 2017b, see their Figure 1a).

5

However, alternative physical scenarios have been proposed to explain the low-luminosity
behaviour in Be/X-ray transients: the two main scenarios are the cooling emission from an
accretion-heated NS crust and residual low-level accretion onto the NS surface even when
the system is in the propeller regime. In the NS crust cooling scenario, the crust would
have been heated by the accretion of matter during the preceding outburst, and in between
outbursts, this crust would cool, resulting in observable emission. However, we observed
GX 304−1 at luminosities of ∼1034 erg s−1 , which are at least one order of magnitude higher
than those observed in systems that might indeed have exhibited such crust cooling behaviour
(LX ∼1032−33 erg s−1 ; e.g. Wijnands & Degenaar 2016 and Rouco Escorial et al. 2017; see
the review by Wijnands et al. 2017). In addition, we observed short-term variability (on
timescales of days) for GX 304−1, which is not expected in the cooling scenario. Therefore,
we do not think that we observed NS crust cooling emission in GX 304−1.
The other main alternative model to explain low-level emission in between outbursts is
that in which the systems have entered the propeller regime but matter might still reach the
surfaces of the NSs (i.e. as a result of leaking matter through the magnetosphere, although
how exactly this would work is not fully understood; e.g. Orlandini et al. 2004; Mukherjee
& Paul 2005; Rothschild et al. 2013; Doroshenko et al. 2014). For this model to work, the
source has to have entered the propeller regime, but this would only occur for GX 304−1 at
luminosities of <2×1032 erg s−1 (using Eq. 4 of Tsygankov et al. 2017b with an NS mass of
1.4 M⊙ and a radius of 10 km), which is significantly lower than the actual luminosities we
observed for this source. Therefore, this is probably likewise not a viable model to explain
our observed emission, and we conclude that the cold-disc hypothesis is the most compelling
explanation for the low-luminosity state in GX 304−1.
In the case of GX 304−1, we have now also determined that this low-luminosity colddisc state is a recurrent phenomenon because we have now observed it in between two sets
of type-I outbursts (Figure 5.1). During the outbursts, the accretion disc around the NS most
likely fills up again to such a degree that once the outbursts are over, the disc around the NS
contains enough matter for the source to enter the cold-disc phase. In this respect, GX 304−1
is a very interesting source because after June 2016, the system did no longer exhibit any
outbursts. One would expect that if the accretion disc around the NS is not being fed with
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matter in the absence of outbursts, the cold disc would slowly empty since all the matter
would eventually be accreted onto the NS. Therefore, in this scenario, one would expect that
the luminosity would slowly decrease during this phase (until all the matter in the cold disc
is consumed and other emission mechanisms might take over; see also the discussion in Tsygankov et al. 2017c).
To test this hypothesis, we set up an XRT campaign to investigate the long-term behaviour
of GX 304−1 after it was clear that the source no longer exhibited any outbursts. We found
that the luminosity had decreased by a factor of 2−3 compared to that observed in the colddisc phase between type-I outbursts. However, we did not observe an overall decay trend, as
we expected. Instead, the source has now been in a quasi-stable state for over one year, in
which its count rate only varies by a factor of 2−3. This variability does not seem to be correlated with periastron passages because similar variability is also observed at other orbital
phases (i.e at apastron). The reasons for this quasi-stable state and the observed variability
are unclear. It might be that during periastron passages the cold disc continues to be replenished, either because matter is transferred from the decretion disc or through the wind of the
Be star. In any case, it remains unclear why this additional matter does not cause a full type-I
outburst or at least noticeable increases in luminosity at periastron. We continue our monitoring campaign to further study this enigmatic state in GX 304−1.
Although the luminosities observed for GX 304−1 and GRO J1008−57 during the colddisc state are of such high level that only accretion down to the inner regions could cause
the emission, it has not been proven so far that matter indeed reached their NSs. Accretion
down to the surface would be demonstrated if pulsations were detected, and Tsygankov et al.
(2017c) predicted that such phenomenon should be observed. Our detection of X-ray pulsations at the spin period of GX 304−1 during our NuSTAR observation at the quasi-stable
state of the source (performed at apastron and, by coincidence, at one of the lowest observed
luminosity), confirms the fact that, indeed, matter is still accreted all the way down to the
surface. Since this quasi-stable state is, most likely, just an extension of the cold-disc phase,
we now have strong evidence that matter is accreted down to the surface when these systems
are in the cold-disc phase.
Our observed period is consistent with the period expected from the general spin-down
trend that the source seems to follow, which started at the end of the strong type-I outburst
activity in 2012 and continued to the present day (see the Fermi/GBM data as linked in footnote 2; see Postnov et al. 2015 and Sugizaki et al. 2015 for the spin evolution until 2013). The
strength of the pulsations (∼20%) and the pulse profile are similar to those observed during
outbursts (Devasia et al. 2011; Malacaria et al. 2015; Jaisawal et al. 2016). However, the
pulse profiles vary strongly during and between outbursts, and with energy. It is therefore
unclear whether the observed similarities between outburst and the quasi-stable state are due
to the same underlying (inner) accretion geometry or are purely due to chance. The fact that
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the source is currently in a quasi-stable state allows for additional observations to study the
pulsations in more detail and to better understand accretion through a cold disc. In addition,
pulsations are also expected in the cold-disc phase of other slowly rotating Be/X-ray transients (i.e. in GRO J1008−57), therefore these systems are perfect targets to study this stage
further.

Acknowledgements
We acknowledge support from an NWO Top grant, module 1, awarded to RW. JvdE is supported by NWO. The authors thank Fiona Harrison and the NuSTAR team for rapidly approving and executing our observation. We also thank the Swift team (and Neil Gehrels and Brad
Cenko) for granting and scheduling our (many) XRT observations.

5

84

Dramatic spectral transition of
X-ray pulsar GX 304−1 in low
luminous state
S. S. Tsygankov, A. Rouco Escorial, V. F. Suleimanov, A. A. Mushtukov, V. Doroshenko, A.
A. Lutovinov, R. Wijnands, and J. Poutanen
Monthly Notices of the Royal Astronomy Society, 2019, 483, L144

Abstract
We report on the discovery of a dramatic change in the energy spectrum of the X-ray pulsar
GX 304−1 appearing at low luminosity. Particularly, we found that the cutoﬀ power-law
spectrum typical for accreting pulsars, including GX 304−1 at higher luminosities of LX ∼
1036 − 1037 erg s−1 , transformed at lower luminosity of LX ∼ 1034 erg s−1 to a two-component
spectrum peaking around 5 and 40 keV. We suggest that the observed transition corresponds
to a change of the dominant mechanism responsible for the deceleration of the accretion flow.
We argue that the accretion flow energy at low accretion rates is released in the atmosphere
of the neutron star, and the low-energy component in the source spectrum corresponds to
the thermal emission of the optically thick, heated atmospheric layers. The most plausible
explanations for the high-energy component are either the cyclotron emission reprocessed by
the magnetic Compton scattering or the thermal radiation of deep atmospheric layers partly
Comptonized in the overheated upper layers. Alternative scenarios are also discussed.

5

6 Spectral transition in GX 304−1

6.1 Introduction

6

Spectral energy distribution of astrophysical objects reflects physical processes responsible
for the observed emission. Extreme conditions in the vicinity of highly magnetized neutron
stars (NS), X-ray pulsars (XRPs), result in a very complex interplay between various physical
and geometrical eﬀects happening in the emission regions. As a consequence, no physically
motivated spectral model able to describe spectra of various XRPs at diﬀerent luminosities
emerged so far. Moreover, the existing models focus on the description of X-ray spectrum
at high luminosities (see e.g. Becker & Wolﬀ 2007; Farinelli et al. 2016) as no high-quality
observations at low luminosities were available until recently. From observational point of
view, spectra of all bright XRPs are quite similar, and can be roughly described with a cutoﬀ
power-law type continuum. We note, however, that there is at least one exception: a lowluminosity XRP X Persei.
The spectrum of this persistent Be X-ray binary deviates significantly from the standard
picture and exhibits two distinct humps with maxima around 10 and 60 keV. Several interpretations have been suggested to describe the observed spectrum. Di Salvo et al. (1998)
proposed the continuum model consisting of two cutoﬀ power-law components. The soft
component was attributed to the partially thermalized emission from the NS atmosphere,
whereas the hard component was suggested to be associated to the optically thin cyclotron
emission in a strong magnetic field. Alternative interpretation was proposed by Doroshenko
et al. (2012), who associated the two spectral components with thermal and bulk Comptonization in the vicinity of the NS. Finally, the source spectrum can be described with a single
continuum component, for example, in the form of a power law modified by the high-energy
cutoﬀ, which is typical for bright XRPs. In this case, however, inclusion of a deep broad
absorption feature at ∼ 30 keV is required (cyclotron resonant scattering feature, CRSF; see
e.g. Coburn et al. 2001; Lutovinov et al. 2012).
The main diﬀerence between X Persei and others XRPs observed in broad energy band is
that it has a significantly lower luminosity of a few times 1034 erg s−1 . Unfortunately, X Persei
is a persistent source with insignificant variations in the mass accretion rate, so it was not
possible to observe this source also at higher luminosities, and verify whether its spectrum
at much higher accretion rates is more similar to that of other XRPs. On the other hand,
observations of more distant sources at comparably low luminosity levels were not possible
until recently, thus their behaviour at low accretion rates remained largely unexplored.
The situation has changed with the launch of NuSTAR observatory (Harrison et al. 2013),
which allows detailed investigations of transient systems with Be companions (Be/XRP)
known to exhibit giant outbursts covering luminosity range of up to 5 orders of magnitude
(see e.g. Reig 2011).
In this work we present results of the spectral analysis of the X-ray emission from one
of the most suitable for such research transient Be/XRP GX 304−1 observed with NuSTAR
at a luminosity around 1034 erg s−1 , the lowest ever observed for this source (Rouco Escorial
et al. 2018). The source exhibits regular Type I outbursts almost every periastron passage
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(Kühnel et al. 2017), covering broad range of mass accretion rates. It has a relatively long
pulse period of ∼ 272 s (McClintock et al. 1977) and orbital period of ∼ 132.5 d (Priedhorsky
& Terrell 1983). The magnetic field of the NS in the system is known from the CRSF energy
of ∼ 54 keV (Yamamoto et al. 2011). Note that the CRSF energy also exhibits clear positive
correlation with the source luminosity (Klochkov et al. 2012). The distance to the source is
now known with high accuracy thanks to the Gaia results (d = 2.01 ± 0.15 kpc, Treuz et al.
2018).

6.2

Data analysis and results

The source was observed with NuSTAR on 2018 June 3 (ObsID 90401326002; MJD 5827258273). The raw data were processed following the standard data reduction procedures described in the NuSTAR user guide, and using the standard NuSTAR Data Analysis Software
(nustardas) v1.6.0 provided under heasoft v6.24 with the CALDB version 20180814. The
source and background spectra were extracted from the circular regions with radius of 60′′
using the nuproducts routine. The background was extracted from a source-free region in the
corner of the field of view. Total exposure time of the analyzed observation is 58 ks.
To expand our spectral analysis to lower energies, we used the data from the XRT telescope (Burrows et al. 2005) on-board the Neil Gehrels Swift Observatory (Gehrels et al. 2004)
obtained simultaneously with NuSTAR (ObsID 00088780001). Observation was performed
in Photon Counting (PC) mode with total exposure of 2 ks. Spectrum extraction was done
using the online tools (Evans et al. 2009)1 provided by the UK Swift Science Data Centre. To
fit the spectra in the xspec package we binned the spectra to have at least 1 count per energy
bin and fitted them using W-statistic (Wachter et al. 1979).2 The data from Swift/XRT and
NuSTAR were used in the 0.3–10 keV and 3–79 keV bands, respectively.
The broadband spectrum of the source as observed by NuSTAR and Swift/XRT at luminosity around 1034 erg s−1 is shown in Figure 6.1 (lower data points). The spectrum shows
two humps around 5 and 40 keV of approximately same fluxes. This is very diﬀerent from
the INTEGRAL spectra at higher luminosities of 2.2 × 1037 and 0.2 × 1037 erg s−1 (upper two
sets of data points in Figure 6.1, Mushtukov et al. 2015b), which can be well fitted with the
standard XRP power-law model modified by a high energy cutoﬀ and a cyclotron absorption
line at ∼ 60 and ∼ 50 keV, respectively.
To fit the low-state spectrum we explored several models representing diﬀerent combinations of physically motivated and phenomenological components. Particularly, to model the
second hump in the spectrum as a separate emission component, we used (i) a combination
of two Comptonization components (comptt+comptt model in xspec, Titarchuk 1994); (ii) a
combination of Comptonization for the low-energy hump and an emission line with Gaussian
profile for the high-energy one (comptt+Gau model in xspec). Alternatively, the spectrum can
1 http://www.swift.ac.uk/user_objects/

2 https://heasarc.gsfc.nasa.gov/xanadu/xspec/manual/XSappendixStatistics.html
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Table 6.1: Best-fitting results for the GX 304−1 broadband spectrum obtained with NuSTAR+Swift/XRT.

Parametera

Low-energy part High-energy part
comptt+comptt
0.46 ± 0.07

T 0 , keV
T p , keV
τp
FX , 10

−12

erg s

−1

cm

−2

C-statistic (d.o.f.)

T p , keV

8.4+1.3
−0.9

" 10

13.3+0.3
−0.6

7.2+1.0
−0.5

1.72+0.08
−0.07
8.3 ± 0.5

τp
−12

erg s

−1

cm

−2

13.2+0.2
−0.3

6.6+0.7
−0.5

Egau , keV

18+3
−5

σgau , keV

16+3
−2

C-statistic (d.o.f.)
T 0 , keV

6

8.7+0.9
−0.4

1813.3 (1875)
comptt+gau
0.45 ± 0.07

T 0 , keV

FX , 10

1.72+0.05
−0.08

1810.3 (1875)
comptt+gabs
0.63 ± 0.04

T p , keV

15 ± 6

τp

1.6+0.9
−1.5

Egabs , keV

14.9 ± 0.3

σgabs , keV

4.9+0.6
−0.5

Depthgabs

13.3+3.5
−2.4

FX , 10−12 erg s−1 cm−2

25.7+1.8
−1.1

C-statistic (d.o.f.)

1826.4 (1877)

Here T p , τp and T 0 are the plasma temperature, plasma optical depth, temperature of
the seed photons for the comptt model. Fluxes are given in the 0.5–100 keV energy
range. The hydrogen column density is fixed at the Galactic value in the source direction
NH = 1.1 × 1022 cm−2 .
a
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Figure 6.1: EFE spectra of GX 304−1 in diﬀerent states with luminosity varying by more than three orders of
magnitude, from 2.2 × 1037 erg s−1 and 0.2 × 1037 erg s−1 for the two top spectra down to ∼ 1034 erg s−1 for the
bottom one. The bright state spectra (grey circles) are taken from Mushtukov et al. (2015b). The black, red and blue
crosses correspond to the Swift/XRT and NuSTAR FPMA and FPMB data in the low state of GX 304−1, respectively.
The solid line represents the best-fitting model consisting of two comptt components shown with dashed lines. The
corresponding residuals are presented at the lower panel.

be described with a single-component continuum modified by an absorption feature around
15 keV. In particular, we used comptt+gabs combination. Another possibility is to consider
bulk Comptonization model comptb (Farinelli et al. 2008) to describe the whole continuum,
however, we note that the eﬀect of bulk motion should be negligible because of the expected
small optical depth of the infalling gas at small accretion rates (see Sect. 6.3.2). We emphasize that parameters of the used Comptonization models have physical meaning only for low
magnetic fields and they should be treated with caution for the high-field XRPs.
We also included phabs component to account for interstellar photoelectric absorption
with NH fixed at the Galactic value in the source direction of 1.1 × 1022 cm−2 (Kalberla
et al. 2005), because neither strong absorption was ever reported for this source, nor was
required by our fit. To account for minor diﬀerences in the absolute flux calibration of the
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FPMA and FMPB instruments on-board NuSTAR and Swift/XRT telescope, the normalization factors were added to the separate data groups. As a result the fluxes from FPMA and
FMPB instruments match to within 2–3 per cent, whereas the XRT normalization is about
1.3 times lower likely due to the fact that NuSTAR and Swift observations were not strictly
simultaneous. In Figure 6.1 the fit with two Comptonization components is shown with the
corresponding residuals.
The fit results are presented in Table 6.1 and can be summarized as follows: (i) the spectrum can be fitted equally well with all sets of models; (ii) in the case of two separate spectral
components, the flux in the high-energy part is about half of the low-energy one; (iii) in the
case of two Comptonization components, the plasma temperature of the high-energy component is about 5 times the low-energy one.

6.3 Discussion
The spectrum of GX 304−1 in the low-luminosity state resembles the spectrum of another
Be/XRP X Persei obtained at only slightly higher luminosity, LX ∼ 8 × 1034 erg s−1 (see
Figure 6.2). Both sources exhibit double-hump spectra with components peaking at energies
separated by a factor of about 5–10. This similarity suggests that physical processes responsible for the spectrum formation at low mass accretion rates are also similar. In this section we
discuss the possible nature of the emission from GX 304−1 in the low state and the reasons
for the observed abrupt changes of the source spectrum.

6.3.1 Cyclotron line

6

As already mentioned, a cyclotron line is observed in the spectrum of GX 304−1 at high
luminosities (Walter et al. 2015). Moreover, a positive correlation of the line energy with the
luminosity has been reported (Klochkov et al. 2012). Particularly, the energy was found to
decrease from ∼ 60 keV at luminosity of L = 2.2 ×1037 erg s−1 to ∼ 50 keV at ten times lower
luminosity (Mushtukov et al. 2015b). Therefore, one may argue that observed two component
spectrum of the source is mimicked by an absorption feature at ∼ 15 keV between two humps
in the source spectrum, which is the cyclotron line shifted from the original ∼ 60 keV due to
substantially lower mass accretion rate.
The extrapolation of the observed correlation to low fluxes implies, however, significantly
higher energy Ecyc ≈ 30 keV. Moreover, such a large decrease appears to be unrealistic in the
context of the two models proposed so far to explain the observed correlation of line energy
with flux. In the model by Mushtukov et al. (2015b), the observed correlation is produced
by the Doppler eﬀect in the flow, whose velocity is aﬀected by radiation pressure, which is
more eﬃcient at higher luminosities. The maximal relative shift here is limited by a factor
of two, as the flow velocity changes from the free-fall with v ≈ 0.5c to zero. Because the
highest observed line energy is ∼ 60 keV, the lowest possible energy is ∼ 30 keV, which is
significantly higher than the observed ∼ 15 keV.
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Figure 6.2: The spectra of X Persei as seen by the INTEGRAL observatory (green points; Doroshenko et al. 2012)
and GX 304−1 along with the best-fitting models consisting of two Comptonization components. Separate model
components (comptt in xspec) are shown with dashed and dash-dotted lines for GX 304−1 and X Persei, respectively.

The second model associates shifts of the CRSF energy with changes of the height of
a collisionless shock above the NS polar cap (Rothschild et al. 2017). For the dipole field,
the decrease of line energy from ∼60 to 15 keV implies an increase of the height of the line
forming region by half a NS radius. The geometric dilution of radiation from a polar cap of
size < 100 m is very significant at such height, with only ∼1 per cent of the cap continuum
photons passing through the cross-section of the accretion channel (which is only 3–4 times
larger at this height than the cap area). We conclude, therefore, that the description of the
observed low luminosity spectrum of GX 304−1 with a single continuum component with a
CRSF at ∼ 15 keV is implausible also in this model.

6.3.2 Nature of the high-energy component
The conclusion above implies that the two humps in X-ray spectrum of the source are likely
indeed two separate components. The soft blackbody-like component with a typical temperature of kT ≤ 2 keV can be explained as radiation from hotspots at the NS surface heated
up by the accretion process. However, the origin of the second component, which can also
be fitted by a blackbody with the temperature ≈ 9 keV or a broad Gaussian emission line
(see Table 6.1) is much less clear. Below we discuss several possible physical origins of this
spectral component:
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1. Bulk Comptonization. As was mentioned in the Introduction, hard spectral component
in X Persei was described by the model of bulk Comptonization in the accretion channel (Doroshenko et al. 2012). We note that the eﬀective interaction between electrons
and photons is only possible if optical depth of the interaction region is suﬃciently
large (τ ∼ 5 − 10). Such optical depth across the accretion flow is only realized at high
accretion rates corresponding to the onset of an accretion column (Mushtukov et al.
2015a). In case of GX 304−1, an upper limit on the Thomson optical depth in the
interaction region is about τT ≈ 0.01(LX/1034 erg s−1) ≪ 1 (see Eq. (18) in Mushtukov
et al. 2015a). We conclude, therefore, that bulk Comptonization is likely ineﬃcient in
GX 304−1 and in other pulsars with LX ≤ 1035 erg s−1 , i.e. including X Persei. This
conclusion is also supported by our spectral fit using the comptb model. Particularly,
fixing eﬃciency of bulk over thermal Comptonization (parameter δ) at zero value allows us to get an excellent quality fit with parameters similar to the comptt+comptt
model.
2. Collisionless shock. The hard component may originate from the collisionless shock
above NS surface (Shapiro & Salpeter 1975; Langer & Rappaport 1982), where the
kinetic energy of the accreting particles is transferred to their thermal energy with characteristic temperatures for ions and electrons being close to their virial temperatures.
In this case, Coulomb interactions might be eﬀective enough to transfer thermal energy
of ions to the electrons which are able to cool eﬀectively by cyclotron radiation, resulting in cooling of the post-shock region and settling of the plasma onto the NS surface.
The height of the post-shock region determined by the cooling rate is comparable to
the NS radius and its spectrum for Ṁ = 6 × 1014 g s−1 does qualitatively resemble the
spectra observed in X Persei and GX 304−1 in their low-luminosity state (Langer &
Rappaport 1982). However, the spectra in this model were computed under assumption
of optically thin cyclotron emission, which is not correct, and the physical mechanism
for the formation of a hypothesized collisionless shock is not really clear. It is therefore
premature to draw any firm conclusions.

6

3. Cyclotron emission. Thermally broadened cyclotron emission as a source of the hard
component in X Persei was discussed by Di Salvo et al. (1998) based on the model
by Nelson et al. (1993). Because the line forming region in this scenario is assumed
to be located at the NS surface, the temperature determining the line broadening was
expected to be similar to the temperature of the soft component of about 2 keV, which
is much smaller than the observed width of the hard component. On the other hand,
the upper layers of the NS atmosphere heated by the accretion are not cooled eﬃciently by their thermal emission and can be overheated to ∼ 10 − 100 keV depending
on the accretion rate and the magnetic field strength (Zane et al. 2000; Deufel et al.
2001; Suleimanov et al. 2018; González-Caniulef et al. 2019). In this case, thermal
broadening of the cyclotron emission line, which forms in these hot layers, is high
enough to explain the observed width of the hard component. However, there is still a
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strong discrepancy between the model and observations in GX 304−1: the hard component reaches its maximum at an energy significantly below the cyclotron energy at the
NS surface. We argue that this discrepancy can be explained by specifics of radiative
transfer in the atmosphere of highly magnetized NS which is determined by multiple
Compton scattering of X-ray photons. The scattering cross-section is resonant at the
cyclotron energy (Mushtukov et al. 2016) and photons cannot leave the atmosphere
close to this energy. Instead, photons diﬀuse to lower energies by scatterings and leave
the atmosphere in a low-energy wing, where the cross-section is small enough. Thus,
the hard component can be explained by cyclotron emission in the atmosphere heated
by accretion and reprocessed by magnetic Compton scattering.
4. Thermal Comptonization. Existence of the overheated upper layers of the NS atmosphere can explain the hard energy spectral component by the Comptonization of ordinary mode photons (which experience Compton scattering with a larger cross-section
in comparison with extraordinary photons). The examples of Comptonized spectra
calculated by Lyubarskii (1988) show two components, which should have significant
diﬀerence in polarization. This scenario can be verified with upcoming X-ray polarimeters. We note that Comptonization of extraordinary mode photons is also expected to
contribute to the broadening of the cyclotron line discussed in previous paragraph, i.e.
two mechanisms are highly complementary and likely operate simultaneously. These
eﬀects should be taken into account in detailed calculations of emerging spectra and
polarisation.

6.4

Conclusion

We presented here the analysis of the spectrum of XRP GX 304−1 observed with NuSTAR in
a very low state with LX ∼ 1034 erg s−1 . The spectrum was found to diﬀer dramatically from
the previously observed spectra of the source at higher luminosities (LX ∼ 1036 −1037 erg s−1 ).
The latter are typical for XRPs and can be described by Comptonization in a hot electron slab
with a cyclotron absorption feature at 45–60 keV. On the other hand, at low luminosity two
components with characteristic temperatures of kT ∼ 2 keV and ∼ 10 keV can be identified.
A similar spectrum has been reported previously only for the persistent low-luminosity XRP
X Persei. A transition between the two spectral states has, however, never been observed in
any XRP.
Given the similarity in low-luminosity spectra of GX 304−1 and X Persei, it is reasonable to assume that the physical processes shaping their spectra are also similar. The bulk
Comptonization interpretation invoked previously for X Persei to explain the hard part of
the spectrum is, however, problematic for GX 304−1 due to necessarily low optical depth of
the accretion flow. We have also demonstrated that the two-component spectrum cannot be
mimicked by the flux depression between the two components by the resonant scattering.
We considered two possibilities to explain the observed low-luminosity spectrum
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of GX 304-1. The first scenario is associated with electron heating by hot ions. In this case,
the softer component is associated with thermal emission from the deep layer of temperature
∼ 2 keV, while the harder component is associated with cyclotron photons reprocessed further
by magnetic Compton scattering in the upper layers of the atmosphere. In the second scenario, the thermal polar cap emission is partly Comptonized in the overheated upper layers of
the atmosphere. Both these models are rather qualitative at this stage and have to be verified
by numerical modelling and comparison with the available observations of both sources.
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A.1 Gaia distances
Gaia did not detect the optical counterpart of GRO J1750-27 so we could not improve on the
distance estimate for this source. The distances used in this paper for the other two Be/Xray transients, 4U 0115+63 and V 0332+53, have been obtained from the second Gaia data
release (GDR2; Gaia Collaboration et al. 2016; Gaia Collaboration et al. 2018). We obtained
the parallaxes of the sources from the Gaia archive1 and used the code developed by BailerJones et al. (2018)2 to determine the best distance estimates. This code computes the distance
using a prior that varies depending on the Galactic longitude and latitude according to a threedimensional model of the Galaxy (Rybizki et al. 2018). Due to the nonlinear transformation,
the confidence intervals on the distances that we obtain are asymmetric. Table A.1 shows the
input parameters for the code and the estimated distances. The parallaxes were corrected from
the zeropoint oﬀset in the catalogue (+0.029 mas) as determined from Gaia observations of
quasars by Lindegren et al. (2018).
Table A.1: Main parameters used for obtaining Gaia distances
Source

Gaia ID

l (J2000)
(◦ )

b (J2000)
(◦ )

Parallax
(10−2 mas)

Estimated Distance
(kpc)

Range Distances
(kpc)

4U 0115+63
V 0332+53

524677469790488960
444752973131169664

125.924
146.052

1.028
-2.194

9.1±2.7
14.3±3.6

7.2
5.1

[6.1-8.7]
[4.4-6.2]

Notes. From left to right: source name, Gaia ID, Galactic longitude and latitude, parallax, the estimate of distance,
and the range with the lower and upper bounds at the 68% asymmetric confidence level interval for the distance
following Bailer-Jones et al. (2018).

1 http://gea.esac.esa.int/archive/

2 https://github.com/ehalley/Gaia-DR2-distances
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Figure A.1: Plots obtained using the code (Bailer-Jones et al. 2018) to determine the best Gaia distance estimates
for 4U 0115+63 (left panel) and V 0332+53 (right panel). The prior is represented by the green line and the posterior
is plotted in black. The black vertical line corresponds to the distance estimator, and the dashed vertical lines are the
lower and upper bounds of the 68% confidence interval.

A.2 Spectral fit results using the neutron star atmosphere
model (NSA)

A

We also fitted our Chandra spectra using the neutron star atmosphere (NSA) assuming a
magnetised neutron star (Pavlov et al. 1995). We used the same spectral analysis set-up as
the one described in Sect. 4.2.3, but in addition we fixed the neutron-star mass (1.4 M⊙ ), radius (11 km), and magnetic field strength (we used 2×1012 G; the results were very similar
if we used 4.5×1012 G so we only report the first set of fit results) values. We left the normalization of the model to vary freely in order to calculate the size of the emission region
for both assumed distances (12 kpc and 22 kpc). As for the blackbody model, the fluxes were
obtained using the CFLUX command. The results of the fit are shown in Table A.2. Both the
(unredshifted) eﬀective temperature and the size of the emission region are fully consistent
between the three Chandra observations, with the fluxes varying between these observations.
We note that these inferred sizes for the emission region are much smaller than the NS radius
indicative of the existence of hot spots as also was deduced from the blackbody fits (which
produced slightly larger emission region sizes; see Table 4.2). The fluxes obtained using the
neutron star atmosphere model are fully consistent with those obtained using the blackbody
model.
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Table A.2: Results of the neutron star atmosphere model fitting

B=2×1012 G

Detection
ObsID

Exposure

Distance

LogTeﬀ

Remission

(ks)

(kpc)

−2

(10 K)

(10 km)

16723

26.9

12

711.2+5.1
−5.5

+1.31
2.72−0.87

1.63+0.37
−0.32

2.81+0.63
−0.55

"

"

22

"

5.0+2.4
−1.6

"

9.4+2.1
−1.9

16725

28.6

12

712+10
−12

1.5+2.2
−1.5

0.54+0.25
−0.19

0.94+0.42
−0.33

"

"

22

"

2.7+4.0
−2.7

"

3.2+1.4
−1.1

16726

"

12

712.5+5.9
−5.5

1.94+1.02
−0.78

1.06+0.33
−0.28

1.83+0.57
−0.48

"

"

22

"

3.6+1.9
−1.4

"

6.1+1.9
−1.6

−2

FX
(10

−14

erg cm

LX
s )

−2 −1

32

(10 erg s−1 )

Notes. The value of the absorption column was fixed to 1.03×1022 cm−2 (Kalberla et al. 2005). The spectral
parameters, fluxes and luminosities have been calculated in the 0.5-10 keV energy range. The errors are 1σ.
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Summary
The work presented in my thesis focusses on unveiling the low-luminosity state of Be/X-ray
transients. In this summary, I will explain and give a breakdown of the diﬀerent terms in the
title of this thesis – “Be/X-ray Transients at Low X-ray Luminosity”

Figure A: Artist’s impression of a Be/X-ray transient. The main components of the binary are highlighted. (Credit:
S. Vats and A. Rouco Escorial)

X-ray binaries are binary stellar systems that harbour a compact object (neutron star or
black hole) that accretes matter from its gravitationally-bound companion star. This accretion
of matter by the neutron star or black hole, makes the system shine in X-rays, hence, giving
these binaries the name ‘X-ray binaries’. Systems with massive companions, having masses
greater than ten times the mass of the Sun, are called high-mass X-ray binaries. During my
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PhD, I have focused on one particular type of high-mass X-ray binaries, the so-called Be/Xray transients. My research has been observationally oriented, and its mainstay has been the
study of the cooling properties of accretion-heated neutron stars as well as low-level accretion
in Be/X-ray systems.
Be/X-ray binary systems are the most common sub-type of high-mass X-ray binaries, in
which neutron stars with high magnetic fields accrete from their massive Be-star companions (Figure A). These companions have a decretion disk around them, which is an equatorial, gaseous disk and is made up of the material that has been ejected from the star. These
sources may show two diﬀerent X-ray transient phenomena: normal type-I and giant type-II
outbursts. The type-I outbursts, which last a fraction of the orbital period, are caused by the
accretion of matter onto the neutron star when it passes through the decretion disk of the Bestar at its closest approach in the orbit, called the periastron passage. The type-II outbursts
normally last longer and are much brighter (a factor of 10 to 100 brighter) than type-I, but the
conditions that trigger this activity still remain unclear.

Figure B: Cartoon depicting the propeller eﬀect. The girl (accretion flow) is expelled by the ‘field lines’ from
the fast rotating carousel (fast spin rotating system; top panel). She has to wait till the carousel corotates with her
approaching speed to be able to enter (i.e., for matter to be accreted). (Credit: Patterson 1994)

For a highly magnetised neutron star, at high rates of accretion during an outburst, matter
from the companion can overcome the magnetospheric barrier of the neutron star and is channeled towards the magnetic poles of the neutron star. However, when the mass accretion rate
decreases at the end of the outbursts, the neutron star spin and magnetic field strength become
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decisive factors in the accretion process. In the case of relatively fast rotators (neutron stars
rotating with periods smaller than ∼10 s), the material flowing in from the companion can be
expelled from the inner part of the system by what is called the ‘propeller eﬀect’ (Figure B).
Matter should not reach the neutron star in this scenario, therefore these systems are expected
to be very dim after the outburst (when they are in their quiescent phase). However, strong
evidences of low-level accretion have been found for some systems. Exactly how matter can
sometimes reach the neutron star surface during the propeller regime is still unknown. If no
matter reaches the compact object when Be/X-ray transients are in the propeller regime, it
may still be possible that the neutron star becomes visible in X-rays due to potential thermal
emission from its surface. Post-outburst studies of the evolution of the thermal emission (also
called ‘cooling emission’) in accreting low-magnetic field neutron stars have been an important tool for testing the structure and composition of neutron star crusts. However, the eﬀects
of the magnetic field on this emission and the consequences arising from the configuration of
this field inside the neutron star crust are poorly understood (Chapters 2 & 3).

Figure C: Artistic illustration of accretion from a cold disk. The cold, non-ionised matter from the disk does not
‘feel’ the magnetic field, and therefore, material can penetrate the magnetic field lines and get closer to the neutron
star. At a certain point, the matter can get close enough to the neutron star that it is re-ionised again. This results in
the accretion of matter onto the neutron star magnetic poles. (Credit: A.Rouco Escorial and S. Vats)

In the case of very slowly rotators (neutron stars rotating with periods larger than ∼100 s),
the observed low-level X-ray emission may be explained based on a combination of very
slow spin periods and high magnetic-field strengths. In this framework, the accretion rate
can decrease to such low levels that the temperature of the accretion disk drops (‘cold disk’,
see Figure C). At these temperatures, the matter of the disk becomes non-ionised and hence
is not aﬀected by the magnetic field of the neutron star. The material of the disk can then
penetrate the magnetic field lines and approach the neutron star where the matter gets ionised
again and is channeled onto the neutron star magnetic poles, emptying the cold disk. Whether
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the neutron star surface is still visible due to thermal emission, after the cold disk has been
completely emptied, is still an unanswered question.
During the four years of my PhD, I have monitored a sample of Be/X-ray transients and
obtained X-ray data for most of them. I noticed possible systematics, related to low-level
accretion, in the behaviour of these systems after outburst depending on the neutron star
spin periods. However, is this systematic real? One of the main aims of my work has been
to assess this question, as well as to further investigate the potential cooling emission from
these systems. The systematics I found during my research are as follows:
1. Fast spin rotators – (Chapters 2, 3 & 4):
These systems are expected to enter in ‘the propeller regime’ and to be very faint in
quiescence, although they may still be visible in X-rays due to thermal emission from
the neutron star surface. In my research, I investigated the suggested hypothesis that
highly magnetised neutron stars might show cooling emission from their accretionheated crusts, similar to accreting low-magnetic field neutron stars. However, on top
of the potential cooling emission observed in these systems, I detected variability in
X-rays at low-level luminosity, which may be related to very low-level accretion. If
the accretion is inhibited by the magnetospheric boundary in the propeller regime, how
does this ‘leakage’ of matter occur? This is still an unanswered question.
2. Slow spin rotators – (Chapters 5 & 6):
These systems show low-level X-ray emission between outbursts due to accretion from
a non-ionised, cold disk. In theory, this disk is refilled near periastron and empties out
in-between outbursts. If the disk is not refilled during periastron, at some point it should
be completely empty. I discovered small enhancements in the X-ray flux followed by
fast decays on top of the cold-disk emission, which are diﬃcult to explain with the
cold-disk model, as one only expects a further decay in the X-ray luminosity as the
cold disk is emptying. We still do not know where this fast variability comes from. I
monitored a specific source (GX 304-1) during its last apastron and suddenly, in less
than a day, it showed the same flux-level as at the preceding periastron. What was the
cause of this slight excess of accreted matter at apastron? I also discovered pulsations
during this cold disk state, demonstrating that matter indeed reaches the neutron star
during this state (i.e., to the magnetic poles) as was predicted but not yet observed.
3. Intermediate rotators – (to be published in a future paper):
These are systems with neutron stars rotating with periods larger than 10 s, but less
than 100 s. After an outburst, these systems usually show reflaring activity, which is
thought to be associated either with the periastron passage or with instabilities in the
accretion disk (similar to what has been observed in low-magnetic field neutron star
X-ray transients at the end of their outbursts). However, the exact mechanisms and
how the diﬀerent proposed models interact which each other (giving rise to complex
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behaviour) is not clear. During my PhD I have obtained a large data set of many sources
at low luminosities and with that I explore the potential systematics we have found in
the behaviour of Be/X-ray transients at low X-ray luminosities. The results of my
exploration will be published in a future paper.
For my research I utilised the following X-ray observatories: XMM-Newton, Chandra,
Swift and NuSTAR. So far I have obtained X-ray data for 13 Be/X-ray systems using these
observatories. X-rays give us essential information about the environment of compact objects
and the properties of diﬀerent accretion regimes. The Burst Alert Telescope on board Swift
performs continuous monitoring of Be/X-ray transients. Therefore, once the source reached
a certain state, I triggered my observational programs. The possibility of scheduling joint
programs between NASA and ESA observatories, together with the submissions of targets of
opportunity requests, enriched the prospects of my research (continuous monitoring, timing
studies, spectral behaviour).
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Het werk dat gepresenteerd wordt in dit proefschrift gaat over vergankelijke
Be/röntgendubbelster-systemen en het ontrafelen van de fase waarin deze systemen een zwakke
helderheid hebben. In deze samenvatting leg ik de titel uit van dit proefschrift – ‘Be/X-ray
transients at low X-ray luminosity’.

Figuur A: Artistieke impressie van een vergankelijk Be/röntgendubbelstersystemen. De belangrijkste componenten
van het dubbelstersysteem zijn aangegeven. (Auteursrecht: S. Vats en A. Rouco Escorial)

Röntgendubbelsterren zijn dubbelstersystemen bestaande uit een compact object (een
neutronenster of een zwart gat) die materie overgedragen krijgt van zijn gravitationeel gebonden begeleidende ster. Deze materieoverdracht wordt accretie genoemd. De accretie van
materie door de neutronenster of zwart gat leidt ertoe dat het systeem röntgenstraling uitzendt,
vandaar dat deze systemen ‘röntgendubbelsterren’ heten. Systemen met zware begeleiders,
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met een massa groter dan tien keer de massa van de Zon, worden hoge-massa röntgendubbelstersystemen genoemd. Tijdens mijn PhD heb ik mij gefocust op een bepaald type hogemassa röntgendubbelstersystemen, de zogeheten vergankelijke Be/röntgendubbelstersystemen.
Mijn onderzoek was observationeel georiënteerd en ik deed hoofzakelijk onderzoek naar de
afkoeling van neutronensterren die opgewarmd zijn door accretie en naar accretie in geringe
mate in Be/röntgendubbelstersystemen.

NL

Figuur B: Strip die het propellereﬀect uitlegt. Het meisje (de accretiestroom) wordt weggesleurd door de ‘veldlijnen’ van de snel roterende draaimolen (snel roterend systeem; boven). Ze moet wachten totdat de draaimolen
even snel draait als zij rent om op de draaimolen te kunnen springen (zodat materie kan worden geaccreteerd).
(Auteursrecht: Patterson 1994)

Voor neutronensterren met sterke magneetvelden is het zo dat materie van de begeleidende ster de barrière die gevormd wordt door de magnetosfeer van de neutronenster kan
overwinnen als de accretiesnelheid tijdens een uitbarsting hoog is. Deze materie wordt via de
magnetische veldlijnen naar de magneetpolen van de neutronenster gesluisd. Echter, wanneer
de accretiesnelheid afneemt aan het einde van de uitbarsting, wordt het accretieproces sterk
afhankelijk van de rotatieperiode en de magnetische veldsterkte. In het geval van relatief
snel roterende neutronensterren (met een rotatieperiode korter dan ∼10 s), kan het instromende materiaal verdreven worden van het binnenste deel van systeem door het zogeheten
‘propellereﬀect’ (Figuur B). Materiaal zou in dit scenario de neutronenster niet moeten kunnen bereiken, en men verwacht daarom dat deze systemen weinig straling uitzenden na de
uitbarsting (als het systeem in de rusttoestand is). Echter, er is voor enkele systemen sterk
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bewijs gevonden dat er toch geringe accretie plaatsvindt. Hoeveel materie precies de neutronenster kan bereiken in de propellerfase is onduidelijk. Als materie het oppervlak van de
neutronenster niet bereikt tijdens de propellerfase, dan is het nog steeds mogelijk dat de neutronenster zichtbaar is als röntgenbron doordat het oppervlak mogelijk thermische emissie
kan uitstralen. Het bestuderen van de evolutie van de thermische emissie (die de ster afkoelt) na een uitbarsting van accreterende neutronensterren met een laag magneetveld is een
belangrijke methode om de structuur en compositie van de korst van neutronensterren te onderzoeken. Echter, het eﬀect dat het magneetveld heeft op deze straling en de consequenties
van de configuratie van het magneetveld in de korst van de neutronenster zijn niet duidelijk
(Hoofdstukken 2 & 3).

Figuur C: Artistieke impressie van het accreteren van materie vanaf een koude schijf. De koude, niet-geïoniseerde
materie in de schijf ‘voelt’ het magneetveld niet en daardoor kan materiaal door de magnetische veldlijnen heen gaan
en dicht bij de neutronenster komen. Op een zeker moment kan materie zo dicht bij de neutronenster komen dat het
opnieuw geïoniseerd wordt. Dit zorgt ervoor dat materie op de magnetische polen van de neutronenster geaccreteerd
wordt. (Auteursrecht: A.Rouco Escorial en S. Vats)

In het geval dat de neutronenster langzaam roteert (neutronensterren met een spin periode
langer dan ∼100 s), kan de waargenomen zwakke röntgenstraling wellicht verklaard worden
door een combinatie van de lange spin periode en het sterke magneetveld. In dit geval kan
de accretiesnelheid zo ver afnemen dat de temperatuur in de accretieschijf afneemt (‘koude
schijf’, zie Figuur C). Bij deze temperaturen raakt de materie in een niet-geïoniseerde toestand, waardoor het niet beïnvloed wordt door het magneetveld van de neutronenster. Het
materiaal in de schijf kan dan de lijnen van het magneetveld doordringen en de neutronenster
benaderen. Dicht bij de neutronenster wordt het materiaal vervolgens weer geïoniseerd en
naar de magneetpolen gesluisd, waardoor de koude schijf geleegd wordt. Of het oppervlak
van de neutronenster nog steeds zichtbaar is via thermische emissie nadat de koude schijf
volledig geleegd is, is vooralsnog een onbeantwoorde vraag.
Tijdens de vier jaar van mijn PhD heb ik een aantal vergankelijke
Be/röntgendubbelstersystemen gevolgd en röntgendata verkregen voor de meeste van deze
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systemen. Ik merkte een aantal mogelijke stelselmatigheden op, gerelateerd aan geringe accretie, in het gedrag van deze systemen na een uitbarsting, afhankelijk van de spinperiode
van de neutronenster. Echter, zijn deze stelselmatigheden echt? Een van de hoofddoelen
van mijn werk is geweest om deze vraag nader te bestuderen en om daarnaast de potentiële
afkoeling van het oppervlak van de neutronensterren in deze systemen te onderzoeken. De
stelselmatigheden die ik heb gevonden tijdens mijn onderzoek zijn als volgt:
1. Snel roterende neutronensterren – (Hoofdstukken 2, 3 & 4):
Het is verwacht dat deze systemen de propellerfase bereiken en dat ze weinig emissie
uitzenden gedurende de rusttoestand van het systeem, hoewel ze nog steeds zichtbaar
kunnen zijn in röntgenstraling doordat het oppervlak van de neutronenster thermische
straling uitzendt. In mijn onderzoek heb ik de voorgestelde hypothese onderzocht dat
sterk gemagnetiseerde neutronensterren wellicht zichtbaar afkoelen nadat de korst door
accretie is opgewarmd, vergelijkbaar met accreterende neutronensterren met een zwak
magneetveld. Echter, naast de mogelijke straling als gevolg van afkoeling, detecteerde
ik variabiliteit in de röntgenstraling bij zwakke helderheid, die mogelijk gerelateerd
kan worden aan hele geringe accretie. Als de accretie voorkomen wordt door de magnetosfeer tijdens de propellerfase, hoe kan deze lekkage van materie dan plaatsvinden?
Dit blijft vooralsnog een open vraag.
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2. Langzaam roterende neutronensterren – (Hoofdstukken 5 & 6):
Deze systemen zenden zwakke röntgenstraling uit tussen de uitbarstingen door als gevolg van accretie van een niet-geïoniseerde, koude schijf. In theorie wordt de schijf
bijgevuld op het periastron en geleegd tussen de uitbarstingen door. Als de schijf niet
gevuld wordt tijdens de passage van het periastron zou deze op een zeker moment
helemaal leeg moeten zijn. Naast de emissie van de koude schijf ontdekte ik kleine
toenames in de röntgenflux, gevolgd door snelle afnames, die moeilijk te verklaren
zijn met het koude-schijf model aangezien men dan verwacht dat de röntgenhelderheid
verder afneemt naarmate de schijf leger raakt. We weten nog niet waar deze snelle
variabiliteit door veroorzaakt wordt. Ik heb een specifiek systeem (GX 304-1) gevolgd
tijdens zijn afgelopen apoastron passage toen het systeem plotseling, in minder dan een
dag tijd, dezelfde flux bereikte als tijdens de voorgaande periastron passage. Wat was
de oorzaak van deze toename in accretie tijdens apoastron? Ik ontdekte ook pulsaties
tijdens de fase waarin het systeem een koude schijf heeft, wat aantoont dat materiaal
inderdaad het oppervlak van de neutronenster (de magnetische polen) kan bereiken
gedurende deze fase. Dit was al voorspeld, maar niet eerder waargenomen.
3. Middelmatig snel roterende neutronensterren – (zal worden gepubliceerd in een toekomstig artikel):
Dit zijn systemen met neutronensterren die een rotatieperiode hebben die langer is dan
10 s, maar korter dan 100 s. Na een uitbarsting vertonen deze systemen vaak kortstondige toenames in helderheid, waarvan gedacht wordt dat deze gerelateerd zijn aan
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ofwel de periastron passage of aan instabiliteiten in de accretieschijf (vergelijkbaar met
wat waargenomen is voor vergankelijke neutronensterren met zwakke magneetvelden
aan het einde van hun uitbarstingen). Echter, de exacte mechanismes en hoe de verschillende voorgestelde modellen op elkaar inwerken (en zorgen voor complex gedrag)
is niet duidelijk. Tijdens mijn PhD heb ik een grote dataset verzameld van veel bronnen
bij lage helderheid en daarmee onderzoek ik de potentiële stelselmatigheden die we gevonden hebben in het gedrag van Be/röntgendubbelstersystemen bij lage helderheden.
De resultaten van dit onderzoek zullen gepubliceerd worden in een toekomstig artikel.
Voor mijn onderzoek heb ik gebruikgemaakt van de volgende observatoria:
XMM-Newton, Chandra, Swift en NuSTAR. Tot nu toe heb ik rontgendata voor
13 Be/röntgendubbelstersystemen verzameld met deze observatoria. Röntgenstraling geeft
ons cruciale informatie over de omgeving van compacte objecten en de eigenschappen van
verschillende accretietoestanden. De Burst Alert Telescope aan boord van het Swift observatorium neemt voortdurend waarnemingen van Be/röntgendubbelstersystemen. Daardoor kon
ik, wanneer een bron een bepaalde fase bereikte, mijn observationele programma’s in werking
zetten. De mogelijkheid om gezamenlijke programma’s tussen NASA- en ESA-observatoria
te kunnen inplannen, en daarnaast het indienen van aanvragen voor een zogeheten ‘target of
opportunity’, verreikten de mogelijkheden van mijn onderzoek (continu monitoren, tijdsafhankelijke gedragingen bestuderen, spectraal gedrag)
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Resumen
El trabajo presentado en mi tesis se centra en revelar el estado de baja luminosidad de los
sistemas binarios de alta masa, transitorios en rayos X, tipo Be (de aquí en adelante referidos
como sistemas transitorios de rayos X/Be). En este resumen, explicaré y desglosaré los diferentes términos utilizados en el título de esta tesis – ‘Sistemas transitorios de rayos X/Be en
baja luminosidad de rayos X’

Figura A: Impresión artística de un sistema transitorio de rayos X/Be. Los componentes principales del sistema
binario están indicados en la imagen. (Créditos: S. Vats and A. Rouco Escorial)

Los sistemas binarios de rayos X son sistemas compuestos por dos objetos estelares; generalmente, un objeto compacto (estrella de neutrones o agujero negro) que atrae materia de
su estrella compañera (proceso llamado acreción de materia), los cuáles están unidos gravitacionalmente. La acreción de materia por la estrella de neutrones o el agujero negro hace que el
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sistema brille en rayos X. Debido a este fenómeno, estos sistemas reciben el nombre de ‘binarias de rayos X’. Los sistemas con compañeras masivas, aquellas estrellas que poseen masas
diez veces superiores a la del Sol, se denominan sistemas binarios de rayos X de alta masa.
Durante mi doctorado, he estudiado un tipo particular de estas binarias, aquellos sistemas
llamados sistemas transitorios de rayos X/Be. Mi investigación ha estado observacionalmente orientada y, su pilar fundametal, ha sido el estudio de las propiedades de enfriamiento de
las estrellas de neutrones, que se encuentran en sistemas transitorios de rayos X/Be, tras ser
calentadas por la acreción de materia; así como el estudio de dicho proceso a bajo nivel en
estos sistemas.
Los sistemas binarios de rayos X/Be son el subtipo más común de binarias de rayos X
de alta masa. En estos sistemas, las estrellas de neutrones poseen campos magnéticos muy
elevados y atraen materia de sus compañeras masivas de tipo espectral Be (Figura A). Estas
compañeras presentan, normalmente, un disco ecuatorial formado por la acumulación del
material gaseoso expulsado por la propia estrella. Estos sistemas pueden exhibir dos tipos
distintos de fenómenos transitorios en rayos X: explosiones normales de tipo I y gigantes de
tipo II. Las explosiones de tipo I, duran una fracción del período orbital, y son causadas por la
acumulación de material en la superficie de la estrella de neutrones cuando ésta pasa a través
del disco de acumulación de materia de la estrella tipo Be. Esto sucede cuando la estrella de
neutrones se aproxima al periastro de la órbita o punto más cercano a la estrella compañera.
Las explosiones de tipo II, generalmente duran más y son mucho más brillantes que las de
tipo I (un factor de 10 a 100 más brillantes), sin embargo las condiciones que desencadenan
este tipo de fenómenos no están aún claras.
En el caso de una estrella de neutrones altamente magnetizada, cuando la tasa de acreción
es alta durante una explosión, la materia procedente del disco de la estrella compañera puede
superar la barrera creada por el campo magnético de la estrella de neutrones, y ser canalizada
hacia los polos magnéticos de esta. Sin embargo, cuando la tasa de acreción disminuye al final
de una explosión, la velocidad con la que gira la estrella de neutrones y la fuerza de su campo
magnético se convierten en factores decisivos en el devenir del proceso de acreción. En el
caso de los rotadores relativamente rápidos (estrellas de neutrones que giran con períodos
menores a ∼10 s), el material que fluye desde la compañera puede ser expelido de la parte
interna del sistema en lo que se llama el ‘efecto de expulsión’ (Figura B). En este escenario,
la materia no alcanza la superficie de la estrella de neutrones, por lo tanto, se espera que estos
sistemas sean muy tenues después de la explosión (cuando entran en su fase de reposo). Sin
embargo, se han encontrado claras evidencias de acreción de bajo nivel en algunos sistemas.
Todavía se desconoce exactamente cómo el material puede llegar a la superficie de la estrella
de neutrones durante el régimen de expulsión de materia. En el caso de que la materia no
alcance la superficie del objeto compacto cuando el sistema transitorio de rayos X/Be está
en el régimen de expulsión, es aún posible que la estrella de neutrones se vuelva visible en
rayos X debido a la emisión térmica de su superficie. Los estudios sobre la evolución de dicha
emisión depués de una explosión (también llamada ‘emisión de enfriamiento’) en sistemas
que albergan estrellas de neutrones con bajo campo magnético, han sido una herramienta

122

Resumen

ES

Figura B: Caricatura que representa el efecto de expulsión de materia. La niña (flujo de acreción de materia) es
expulsada por las ‘líneas del campo’ del carrusel que gira rápidamente (sistema de rotación rápida; panel superior).
La niña tiene que esperar hasta que el carrusel gire con su misma velocidad de aproximación para poder entrar (es
decir, para que la materia sea atraída y acumulada; panel inferior). (Crédito: Patterson 1994)

importante para probar la estructura y composición de las cortezas de este tipo de objetos. Sin
embargo, los efectos de un elevado campo magnético sobre esta emisión, y las consecuencias
derivadas de la configuración de dicho campo dentro de la corteza de la estrella de neutrones
son poco conocidos (Capítulos 2 & 3).
En el caso de los rotadores muy lentos (estrellas de neutrones que giran con períodos
superiores a ∼100 s), la emisión observada a bajo nivel de rayos X puede explicarse mediante
una combinación de sus lentos períodos de giro y sus elevados campos magnéticos. En esta
situación, la tasa de acreción puede disminuir a niveles tan bajos que la temperatura del disco
de acreción alrededor del objeto compacto también cae (‘disco frío’, ver Figura C). A estas
temperaturas, el material del disco no se ioniza y, por lo tanto, no se ve afectado por el campo
magnético de la estrella de neutrones. Dicho material puede entonces penetrar las líneas del
campo magnético y aproximarse al objeto compacto. La materia se ioniza nuevamente y se
canaliza hacia los polos magnéticos de la estrella de neutrones, vaciando el disco frío. Si la
superficie de la estrella de neutrones es aún visible debido su emisión térmica, una vez que el
disco frío se ha vaciado por completo, sigue siendo una pregunta sin respuesta.
Durante los cuatro años de mi doctorado, he seguido un número determinado de sistemas
transitorios de rayos X/Be, y he obtenido datos de rayos X para la mayoría de ellos. He observado posibles comportamientos sistemáticos relacionados con la acreción de materia a bajo
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Figura C: Ilustración artística de la acreción del material frío del disco. La materia fría y no ionizada del disco no
‘siente’ el campo magnético y, por lo tanto, el material puede penetrar las líneas del campo magnético y acercarse
a la estrella de neutrones. En cierto punto, la materia se acerca lo suficiente a la estrella de neutrones como para
volverse a ionizar nuevamente. Esto resulta en la acumulación de materia en los polos magnéticos de la estrella de
neutrones. (Créditos: A.Rouco Escorial and S. Vats)

nivel en dichos sistemas después de las explosiones, y que dependen de los períodos de giro
de las estrellas de neutrones. Sin embargo, ¿son estos comportamientos sistemáticos reales?.
Uno de los principales objetivos de mi trabajo ha sido evaluar esta pregunta, así como investigar más a fondo la posible emisión de enfriamiento de estos sistemas. Los comportamientos
sistemáticos que he encontrado durante mi investigación son los siguientes:
1. Rotadores rápidos – (Capítulos 2, 3 & 4):
Se espera que estos sistemas entren en el ‘régimen de expulsión’ de materia al final de
una explosión de tipo II, y sean muy tenues en su fase de reposo, aunque aún puedan
ser visibles en rayos X debido a la emisión térmica de la superficie de la estrella de neutrones. En mi investigación, he indagado en la hipótesis que sugiere que las estrellas de
neutrones altamente magnetizadas pueden exhibir emisión de enfriamiento debido al
aumento de la temperatura de sus cortezas durante la acreción de materia, tal y como
se ha observado en las estrellas de neutrones de bajo campo magnético. Además de la
posible emisión de enfriamiento observada en estos sistemas, he detectado una variabilidad de baja luminosidad en rayos X, que puede estar relacionada con la acreción
de muy bajo nivel. Si la acreción es inhibida por la barrera del campo magnético en
el régimen de expulsión, ¿cómo ocurre esta ‘fuga’ de materia hacie la superficie de la
estrella de neutrones?. Esta sigue siendo una pregunta sin respuesta.
2. Rotadores lentos – (Capítulos 5 & 6):
Estos sistemas muestran emisión de rayos X de bajo nivel, entre explosiones, debido a
la accreción de materia procedente de un disco frío y no ionizado. En teoría, este disco
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se rellena cada vez que pasa por el periastro de la órbita y se vacía debido a las explosiones intermedias. Si este disco no se rellenara durante el paso del periastro, en algún
momento debería estar completamente vacío. En este caso, he descubierto pequeños
aumentos en el flujo de rayos X sobre la emisión del disco frío, que a continuación han
diminuído rápidamente. Este comportamiento es difícil de explicar con el modelo de
disco frío actual, ya que solo se espera una disminución en la luminosidad de rayos X
a medida que dicho disco se va vaciando. Todavía no sabemos el origen de esta rápida
variabilidad. Monitoreé una fuente específica (GX 304-1) durante su último paso por
el punto más alejado de su órbita (también llamado apoastro) y, de repente, en menos de un día, mostró el mismo nivel de flujo en rayos X que durante su paso por el
periastro. ¿Cuál fue la causa del ligero aumento en la acreción de materia durante el
apoastron?. También descubrí que la emisión de la fuente era pulsada durante este estado de disco frío, lo que demuestra que la materia realmente estaba siendo acumulada
en la superficie de la estrella de neutrones (es decir, en sus polos magnéticos). Esto se
había predicho por la teoría, pero no aún observado.
3. Rotadores intermedios – (será publicado en un fututro artículo ):
Estos sistemas contienen estrellas de neutrones que giran con períodos mayores de 10
s, pero menores que 100 s. Después de una explosión, estos sistemas muestran generalmente un nuevo aumento en su actividad, que se cree está asociada con el paso por
el periastro o con inestabilidades en el disco de acreción alrededor de la estrella de
neutrones (similar a lo ya observado al final de las explosiones en sistemas transitorios
de rayos X que albergan estrellas de neutrones con bajo campo magnético). Sin embargo, no están aún claros los mecanismos detras de este comportamiento, ni cómo los
diferentes modelos propuestos para su explicación están relacionados entre sí (dejando
en evidencia el complejo comportamiento de estos sistemas). Durante mi doctorado he
obtenido una gran cantidad de datos de muchos sistemas en bajas luminosidades de
Rayos X, gracias a ellos, en este artículo exploro el potencial comportamiento sistemático en los sistemas transitorios de rayos X/Be a bajas luminosidades de rayos X. Los
resultados de mi investigación se publicarán en un futuro artículo.
Para mi investigaciŮón utilicŐé los siguientes observatorios de rayos X: XMM-Newton,
Chandra, Swift y NuSTAR. Hasta ahora he conseguido datos para 13 sistemas transitorios de
rayos X/Be utilizando estos observatorios. Los rayos X nos brindan la oportunidad de obtener
información esencial sobre el entorno alrededor de los objetos compactos y las propiedades
de los diferentes regímenes de acreción. El Burst Alert Telescope, a bordo del observatorio
Swift, realiza un seguimiento continuo de los sistemas transitorios de rayos X/Be. Una vez
que un sistema alcanza cierto estado, activo mis programas de observaciŮn. La posibilidad
de iniciar programas conjuntos entre los observatorios de la NASA y la ESA, junto con la
solicitud de observación de objetos de oportunidad, ha enriquecido las perspectivas de mi
investigación (seguimiento continuo, estudios de comportamiento temporal y espectral).
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Parece que el destino no quiere que trabajemos en el mismo entorno espacio-temporal, pero
estoy segura de que ya llegará el momento de ello. Dany, thanks for all our discussions about
the neutron star structure and the crust cooling emission. Of course, I cannot forget our observational trip to San Pedro Mártir, thanks for being such a friendly fellow traveller. I would
like to thank as well Andrew Cumming for his very interesting discussions about cooling
in very highly magnetized neutron stars, and for being open to discuss the results from my
research. In addition, I am very thankful to him for accepting to be one of my supervisors in
McGill when I applied for the McGill fellowship.
I would like to thank my first supervisor in ESAC, Nacho, because he was the first person
who gave me an opportunity to start in science. Thanks to the help of Nacho and Elena, I
could stay longer at ESAC working on my project till I got a second one... a project that
opened the door to the neutron star world. I want to thank you, Sara, for oﬀering me that
project and for trusting me. In addition, thanks to my co-supervisor in that project at ESAC,
Erik Kuulkers. It is always a pleasure to speak with both of you at conferences (also out of
them). Erik, thanks for the guidance you gave me, and for accepting to be my supervisor
when I was applying to the ESA fellowship at ESTEC. Gracias también a Benjamín Montesinos porque, aunque no hayas sido mi supervisor, siempre te has preocupado por mi como
persona y como científica. Quería agradecerte tu gran ayuda a la hora de la inscripción en la
conferencia de la Sociedad Española de Astronomía el año pasado. Benja, gracias por ser la
persona tan excepcional que eres.
Thanks to our API secretaries for taking care of all the bureaucratic stuﬀ and giving me a
respite from the scientific world. Susan, special thanks to you for taking care of my mental
state especially during the last month of submission. Milenita, I would like to thank you
for all your help when things had to be arranged in a very short time scale (I will keep you
informed about the number of tattoos that I get in the future!). Susan and Milena, big thanks
for being so sweet with me during all these years, I still remember my first day at API and
how you took care of me. Rene, thanks for always having a smile for me when we meet at the
corridor. Martin, thanks for being the ‘spirit’ of API, for all the time shared at Oerknal playing cards, drinking the essential liquid and for the conversations. I would also like to extend
my thanks to all my oﬃce mates: Yuri, Kaustubh, Laura, Marieke (thanks for introducing me
to surfing), Frank, Djoeke, María, Smriti, Dario, Gabi, Claire and Aastha. All of you have

129

A

Acknowledgements

contributed to having a very nice work environment.
Special thanks to both my paranymphs, Alice and Vlad. Alice, mi maldita, you are a
very special person for me. You said that you would be in Amsterdam for my defence and,
now, you HAVE to come. Your heart is so big that I do not know where you keep it in such
small body! Thanks for your friendship... I know that you will move mountains for me if it
is necessary. Thanks for being there in the special moments of my life (including the dancing with tequila and beer). My door and my heart will be always open for you. My other
paranymph,Vladimir. You were like a ‘little boy’ when I first met you at ESAC. Now you are
on your way to becoming a doctor! Believe in yourself, you can do it! You are such a good
person, Vlad, that you always give everything, but sometimes you forget to leave something
for you. Thanks for your energetic hugs and for taking care of me. Next step... Chicago?

A

Macla, mi otra maldita... ¡Aquí el diablo escribiéndote! Gracias por recibirme con los
brazos abiertos desde el primer día. Me has hecho sentir muy querida y arropada todo este
tiempo. ¡Gracias por tu amistad y por estar a mi lado en los momentos especiales de mi
vida (a Tim también)!. Stefano, you are my perfect Giulietta! Thanks for all the conversations, secrets, nihilistic dilemmas and movies that you shared with me (you made the Lord
of the Rings great again). Special mention to all the letters that you sent me, Stefano Polo :)
Xiaoning, thanks for your innocence and for teaching us how to make coloured dumplings!
Kaustubh and Vandana, thanks for oﬀering your help to Smriti and I, and for celebrating Diwali with us. Also, thanks for inviting us to your wedding. It was very special to share that
moment with you, and it meant a lot for me to go to India finally. Thanks to all the people
that came to India: Macla, Tim, Óscar (gracias por tus mensajes de ánimo), Alice, Adam
C., Esperanza (te deseo toda la felicidad del mundo), Ylva (I am sure we will meet again in
the US. Remember... breathe!), Santi (¡mucha suerte con la tesis Santi, está casi ahí! Luego
nos vamos a tomar unos tequilas y a bailar), Ning (good luck with your future projects!) and
Ciccio. Ciccio (Bello), you have always had good words for me. Thanks for encouraging
me! Amru, now that I am also going to the US, I will bother you more times. Thanks for
sharing with me your sweet heart. Thanks to you, Louise, because part of my adventure
in Amsterdam cannot be explained without you! After all our ups and downs, here we are.
Thanks for our long conversations and the coﬀee breaks. Now it is time for your book ;) I
also want to extend my thanks to all the APIs that have made and make this institute such a
special place, not only for work but also for practising sports, socialising or procrastinating
(I should not say this last thing). Thanks to Gullo, Nina, Claire, Eva, Mathieu, Rachel, Inés
(ahora te toca a ti la responsabilidad de la fiesta), Lorenzo, Kamen, Hanneke, Kelly, Frank
B., Mark, Dimitris, Koushik, Tobi, Kenzie, Difeng, Vatsal, Eleanor and Ben. Also thanks to
the ‘old’ APIs: Lucia (thanks for being like my buddy when I came here, and for being my
flatmate. Thanks to Bertrand as well), Dario, Yuri, Danielle, Chiara, Silvia, Georgi, Manos,
Chris, Adam C., Samayra, Adam Ingram and Nathalie Wells.
Thanks to Blue Stars, it has been an enriching and a very amazing experience to play

130

Acknowledgements

basketball surrounded by people from diﬀerent backgrounds and nationalities. Thanks to my
team: Anais, Dwight (thanks for teaching me the basics), Egi, Eliza, Fiona, Floor, Lucie,
Giulia, Mariam, Moira and Sabrina, for your commitment, especially last season, and for
making our trainings (and matches) a more enjoyable time. Thanks to basketball I found a
small group of wonderful people. Infinite thanks to Lucie, Giulia, Fiona, Niki and Floor!
Lucie, you have been always taking care of me and checking on me since the very beginning.
I feel at home when you are around (loved and relaxed). Thank you for your friendship!
Giulia, mia sorella, first of all... infinite thanks for the amazing cover that you have designed
for my thesis! It is amazing how you caught all the concepts and put them together under the
filter of your art. Giulia, thank you very much for making me laugh with your, sometimes
quite dark, humour. You look like a hard core woman, but we all know that your inside is
soft and delicate. Fionita, the baby of the group, head in the clouds, feet on the ground. I
have never met in my life a person that could have so many random thoughts at the same
time like you... Thank you very much for your messages of support during the submission of
this thesis and for showing me so much love. Niki, definitely you were one of my external
confidant when we were biking back home during my second year in Amsterdam. Thanks
for listening all my stories, for calling me from Nepal to congratulate me, and for not running
away and coming back to Amsterdam. Floor, such a sweet heart person. I am very happy that
I could get to know you better during this time. Thanks for your smile every time we meet.
Navas, un vértice de nuestra triada, gracias por ser mi amigo fiel que siempre ha estado
a mi lado desde tiempos inmemorables, siempre atento a cómo me ha ido aquí y arrancarme
una carcajada cuando lo necesitaba (este trabajo también va dedicado a tu padre). Julio, el
otro vértice de la triada, la verdad es que no me puedo sentir más afortunada sitiéndote a mi
lado, gracias por compartir conmigo tu bondad e inteligencia. Gracias también a Ania (y a
Lena, ¡la familia crece!) porque desde que entraste en nuestras vidas todo ha ido a mejor (y
porque haces muy feliz a Julito).
Mis chicas, Inma y Aino (y también mi pequeña Lola), no tengo palabras para describir
lo agradecida que os estoy por haber entrado en mi vida hace ya unos cuantísimos años. Vosotras siempre habéis estado a mi lado, incluso en los momentos más oscuros (obviando las
historias de Valdemoro world). Gracias por todo, por darme un segundo hogar y por todas las
vivencias pasadas y que vendrán. Gracias Lore, porque desde que teníamos... ¿10−11 años?,
sigues a mi lado. Siempre te has preocupado por mi y ofrecido tu ayuda desinteresadamente.
Sabes que siempre podrás contar conmigo. Mi pequeña Alba, siempre te he admirado por tu
madurez, tu determinación y por tu resiliencia... ¡Sigue adelante pequeña!. Finalmente, gracias a Rosi porque has aportado a mi vida ese toquecillo de locura y picaresca que de forma
natural no me surgen (alwayns?, alsways?, I alwayns want...).
Isa, Natalia y Artemi, vosotros mejor que nadie sabéis lo que hemos pasado juntos desde
que decidimos iniciar esa locura de estudiar Físicas (y Químicas). Pasando por todos los dolores de cabeza, todos lo baches de la carrera, todos los exámenes, todas las partidas de mus,

131

A

Acknowledgements

todas las conversaciones ‘RAE-lativas’, los cafés... El resultado de vuestro apoyo diario en
esos momentos, es hoy esta tesis. Isa, gracias por estar a mi lado desde el día uno de nuestra
aventura astrofísica y por no soltarte de mi mano aún hoy en día. Natalia, ¡gracias por agarrarle de la mano de Isa! :P por prestarme un hombro donde apoyarme y... por estar dispuesta
a contratar un ‘sicario’ por mi. Gracias a las dos por acordaros de mi incluso durante vuestra
aventura en las Antípodas. Artemiato, siempre que nos vemos parece que fuera ayer. Gracias
por intentar encontrar siempre un huequito para mi, y por transmitirme tanto cariño.

A

San San, desde que el destino nos volvió a unir, has sido una luz en mi camino. Gracias
por escucharme, por ser un apoyo y por preocuparte por mi. ¡You got the love, San San!.
Diana, siempre que os visito me transmites un no sé qué, que no sé yo, que me da paz. Gracias por darme una visión más sencilla de las cosas. Raquel, me pregunto qué nos deparará la
siguiente aventura. Mi yoda personal, todo lo que pueda decir aquí es poco. Gracias por ser
como una hermana mayor para mi. Seguiremos compartiendo campanadas cada año. Montse, después de todas aquellas largas charlas y de lo mucho que me animabas a conseguirlo...
¡Aquí está el resultado! (seguiré siendo tu niña mayor). Proud Mary, contigo a mi lado me
siento feliz, gracias por aceptarme tal y como soy, y por cuidar de mi en uno de los momentos
menos fáciles en Ámsterdam. Mio caro Mario, juntos hemos hecho un camino de descubriento personal y laboral paralelo. Sé que dónde quiera que vayamos, al final siempre habrá un
pozo de potencial que nos terminará uniendo. Isita, con astros o sin ellos, siempre tendré una
amiga con la que contar (¡como si tengo que ir a Boiro!). Olga, tú me enseñaste a amar la
literatura, me incentivaste a desarrollar mi pensamiento crítico y a expresarme con propiedad.
Gracias por buscarme siempre un huequito en tu apretada agenda.
Gracias al deporte he conocido a grandes personas que forman parte, hoy en día, de mi
vida. Primero, mi querido equipo de baloncesto de Valdemoro (‘mis mamis’, aunque alguna
de vosotras no seáis tan mamis). Después de haber estado jugando 15 años juntas, vosotras
me habéis visto crecer como persona y luchar por lo que hoy tenéis entre manos. Siempre
habéis tenido palabras de aliento y de amor para mi. Gracias a Ana, Angelines, Blanca, Irene,
Marga (muchas gracias por venir a visitarme, me hizo mucha ilusión), Proud Mary, Maru,
Moni, Montse, Nuri, Pili, Raquel, Sandra, Toñi, Alma, Facun, Lida, Lore, Marisol y Paloma.
Que sigamos compartiendo cañas por muchos más anõs. Segundo, mis chicas futboleras de
ESAC y NASA, gracias a todas vosotras (Quero a ti te cuento como una más) por hacer tan
especial ese único fin de semana de torneo al año (aunque algunas cervecillas caigan por Madrid). No es que sólo hagáis el torneo especial a nivel deportivo, sino que también lo hacéis
mágico por vuestra calidad humana. Gracias a mi equipo de ESAC: Alba (Ramos), Alba (Peral), Ana, Ana Notario, Debbie, Eli, Eva, Isa Soto, Isita, Jani, Maika, Miri, Pau y Quero por
todas las risas, victorias y buenos momentos que hemos vivido. Agradecer también a Bea,
Sopa y Eva, porque ya sabéis que un pedacito de mi corazón también pertenece al equipo de
NASA. ¡Sopa, al final este libro se ha pasado de las 5 páginas!.
¡Gracias a mis peludos! Gracias a Inu, Jade y Kaze (con permiso de Chulito, Rocky, Lu-

132

Acknowledgements

cas y Canelo) porque vosotros siempre me habéis enseñado lo que es el amor incodicional,
aún cuando no estoy con vosotros por largas temporadas. Siempre conmigo estarán Taira,
Condor, Harry, Ju, Neko, Kiﬀ, Gordopilo, Horrible, Lori, Ras, Darne y Socks, gracias por
haber hecho mi pasado más completo.
Este trabajo también va dedicado a mis abuelos. Al empezar el doctorado, no contaba con
que ya ninguno de vosotros estuviérais aquí, pero esto es ley de vida. Por vosotros, abuelas
Trini, Julita y Rosa (aunque no pudiera conocerte), y abuelos Alfonso y Colo. Abuelo Colo,
seguiré luchando por ser el mono ‘espacial’. Especial gracias a mi abuela Trini, que cuando
era niña, siempre salía conmigo a observar aquellas lejanas bolas de fuego en lo alto del firmamento (mi primer recuerdo por mi amor a la Astronomía). Una mención especial para la
tía Amalia, que siempre trabajó el campo en Galicia y que no tuvo acceso a los estudios pero
que, sin embargo, siempre me preguntaba cuándo iba a llegar a la Luna.
Gracias a toda mi familia, porque aunque no coincidamos muy a menudo, siempre me
llena cuando nos vemos. Gracias Loli y José por preocuparos por mi y mandarme fotos de mi
querida Madrid. Gracias Ángel y Natalia por vuestros mensajes de apoyo. Y especial gracias
para Nacho y Marisol, por estar siempre disponibles para mi y por toda vuestra ayuda.
Por último, pero no menos importante... ¡Gracias mamá y papá!. Vosotros habéis sido los
artífices de esto. Gracias por creer en mí, incluso cuando yo ya no lo hacía. Gracias por TODO vuestro apoyo y por NUNCA haber tirado la toalla conmigo. Vosotros sois mi ejemplo.
Os quiero mucho y todo el esfuerzo que he puesto en este trabajo os lo dedico a vosotros.
Me siento muy afornutada de tener unos padres como vosotros. Alfonso, hermanito del alma,
como dije un día... “somos como ‘la’ día y ‘el’ noche”, distintos pero a la vez el uno no se
puede enterder sin el otro. Te quiero y sabes que te llevaré conmigo hasta el infinito y el más
allá.
Smriti, las últimas frases van dedicadas a ti porque sin tu ayuda y apoyo no hubiese podido terminar este libro a tiempo. No sólo has estado a mi lado estos dos últimos años, sino
que me has aguantado en mis peores momentos. Gracias por creer en mi, por tu comprensión
y, sobre todo, por abrirme tu corazón. Recuerda... Tum na sirf bahar par andar se bhi sundar
ho.
Y con esto y un bizcocho... ¡Hasta mañana las ocho!.
Alicia Rouco Escorial,
9 September, 2019

133

A

Acojo en mi hogar
palabras que he encontrado
abandonadas en
mi "palabrera".
Examino cada jaula y allí,
ladrando vocales
y consonantes,
encuentro a sucios
verbos que lloran
después de ser
abandonados
por un sujeto
que un día fue su amo
y de tan creído que era
prescindió del
predicado.
Esta misma semana
han encontrado a un par
de adjetivos trastornados,
a tres adverbios muertos
de frío y a otros tantos,
de la raza pronombre,
que sueñan en sus jaulas
con ser la sombra
de un niño.
Señalo entonces
a las palabras que llevan
más días abandonadas
y me las llevo a casa:
las vacuno de la rabia
y las peino a mi manera
como si fueran hijas únicas,
porque en verdad
todas son únicas.
Acto seguido
y antes de integrarlas

en un parvulario
de relatos o canciones,
les doy un beso de tinta
y les digo que si quieres
ganarte el respeto
nunca hay que olvidarse
los acentos en el patio.
A veces,
les pongo a mis palabras
diéresis de colores
imitando diademas,
y yo solo observo cómo
juegan en el patio
de un poema.
Casi siempre te abandonan
demasiado pronto
y las escuchas en bocas ajenas,
y te alegras y te enojas
contigo mismo,
como con todo lo que amamos
con cierto egoísmo.
Y uno se queda en casa,
inerte y algo vacío,
acariciando aquel vocablo
mudo llamado "silencio"
siempre fiel,
siempre contigo.
Pero todo es ley de vida.
Como un día me dijo
el poeta Halley:
"Si las palabras se atraen
que se unan entre ellas
y a brillar,
¡que son dos sílabas!"

El poeta Halley (fragment),
Love of Lesbian

